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ABSTRACT 

Research was undertaken to explore the application of surface enhanced Raman 

scattering (SERS) to the understanding of electrosorption phenomena. In particular, the 

relative strength of interactions between the functional groups of imidazole (N,, N2 and 

the 7C orbitals) on Ag electrodes was examined. This information is useful in 

imderstanding how the presence of these functional groups contributes to the relative 

adsorption strength of nitrogen heterocycles. 

A Raman spectrometer equipped with a charge-coupled device (CCD) detector was 

required to obtain reproducible SERS spectra in this research. It was also necessary to 

obtain accurate Raman shifts so that small (ca. 1-2 cm*') vibrational frequency changes 

between adsorbed and solution species could be detected. Therefore, significant effort 

was expended to develop calibration and spectral acquisition procedures which would 

provide acceptable accuracy and efficiency. Instrumental factors affecting Raman 

spectral calibration were studied. Available Raman shift calibration standards are 

reviewed and improved Raman shift data for these standards are reported. Several 

methods for the conversion of CCD position (pixel number) data to wavelength and 

Raman shifts are appraised using both experimental and simulated Raman data. 

SERS spectra for imidazole, 1-methylimidazole, and 2-methylimidazole support the 

conclusion that these molecules are adsorbed to the Ag electrode through the "pyridine 

nitrogen" (N3). This evidence includes vibrational frequency shifts and orientations of 
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these molecules deduced from the consideration of SER5 surface selection rules. These 

data also suggest that the iz orbital of the C=N bond interacts with the electrode at 

potentials near -0.25 V (versus SCE reference electrode) producing a tilt of the ring 

relative to the surface at these potentials. At potentials near the potential of zero charge 

(ca. -0.80 V), this interaction is minimized and these molecules assume a more vertical 

position. At the most negative potentials examined, the methylimidazoles interact with 

the surface predominantly through the methyl group. 

Preliminary work on the application of SERS to obtain surface coverage information 

was performed. An increase in SERS intensity with increasing solution concentration 

suggests adsorption isotherm-like behavior. 
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CHAPTER 1 

INTRODUCTION TO 

ELECTROSORPTION AND THE APPLICATION OF 

SURFACE ENHANCED RAMAN SPECTROSCOPY TO ITS STUDY 

Electrochemistry continues to be a growing field. Recent efforts to produce compact, 

high capacity batteries for "zero-emission" vehicles, and the growing interest in 

environmental and biological sensors are just two challenging areas current in 

electrochemical research. More and more, the focus of the electrochemist is being shifted 

firom the macroscopic to the molecular, whether it is to obtain more efficient electron 

transfer by obtaining a better understanding of the electrochemical interface or to put 

hundreds of sensors into a very small package. Adsorption of molecules or ions to an 

electrode surface (electrosorption [1,2]) is an extremely important process which affects 

electrochemical responses and must also be studied at the molecular level in order to be 

completely understood. 

Electrosorption is an interfacial or surface phenomenon. Surface analysis of this 

phenomena can be approached firom two viewpoints. The first is aimed at developing a 

fimdamental understanding of surface chemical processes and emphasizes the study of 

pristine, well-defined surfaces [3]. This emphasis is necessitated by the complexity of 

real surfaces, and the extreme difficulty of extracting detailed information about the 

molecular structure and chemical processes that occur at these surfaces. On the other 
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hand, the well-defined systems of fimdamental surface chemistry can rarely be directly 

applied to the study of real systems, such as fuel cells or batteries. Thus, the goal of the 

second approach is to understand real-world surfaces. One means of doing this in the area 

of electrosorption is to develop analytical tools for making in situ measurements. Surface 

enhanced Raman scattering (SERS) is one such technique. The goal of the fundamental 

school is to eventually reach the complexity that is characteristic of in situ studies. 

Ultimately, the goal of in situ smdies is to obtain a detailed understanding which rivals 

that obtained in the smdy of well-defined systems. It is essential that the ability of in situ 

analytical techniques to provide detailed information about surface processes be evaluated 

and improved. This dissertation provides such an evaluation for the application of SERS 

to electrosorption. Prior to presenting this evaluation, the principles of electrosorption 

and SERS will be reviewed. 

1.1 Isotherms in Electrosorption 

The relationships of adsorbate surface coverage (T) or fractional surface coverage (0) 

to the solution concentration (C) or applied potential (E) at constant temperature are 

known as adsorption isotherms. A more rigorous discussion could be based on the 

activity (a) of the adsorbate in solution rather than concentration, but the approximation 

a = C, which is valid at low concentrations, will be assumed here. The surface coverage 

of an adsorbate can be conveniently defined by 
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in terms of the number of moles (n) and the real surface area (A). The fractional surface 

coverage (0) is defined relative to a coverage of one monolayer (Tml) and is given by 

When electrosorption is limited to chemisorption, the use of 0 in isotherms is particularly 

convenient as all coverages can be normalized to the maximum coverage of 0 = 1. 

Adsorption isotherms are often presented by plotting F or 0 as a function of C or E. 

It is usefiil to define isotherm models with which experimental isotherms may be 

compared with the ultimate goal of obtaining specific information about experimental 

adsorption mechanisms. 

1.1A Hemy Isotherm 

The simplest isotherm model can be obtained by treating the adsorbate as an ideal 

two-dimensional gas [4] 

where K is constant. This has been called the Henry isotherm [5]. Like the ideal gas law, 

this model is only valid in the low pressure limit, in this case, at low surface pressures or 

coverages. Thus, it is only valid when 0 approaches zero. When considering adsorption 

in real systems, the behavior at higher coverages is most important and this model is of 

little practical use. However most isotherms reduce to the Henry isotherm at very low 

(2) 

0 = a:C (3) 
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coverages, and this fact has been used to calculate values for the free energy of adsorption 

that are independent of the choice of an adsorption model [5]. 

LIB Langmuir Isotherm 

The finite size of the adsorbate molecule (ignored in the Henry isotherm) is taken into 

consideration in the Langmuir isotherm [4,6] by assuming a limiting monolayer coverage. 

Additionally, an equilibrium between the adsorbed molecules (0), the unoccupied surface 

sites (1-0), and the adsorbate molecules in solution (C) is assumed: 

K = —; -T or 0 = (4) 
C(l -  0) I - KC 

The interpretation of K as an equilibrium constant allows determination of the free energy 

of adsorption from experimental isotherms through the following expression: 

= -RT In K (5) 

The Langmuir isotherm can be conveniently modified to consider the case where a 

molecule occupies n surface sites [4]: 

= KC (6) 
(1 - 6)" ^ ^ 

The replacement of a number (n) of solvent molecules (i.e., H2O) by an adsorbate 

molecule (R) is a situation which is more directly applicable to electrosorption. 

^soln ads ^ ^ads " ^l^soln 
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The Langmuir isotherm for this replacement reaction has been worked out by Bockris and 

Swinkles [4,7] and is given by 

The molar concentrations of the adsorbate and water are given by and 55.4, 

respectively. 

The assumptions made in Langmuir isotherm models are: 

1. A limiting coverage of one monolayer (i.e., there is a finite number of adsorption 

sites). 

2. The electrode surface is homogenous. 

3. There are no interactions between adsorbate molecules. 

The first assumption is reasonably applicable to a majority of electrochemical systems. 

The second is only true for a limited number of well-defined electrode surfaces, and the 

resulting limitations will be discussed in more detail at a later point in this dissertation. 

I.IC Frumkin Isotherm 

The assimied lack of interaction between adsorbate molecules is a serious limitation 

to the Langmuir model. Frumkin [4,8] modified Langmuifs approach to include 

intermolecular interactions to obtain the "Frumkin isotherm": 

6 [9 n (1 - 0)]"-' 

(1 - 0)" « " 

C 

55.4 
(8) 

( ft \ 
—^ exp( /0)  = KC (9) 
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The exponential term provides a correction for intermolecular interactions. As 0 

approaches zero, the adsorbate molecules are too far apart to interact, and the Frumkin 

isotherm reverts to the Langmuir isotherm as the exponential term vanishes. By 

combining the exponential term with BC, the Frumkin isotherm can be understood in terms 

of the variation in K from an initial value (K^) at 0=0. 

K = V  (10)  
exp(/0) 

By taking the log of both sides and rearranging, it can be seen that the Frumkin isotherm 

represents a linear relationship between 0 and the free energy of adsorption. 

AG = AG +//2r0 (11) 

I. ID Temkin Isotherm 

Temkin [4,9] used equation (11) and derived an approximate expression for the 

Frumkin isotherm 

0 = — In 
f 

\ ^ K , C  

1 + K^C exp(-/) 
(12) 

which is usually given in the more approximate form know as the "logarithmic Temkin 

isotherm": 

0 = jlniK.C) (13) 
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The Temkin isotherm permits 0 to be conveniently expressed in terms of the other 

variables unlike the more mathematically rigorous Frumkin isotherm for which a solution 

of 0 is not readily available. Either way, these models only allow for a linear change in 

AGgjs with 0. 

I.IE Applicability of Henry, Langmuir, Frumkin and Temkin Adsorption Isotherms. 

The application of these models to experimental data is limited. Of the variables 

described in these models (0 or F, K or C and f), only the solution concentration 

(C) can be accurately measured under most circumstances. The development of 

techniques for the accurate determination of 0 or F are critical to the useful application 

of these models. For heterogenous electrode surfaces, which are more common, the 

number of variables will increase with the heterogeneity of the surface. Values of K (or 

AGads), 0, and f could be described for each different microscopic surface environment. 

The sensitivity of these models to molecular details is limited to the linear variation of 

AGa<js with 0. Molecular spectroscopy of the electrochemical interface is a useful way of 

making up for the lack of molecular specificity inherent in isotherm studies. Finally, 

these isotherms are insensitive [4,10,11] to, and in fact fail to consider, the effect of the 

electrode potential on adsorption. The need to consider the effect of the electrochemical 

potential will be the starting point for the development of the Gibbs adsorption isotherm 

below. 

Despite these inadequacies, the Langmuir, Frumkin and Temkin isotherms make 

a number of useful contributions to our understanding of electrosorption. They provide 
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a theoretical framework in which the concepts of limiting coverage, solvent effects, and 

intermolecular interactions can be evaluated. The resemblance of these isotherm models 

to equilibrium expressions permit AGajj to be estimated from experimental data and 

provides a means for evaluating variations in AGj^s. 

I.IF Gibbs Adsorption Isotherm: an "Electrosorption Isotherm" 

The need to model the effect of potential on electrosorption has been mentioned. 

To do this, it is necessary to develop a picture of how the electrode and a solution phase 

is perturbed by the formation of an interface. Ideal behavior would be characterized by 

no change in the properties of either the electrode or the solution phases at the interface 

[12]. This is illustrated in Figure 1-1. In the solution (depicted with a dotted line), the 

adsorbate concentration remains constant at all distances from the electrode surface. The 

electrode and solution properties are perturbed at real interfaces. The perturbation of the 

solution phase caused by the interface is indicated with a solid curve in Figure 1-1. In this 

example, the perturbation is positive (the concentration increases near the surface), but 

negative perturbations (decrease in concentration near surface) are also possible. The 

magnitude of this perturbation (represented by the area between the line representing the 

reference phase and the perturbation curve) is defined as the surface excess or the "Gibbs 

surface excess" ( Fq ). In the case where the perturbation results onlv from chemisorption 

to the surface, the perturbation curve in Figtire 1-1 would be entirely within the irmer 

Hehnholtz plane, and the surface coverage (F) is represented by the shaded region below 

the perturbation curve. Therefore, strictly speaking, Fq F. However, for any significant 



Adsorbate 

Solution 

Concentration 

Deviation due to 
Real Interface 

Ideal 
Behavior 

Distance from Electrode 

Figure 1-1. Adsorbate concentration with distance from electrode surface [13]. Ideal behavior (no concentration 
perturbation); dashed line, and real behavior (perturbation near electrode): solid line. 
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degree of chemisorption, Fq (shaded area above reference line) is going to be much 

greater than the contribution represented by the shaded area below the reference line, so 

rG = r. 

For example, consider a 0.1 M adsorbate solution which results in the adsorption 

of 0.01 ML of this adsorbate. In solution, the ratio of water to adsorbate is ca. 500 (55 

M H2O : 0.1 M adsorbate). Therefore, the contribution of reference phase to F (area 

below reference line) would be 1/500 or 0.002 ML. The surface excess ( Fq ) would be 

0.008 ML (0.01 - 0.002 ML), and Fq = F. Therefore, Fq and F can usually be used 

interchangeably in discussions of electrosorption, and will usually not be distinguished 

in subsequent discussions in this work. 

It should be noted that Fq can also include contributions from the outer Hehnholtz 

plane (or diffuse layer) when the species being considered is an ion or when the interface 

is not at equilibrium. This is particularly true for non-adsorbing ions or when the 

electrolyte and adsorbate concentrations are extremely low. 

One characteristic of interfaces perturbed in this manner is the tendency for the 

interfacial regions of the two phases to become charged, resulting in two charged regions 

which are collectively referred to as the electrochemical "double-layer". When the 

electrode is a conductor (e.g., metal electrodes), the charge is localized at the electrode 

surface. This excess surface charge (a^,) on the metal electrode is the major component 

of the perturbation in the metal electrode phase. Other changes in the electrode phase 
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may include changes in sxirface area due to changing surface tension (y) and surface 

reconstruction phenomena. 

The chemical potential of any species (i) is defined by: 

= 

dn ,  
(14) 

and in a similar manner, the electrochemical potential is defined by: 

^  dG^  
(15) 

TJ* 

These two quantities, \ii and jip are related by: 

?, = (i, + (16) 

where F is Faraday's constant, Zj is the charge on the molecule or ion of the i"* component, 

and (J)s is the electrostatic potential of the solution. Thus, the major difference between 

G and G is the effect of the phase potential ((j)}. When a potential (E) is applied to the 

electrochemical cell, (J)s is changed relative to the phase potential of the metal ), and 

as a result, the dependence of F (actually Fq ) on E results from the difference between 

the electrochemical free energies of the reference system (Gr) and the actual system (Gs). 
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A comparison of and Gg has been used to derive the Gibbs adsorption isotherm [12] 

given below: 

-dy =Yr (17) 
I 

Application of the Gibbs adsorption isotherm to a particular electrochemical system 

can be used to obtain the electrocapillary equation for that system [12]. A generalized 

electrocapillary equation for a polarizable electrode coupled to a non-polarizable electrode 

has been given by Bockris and Reddy [13]. 

d-i -- -a„dE - - E (18) 
2JF 

The second term in equation (18) represents the eiectroactive species (j) which is 

responsible for the non-polarizable behavior of the reference electrode. If the reference 

electrode is isolated by a salt bridge so that the concentration of j may be held constant 

(djij = 0), the second term can be dropped resulting in a simplified equation: 

dy = (19) 
r 

The electrocapillary equation is useful because it provides a direct relationship 

between E and F. This equation is particularly useful for studies of mercury electrode 

interfaces because the surface tension (y) of liquids can be readily measured. In addition, 

each term on the right side of equation (18) has one controllable variable (either E or Hj); 

by holding one of these controllable variables constant, the electrocapillary equation is 
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reduced to three variables: one which is readily controlled, the surface tension which is 

easily measured, and or Fj which can be determined from the other two. 

For example, by holding the solution composition constant and measuring y as a 

ftmction of potential, can be determined from 

= -

[ d E ,  
(20) 

Thus, Om is simply the tangent of the electrocapillary curve (plot of y versus E) at a given 

potential. If this is done over the range of potentials studied, can be determined as a 

function of E. By taking the derivative (relative to E) of the resulting versus E 

relationship (or the second derivative of the original electrocapillary equation), another 

important parameter is obtained: the differential capacitance (C^). 

C. = 
I 

2 ^ a^Y 

[ d E ' j  
(21) 

This relationship is especially useful when studying solid electrodes, for which Q can be 

measured directly, but y cannot. 
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By holding E and the concentrations of all species except one (the j*** species) 

constant, y can be measxired as a function of the data obtained can be used to 

determine Fj as a flmction of \ij (or, as shown below, as a fimction of Cj) [12]. 

r = -
J 

' iL  (22) 

Since 

H. = + RTlnCj (23) 

and since the standard state chemical potential (laj*) is constant, substitution into equation 

(22) yields 

r = 
^  RT  

dy 

d lnC ,  
J /  

(24) 

Thus, it is possible to determine the Gibbs surface excess of a particular species from 

electrochemical measurements. This and other methods for determining Fq or F will be 

discussed in the next section. 

1.2 In Situ Methods for Studying Electrosorption: Surface Coverage Determination 

A number of methods have been developed for studying the concentration of 

adsorbates at electrode surfaces. A number of the more useful techniques will be 

summarized in this section. These can be further divided into methods which are based 

on the thermodynamic relationships between macroscopic properties and F discussed 

above, and those that are based on more molecular or mass-specific methods. 
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1.2A Coverage Determination based on Thermodynamic Relationships. 

Tensiometrv or electrocapillarv measurements. Early work on electrosorption was done 

on Hg electrodes because of the ease and precision with which surface tension (y) can be 

measured [12,13] and because F can be obtained by integrating y relative to the solution 

concentration. Surface tension can also be measured indirectiy using a dropping mercury 

electrode [12,14]. Mercury electrodes provide the additional advantage of providing 

easily renewable clean smooth surfaces. For these reasons, and because of the precision 

with which surface tension measurements can be made, this technique is still used in 

fundamental studies of electrosorption [15-17]. However, it is still limited in application 

to Hg (liquid) electrodes. 

Differential capacitance. A number of methods have been described for measuring the 

differential capacitance (C^) at solid electrodes [18-21] and relating the data obtained to 

r or 0 [20-24]. Usually T is obtained by the double integration of with respect to E 

to obtain y [21,23]. Holze [24], however assumed a linear relationship between F and 

at the capacitance minimum (near the potential of zero charge or PZC),and obtained good 

fits of the data to the Frumkin isotherm. This technique has been criticized by Parsons 

[25]. Holze justifies this approach by demonstrating that it yields similar AGgjs values 

to those obtained by Beltowska-Brzezinska [20] using the more sophisticated technique 

recommended by Parsons [22]. This example clearly indicates the insensitivity of F-C 

isotherms in the interpretation of adsorption models. On one hand, this is useful because 

reproducible values of AGajj can be obtained using a wide range of techniques and by 
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assuming a number of models. On the other hand, it points to the inability of 

thermodynamic methods and F-C isotherms to clearly distinguish between different 

adsorption mechanisms. 

Recently, differential capacitance has been used extensively to study the adsorption 

of a number of neutral organic molecules on conmion SERS active metals (Ag,Au,Cu) 

[19,20,24,26-40]. 

Chronocoulometrv: no electroactive species present. Lipkowski and co-workers [5,41,42] 

have recently developed a chronocoulometric technique which takes advantage of the 

relationships derived from the electrocapillary equation to determine the Gibbs surface 

excess of neutral organic molecules. Unlike thin layer electrochemical techniques 

(described below), which can be used to measiire F of adsorbed electroactive species, this 

technique is used for studying adsorbates at potentials where no electron transfer occurs. 

In this technique, the applied potential is held at an initial potential (E;) long 

enough for the system to reach equilibrium (in terms of adsorption and desorption and 

other surface phenomena that may affect adsorption). It is then stepped to a potential 

(Ef) at which the adsorbate is not adsorbed, and the current transient (i versus t) is 

recorded digitally until the desorption of the electrolyte is complete. This typically 

requires much less than ca. 100 ms (Lipkowski and co-workers record the transients for 

that length of time). The current transients can then be digitally integrated to yield 

chronocoulograms. In the absence of any faradaic processes, the charge reaches a 

maximum steady state value (Ao m (E i)) which corresponds to the change in charge at the 



metal electrode resulting from the potential step. (Corrections can be made for small 

background faradaic currents such as those that may result from the presence of 

electroactive contaminants). Expressed in terms of the charge on the metal at the initial 

potential (a ̂  (E j)) and that at the final potential (a ^ (E f)), Aa ^ (E;) is given by: 

(25) 

It is expressed as a function of E;, because in practice, the same value of Ef is used for all 

measurements in an experiment. Thus, the charge at potentials associated with various 

degrees of adsorption are compared to the charge at one potential (Ef) at which r=0. 

Similar results could be obtained by choosing Ej as the potential where r=0, and 

varying Ef, but there are some advantages to stepping from potentials where adsorption 

occurs to one where there is none. For one thing, there is no problem with diffusion 

limited adsorption rates when Aa^ (E;) is measured for the desorption process. Also, 

desorption from an equilibrium state can be ensured, because the potential can be held at 

Ej for a sufficient amount of time prior to the potential step to allow equilibrium to be 

established. If Ef is a potential at which adsorption occurs, any equilibria requiring 

longer than the time used for data acquisition (100 ms) will not be established before 

termination of the experiment. For example, in differential capacitance data on Au 

electrodes, hysteresis is observed when the scan direction is reversed [43], and is a result 

of surface reconstruction processes that have relaxation times up to two minutes [43-48]. 
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This process has less of an effect on chronocoulometric data when E,- is taken as the 

potential at which adsorption occurs [5] than it does on the differential capacitance data. 

The actual charge on the electrode at E f (o (E f)) can be determined from 

Aav,(Ei) if Aa ^ (PZC) is measured, a m(E f) = Aa m(PZC) because o ^is zero at the 

PZC. Substitution of Aa ̂  (PZC) for a (E f) in equation (25) and rearrangement gives: 

(26) 

Thus, o^, can be determine provided the PZC is accurately known. In practice, the PZC 

is determined from the differential capacitance minimum for a dilute solution of the 

supporting electrolyte solution. 

From equation (20), the surface tension at E; is given by: 

Y(£:,) = + Y(£^) (27) 

The integration constant, y(E f), is independent of the adsorbate concentration, since 

r = 0 at E f. Lipkowski defines the fihn pressure (tt) by 

" = Ye.o  -  Ye = / / '  %/£ -  / / '  «  (28)  

Ye=o is measured in the absence of adsorbate in the solution (C = 0) and Ye when C ^ 0. 

The film pressure is essentially the negative of the adsorbed layer contribution to Y- In 

other words, the contribution (Yo = o) solvent and supporting electrolyte has 

been removed. Therefore, equation (24) can be rewritten ui terms of u 
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' RT 

dTZ 
(29) 

allowing determination of F. 

Lipkowski and co-workers have applied this technique to study the adsorption of 

a variety of adsorbates including, diethyl ether [42],tert-pentanol [49,50], cyclohexanol 

[41], pyridine [51-59], pyrazine [60,61] and coumarin [60]. Most of this work has been 

done using Au electrodes, but some studies have been done on Ag [57-59]. 

Surface excess measurements obtained using this technique have been used to 

interpret the dependence of SER5 intensities on pyridine concentration [5,54]. Those 

results are discussed in Chapter 7 in relation to the effect of adsorbate solution 

concentration on SERS intensities. 

There are situations in which this chronocoulometric technique produces better 

results than differential capacitance [5,41]. This is partially due to its ability to avoid the 

effects of processes that are slow (relative to measurement times) in reaching equilibria 

as discussed above. The fact that only a single integration step is required to obtain y 

from Om rather than the two integrations that are required for Cj data may also contribute 

to the improved results. 

Advantaq;es and disadvantages of thermodvnamic techniques. These techniques are 

uniquely suited for the study of electrochemical systems, because they are based on 

electrochemical measurements. It was therefore natural that early studies of 
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electrosorption would take advantage of these techniques. It also means that these 

measurements are made in situ, which is also a significant advantage. 

The fact that these techniques are thermodynamic in nature confines the information 

obtained to the macroscopic realm. Conclusions about the molecular nature of the 

adsorption process can only be deduced, not unequivocally determined, from the data 

obtained by these techniques. 

These techniques are also very sensitive to surface conditions such as the presence 

of impurities or crystallographic structure [5,43,62]. They are also sensitive to faradaic 

processes. This sensitivity is amplified by the extensive data processing that is required 

to obtain meaningful results (i.e., adsorption isotherms). Therefore, reproducibility is 

often an important concern. On the positive side, this sensitivity means that these 

techniques can be sensitive probes of the electrode surface allowing the detection of 

subtle differences, even if these differences cannot always be interpreted from the 

thermodynamic data alone. 

Nevertheless, the failure of the more molecularly specific techniques (such as the 

vibrational spectroscopies) to yield satisfactory quantitative data has resulted in the 

continued use and development of these techniques. As in UHV surface analysis, the 

acquisition of a clear understanding of electrosorption and double-layer structure depends 

on the concerted use of a variety of complementary methods. 
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1.2B Coverage Determination Using Molecular or Mass Specific Techniques. 

Thin layer electrochemistry. The principles of thin layer electrochemistry have been 

reviewed [63,64]. One particular advantage of this technique is the reduced volume of 

the electrochemical cell which permits efficient exhaustive electrolysis of electroactive 

species adsorbed to the electrode and in the solution. The total number (N) of 

electroactive species (both surface and solution) can be obtained from the measured 

electrolytic charge (Q) and the number of electrons (n) required to oxidize or reduce one 

molecule of the electroactive species: 

The quantity N is in moles if Faraday's constant (F) is in C/mol. In many cases, the 

contribution to Q, and thus N, from adsorbed molecules can be differentiated from that 

due to solution species. 

The particular approach used depends on the electrochemical properties of the 

solution and adsorbed species, and on the electrosorption properties of the adsorbate. 

Adsorbates which are electroactive in solution and are irreversibly adsorbed will be 

considered to illustrate this point. If the adsorbed species is not electroactive, then Q is 

due solely to solution species and can be related to F and the initial (before adsorption) 

solution concentration (C°) of the adsorbate [65] by 

(30) 
nF 

Q = nFiCV -  r^ )  (31) 
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When C°, the area (A) of the electrode stirface, and the volume (V) of the thin layer cell 

are known, F can be determined by measuring Q. If, on the other hand, the irreversibly 

adsorbed species is electroactive, the adsorbate solution can be replaced after adsorption 

by pure electrolyte solution so that the measured charge is due only to the adsorbed 

species and F can be determined directly. Similar approaches can be used for reversibly 

adsorbed molecules. 

Soriaga and co-workers have studied the adsorption of more than fifty compoimds 

using this technique [65,66]. The surface coverage (F) of adsorbate molecules has been 

compared with calculated molecular cross-sectional areas to determine the orientation of 

adsorbed molecules [65-68]. The effect of solution concentration [66,67,69-71] and 

adsorbed iodide [68] on adsorbate orientation were also studied. Additional work with 

this technique includes studies on the effect of adsorbate orientation on the oxidation [72-

74] and hydrogenation of the adsorbate [75], substrate-mediated adsorbate-adsorbate 

interactions [76], and the study of electrocatalytic properties of bimetallic interfaces [77]. 

The relationship between F and the charge is less ambiguous and more molecule 

specific than the thermodynamic relationships described above for tensiometry, 

differential capacitance and chronocoulometry. However, it is limited primarily to 

electroactive species, even though olefin coverages have been determined indirectly by 

comparing the extent of I" adsorption observed before and after exposure of an electrode 

to olefins [78,79]. 
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Radioactive tracer methods. A number of reviews on the application of radiotracers to 

electrosorption are available [3,80-83]. Kazarinov and Andreev [81] describe three 

general approaches to the study of electrochemical adsorption by radiotracer techniques. 

1 • Surface coverage determined from solution adsorbate concentration changes. 

This method requires large electrode-surface-area-to-solution-volume ratios in order 

to obtain significant (at least 10 %) reductions of the adsorbate solution 

concentration upon adsorption. Typically, very large sxuface area electrodes have 

been used. One drawback is that the concentration (and therefore the experimental 

conditions) must change significantly in order to obtain a measurable change in the 

observed signal. Typical solution concentrations range from 10^ to 10"^ M, with 

high surface area electrodes being required at the higher concentrations. Accuracy 

and sensitivity are limited. One approach that has not been applied is to drastically 

reduced the volume of the adsorbate solution to which the electrode is exposed. 

This might be accomplished by coupling a flow-through thin layer electrochemistry 

cell to a radiation detector. Recent work has concentrated on developing techniques 

that measure the concentration of the adsorbate on the electrode. 

2. Direct surface adsorbate coverage determination on emersed electrodes. This 

technique requires emersion of the electrode followed by removal of as much of the 

remaining electrolyte solution as possible. When it is impossible to completely 

remove all of the solution, it may be possible to correct for signal contributions 

from labelled molecules in the adhering solution. Additional problems resulting 
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from emersion are the difBculty in maintaining electrode potential once the sample 

is emersed, and the possibility of desorption or removal of some portion of the 

adsorbed analyte during removal of excess electrolyte. Poor precision and accuracy 

in eliminating or correcting these effects have resulted in the relative disuse of this 

approach in recent years. Evidence from a variety of sources [21,84-89] indicates 

that under carefully controlled conditions, it is possible to remove the electrode 

from the electrolyte with the interfacial structure and potential unchanged. 

Provided that some independent means of determining the quality of the emersion 

process is used, the radioisotopic determination of adsorbate surface coverage at 

emersed electrodes may again become important in the study of electrosorption. 

For example, SERS and surface unenhanced Raman spectroscopy, can be used to 

verify that electrodes have been emersed without significant changes in the 

molecular structure of the double-layer [21,87-89], but this approach is not typically 

amenable to the determination of adsorbate surface coverage. It might be 

advantageous to couple this technique with radioisotopic determinations of 

adsorbate surface coverage on emersed electrodes. 

3. In situ surface coverage determinations. Most of the recent work in 

radioelectrochemistry has utilized this approach. Wieckowski [3] has recently 

reviewed this approach in detail. His review will be the basis of the following 

discussion. Two principle geometries have been employed. 
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a. The electrode is attached directly to the radiation detector (usually as a thin 

foil). The main advantage of using foils is the close proximity of the electrode 

to the detector: the solution interference is thereby minimised. The use of foils 

has two major drawbacks. The radiation is attenuated by the metal foil, making 

the foil thickness a major consideration, and the thin foils required are 

susceptible to mechanical damage. Metallized plastic foils are less susceptible 

to damage, but the potential of organic contaminants from the plastic make their 

use undesirable. 

b. The detector is situated immediately opposite the electrode with a small 

volmne of solution intervening. The use of a separate detector eliminates the 

above problems, but the solution background becomes a more serious 

consideration: it will increase and the sample signal decrease as the size of the 

intervening solution layer increases resulting in an overall decrease in the signal-

to-noise ratio. Krauskopf has developed a "squeeze" technique, that utilizes an 

electrode and scintillator detector which are polished until both are optically flat. 

A flexible elbow attached to the electrode allows the electrode to be "squeezed" 

up to the scintillator, so that the thickness of the solution layer is as small as 2.5 

Hm. Detection limits as low as 0.01 ML have been obtained for solution 

concentrations at or below 10"^ M, and as low as 0.11 ML for solution 

concentrations up to 10"^ M. 
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The many advantages of using radioactive tracer techniques to study eiectrosorption 

have been enumerated in the reviews cited above and will be summarized here. Of 

primary importance are molecular specificity and unambiguous interpretation of results. 

As long as the labeled adsorbate does not undergo any chemical reaction (other than non-

dissociative adsorption), detection of radiation characteristic of the chosen isotope can be 

unambiguously attributed to the presence of the adsorbate at the electrode surface or in 

the nearby solution. Careful calibration and characterization of the experimental 

configuration can eliminate the latter possibility. The relationship between signal 

intensity and concentration is not affected by chemical changes in solution or electrode 

environment [3], as are the thermodynamic electrochemical methods discussed above. 

Even surface IR spectroscopies and SERS are susceptible to these effects as changes in 

the surface can result in changes in the EM fields at the surface. Another important 

advantage is the applicability of this technique to a wide range electrochemical systems 

and adsorbates [3]. Most adsorbates and all organic molecules (except those which may 

undergo some type of chemical reaction other than non-dissociative adsorption) can be 

studied because of the large number of available isotopes (there are 23 radioactive 

elements suitable for use). The only significant limitation to the choice of electrode is 

geometry, and the different radiotracer methods available allow some degree of flexibility 

along those lines. Signal generation is relatively simple: there are none of the 

complications associated with the need to supply external excitation, and the technology 
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for the detection and processing of the analytical signals produced by nuclear radiation 

is well advanced [3]. 

Since radiotracer measurements may be made in situ, information can be obtained 

concurrently with electrochemical measurements allowing correlation of electrochemical 

processes with surface concentrations. Electrosorption valencies of adsorbates not 

undergoing electrochemical rearrangement have been determined in this manner 

[3,90,91]. Concentrations of a few percent of a monolayer can be detected [3,92]. 

Changes in svirface concentration with time can be monitored allowing studies of 

adsorption/desorption kinetics [93-95] and atomic and molecular surface exchange 

processes [81]. 

There are also a few notable disadvantages to radiotracer measurements. Since the 

analytical signal lacks any intrinsic molecular information, the observed signal may be 

due to adsorption of a product of decomposition, rearrangement, or other reactions 

involving the adsorbate. Zelenay and Wieckowski [82] have referred to adsorbed species 

in some studies as "surface products" indicating the presence of some ambiguity about the 

surface state of the adsorbate. Solution concentrations have generally been limited to < 

1 mM [82], because of the contribution of the solution to the background signal. Recent 

advances have permitted the use of concentrations as high as 10 to 100 mM [3]. As a 

result, the ability to study weakly adsorbing species is limited. For this reason, techniques 

which offer greater surface selectivity, such as SERS, are better suited to weakly 

adsorbing species. 
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Despite these limitations, radiotracer techniques provide some of the most 

dependable surface coverage data available and are amenable to the study of a wider range 

of systems than any of the other methods used. 

Quartz crvstal microbalance. The quartz crystal microbalance (QCM) [96] is based on 

mechanical oscillations of a quartz crystal wafer which is sandwiched between two 

electrodes. Each electrode is attached to a different face of the wafer. These mechanical 

oscillations are induced by an oscillating electric field generated by the electrodes and 

driven by an oscillator circuit operating in resonance with the frequency (f) of the crystal. 

Under the appropriate conditions, the frequency responds to changes in the mass of the 

QCM (resiilting from adsorption or desorption, etc.) according to the Sauerbrey equation 

[97]: 

A/ = ^ (32) 

The change in frequency (Af) is due to the change in the mass per unit area (Am/A) and 

a number of constant terms (-2, n, fg, and p,). Thus, if the mass change is only due 

to changes at the surface, surface coverage can be determined provided values are known 

for these constants. Variations from this response can occur when the overlayer behaves 

in a nonrigid manner [96,98] and during submersion in solutions [99], so care must be 

taken in interpreting QCM results from electrochemical systems. Assumptions of and 
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constraints to the application of the Sauerbrey equation have been discussed extensively 

in the literature [100-108]. 

Recent applications of the QCM to electrochemical systems include the study of the 

electrolysis of water and absorption of H and D by palladium electrodes [109,110]; 

studies of the underpotential deposition of metals [111-114]; tellurium electrochemistry 

[115], and the electrosorption of bromide and iodide on Au [116]. 

1.3 Qualitative/n Situ Methods for the Study of Electrosorption 

1.3 A Routine Electrochemical Techniques 

Evidence for electrosorption can be obtained from routine electrochemical 

techniques such as cyclic voltammetry, polarography or chronocoulometry. 

Measurements made using these techniques can be affected by adsorption in a number of 

ways. The presence of an adsorbed species may block access of solution electroactive 

species to the surface and reduce or prevent oxidation or reduction. Adsorbed layers can 

also affect the potential drop across the double layer which may affect the electrochemical 

response for electroactive species. In some cases, adsorbed species have unique 

electroactive behavior which allows them to be detected and distinguished from solution 

species of the same compound. Redox potentials of the adsorbed species may be shifted. 

Species that are not electroactive in solution may display surface electroactivity. In the 

case of strongly adsorbed species, conditions may sometimes be chosen so that the 

electrochemical response of solution species is negligible. A more thorough discussion 
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of the observation and characterization of electrosorption using electrochemical 

techniques can be foimd in reference [117]. 

L3B Spectroscopic Techniques 

The molecular specificity and breadth of information available from spectroscopic 

techniques has led to their extensive application to the characterization of the 

electrochemical interface and electrosorption in the last two decades, and many significant 

advances have been made. The application of vibrational spectroscopies to 

electrochemical systems is particularly promising because of the wealth of information 

in vibrational spectra. 

Infiared spectroscopy at electrode surfaces. The application of vibrational spectroscopies 

to in situ studies of electrode surfaces requires some means of discriminating between 

solution species and those at the surface, hi IR spectroscopy of electrochemical systems, 

the mtense absorption of IR radiation by water or other solvents must be overcome. Early 

in situ IR spectroscopy used internal reflectance to overcome these problems [118,119], 

but this approach severely limited electrode composition and design and is therefore not 

as widely used as more recent extemal reflectance methods. There are two basic 

approaches to obtaining surface selectivity in extemal reflectance IR spectroscopy 

requiring modulation of either the polarization of the IR radiation or the applied potential. 

Thin layer cells are also used to minimize the absorption contributions from solvent and 

solution species. 
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When the polarization of the incident IR radiation is modulated, the technique is 

referred to as infrared reflection absorption spectroscopy (IRRAS). Sometimes FT-

IRRAS is used to indicate the use of Fourier Transform spectrometers. Modulation of the 

radiation is between s-polarized light in which the electric field vector is tangential to the 

electrode surface and p-polarized light with the electric field vector normal to that of the 

s-polarized state. As a result, p-polarized light has electric field components that are both 

normal and tangential to the electrode. The normal components of the incident and 

reflected p-polarized radiation constructively interfere [120] resulting in an enhancement 

of signals observed for surface species relative to the solution species. Comparison with 

the signal obtained using s-polarization allows the signal component from the surface 

species to be discriminated. IRRAS methods making use of both grating [121-123] and 

Fourier transform [124 J 25] instruments have been described. Only vibrational modes 

which have oscillating dipole components normal to the surface can be regtilarly observed 

[120], because the signal enhancement results from the electric field component which 

is normal to the surface. As a result of this "surface selection rule", IRRAS spectroscopy 

can be used to determine the orientations of surface molecules. 

Potential modulation results in changes in the relative amounts of surface species 

but does not affect the concentrations of solution species. Therefore, variations in the 

observed IR spectra can be attributed to variation in F of the various species at the 

surface. Two approaches are used. Electrochemically modulated infirared spectroscopy 

(EMIRS) involves the use of specially designed high through-put grating 
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monochromators and phase sensitive detection [126]. In subtractively normalized 

interfacial Fourier transform infrared spectroscopy (SNIFTIRS), separate spectra are 

obtained at different potentials and then subtracted to obtain a difference spectrum [127]. 

A large number of these difference spectra must be collected and added together in order 

to obtain the desired surface selectivity. EMIRS offers much greater sensitivity, and 

generally requires less time. However, spectra are typically collected over a much smaller 

spectral region. The multiplex advantage of FTIR permits acquisition of complete 

SNIFTIR spectra in the same time required to acquire a limited region. The resolution 

of SNIFTIRS is also slightly better than that obtained for EMIRS. 

Numerous reviews are available on the application of these IR techniques to the 

study of electrode-solution interfaces [128-133]. 

Techniques using ultraviolet and visible radiation. A number of spectroscopic techniques 

make use of visible light in the study of electrosorption. These include electroreflectance 

spectroscopy [134,135], differential reflectance [136-138], ellipsometry [139,140], and 

second harmonic generation [141,142]. 

1.4 Er Situ Methods for Studying Electrosorption 

This introduction and the work reported in this dissertation emphasize in situ 

approaches to electrosorption research. However, no discussion of electrosorption would 

be complete without mentioning ex situ approaches. Removal of the electrode from 

solution permits analysis by a number of techniques that cannot be used in situ. Of 

particular interest m electrochemical studies is the availability of surface analytical 
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techniques, and in particular, those techniques which can be used when electrodes are 

transferred into ultrahigh vacuum (UHV) environments. Several approaches have been 

devised to permit the efScient transfer of electrodes from solution to the UHV 

environment for analysis [143-148]. Hubbard and co-workers have demonstrated that 

electrosorption can be studied quite effectively using ex situ techniques by using Auger 

spectroscopy to obtain adsorption isotherms for a variety of adsorbates [86,149-152]. 

However, some electrochemical systems are not amenable to emersion. In situ methods 

also have the advantages of increased convenience and efficiency when study effects of 

electrochemically controlled parameters such as applied potential. 

1.5 Electrosorption Information Available from SERS 

1.5A History 

In 1973, Fleischmann and co-workers [153] reported high quality spectra of 

pyridine adsorbed to a roughened Ag electrode. The electrode had been roughened in 

hopes that the increase in surface area, and thus, the increased number of adsorbate 

molecules, would be great enough to permit observation of the Raman scattering of the 

adsorbate molecules. A few years later, it became evident to other researchers [154,155] 

that the intense spectra observed by Fleischman could not be explained by the increase 

in surface area of the electrode alone, and that an additional enhancement of 10^ to 10^ 

was required. Since that time, there has been intense work to understand and apply the 

phenomenon of surface enhanced Raman scattering or SERS. There are a number of 
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reviews which chronicle the progress in this field [156-159]. A more extensive list of 

reviews in this field has been recently compiled [159]. 

1.5B SERS Mechanisms 

An understanding of the various mechanisms which contribute to the SERS effect 

is required for the accurate interpretation of SERS results. A host of mechanisms have 

been proposed to explain SERS, but the community of SERS researchers has accepted 

two predominant enhancement mechanisms. One of these mechanisms is due to the 

interaction of electro-magnetic (EM) radiation with the metal surface which results in an 

enhancement of surface EM fields. This is termed the electromagnetic or EM mechanism. 

The other mechanism responsible for SERS is due to atomic scale surface roughness or 

structures. The atomic scale features that result in an enhancement of the Raman signal 

are referred to as "active sites" or "activated complexes". Much of the enhancement from 

this second mechanism results from a resonance Raman type enhancement that results 

from charge transfer between the adsorbate and the electrode surface. This mechanism 

is referred to as the chemical or charge-transfer (CT) mechanism. 

EM Mechanism. Significant enhancement of the incident and scattered electromagnetic 

fields at certain roughened metal surfaces is predicted by classical electromagnetic theory 

[159]. The magnitude of the enhancement is dependent on the complex dielectric 

fiinction of the metal, the wavelength of the incident or scattered light, and the shape and 

size of the roughness features of the metal. The largest enhancements are predicted for 
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the free-electron like metals (Ag, Au, Cu, Na and Li) [160]. Of these metals, Ag, Au and 

Cu are used routinely as electrodes in aqueous electrochemical systems, and the bulk of 

SERS studies have been done using these three metals. Calculations of the EM 

enhancement have been made for a number of model systems [159] including spheres, 

ellipsoids and roughened surfaces modelled by geometric features on smooth surfaces. 

In electrochemical SERS, surface roughness which supports the EM enhancement 

mechanism is usually produced by an oxidation-reduction cycle (ORC). In number of 

systems in which KCl is used as an electrolyte [161-164], Ag nodules ranging in size 

from a few tens of nm to 1000 nm are produced during the ORC. The effect of a number 

of experimental parameters on the ORC and its effect on the size, morphology and the 

number of nodules has been studied [161-164]. The SERS intensities were observed to 

vary with the average nodule size in qualitative agreement with the predictions made 

based on theoretical considerations of the EM mechanism. However, the experimental 

observations do not agree with the theoretical predictions in regards to the magnitude of 

the enhancement [159,165] and the nodule size at which the maximum enhancement is 

obtained [161,163]. The inability of the theoretical models to accurately predict the 

enhancement at real surfaces is due, at least in part, to the inability of the models to match 

the complexity of the real roughened surfaces in terms of nodule size and shape 

[159,161,163], the range distribution of nodules present, and intemodular spacing [161]. 
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CT Mechanism. The charge-transfer mechanism is by definition chemical in origin, and 

typically the presence of a chemical bond between the adsorbate and the SER5 active 

surface (chemisorption) is given as a prerequisite for this mechanism [157]. The chemical 

interaction between the adsorbate and the metal permits electrons excited by the incident 

light to be transferred from occupied levels in the metal to a vacant orbital in the 

adsorbate (metal-to-adsorbate CT), or from an occupied orbital in the adsorbate to a 

vacant level in the metal (adsorbate-to-metal CT). Metal-to-adsorbate transfer is 

illustrated in Figure 1-2. The arrows show the transfer of an electron from the valence 

Adsorbate 
LUMO 

Conduction 
Band 

Valence 
Band 

Adsorbate 
HOMO 

Figure 1-2. Metal-to-Adsorbate charge transfer. Ef = Fermi level; hv° = energy of 
incident photon; hv = energy of Raman scattered photon. 
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band of the metal to the adsorbate and back. The occupied and empty adsorbate orbitals 

are depicted as Ganssian distributions that represent the range of adsorbate environments 

that are present at the surface. The incident photon energy (hv°) must be sufficient to 

raise the energy of the electron to a level Aat is within the range of the empty adsorbate 

orbitals. The electron is momentarily transferred to the adsorbate, then returns to the 

valence band of the metal. If the adsorbate molecule either relaxes or is excited 

vibrationally during this process, the energy (hv) of the scattered photon will vary from 

than that of the incident photon by an amount which is characteristic of the vibrational 

mode involved. SERS due to photon-induced CT resembles resonance Raman scattering 

and similar increases in the Raman scattering cross-section result, because the 

instantaneous excitation is to an electronic orbital. As in resonance Raman scattering, the 

excitation wavelength can be selected so that it is in resonance with the greatest number 

of adsorbate molecules which corresponds to the center of the Gaussian curve that 

represents the unoccupied orbitals of the adsorbate molecules. The effect of changing the 

wavelength of excitation is illustrated in Figure 1-3. 

In an electrochemical system, the Fermi level of the electrode can be varied relative 

to the adsorbate orbitals by varying the applied potential (E). The effect of potential on 

CT enhancement is shown in Figure 1-4. CommorJy, the working electrode is held at 

ground by the potentiostat and the electrochemical potential of the solution is varied using 

a counter electrode. As a result, the adsorbate orbitals in Figure 1-4 are shown changing 
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Figure 1-3. Effect of excitation wavelength on CT mechanism. g 
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Figure 1-4. Effect of electrochemical potential on the CT enhancement. 
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relative to the Fermi level. At a given excitation wavelength, the electrode potential can 

be used to move the system in and out of resonance. Therefore, it is possible to alter the 

magnitude of the CT enhancement by changing both the potential and the excitation 

wavelength. In addition, a wavelength of maximum intensity should be identifiable for 

each potential, as is a potential of maximum intensity for each wavelength. 

The interdependent effects of excitation wavelength and potential on the CT mechanism. 

As the applied potential is made lower (or more negative), the energies of electrons in the 

conduction band of the metal are increased relative to the adsorbate orbital levels. 

Therefore, in Figure 1-4, E, < Ei < E3 . Experimentally, it is more convenient to 

determine the potential at which the resonance is maximized for a given excitation 

wavelength (E^), rather than wavelength of maximum resonance for a given potential 

because of the ease with which the potential can be scanned. If die photon energy (hv°) 

of the incident radiation in eV is considered rather than wavelength, the model given 

above predicts a change in the photon energy (hAv°) should be offset by an equal 

opposing shift in the energy of the valence electrons (AE,^). This relationship can be 

expressed more simply; 

hv° - = K (33) 

where K is a constant value that can be defined in terms of the work function of the metal, 

the energy level of the empty adsorbate orbitals and the applied potential. Thus, a plot 
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of hv" versvis Er, should be a line with a slope of +1 when enhancement results from 

metal-to-adsorbate CT. 

In order for metal-to-adsorbate CT to occur, the energy difference between the 

Fermi level of the metal electrode and the adsorbate LUMO is approximately equal to 

hv°. If the energy difference between the adsorbate HOMO and the Fermi level is 

approximately hv°, then adsorbate-to-metal CT can result. Similar variations in the 

enhancement with changes in hv° and E can be predicted for adsorbate-to-metal CT 

except that 

/iv° + = K' (34) 

As a result, if hv° is plotted as a function of Er, a slope of-1 is predicted for adsorbate-to-

metal CT. 

Experiments [166,167] agree qualitatively with the predicted results. Linear 

relationships between hv" and Er are observed and both negative and positive slopes are 

observed, suggesting the observation of both adsorbate-to-metal and metal-to-adsorbate 

CT. In fact, the latter is observed primarily for unsaturated nitrogen heterocycles which 

have low lying n' orbitals making them more likely candidates for metal-to-adsorbate CT 

[166]. Adsorbate-to-metal CT is observed predominantly for saturated N heterocycles. 

However the observed slopes are not ±1 as predicted. This deviation from the predicted 

slope has been explained in terms of voltage induced mixing of vibronic states [166] and 

in terms of the incomplete screening by the electrolyte of the electrostatic potential [168]. 



As will be discussed shortly, the intensity of the SERS response is also due to the number 

of CT active sites which may also change with E. Thus, the observed variations in slope 

are reasonable. 

Existence and nature of CT enhancement active sites. The most popular view of CT 

enhancement is based on chemisorption to specific active sites on the metal surface. The 

active sites are usually assumed to be an adatom or an adatom cluster, but they have also 

been attributed to specific crystallographic facets of the roughened surface [157]. Furtak 

and Roy [167,169] have attributed the active site of the pyridine/KCl system to a 

(pyridine),^gxCly(H20)2 complex. A review of the evidence that supports this 

mechanism is helpfiil in fiirther describing the complexity of SERS and in the 

interpretation of SERS data. 

Initial evidence for some form of an active site is based on the irreversible loss of 

SERS signal that results firom a number of electrochemically induced changes [170-174]. 

For example Owen and co-workers [174] reported the effect of potential on the SERS 

intensity of the 1215 cm"' band of pyridine immediately following the ORC (O.IM 

KCl/0.05 M pyridine). The potential was scanned from -0.2 to -0.5 V (vs. Ag/AgCl) and 

back twice, and then to -0.8 V and back to -0.2 V twice. The SERS intensities increased 

with potential and were reproducible at any potential in this region throughout the entire 

regime noted above. When the potential was subsequently scanned to -1.1 V, the 

intensity initially continued to increase. However, there was a drastic drop in the SERS 

intensity at potentials negative of -1.0 V. Upon returning to lower potentials, intensities 
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observed between -0.2 and -0.8 V were reduced to ca. 40% of their original value. This 

irreversible loss is not explained by the CT or EM mechanisms as described above, and 

must be attributed to some alteration in the structure or composition of the SERS active 

surface. 

Changes in the large scale roughness features responsible for the EM enhancement 

are not likely in this potential region, since the formation of these features requires 

potentials greater than 0.0 V for significant oxidation of the Ag to occur. The effect of 

negative potential excursions on large-scale roughness features has been examined [161] 

using SEM. Potential excursions resulting in irreversible losses of SERS intensity did not 

result in any SEM distinguishable changes in the surface morphology. In addition, the 

relationship between nodule size and SERS intensity was identical (except for a decrease 

in intensity) for electrodes for which the active sites were destroyed and those at which 

no active site destruction was observed. 

Therefore, the structural changes must be occurring at a level which affects the CT 

mechanism, in other words at the atomic or molecular level. High current densities 

during the ORC and the fact that hundreds of monolayers of Ag are oxidized, dissolved, 

transported, redeposited as AgCl nodules and finally reduced back to Ag, suggest that the 

assumption of the presence of surface defects on these roughened surfaces is quite 

reasonable. More negative potentials are required to induce the destruction of these 

proposed active sites in the presence of certain adsorbates (pyridine [175] and various 

halide ions [174.175]). In fact, for the halides studied [174,175], the potential at which 
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the irreversible loss of SERS is observed correlates well with the potential at which the 

halide is desorbed from the electrode. This evidence suggests that the active sites are 

stabilized by the presence of these adsorbates, and therefore, these adsorbates may be an 

integral part of the active site. 

An extensive series of experiments [176-179] on the effect of the imderpotential 

deposition (UPD) of Pb on SERS active Ag electrodes clearly demonstrates an 

irreversible loss of SERS intensity upon the UPD of ca. 0.6 monolayers or more of Pb. 

This loss of intensity has also been explained in terms of the destruction of microscopic 

SERS active sites associated with the CT mechanism. It is also interesting that these 

same experiments simultaneously supplied evidence for the EM enhancement mechanism. 

Reversible reduction of the SERS intensities that occurred at Pb coverages below 0.6 ML 

has been attributed to an alteration of the optical constants of the electrode surface due the 

presence of the UPD Pb, and which quenches the enhancement due to the EM mechanism. 

This reversibility is caused by the restoration of the original Ag optical constants 

following the electrochemical removal of the UPD Pb from the electrode. 

Unfortunately, changes in the number of these CT active sites are not limited to 

conditions which are under the control of the investigator (i.e., potential and Pb coverage), 

but also occur spontaneously under static conditions [54,173]. As a result, the SERS 

intensities may vary with time, even when all other experimental parameters are held 

constant. Sobocinski and Pemberton [173] have used the kinetics of laser-induced decay 

of the SERS signal to characterize this effect in one system. They were able to identify 
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two distinct decay profiles which could be identified by the rate constants of the decay 

and by the dependence of the rate constants on temperature. The different decay 

mechanisms observed were attributed to two distinct types of atomic-scale active sites. 

In conclusion, a large body of evidence exists that supports the existence of a 

chemical mechanism which contributes to SERS. The careful consideration of SERS data 

must include the effects of such a mechanism. 

1.5C SERS and Electrosorption 

The application of SERS to the understanding of electrosorption has been almost 

exclusively qualitative and indirect in nature. Recently, Stolberg et al. [51] have made 

an effort to quantitate the relationship between SERS intensities and F. Should this 

approach prove feasible, SERS measurements may be able to yield adsorption isotherm 

data, and the thermodynamic data obtained from these data could be used to compare 

adsorption strengths more directly. Another direct means of comparing relative 

adsorption strengths is to compare the relative SERS intensities of two coadsorbed 

species. Coadsorption has frequently been observed in SERS studies [180-183] including 

one effort to compare the relative adsorption strengths of similar adsorbates [182]. 

Presence or absence of SERS spectrum. In some instances, the observation of a SERS 

spectrum (or the absence thereof) can be used as an indication of relative adsorption 

strength of two related species. For example, in studies involving aromatic compounds, 

SERS is more readily observed from molecules with free nitrogen lone pairs or from 
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charged species. This is clearly demonstrated by the adsorption behavior of pyridine and 

the pyridinium ion. Within the potential window available for SERS studies on Ag 

electrodes, the electrode usually has either a slight excess positive charge, or the potential 

is very near the potential of zero charge (PZC). Under these conditions, positive ions are 

only adsorbed when they can be coadsorbed with anions. Thus, SER5 of neutral pyridine 

is observed in the presence of adsorbing (CI", Br", T) and non-adsorbing (F", cio4* and 

no3') anions [174,175,180], whereas SERS of the pyridinium ion is only observed in the 

presence of adsorbing anions [184-186] or only weakly in the presence of non-adsorbing 

ions [180]. 

hi one SERS study involving Cu electrodes, SERS of isonicotinic acid (4-pyridine 

carboxylic acid) [187] was only observed when it is completely protonated and in the 

presence of adsorbing anions or in the completely deprotonated anionic form. In aqueous 

solutions, neutral isonicotinic acid occurs as a zwitterion with the pyridine nitrogen 

protonated, and no SERS is observed. There is no lone pair of electrons available, nor is 

there any net positive charge to facilitate coadsorption with adsorbed anions. SERS of 

benzoic acid is only observed for the de-protonated benzoate anion [180,188]. 

Consideration of functional group interactions with electrodes is an extremely 

useful tool for comparing adsorption strengths. In the examples above, adsorption was 

observed when the pyridine N lone pair or the carboxylate was available to interact with 

the electrode, or when positively charged (protonated) adsorbate molecules were attracted 

to the surface by a layer of adsorbed anions. In these cases, there is no evidence for any 
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interaction between the conjugated 7t system of the pyridine ring and the electrode. In 

fact, the paucity of studies reporting adsorption to Ag electrode surfaces via tc bonds may 

be an indication of the relatively weak nature of this mode of adsorption in these systems. 

In Weaver's [189] study of substimted benzenes on Au, molecules containing substituents 

which could interact with the substrate were adsorbed through the substituent rather than 

the 71 system. 

Adsorbate orientation. One consequence of the EM surface Raman enhancement 

mechanism is that under the proper conditions, the electric field normal to the surface (£„) 

is enhanced relative to the field tangential to the surface (Et) [190,191]. The intensity of 

the incident and scattered light is proportional to E-. Therefore, the enhancement of 

Raman scattering of vibrational modes interacting with £„ is greater than for modes 

interacting with E,. For molecules of high symmetry, the enhancement factor of a 

vibrational mode can be related to the polarizability tensor elements of the irreducible 

representation of the mode. These concepts are the basis for the SERS surface selection 

rules which permit determination of orientations of adsorbed molecules. These SERS 

selection rules have been reviewed in detail [190-195]. 

Orientations of adsorbed molecules can be coupled with fimctional group 

considerations in the study of relative adsorption strengths. If a molecule has more than 

one functional group, the fimctional group interacting with the surface can often be 

deduced from the orientation of the molecule. Barring other complications such as steric 

effects, the fimctional group interacting with the surface is likely to be the one that 
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interacts most strongly. BCnowledge of the relative interaction strengths of flmctional 

groups can then be used to predict relative adsorption strengths of other molecules. 

For example, Gao et al. [195] examined a series of substituted benzene molecules 

at Au electrodes using SERJS. The intensity changes in the SERS spectra relative to the 

normal Raman spectra of the bulk liquids was considered in light of these surface 

selection rules. The data support a flat orientation for benzene and toluene, and a vertical 

orientation for benzonitrile. The observed orientations suggest that benzene and toluene 

adsorption results from the interaction of the it electrons with the electrode surface, and 

that benzonitrile interactions occur through the nitrile group, presumably resulting from 

the interaction of the nitrogen lone pair electrons with the surface. 

When a limited number of methyl groups are present in a molecule, SERS intensity 

data of the v(CH3) modes often provide useful information about molecular orientation 

[21,89,196], The orthogonal nature of the predominant polarizability tensor components 

of the symmetric and antisymmetric methyl stretches, v(CH3)sym and v(CH3)asyn„ 

respectively, is demonstrated in Figure 1-5. The vector representations indicate the net 

contributions to the Raman intensity along three orthogonal axes. The reference axis is 

along the R-ch3 bond, where R refers to the remainder of the molecule to which the 

methyl group is attached. For v(CH3)syn„ the predominant contribution to the Raman 

intensity occurs along the R-ch3 bond axis. The components normal to this axis make 

a significantly smaller contribution to the Raman intensity. For v(CH3)asym, the 

contribution normal to the C-ch3 bond is greater in intensity than the contribution that 
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lies along that bond. A comparison of the intensities of these two bands obtained from 

SERS spectra relative to intensities from normal Raman spectra can be used to determine 

the orientation of the methyl group with respect to the surface [196]. This is readily 

accomplished by calculating the ratio (R^j^) as shown in Figure 1-6. 

If the methyl group is oriented with the R-ch3 bond normal to the surface, then 

v(CH3)sym is also oriented normal to the surface and will be enhanced strongly. In this 

orientation, v(CH3)asyin is parallel to the surface and does not experience much 

enhancement. Thus, R^j^ is less than one in this orientation. If the CH3 group is oriented 

Polarizibi l i ty  Tensor  Contr ibut ions 
to Raman CH Stretching Modes 

H H 

Symmetric Antisymmetric 

Figure 1-5. Polarizability tensor contributions to the intensity of Raman ch3 
stretching modes. 
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ca. 45 ° with respect to the surface normal, both v(CH3)sy„ and v(CH3)asyn, will experience 

similar enhancements, and Rj^g will be ca. 1. A parallel orientation would result in 

» 1, as demonstrated in Figure 1-6. 

Trends in vibrational frequency shifts. Additional information about the interaction of 

the adsorbed molecule with the surface can be obtained from shifts in the vibrational 

frequencies. In particular, it is often possible to distinguish between adsorption involving 

Tc electrons and adsorption involving lone pair electrons of heteroatoms. 

Ueba et al. compared the frequencies of pyridine adsorbed on Ag under a variety 

^Me 1 1 

Figure 1-6. Calculation of and its application to determining methyl group 
orientations. 
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of conditions and concluded the pyridine spectrum routinely observed in SERS studies 

is due to N-bovmd chemisorbed pyridine [197]. Bukowska and co-workers [198] noted 

that the frequencies of the ring breathing vibrations usually increase "after adsorption on 

the silver electrode". These authors did not explicitly state the conditions at which 

"adsorption on the silver electrode" occurred. In particular, it is important that a potential 

of adsorption be reported for electrochemical systems. Examination of a number of 

papers [184,199-201], mcluding those cited by Bukowska [199,200], reveals that this 

increase in frequency occurs at potentials between 0.0 and -0.25 V, that is, near the 

positive limit of the potential window available on the Ag electrode under the conditions 

most commonly used for SERS studies. Under these conditions, there is an excess 

positive charge present at the surface of the Ag electrode. Similar shifts occur upon 

adsorption to Ag sols [200,202] which probably have a surface potential near the open 

circuit potential of SERS experiments (which is between 0.0 and -0.25 V for many 0.05 

M nitrogen heterocycle/0.1 M KCl systems). At more negative potentials, the frequencies 

decrease and may even become less than those observed in aqueous solution. Bukowska 

also cites a relationship between the mode of binding (N lone pair versus it system) and 

the potential-dependent behavior of SERS bands in electrochemical systems. For a large 

number of nitrogen heterocycles (adsorption by N lone pair interaction), the frequencies 

of most bands decrease as the potential is made more negative [198,199,201,203,204]. 

In general, the frequency shifts of molecules that adsorb via n orbitals are opposite 

those observed for molecules adsorbed through lone pair interactions. The frequencies 
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of modes associated with the iz bond (including the ring breathing modes of benzene, 

substituted benzenes, and pyrrole) decrease upon adsorption at more positive potentials 

[189,195,198,205,206]. 

Weaver has observed that decreasing potential result in increases of vibrational 

frequencies of modes which are associated with the 7i orbitals. This has been observed 

for the v(C=C) vibration of a number of alkenes [205], the v(C=C) vibration for several 

alkynes [205], and the ring breathing mode of benzene and some substituted benzenes 

[189] on Au. (It is important to note that only the substituted benzenes possessing 

substiments that do not interact strongly with the surface display this behavior.) Howard 

and Cooney [206] report similar behavior for the Vj band of benzene. The frequencies of 

the pyrrole ring breathing modes (mentioned previously) also increase as the potential is 

made more negative [198]. 

1.6 Goals of Experimental Work 

As mentioned previously, the overall goal of this work is to evaluate the 

effectiveness of SERS in the study of chemisorption. In order to accomplish this, three 

specific experimental goals were defined: 

1. Evaliiate and improve Raman instrumentation and procedures used in this study 

to evaluate electrosorption. 

2. Apply the established approaches for the interpretation of SERS data to 

understand the adsorption behavior of a limited class of compounds (nitrogen 

heterocycles). 
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3. Explore more direct and quantitative means of applying SERS to the study of 

electrosorption. 

1.6A Evaluate and Modify Raman Instrumentation and Procedures 

In the course of this research, a number of instrumental limitations became evident. 

In particular, the need to collect large numbers of reproducible spectra from SERS active 

surfaces necessitates the acquisition of a large number of spectra in a minimal time span. 

This was accomplished by using a Raman spectrometer equipped with a charge-coupled 

device (CCD) multichannel detector, which because of its sensitivity and capacity to 

collect an entire spectrum simultaneously, permits spectra to be acquired in a fraction of 

the time needed by a single channel instrument. It was also essential that Raman shifts 

obtained in this work be reproducible to within 1-2 cm"' so that shifts in the vibrational 

frequency could be used to understand the environment of the adsorbed molecule. 

Multichannel Raman spectrometers require frequent calibration, and the unique 

configurational requirements of SERS introduces additional complications. As a result, 

a comprehensive study of the factors affecting calibration was undertaken and led to the 

development of a calibration protocol which is sufficiently accurate, efficient and versatile 

to meet the varied needs of our research group [207,208]. 

This work is reported in Chapter 3 and required examination of instrumental and 

procedural limitations in three areas: 
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1. Equipment limitations including the spectrometer, light collection optics, 

alignment of the sample and laser beam, and the efifect of sample type on optical 

configuration. 

2. Choice, quality and applicability of calibration standards. 

3. Methods for relating array detector data to Raman shift. 

1.6B Application of Established Approaches Nitrogen Heterocycles 

In particular, this work has focused on understanding the adsorption of imidazole 

and related molecules. Imidazole has two chemically distinct N atoms (a pyrrole like N 

and a pyridine like nitrogen) and conjugated tc bonds in the ring, and therefore, an 

understanding of the adsorption of this molecule depends on understanding the relative 

adsorption strength of these flmctional groups. Thus, a major emphasis in this research 

was the determination of the relative adsorption strengths of these groups. In order to 

accomplish this, it was necessary to consider the SERS of other N heterocyclic molecules. 

The knowledge thus accumulated can, by analogy, be extrapolated to understand the 

adsorption of a larger number of N heterocycles. 

Prior to analyzing the SERS data of imidazole and 1- and 2-methylimidazole, a 

thorough understanding of the vibrational mode assignments of these compounds is 

required. Chapter 4 provides an overview of the vibrational assignment literature. This 

information is supplemented by deuteration and polarization studies to provide the modes 

assigiunents required for this study. 
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The application of the SERS data of imidazole to N heterocycle adsorption is 

presented in Chapter 5. The extent of interaction of the three fimctional groups (pyrrole 

N, pyridine N and n system) of imidazole to the Ag electrode was studied by 

consideration of the following: 

1. Shifts in Raman frequencies occurring upon adsorption and as a function of 

potential. 

2. The orientation of the imidazole ring relative to the surface as determined by 

comparison of the relative intensities of in-plane and out-of-plane modes. 

SERS data for 1- and 2-methylimidazole on Ag were used to confirm the results 

obtained from imidazole using the two criteria listed above for imidazole. Additional 

insights into imidazole adsorption was obtained by considering two spectral features 

which result from the presence of the methyl group: 

1. The ratio of the symmetric and antisymmetric methyl stretching modes to 

determine the orientation of the methyl group relative to the surface. 

2. The ratio of the C-ch3 (or N-ch3) stretching mode to the C-ch3 (or N-ch3) in-

plane bending modes which yields information on the "angle of rotation" (see 

Chapter 6) of the imidazole ring relative to the surface. 

1.6C Direct and Quantitative SERS Methodologies Applied to Electrosorption 

In Chapter 7, two possible approaches are considered: competitive adsorption of 

multiple adsorbates and the correlation of SERS intensities to adsorbate coverage. 
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Preliminary experiments to determine the feasibility of using SERS to measure adsorbate 

surface coverages are reported. The adsorption of pyridine from NaC104/pyridine 

solutions to roughened Ag electrodes was studied. The steps undertaken to accomplish 

this investigation include: 

1. Evaluation of experimental conditions required to obtain reproducible SERS 

intensity/solution adsorbate concentration data. Conditions evaluated include 

electrolyte selection, method of controlling surface coverage, and ORG 

conditions. 

2. Determination of the importance of active sites on SERS intensity/solution 

concentration reproducibility. 

3. Determination of the effect of potential cycling on SERS intensity 

reproducibility. 

4. Measurement of relationship between SERS intensity and solution adsorbate 

concentration. 
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CHAPTER 2 

EXPERIMENTAL 

Basic instrumentation and experimental details are described in this chapter. 

Procedures developed or instrumental modifications made during the course of the work 

described in this dissertation will be presented in more detail in subsequent chapters. 

2.1 Raman Spectroscopy 

The general layout used for Raman spectroscopy is provided in Figure 2-1. The 

sample holders (described below) are not depicted in this figure because a variety of 

sample types were used (solid, liquid and electrode interface). 

2.1 A Spectrometers 

Two separate Raman spectrometer systems were used. The first of these uses a 

double monochromator and photon counting photomultiplier detection and has previously 

been described [170]. Some of the initial SERS and normal Raman spectra were obtained 

with this system. The spectral bandpass at the entrance and exit slits of this spectrometer 

was typically 5-8 cm"'. SERS data were usually collected at 2.0 cm"' increments with an 

integration time of 0.5 s. In some cases, multiple scans were taken to improve the signal-

to-noise ratio. In addition, most of the spectra obtained from this system were smoothed 

with a 9-point Savitzky-Golay smoothing routine to fiirther increase the S/N ratio. 

Conditions for the normal Raman spectra vary. 
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Spectrometer 
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Figure 2-1 Raman spectrometer system block diagram. Mirrors ml-m2 used for Ar^ laser, and ml' and m2' used with 
tunable laser. CL = collection lens, and si = entrance slit. PS = polarization scrambler. g 
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The second system was equipped with a liquid nitrogen-cooled, frontside 

illuminated. Photometries PM512 charge coupled device (CCD). The use of this array 

detector permits the acquisition of a series of 20 to 30 spectra at varying potentials in 

under 20 minutes. This feature greatly reduces the convolution of time-dependent 

changes (discussed below) in the SERS spectra with potential-dependent changes. As a 

result, this system was used to obtain the potential-dependent and concentration-

dependent SERS data. 

The CCD was attached to a Spex 1877 Triplemate containing two 600 gr/mm 

gratings in the filter stage, and a 1200 gr/mm in the spectrograph stage (Figure 2-2). The 

scattered light was collected and focused onto the entrance slit of this spectrometer using 

one of three 50 mm focal length camera lenses: H2.0 (Pentax), f/1.4 (Nikon) or CI.2 

(Minolta). 

2.IB Laser Excitation 

Laser excitation for these studies was provided by a Coherent Radiation Innova 

90-5 laser (457.9, 488.0 and 514.5 nm) or a Coherent Radiation 599 tunable dye laser 

using Rhodamine 6G dye (590 to 650 nm). 

Laser powers used to obtain SERS spectra ranged firom 25 to 200 mW. Use of 

lower powers resulted in a reduction of time-dependent changes in the relative intensities 

of the SERS peaks and a reduction in the growth of a broad background feature firom 
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Figure 2-2. Schematic of the Triplemate spectrometer (adapted from Triplemate manual) showing alignment 
parameters. 
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1100-1700 cm"' presumably due to photolysis of adsorbates (see Chapters 5). As a result, 

most of the SERS spectra were obtained using laser powers less than 50 mW. 

Laser powers used for normal Raman spectra ranged from 100 to 1000 mW. The 

lower powers were used primarily to obtain spectra of samples which were susceptible 

to photodegradation. 

2.1C Resolution and Calibration of the CCD Spectrometer 

The use of multichannel detectors in Raman spectroscopy requires frequent 

calibration (see Chapter 3). Calibration was performed using the Ar"^ laser plasma lines 

or chemical standards (indene or imidazole). Spectra from solid (powdered and granular) 

and liquid standards were acquired with the standards sealed in a capillary tube. When 

calibrating with the Ar^ laser plasma lines, the slit at the entrance to the spectrograph 

stage was set at 0.05 mm to obtain plasma lines with full-width-at-half-maximum 

intensity (FWHM) values of ca. 3 cm'' (i.e. ca. 3 pixel widths). For indene and 

imidazole, FWHM values for most peaks range from ca. 5-15 cm"so in those cases, the 

resolution is limited by the spectral bandwidth of the calibration standards. Good 

resolution is essential for obtaining the best possible calibration [207-209]. 

Calibration using plasma lines. Plasma line spectra are obtained by scattering the 

superradiant fluorescence beam containing the plasma lines from a sample of a solid 

substance (in this study imidazole was usually used) in a sealed capillary tube. During 

calibration, the sample is aligned and the collection optics focused under the same 
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conditions used for taking normal Raman spectra. This ensures that the plasma line 

radiation measured by the spectrometer is scattered from the same place on the sample 

from which the Raman spectrum is obtained, minimizing the potential for errors that 

might result if the optical alignment of the sample, collection optics and spectrometer are 

altered [207]. In order to eliminate the large background that results from the very intense 

Rayleigh and Tyndall scattering of the laser line, the laser is first "detuned" by adjusting 

the wavelength selector of the laser to a wavelength at which lasing does not occur for 

collection of the plasma line spectrum. The Ar^ laser current is adjusted to 25 amps for 

the collection of the plasma line spectra. The relative intensities of the plasma lines are 

drastically affected by the current in the laser tube, so it is important to reproduce this 

variable in order to obtain reproducible plasma line spectra. Additional information on 

procedures used for the calibration of Raman spectrometers is presented in Chapter 3 and 

reference [208]. 

Calibration qualitv. For most of this work, the spectrometer was calibrated in either nm 

or Acm"' against the plasma lines of an Ar* laser. The spectrometer was calibrated so that 

Ar"^ plasma line frequencies reported are consistent with Ar"^ plasma line data reported by 

Craig and Levin [210] with the exception that values in this paper were measured in the 

presence of air and reported as such without any correction. The Ar"^ plasma lines were 

chosen as the primary reference standard of this work because they can be readily 

obtained for most sample configurations, and a sufficient number of very narrow peaks 

occur in all of the spectral regions studied. 
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2.1 D Precision Estimates 

All precision estimates made from replicate data sets are reported as ± 2s, where 

s is the sample standard deviation. The smallest number of points used in any of the data 

sets is ten; thus, ca. 95% of all experimental measurements will fall within this range. 

2.IE Reporting Raman Shifts in Air 

Raman shifts and emission frequencies are reported as determined in air. 

Hamaguchi [209] notes that both wavelength and photon momentum® (measured in cm"' 

and referred to as "frequency" in this work) are altered by the refractive index of air, and 

recommends correction of Raman shifts to values that would result from a determination 

done in vacuum. No such corrections were made for the Raman shifts reported in this 

work. This permits direct comparison between Raman frequencies determined from 

spectrometers calibrated in absolute nm or cm"' (i.e. the single-chaimel, scanning 

spectrometer used in this laboratory). The application of this type of correction is not 

uniformly applied in the Raman literature. In fact, our uncorrected results for the 

frequencies of indene agree well with those obtained in the literature. The errors resulting 

from not using these corrections can be calculated from expressions reported by 

a Raman shifts measured in cm"' are actually measurements of changes in photon 

momentum, but are referred to as frequencies. Unlike photon momentum, the 

frequency (or photon energy) does not depend on the refractive index of the 

media, so the determination of Acm"' in air results in a small (within ±1 cm"') 

error. 



86 

Hamaguchi [209], and range from 0.0 cm"' at 0 Acm"' to 0.4 cm"' at 1500 Acm"' to 1.0 

cm"' at 3500 Acm"'. These errors are within the precision limits of most routine analytical 

vibrational spectroscopies. These systematic errors are not significantly dependent on 

excitation wavelength over the range of excitation wavelengths typically used for Raman 

spectroscopy, including Fourier transform Raman spectroscopy with 1064 nm excitation. 

2.IF Sample Stages, Sample Holders and Spectroelectrochemical Cell 

The single-channel scanning spectrometer was equipped with a sample stage from 

the manufacturer (SPEX). This sample stage could accommodate samples in capillary 

tubes and a liquid sample cell (also provided by SPEX). It could also accommodate the 

spectroelectrochemical cell used for the SERS studies (see below) using a custom-

designed holder which allows translation of the spectroelectrochemical cell in X, Y and 

Z directions and rotation (0) about an axis parallel to the optical table and normal to the 

spectrometer axis. 

The CCD spectrometer was equipped with sample stage designed to allow 

simultaneous alignment of the sample and laser with the collection optics [207], and was 

used to give added precision to the experimental Raman data. The design of this sample 

stage is described in more detail in Chapter 3. This sample stage could accommodate 

solid and liquid samples in sealed capillary tubes. A capillary mbe sample holder made 

by Spex (also used in the single-charmel system) allowed samples to be interchanged 

readily without affecting the sample aligiunent or focusing, and thus, eliminating the 
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adverse effects that alignment changes can have on precision [207]. The sample cell was 

mounted on the sample stage in a custom-designed mount. The spectroelectrochemical 

cell could also be attached to this sample stage and its position could be controlled in the 

same maimer as above (X, Y, Z and 0). 

The spectroelectrochemical cell used is of a previously published design [211]. 

The general design of the cell is given in Figure 2-7. 

2.1G Ar"^ Plasma Line Spectra 

Ar"^ laser plasma line spectra were acquired periodically to monitor changes in 

calibration quality. Plasma lines were used because of their narrow band-widths which 

allow precise determination of peak frequency or wavelength. When calibration errors 

were detected in a plasma line spectrum, that spectrum was used to correct or calibrate 

Raman spectra collected just prior to or after acquisition of the plasma line spectrum. In 

this dissertation, plasma line frequencies are usually reported as Acm"' relative to the 

514.5 mn line of the Ar^ laser. 

During acquisition of the plasma line spectrum, the entrance slit (si) to the filter 

stage of the Triplemate (see Figure 2-2) was set at 0.4 mm or 0.6 mm. This slit width is 

just large enough to admit ca. 80-90% of the focused sample image when collecting a 

spectrum from a solid sample in a sealed capillary tube. Smaller slits drastically reduce 

the signal intensity and larger slits result in higher background levels and a reduction in 

resolution. The middle (stray light rejection) slit (s2) was set at 2.7 mm, allowing a 
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spectral region that is ca. 20% larger than that which would just fill the CCD to be 

admitted into the spectrograph stage of the spectrometer. The purpose of the middle slit 

is to reject light at wavelengths outside of the region of interest The 20% excess prevents 

distortion of the intensity at the edges of die CCD. The slit (s3) at the entrance to the 

dispersion stage was set at 0.05 mm. This value was chosen to be as close to the pixel size 

of the detector as possible without compromising throughput too much. Under these 

conditions, the full-width-at-half-maximum intensities of the Ar"^ laser plasma lines are 

ca. 3 cm"' (approximately the width of 3 pixels). The slit width is larger than the pixel 

width under these conditions, so the slit width limits the resolution of these experiments. 

2.1H Raman Depolarization Studies 

The polarization of Raman scattered light from liquids or solutions can be used 

to identify vibrational modes that belong to the totally symmetric irreducible 

representation. One approach for determining the extent of polarization of the Raman 

scattered light, makes use of polarized laser excitation oriented so that the plane of 

polarization is oriented perpendicular to the plane of incidence of the beam at the sample. 

The plane of incidence is defined by the plane which includes the incident laser beam and 

the center of the collection optics. Typically, the sample, center of the collection optics 

and the spectrometer slit are collinear, so the spectrometer slit is also in the plane of 

incidence. A polarization filter is then placed between the sample and the spectrometer 

slit. In this work, the polarization filter was placed in front of the collection lens. Spectra 
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are then collected with the polarization filter in two orientations. When the polarization 

filter is parallel to the polarization of the incident laser beam (perpendicular to the plane 

of incidence), the band intensities can be symbolized by I|. When the polarization filter 

is perpendicular to that of the incident laser beam (parallel to the plane of incidence), the 

intensities can be symbolized by 1^^. The depolarization ratio (p) is defined [212] as 

P = 4  ̂ (35) 
I 

For the experimental configuration used for this work, p < 3/4 (or 0.75) for the totally 

symmetric vibrations [213,214]. These bands are referred to as polarized, and p is usually 

significantly smaller than 3/4. For bands of modes which do not belong to the totally 

symmetric representation,/? = 0.75; these bands are said to be depolarized. 

2.2 Curvefitting and Background Subtraction 

In many cases, it was necessary to curvefit Raman or SERS spectra in order to get 

semi-quantitative data about changes in relative peak positions or intensities. This is 

particularly the case when two or more bands are overlapping. 

2.2A Curvefitting Software 

The curvefitting done in this research was done using the ARRAY BASIC™ 

routine CURVEFIT (or a modification of that program: CFITPLUS) which was supplied 

with the Spectra Calc (TM) software. This program has the following important features: 



90 

1. It will fit a number of peaks to a spectrum using a chi-squared® (x^) minimization 

routine [215]. 

2. The number of peaks that can be fit depends on the amount of memory available 

in the computer and the number of data points in the spectrum. Approximately 

10 peaks can be fit in a 500 point spectrum (corresponding to a 500 pixel array), 

if the computer is equipped with 640 Kb RAM. 

3. The routine assumes a background of zero (0); therefore, the spectrum 

background must be subtracted before curvefitting. 

4. The peaks can be individually fit to different line shapes: Gaussian, Lorentzian 

or a linear combination of the two (described as % Lorentzian). There is no 

provision to automatically optimize the line shape. 

5. Asymmetric line shapes are not supported. 

6. The following parameters can be "fixed" (set so the values input by the user are 

not optimized during fitting, but remain unchanged): width, height, and position. 

7. The peak position and width are limited by the resolution (cm'Vpixel) of the 

spectrum, (i.e. the center of the peak always falls on the firequency assigned to 

one of the pixels). 

This software does not take into account backgrounds or determine the line shape of the 

bands, and these considerations must be handled by the operator. Experience has 

a x~ is a statistical parameter used to estimate the quality of the fit between an 

expression and experimental data. For more information see [215]. 
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demonstrated that both of these factors greatly affect the outcome of the curvefitting. 

They are also interdependent. For example, the method of background subtraction can 

affect the band shape required to obtain the best fit. Appendix A, "Effect of Background 

Subtraction on Bandshape and Curvefitting," addresses this last concern in detail. 

In this work, a fit was considered acceptable based on the visually determined 

agreement between the experimental and fitted spectra and on the magnitude of the "chi-

squared" value reported by CURVEFIT or a modified version of that program. 

2.2B Background Correction Software 

A number of approaches to background subtraction were available with Spectra Calc 

(TM) and ARRAY BASIC (TM) which were supplied with the CCD detector. Four of 

these methods were used in this work and are describe below. The choice of the 

background subtraction method is dependent on the nature of the spectrum to which it is 

applied. 

I. OFFSET is used fi-om the Spectra Calc (TM) menu by the following command 

sequence: "Arithmetic Other Qffset." 

OFFSET gives the operator three options: 

a) "Position point up or down" which allows the spectrum to be interactively 

increased and decreased by a constant amount. 

b) "Zero selected point" which offsets the spectrum by a constant amount so that 

a point selected by the operator has an intensity of zero. 
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c) "Minimuin zero" which offsets the spectrum by a constant amount so that the 

lowest intensity point is set to zero. 

Offset is used for flat featureless spectra. Selection of the different Offset options 

is merely one of operator convenience. 

2. Spectra Calc (TM) mathematical flmctions. Routines are available to subtract or 

add a constant value from all points on a spectrum. The use of the subtraction 

and addition functions serves the same purpose as the Offset feature and is 

therefore used for spectra with flat featureless backgrounds. 

3. POLYFIT can be used from the Spectra Calc (TM) menu by the following 

command sequence: 

"Arithmetic Qther Baseline Polynomial." 

This program allows the background to be fit to a polynomial equation (first to 

sixth order) and then subtracts the background from the spectrum. It allows 

irregular backgrounds to be subtracted, but requires a degree of skill on the part 

of the operator in the selection of the polynomial order used and in choosing 

points which will generate a characteristic background. 

4. Fit background to broad peaks in CURVEFIT (or CFITPLUS). If background 

includes broad Gaussian-liike features, it is sometimes advantageous to fit these 

features to broad Gaussian peaks using the CURVEFIT (or CFITPLUS) program. 
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23 Materials 

Indene (Sigma, 99+%) was used as received. The indene standards were sealed in 

glass capillary tubes, and replaced every 6-12 months to prevent photodegradation. 

Imidazole was used as received from Sigma Chemical Company (imidazole 99+%) 

or recrystallized three times from benzene or alcohol (Aldrich or Sigma 99% imidazole). 

The use of imidazole from other sources and of different grades in SERS studies will be 

discussed in Chapter 5. For calibration purposes, other brands and grades of imidazole 

were used with no significant differences. However, slight variations in the spectra from 

solid imidazole samples due to differences in the distribution and orientation of crystal 

structures do exist. The work of Colombo et al. [216] clearly demonstrates differences 

between the Raman spectra of imidazole single crystals of different orientations and 

between the spectra of polycrystalline samples. For this reason, it is necessary to check 

the Raman spectrum of a polycrystalline standard against some other standard prior to its 

use as a standard. This is one disadvantage of using crystalline materials as standards, but 

one that is easily overcome. 

1-Methylimidazole (Aldrich, 99+%) was used as received. 2-Methylimidazole 

(Aldrich, 99%) was purified by recrystallization from benzene prior to use. 

a-Cyclodextrin was purchased from Sigma and used as received. Mallinckrodt AR 

grade KCl and concentrated HCl were used as received. Baker "Analyzed Reagent" grade 

hcio4 was used as received. 
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Imidazolium chloride was prepared by adding an equimolar amount of HCl 

imidazole dissolved in ethanol. It was then crystallized in a roto-vap, rinsed three times 

with acetonitrile to remove excess water and then dried under vacuum. The final product 

was stored in a nitrogen-filled sealed container in a desiccator to prevent the imidazolium 

chloride (which is very hygroscopic) fi-om adsorbing H2O firom the atmosphere. 

Unless otherwise noted, solutions used in the SERS studies were 0.10 M KCl and 

an adsorbate (imidazole, 1- and 2-methylimidazole and pyridine) at a concentration of 

0.05M. The pH was adjusted by addition of HCl. All solutions used in the SERS studies 

were deaerated by bubbling with nitrogen. 

Solutions from which liquid Raman spectra were obtained were typically 1.0 M. 

The pH of imidazole solutions was also adjusted with HCl, and in one instance, with 

hcio4 (which was used to rule out the possibility of AgCl^ complex formation). 

2.4 Electrochemistry 

Electrochemical procedures were normally carried out in spectroelectrochemical cell 

described above. In a few instances {ex situ roughening of electrodes or studies on ORC 

conditions), an electrochemical cell of standard design was used; this cell has been 

previously described [89]. The working electrode was a 7 mm dia. Ag disk, which was 

freshly polished before each experiment with successively finer grades of alumina 

(Buehler) down to 0.05 [im, and then sonicated to remove any traces of alumina. The 

counter electrode was a Pt wire. A saturated calomel electrode (SCE) was used as the 

reference electrode and all potentials are reported versus this electrode. 
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Roughening of Ag electrodes to obtain SERS-active surfaces was accomplished by 

a single oxidation-reduction cycle (ORC). When using a 0.1 M KCl electrolyte solution 

(most of this work), the ORC was performed by scanning the applied potential positive 

from -0.25 V at 10 mV/s. The scan was reversed when 25-40 mC/cm^ of anodic charge 

had been passed, and scaimed at the same rate back to -0.25 V. The total charge passed 

was between 50-90 mC/cm^. Variation in the total charge passed within these limits did 

not noticeably affect the SERS intensities. The ORC was typically performed in the same 

solution in which the SERS spectra were acquired. Typical ORC cyclicvoltammograms 

are shown in Figure 2-3 to 2-6. For SERS of imidazole at pH < 5, improved spectra were 

obtained by first doing the ORC in a non-acidified solution and then fliishing the cell with 

the solution in which the spectra were to be acquired. Flushing of the cell was 

accomplished under potential control with the electrode ca. 5 mm from the window of the 

cell. The cell was flushed with ca. 5 cell volumes with care being taken not to introduce 

air into the cell. The conditions for performing an ORC in cio4' solutions are discussed 

in Chapter 7 in the context of the concentration dependence studies for which this 

procedure was used. 

Potentials were controlled with an IBM Instruments EC/225 voltammetric analyzer. 

Charge was measured with a Princeton Applied Research Model 379 digital coulometer. 
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Figure 2-3. ORC in 0.1 M KCI. Potential reversed at 12 mC and ca. 65 mC/cm^ 
total charge passed. 
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Figure 2-4. ORC in 0.1 M KCl/0.05 M Imidazole. Potential reversed at 12 mC and 
ca. 65 mC/cm- total charge passed. 
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Figure 2-5. ORC in 0.1 M KCl/0.05 M 1-MeIm. Potential reversed at 12 mC and 
ca. 65 mC/cm- total charge passed. 

0.1 V 
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Figure 2-6. ORC in 0.1 M KCl/0.05 M 2-MeIm. Potential reversed at 12 mC and 
ca. 65 mC/cm- total charge passed. 
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2.5 Procedure for Flushing Cell with Solutions 

In Chapter 5 (imidazole solutions, pH < 5) and Chapter 7 (effect of adsorbate 

solution concentration on SERS), experiments are reported which involve replacement 

of the solution in the electrochemical cell. SERS obtained from roughened electrodes is 

sensitive to both potential and emersion. Therefore, it is essential that the solution change 

be made without loss of potential control and without emersing the electrode. This is 

done by flushing the cell under potential control. The procedure used is illustrated in 

Figure 2-7 and 2-8. The cell is shown in the position used to acquire spectra in Figure 

2-7. Specifically, the cell is angled (to optimize the angle with which the laser beam 

impinges on the sample, thus maximizing the observed SERS enhancement), the electrode 

is close to the window, and both the Hamilton valve and the drainage port stopcock are 

closed. In this diagram, the laser beam comes in from the bottom of the page, and the 

collection optics are off to the right, in line with the electrode. The following steps are 

performed to flush the electrode: 

1. A piece of flexible hose is attached to the drainage port. The other end of the hose 

is placed in a container to collect waste solution. The end of the hose in the 

collection container needs to be lower than the lowest part of the cell, but it should 

not be more than an inch below that level. The high hydrostatic pressure produced 

when the end of the hose is lower than that can drain the cell uncontrollably, 

resulting in emersion of the electrode. 

2. Rotate the cell to the flushing position (Figure 2-8). 
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Incident 
Laser 
Beam 

Figure 2-7. Spectroelectrochemical cell positioned for spectral acquisition, 
a) Kel-F body, b) counter electrode/drainage port, c) micrometer/electrode holder, 
d) vessel with flushing solution, e) flexible tubing, f) Hamilton valve, g) reference 
electrode port, h) cell window, I) working electrode,]) window retainer, and 
k) Pt counter electrode. 
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3. Fill the flushing solution vessel with deaerated solution. If desired, continued 

deaeration of the solution in the vessel is possible by nitrogen bubbling. 

4. Open the Hamilton valve and move electrode away from the window using the 

micrometer/electrode holder. The distance between the window and the electrode 

during spectral acquisition is ca 0.05 inches. The solution at the electrode will not 

be replaced if flushing is carried out with the electrode near the window. If the 

Hamilton valve is not opened first, the withdrawal of the electrode generates a 

negative pressure which may result in air being drawn into the cell through o-ring 

seals located next to the window or around the electrode holder. 

5. The drainage port stopcock is opened allowing the flushing solution to flow into the 

electrode, and the original solution to be discharged from the cell. 

6. The cell (cell volume is ca. 7-8 ml) is flushed with ca. 100 ml of solution. When the 

vessel containing the flushing solution vessel is almost empty, the drainage port 

stopcock is closed. If the Hamilton valve is closed first, negative pressure results 

from the hydrostatic effect caused by the end of the drainage tubing being lower than 

the cell. 

7. The electrode is move back to its original position near the window, the Hamilton 

valve is closed, and the cell is returned to the position used for spectral acquisition. 

If performed properly, this procedure allows for cell to be flushed while maintaining 

immersion and potential control. 
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Figure 2-8. Spectroelectrochemicai cell positioned for flushing, a) Kel-F body, 
b) counter electrode/drainage port, c) micrometer/electrode holder, d) vessel with 
flushing solution, e) flexible tubing, f) Hamilton valve, g) reference electrode port, 
h) cell window, I) working electrode, j) window retainer, k) Pt counter electrode. 
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CHAPTERS 

CALIBRATION OF MULTICHANNEL RAMAN SPECTROMETERS 

The use of array detectors in Raman spectroscopy has increased drastically in 

recent years and will continue to do so in the foreseeable future. The combination of the 

multichannel advantage, the increase in quantum efficiency, and very low dark count 

rates, which are the hallmarks of the charge-coupled device (CCD) and other types of 

array detectors, have led to tremendous increases in the sensitivity of Raman spectroscopy 

such that it is now amenable for use in increasingly demanding applications. Changes in 

the frequency of a molecular vibration as small as a few cm"' can provide important 

information about a molecule's chemical environment, such as adsorption at a surface. 

Therefore, it is important that vibrational frequencies obtained from Raman spectra be 

determined accurately to within ±1-2 cm"'; this goal can be achieved by carefiil 

calibration of Raman spectrometers based on multicharmel detectors. 

Numerous reports dealing with the calibration of Raman spectrometers in general 

have appeared in the literature [209,210,212,217-225]. Several reports have dealt 

specifically with the calibration of Raman spectrometers that use multicharmel detection 

[207-209,224,225]. However, many important aspects of the calibration of multichannel 

Raman spectrometers have not been adequately addressed. This chapter discusses the 

calibration of multipurpose, multichannel Raman spectrometer systems, and in particular, 

the experimental approaches to calibration which have proven useful in this laboratory. 
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Three requirements for obtaining accurate Raman shift data from array detectors 

will be addressed in this chapter: instrumental precision, suitable Raman shiit calibration 

standards and reliable methods for converting the positions of peaks on the detector to 

Raman shifts. 

3.1 Instrumental Considerations 

This section deals with factors such as collection optics, sampling configuration, 

and instrumental reproducibility; all of which affect precision of the monochromator. The 

wavelength at a particular detector element (or pixel) is determined by the position of that 

element at the focal plane of the monochromator, and hence, the grating position of the 

monochromator. The grating position can be described by the wavelength setting of the 

monochromator. Ideally, the wavelength measured at a given detector element should 

always be the same for a given wavelength setting. However, as a result of the small size 

of the detector elements (those of the detector used in this work are 20-30 |im wide) and 

the large number of variables affecting the dispersion of the light at the focal plane, this 

is usually not the case with multicharmel detector systems. Therefore, these 

spectrometers must be calibrated to obtain the desired accuracy. Ultimately, it is this 

calibration process that determines the accuracy of the spectrometer. Once an accurate 

calibration has been obtained, the accuracy of subsequent spectra depends only on the 

reproducibility of the spectrometer. Therefore, this chapter begins by considering the 

precision of the spectrometer. 
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The basic components of a Raman spectrometer system are depicted in Figure 2-1. 

A variety of timable lasers are available that can be pumped using Ar^ or Kr^ lasers. 

There are many reasons why a selection of excitation wavelengths may be required, and 

the need to switch between lasers offers a simple example of how a change in the 

experimental configuration might affect the precision and accuracy of calibration for a 

given spectrum. Consider a scenario in which the spectrometer is initially calibrated and 

used with the Ar^ laser, and in a subsequent experiment mirrors ml and m2 are removed 

to allow the use of the tunable laser. After using the tunable laser, mirrors ml and m2 

(Figiire 2-1) are replaced; the original calibration for the Ar^ laser may no longer be 

usable if the beam of the Ar"^ ion laser is not precisely realigned to the exact position used 

in the original calibration. 

Multichannel detectors are often used in Raman spectroscopy for experiments in 

which time limitations or sensitivity are critical considerations. Collection of the 

scattered light in such experiments often requires optical configurations that are unique 

to the experiment and to the laboratory in which the work is being done. In certain 

instances, some aspects of the collection system may adversely affect the performance of 

the monochromator with regards to accuracy, precision, throughput, or resolution. If the 

same multichannel Raman system is used by multiple researchers for a variety of 

experiments using different optical configurations, it becomes necessary to either 

estabUsh that the calibration is unaffected by configurational changes or to calibrate the 

spectrometer whenever changes in the configuration warrant such action. If firequent 
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calibration is reqioired, the calibration procedure should optimally be flexible to 

accommodate the requirements of different experimental configurations. Ideally, the 

procedure would also be efficient in order to minimize the amount of time required for 

calibration. Thus, knowledge of how the experimental configuration affects the overall 

performance of the spectrometer is useful in establishing calibration practices that 

minimize the adverse effects of the configuration on precision and accuracy. 

Hamaguchi [209] has competently reviewed the steps involved in the calibration 

of Raman spectrometers for routine purposes. Only a brief review of the main points 

covered by Hamaguchi will be presented here. Throughout this chapter, the emphasis is 

on the need for efficient, flexible calibration procedures which are required by imique and 

changing experimental configurations. These principles are also applicable for systems 

that are used for more routine purposes, but in those cases, further refinement of the 

calibration procedure might reduce the required frequency of calibration. Given the broad 

assortment of instrumental combinations in today's use of Raman spectroscopy, it is 

impossible for this chapter to address every conceivable experimental variation. Instead, 

it focuses on those factors that are critical to the work done in this laboratory. In addition 

to providing the specific experimental details of our system, we hope that this work serves 

as a guide for assessing the general calibration needs of a multichaimel Raman 

spectrometer. Such an assessment is required to obtain a satisfactory calibration protocol 

for a multichannel Raman spectrometer. 
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A diagram of the Triplemate system used in this work is shown in Figure 2-2. 

However, at several points in this chapter a simple Czemy-Tumer-type monochromator 

will be discussed rather than the more complex Triplemate system in order to simplify 

presentation of some of the fundamental factors affecting precision. In the Triplemate, 

the third slit (s3) serves the same function as the entrance slit on a Czemy-Tumer single 

monochromator. The first two slits (sl,s2) and the first two gratings (G1,G2) in the 

Triplemate form the basis of a filter stage which provides a means of stray light rejection. 

In the discussion below, when dealing with general issues relating to the effect of the 

entrance slit on experimental parameters, the third slit of the Triplemate will sometimes 

be referred to as the "effective entrance slit (s3)". 

3.1 A Diagnosis and Remediation of Imprecision 

In analyzing the Raman spectrometer system for imprecision, it is essential to 

examine the effects of individual components on precision. Experimentally, the analysis 

described here focused on the effects of individual steps performed during the course of 

the calibration or spectral acquisition process. There are four parts to this analysis: 

1) Identify sources of imprecision. It is important to identify the sources of imprecision 

in the steps and adjustments required to prepare a sample and spectrometer system, 

and then acquire a spectrum. In the present study, the imprecision resulting from 

each step was examined experimentally by altering the performance of that step (or 

adjustment) while performing all others in a reproducible fashion. 
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2) Alter procedure to improve precision. The association of determinate errors with 

specific actions often allows the procedure to be modified to avoid or minimize the 

effect of that action. 

3) Determine magnitude of error caused by each source of imprecision. Once 

procedures have been altered to eliminate or reduce as many sources of error as 

possible, it is necessary to consider the effect of remaining sources. Of those, some 

may result in errors that are well below the limit of accuracy for the intended 

experiment and need not be considered further. However, the remaining significant 

sources must be considered. 

4) For each significant source of imprecision, determine the conditions or actions that 

can result in improved precision. Essentially, the goal of this step is to ask: when 

will a source of imprecision result in the need for recalibration? The direction and 

magnitude of systematic errors resulting firom a particular action (e.g. changing 

lasers) may be random and if ignored, result in a reduction in precision that may be 

avoided by appropriately timed system recalibration. If actions or events causing 

these systematic errors occur firequently, frequent recalibration is required. Thus, 

there is often a trade-off between the attainable accuracy and the frequency of 

calibration. When a source of random error cannot be eliminated or reduced to an 

acceptable level, it becomes a factor in determining the limits of the experimental 

precision. 
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Accxjracy and precision may vary with time. Thus, the temporal stability of the 

calibration must be considered. Experimental conditions may affect calibration stability. 

For example, the wavelength of a dye laser may fluctuate more than that of another laser 

source, requiring more frequent calibration. The need for frequent calibration may 

adversely affect experiments in which temporal signals are measured. This is particularly 

true when more time is required to calibrate the spectrometer for a spectral region than 

is required to simply collect a sample spectrum. In this case, it is more efficient to collect 

uncalibrated data and to calibrate the system in a post-acquisition® mode after the 

experiment is completed. To do this, spectra of standards must be acquired at points in 

the experiment in which calibrations would normally be required. Following the 

experiment, these standard spectra, are used to calibrate the experimental spectra. If the 

spectrometer is calibrated prior to the experiment, the spectra of the standards can serve 

as a calibration check, and recalibration is required only when the peak positions of the 

standard spectra differ significantly from the excepted values. 

The importance of applying these four steps to each and every step of calibration 

a Data acquired using multichannel detectors is normally in a digital format that 

lends itself to convenient post-acquisition calibration. Many of the data 

acquisition packages supplied with these detectors give the user the ability to 

write programs to process the data. In the case at hand, the routine calibration 

procedure was written in the ARRAYB ASIC programming language supplied 

with Spectra Calc (TM). We were able to easily modify this program to perform 

post-acquisition calibrations. 
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and spectral acquisition cannot be over stated. The remainder of this section deals with 

specific issues that arose from analyzing the Triplemate system in this fashion, and thus, 

provides examples that illustrate the utility of this simple approach and, more importantly, 

the variety of situations for which it is applicable. 

3. IB Effect of Alignment of the Collection Optics, Sample and Monochromator 

In Figure 3-1, the ahgnment of the sample, collection optics, and components of 

a Czemy-Tumer monochromator are illustrated in order to demonstrate the effect of 

aligmnent parameters on Raman spectrometer precision. For the purpose of this 

illustration, all optical components and the laser beam are located in one plane. 

Experimentally, movement of optical components or the laser beam normal to this plane 

results in movement of the image at the detector normal to the direction of dispersion. 

However, such vertical movement of the image on the detector is expected to have a 

minimal effect on the wavelength precision. It is necessary to consider the laser beam in 

this analysis: the source of Raman scattering is determined by the point at which the laser 

is incident on the sample. This point will be referred to as the "Raman source" in the 

following discussions. 

In Figiire 3-la the general path of radiation through the spectrometer, is 

represented by a dotted line. The collection optics focus the Raman source at the entrance 

slit in such a way that the collimating mirror is filled by the image. This mirror coUimates 

the image onto the grating. The wavelength observed at a particular detector element (A.) 
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Figure 3-1. Alignment of sample, collection optics and monochromator components, 
(a) Correct alignment (b) Effect of misalignment. 
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is determined by the angles i and r, which are the angles of the incident and diffracted 

light, respectively, relative to the surface normal of the grating. 

n  X  =  d ( s i n  i  + sin r) (36) 

These angles are, in turn, dependent on angle a. The angle of the grating is changed when 

the spectrometer wavelength (A) is selected and its effect on precision will be discussed 

below in the section describing A selection precision®. If the entrance slit is very small 

(so that it acts as a line source), the angle a is determined solely by the positions of the 

entrance slit, collimating mirror and the grating as light reaching the mirror will follow 

a well-defined path from the slit to the mirror. This is illustrated in Figure 3-la, the 

dotted line (representing the radiation path) beginning at the Raman source, entering the 

slit to arrive at the center of the mirror. When the slit is larger, the same angle a can be 

obtained if the scattered light is focused in the center of the entrance slit and is centered 

on the collimating mirror. However, with larger slits, a different angle (a') can result due 

to the misalignment of the Raman source and the collection lens relative to the 

spectrometer as shown in Figure 3-lb. 

The Triplemate system used in this work is somewhat more complicated; in 

particular, it includes the stray light rejection stage mentioned previously. However, the 

a The relative positions of the optical components may also change with A 

depending on the spectrometer design. The important point to be made here, 

however, is that the angle a may affect the measured value of k. 
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effects illustrated in Figure 3-lb are also observed experimentally for that system, and the 

single monochromator system of Figure 3-1 can be used as a model with the physical 

dimensions of Triplemate to estimate the effect on precision that may result v^^en the path 

of the collected light does not follow the spectrometer axis. As an example, the effect that 

results when the position of the image varies from the center of the slit by 1 mm can be 

estimated. In the Triplemate, the distance between the entrance slit and the first mirror 

is 340 mm. The angle a is increased by Aa. 

As a result, angle i' is approximately 0.1° less than angle i. Angle r is determined by the 

positions and orientations of the grating, focusing mirror, and exit slit, and therefore, 

remains unchanged. For a 1200 gr/mm grating, the distance between grooves (d) is 833.3 

nm. If the angles i = 25°, and r = 15° are used with a diffraction order (n) of one, equation 

(36) gives 

\ 

A  - I  1  , 0  Aa = tan ' = 0.1 (37) 
340 mm 

— (sin i + sin r)  = 
n 

833.3 nm 
(sin 25° + sin 15°) = 567.9 nm (38) 

and 

— (sin + sin r)  = ^gin 24.9° + sin 15°) = 566.5 nm (39) 
n 1 
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Thus, a misalignment of the light path of 1 mm at the entrance slit results in a shift of ca. 

40 cm"' at the detector. Shifts of this magnitude resulting from realignment of the 

collection optics have been observed experimentally with the Triplemate system. Slit 

widths large enough to permit this degree of error are required in some of the low-light 

level experiments done in this lab. During calibration, stronger signals allow the effective 

entrance slit (s3) to be set at 0.05 mm. The high precision obtained with narrow slits 

during calibration can only result in high experimental precision if care is taken to ensure 

that the aligrmient of the Raman source, collection lens, and spectrometer, during normal 

operation, is the same as the alignment used during calibration. 

If we assume that the spectrometer position and the positions of the components 

inside the spectrometer are reproducible at any selected wavelength, variations in the 

alignment that can affect k (and hence, Acm"') precision depend only on the angle a, and 

thus, the following parameters: 1) the location of the Raman source, which depends on 

the positions of the laser beam and the sample; 2) the position and the orientation of 

collection lens. Changes in the lens position are indicated in Figure 2-2 by the double-

arrow. The orientation of the collection lens is defined as the angle between the lens axis 

and the entrance axis. Orientation changes are depicted in Figure 2-2 by a curved double-

arrow indicating rotation of the collection lens. Alignment of these parameters can be 

complicated. If the lens position and orientation are fixed, then the sample position and 

the laser beam must be adjusted in order that the scattered light collected by the lens 

enters the slit and strikes the collimating mirror. However, movement of the sample 
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requires movement of the laser beam. Thus, both the laser beam and the sample must be 

repositioned in an iterative fashion imtil proper alignment of all components is achieved. 

Alternatively, if the sample position is fixed then both the orientation and position of the 

lens may be adjusted. Overall, achieving optimal positioning of all of these components 

can be tedious, but it is essential to the precision of a Raman measurement The need for 

such precision led us to develop the procedures described in the following sections. The 

coordinate system used for describing the alignment process is as follows. The 

spectrograph axis is the X-axis, the Y-axis is normal to the X-axis in the plane of the 

diagram. Figure 2-2 is a top-down view of the Triplemate, and the XY plane is parallel 

to the top of the optical table on which the Raman system rests. The Z-axis is normal to 

the XY plane (and the optical table). 

Alignment of laser. As discussed in the Introduction, precision in establishing the path 

of the laser beam between the laser housing and the sample is important. The need to 

change lasers was given as an example of an event that may result in a reduction in 

precision. As illustrated in Figure 2-1, the path of the laser beam firom the laser to m3 is 

not always a straight line. In order to improve reproducibility, steps can be taken to 

ensure that the laser beam always approaches m3 along the same path. In this laboratory, 

a line is marked on the optical table parallel to the side of the monochromator. 

Reproducible aligrunent of the beam a fixed distance above this line is accomplished 

visually with the aid of a carpenter's square. The effect of aligning the laser beam was 

examined by repeatedly altering the laser beam alignment, realigning the laser beam, 
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aligning the Raman source, focusing the Raman source image at the slit, and collecting 

a spectrum. The results obtained from 20 spectra collected in this manner are as follows 

for the Ar^ plasma lines at ca. 3082 and 3233 Acm*': 3081.55 ± 0.24 Acm"' and 3233.54 

± 0.24 Acm"'. The effect of positioning the sample and focusing can not be excluded 

from the process of aligning the laser. Therefore, the contribution of laser aligimient to 

the irreproducibility of the Raman spectrometer is less than ±0.2 cm*'. The 

reproducibility of sample and laser alignment combined are not significantly greater than 

that expected due to the width of the detector elements. 

Procedure for aligning collection optics. The aligimient of the Raman source, collection 

lens, and the spectrometer slit can be simplified if either the Raman source or the 

collection lens position (including orientation) is fixed. By fixing one of these, the 

number of parameters that must be adjusted by the operator in order to collect a spectrum 

is reduced. Both the time required to do the aligimient and the likelihood of making an 

improper adjustment are also minimized. In routine work, samples (and sometimes the 

type of sample) are changed frequently. Therefore, frequent adjustments of the Raman 

source position are usually required, and the only remaining option is to fix the position 

of the lens. In addition, if the lens position and orientation are set, only one position for 

the Raman source will result in the source image being focused at the entrance slit. 

However, if the Raman source position is set, there are a number of lens position/lens 

orientation combinations that can result in the image being focused at the slit. This is 

illustrated in Figtire 3-2, where two different lens positions result in the scattered light 
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being focused at the slit. Note that only the orientation in Figure 3-2a results in good 

alignment of the scattered light path with the spectrometer axis. The other orientation. 

Figure 3-2b, results in a misalignment that will result in a shift in the measured A.. 

In early work with this system in this lab, Raman scattered light was focused on 

the entrance slit by positioning the collection lens. In order to avoid the large A, shifts 

noted above, the top of the spectrometer was removed in order to visually ascertain that 

the scattered light was centered on the collimating mirror. Opening the spectrometer on 

a routine basis is neither desirable nor convenient. For these reasons, a procedure was 

developed for reproducibly aligning the collection optics relative to the spectrometer. 

(a) 
Raman 
Source 

Collection 
Lena 

Entrance 
Slit 

(b) Collection 
Lens 

Entrance 
Slit 

— Spectrograph Axis 
— Path of Scattered Light 
— Overlap of Axis and Scattered Light Path 

Figure 3-2. Different lens orientations which focus the scattered light at the 
entrance slit for the same Raman source location. 
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First, the collection optics are aligned by positioning the sample along the 

spectrometer axis at the desired distance from the entrance slit. Then, the collection lens 

is aligned along the spectrometer axis, and positioned at the proper distance from the slit. 

This alignment was performed prior to calibration and then the lens position was fixed, 

remaining imchanged for subsequent experiments. Since the lens position is fixed, the 

Raman source must be aligned prior to collecting a spectrum. This requires that the 

sample and laser be aligned such that the point at which the laser unpinges on the sample 

is the only point which will result in the image of the Raman source being focused on the 

center of the slit. The result is reproducible alignment of the system components. To 

further reduce the number of aligrmient variables, both the Raman source and the 

collection optics are placed along the spectrometer axis of the monochromator. As a 

result, the collection lens axis and this line are superimposed, and the Raman source, 

collection lens, entrance slit, and the center of the collimating mirror are all located along 

the spectrometer axis. 

Optimal positions of the collection lens and Raman source along spectrometer axis. In 

Figure 3-3, the path of the scattered light collected by the collection lens is shown in more 

detail. The position of the lens is chosen such that the light collected by the lens just fills 

the collimating mirror. This ensures that most of the light collected passes through the 

spectrometer (mirror is not over filled) as well as ensuring maximum resolution by using 

as much of the diffraction grating as possible. The collection lens is usually described by 

a focal length (F^) and an Cnumber (fji). For the instrument described here, F^, = 50 mm 
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and fci = 1.2. The spectrometer can also be considered in terms of the focal length (FJ, 

diameter (D) and Cnumber of the coUimating mirror (f^). The lense should be placed so 

that 

Choosing a collection lens. The major consideration in selection of the collection lens is 

the light gathering capacity. The solid cone of scattered light collected by the lens can be 

visualized by the angle of the light path from the Raman source to the edges of the 

collection lens or angle q in Figure 3-3. It can be shown that 

Therefore, the angle (q) is dependent only on the ̂ numbers of the collection lens (fd) and 

(41) 
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Figure 3-3. Light path of the scattered light collected by the collection lens. 
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the coUimating mirror in the spectrometer (Q. However, smaller focal length lenses may 

have two disadvantages that should be mentioned. First, the distance between the lens 

and the Raman source gets smaller as gets smaller. If Lj is too small, the sample 

holder may physically interfere with the correct placement of the collection lens. In 

addition, the image of the Raman source at the slit is magnified by the factor Lj/L,. Small 

values of L, may result in an image which is too large; either a wider slit must be used or 

some of the scattered light collected by the lens will be rejected by the slit reducing 

throughput and sensitivity. Therefore, in selecting a collection lens, the fnimiber should 

be minimized and the focal length of the lens should be chosen to be as large as possible. 

The use of a lens assembly that minimizes spherical aberrations is preferred 

because the image formed at the slit is sharper, and thus, facilitates focusing of the image 

visually. As a result, a high quality camera lens is used as the collection lens in the 

Triplemate system. In reality, the exact center point from which the focal length is 

determined is not readily known for the camera lenses commercially available. Therefore, 

the position at which the lens should be placed can not be predetermined exactly, but must 

be determined experimentally. 

Positioning the Raman source. It has been mentioned previously that, when the position 

of the collection lens is fixed, positioning of the Raman source is necessary to get the 

collected light into the entrance slit. This process can be difficult and time consuming 

because of the need to adjust the positions of both the laser beam and the sample. A 

sample stage has been designed in this lab that allows coordinated movement of the laser 
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beam and the sample, allowing the Raman source to be moved quickly and conveniently. 

This sample stage in illustrated in Figure 3-4. The same coordinate axis used for the 

Triplemate will be used to describe the path of the laser beam. 

The entire sample stage assembly consists of a sample holder (SH) mounted on 

an XYZ translator (labelled XYZ). The XYZ translator is, in turn, mounted on two 

translation stages that move the laser beam in unison with the XYZ translator and the 

sample holder in the X and Y directions. In Figure 3-4, these translation stages are 

labelled SX and SY respectively. The sample holder can also be rotated aroimd an axis 

parallel to the Y axis so that samples can be oriented relative to the laser beam. The path 

of the laser beam is always parallel to one of the three axes. The beam approaching the 

sample stage (from the laser) and die first two mirrors (m3 and m4) are all in a plane 

parallel to the XY plane (parallel to the top of the optical table). The laser travels up from 

m4 along the Z axis and impinges on the sample. With the position of the collection lens 

adjusted and fixed, the Raman source can be properly and efficiently positioned with this 

sample stage assembly in the following manner: 

1. Position the sample in the sample holder. With a sample in the sample holder, it is 

moved in the X and Y directions with the sample XYZ translator such that the laser beam 

strikes the sample at the desired spot. Thus, the Raman source is defined. 

2. Adjust the height of the Raman source. The beam strikes the sample from below; thus, 

the point at which the beam impinges on the sample (the Raman source) is not affected 

by moving the sample in the Z-direction (up and down), nor are the X and Y positions of 
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Figure 3-4. Schematic of Sample/Laser Beam Translation Stage. This arrangement 
of mirrors results in the polarization of the laser beam being normal to the entrance 
axis. 
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the Raman source altered. Thus, the Raman source can be moved in the Z direction until 

it is at the same height as the entrance slit. 

3. Align the source to the entrance axis in the Y-direction. Mirror m3 is mounted on the 

SX sample/beam translation stage and m4 on the SY stage. The S Y stage moves parallel 

to the beam between m3 and m4, and therefore, the only effect of SY movement on the 

laser beam is to change the path length between the two mirrors. The path of the laser 

beam from m4 to the sample is moved in unison with the sample in the Y-direction when 

SY is adjusted. As a result, the Raman source is moved in the Y-direction by adjusting 

the position of SY. Adjustment of the Raman source in both the Z (above) and Y 

directions can be used to locate the sample along the entrance axis. When the Raman 

source is on the entrance axis, the scattered light from the sample and collected by the 

pre-aligned collection lens will be centered on the entrance slit of the spectrometer. 

4. Focus the collected light at the sample slit. SX moves in the X direction, moving the 

entire sample stage and thus, the Raman source, along the spectrometer axis. When L, 

+ Lj equals the distance between the Raman source and the slit, the image of the Raman 

source is focused at the entrance slit. This can be observed visually as the focusing of the 

image at the slit as described below. 

5. Fine tune the position of the Raman source. For most solid and surface samples, the 

image of the Rayleigh scattered light is visible at the entrance slit. To optimize the 

fociising, the entrance slit (si on the triplemate) is made smaller than the diameter of the 

image, so that the image can be viewed on the slit edges. The image is then focused by 
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adjusting SX so that the image size is minimized (well-focused image) as shown in Figure 

3-5a. To align the image in the middle of the slit (Figure 3-5b), the slit is opened so that 

it is slightly smaller than the diameter of the image. SY is adjusted until the amount of 

image observed on each side of the slit is identical. Adjustments are also made to ensure 

that the image is positioned correctly in the Z-direction (vertically). Once the sample is 

correctly positioned, the slits are opened so that maximum throughput is obtained (usually 

slightly larger than the image). When the position of sample is adjusted by positioning 

the image in the center of a narrow slit, alignment of the path of the collected light with 

the spectrometer axis is asstired provided that the position of the collection lens has been 

properly adjusted. 

A note on the orientation of the laser polarization is in order here. In this work, 

the laser was oriented such that the electric field vector of the polarized laser beam 

approaching m3 is oriented in the Z-direction. After reflection from m4, it is oriented in 

the Y-direction, and this is the orientation usually used for normal Raman spectroscopy. 

For some experiments, such as surface Raman spectroscopy [226] or for measurement of 

depolarization ratios, it is necessary to orient the laser beam so that the electric field 

vector is parallel to the entrance axis. Figure 3-6 shows an alternative arrangement of 

mirrors that will give this orientation of the laser polarization. In all other aspects, the 

operation of the sample stage is unaffected. 
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Figure 3-5. Effect of focusing (a) and alignment (b) of image at 
the entrance slit. Image shown is typical of that obtained from a 
metal electrode. 
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RfTect of Alignment Protocol on Precision. The reproducibility of these alignment 

procedures was determined by collecting a series of 20 plasma line spectra. Between each 

spectrum, the Raman source position was changed so that the sample was no longer 

correctly aligned and the image of the source was no longer focused at the entrance slit. 

After realignment and focusing, the next spectrum was collected. Results obtained for 

two of the plasma line peaks indicate the following precision: 3081.49 ± 0.11 Acm"' and 

3233.46 ± 0.15 Acm"'. It was pointed out above that sample misalignments can cause 

errors as large as ca. 40 cm"' and that this was a major source of imprecision in early work 

using this system. After implementing the procedures for alignment of the collection lens 

and the Raman source outlined above, alignment precision was improved by ca. two 

orders of magnitude. It should be noted that differences in alignment of varying sample 

types may result in slightly larger errors. This effect results from the differences in the 

shapes and sizes of the Raman source image focused at the entrance slit. Different 

precisions measured between plasma line spectra and spectra of chemical reference 

standards have been attributed to this effect [207]. 

3.1C Spectrometer Considerations 

The basic building block of a Raman spectrometer system is the monochromator. 

In the following analysis it is helpful to keep in mind that, when a multichannel detector 

is used, only a limited Acm"' range can be observed at any one time. This range is 

determined by the size of the detector, the spectrometer position (or spectrometer 
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wavelength, A), and the linear dispersion of the grating at the detector. The latter two 

factors depend on the excitation wavelength being used. A is usually set for the center of 

the detector by appropriate positioning of the detector. 

The results of the evaluation of six aspects of the Triplemate spectrometer system 

are reported in this section: 

1. Spectrometer wavelength (A) selection precision 

2. Backlash 

3. Thermal effects 

4. Grating changes 

5. Resolution 

6. Precise peak frequency determination 

Spectrometer wavelength TA) selection precision. It is desirable to calibrate the 

spectrometer for several spectral regions and then be able to switch between the regions 

without recalibration. In order to do this, it is essential that A be positioned reproducibly. 

In the case of the Triplemate, it is particularly important to be familiar with the detailed 

operation of the monochromator. On our system, the spectrograph stage grating of the 

Triplemate is positioned by a stepper motor actuated by a button on the spectrometer 

instrument console. A is indicated by a light-emitting diode (LED) display which 

indicates A to the nearest 0.1 nm. Thus a precision of ca. ±0.05 nm is implied; an error 

of 0.05 nm at 542 nm (approximate wavelength of Raman scattered light of 1000 Acm"' 

using 514.5 nm laser excitation) translates to a significant error of 1.7 cm"' (higher errors 



would occur at longer wavelengths). Thus, it is essential to know that the monochromator 

positioning precision is better than the ±0.05 nm suggested by the A display. A is 

actually mechanically stepped in increments smaller than the 0.1 nm suggested by the 

LED display. In fact, with the 1200 gr/mm grating in the spectrograph stage, five steps 

are required to change A by 0.10 nm. These observations suggest that the A can be 

selected with a precision of ±0.01 nm (or ±0.3 cm"' at 540 nm). Precise computer control 

of the monochromator would be preferred to the above arrangement. At this point, the 

actual precision of A selection was unknown and needed to be determined experimentally. 

Backlash. In order to determine the precision of A and the extent of the backlash error 

of the Triplemate, a series of Ar"^ laser plasma line spectra were collected. Plasma line 

spectra were used because the very narrow plasma lines allow the peak positions to be 

determined more precisely. The results are shown in Table 3-1. Before each spectrum 

was collected, the A setting was moved away from that used for collecting the spectrum 

(615.90 imi) and then returned. Four different procedures were used for resetting A. In 

procedure 1, A is slewed to ca. 595 nm and then returned to 615.90 run. In procedure 2, 

A is slewed to ca. 700 nm, then to ca. 595 run and then returned to 615.90 nm. In 

procedure 3, A is slewed to ca. 700 nm, then to ca. 610 nm and then returned to 615.90 

nm. In procedure 4, A is slewed to ca. 700 nm and then retumed to 615.90 nm. These 

procedures for setting A to 615.90 nm are simunarized in the second column of Table 3-1. 

No other instrumental parameters were changed during the course of this study. Before 

collecting each spectrum, the procedure to be used was chosen with a random number 
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Table 3-1. Triplemate A. positioning precision and backlash analysis. 

Procedure 

Number 

Procedure used to set 

A 

Mean peak frequencies* (Acm"') and 

estimated precisions of selected peaks 

1 615.90 to ca. 595 

ca. 595 to 615.90 

3080.4 ±0.86 3232.1 ±0.84 

2 615.90 to ca. 700 

ca. 700 to ca. 595 

ca. 595 to 615.90 

3080.4 ±0.88 3232.1 ±0.84 

J 615.90 to ca. 700 

ca. 700 to ca. 610 

ca. 610 to 615.90 

3078.8 ±1.69 3230.5 ±1.65 

4 615.90 to ca. 700 

ca. 700 to 615.90 

3057.2 ± 0.69 3209.4 ± 0.69 

* Peaks from the plasma line spectrum of a Ar"^ laser are reported as Raman 

shifts versus 514.5 nm excitation. 

generator to avoid determinate errors that might result by cycling through the procedures 

in a reproducible maimer. 

A comparison of the results from procedures 1 and 4 show the effects of 

approaching the desired A from a significant distance below and above that A, 

respectively. The plasma line frequencies measured by these two procedures differ by ca. 

23 cm"'. Thus, significant backlash is apparent. Although this backlash was expected, 

other important information can be obtained from this study as well. When the 

spectrometer is always approached from the same direction (and distance) such as in 



130 

procedures 1 and 2, the reproducibility is good (± 0.8 cm"'), even if A is first moved to 

the side opposite that from which A is approached (procedure 2). Finally, note that there 

is some minimnm distance below (or above) the desired A from which A has to be 

approached to obtain reproducible results. Even though A was approached from the same 

direction in procedures 2 and 3, a significant difference (1.6 cm"') between the two sets 

of data results. Also note that when a smaller distance of approach is used, the precision 

is also affected adversely (±1.7 cm*' for procedure 3 versus ±0.8 cm"' for procedure 2). 

It should be noted that if the approach is made from distances greater than those used in 

procediu-es 1 and 2 (ca. 20 rmi), no further improvement in precision is apparent. 

At this point, some of the spectrometer imprecision can be assigned to the 

selection of A. In other words, A has been identified as a specific source of imprecision 

and the magnitude of that imprecision has been quantified. It can be concluded that when 

using the Triplemate, A should be selected by always approaching from ca. 20 imi from 

the one particular direction (either alwavs from lower or always from higher wavelengths) 

in order to get more reproducible data. These data suggest that the ability to select A is 

reproducible to ca. ±0.8 cm"'. 

Upon closer inspection of the data from these experiments, consistent drift is 

observed in the frequencies in one direction. For example, for the plasma line at ca. 3233 

Acm"', a value of 3232.4 ± 0.84 Acm"' is observed early in the experiment, but a value of 

3231.8 ± 0.46 Acm"' is observed late in the experiment. These two values are statistically 

different at a 95% confidence level. Therefore, the actual precision of A selection may 



131 

be better than ca ±0.5 cm"' (suggested by the reproducibility of the late experiment data.) 

This study required over four hours to complete, and it is likely that not all of the 

imprecision is due to the A. positioning process, but to other changes in the instrument that 

occur on this time scale. Other studies which required less than two hours demonstrate 

that a precision of ± 0.4 cm"' in selecting A is obtainable for shorter periods of time. This 

is consistent with the prediction above of ± 0.3 cm"' which was based on the 0.02 nm step 

size. Provided no other sources of error are present, the data suggest that errors of ca. 

±0.5 cm"' could be expected shortly after calibration. If several hours have lapsed since 

spectrometer calibration, errors of ±1.0 cm"' are possible. 

Thermal effects. In an attempt to determine the source of long term (several hours) 

frequency shifts, the effect of temperature on the spectrometer was studied. Plasma line 

spectra were collected every 2.5 minutes for a little over six hours. During that time, the 

temperature was monitored with a thermometer placed on top of the spectrometer. For 

the first three hours, no significant changes in temperature occurred. After ca. three 

hours, the air-conditioning was turned on and the room temperature decreased 

approximately 7 °C over the next three hours. The majority of this change occurred in the 

first hour after the air-conditioning was turned on. The results for the frequency of the 

3233 Acm"' plasma line are shown in Figure 3-7. Over the course of the first three hours, 

the temperature increased ca. one degree and the Acm"' of the plasma line peak decreased 

0.4 cm"'. This represents the minimum instrumental drift that might occur over a three 

hour period. Factors other than temperature might contribute to the observed frequency 



132 

shift, but they could not be readily determined. When the temperature decreased, 

however, a marked increase in frequency of ca. 1.6 cm"' was observed. The range over 

which the frequency changes in this study is consistent with those changes noted above. 

Further, the correlation of temperature with Acm"' drift strongly suggests that some 

portion of the drift previously observed may be associated with temperature fluctuation. 

The temperature change observed in the second three hours of this study is probably 

representative of the severest temperature induced shift that can be expected under normal 

operating conditions in this lab. Thus, ±2 cm"' is probably a safe upper limit for errors 
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Figure 3-7. Effect of temperature on observed Raman spectral frequency. 
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resulting from this type of drift over the course of 8 hr. If either better accuracy or 

precision are required, frequent recaiibration or periodic calibration checks (and post-

acquisition recaiibration if necessary) must be performed. 

It is interesting to note that the Acm'' shift actually reversed direction while the 

room temperature was still dropping. This behavior is probably due to differential heating 

of various spectrometer components. After longer periods of time, the temperatures of 

all components approach thermal equilibrium resulting in a relatively smaller net variation 

in Acm"'. 

Grating changes. The Triplemate is equipped with a rotating grating movmt in the 

spectrograph stage which can accommodate up to three different gratings (G3, G4 and G5 

in Figtire 2-2). The Triplemate used in this work has 1200 gr/mm and 1800 gr/mm 

gratings in two of these positions. A study was undertaken to see if recaiibration of the 

spectrometer is required after changing gratings. Plasma line spectra were collected, and 

between each spectrum, the grating was changed to the 1800 gr/mm grating and then back 

to the 1200 gr/mm grating. The precision associated with changing the grating m this 

study was ca. ± 4 cm"'. Therefore, it is necessary to recalibrate the spectrometer upon 

changing the grating. 

Resolution. The precision with which peak frequency can be determined is limited by the 

resolution of the spectrometer system, which is limited by one of a number of 

experimental variables including spectrometer dispersion, slit width, detector element 

(pixel) width, or spectral linewidth of the source. A number of these parameters must be 
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examined individually to ensure that resolution is not limiting the attainable accuracy. 

1. Resolving power. The resolving power places an absolute limit on attainable resolution 

of the spectrometer. For the Triplemate, the theoretical resolving power for the 

spectrograph with the 1200 gr/mm grating is ca. 7 x 10'*. For the Raman measurements 

using visible excitation sources, this implies that bands separated by ca. 0.4 cm"' or more 

can be resolved (provided the spectral linewidth of the source and the spectrometer 

bandpass are much narrower). In the Raman system used in this work, the narrow 

linewidth and bandpass conditions are not met (see below) and the resolving power of the 

monochromator does not normally affect the resolution. 

2. Spectral linewidth of source. The spectral lines are broadened by a variety of physical 

processes prior to entering the spectrometer; thus, the resulting spectral linewidth 

(designated as fwhm) is a factor which also may limit the resolution of a spectrum and 

is independent of spectrometer specifications. As a result, the overall resolution may be 

limited by either the spectral linewidth or spectrometer resolution. 

Ideally resolution should be limited by spectral linewidth during v or A calibration 

and not by the spectrometer. Inaccurate and imprecise Raman shifts have been reported 

for Indene (a commonI Raman calibration standard) in the Raman calibration literature 

as result of spectra in which the resolution was determined by spectrometer limitations 

and not the spectral linewidth [207,218,225]. Resolutions on the order of 3 cm"' are 

attainable with the Raman spectrometer used in this lab (see below). For the chemical 

standards that we routinely use for calibration, typical fwhm values range from 5 to 15 
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cm"'. Therefore the criterion that spectral linewidth limits resolution can be achieved. 

On the other hand, gas discharge lamp spectra and the plasma line spectra of Ar^ and 

lasers are also used as calibration standards and have very narrow natural linewidths. In 

those cases, it is necessary to minimize the spectrometer resolution and report resolution 

conditions with the calibration documentation. The spectrometer resolution can be 

defined by the full-width-at-half-maximum intensity of peaks for which the spectral 

linewidth of the source is less than the spectrometer resolution. 

3. Spectral bandpass. The spectral bandpass, s, of the spectrometer gives further insight 

into the spectrometer resolution, and is given by the following: 

s W (42) 

where is the reciprocal linear dispersion of the spectrograph, and W is the larger of 

either the slit width (s3) or the pixel size of the detector. The pixel elements of the 

detector used here are ca. 20 |am (0.02 mm) on a side, but s3 is set at 0.05 mm during 

calibration. Thus, W=0.05 mm, and at 550 nm, Rj is 46 cm''/mm for the Triplemate, 

resulting in a spectral bandpass of ca. 2.3 cm"'. Using the dispersion given, one predicts 

that, for the 0.6 m focal length focusing element in the spectrograph stage, the spectral 

coverage at 550 nm is ca. 0.9 cm'Vpixel. Thus, an infinitely narrow spectral linewidth (or 

a very narrow linewidth such as is encountered in the case of the Ar"^ laser plasma lines) 

should result in a spectral peak measiared by this spectrometer system of ca. 3 pixels (2.7 

cm"'). In fact, we observe plasma line spectra at exactly this resolution. 
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The relative magnitudes of fwhm and s determine whether the resolution is 

determined by the source linewidth or the spectrometer resolution. When the spectral 

linewidth Umits the resolution, the linewidth (fivhm) is larger than the spectral bandpass. 

When the spectrometer limits resolution, the converse is true. 

Changing the width of the effective entrance slit (s3) provides control of the 

spectrometer resolution when the slit width is greater than pixel width. With the 

minimum limit of the spectrometer resolution being defined by the pixel diameter at ca. 

0.9 cm"' (W=0.02 mm, is 46 cm'Vmm for the Triplemate at 550 nm). 

Precise peak frequency determination. The ability to determine the position of an isolated 

peak in a spectrum is both related to and dependent on the resolution. The effect of pixel 

width on peak frequency determinations is illustrated in Figure 3-8. "Theoretical" and 

"observed" spectra were generated using a PC style computer and Mathcad (ver. 4.0) 

software. The "theoretical" spectra were generated using a Lorenztian line shape [227] 

according to the following expression: 

1 

1 + 

K)
 

< 1 
a 

2 
1 + 

(0 

This equation yields intensity (I) for the spectrum at a frequency v. The spectrum consists 

of n peaks, all of which have an intensity of 1 and a bandwidth (FWHM) of to. The peak 

positions are given by pp. The "observed" spectrum is that which would be measured by 

the spectrometer if pixel width was not a significant factor, and differs from the 
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Figure 3-8. Effect of pixel width and FWHM on peak position determination. 
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"theoretical" spectrum in that a range of v values are detected by a single detector element 

of finite dimensions. Therefore, the resulting measured intensities (I^ are integrated 

intensities and are generated according to the following expression: 

In this expression, is the intensity measured by a detector element centered about 

with a spectral range of b. The spectral range sensed by a single pixel is determined by 

the width of that pixel and the dispersion of the spectrometer as discussed above. N is a 

scaling factor used to adjust the intensity of the "observed" spectrum for easier 

comparison with the corresponding "theoretical" spectrum. 

In Figure 3-8, the "theoretical" (dotted lines) and "observed" (solid lines) spectra 

are calculated for several relative values of b (pixel width in cm'') and FWHM. The 

resulting spectra have the Lorenztian line shape characteristic of Raman spectra. When 

b = 1 (Figure 3-8b and c), the center of the spectral coverage region per pixel was set so 

that integer peak frequencies fall exactly in the middle of the pixel. The peaks were set 

to 110.0,115.2, 120.4 and 125.7 cm"'. As a result, the effect of misalignment of a peak 

with the pixel elements is also demonstrated. 

Figure 3-8a demonstrates that an ideal situation exists when the pixel width « 

FWHM, since the two spectra are essentially identical. The "theoretical" spectrum had 

to be slightly offset along the intensity axis in Figure 3-8a so that the two spectra could 

V 

2 
(44) 

G) 
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be distinguished. In Figure 3-8b, the pixel width = FWHM, and the peaks of the 

"observed" spectrum are somewhat distorted because the entire peak only occupies a few 

pixels and the peaks are not aligned exactly with the pixels. Note that even though the 

peak maxima do not always fall at the true peak positions, there is sufficient information 

in the "observed" spectrum to obtain accurate spectral frequencies (see below). 

In Figure 3-8c, the spectral pixel width » FWHM. The observed peaks in this 

spectrum consist of single points, and errors as great as a factor of ± 0.5 times the pixel 

width are obvious from the misalignment of the peaks in the "theoretical" and "observed" 

spectra. Attempts to obtain better resolution (smaller FWHM) using a real spectrometer 

by drastically reducing the size of the entrance slit would yield spectra of this nature, and 

both precision and sensitivity would be sacrificed. Therefore, the effective entrance slit 

should not be made much smaller than the pixel width. 

The use of spectra with narrow peaks for calibration frequently results in peaks 

which are only a few pixels wide (i.e. Figure 3-8b). The ability to precisely determine 

peak frequencies under those conditions must be addressed to optimize calibration 

precision. Determination of peak frequencies from data such as shown in Figure 3-8b is 

demonstrated in Figure 3-9. All peaks in Figure 3-9 have the same pixel width and 

FWHM as those found in Figure 3-8b. Three separate spectra are being considered with 

peaks centered at 110.2,110.4, and 110.7. As in Figure 3-8b, integer peak positions occur 

exactly in the center of each pixel. In Figure 3-9a, the vertical Imes correspond to the 

actual peak positions. The three peaks in both Figure 3-9b and c are identical to those in 
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Figure 3-9a. However, the vertical lines in Figure 3-9b and 11c represent incorrect 

estimates of the peak position. In Figure 3-9b and c, the vertical line is placed 0.1 and 0.2 

units, respectively, closer to the observed peak maximum. In practical usage the vertical 

line serves as a guide to the eye and might be the cursor displayed by the spectral analysis 

software. 

Two approaches for visually estimating peak position have been used in our work. 

In the first an attempt is made to locate the vertical line in the center of the base of the 

peak (at ca. 20% of maximum I). In the second, both the center of mass and the peak 

maximum are considered together to determine the peak frequency. If either approach is 

used in Figure 3-9, it is obvious that the vertical lines in Figure 3-9c represent incorrect 

estimates of the peak positions, but those of Figure 3-9b may not always be 

distinguishable from those of Figure 3-9a. Therefore, it is possible to estimate the peak 

position to ± 0.1 (or ± 0.2 in the worst cases) times the pbcel width when pixel width and 

FWHM are approximately the same size. It should be noted that estimations of peak 

positions from the center of the peak base is not as effective for overlapping peaks. 

Hamaguchi [209] proposed that peak positions could be estimated to the nearest 

0.5 pixel position; however, the results presented here suggest that when pixel width = 

FWHM, it may be possible to estimate positions to ± 0.1 pbcel with a precision of at least 

± 0.2 pixel. This observation has unportant consequences in the selection of calibration 

standards [207]: when standards with very narrow peaks are used (i.e. Ar"^ laser plasma 

lines) on the system described in this work, the ability to precisely estimate peak positions 
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to the nearest ± 0.2 pixels is realized. Experimentally, the condition, pixel width = 

FWHM can be identified when the number of pixels per peak is small (ca. 3-6) giving the 

peaks the angular appearance observed in Figure 3-8b and Figure 3-9. For broader peaks, 

the ability to estimate peak position is limited by FWHM. 

Another method of estimating peak positions is described later in this chapter 

[207]. The precision actually observed between different spectra is poorer due to other 

experimental factors (some of which have already been discussed). Estimation of peak 

positions to a fraction of the spectral bandpass (pixel width), however, ensures that the 

finite size of the detector elements has a minimal effect on the precision and accuracy. 

In this laboratory, it has been experimentally observed that the inability of the calibration 

software to use peak positions estimated to a fraction of pixel limits the quality of the 

resulting calibrations [207]. 

3 . I D  M u l t i c h a n n e l  D e t e c t o r  C o n s i d e r a t i o n s  

There are four ways in which a multichannel detector may affect the frequency 

precision of a spectrometer. The potential effect of pixel width on resolution has been 

discussed. A related issue is the non-uniformity of pixel widths. If the widths are not 

uniform, this spatial inhomogeneity would be convoluted with the ahready complex pixel 

position/Acm"' relationship [208]. Although this situation is not commonly encountered, 

Hamaguchi [209] describes a type of intensified photodiode array detector with such an 

inhomogeneous nm/pixel response, and presents one method of dealing with this type of 
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problem. For more information regarding this particular problem and how it can be 

addressed the reader is referred to his work. 

Another important multichannel detector consideration is the ability to remove 

and reproducibly remoimt the detector. A change in position as small as the detector 

element width (0.02 mm) can cause a significant error (ca. 1 cm"' per pixel at 550 nm); 

therefore, it is usually necessary to recalibrate the spectrometer after any procedures 

which require the removal of the CCD. 

Finally, it is important to consider the position of the detector relative to the focal 

plane of the monochromator. If the multichannel detector is not exactiy at the focal point 

of the spectrometer, the image at the detector is out of focus and the attainable resolution 

will be poorer than predicted based on consideration of resolving power and spectral 

bandpass. In the Triplemate system, no improvement in resolution is obtained by making 

the effective entrance slit (s3) smaller than 0.05 mm. A fwhm of ca. 3 cm"' is observed, 

even though the predicted spectral bandpass is 0.9 and the resolving power predicts an 

attainable resolution of 0.4 cm"^ We believe that the inability to exactiy focus the 

spectroscopic image on the detector represents the ultimate experimental limitation to 

better resolution in our work. This problem of image focus on the detector is exacerbated 

by changes in temperature due to thermal expansion differences between the detector 

housing, the mount and the spectrometer. Thus, effects of image focus may contribute 

substantially to the temperature dependent effects described above. 
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3. IE Overview of Instrumental Considerations 

After analysis of the system and with a number of improvements made to improve 

precision, it is useful to examine the final overall precision of the system. By considering 

the results of numerous and different experiments, it appears that Raman firequencies 

measured with this system are usually reproducible to within ± 1 cm"' at least 90 % of the 

time. This estimate is based on the work done by a number of workers in this lab since 

the implementation of the alignment protocols described above. Occasionally, (ca. 5-10% 

of the time) errors as large as 2 cm"' are observed. The cause of these random errors 

caimot always be pinpointed. It is probable that some of this error might be due to 

temperature fluctuations as described above. As a result, when properly calibrated, we 

can be confident that any single spectrum has an accuracy of ± 2 cm"'. This is a worst 

case estimate of the overall precision observed in a large number of studies. This estimate 

can also be supported by the precision obtained for the fi-equencies of a number of 

standards reported in [208]. Another significant outcome of this work is that a well-

defined, efficient procedure was developed for calibrating this Raman spectrometer. As 

this procedure evolved, both the time required to do calibrations and the uncertainty of 

the resulting measurements decreased. 

To summarize the importance of the component-by-component analysis of the 

system described in the preceding part of this chapter, the overall results are surveyed in 

Table 3-2. The first conclusion to be drawn from these data is that the precision of this 

multicharmel Raman spectrometer is, in fact, very sensitive to a large number of 



Tabic 3-2. Summary of instrumental variables affecting precision. 

Source of 

Imprecision 

Initial 

Precision 

Actions Taken to Improve Precision Final Precision 

A in 0.1 nm ± 1.7 cm ' 

(± 0.05 nm) 

at 550 nm 

Observed 0.02 nm step 

Select A to 0.02 nm by interpolation on LED 

display. 

± 0.3 cm"' 

(0.01 nm) 

at 550 nm 

A selection 

backlash and 

precision 

± ca. 20 cm"' Always select A by approaching from at least 20 nm 

below A. 

± 0.5 cm"' 

Thermal Effects ± 1.6 cm ' No action taken ± 1.6 cm"' 

Re.solution 0.2X FWllMofpeak 

Early Plasma line 

work: ca. ± 3 cm ' 

Use smaller slits: 0.050 mm for calibration. Recent Plasma 

line work: 

ca. ± 1 cm"' 

CCD 

positioning 

± 5 cm ' 

(0.1 mm misalignment) 

Recalibrate after adjustments to alignment N/A 

Alignment 

Parameters 

± 20 cm ' 1. Align Raman source and collection lens on 

entrance axis. 

2. Fixed position of prealigned collection lens. 

3. Sample/laser beam translation stage. 

4. Lens, Raman source and laser alignment 

protocols. 

ca. ± 0.3 cm"' 
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experimental variables. Secondly, it is clear that the steps taken in this work were 

effective in improving the precision to acceptable levels. Finally, an estimate of the 

precision of this Raman spectrometer has been made. The accuracy of Raman data 

collected by this spectrometer is limited by this precision, but it is also dependent on the 

calibration process which is discussed in more detail in the remainder of this chapter. 

3.2 Calibration Standards 

Calibration is a necessary part of any spectrometric determination. Commercial 

Raman spectrometers of the traditional single channel type have been designed to 

minimise the effort of the operator in the calibration process: the Raman shift (Acm"') is 

a fimction of the grating position, and the calibration process, which is mechanical in 

nature, is usually performed by the manufacturer of the spectrometer. Thus, the only 

calibration requirement of the operator is to make occasional accuracy checks by 

collecting the spectrum of a calibration standard. Calibration of multichannel 

spectrometers is made more complex by the need to relate location (or pixel number) on 

the detector device to a Raman frequency shift. Although continued commercialization 

of these systems has led to menu-driven software protocols for the calibration process, 

achievement of accuracy in calibration requires more attention and expertise from the 

operator. 

The calibration of a spectrometer entails the following steps; 

1. A spectrum of a reference standard is collected. 

2. Measured frequencies of the standard are compared with accepted values. 
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3. The information obtained is used to adjust the spectrometer or to modify 

the data acquisition software so that subsequent spectra will be accurate 

within acceptable limits. 

The last two steps are dependent on the first; therefore, successful calibration is 

completely dependent on the choice of the reference standard. 

There are two types of standards commonly used in Raman spectroscopy: 

chemical standards and standard light sources. Chemical standards are substances with 

well-characterized Raman spectra and are typically used to calibrate spectrometers 

directly in Acm"'. Indene is the chemical standard most extensively reported in the 

Raman spectroscopy literature [209,212,217,218,220,225]. Indene is useful as a standard 

for the vibrational spectroscopies because the spectrum contains bands that are dispersed 

over most of the important spectral regions. Unfortunately, there are regions in the indene 

spectrum that lack Raman bands useful for calibration purposes. For example, there are 

no peaks between 390 and 520,600 and 720, or 1460 and 1540 Acm"'. Strong peaks are 

also lacking in the region between 2100 and 2600 Acm"', which is an important region in 

the study of thiols, acetylenes, and cyano species. 

The lUPAC standard [228] for medium resolution infrared absorption in liquid 

samples is a solution of 0.8% camphor and 0.8% cyclohexanone in indene. In the IR 

spectrum, the addition of the camphor and cyclohexanone fill in gaps in the indene 

spectrum. In the Raman literature however, pure indene is typically cited as a standard 

[209,212,225]. Surprisingly, there are a number of discrepancies in some of the indene 
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frequencies reported in the Raman calibration literature. The indene data for vibrations 

in the v(CH) region are both scarce and probably inaccurate. Thus, the need still exists 

for ftirther characterization of the vibrational frequencies of indene. 

Light sources used as Raman calibration standards are commonly based on the 

emission spectra of the noble gases and their ions. Noble gas discharge lamps have been 

used as Raman standards [209,212,222]. For example, neon lamps are commonly used 

and can be obtained from a variety of commercial sources. Argon, krypton and xenon 

lamps have also found use as Raman calibration standards [222]. The plasma emission 

lines of the Ar"^ and Kr^ lasers are also usefiil light source Raman calibration standards 

[210,218,221,225]. Their use becomes especially convenient when the laser is being used 

as the Raman excitation source. Like the spectrum of indene, the spectra of the rare gas 

discharge lamps and the Ar^ and Kr^ plasma line spectra have peaks that uniformly cover 

most spectral regions of interest. In addition, these emission lines are narrower than the 

Raman peaks of most condensed phase samples (including indene), giving them a distinct 

advantage as calibration standards. The increased resolution possible using these sources 

allows peak positions to be determined more precisely, reducing the magnitude of 

calibration errors. 

The peak positions of these emission spectra sources are measured as A. or spatial 

frequency (cm"'); thus, peak positions must be correlated to Raman shift (Acm"') relative 

to the frequency of the laser excitation used. Tabulations are available for both the 

discharge lamps and the laser plasma line spectra in Acm"' with respect to the 488.0 and 
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514.5 mn lines of the Ar^ laser [210^22]. A similar listing is available for the calibration 

of Kr^ lasers using Kr^ plasma lines [221]. However, there are some significant gaps 

between some of the peaks listed in these tabulations which may have adverse effects on 

calibration [208]. For example, the Raman spectrometer used in this laboratory can 

collect a spectrum ca. 450 cm*' wide (650-1100 Acm"') centered at A875 cm"' using 514.5 

rmi excitation. However, in the tabulation made by Craig and Levin [210], no Ar^ laser 

plasma lines are listed between ca. 590 and 910 Acm"'. In fact, the region covered by the 

CCD in this example could not be adequately calibrated using the plasma lines listed in 

that work because no lines are listed for the lower fi-equency half of this spectral region. 

If this region was calibrated using only the plasma lines listed by Craig and Levin, peak 

frequencies from subsequent samples that occurred below 900 Acm"' could only be 

obtained by extrapolating well beyond the available calibration data. This limitation can 

be overcome in one of two ways. Either an alternative standard could be used which has 

peaks in the desired region, or the tabulation of Craig and Levin [210] could be expanded 

to include some of the weaker plasma lines. The ability to routinely detect these weaker 

lines is made possible by the use of sensitive multichannel detectors: plasma lines that 

were difficult to detect using photomultiplier tube detection can be recorded with very 

high signal-to-noise ratios with modem multichannel detectors, such as the CCD detector 

used in this work. A more complete listing of the plasma line spectrum of the Ar^ laser 

is needed and was obtained in this work for the spectral region from ca. 60 to 3900 

Acm-1. 
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The emission spectra of standard light sources can be measured for calibration 

purposes in a number of ways [208,209,219,222]. Neon lamps have been placed directly 

in front of the spectrometer slit or the collection optics [222]. Tobin [219] describes a 

more complex arrangement which passes reflected light through a mask that approximates 

the size, shape and position of a sample in the sample chamber of the spectrometer. This 

arrangement is preferred, because it reduces the possibility of systematic errors due to 

differences in the alignment of the sample, collection optics and spectrometer [207]. 

Another desirable approach is to scatter the reference light source from the actual sample 

of interest in a geometry that is ideally identical to that of the incident laser beam [209]. 

This can be conveniently accomplished when using an Ar^ or Kr^ laser as an excitation 

source: the plasma lines of the laser can be used as a standard by simply detuning the laser 

and removing the band pass filter (which is normally used to remove the plasma lines 

when obtaining Raman spectra) from the light path. 

3.2A Choosing a Calibration Standard 

The choice of the standard used for calibration can drastically affect the precision, 

accuracy, and convenience of the calibration process. The choice of a standard should be 

based on a number of criteria: 

1. Availability of a sufficient number of peaks in the region being calibrated. As more 

peaks are used, the effects of random error are minimized. Based on work done in 

this laboratory, a minimum of six peaks is suggested for most purposes. 
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2. Peaks suitable for use in standardization should uniformly cover the spectral region 

of interest. Peaks should be spread out evenly over the entire region available to the 

multichannel detector without any significant gaps between peaks. Large empty 

regions at either end of the spectrum which require the calibration to be extrapolated 

beyond the peak frequencies used for calibration should be avoided. 

3. Frequencies of peaks suitable for calibration purposes should be experimentallv 

reproducible to within ±0.5 cm'' or better. Narrow peaks which do not overlap are 

essential. Therefore, improved resolution usually resists in improved calibration. 

4. Frequencies of the chosen standard must be accurately known. In analytical 

vibrational spectroscopy, frequencies are usually reported to the nearest cm"'. This 

reflects the limits of precision for routine vibrational spectroscopy (ca. ±2 cm"'). 

However, with care, vibrational frequencies can be obtained with an accuracy and 

precision of ±0.5 cm"' or better. This requires direct comparison to established 

standards and averaging of multiple, independent measurements. Obviously, the 

vibrational frequencies of the standards must be known to the desired degree of 

accuracy. 

5. Measurement and sampling conditions for standards should resemble those used for 

samples as much as possible. Differences in the type of sample, sample shape, 

sample orientation, laser, collection optics, etc. can result in differences in the 

alignment of the collection optics and spectrometer that result in systematic error 

[207]. It is best if the transition from calibrating the spectrometer to analyzing a 
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sample can be made without any changes in the optical or sampling configuration. 

In general, it is best to match the standard with the sample type. For example, if a 

solid sample is to be analyzed, calibration is best done with a solid standard. As a 

result, both calibration and collection of sample spectra can be performed with 

minimal changes in the sample or optical configuration. Matching the standard form 

to that of the sample is sometimes difBcult to do. For example, if it is desirable to 

study the Raman spectrum of an adsorbate on a metal surface, there are no suitable 

calibration standards for that particular form of sample. In these instances, calibration 

can still be accomplished by the scattering of emission or plasma lines directly from 

the sample, but confirmation of the calibration quality is more difficult. 

There are several reasons why multiple calibration standards should be available and 

routinely employed: 

1. No single standard can meet all of the above criteria for all samples. The significant 

gaps that are present in the spectra of the standards discussed so far illustrates this 

point. 

2. It is advantageous to match the type of standard with the sample tvpe. 

3. It is best to check calibration quality using a standard other than that used in the 

calibration. It is both common and convenient to check a calibration by taking a post-

calibration spectrum of the standard used for calibration. However, this does not 

always provide a sufficient check of the quality of a calibration. Typically, a 

calibration is poor in regions in which the spectrum of the standard lacks peaks. This 
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is particularly true when the calibration procedure requires the use of a mathematical 

expression to correlate location (or pixel numbers) on a multichannel detector with 

frequency [208]. In these instances, agreement of the post-calibration spectrum with 

the accepted values of the standard may be no more than an indication of the 

closeness of the fit between the calibration and the calibration data. This effect 

becomes more significant when sample peaks occur outside of the range of peaks 

used in the calibration (i.e. extrapolation) or when the calibration procedure requires 

the use of higher order polynomials to fit pixel number and frequency [208]. 

The simultaneous use of a chemical standard and laser plasma lines provides an 

efficient and convenient means of cross-checking calibration accuracy. In this laboratory 

the spectrometer is calibrated by scattering the emission of a detuned laser from a 

chemical standard. The resulting plasma line spectrum is used for calibration. Following 

calibration, the laser is tuned to the excitation frequency and the spectrum of the chemical 

standard is acquired as a check of calibration accuracy. The use of a solid chemical 

standard is particularly advantageous, because the elastic scattering from the solid is 

greater than that obtained from a liquid. The increased elastic scattering gives a plasma 

line spectrum with large peak intensities. When liquid samples are studied in capillary 

tubes, elastic scattering from the glass capillary tube can exceed that of the liquid sample. 
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3.2B Experimental Evaluations of Raman Standards 

Ar^ laser plasma line spectra. The primary goal of this work was to extend the listing of 

the Ar"^ laser plasma line frequencies to include the less intense peaks not reported 

previously that are made accessible by the use of multichannel detection. With this 

expanded table, a greater number of peaks are available for use in the calibration of a 

given spectral region. The use of this expanded calibration set should increase both the 

flexibility and the precision of Raman spectrometer calibrations. 

The Ar^ plasma line frequencies are reported in Acm"' versus 514.532 nm 

excitation in Table 3-3. The good agreement between the values obtained in this work 

and those reported by Craig and Levin [210] (corrected to agree with values measured in 

air) is due, in part, to the use of values from that work in calibration of the 

monochromator used in this work. Therefore, the agreement between these two sets of 

data is more an indication of the calibration precision rather than the accuracy. However, 

spectra of other standards obtained from spectrometers calibrated with the plasma line 

frequencies reported by Craig and Levin [210] agree well with the accepted frequencies 

of those standards. 

Most of the frequencies reported are reproducible to ± 0.4 cm"' or better. Relative 

intensities of some peaks in this work varied by as much as 50 % even though the same 

laser current (25 A) was used in all cases. The cause of this variation is unknown, but it 
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Table 3-3. Ar^ laser plasma lines. 

Raman Shift 
(Acm*') 
Relative 

to 514.5 rmi 

Absolute 
Freq. 
(cm"') 

Relative 
Int. 

Raman Shift 
(Acm"') 
Relative 

to 514.5 nm 

Absolute 
Freq. 
(cm-^) 

Relative 
Int. 

Ref 
[210]* 

This 
Work 

Ref 
[210]* 

This 
Work 

65.6 65.5 19369.6 85 560.4 18874.8 15 

76.9 77.0 19358.2 340 564.4 18870.8 7 

116.0 116.1 19319.1 310 570.2 18864.9 13 

159.0 19276.1 13 587.5 587.5 18847.7 130 

172.6 19262.5 9 595.9 18839.3 19 

220.5 19214.6 13 609.9 18825.2 37 

266.4 266.5 19168.6 200 618.1 18817.1 6 

284.4 19150.8 9 621.3 18813.8 7 

317.1 19118.1 11 672.6 18762.5 22 

335.4 19099.8 12 676.7 18758.4 20 

371.0 19064.1 15 724.3 18710.8 26 

380.3 19054.8 9 738.2 18697.0 15 

386.2 19048.9 11 742.6 18692.5 7 

392.5 19042.6 11 748.7 18686.4 11 

411.7 19023.4 11 760.2 18674.9 7 

430.8 19004.3 9 772.6 18662.5 48 

441.2 18993.9 58 820.5 18614.6 5 

449.9 18985.3 35 836.5 18598.7 10 

459.2 18976.0 14 841.4 18593.8 14 

501.7 18933.5 61 862.8 18572.3 41 

520.5 520.5 18914.7 1500 894.6 18540.5 38 

545.4 18889.8 8 908.2 908.2 18527.0 200 

555.0 18880.2 19 925.6 925.7 18509.5 124 

(Continued ...) 

* Wavenimiber values from [210] corrected to agree with values measvired in air. 
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Table 3-3. Ar^ laser plasma lines. 

Raman Shift 
(Acm"') 
Relative 

to 514.5 mn 

Absolute 
Freq. 
(cm"') 

Relative 
Int. 

Raman Shift 
(Acm*') 
Relative 

to 514.5 mn 

Absolute 
Freq. 
(cm"') 

Relative 
Int 

Ref. 
[210]-

This 
Work 

Ref 
[210]* 

This 
Work 

(Continued...) 1273.6 18161.5 54 

1279.0 18156.1 58 

941.8 942.0 18493.2 130 1300.6 18134.5 44 

959.4 18475.8 12 1308.1 18127.0 9 

989.8 18445.3 9 1317.2 18116.9 38 

1051.9 18383.2 46 1324.8 18110.3 7 

1055.8 18379.3 13 1331.8 18103.4 16 

1065.3 18369.8 54 1335.3 18099.8 12 

1092.2 18342.9 24 1338.2 18096.9 10 

1101.0 1101.0 18334.2 210 1369.7 18065.4 14 

1108.1 18327.0 40 1375.7 18059.4 74 

1141.8 18293.3 44 1400.9 18034.2 119 

1150.8 18284.4 65 1430.2 1430.1 18005.0 290 

1193.7 18241.4 4 1445.3 1445.3 17989.9 190 

1201.3 18233.9 4 1459.8 17975.3 22 

1207.4 18227.8 5 1490.0 1490.0 17945.2 84 

1223.4 18211.7 22 1506.5 1506.8 17928.4 260 

1239.7 1239.8 18195.3 73 1509.2 1509.2 17925.9 160 

1247.4 1247.3 18187.9 170 1541.8 17893.4 17 

1254.5 1254.4 18180.7 170 1569.9 17865.3 15 

1258.7 18176.4 48 1577.1 17858.0 14 

1264.0 18171.1 23 1590.6 17844.6 35 

1269.4 18165.7 23 1599.5 1599.4 17835.7 290 

(Continued ...) 

* Wavenumber values from [210] corrected to agree with values measured in air. 
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Table 3-3. Ar^ laser plasma lines. 

Raman Shift Raman Shift 
(Acm"') Absolute Relative (Acm"') Absolute Relative 
Relative Freq. Int. Relative Freq. Int. 

to 514.5 nm (cm-') to 514.5 nm (cm-') 

Ref. This Ref. This 
[210]* Work [210]' Work 

(Continued ...) 1798.3 17636.8 10 

1608.3 17826.8 44 1807.6 1807.6 17627.6 280 

1615.0 17820.1 40 1813.3 17621.8 40 

1627.4 17807.8 42 1828.9 17606.2 47 

1635.5 17799.6 27 1834.5 17600.7 60 

1644.3 17790.8 8 1842.6 17592.5 76 

1654.2 17780.9 61 1858.5 17576.6 102 

1659.5 1659.4 17775.8 210 1865.5 1865.5 17569.6 340 

1676.6 17758.5 72 1894.0 17541.1 8 

1688.2 17746.9 33 1904.7 17530.4 61 

1691.7 1691.6 17743.6 180 1918.1 17517.0 21 

1701.1 17734.1 14 1926.4 17508.8 18 

1708.6 17726.5 32 1930.1 17505.0 24 

1712.1 17723.0 24 1940.4 17494.7 15 

1715.1 17720.0 13 1947.8 17487.3 15 

1722.7 17712.5 37 1953.0 17482.2 12 

1732.1 17703.1 11 1965.9 1965.7 17469.5 240 

1738.2 1738.3 17696.9 160 1983.8 17451.3 16 

1749.9 1750.0 17685.2 350 1990.2 17444.9 14 

1754.8 17680.4 44 2002.8 17432.4 9 

1764.7 17670.5 14 2012.1 2012.3 17422.8 94 

1784.9 17650.3 7 2023.3 17411.8 56 

1790.0 17645.2 5 2036.1 17399.1 8 

(Continued...) 

* Wavenumber values from [210] corrected to agree with values measured in air. 
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Table 3-3. Ar^ laser plasma lines. 

Raman Shift Raman Shift 
(Acm"') Absolute Relative (Acm"') Absolute Relative 
Relative Freq. Int. Relative Freq. Int. 

to 514.5 mn (cm"') to 514.5 mn (cm"') 

Ref. This Ref. This 
[210]* Work [210]* Work 

(Continued...) 2350.1 17085.0 20 

2040.0 17395.2 14 2371.3 17063.8 54 

2063.6 17371.6 42 2389.6 17045.5 40 

2093.7 17341.5 30 2400.7 2400.5 17034.6 180 

2111.1 2111.0 17324.2 690 2413.0 17022.2 57 

2118.0 17317.2 18 2421.8 17013.3 50 

2123.2 17312.0 13 2435.9 2435.3 16999.8 79 

2137.9 17297.3 51 2445.9 16989.2 86 

2153.7 2153.7 17281.5 180 2453.1 2453.2 16982.0 122 

2193.2 17242.0 34 2478.7 16956.4 11 

2200.0 17235.1 19 2485.7 16949.4 21 

2231.5 2231.7 17203.5 530 2498.4 16936.7 12 

2242.0 17193.1 48 2520.6 2520.6 16914.6 240 

2246.4 17188.8 113 2533.6 16901.5 5 

2259.3 17175.9 51 2563.2 16872.0 12 

2270.9 17164.3 25 2568.3 2568.5 16866.7 65 

2278.0 17157.1 160 2579.4 16855.8 58 

2294.9 17140.2 39 2588.5 16846.7 16 

2308.9 17126.3 21 2605.4 16829.7 41 

2312.1 17123.1 36 2608.1 16827.0 28 

2315.2 17119.9 15 2631.0 2631.1 16804.0 136 

2323.0 2322.9 17112.3 230 2639.2 16795.9 15 

2330.1 17105.0 240 2670.9 16764.2 20 

(Continued...) 

* Wavenumber values from [210] corrected to agree with values measured in air. 
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Table 3-3. Ar^ laser plasma lines. 

Raman Shift 
(Acm'') 
Relative 

to 514.5 rmi 

Absolute 
Freq. 
(cm-') 

Relative 
Int. 

Raman Shift 
(Acm"') 
Relative 

to 514.5 nm 

Absolute 
Freq. 
(cm"') 

Relative 
Int. 

Ref. 
[210]* 

This 
Work 

Ref. 
[210]-

This 
Work 

(Continued...) 2946.4 16488.8 10 

2689.3 16745.9 11 2980.9 2980.8 16454.4 128 

2694.1 16741.1 24 2999.1 16436.0 14 

2702.9 16732.2 32 3014.4 16420.7 25 

2707.1 16728.0 59 3017.3 16417.8 19 

2729.3 2729.4 16705.8 290 3038.6 16396.5 33 

2738.8 2738.9 16696.3 270 3047.0 16388.1 111 

2762.7 16672.4 10 3051.3 3051.2 16384.0 1260 

2766.0 16669.1 21 3056.8 16378.3 74 

2767.6 16667.6 29 3066.2 16368.9 54 

2777.4 16657.7 9 3081.7 3081.7 16353.5 15000 

2784.6 16650.6 6 3091.8 16343.4 121 

2806.6 16628.5 26 3095.5 16339.6 120 

2822.5 16612.7 18 3104.3 3104.2 16331.0 1540 

2838.1 16597.0 22 3144.9 3145.0 16290.2 1370 

2843.9 16591.3 113 3153.2 16281.9 38 

2857.2 2857.3 16577.9 430 3163.0 16272.2 48 

2887.7 2887.7 16547.5 154 3188.9 16246.2 27 

2891.1 2891.1 16544.1 169 3219.7 16215.4 30 

2897.7 2897.7 16537.5 169 3221.3 16213.8 42 

2903.6 2903.6 16531.5 154 3233.7 3233.7 16201.5 13300 

2913.6 16521.5 48 3261.8 16173.3 17 

2931.7 2931.8 16503.4 113 3272.5 3272.6 16162.5 480 

(Continued ...) 

* Wavenumber values from [210] corrected to agree with values measured in air. 
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Table 3-3. Ar^ laser plasma lines. 

Raman Shift 
(Acm'') 
Relative 

to 514.5 nm 

Absolute 
Freq. 
(cm"') 

Relative 
Int. 

Raman Shift 
(Acm"') 
Relative 

to 514.5 nm 

Absolute 
Freq. 
(cm"') 

Relative 
Int. 

Ref. 
[210]* 

This 
Work 

Ref 
[210]* 

This 
Work 

(Continued...) 3724.1 15711.1 15 

3286.1 16149.1 32 3735.0 15700.1 45 

3309.0 16126.1 182 3751.2 15683.9 56 

3329.4 16105.7 11 3767.8 15667.4 42 

3338.7 16096.4 59 3772.8 3772.7 15662.5 87 

3347.0 16088.1 128 3781.6 15653.5 65 

3391.6 16043.5 32 3788.5 15646.7 6 

3395.8 16039.4 35 3795.0 15640.1 110 

3408.8 3408.9 16026.3 440 3797.1 15638.1 84 

3417.5 3417.6 16017.5 8600 3801.9 3802.0 15633.1 150 

3505.0 15930.2 10 3808.2 3808.2 15626.9 1700 

3518.6 15916.5 8 3817.5 15617.6 120 

3550.5 15884.7 12 3831.9 15603.2 93 

3554.2 15880.9 45 3849.9 3850.0 15585.1 350 

3581.3 15853.8 82 3855.0 15580.2 112 

3623.4 3623.3 15811.8 240 3866.0 15569.2 85 

3644.6 15790.6 170 3887.0 15548.1 10 

3662.2 15773.0 30 3895.6 15539.6 10 

3683.0 15752.2 160 3901.4 3901.6 15533.5 280 

3705.2 15729.9 150 3911.8 3912.0 15523.1 250 

* Wavenumber values from [210] corrected to agree with values measured in air. 
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is probably due to the characteristics of the different lasers of the same model used in this 

work. Even greater variations in relative intensities may result when other laser models 

or laser currents are used. Therefore the relative intensities observed by other workers 

may vary noticeably from those in Table 3-3. To a much lesser extent, it is possible that 

some variation in observed frequencies (especially those of overlapping peaks) may also 

occur with different lasers or laser currents. These differences might resxilt from changes 

in the relative intensities of overlapping peaks or from differences in the distributions of 

excited atomic and ionic species in the plasma. The Ar discharge lamp spectrum reported 

by Savoie and Pigeon-Gosselin [222] differs drastically from the Ar"^ laser plasma line 

spectrum reported in this work and that of Craig and Levin [210]. For these reasons, it 

is recommended that preliminary comparisons of the plasma lines from a particular laser 

to other standards be made before using these data for calibration of other systems. It is 

further recommended that the laser current used for calibration purposes be reproduced 

as much as possible. 

Indene as a standard for Raman spectroscopv. Table 3-4 summarizes the vibrational 

frequencies of indene which have been reported in the Raman calibration literature 

[209,212,217,218,220,225,229]. The averages and the standard deviations of the 

frequencies reported in the literature are also included in Table 3-4. In many instances, 

the differences between reported frequencies are greater than 1 cm"', and get as high as 

2.2 cm''. The data from these studies are not completely independent of each other. For 

example, both Sharma [225] and Hendra [212] reference the work of Loader [218], and 
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Table 3-4. Summary of vibrational frequencies for indene in Acm"' reported in the 

Raman literature. 

References 

Avg. S.D. [212^17] [218] [225] [220] [209] [229] Avg. S.D. 

205.0 205.0 204.4 203.5 203.8 204.3 0.7 

381.8 381.8 — 

533.7 533.7 533.7 533.8 534.4 534.1 533.9 0.3 

593.0 593.0 591.0 591.9 592.3 591.9 592.2 0.8 

730.4 730.1 730.7 730.4 730.7 730.4 730.5 0.2 

831.0 830.5 831.7 830.4 831.4 830.8 831.0 0.5 

861.0 861.3 861.6 861.3 861.7 861.4 861.4 0.3 

947.8 947.8 — 

1001.0 1001.5 1000.7 1001.1 0.4 

1018.3 1018.6 1018.1 1018.6 1019.0 1018.7 1018.6 0.3 

1067.8 1067.9 1068.6 1067.6 1068.1 1067.7 1068.0 0.4 

1108.9 1108.9 1108.3 1106.7 1107.5 1107.0 1107.9 1.0 

1112.9 1112.9 1112.9 0.0 

1154.3 1154.5 1154.6 1153.5 1153.9 1153.5 1154.1 0.5 

1205.6 1205.3 1204.7 1205.2 1205.3 1205.0 1205.2 0.3 

1225.6 1226.2 1225.7 1226.4 1226.6 1225.9 1226.1 0.4 

1286.7 1287.8 1288.5 1287.5 1288.1 1287.8 1287.7 0.6 

1312.5 1312.8 1312.4 1312.6 0.2 

1361.6 1361.3 1362.5 1361.0 1361.5 1361.2 1361.5 0.5 

1393.6 1393.2 1393.5 1393.7 1393.2 1394.0 1393.5 0.3 

1457.6 1457.8 1457.5 1457.1 1457.5 1457.3 1457.5 0.2 

1552.7 1553.3 1552.3 1553.2 1552.2 1552.1 1552.6 0.5 

1589.8 1589.8 1589.7 1587.8 1588.4 1588.1 1588.9 0.9 

1610.2 1609.6 1609.5 1609.7 1609.7 1609.5 1609.7 0.4 

2892.2 2892 2892.1 0.1 

2901.2 2901.2 — 

3054.7 3055 3054.9 0.2 

3068.2 3068 3068.1 0.1 

3112.7 3113 3112.9 0.2 
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Hamaguchi cites references [220] and [229]. The extent to which the cited articles were 

used for calibration purposes or whether they were used primarily for comparison is not 

certain, but there is some correlation in values reported in related reports. In addition, 

very few data have been reported in the v(CH) region (2600-3200 Acm"'). Therefore, the 

goals of this work are to obtain a more complete set of acciuate vibrational frequencies 

for indene in this region. 

Raman shifts of indene obtained in this laboratory on the CCD spectrometer 

described above are given in Table 3-5 and Table 3-6. The vibrational frequencies 

reported in this work are averages calculated using values from multiple spectra obtained 

using the CCD-based Raman spectrometer described above. The indene spectra obtained 

with this CCD spectrometer were collected over a period of ca. one year as reference 

spectra during normal operation of the spectrometer. These reference spectra were 

collected for the purpose of checking the quality of the spectrometer calibration [208]. 

The plasma lines of the Ar"^ laser were used for calibration. As a result, the precision of 

these data reflects the long term performance of the spectrometer. The averages of the 

frequencies reported in literature and the lUPAC reported frequencies for the IR 

spectroscopy standard indene/camphor/cyclohexanone mixture [228] are also listed in 

Table 3-5 and Table 3-6. Confidence limits (95 % confidence mterval) are also presented 

for the CCD data and the literature averages. 



Table 3-5. Indene vibrational frequency summary: 200-1700 Acm"'. 

Literature Average* 
lUPAC 

(IR) [228] 
CCD Spectrometer' 

(This Work) 

204.3 ± 0.7 204.4 ±0.4 

381.8 381.6 382.0 ± 0.9 

533.9 ±0.3 534.3 ± 0.7 

592.2 ±0.7 592.1 592.2 ± 0.9 

730.5 ± 0.2 730.4 ± 0.6 

768.2 ± 0.7 

831.0 ±0.5 830.5 831.0 ±0.6 

861.4 ±0.2 861.3 861.7 ±0.6 

916.0 ±0.7 

927.1 ±0.6 

947.8 947.6 ± 0.5 

973.0 ±0.6 

1001.1 ±0.8 1001.1 ±0.8 

1018.6 ±0.3 1018.5 1019.2 ±0.5 

1068.0 ±0.3 1067.7 1068.1 ±0.3 

1107.9 ±0.9 1107.3 ±0.4 

1112.9 1113.8 ±0.4 

1154.1 ±0.4 1154.1 ±0.5 

1205.2 ± 0.3 1205.1 1205.5 ±0.5 

1226.1 ±0.4 1226.2 1226.3 ±0.4 

1287.7 ±0.6 1288.0 1288.0 ±0.3 

1312.6 ±0.4 1312.4 1312.7 ±0.3 

1361.5 ±0.5 1361.1 1361.6 ±0.4 

1393.5 ±0.3 1393.5 1394.0 ±0.5 

1457.5 ± 0.2 1457.3 1457.5 ±0.4 

1552.6 ±0.5 1553.2 1552.5 ± 1.3 

1588.9 ±0.8 1587.5 1588.3 ±1.0 

1609.7 ±0.2 1609.8 1609.9 ± 1.0 

* ± limits for CCD data indicate 95 % confidence intervals. 
** limits for "Composite Frequencies" are estimated accuracies 



Table 3-6. Indene vibrational frequency summary: the v(CH) region. 

This Work 

Literature lUPAC CCD Spectrometer* 
Average (IR) [228] 

2565.6 ±2.1 

2574.1 ±1.6 

2598.4 2599.5 ± 0.6 

2624.0 ± 0.5 

2647.6 ±0.5 

2673.3 2672.7 ±0.5 

2770.9 2771.9 ±0.7 

2816.1 ±0.5 

2833.5 ± 0.5 

2892.1 2887.6 2889.1 ± 1.4 

2901.2 2894.2 ± 2.5 

2906.4 ±0.7 

3042.0 ± 0.5 

3054.9 3054.5 ± 0.8 

3068.1 3070.0 ± 1.5 

3112.9 3110.2 3111.3± 1.2 

3175.4 ± 1.5 

3216.4 ± 1.5 

* ± limits for CCD data are estimated 
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In the 200 to 1700 Acm"' region, the literature averages are in good agreement 

with the averages from the CCD data, agreeing to within ± 0.5 cm"' for all but four peaks. 

The differences between the literature averages and CCD data of three of these four peaks 

(1107.5,1113.6 and 1588.7 Acm"') can probably be attributed to the poorer resolution of 

the data from the previous work in which much higher values for the 1107 Acm'^ peak 

were reported [212,218,225]. For example, the accuracy and precision of the peak at ca. 

1107 Acm"' is limited by its being in a band of at least three overlapping peaks. This is 

illustrated in Figure 3-10 where the 1107.5 and 1113.6 Acm"' peaks are shown (CCD 

spectrometer data). In the bottom spectrum, poorer resolution is simulated by smoothing 

the original data (top spectrum) with a 13-point Savitsky-Golay smoothing routine 

provided with Spectra Calc (TM). Upon smoothing, the observed peak maxima of the 

overlapping peaks move together. The frequency of the lower frequency band in the 

smoothed spectrum agrees well with the values reported previously in references 

[212,218,225], and the 1113 Acm"' peak is barely observable which possibly explains 

why it is not hsted in these three references. The actual precision that can be obtained for 

the 1107.0 Acm"' band is probably significantly better (perhaps as good as ±0.4 cm"') than 

is suggested by the standard deviation of the values reported in the literature (Table 3-4). 

This band can therefore be considered stiitable for caUbration as long as one pays careful 

attention to resolution considerations. 

Similar discrepancies also exist for the overlapping bands at ca. 1588 and 1610 

Acm"' [212,218,225]. In this work, the spectrometer resolution was typically better than 
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Figure 3-10. Effect of resolution on the position of the indene 1107 Acm*' peak; 
poorer resolution simulated in bottom spectrum by smoothing top spectrum with a 13-
point Savitsky-Golay routine. 
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ca. 3 cm"' (FWHM). Thus, the resolution of the resulting spectrum was not dependent on 

spectrometer limitations, since all of the vibrational bands studied have FWHM values 

that are greater than ca. 4 cm"'. The necessity of obtaining high resolution spectra for 

calibration purposes is clearly demonstrated in this example. Given the sensitivity of 

modem multichannel detectors, there is seldom any need to be concerned with the trade

offs between S/N and resolution when calibrating Raman spectrometers. Therefore, it is 

highly recommended that all calibrations be done with optimum resolution. 

The CCD data collected in this work can be considered superior to the literature 

data, since these were obtained following calibration of the monochromator using an 

independent standard (Ar^ laser plasma lines). The CCD data were also collected using 

optimum resolution conditions: the resolution was limited by the bandwidth of the Raman 

peaks, not the spectrometer. The accuracy of the CCD frequency data in Table 3-5 is 

indicated by good agreement with the literature averages Therefore, the use of this data 

set for calibration purposes is recommended. 

The data that are available in the literature for the region between 2600 and 3250 

Acm"' is much less complete. Only two of the references cited report Raman frequencies 

in this region [212,225]. It appears that the values mentioned by Sharma et al. [225] are 

just rounded values from the work of Hendra [212]. It also appears that two of these 

values (2892 and 2901 Acm"') are significantly in error. There is no peak at 2901 Acm"' 

in the indene spectra we obtain, as reported in Table 3-6. In addition, the relative 

intensities of the 2892 (ms = medium strong) and the 2901 Acm"' (m = medium) bands 
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reported by Hendra clearly suggest that these barxds are, in fact, the 2887.8 and 2892.4 

Acm"' bands, respectively, observed in this laboratory. It is not clear how the ftequencies 

reported by Hendra were obtained, as no experimental details or references are provided. 

As a result, insufBcient information is available in the literature to allow calibration of 

this region using indene. In fact, a good chemical standard for this region has not been 

previously reported in the Raman literature. 

In addition to the paucity of indene Raman literature, a large discrepancy between 

the IR spectrum [228] and the Raman spectrum in this region exists. It appears that the 

only useful Raman data available are those obtained in this work. As a result, the 

accuracy of these values can not be confirmed as readily as that of the peaks below 1700 

Acm"'. However, the quality of the results discussed above in the region below 1700 

Acm"' and the fact that these data were obtained by calibrating against the Ar"^ laser 

plasma lines and collected using optimal resolution conditions provides a reasonable 

degree of assurance that these data are also accurate. The only estimates of accuracy 

available are 95% confidence intervals of the CCD data. It should be pointed out that by 

the criteria described in the introduction, indene is a poor chemical standard in this region; 

the spectrum has relatively few peaks, and the bands are broad and overlapping. 

Unfortunately, this is characteristic of the Raman spectra of most organic compounds in 

this region. Although not ideal, the use of indene as a standard in this region is better than 

having no standard. 
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Imidazole and a-cvclodextrin as calibration standards. Unfortunately, very few references 

to solid calibration standards are in the Raman literature. Polystyrene films have been 

used in infirared spectroscopy [228]. Imidazole and a-cyclodextrin have been used as 

Raman calibration standards in this laboratory. Imidazole is a useful standard because it 

has a number of peaks evenly distributed from 600 to 1350 Acm"' which are sufficiently 

narrow and well-defined to allow their frequencies to be reproducibly determined. For 

a-cyclodextrin, a large nimiber of peaks occur in the v(CH) region making it a good 

standard for the region from 2850 to 3100 Acm"'. An additional advantage that these 

materials have over indene is their chemical stability. Accurate peak frequencies for these 

materials have been determined in conjunction with their use as standards and are 

reported here. Benzoic acid is another solid compounds that meets these criteria. 

In Table 3-7, the imidazole Raman shifts from multiple determinations are 

reported along with precision limits based on a 95 % confidence level. We are confident 

of the accuracy of these values at this level, since the data used were obtained following 

careful calibration of the Ar"^ plasma lines and the calibrations checked using indene as 

a standard. Except for the five peaks below 300 Acm"', at least four independent 

measurements, with as many as fifteen for some peaks and an average of eight, were made 

for each peak, each with an independent calibration. Due to the polycrystalline nature of 

imidazole, some of the peaks occur as overlapping doublets or triplets (i.e. the 831/837 

Acm*' doublet). Thus, high resolution (as discussed above) is required to obtain the most 

accurate peak positions. Reproducible resolution is required to obtain the best precision. 
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Table 3-7. Vibrational frequencies for polycrystalline imidazole in Acm"'. 

76.6 1093.4 ± 0.2 

93.5 ± 2 1100.0 ± 0.1 

110.8 ± 1.8 1148.5 ± 0.2 

146.5 ± 0.4 1179.3 ± 0.3 

199.5 1188.6 ± 0.2 

209.2 1242.3 ± 0.7 

624.6 ± 0.4 1264.8 ± 0.2 

658.7 ± 2.3 1283.7 ± 0.5 

661.2 ± 0.3 1325.2 ± 0.2 

745.9 ± 0.4 1405.2 ± 0.8 

830.7 ± 0.3 1449.2 ± 0.3 

837.3 ± 0.5 1464.7 ±3.2 

901.4 ±0.3 1480.6 ± 0.2 

925.3 ± 0.2 1502.2 ± 0.9 

931.6 ± 0.3 1542.1 ± 0.5 

1062.4 ± 0.2 3124.7 ± 0.9 

1068.5 ±0.3 3144.4 ± 1.0 

Precision limits are based on a 95% confidence level. 

The frequencies of a-cyclodextrin peaks are useful for calibration between 2800 

and 3100 Acm"' are reported in Table 3-8. The more distinct separation and the larger 

number of these peaks yields more reproducible data than indene, as evidenced by the 

smaller 95% confidence limits. 

Calibration standard selection is an essential step in Raman spectrometer 

calibration. Use of multiple standards is recommended to allow independent checks of 

spectrometer calibration and to allow matching of the standard type to the sample type. 
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Table 3-8. Vibrational frequencies of poiycrystalline 

a-cyclodextrin in Acm"' in the v(CH) region. 

2895.6 ± 0.4 
2917.6 ± 0.4 
2930.0 :b 0.4 
2940.3 ± 0.5 
2951.0 ± 0.4 
2957.7 ± 0.4 
2982.9 ± 0.4 
3025.7 ± 0.4 
3038.7 ± 0.6 

Precision limits are based on a 95% confidence level. 

3.3 Calibration Fit Considerations 

The increased use of multichannel detectors in Raman spectroscopy and the 

enhanced need for calibration that results from the use of these detectors is discussed 

earlier in this chapter. An important point made there is that the type of experiments that 

require multichannel detection often put additional requirements on both the accuracy and 

efficiency of the calibration process [207,208]. In order to adequately interpret data 

obtained from multichannel Raman spectrometers, an accurate and reproducible method 

for translating the array detector image into a Raman spectrum must be developed. This 

is typically accomplished by calibration of the Raman system such that the position of 

each array detector element (or pixel) can be assigned a Acm"' value. The work reported 

here explores how the choice of an expression relating pixel position to Acm*' affects 

calibration. This topic has been covered to a significant extent in the literature 
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[209,230^31]. The emphasis here will be to develop criteria for deciding among 

empirical expressions that are commonly foimd in commercial multichannel detector 

spectroscopy software for use in the calibration process. 

Most of the detectors used in Raman spectroscopy are two dimensional arrays of 

light sensitive elements. Thus, pixel position must be described by two coordinates (i.e. 

a row number and a column number). For the purposes of the following presentation, 

rows will be considered to run along the direction of monochromator dispersion. 

Therefore, each position in a row will correspond to a different frequency of light. The 

columns will then run normal to the direction of dispersion (along what would normally 

be the slit axis) such that all pixels in a column ideally receive the same frequency of 

light. Therefore, frequency information is contained only in the colunm number; row 

number is unimportant to the present theme. For this reason, the terms pixel or pixel 

position will be used to refer to the column number, and will be used to represent a 

position (p) on the detector along the direction of frequency (or wavelength) dispersion 

throughout the remainder of this chapter. 

In general, computer software is used to assign Acm"' values to pixel numbers 

based on empirically determined mathematical expressions that relate the two quantities. 

Generally, this is done by "calibrating" the spectrometer against some standard sample. 

The relationship between p and Acm"' is then determined by comparing the pixel 

locations to the known frequencies of the standard peaks. This is typically done by fitting 

the relationship between these two variables to an appropriate mathematical expression. 
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Both accuracy and precision of reported data can be affected by the calculations 

required to convert the experimental data into the final reportable form. It is important 

to understand how data treatment affects the results of any scientific analysis. In the case 

at hand, it is necessary to determine the effect of converting pixel number to Acm'^ on 

calibration accuracy. The probability of successfiilly applying a mathematical expression 

to relate two experimentally-determined quantities is greatly improved when there is a 

sound physical basis for that expression. The reciprocal linear dispersion of grating 

spectrometers used for Raman spectroscopy is approximately linear in A, at the detector. 

For this reason, it is advantageous to calibrate the spectrometer in A,, and then use a 

relationship between the X of the observed Raman band and the k of laser excitation (XgJ 

to convert the spectrum to Acm"' [209]. Detailed algorithms have been described for 

calibration of multichannel Raman spectrometers based on a knowledge of focal length, 

tilt of focal plane, groove density of grating and all pertinent angles [232,233], This 

approach is workable but impractical for situations in which firequent changes are made 

in experimental configuration. Alternatively, the relationship between p and X can be 

conveniently obtained using a linear least squares fit of these two variables. This method 

only requires that and the observed Raman band be known to at least ± 0.01 nm (0.01 

nm is equivalent to 0.6 cm"' at 400 nm, 0.3 cm"' at 600 nm and 0.1 cm"' at 1000 nm). 

It is important to note that multichannel detectors exist in which the relationship 

between pixel number and the spatial distribution of the scattered light on the detector is 

not linear. This type of distortion requires subsequent corrections to be made. This effect 
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might be observed from a detector in which the detector elements (pixels) were not of 

imiform size. For example, Hamaguchi [209] compared two types of intensified 

photodiode array (PDA) detectors. An accurate calibration was obtained for one of these 

detectors using a linear fit between p and X. However, a fifth order polynomial fit was 

required to achieve comparable precision when using the other detector. Hamaguchi 

concluded that this effect was not due to aberration of the polychromator, but rather to 

differences in the design of the detectors used. Hamaguchi [209] described a "virtual 

chaimel method" for correction of data from non-ideal array detectors of this type prior 

to calibration. Subsequent discussion here will assume ideal array detector response in 

this regard or that data from non-ideal detectors be corrected in a maimer similar to that 

described by Hamaguchi. 

In some situations, it may be more convenient to obtain an empirical expression 

that relates pixel number directly to Acm''. In particular, this approach might be 

necessary with inflexible software which does not permit calibration by other means, or 

requires complex treatment of each spectrum in order to convert from X to Acm''. In 

these cases, selection of the type of expression used to fit the calibration data is critical. 

Again, it is advantageous for this expression to be based on the physical attributes of the 

spectrometer. 

If the dispersion of the monochromator is assumed to be linear in A,, the A, at the 

center of any given pixel position(p) can be described by the following equation: 



176 

^ = Dp ^ (45) 

where D is the dispersion of the spectrometer on the array detector in cm/element, and 

A,p=o is the wavelength in cm at the center of the zeroth pixel. The use of an intercept 

(A^) at the "zeroth pixel" is merely a mathematical convenience and is useful regardless 

of whether or not there is an actual physical pixel designated by p=0. The unit of A, used 

here is cm, rather than nm, in order to simplify the expression for conversion to Acm"' 

below. From these considerations, equation (46), which shows the relationship between 

p and Acm'*, can be written as follows: 

In this expression, is the wavelength in cm of the monochromatic excitation source 

(usually a laser). The relationship between Acm"' and p cannot be simplified into a 

polynomial format, and thus, may not be directly amenable to fitting by the polynomial 

fitting routines that are standard in many multichannel spectrometer calibration software 

packages. However, optimization routines (e.g., the simplex method [234-236]) are 

available which might be applied to the calibration of multichannel Raman spectrometers 

using this relationship. 

The alternative is to use the polynomial expressions supplied with the detector 

software. Polynomial equations have the general form 
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The constant n signiJBes the order of the polynomial equation. The use of the first three 

polynomials (n = 1, 2 and 3) as expressions to relate pixel number (p) to Acm"' were 

examined in this work. Direct calibration in Acm"' using polynomial expressions will be 

compared to calibration in X using a first order polynomial fit followed by conversion to 

Acm''. 

An additional complication of calibrating multichannel systems is the necessity 

of calibrating each firequency region separately. This process can be extremely tedious 

and time consuming, especially when fi'equent calibrations (region changes) are 

necessary. An alternative to calibrating each region separately is also presented and 

evaluated in this section. 

3.3A Computational Methods 

Calculation of Model Spectrum Calibration Data. In order to model the effect of different 

calibration approaches on data which are unaffected by instrumental or experimental 

errors, calibration data were generated and a series of simulated calibrations were 

performed on the data of a "model spectrum". This procedure allows the development of 

a relationship between pixel position on the detector for a given peak, defined as p', and 

\ according to a relationship similar to equation (45): 

All calculations involving this model spectrum were performed using a commercial 
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spreadsheet program (Quattro Pro), p' is a real number, because it describes peak 

position; it is not confined to integer values as ^vas pixel number (p). It is also important 

to note that if a peak was situated exactly in the center of pixel 125, p' would have a value 

ofl25.0 (not 125.5). 

The model spectrum was chosen to contain 15 peaks from 900.0 to 1600.0 Acm"', 

placed at exactly 50.0 cm"' intervals. A knowledge of peak width or intensity is not 

necessary for calibration calculations; therefore, only the peak frequencies are considered. 

An excitation wavelength of exactly 600.00 nm was chosen for these model calculations. 

For modelling purposes, an "array detector" spectral region from exactly 1050.0 Acm"' 

to exactly 1450.0 Acm"' was chosen and used for these calibration calculations. The pixel 

numbers (p) are referenced to these two frequencies: p = 0 at 1050.0 Acm"' and p = 500 

at 1450.0 Acm"'. This description requires the model "array detector" to have 500 pixels 

and span a region 400 cm"' wide. These dimensions were chosen to approximate those 

of the Raman system used in this work. 

In order to simulate a calibration extrapolation process in which the calibration 

is used beyond the limits of the calibration data, the expressions resulting from calibration 

of the model spectrum (calibration expressions) were used to determine the frequencies 

of peaks that occur above and below this region. As a result, pixel values in the 

calculations actually range from ca. -180 to 695. 

Calculation of the model spectrum and calibration of this spectrum once it is 

generated involve three steps: 
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1. Calculate the positions of each of the peaks on the "array detector". This process 

generates an uncalibrated spectrum which is used as a model spectrum of a standard 

sample collected on an uncalibrated detector, in order to determine the positions on the 

detector where the peaks of the standard are observed. For these calculations, an ideal 

linear dispersion relationship between k and p is assumed. By converting Acm'' to 

absolute wavelength and interpolating between the reference points (p=0 and p=500), the 

position on the detector (p') where a peak should fall can be calculated by 

In these expressions, 600.00 is the excitation wavelength in nm (converted to cm by 

multiplying 10'^); v is the frequency of the peak in Acm*' (converted to nm"' by the factor 

10'^), and A,p=o and A.p=5oo are the wavelengths in nm at p=0 and p=500, respectively. The 

multiplication factor of 500 is the number of pixels. All values of p' were calculated to 

the nearest 0.1 pixel. As has been noted previously for real experimental data, it is 

necessary to estimate the locations of peaks to a fraction of a pixel in order to obtain the 

best calibration results [207,209]. 

In a second series of calculations, the effect of erroneous calibration data on each 

calibration method was studied by introducing an error into the data used for calibration 

p=500 p-0  

(49) 

\=o = [(600.00xl0"^)''-1050.0]'' = 6.4034x10"® cm = 640.34 nm (50) 

^p=soo = [(600.00xl0"'')''-1450.0]"' = 6.5717x10"® cm = 657.17 nm (51) 
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by adding 1.0 cm'' to the frequency of a chosen peak. In those cases, the erroneous 

frequency (Vgn^) is defined by = v + 1, and replaces v in equation (49). 

2. Determination of the expression relating p and Acm'' ri.e. the calibration expression). 

In order to simulate a calibration in Acm'^ the relationship between Acm"' and p is 

determined by fitting v and p' to an appropriate expression (first, second, or third order 

polynomial). Coefficients of first order expressions were obtained usmg the linear 

regression routine available in Quattro Pro. Coefficients for second and third order 

polynomial expressions were determined using the matrix inversion and multiplication 

capabilities of Quattro Pro in the following implementations of the standard least squares 

fit technique [215]: 

Second Order Polynomial 

"l E p" E/  m 
-1  •  Ev  

"l 
= E p" E p" E p'  X E p'v 

E p" E p" E p" E p"v 

Third Order Polynomial 

"j E p" E p a E p' m 
-I •  E V  

"i E p'* E p n E p" E p' E p'v 

"i E p" E p 
/4 E p" E p" E p'"v 

"o E p" E p 
/s E p" E p" E p"v 
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In these expressions, m is the number of peaks used in the calibration (i.e. the number of 

data points). The coefficients (a^, a,, a2, etc.) obtained from these calculations yield 

polynomial expressions of the form shown in equation (54) which relate v and p. 

Va/ = ^nP'" ^ «0 (^4) 

Values of n (1,2, or 3) represent the order of the polynomial being used (first, second, or 

third, respectively). 

To simulate calibration in run, the absolute wavelength at which each simulated 

Raman peak is observed is calculated by the expression 

X = [(600.00x10''')"' - v]'' X 10^ (55) 

The values of X generated from this expression are used to determine coefficients for 

equation (48) by fitting A. and p' using the linear regression routine of Quattro Pro. 

3. Calculate frequencies using the calibration expression. Having obtained calibration 

expressions for each of the methods considered, the same values of p' were used in those 

expressions to generate "calibrated frequencies" (v^ai). This final step is analogous to 

checking the calibration by taking a spectrum with the calibrated spectrometer. The use 

of the same values of p' assumes that the position of each peak on the detector is exactly 

reproducible. The error that results from calibration is then Vcg, - v. 

In cases of direct calibration in Acm"', equation (54) is used. For calibration in 

A,, equation (45) is used to calculate the absolute k of the peaks, and Vcaj is calculated 
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from the following relationship: 

= (600.00x10-')-' - (56) 

Experimental Data Calculations. Similar calculations were performed from experimental 

p' versus Acm"' relationships obtained experimentally from Raman spectra of imidazole. 

Since values of p' and Acm"' are obtained experimentally, there is no need to calculate 

values of p' for this data. Calculation of the calibration expression coefficients, Vcai, and 

the calibration error were performed precisely as described in steps 2) and 3) of the 

simulation method described above. 

3.3B Fit Method Selection and Calibration Errors: Model Spectrum 

Calibration simulations were performed as described in the preceding section. 

Three methods of calibration were simulated and are summarized below: 

Method 1: p' and X  are fit to first order polynomial; A, is converted to Acm"'. 

Method 2: p' and Acm"' are fit to a second order polynomial. 

Method 3: p' and Acm"' are fit to a third order polynomial. 

Model spectra were calibrated in the 1050 to A1450 cm"' region using either nine peak 

or five peak data sets, hi Table 3-9, calibration errors are reported for nine and five point 

calibrations as a function of calibration method and v. Spectral peaks used in each 

calibration are identified by an asterisk (*) in the table. 
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Table 3-9. Calibration errors (in cm"') from simulated data for 500 
pixel CCD, excitation A. 600.0 nm. 

Peak 9 Point Calibration 5 Point Calibration 
V 

(Acm"') 
Method Method 

V 

(Acm"') 
1 2 3 1 2 3 

900 0.0 0.1 0.0 0.0 0.1 -0.1 

950 0.0 0.1 0.0 0.0 0.1 0.0 

1000 0.0 0.0 0.0 0.0 O.l 0.0 

1050 • 0.0 0.0 0.0 * 0.0 0.0 0.0 

1100 * 0.0 0.0 0.0 * 0.0 0.0 0.0 

1150 * 0.0 0.0 0.0 0.0 0.0 0.0 

1200 * 0.0 0.0 0.0 * 0.0 0.0 0.0 

1250 * 0.0 0.0 0.0 0.0 0.0 0.0 

1300 * -0.1 0.0 -0.1 -0.1 -0.1 -0.1 

1350 * 0.0 0.0 0.0 0.0 0.0 0.0 

1400 * 0.0 0.0 0.0 * 0.0 0.0 0.0 

1450 * 0.0 0.0 0.0 * 0.0 0.0 0.0 

1500 0.0 0.0 0.0 0.0 0.0 0.1 

1550 0.0 -0.1 0.0 0.0 -0.1 0.1 

1600 -0.1 -0.2 0.0 -0.1 -0.1 0.2 

* Peaks used in calibration. 
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When error free calibration data is used, the absolute errors for all three methods 

are ^ 0.2 cm"'. The 0.1 cm"' error observed for a few of the points using method 1 is due 

to round-ofif error associated with rounding the pixel values used in the calibration to the 

nearest 0.1 pixel. Furthermore, significant errors are sqI observed when the calibration 

is extrapolated below 1050 Acm"' or above 1450 Acm"' for any of these three methods. 

The use of the nine peaks uniformly spaced over the entire calibration region 

represents a more ideal calibration situation. In contrast, the use of only five points, 

leaving two gaps in the calibration region (100 and 200 cm"' wide), is representative of 

more realistic experimental data. The results suggest that even when only five data points 

are used for calibration (right side of Table 3-9), absolute values of the calibration errors 

are still ^ 0.2 cm"' for all three methods. 

The next step was to test the effect of introducing some error into the calibration 

data. Only five points were used for calibration purposes in these calculations in order 

to accentuate any differences present in the responses. Five separate calibrations were 

performed for each method. In each "calibration", an error was introduced into p' of a 

different peak, so that the effects of errors occurring at all five peaks were examined 

individually. The position of the erroneous peak (p') on the CCD was determined by 

assuming an error equivalent to +1.0 Acm"' as described above. The correct value of v 

(or A,) of the erroneous peak was used with the adjusted value of p', along with the 

unaltered values of the remaining points in the calibration. The expression derived from 

the calibration was then used to generate calibrated frequencies for all peaks. The 
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calibration errors generated between the model spectrum and the calibrated spectrum are 

given in Tables 3-10 and 3-11. 

The results of method 1 are given in Table 3-10. Between 1050 Acm"' and 1450 

Acm"', the deviations from the original frequencies are all less than 0.5 cm"* (with the 

exception of the frequency of the erroneous data point) and generally increase or decrease 

monotonically across the spectral region. The small uniform trends observed in the errors 

suggest that extrapolation of the calibration several hundred cm"' beyond the calibration 

limits will probably result in errors that are not greater than a few cm"'. In each of the 

calibrations, the frequency of the erroneous peak does not follow the trend of the 

remainder of the data; this results from using the erroneous value of p' to calculate Vcai-

The results of methods 2 and 3 are reported together in Table 3-11 to allow them 

to be compared with each other directly. The results in Table 3-11 suggest that the use 

of a second order polynomial gives better overall results. Within the frequency range of 

the peaks used for calibration (1050-1450 Acm"'), the largest absolute calibration errors 

are 0.8 and 1.1 for methods 2 and 3, respectively. The maximum absolute error in the 

regions of extrapolation is 2.2 cm"' when using a second order polynomial expression. 

Extrapolation using a third order polynomial results in much larger errors, as high as 7.7 

cm"'. In general, the fit results are better when using method 2. A second order 

polynomial is the expression for a parabola. Although these functions are curved, in 

regions in which the change in slope is relatively small (away from the maximum or 



Table 3-10. Calibration errors (in Acm"') resulting 
from the inclusion of an erroneous data point in the 
calibration data using method 1. 

Peak 
V 

(Acm"') 

V of Erroneous Point (cm*') Peak 
V 

(Acm"') 1051 1101 1201 1401 1451 

900 -0.7 -0.6 -0.3 0.2 0.3 

950 -0.6 -0.5 -0.3 0.2 0.3 

1000 -0.6 -0.5 -0.3 0.1 0.2 

* 1050 0.5 -0.4 -0.3 0.0 0.1 

* 1100 -0.4 0.6 -0.2 0.0 0.0 

1150 -0.3 -0.3 -0.2 -0.1 -0.0 

* 1200 -0.2 -0.2 0.8 -0.1 -O.l 

1250 -0.2 -0.2 -0.2 -0.2 -0.2 

1300 -0.2 -0.2 -0.2 -0.3 -0.4 

1350 -0.0 -0.1 -0.1 -0.3 -0.4 

* 1400 0.0 0.0 -0.1 0.6 -0.5 

* 1450 0.1 0.0 -O.I -0.5 0.4 

1500 0.2 0.1 -0.1 -0.5 -0.6 

1550 0.2 0.1 -0.1 -0.6 -0.8 

1600 0.3 0.1 -0.1 -0.7 -0.9 

* Peaks used in calibration. 



Table 3-11. Calibration enors (in cm"') resulting from the inclusion of an erroneous data 
point in the calibration data using methods 2 and 3. 

Peak 
V 

V of Erroneous Point (Acm"') 
Peak 

V Calibration Method 2 Calibration Method 3 

(Acm"') 
1051 1101 1201 1401 1451 1051 1101 1201 1401 1451 

900 -2.2 -0.2 2.1 0.8 -0.8 -5.3 2.8 3.0 -4.9 3.2 
950 -1.6 -0.3 1.3 0.6 -0.5 -3.3 1.4 1.9 -1.5 1.7 

1000 -1.1 -0.3 0.7 0.3 -0.3 -1.9 0.4 0.9 -1.0 0.6 

* 1050 0.3 -0.4 0.1 0.1 -0.1 0.1 -0.2 0.2 -0.1 0.1 

* 1100 -0.4 0.0 -0.3 0.0 0.0 -0.3 0.5 -0.3 0.2 -0.1 

1150 -0.1 0.6 -0.6 -0.2 0.1 0.1 -0.5 -0.6 0.2 -0.1 
* 1200 0.1 -0.3 0.2 -0.3 0.2 0.2 -0.3 0.2 -0.2 0.1 

1250 0.3 -0.2 -0.8 -0.3 0.1 0.1 -0.1 -0.7 -0.6 0.3 
1300 0.2 -0.2 -0.8 -0.4 0.0 -0.1 0.1 -0.7 -1.0 0.4 
1350 0.3 -0.1 -0.5 -0.4 -0.1 -0.1 0.3 -0.4 -1.1 0.4 

* 1400 0.1 0.0 -0.2 0.6 -0.4 -0.1 0.2 -0.1 0.1 -0.1 

* 1450 -0.1 0.0 0.2 -0.4 0.3 0.1 -0.1 0.1 -0.1 0.0 

1500 -0.4 0.2 0.7 -0.3 -1.1 0.6 -0.8 0.4 1.5 -2.4 

1550 -0.9 0.2 1.3 -0.4 -1.7 1.5 -2.1 0.5 4.0 -4.6 

1600 -1.4 0.2 2.0 -0.3 -1.3 2.9 -4.0 0.7 7.6 -7.7 

* Peaks used in calibration. 
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minimum of the parabola), the slope acts monotonically, and it may be a suitable choice 

for the purpose of calibrating a multichannel Raman spectrometer. 

The ejqjressions relating p to Acm'^ and the quadratic equation are significantly 

different; therefore, good agreement between these expressions should only be expected 

over small regions. An additional correction to the curvature can be made by using higher 

order polynomials. The amount of curvature modification increases with increasing order 

of the polynomial, and thus, the fit of the experimental data is expected to improve. In 

fact, this is observed in the data in Table 3-11 if only the data pomts which were used for 

calibration are considered (only the data points between 1050 and 1450 cm"'). Only one 

of the points used for calibration had an absolute error greater than 0.4 cm"' when a third 

order polynomial is used, but five of the points used for the second order calibration have 

errors greater than 0.4 cm"'. Third order and higher polynomials are often used for 

calibration because better agreement between the experimental and expected values of 

peaks used for the calibration is obtained. However, close examination of the rest of the 

data suggests that this good fit of the calibration peaks can be very misleading. The 

majority (ten of eleven) of the large errors observed in this region for method 3 are from 

peaks which were not used for calibration. When using a quadratic expression to fit the 

data (method 2), the large errors in this region are more evenly distributed between the 

peaks used for calibration (five) and those which were not (seven). 

Higher order polynomials (including third order) have the tendency to be too 

"flexible". If errors are present in the calibration data, the higher order polynomials may 
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over-correct the curvature in order to accommodate an erroneous calibration point. This 

can result in larger errors in subsequent calibrated spectra. These results demonstrate the 

danger of using the same spectral features for calibration and for checking the quality of 

a calibration. When this is done, errors in the calibration may be overlooked. In other 

words, it is a poor practice to check a calibration by taking a calibrated spectrum of the 

calibration standard. It is better to check a calibration with standards other than the one 

used for calibration. 

3.3C Fit Method Selection and Calibration Errors: Experimental Data 

The effect of calibration fit method selection on calibration enror observed for the 

model spectrum can also be observed for experimental data. A Raman spectrum of solid 

imidazole was collected using 514.5 nm excitation. The monochromator was set to 542.4 

nm (corresponding to ca. 1000 Acm"' at the center of the CCD). The spectrum was 

collected without calibration so that the abscissa would be in pixel units. The fi:equencies 

of the solid imidazole Raman spectrum have been previously determined precisely [208]. 

The following steps were taken to determine the pixel positions of the peaks to the nearest 

0.1 pixel: 

1. The sloping background was subtracted after fitting it to a second order polynomial 

using routines incorporated in Spectra Calc (TM). 
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2. The Spectra Calc (TM) Arraybasic program INTERPOL.AB was used to increase 

the number of points in the spectrum 8-fold by interpolation^ The interpolation 

allows the cursor to be positioned at 0.125 pixel increments (rather than 1 pixel 

increments). The ability to position the cursor more precisely aids in estimating the 

position of peaks more reproducibly. 

3. Each peak was expanded to fill the screen. The peak position was determined 

visually taking into consideration both the peak maximimi and the center of mass 

of the peak. 

Except for shoulders, peak positions determined this way were reproducible to ± 0.2 

pixel. The resulting peak positions (p') and previously determined frequencies of 

imidazole [208] were used in generating calibration expressions by the same three 

methods (1,3,4) using Quattro Pro. The resulting calibration expressions were then used 

to calculate values of from the experimental values of p'. 

a The INTERPOL.AB routine is supplied with the Spectra Calc (TM) program. 

This routine uses an inverse Fast Fourier Transform (FFT) to convert the data to 

the time domain. The time domain spectrum is then interpolated, and then a FFT 

is used to obtain a frequency domain spectrum with peaks with a normal 

smoothed appearance from which peak frequencies can be conveniently 

determined. See reference [207] for a more complete discussion of estimating 

peak positions to the nearest 0.25 pixel. Other methods of estimating peak 

position to the nearest 0.25 pixel (including normal interpolation) give identical 

results. This routine was preferred in this work because it facilitated the quick 

estimation of peak frequencies. 
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In Table 3-12, calibrated frequencies from these methods are compared with the 

previously determined values for all twelve peaks [208]. The frequencies obtained from 

all three methods of calibration agree with the accepted data very well. The largest 

absolute deviations (0.2 and 0.3 cm"') probably result from the difficulty in determining 

the frequencies of overlapping peaks and shoulders. These results attest to the precision 

and accuracy that can be achieved with multichannel detector-based Raman systems when 

the proper steps are taken to carefully collect the data [207] and calibrate the spectrometer 

[209]. 

In Table 3-13, only the central six data points were used for the calibration. Small 

increases can be noted in the errors of the first three frequencies for methods 1 and 2 

relative to those calculated when all twelve peaks were used for calibration. These errors 

range from 0.2 to 1.0 cm''. Even larger errors (as large as 1.6 cm"') are observed when 

method 3 is used. A slight increase in the errors of the last three peaks is observed for 

method 2. 

In the preceding section, the effect of erroneous p' values on calibration was 

examined using model calculations. In addition to the accurate determination of p', a 

good calibration also requires an accurate knowledge of the Acm"' values (v) of the 

standard. The effect of poor v data on the calibration was examined using a set of Acm"' 

values for imidazole of poorer accuracy than those used in Tables 3-12 and 3-13. The 

results are shown in Tables 3-14 and 3-15. The low accuracy imidazole frequencies were 

obtained by collecting a single spectrum on a conventional scanning Raman spectrometer 



Table 3-12. Calibration errors (in cm"') from calibration of 
experimental Raman spectrum of imidazole using all points 
for calibration. 

Most Accurate 
Peak V 

(Acm"') 
ref. [208] 

Calibration Method Most Accurate 
Peak V 

(Acm"') 
ref. [208] 

1 2 3 

* 830.7 -0.1 -0.1 -0.2 

* 837.3 0.2 0.2 0.2 

* 901.4 0.2 0.2 0.3 

» 925.3 -0.2 -0.2 -0.2 

* 931.6 -0.2 -0.1 -0.1 

* 1062.4 0.0 0.0 0.0 

* 1068.5 0.1 0.1 0.1 

* 1093.4 0.0 0.0 0.0 

* 1100.0 0.0 0.0 0.0 

* 1148.5 0.0 0.0 0.0 

* 1179.3 0.0 -0.1 -0.1 

* 1188.6 0.1 0.0 0.0 

* Peaks used in calihratinn. 



Table 3-13. Calibration errors (in cm*') from calibration of 
experimental Raman spectrum of imidazole using only six peaks 
for calibration. 

Most Accurate 
Peak 

V 

Acm"' 
Ref. [208] 

Calibration Method Most Accurate 
Peak 

V 

Acm"' 
Ref. [208] 

1 2 3 

830.7 0.2 0.7 1.4 

837.3 0.5 1.0 1.6 

901.4 0.5 0.6 0.7 

* 925.3 0.0 0.0 0.0 

* 931.6 0.0 0.0 0.0 

* 1062.4 0.0 -0.1 -0.1 

* 1068.5 0.1 0.1 0.1 

* 1093.4 0.0 0.0 0.0 

* 1100.0 -0.1 0.0 0.0 

1148.5 -0.1 0.2 0.1 

1179.3 -0.2 -0.3 0.0 

1188.6 -0.1 0.5 0.1 

* Peaks used in calibration. 



Table 3-14. Calibration errors (in cm"') from calibration 
of experimental Raman spectrum of imidazole using all 
peaks and less accurate peak frequencies. 

Less 
Accurate 

Calibration Method 

Peak V 

(Acm*') 
1 2 3 

* 830.6 0.0 0.0 0.1 

* 837.7 -0.1 -0.1 -0.1 

• 901.5 0.2 0.2 0.2 

* 925.6 -0.4 -0.4 -0.5 

* 931.2 0.4 0.4 0.3 

* 1062.7 -0.1 -0.1 0.0 

* 1068.7 0.2 0.2 0.2 

* 1093.9 -0.2 -0.2 -0.2 

* 1100.3 0.0 0.0 0.1 

• 1148.8 0.1 0.1 0.1 

* 1179.8 -0.1 -0.1 -0.1 

* 1189.0 0.1 0.1 0.1 

* Peaks used in calibration. 



Table 3-15. Calibration errors (in cm"') from calibration 
of experimental Raman spectrum of imidazole using only 
six peaks and less accurate peak frequencies.. 

Less 
Accurate 
Peak V 

Acm"' 

Calibration Method 
Less 

Accurate 
Peak V 

Acm"' 
1 2 3 

830.6 0.1 1.0 30.6 

837.7 -0.1 0.8 26.8 

901.5 0.2 0.5 4.6 

* 925.6 -0.4 -0.4 0.0 

• 931.2 0.4 0.4 0.0 

* 1062.7 0.0 -0.1 -0.2 

* 1068.7 0.2 0.1 0.2 

* 1093.9 -0.2 -0.2 -0.1 

* 1100.3 0.1 0.2 0.0 

1148.8 0.1 0.6 -4.4 

1179.8 -0.1 0.8 -11.7 

1189.0 0.1 1.1 -14.6 

* Peaks used in calibration. 
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with photomultiplier detection. The data are less accurate, primarily because these 

frequencies are based on a single spectrum and resolution obtained was poorer than that 

of subsequent work [208]. Table 3-14 shows the calibration errors obtained when this 

poor accuracy data is used. This table was produced using the same twelve imidazole 

peaks and the same CCD pixel data that were used in the calculations for Table 3-12; only 

the imidazole reference frequencies were changed. As in Table 3-12, there are no 

significant errors noted for any of the methods. However, when only the central six 

points of the lower accuracy data were used for calibration, the results are significantly 

different as shown in Table 3-15. As before, only relatively small errors are observed for 

method 1. A small increase in the calculated error is observed when the second order fit 

is used for calibration. The first and last points are different by ca. 1 cm"'. The 

deviations that result when the third order expression is used are exceedingly large (as 

high as 30 cm"'). This exercise accurately simulates some early studies on the Raman 

spectra of imidazole done by the author. In that work calibration errors of the magnitude 

observed in these calculations were observed for extrapolations beyond the range of the 

calibration data when third order polynomial expressions were used to fit p' and v data for 

calibration purposes. The problem was corrected by obtaining a better set of v data for 

imidazole [208] and the use of quadratic rather than cubic fits for subsequent calibrations. 

A number of important points are suggested by these results. The minimal errors 

observed in instances where all twelve data points were used makes it clear that these 

three methods can be successfiilly used when extrapolation beyond the range of 
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frequencies used for calibration purposes is not necessary. The importance of having 

high-accuracy standards is clearly indicated by the poorer performance of calibrations 

when the frequencies obtained from a single spectrum (Tables 3-14 and 3-15) were used. 

Finally, the sensitivity of higher order polynomials to erroneous data is again clearly 

demonstrated. 

In this laboratory, a second order polynomial is used routinely with excellent 

results. It is noteworthy that limitations in the software supplied with the Photometries 

C C D  r e q u i r e  t e d i o u s  p o s t - p r o c e s s i n g  t o  c o n v e r t  t o  A c m " '  i f  c a l i b r a t i o n  i s  d o n e  i n  X .  

Furthermore, the author is aware of at least one array detector system which offers the use 

of only linear and third order expressions for calibration purposes. Thus, the flexibility 

and convenience of the calibration software should be an important consideration in the 

selection of an array detector system. 

Application to other multichannel spectrometers. The results of this work reflect the 

specifications of the particular Raman system used in this laboratory. The criterion that 

will have the greatest effect on the calibration method of choice is most likely the spectral 

range sampled by the array detector. The above examples are most applicable to 

spectrometers that present 300 to 500 cm"' regions to the array detector. For larger 

spectral regions, the curvature of the p versus Acm"' relationship is severe enough that a 

second order polynomial will not work as effectively as demonstrated above. In these 

cases, calibration based on a third order polynomial will give better results provided 

standard reference frequencies of high accuracy are available. Note, however, that the 
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higher order polynomials are still more susceptible to errors when reference frequencies 

of low accuracy or poor calibration (p') data are used. 

3.30 Potential for Extensive Extrapolation of Wavelength Calibrations 

The configuration of the Raman system used in this laboratory is changed quite 

frequently; therefore, it is necessary to re-calibrate or at least check calibrations against 

standards on a daily basis and sometimes more often. The calibration process is time 

consuming, consisting of the following steps: 

1. A spectrum of a reference standard is collected. 

2. Software calibration is performed 

a. Reference spectrum peaks are selected for use in the calibration (this identifies 

the peak positions in pixel number) and accepted Acm"' are input for each peak. 

b. The resulting peak position versus Acm"' data is fitted to an appropriate 

expression. 

c. If the fit results are acceptable the fit parameters are saved as a "template" to a 

"parameter file" in the computer. The "template" is specific for the 

spectrometer position (k at approximately the center of the multichannel 

detector) and the excitation wavelength. 

3. Prior to the collection of subsequent spectra, a "template" (which matches the 

spectrometer position and excitation wavelength being used) must be selected by 

the operator for use by the data acquisition software. Upon collecting the data, the 

acquisition software uses this template to assign Acm"' values to the pixels. The 
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accuracy of the resulting spectra requires that the distribution of dispersed light at 

the detector match that which existed at the time of calibration within ± 1 Acm*^ 

To collect an entire spectrum over the frequency region generally of interest in 

vibrational spectroscopy (ca. 100-1700 Acm"' and 2600-3400 Acm'*), calibration of 

multiple regions may be needed for each excitation wavelength. Time limitations make 

it impractical to repeat this calibration procedure for all spectral regions everyday. It has 

been observed that changes in the instrumental configuration can result in shifts in the 

calibrated frequency [207], however the scale (cm"' per pixel) and the curvature of the 

Acm"' versus pixel number response is not noticeably affected. Therefore, it is possible 

to use templates from older calibrations primarily to convert the spectrum into a scale that 

is linear in Acm"'; the result is a spectrum in which the inter-peak spacings are accurate, 

but which may be shifted by a constant factor from there actual positions. These spectra 

can easily be corrected by taking a spectrum of a reference standard under identical 

conditions (usually just before or after the acquisition of the data which will be corrected). 

The resulting reference spectrum is then compared with the known Acm"' values of the 

standard, and this information is used to shift the frequencies of the experimental data 

accordingly. As a result, daily calibrations are replaced by the collection of reference 

spectra which requires less time. 

There are situations in which even the above measures have not been able to 

sufficiently reduce the calibration time requirements. When tunable lasers are used as 

excitation sources, the nimiber of calibrations required (and the number of templates or 
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parameter files that result) may quickly become unmanageable. Additional problems are 

encountered when it is necessary to change between spectral regions fi^quently: the need 

to continually change the template with each change of the spectrometer position or 

excitation wavelength becomes painfully tedious and time consuming. For example, in 

one recent study in this laboratory [237], it was necessary to study the potential 

dependence of the surface enhanced Raman scattering (SERS) spectra of a number of 

adsorbates. This required the collection of spectra fi-om several spectral regions at each 

potential. The SERS spectral response can be altered irreversibly with changes in 

electrode potential, making it necessary to collect spectra in all regions at a given 

potential prior to continuing to the next potential. Collection of one complete set of data 

for one adsorbate using this approach would require the template to be changed nearly 

300 times. 

As a result of the linear nature of the wavelength dispersion of the 

monochromator, the possibility of using one wavelength calibration for a complete 

Raman spectrum was explored. This was accomplished by calibrating the spectrometer 

in one spectral region in wavelength units with the spectrometer set to the "calibration 

wavelength" (Xcai)- The spectrometer and CCD are aligned such that the A. at which the 

monochromator is set is roughly at the center of the CCD. If a spectrum is required at 

another wavelength (X'), the spectrometer is set to X', but the A-cai template is used to 

convert the data firom pixel number to A.. It is assumed that this calibration can be 

extrapolated to A.' because of the linearity of the p versus X relationship. The X of the 
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resulting spectrum is corrected by shifting it by A,'-A.cai nm. Once the k of the spectrum 

has been corrected, it can be converted to Acm"' by the regular method. This approach 

has greatly reduced the number of calibrations required to do the types of studies 

described above, since it has made it feasible to collect spectra in several spectral regions 

with only one template [237]. 

A demonstration of the success of this extrapolation approach is given here for 

experimental Raman spectra acquired from indene, imidazole, and the Ar^ laser plasma 

lines. Following spectrometer A, calibration, spectra of indene, imidazole and the Ar"^ 

laser plasma lines were collected in the seven wavelength regions listed in Table 3-16. 

After the wavelength scales of the spectra were shifted by A,'-A,cai, they were converted 

to Acm"'. The frequencies of these spectra (Vcai) were compared with values from the 

literatiire for indene and imidazole [208], and the plasma lines [210,208]. Calibration 

errors were determined as the difference between v^ai and the values from these two 

previous studies. Averages of the errors in each region were calculated and are shown in 

Table 3-17. Confidence limits (95 %) for these data are also given in Table 3-17. 

These average error values represent the determinate error or bias for each region 

studied, and the confidence limits are measures of the precision of each spectrum. In 

general, the confidence limits are relatively small (sO.4 cm"'). Notable exceptions are 

indene at 533.7,601.1, and 610.3 nm, and imidazole at 610.3 nm. The larger confidence 

limits for indene at 533.7 nm and imidazole (610.3 run) result from the small number of 

peaks found in these regions; there are only five indene peaks and two imidazole peaks 
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in the respective regions. The poor precision in the 601.1 and 610.3 nm regions of indene 

are partially due to uncertainty of the frequencies of indene in this region [208] and 

partially due to the fact that many of the bands in this region are broad and overlap one 

another. Nonetheless, the overall good precision of these data suggests that, as expected, 

linearity of the X calibration successfully allowed extrapolation of the calibration into all 

the regions examined. 

It is important to note, however, that average errors in extrapolation are non-zero 

and significant compared to the generally acceptable accuracy limits of ±1 - 2 cm''. The 

fact that the shifts do not vary in a predictable manner indicates that the frequencies 

obtained directly from these calibrations are not suitable if the desired accuracy and 

precision is less than ±5 cm"' (at best). However, if a reference spectrum of a standard 

is collected under the same conditions as the spectnmi of interest, it can be used to 

determine how much the experimental data must be shifted to obtain corrected 

frequencies of acceptable accuracy. In routine use, this approach was found to be accurate 

to within ±2 cm"'. 

It is also important to note that the calibration errors that result from this 

extrapolation approach are almost always positive, probably due to the slightly non-linear 

nature of the wavelength dispersion. Other factors such as the inaccuracy of the 

monochromator over large frequency regions, irreproducibility in sample alignment, and 

other experimental variables may also contribute to these shifts making them somewhat 

unpredictable. 



Table 3-16. Test regions for extrapolation of wavelength calibration. 

Spectrometer 
Position (nm) 

Approximate 
A. Range (nm) 

Acm"' at Center of 
Region with 514.5 nm 

Excitation 

523.9 517-531 350 

533.7 526-541 700 

542.4 535-550 1000 

551.4 544-558 1300 

557.5 550-565 1500 

601.1 594-607 2800 

610.3 604-617 3050 

Table 3-17. Calibration errors (in cm"') and 95% confidence limits from 
extrapolation of wavelength calibration. 

Spectrometer 
Position (nm) Indene Imidazole Plasma Lines 

523.9 3.4 ± 0.4 2.4 ± 0.3 

533.7 2.8 ±0.5 2.8 ± 0.2 2.2 ± 0.3 

542.4 4.5 ± 0.4 4.1 ±0.3 3.5 ± 0.2 

551.4 0.8 ± 0.2 0.6 ± 0.2 0.1 ±0.1 

557.5 0.9 ± 0.2 0.7 ± 0.2 0.5 ± 0.2 

601.1 4.5 ± 0.9 — 3.2 ±0.3 

610.3 3.2 ± 0.6 2.9 ± 1.3 1.7 ±0.2 
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In spite of these limitations, these results are very good in light of the fact that 

some of the data were extrapolated ca. 1700 cm*' using the calibration of a region that is 

ca. 450 cm"' wide. These results show clearly that one calibration in wavelength can be 

used for an entire Raman spectrum as long as reference spectra of standards are collected 

to determine any necessary shifts for correction of the frequency axis. 

Calibration directly into Acm'' is complicated by the use of tunable lasers in 

several ways. The need for more calibrations which results from using multiple excitation 

wavelengths has been mentioned. With the Raman system calibrated in Acm"', a 

convenient way to determine the exact excitation wavelength may not be available, and 

for some tunable lasers, the reproducibility of the excitation wavelength may not be 

sufBcient to provide the precision required for Raman spectroscopy. These problems can 

be easily handled if the X response of the monochromator is sufficiently linear (as in the 

above example). The same calibration template can be used (via extrapolation) to 

determine the excitation wavelength and for calibrating the Raman spectrum of interest. 

This approach was successfiilly used in a recent SERS study [237] with precision and 

accuracy comparable to those reported above (Table 3-17). 

Finally, it is important to note that the calibration errors between indene, 

imidazole and the plasma lines in any one region show a significant bias between 

samples. The largest difference between two samples (indene and the plasma lines) in the 

same spectral region is 1.5 cm"' in the 610.3 nm region. Part of this large error is also 

partially due to the general lack of precision of the indene frequencies in the v(CH) 
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region. However, in all regions, the plasma line errors are smaller than those for the 

imidazole and indene. This is probably due to the slight difference in the alignment of 

the source of scattered plasma line radiation and the Raman scattered radiation of the 

other two samples. The super-radiant fluorescence beam containing the plasma lines is 

ca. 10 times wider than the laser line; this factor may be the cause of the misalignment. 

The magnitudes of the differences between the errors in the plasma line and Raman 

spectra are usually much less (<0.4 cm"'). Empirically, we have observed this type of 

misalignment in 10 % of the studies done with the instrumentation used in this lab. For 

this reason and others discussed earlier in this chapter [207], a reasonable accuracy limit 

for a single calibrated spectrum is estimated at ±2 cm"'. To obtain better accuracy, the 

results of multiple, independent spectra should be averaged. The acquisition of 

"independent" spectra requires separate calibrations for each spectrum. 

3.3E Conclusions 

When calibrating multichannel Raman spectrometers, selection of the expression 

used to relate Acm"' and p is important. The dispersion of most grating monochromators 

used for Raman spectroscopy is sufficiently linear in A, to warrant direct calibration in X 

with subsequent conversion to Acm"' (method 1). Since this approach is based on the 

physical attributes of the spectrometer, it is the best choice for calibration purposes. This 

has been clearly demonstrated for both simulated and real Raman data. 

In general, the use of second and third order polynomial expressions relating p' 

and V in the calibration of Raman spectrometers using multicharmel detection is 
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satisfactory when method 1 (linear in k) is unavailable or too inconvenient Higher order 

expressions are not recommended, unless the uniformity of the spacial distribution of the 

detector elements is poor. (It is important that the components of any Raman system be 

characterized to ensure that their performance conforms with the standards of this 

discussion before applying these principles to that system.) The flexibility in the 

curvature of the higher order polynomials allows them to conform more closely to the 

experimental data, but does not always effectively constrain them to behavior that is 

characteristic of the relationship between p and Acm"'. This observation has been 

demonstrated on both simulated and real data (see above and [209]). 

When choosing between second or third order polynomial, the second order 

polynomial is preferred under most circumstances, especially when the peaks of the 

standard used for calibration do not span the entire spectral region accessed by the 

detector. In such instances, the quality of the calibration depends on how well the 

calibration can be extrapolated to the regions in which there are no peaks present in the 

spectrum of the standard. Extrapolation using a second order polynomial is generally 

more successful than extrapolation using a third order polynomial. 

The linearity of dispersion of the monochromator used was sufficiently ideal to 

permit the acquisition and conversion of an entire Raman spectrum (ca. 100 to 3200 

Acm"') to Acm'' by extrapolation of the calibration of qqs 450 cm"' spectral region. 

When using tunable laser excitation, it is possible to use a single calibration to determine 

the excitation k as well as for collection of an entire Raman spectrum. 
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CHAPTER 4 

VIBRATIONAL ASSIGNMENTS OF IMIDAZOLE, 

1- AND 2-METHYLIMIDAZOLE 

This chapter introduces the molecules which are the focus of the SERS studies 

reported in following two chapters. The proper interpretation of the SERS data presented 

in those chapters depends on an accurate knowledge of the vibrational mode assignments 

of these molecules. 

4.1 Structure and Importance of Imidazole 

Imidazole (Figtire 4-1) is a 5-membered heterocycle with nitrogen atoms in the 

one (N,) and three (n3) positions. N, is saturated and referred to as the pyrrole nitrogen. 

N3 is unsaturated and referred to as the pyridine nitrogen. Imidazole is basic, N3 being 

protonated in acidic solutions with a Kg of 1.1 X 10"^. Thus, an imidazole solution of pH 

5 is ca. 99% protonated imidazole (imidazoliiun). At pH 9, ca. 99% of imidazole is in the 

neutral form. 

The study of imidazole is important for a number of reasons. The structure of 

4(5)-methylimidazole resembles the structure of the side chain of the amino acid histidine. 

Metal complexes of imidazoles have been used as models of metalloproteins [238-243]. 

Resonance Raman spectroscopy has been suggested as a means of selectively studying 

the metal-histidine interactions in metalloproteins [241,244]. There is also interest in the 

interaction of imidazole and metal surfaces because of the use of these compoimds as anti-
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corrosion agents on copper [245-248] and their potential for use as adhesion promoters 

in electric devices and metal-polymer (epoxy) composites [249^50]. 

4.2 Importance of 1-Methylimidazole and 2-Methylimidazole 

Recently, investigations of methyl group SERS intensities have been used exten

sively in this laboratory to aid in the determination of the orientations of a variety of 

alcohols and alkanethiols on metal surfaces [21,87,89,251-253]. In addition to imidazole, 

SERS studies of 1- and 2-methylimidazole have been performed in order to develop a 

more complete understanding of the interaction of imidazole with metal surfaces. 

pyridine N 

N 
3 

Figure 4-1. Structure of imidazole. 
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4 J Methodology for Assignment of Raman Bands 

A number of approaches are used m the assignment of molecular vibrational 

modes to experimentally determined frequencies. The first step is generally a comparison 

of the measured frequencies to those of analogous molecules that have been previously 

studied. For example, the v(CH) (C-H bond stretching) vibrations of imidazole will fall 

in the 3100-3200 Acm"' region which is characteristic of other aromatic molecules such 

as benzene and pyridine. However, one frequency region may contain more than one type 

of vibration. For example, there is overlap between the v(R) (ring stretching) and the 

5(CH) (in-plane C-H bond bending) vibrations of the imidazoles. More specific 

assignments of modes to vibrational frequencies are often required (e.g., it is usefiil to 

distinguish among the three v(CH) vibrations of imidazole in order to interpret the SERS 

data effectively). 

A number of experiments can be used to augment the assignments that are 

obtained by comparisons with analogous molecules. One particularly usefiil method is 

unique to Raman spectroscopy: Raman depolarization ratio determinations (discussed in 

Chapter 2) are usefiil in distinguishing vibrations of the totally symmetric irreducible 

representation from other vibrations in a molecule. For example, the symmetric and 

antisymmetric v(CH3) vibrations can be distinguished by this method. 

Frequency shifts that result from the replacement of one fiinctional group with 

another are also usefiil in making vibrational mode assignments. Selective isotopic 

substitution of H with D is especially usefiil in this regard. Since the electronic structure 
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of these two atoms is identical, there is very little change in the bond strength upon 

replacement The change in the frequency of the vibration results primarily from the 

difference in the atomic masses of H and D: 

v(X?) ^ 

v(^ ^ Wo ^ 
- =0.71 (57) 

Therefore, the frequencies of vibrations involving D are about 70% of those of the non-

deuterated molecule [254]. Finally, there is an increasing emphasis on the application of 

theoretical calculations (normal coordinate analysis) for the assignment of vibrational 

frequencies. The increasing availability of high speed computers and advances in 

calculational methods are making this an increasingly useful approach [255]. 

The notation used to describe the vibrational modes in subsequent chapters are 

summarized in Table 4-1 along with a number of variations that are used in the cited 

literature. The subscripts "sym" and "asym" indicate symmetric and antisymmetric 

modes, respectively. In some cases, bending modes (y or 6) of substituents are described 

using the atom in the ring to which the substituent is bonded and the atom in the 

substituent to which the ring is bonded. For example, Y(NC) represents the out-of-plane 

bend of the CH3 group of l-Melm or y(NCH3). The first symbol (N) represents an atom 

in the imidazole ring (in this case, Nj) and the second symbol (C) represents the C atom 

of the methyl group. The HCCH grouping is explained later in this chapter. 



Table 4-1. Summary of vibrational mode notation used in text. 

Mode 
Description 

Notation and examples of typical usage 

General Ring Movement of 
substituent relative 

to ring 

Methyl HCCH 

Bend; 
Out-of-plane 

Y Y(R) or Yring 
"torsion" 

Y(CH) 
Y(NC) or YCNCHj) 

YCCHj) 

Bend: 
In-plane 

6 6(R) or 6,i„g 
"deformation" 

6(CH) 
6(NC) or 6(NCH3) 

6(CH3) 

Stretch 
(In-plane) 

V v(R) or v^ing 
"ring breathing" 

v(CH) 
v(NC) or V(NCH3) 

V(CH3) 
v(CH3),y^ 
V(CH3)g5yn, 

v(HCCH) 
v(HCCH),y, 
v(HCCH)^y^ 

Rock or wag P P(CH3) 
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4.4 Assignments of the Imidazole and Imidazolium Raman Spectra 

The importance of imidazole in a number of areas has resulted in its vibrational 

spectrum being studied extensively [216,254-261]. There is still some disagreement on 

the assignment of some of the modes, particularly those involving the N-H bond [255]. 

A detailed analysis of the available imidazole vibrational data will be presented for two 

reasons. It will clarify the assignments of the SERS bands presented later in this work, 

which will facilitate clearer interpretation of the SERS results. Secondly, it can be used 

as a reference in making assignments for the methylimidazoles, which have been studied 

much less thoroughly. 

Tables 4-2 and 4-3 summarize the vibrational frequencies reported for solid and 

aqueous imidazole, respectively. From comparison of these data, it is clear that some 

frequencies have only been reported in one or two of the studies cited. These bands are 

probably anomalous and will not be included in the following discussion. In some of the 

solid spectra, these anomalous peaks may be due to differences in the crystal packing and 

orientation. In some cases, such as the 1285 Acm"' band reported by this author for solid 

imidazole or the 1012 Acm"' band reported by Garfinkel and Edsall [256] for aqueous 

imidazole, the bands may be due to impurities in the samples used. An average frequency 

is reported for vibrations that occur repeatedly in most or all of the works cited. These 

average frequencies will be used as the reference frequencies for assignment purposes. 

Considering the solid spectra, most of the average frequencies are within ±3 cm"' of the 

values determined in this work. The discrepancies result primarily from the difiBculty in 
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comparing frequencies from different crystalline forms of imidazole. The average 

frequencies of the solution spectra are within ±2 cm"' of those measured in this work for 

most vibrations, and larger deviations from the average appear only when the frequency 

of one study is significantly different from the others. 

Hodgson et al. [254] used the IR spectra of imidazole and its 1-, 2,4,5- and 

1,2,4,5-deuterated analogues to reliably distinguish between the C-H, N-H and ring (C-C 

and C-N) modes. That work [254] will be used as the basis for vibrational assignments 

of imidazole except when otherwise noted. The vibrational frequencies and assignments 

of imidazole in the solid phase and in aqueous solution are given in Table 4-4. The 

frequencies and intensities reported in Table 4-4 are values determined in this laboratory. 

Hodgson's studies were done on solid imidazole. 

Figure 4-2 provides a comparison of solid and aqueous imidazole spectra with a 

SERS spectrum of imidazole on a Ag electrode at -0.65 V. The SERS spectrum of the 

imidazole resembles the solution Raman spectrum more than the solid Raman spectrum. 

This is due primarily to the intermolecular interactions of the molecules in the crystal 

lattice of the solid. For this reason, solution spectra will be used for comparison with 

SERS spectra in the following chapters. 

The frequencies of the N-H modes in the spectrum of aqueous imidazole reported 

by Perchard et al. [258] were significantly different from those in the solid and gas 

phases. This indicates that these frequencies are very susceptible to environmental 

influences. 



Table 4-2. Comparison of vibrational frequencies of solid imidazole reported in the literature. 

Raman (Acm"') Infrared (cm"') 
Average 

V 

(Acm"') 
Comments 

This 
Work 

Ref. 
[257] 

Ref. 
[216] 

Ref 
[256] 

Refs. 
[257], 
[258] 

Ref. 
[260] 

Ref. 
[216] 

Ref. 
[254] 

Average 
V 

(Acm"') 
Comments 

620 622 618 620 619 620 
625 625 This Work 
661 658 658 659 658 655 657 658 
746 744 740 738 736 735 736 739 

760 760 757 753 755 757 
831 827 827 830 827 827 828 
838 835 841 837 839 838 835 838 
848 848 This work 
902 899 893 895 891 895 894 896 

926 925 921 924 924 
931 930 934 936 934 930 934 933 

938 934 936 
972 

1050 1053 1050 1052 1051 IR only 
1063 1058 1058 1060 1060 
1068 1064 1068 1067 
1094 1096 1098 1098 1099 1097 

(Continued.,.) 



Table 4-2. Comparison of vibrational frequencies of solid imidazole reported in the literature. 

Raman (Acm"') Infrared (cm"') 
Average 

V 

(Acm"') 
Comments 

This 
Work Ref. 

[257] 
Ref. 

[216] 
Ref. 

[256] 

Refs. 
[257], 
[258] 

Ref. 
[260] 

Ref. 
[216] 

Ref. 
[254] 

Average 
V 

(Acm"') 
Comments 

(Continued...) 
1100 1101 1100 1099 1100 

1145 1138 1144 1140 1142 
1149 1148 1142 1146 1145 1145 1146 

1180 1180 1175 1174 1177 
1243 1244 1244 1243 1244 

1262 1260 1260 1260 1261 
1265 1264 1263 1263 1264 
1285 This work 
1326 1324 1324 1322 1328 1325 1323 1325 

1329 
1406 1400 1403 Raman only 
1450 1452 1451 1448 1445 1445 1450 1449 
1466 This work 
1481 1480 1480 1478 1478 1479 
1496 1495 1492 1498 1493 1495 1490 1494 
1503 1505 1504 Raman only 

1540 

(Continued...) 



Table 4-2. Comparison of vibrational frequencies of solid imidazole reported in the literature. 

Raman (Acm ') Infrared (cm"') Average 

This Ref. Ref. Ref. 
Refs. 
[257], Ref. Ref. Ref. 

V 

(Acm"') Comments 

Work [257] [216] [256] [258] [260] [216] [254] 

(Continued...) 

1543 1542 1550 

1669 

1543 
1577 
1582 

1543 
1573 

1665 

1540 1541 
1573 

1543 
1574 IR only 

2615 2590 2410 2587 2615 2550 
to to to to to 2800 to 

3015 3030 3040 3021 3025 3050 
3100 3110 3105 3100 3104 

3122 3123 3123 
3126 3128 3124 3125 3125 3124 3110 3123 3125 
3145 3143 3140 3145 3128 

3430 
3148 3144 



Table 4-3. Comparison of vibrational frequencies of aqueous imidazole reported in the literature. 

Raman (Acm"') IR (cm"') Average 

This Refs. Refs. 
V 

Work Ref. [256] [257],[258] Ref. [216] Ref. [261] [257],[258] 

622 620 620 624 622 

670 666 672 669 

760 757 750 757 756 

838 839 845 835 

844 842 845 843 

865 865 860 867 864 

916 913 915 915 917 912 915 
930 931 935 931 927 931 

954 
1012 

1032 

1067 1063 1066 1065 1068 1067 1066 

1099 1094 1095 1098 1099 1092 1096 

(Continued ...) 



Table 4-3. Comparison of vibrational frequencies of aqueous imidazole reported in the literature. 

Raman (Acm"') IR (cm') 
Average 

This Refs. Refs. 
Average 

Work Ref. [256] [257],[257] Ref. [216] Ref. [261] [257],[258] 
V 

(Continued.. . )  

1136 1132 1130 1135 1136 1140 1135 
1145 

1161 1156 1160 1160 1161 1160 1160 
1203 

1260 1255 1258 1260 1260 1260 1259 
1330 1326 1328 1328 1329 1327 1328 
1429 1424 1430 1430 1429 1427 1428 
1490 1484 1486 1490 1489 1485 1487 

1497 

1515 

1535 1530 1532 1535 1535 1532 1533 
3060 

3134 3130 3131 3135 3133 
3160 3159 3156 3160 3159 

When reported in these studies, imidazole concentrations ranged from 2 M to 5 M. 
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Figure 4-2. Imidazole Raman spectra. Normal Raman; (a) solid; (b) 1.0 M aqueous solution. 
SERS; (c) imidazole on Ag (-0.65 V). Intensity scales of 100-1650 & 2800-3500 cm"' regions of (a) and (c) 
are different. 
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Table 4-4. Raman shifts (cm'') of imidazole and their assignments. 

Solid Solution^ A$?igiim?nt§ [254^55] 
Imidazole Imidazole A*: in-plane modes 

A": out-of-plane modes 

625 (5)" 622 (2) A Yring 

661 (2) 670 (1) A" V . ^ 1 nng 
746 (6) 760 (1) A" Y(CH) 

831 (7) 

838 (5) 844(2) A" Y(CH) 

848 (2) 865 (2) A" Yring [258] 

902 (13) A' firing 

926 (5) 916 (5) A" Y(CH) 

931 (5) 930 (3) A"Y(NH)/A'6RI„G 

1063(15) 

1068 (8) 1067 (6) A' 6(CH) 

1094 (5) 

1100(24) 1099(13) A' 6(CH) 

1149(101) 1136(53) A VFJNG 

1180 (8) 1161(49) A' 6(NH) [258] 

1189 (33) A'5(NH) 

1243 (1) 

1265(100) 1260(100) A 6(CH) 

1285 (1) 

(Continued...) 

a 1.0 M imidazole 
b Numbers in parentheses are relative intensities. 
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Table 4-4. Frequencies (Acm"') and assignments for the vibrational 
frequencies of imidazole solid and aqueous solution. 

SoUd Solution® 
Imidazole Imidazole Assignment [254,255] 

(Continued ...) 

1326 (42) 1330 (66) A' V -^ "nng 

1406 (2) 

1450 (37) 1429 (31) ^ ^ring 

1466 (1) 

1481 (4) ^ ^ring 

1496 (2) 1490(18) A' V • *nng 

1503 (2) 

1543 (3) 1535(13) ^ ^ring 

2846 vw, b" A' v(NH) 

2940 vw, b A' v(NH) 

3031 vw, b A' v(CH) 

3126 (36) 3134(24) A' v(CH) 

3145(40) 3160 (37) A' v(CH) 

a w^' = very weak, b = broad 
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4.5 Literature Assignments of the Methyiimidazoles 

Very little information about the vibrational assignments of these molecules has 

been reported. 4(5)-Methylimidazole [4(5)-MeIm] has been more thoroughly studied 

[256,262-265] because of its structural similarity to the amino acid histidine. The SERS 

of 4(5)-MeIm was not included in this study, because the exchange of protons between 

the two nitrogens results in the formation of two different tautomers (4-MeIm and 5-

Melm). The need to distinguish between two tautomers at the electrode would greatly 

complicate interpretation of the SERS data. However, because of the unavailability of 

information on the vibrational assignments of 2-methylimidazole (2-MeIm), the 

assignments of 4(5)-MeIm will be included here for comparison to 2-MeIm. Table 4-5 

siunmarizes the available literature in which the vibrations of 4(5)-MeIm are assigned. 

Less work has been done on the vibrational assignments of l-methylimidazole (1-

Melm) [263,266,267]. Table 4-6 summarizes this work. No literature on the assignments 

of 2-MeIm is currently available. 



Table 4-5. Review of 4(5)-metiiylimidazoie assignment literature. 

Vibrational Frequencies Assignments of Vibrational Modes [262] 
A': in-plane modes 

A"; out-of-plane modes 
Infrared [262] (cm"') Solution Raman (cm"') 

Assignments of Vibrational Modes [262] 
A': in-plane modes 

A"; out-of-plane modes 
Solid Solution Ref. [262] Ref [256] 

Assignments of Vibrational Modes [262] 
A': in-plane modes 

A"; out-of-plane modes 

262 

285 270 274 Y(CC) A" 

351 345 339 6(CC) A' 

626 625 630 621 Y(R) A" 

662 Y(R) A" 

670 665 669 660 v(CC) A' 

760 760 765 Y(CH) A" 

820 823 835 822 Y(CH)/6(R) [263] A" 

929 6(R) or Y(CH) A' 

943 940 944 934 Y(NH) A" 

979 975 984 968 P(CH3) A" 

997 998 1000 1008 6(R) or Y(CH) A' 

1043 1030 1029 P(CH3) A' 
v(R)[263] 

1088 1088 1093 1081 

1105 1106 1109 1099 6(CH) A' 

1145 1144 V(R) [263] 

(Continued ...) 



Table 4-5. Review of 4(5)-methyIimidazole assignment literature. 

Vibrational Frequencies Assignments of Vibrational Modes [262] 

Infrared [262] (cm"') Solution Raman (cm"') A: m-piane modes 
A": out-of-plane modes 

Solid Solution Ref. [262] Ref. [256] 

A: m-piane modes 
A": out-of-plane modes 

(Continued.. ) 

1156 1160 

1190 1170 6(NH) A' 

1234 1230 1234 1224 v(R) A' 

1265 1267 1268 1254 6(CH) A' 

1303 1305 

1345 

1310 

1347 

1297 

1336 

v(R) A' 

1382 1390 1395 1385 6(CH3) A' 

1444 1425 1434 1420 6(CH3)/V(R) [262,263] 

1580 1573 1582 1568 v(R) A' 

2750 

2850 

2870 

v(NH) A' 

2935 2928 V(CH3) A' 

2965 V(CH3) A" 

3000 v(CH3) A' 

3115 3136 3126 v(CH) A' 

3127 3160 v(CH) A' 



Table 4-6. Summary of 1-Methylimidazole Assignment Literature. 

V (cm"') Vibrational Assignments V (cm"') 

Ref. [266] Ref. [267] Ref. [263] 

355 6(N-CH3) 6(CN) 

616 [263] R, Y(R) 

665 vCN-CHj) + 6(R) Rj + 6(CN) Y(R) 

909 6(R) + v(R) R6 6(R) 
1029 6(CH3) + 6(R) p(CH3)yy 

1076 6(CH) + v(R) 6(CH) 

1109 6(CH3) 6(CH) 
1230 v(R) + 6(CH3) + vCN-CHj) v(CN) + R5 v(R) 
1286 5(CH) + v(R) 6(CH) 6(CH) 
1330 v(R) + SCCHj) R4 v(R) 
1361 v(R) R3 v(R) 

1421 6(CH3) + v(R) 6(CH3),y, 

1470 6(CH3) + v(R) 6(CH3)asy., 6'(CH3)3y, 

1506 v(R) + 6(CH3) + VCN-CHJ) R2 v(R) 
1518 v(R) + 6(CH3) R| v(R) 
1590 v(R) + 6(CH3) + 6(R) combo. 

2952 V(CH3) 

3016 V(CH3) V(CH3)jjy^ 

3105 v(CH) V(CH)2, V(CH)4.5 
3131 v(CH) V(CH)4.5 
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4.6 Raman Depolarization Ratios of Imidazole, 1- and 2-Methylimidazole 

Polarization data were collected for imidazole, 1-MeIm and 2-MeIm in aqueous 

solution, and neat 1-MeIm as described in Chapter 2. These data were also collected for 

the N-deuterated analogs of imidazole and 2-MeIm in D2O (1-MeIm is not deuterated at 

the pyrrole nitrogen because of the presence of the methyl group). In some instances, the 

corresponding polarized and depolarized spectra were collected for the solvents (H2O and 

D2O), and then these spectra were used to subtract the solvent background from the 

corresponding spectra of the imidazoles. This was especially helpful in the v(CH) region, 

because of the overlap of the intense v(OH) band with the v(CH) bands, as well as the 

overlap between the v(OD) bands with the v(CH3) bands. It was also useful in removing 

the tail of the Rayleigh scattered radiation for peaks below 300 Acm"'. 

4.7 Frequency Shifts Due to Deuteration and Substitution 

Several groups have used deuterated analogs of imidazole to help establish 

vibrational assignments [254,256-258,260]. All of this work was based on the spectra of 

solid samples, and all of these, except [256], were based on IR spectra. 

The deuteration of the pyrrole nitrogen of imidazole is readily accomplished by 

dissolution in D2O. The Raman spectrum of N-deuterated imidazole was obtained from 

a l.O M imidazole in D2O solution. Raman spectra of 2-MeIm and 1-D 2MeIm-d, 

prepared in the same manner were also obtained. 
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4.8 Results of Depolarization and Deuteration Studies 

Raman spectra for the study of depolarization and N-deuteration were collected 

using 514.5 nm laser excitation. Depolarization ratios were determined from peak areas 

obtained by curvefitting the spectra using CFITPLUS. The assignments used in this work 

for imidazole, 1-MeIm and 2-MeIm are given in Tables 4-4,4-8, and 4-9, respectively. 

4.8A Imidazole Data 

The results of the polarization study of imidazole are shown in Figures 4-3 to 4-5. Table 

4-7 summarizes the results of both the depolarization and N-deuteration studies of 

imidazole. 

m 
G 
CD 

750 950 550 850 650 

W a v e n u m b e r s  ( c m ~ " l )  

Figure 4-3. Polarization dependence of 1.0 M imidazole Raman spectrum. 514.5 nm. 
500 to 1000 cm"'. Scale with respect to Figure 4-4: lOX. 



228 

00 

1000 1100 1200 1300 1400 1500 1600 

Wavenumbers  (cm.~l)  

Figure 4-4. Polarization dependence of 1 .OM imidazole Raman spectrum. 514.5 nm. 
1000 to 1600 cm"'. 
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JĴ   ̂  ̂  ̂

1 

3070 3090 3110 3130 3150 3170 

Wavenumbers  (cm~l)  

Figure 4-5. Polarization dependence of 1.0 M imidazole Raman spectrum. 514.5 nm. 
3070 to 3170 cm*'. Scale relative to Figure 4-4: 1.7X. 



Table 4-7. Depolarization ratios and N-deuteration ratios of imidazole. 

Ni-HHIm NpDHIm v(Z)) 
SoUd Him [254] 

V P V P vCH) 1-H 1-D 

621 0.76 557 0.93 0.89 619 622 

667 0.76 657 660 

736 740 

761 0.79 642 0.79 0.96 755 758 

827 831 

839 0.80 819 0.81 0.98 835 838 

864 0.78 860 0.73 1.00 

894 895 

915 0.56 727 0.75 0.79 924 927 

931 0.73 890 0.49 0.96 934 964 

934 554 

1067 0.51 936 0.67 0.88 1052 1060 

1099 0.41 1093 0.97 0.99 1099 1086 

1137 0.11 1124 0.19 0.99 1145 1126 

1162 0.10 950 <0.74 0.82 1170 1140 

1243 916 

1260 0.07 1162 0.05 0.92 1260 1248 

1280 0.30 — 

1329 0.12 1310 0.14 0.99 1323 1319 

1430 0.13 1350 0.35 0.94 1450 1353 

1489 0.11 1453 0.10 0.98 1490 1442 

1500 0.12 — 

1534 0.08 1508 0.08 0.98 1541 1497 

1573 1538 

2860 0.20 

2972 0.05 

3055 0.11 

3134 0.40 

3158 0.14 
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4.8B Methylimidazole Data 

Raman spectra and depolarization data were obtained for neat and 1.0 M aqueous 

1-MeIm. Aqueous 1-MeIm spectra for the 100-1600 Acm"' and the v(CH) regions are 

presented in Figures 4-6 and 4-7, respectively. These data along with depolarization 

ratios are summarized in Table 4-8. 

Raman spectra and depolarization data were obtained for solid 2-MeIm and 1.0 

M aqueous and D2O 2-MeIm solutions. Aqueous 2-MeIm spectra for the 100-1600 Acm"' 

and the v(CH) regions are presented in Figures 4-8 and 4-9, respectively. These data 

along with depolarization ratios are summarized in Table 4-9. 

4.8C Effectiveness of Curvefitting in the v(CH3) Region 

Band position estimates of weak depolarized bands in this region were made by 

comparing spectra obtained with the polarizing filter in both the P and j. orientations 

(Figures 4-7 and 4-9). For example, a maximum in the 2-MeIm j. spectrum at ca. 2975 

Acm"' indicates a weak depolarized band that is not detected in the // spectrum. With the 

exception of two bands, the presence of all bands in this region was detected in this 

maimer. The exceptions (2972 and 2914 Acm"' for 1-Melm and 2-MeIm, respectively) 

were indicated by the inability to get good agreement of curvefit spectra in the regions of 

these peaks in both the H and J. spectra. Once the appropriate number of peaks was 

identified, curvefitting was used to obtain spectral intensities as peak areas. The results 

of the curvefits are shown in the J. spectra in Figures 4-7 and 4-9. 



CD 

2 0 0  4 0 0  6 0 0  8 0 0  1  O O O  1  2 0 0  1  4 0 0  1  6 0 0  

Wavenumbers (cm 
Figure 4-6. Polarization dependence of 1.0 M 1-Melm Raman spectrum. 514.5 nm. 200 to 1600 cm"'. 
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Wavenumbers (cm 

Figure 4-7. Polarization dependence of 1.0 M l-Melm Raman spectrum. 514.5 nm. 
2800 to 3200 cm"'. Fit Results of v(CH3) region shown. 
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Figure 4-8. Polarization dependence of 1.0 M 2-MeIm Raman spectrum. 514.5 nm. 200 to 1600 cm"'. 
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Figure 4-9 Polarization dependence of 1.0 M 2-MeIm Raman spectrum. 514.5 nm. 
2800 to 3200 cm'^ Fit Results of v(CH3) region shown. 
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Table 4-8. Raman shift, intensity and depolarization data of 1-MeIm. 

Neat 1-MeIm l.OM l-Melm Vibrational Assignments 

V (Acm*^) Ircl P V (Acm"') Ircl P 

Vibrational Assignments 

222 7.6 0.68 220 32 0.52 Y(NCH3) 

354 2.9 0.76 350 10 0.85 6(NCH3) 

616 1.6 0.83 619 6.3 0.98 y(R) 
666 44 0.16 668 28 0.25 V(NCH3) 

745 3.3 0.72 Y(CH) 

819 1.4 0.39 Y(CH) 

849 5.6 0.74 855 13 1.26 Y(CH) 

907 3.4 0.71 922 9.6 1.00 Y(CH) 

1029 60 0.11 1031 79 0.10 6(R) 

1077 100 0.16 
rl075 60 0.19 P(CH3), in-plane 

1077 100 0.16 
\ 1084 100 0.18 v(R) 

1109 15 0.48 1110 22 0.30 pCCHj), out-of-plane + R 

1232 13 0.63 1235 20 0.63 combination 

1285 37 0.13 1288 56 0.15 6(CH) 

1327 41 0.14 

1339 28 0.09 1335 87 0.11 v(R) 

1349 373 0.07 1350 169 0.07 v(R) 

1358 41 0.03 1367 81 0.06 v(R) 

1420 10 0.67 1422 13 0.66 6(CH3)3y„ 

1472 31 0.59 1475 1.7 0.31 5(ch3)3syn, 
1504 31 0.13 1512 36 0.07 v(R) 

1516 48 0.12 1528 33 0.12 v(R) 

2816 32 0.03 2822 29 0.01 6(CH3)asy„ + v(R) 

2915 108 0.04 2932 102 0.03 V(CH3)^ 

2954 123 0.02 2967 141 0.01 v(CH3)sy„ FR 

2981 22 0.49 2995 3.9 0.06 

3005 37 0.72 3010 38 0.66 V(CH3)asyn, 

3035 15 br 0.97 V(CH3)3^„ 

3109 93 0.39 3126 87 0.41 v(HCCH)33y„, V(C2-H) 

3135 89 0.09 3149 107 0.10 v(HCCH)^ 
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Table 4-9. Raman shift, intensity and depolari2ation data of 2-MeIm. 

l.OMinHjO l.0MinD2O Vibrational 
Assignments 

V Ircl P V Ircl P 

Vibrational 
Assignments 

111 5.7 0.66 273 1.2 1.05 Y(CCH3) 

261 1.3 0.66 361 0.8 0.38 6(CCH3) 

628 1.1 0.58 630 0.2 0.91 Y(R) 

678 25 0.16 674 7.6 0.13 V(CCH3) 

856 2.2 0.56 855 1.1 1.02 Y(CH) 

928 4.7 0.68 756 0.6 0.76 Y(NH) 

901 0.7 br 0.92 

975 4.1 0.17 969 5.2 0.06 6(R) 

996 12 0.15 995 3.2 0.12 6(R), 6(CH) 

1123 59 0.13 1115 32 0.15 6(CH) 

1153 4.7 0.72 1144 3.5 0.41 P(CH3) 

1282 3.5 0.41 940 1.7 0.73 6(NH) 

1351 9.2 0.34 1213 2.8 0.32 v(R) 

1361 4.8 0.18 1255 1.8 0.09 v(R) 

1398 9.7 0.26( 
1336 6.0 0.15 v(R) 

1398 9.7 0.26( 
1336 v(R) 

1 1386 1.9 0.60 6(CH3)^ 

1477-86 24 ITE 1464 11 0.80 6(CH3)3sy„, sh 

1492 100 0.13 1489 100 0.11 v(R) 

1564 1.6 0.94 1528 0.5 > 1 P(CH3) + Y(R) 

2882 7.6 0.01 

2936 58 0.05 6(CH) v(CH3)3y, FR 

2959 13.7 0.15 V(CH3)^ FR 

2979 3.6 1.05 ^(^^3)asyin 

3007 4.1 0.82 V(CH3)3^ 

3042 3.2 0.67 overtone? 

3114 3.7 0.26 

3128 4.7 0.67 v(KCCK)^ 

3156 20 0.14 v(HCCH)^ 
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4.9 Methyl Group Vibrations 

Properties characteristic of the C3V synunetry of the methyl group are sometimes 

observed in methyiimidazole spectra, even though the overall symmetry of these 

molecules is C2. For example, polarized v(CH3)sy„ modes are observed at lower 

frequencies than depolarized v(CH3)asyn, modes: this polarization behavior is characteristic 

of C3y symmetry, not the overall molecular symmetry. This fimctional symmetry 

preservation is the basis for the use of methyl group vibrations in deteraiining orientations 

of low symmetry molecules from Surface Enhanced Raman Scattering data [196]. The 

assignments of the methyl group modes in this paper, therefore, begin with the premise 

that the vibrations of the CH3 group generally retain their symmetry properties. In 

particular, for the symmetric v(CH3) and p(CH3) modes, p « 0.75, and for the 

antisymmetric modes, p = 0.75. 

4.9A Antisymmetric ch3 Bends (6(CH3)asym) 

Antisymmetric 6(CH3) bands occur between 1430 and 1470 Acm"' [268]. All 

imidazole bands above 1000 Acm"' (6(CH), 6(NH) or v(R) bands) are polarized [286]. 

Thus, as a first approximation, the depolarized bands in the Melm spectra in this region 

must be largely due to presence of the methyl group. The depolarized 1-MeIm band at 

1475 Acm"' is clearly identifiable as the 6(CH3)jsy„ band. No obvious depolarized band 

is observed in the 2-MeIm spectrum between 1430 and 1470 Acm"'. An antisymmetric 

broadening on the low frequency side of the 1492 Acm"' peak may be due to the 2-MeIm 
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6(CH3)asyni band. An accurate depolarization ratio of this shoulder cannot be obtained 

because of the overlap of this band with the much more intense 1492 Acm"' band. 

However, a polarized band is observed at 1464 Acm"' in the spectrum of N-deuterated 2-

Melm. The only altemative for the antisymmetric 6(CH3) assignment is the weak 

depolarized band at 1564 Acm"'. This latter assignment is unlikely, however, given the 

large displacement from the expected position of this mode. It is more likely that the 

1564 Acm"' band is due to a combination of the 628 and 928 Acm"' modes, both of which 

are also depolarized. Therefore the 2-MeIm 6(CH3)asyn, mode is tentatively assigned to 

a shoulder at ca. 1480 Acm*'. 

4.9B Symmetric CH3 Bends (6(CH3)syn,) 

Symmetric 6(CH3) bands occur around 1365-1396 Acm"' [268]. In the literature, 

the 1-MeIm band at 1420 Acm"' has been assigned to the 6(CH3)syn, mode [267] and as 

a combination of 6(CH3) and ring modes [266]. Vibrational behavior in the v(CH3) 

region can be used as an aid in the assignment of the 6(CH3) modes. Typically, v(CH3) 

bands of methyl groups attached to aromatic nitrogens are shifted to higher frequencies 

[269]. For example, the frequency of the v(CH3) band (2954 Acm"') is 17 cm"' higher 

than that of 2-MeIm (see below). A similar shift would explain the observation of the 

6(CH3)syn, band at frequencies slightly higher than expected. Thus, the assignment of the 

1422 Acm"' band to the 6(CH3)syn, mode is more reasonable than the 1367 Acm"', which 

has been consistently assigned to a ring stretching mode [266,267,263]. 
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Both the 1361 and 1398 Acm"' bands of 2-MeIm are found in the 6(CH3)sym 

region. The 1398 Acm"' band has a depolarization ratio (p) of 0.26; however, p=0.60 for 

the analogous band of N-deuterated 2-MeIm. In addition, a band appears at 1255 Acm*' 

in the N-deuterated spectrum with p=0.09. These data suggest a coincidental degeneracy 

of two bands at 1398 Acm"' in the 2-MeIm spectrum with the observed depolarization 

ratio (0.26) being an average of the two. N-deuteration removes this degeneracy and both 

peaks can be observed. The modes expected in this region are the 6(CH3)syn, and 6(R). 

The polarized band shifts to 1255 Acm"', a decrease of 90%. This decrease is 

characteristic of ring vibrations which are indirectly affected by N-deuteration [254]. 

Therefore, this band is assignable to the v(R) mode. The band which shifts to 1386 Acm"' 

can be assigned to the 6(CH3) mode as the CH3 group vibrational frequencies are less 

susceptible to N-deuteration induced shifts. 

The 6(CH3)syn, bands, as assigned above, are both depolarized which is 

inconsistent with symmetry considerations of this mode relative to the ch3 group or the 

entire molecule. However, the above assignments are consistent with all other 

considerations: frequency, deuteration shifts, and behavior of the v(R) mode in this region 

(both polarization and previous frequency assignments). It is likely that the 6(CH3)syn, 

band is due to a combination of the 6(CH3)syn, with other modes (possibly 6(CH3)syn, + 

6(CH3)asyn, + v(R)), and the symmetry of this combination mode is antisymmetric giving 

rise to the observed depolarized behavior. 



240 

4.9C Identification of CH3 Stretching Vibrations 

Two fundamental v(CH3) bands, symmetric and antisymmetric, are usually 

observed in the region between 2950-2980 Acm"' [268]. The v(CH3)asy„ results firom two 

degenerate modes. In molecules of low symmetry, this degeneracy is lost and two 

antisymmetric modes may be observed [270]. Fermi resonance of the v(CH3)syn, mode 

with the overtone of the 6(CH3)asyn, mode commonly results in the observation of two 

v(CH3)syn, bands. However, seven bands (five polarized) are observed for 1-MeIm and 

six bands (three polarized) are observed for 2-MeIm aqueous solutions. A large number 

of overtone and combination bands may be found in this region due to the large number 

of bands in the region between 1280 and 1530 Acm"'. Because there are so many 

possibilities, all overtones and combinations caimot be assigned unequivocally with the 

data used in this study. Therefore, with one exception (2816 Acm"' band of l-Melm), 

only the four bands described above are assigned in this report. 

The v(CH3)asy^ modes are readily identified by the large values of their 

depolarization ratios. The two bands at 3010 and 3032 Acm"' of the 1-MeIm spectrum 

are assigned to v(CH3)asyn, modes. Similarly, the 2979 and 3007 Acm"' bands of 2-MeIm 

are also assigned to v(CH3)asyn, modes. The other depolarized 2-MeIm band in this region 

(3042 Acm"') is weak and positioned so far from the v(CH3)syn, band (2959 Acm"', 

assigned below), that it cannot be considered as a v(CH3)asy,„ mode. 

The most intense bands in this region (2967 and 2936 Acm*' for 1-MeIm and 2-

Melm, respectively) are polarized and are assignable to the v(CH3)syn„FR modes. The 1-
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Melm band at 2932 Acm"' is the best candidate for the other v(CH3)sy„ band arising from 

Fermi resonance with 26(CH3)asym: it is the second most intense band in the v(CH3) 

envelope and occurs just below 2950 Acm"' (twice the 6(CH3)asym frequency). 

There are two bands (2882 and 2959 Acm"') in the 2-MeIm spectrum which need 

to be considered for the other v(CH3)sjt„ band which is also in Fermi resonance with 

25(CH3)asym- The assignment is given to the later, because it is more intense and nearer 

to twice the 6(CH3)asy„ mode frequency. 

The other peaks in this region are assigned as overtone or combination bands. The 

2822 Acm"' band of the 1-MeIm is particularly intense, and thus, worthy of further 

comment. Three types of overtones would give frequencies close to this value: the 

26(CH3)sym overtone; several combinations of v(R) modes, and a ring mode (1335,1350, 

or 1367 Acm*') in combination with the 6(CH3)asyn,. The intensity band suggests that it 

is a combination involving at least one very intense flmdamental. Thus, both the 1475 

(6(CH3)asy^ and 1350 Acm"' (very intense ring mode) are implicated, and the 2822 Acm"' 

band is tentatively assigned as a combination of these two bands. 

4.9D Other Bands Involving the Methyl Group 

Vibrational modes involving the bond between the imidazole ring and the methyl 

group are described with the NCH3 and cch3 notations for 1-MeIm and 2-MeIm, 

respectively. These modes are primarily associated with the motion of the C-C or N-C 

bond connecting the methyl group to the ring and are described as stretches (v), or in-
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plane (6) or out-of-plane (Y) bending modes of those bonds. The Y(NCH3) [267] of 1-

Melm and y(CCH3) [262] bands of 2-MeIm are the lowest frequency bands of their 

respective spectra and are observed at 220 and 273 Acm*% respectively. The 6(NCH3) 

[267] and 6(CCH3) [262] bands are observed at 350 and 367 Acm"', respectively. The 

v(NCH3) [267] at 668 and the v(CCH3) [262] at 674 Acm*' bands are distinguishable from 

the out-of-plane bending bands occurring in this region by the greater intensity of the 

former. Of these, the in-plane bands (v and 6) should have the smaller depolarization 

ratios characteristic of in-plane vibrations. This is clearly observed for the two stretches, 

but the depolarization ratio of 6(CCH3) is 0.66 and that of the 6(NCH3) band is 0.76. As 

with the 6(CH3)syn, band, it is possible that this behavior may result from a combination 

of the 6(NCH3) or 6(NCH3) with other modes, or it may be that the polarization behavior 

of these bands is predominantly affected by the methyl group symmetry rather than that 

of the imidazole ring. 

Methyl rocking vibrations (p(CH3)) of 1-MeIm have been assigned to bands at 

1027 and 1062 Acm'' in IR spectra [267]. These modes are distinguished by the rocking 

motion of the methyl group being either in the plane or normal to the plane of the 

unidazole ring. The band observed at 1031 Acm"' can be assigned to the in-plane p(CH3). 

However, an out-of-plane rocking mode is likely to be depolarized and neither the 1074 

nor the 1084Acm'' bands are depolarized. The band at 1110 Acm"' has a depolarization 

ratio of 0.30, making it a slightly better candidate for the out-of-plane p(CH3) band. The 

unusual depolarization ratio suggests that it may be a combination mode. Therefore, it 
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is tentatively assigned as an out-of-plane p(CH3)/ring combination. 

No bands are observed for 2-MeIm between 1000 and 1100 Acm"'. However, 

there is a polarized band at 1153 Acm"' which, like the 1-MeIm 1110 Acm"' band can be 

assigned to the out-of-plane p(CH3)mode. The in-plane p(CH3) mode does not appear to 

be observed in the aqueous 2-MeIm spectrum. These p(CH3) mode assignments with the 

SERS behavior of these molecules adsorbed to Ag electrodes [237]. 

4.10 Imidazole Ring Vibrations 

The only bands left unassigned, at this point, are those associated the imidazole 

group, itself. Assignments of these vibrations are based predominantly on the work of 

Perchard and Novak [267] for 1-MeIm. Both depolarization ratios (p « 0.75), and a 

comparison with bands of similar frequency in the 4(5)-MeIm spectrum are used for 

2-MeIm [262,263]. The vibrational assignments of the unsubstituted imidazole [286] 

were also helpful in assigning these modes for the two methylimidazoles. 

4.IDA Out-of-Plane Modes (below 1050 Acm"') 

Imidazole and its methyl derivatives are essentially planar [271] and can be treated 

as molecules of Cj synunetry for purposes of interpreting vibrational assignments of the 

imidazole modes. In molecules of symmetry, out-of-plane vibrations belong to the A" 

representation. Bands of these modes should have depolarization values (p) near 0.75. 

The in-plane modes (A' representation) typically have p values which are significantly 

less than 0.75. All vibrational bands below 900 Acm*' not associated with the methyl 
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group are out-of-plane vibrations. Those below 700 Acm"' are assigned to out-of-plane 

ring bending modes (Y(R)). Those between 700 and 900 Acm"^ are assigned as Y(CH) 

modes. This is consistent with earlier assignments of these modes for imidazole [286], 

1-MeIm [267] and 4(5)-MeIm [262,263]. 

2-MeIm is also expected to have a Y(NH) at ca. 950 Acm'^ A depolarized band 

is observed at 928 Acm"', and a very weak depolarized band at 756 Acm"' is observed in 

the spectrum of N-deuterated 2-MeIm. These bands are assigned to the Y(NH) and YO^) 

modes, respectively. The assignment of the yG^^ mode to 928 Acm"' is consistent with 

similar assignments for imidazole (934 cm"' [254]) and 4(5)-MeIm (944 Acm*' [262]). 

4.10B In-Plane Imidazole Modes (1050-1600 Acm"') 

The assignments of the bands in these regions follow those made in previous 

works [262,263,286]. The imidazole group bands between 1050 and 1300 Acm"' are 

assigned to 6(CH) modes with three exceptions: the 1-MeIm band at 1235 Acm"', the 

1-MeIm out-of-plane p(CH3) mode at 1153 Acm"' (assigned above), and the 2-MeIm 

5(NH) mode at 1282 Acm"'. The 1-Melm band at 1235 Acm"' was described as polarized 

by Perchard and Novak [267], but our data reported in Table 4-8 indicate otherwise. This 

band has been assigned to both the v(CN) and v(R) modes [267], and Sheinker et al. [266] 

assigned it as a mixture of v(R), 6(CH3) and v(N-CH3) modes. It is simply assigned as 

a combination band in this work. 
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The depolarized bands above 1300 Acm"' are assignable to v(R) modes 

[262,263,267,286]. As discussed above, the band at 2-MeIm 1398 Acm*' appears to be 

due to a coincidental degeneracy of a polarized and a depolarized band, and the polarized 

band which shifts to 1255 Acm'* was assigned to a v(R) mode. 

4. IOC Assignment of ring v(CH) vibrations 

The ring v(CH) bands and those of the CH3 group are readily distinguished in the 

spectra of these molecules. The ring v(CH) modes are centered around ca. 3150 Acm"', 

ca. 200 Acm"' higher than the v(CH3) bands. Three ring v(CH) vibrations are expected 

for 1-MeIm: the v(CH) vibration at the C2 position, and the symmetric and antisymmetric 

v(HCCH) vibrations of C4 and c5. Only the symmetric and antisymmetric v(HCCH) 

bands are expected and observed for 2-MeIm. 

The H-C=C-H groups of cis-2-butene and cyclopentene have been used as models 

of the c4/c5 group of imidazole [286]. In cis-2-butene [272] and cyclopentene [273], the 

highest frequency v(CH) band is assigned to the v(HCCH)sy„ vibration; v(HCCH)asyn, is 

10-50 Acm"' lower. In our previous work, the 3134 Acm"' band of imidazole was 

assigned to the overlap of the C, v(CH) and the v(HCCH)asyn, modes and the 3160 Acm"' 

band to the (HCCH)syn, modes [286]. These assignments were based on the observation 

that the imidazole H-C=C-H group resembles the C2V symmetry of a symmetric cis-alkene 

to the extent that the polarization behavior of the v(HCCH)asyn, mode is that of the 

irreducible representation the C^y symmetry group rather than the A' representation of the 
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Cj group. This behavior is also observed in the methyl imidazoles. As for imidazole, 

only two v(CH) stretches are observed (3126 and 3149 Acm"') for 1-MeIm. Of these two 

bands, the lower frequency band has a depolarization ratio (p = 0.41) consistent with the 

overlap of the v(CH) mode of C2 and the v(HCCH)asyn, mode. The 3149 Acm"' band has 

a depolarization ratio of 0.08 and is assigned to the v(HCCH)sym mode. 

No C2 v(CH) band is observed for 2-MeIm on the other hand, since the C2 H has 

been replaced with a methyl group. Two v(CH) bands are still observed, but the 

depolarization ratio of the lower band (3128 Acm"') is 0.67. This value is close to 0.75, 

which is expected for a depolarized and band consistent with behavior characteristic of 

C2V symmetry. Again, p (0.14) of the 3156 Acm"' band is consistent with that of a totally 

symmetric mode. Thus, the 2-MeIm bands at 3128 and 3156 Acm"' are assigned to the 

v(HCCH)asyn, and v(HCCH)syn, modes, respectively. 
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4.11 Conclusions 

The vibrational assignments of 1-MeIm have been reviewed and augmented with 

depolarization ratio data. Assignments have been made for the vibrational modes of 2-

Melm based on reviews of the imidazole and 4(5)-Mehn assignments, depolarization data 

and frequency shifts resulting from N-deuteration. 

It is interesting that the use of SERS surface selection rules to determine molecular 

surface orientations has motivated work to acquire accurate vibrational assignments of 

several different classes of molecules: imidazoles [286, this study], alcohols [274,275], 

and triethylenediamine [276], The fact that these SERS studies yield chemically 

consistent orientational information on surface molecules suggests that SERS may prove 

to be a very useful tool for elucidating vibrational assignments in systems in which 

surface molecular orientation can be predicted. 
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CHAPTERS 

SERS OF IMTOAZOLE AND THE IMTOAZOLIUM ION 

5.1 Reports of Imidazole SERS in ttie Literature 

The SERS of imidazole has been previously reported in the literature 

[166,277,278]. Lombardi and Birke [166] reported the charge transfer behavior of 

imidazole on Ag electrodes. Loo and co-workers [277] studied the effect of solution 

conditions on the SERS of imidazole on Ag and Cu electrodes. They reported two 

distinct spectra, each responding differently to changes in electrode potential, pH, solution 

concentration and electrode type (Ag or Cu). Both of these spectra have also been 

observed in this work. The first of these spectra resembles the normal Raman spectrum 

of solution imidazole. Loo et al. attribute this to imidazole N-bonded to the electrode in 

a vertical position. They reported the presence of this species on Cu electrodes in 

solutions of neutral pH, and on Ag electrodes in neutral or basic 0.05 M imidazole 

solutions. The second spectrum is characterized by two strong bands at 1027 and 1349 

Acm"' along with a number of weaker bands. Loo et al. attribute this spectrum to u-

bound imidazole on Ag and 7t-bound imidazolium ions on Cu in acidic solutions. This 

latter assignment is curious in light of the fact that the solution Raman spectrum of the 

imidazolium ion does not resemble the solution Raman spectrum of imidazole, nor does 

it resemble either of the SERS spectra reported by Loo. 

Bukowska and co-workers [278] also reported the presence of these two imidazole 

SERS spectra on Ag [278] electrodes. They also assigned the first of these spectra to N3 
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bound imidazole, but suggested that it was tilted with respect to the surface normal 

because of the increase in the intensity of the out-of-plane modes (<900 Acm"') in the 

SERS spectrum. They also reported two additional SERS spectra for imidazole on Ag. 

The first of these was assigned to the adsorbed imidazolium ion by its obvious 

resemblance to the Raman spectra of imidazole in acidic aqueous solutions. Similar 

observations of the SERS spectra of imidazolium have also been obtained in this 

laboratory and are presented below. It is clear that Loo's assignment of the spectrum 

characterized by bands at 1027 and 1349 Acm"' as imidazolium ions was incorrect. 

Bukowska assigned this spectrum to the imidazolium ylide (see Figure 5-1). 

Evidence vwll be presented in this work which demonstrates that this spectrum is 

due to an impurity present m the imidazole supplied by a number of manufacturers [277], 

rather than some obscure surface form of imidazole. The fourth spectrum reported by 

Bukowska [278] is characterized by bands at 1300, 1375, and 1640 Acm"', and by a 

generalized broadening of all the bands. 

This spectrum was reported between ca. 

-0.3 to -0.5 V vs. SCE, and was assigned 

to the deprotonated anionic form of 

imidazole (imidazolate). 

H H 

H 

(-) 

Figure 5-1. Imidazolium ylide. 
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5.2 Imidazole Adsorption: Functional Group Considerations 

From the viewpoint of electrosorption, neutral imidazole has three functional 

groups through which it may interact with an electrode: the pyrrole and the pyridine N 

lone pairs, and the conjugated ic system of the ring. For this reason, imidazole can be 

used as a model system for evaluating the utility of SERS in distinguishing between 

different functional group interactions of a molecule with an electrode surface. 

The similarity of the nitrogens of imidazole to those of pyrrole and pyridine makes 

consideration of the adsorption properties of these and related molecules usefiil in 

understanding the mechanism of imidazole adsorption. Based on a variety of evidence 

[197,199-203,279], it is generally accepted that pyridine, its diazo homologues, and most 

of their derivatives are adsorbed via the N lone pair of electrons at solution-Ag interfaces. 

As a result, these molecules are oriented in an end-on or edge-on manner, largely 

perpendicular to the surface. 

A number of SER5 features have been cited as evidence for this bonding and 

orientation. Characteristic frequency shifts of N lone pair interactions were discussed in 

Chapter 1. A number of researchers have reported the presence of a v(Metal-N) band in 

spectra of adsorbed pyridine and related molecules [199,202,280]. In addition, vibrational 

modes which are out-of-plane are either not present or weak compared to in-plane modes 

of the adsorbed molecule due to SERS surface selection rules [190-194]. From these 

data, it can be concluded that the pyridine nitrogen lone pair electrons interact more 

strongly with Ag electrodes than the tc system of the ring. 
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The adsorption behavior of pyrrole should give some msight into the facility with 

which the pyrrole N of the imidazole interacts with the surface. The SERS of pyrrole 

suggests that pyrrole does not interact with the surface via the nitrogen lone pair electrons. 

Bukowska et al. [198] concluded that pyrrole is adsorbed to Ag electrodes via the ring n 

system. They based this conclusion on the fact that the frequencies of a number of Raman 

modes, including the ring breathing mode, decrease on adsorption, and then increase at 

more negative potentials. They also report that the 6(CH) mode at 1080 Acm*' (an out-of-

plane mode) is quite intense in the SERS spectrum, but is very weak in the Raman 

spectrum of neat pyrrole, confirming the flat orientation that would result from the 

interaction of both n bonds with the surface. This inactivity of the pyrrole N is consistent 

with its behavior as a weak base. 

In addition, two possible valence bond models can be invoked for the pyrrole 

molecule. These models are shown in Figure 5-2. If the nitrogen is sp^ hybridized 

(Figure 5-2c), then pyrrole would probably interact with the surface through the N lone 

pair electrons located in the sp^ orbital (represented as a lobe below the nitrogen atom). 

The ring would be oriented at an angle of ca. 60° with respect to the surface normal. On 

the other hand, an sp^ hybridization of the N (Figure 5-2b) would result in an overlap of 

the n orbitals of the C=C bonds with the lobes of the p^ orbital of the N. The p^ orbital 

lobes are oriented above and below the N, and are coplanar with the TC orbitals. This 

hybrid structure should be stabilized by the aromaticity resulting from the overlap of the 

p^ and 71 orbitals. Since the electron density is located above and below the ring, pyrrole 
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would interact with an electrode through the it system of the ring if the N was sp^ 

hybridized. This would result in a flat orientation. The chemistry of pyrrole and the 

diflSculty with which it is protonated, both point to the aromatic nature of pyrrole with an 

sp^ hybridized N. Adsorption of the pyrrole through the N lone pair (sp^ hybridization), 

would require a disruption of the aromatic character of the ring. As a result, adsorption 

through the N lone pair electrons is energetically unfavorable. 

These structural considerations suggest that the strength of the proposed 

interactions of imidazole with the surface can be arranged in the following order: 

This ordering predicts that imidazole will be adsorbed via the pyridine N lone pair at a Ag 

electrode. Adsorption in this manner would result in a near-vertical orientation. 

Ni < 7U < N3 

H 

a 

Figure 5-2. Structure of pyrrole (a), and likely surface 

orientations: sp^ hybridized N (b) and sp^ hybridized N (c). 
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53 Factors Affecting the Quality of the Imidazole SERS Data 

In order to study the SERS behavior of imidazole, several problems had to be 

minimised or eliminated. These problems are addressed next. 

5.3 A Photolysis of Imidazole at the Ag Electrode 

The first of these problems was the presence of broad background features. These 

features can be seen in Figure 4-2c and Figure 5-3 as a very broad peak at about 1600 

Acm'' with a broader shoulder centered at about 1300 Acm''. They extend below the 

envelope of peaks between 1100 and 1200 Acm*', and include the less intense, but broad 

features between 600 and 900 Acm''. Similar features are present in many SERS spectra 

found in the literature, and have been attributed to the presence of surface carbon 

impurities [281,282]. An initial attempt was made to eliminate these features by 

purifying the reagents used in the experiment, particularly the imidazole, but this 

procedure did not reduce the intensity of these background features. It was also noticed 

that the intensity of these peaks increases with time. This growth is accompanied by a 

broadening and a reduction in the S/N ratio of the imidazole peaks. This growth increases 

with increasing laser power and with decreasing excitation wavelength (higher energy). 

The intensity, energy, and time dependence of these features in the presence of imidazole 

suggest that they result from photolysis of imidazole. A Ag-imidazole complex (possibly 

[Ag(HIm)2]N03) that was prepared in a manner similar to that described by Antti and 

Lundburg [283] was found to be very photosensitive, decomposing in a very low power 

(< 1 mW) 632.8 nm laser beam. This supports the hypothesis that imidazole coordinated 

to Ag at the electrode is readily photolyzed. As a result, laser powers used for studying 
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imidazole SER5 were reduced from 200 mW to less than 50 mW. This reduces the effect 

of these background features, but does not eliminate them. Even at low powers, it is 

extremely difficult to study the potential dependence of imidazole SERS with a single 

channel scanning Raman system with any degree of reproducibility because of the time 

required to collect spectra at several potentials. It was possible to collect a complete 

series of potential-dependent spectra in ca. 20 minutes at the same low laser powers by 

using the CCD-based Raman system. Under these conditions, the effect of changes in the 

surface carbon features is minimal. In the later work, which includes primarily the SERS 

of 1-MeIm and 2-MeIm, 600 nm laser excitation was used to further reduce interference 

of these background features. In addition to reducing the amoimt of photodissociation, 

600 nm excitation improves the spectra by increasing the SERS enhancement. There is 

also significant CT enhancement of these background features with 514.5 nm excitation 

that is drastically reduced at 600 nm. 

5.3B SERS Detection of a Low Level Impurity in Commercial Imidazole 

A second problem in these studies results from a chemical impurity that is 

common to the imidazole supplied by several manufacturers [277]. Figure 5-3 shows a 

series of SEI^ spectra of imidazole from two different suppliers (Aldrich and Sigma) and 

of different degrees of purity. Figure 5-3d and f are both spectra of relatively pure 

imidazole. The spectra in Figure 5-3a-c,e reveal a number of peaks that are not present 

in those of the pure imidazole. The most notable of these peaks are at 1027 and 1349 

Acm"'. Figure 5-3 (a-d) are from imidazole sold by Aldrich as 99% pure material. The 
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spectrum in Figure 5-3 a is from imidazole used as received. Figure 5-3 (b and c) show 

the spectra from imidazole recrystallized once from ethanol and once from benzene, 

respectively. Figure 5-3d is from this same imidazole recrystallized three times with 

benzene. The anomalous peaks decrease upon recrystallization from different solvents. 

Furthermore, their reduction increases by multiple recrystallizations, suggesting that these 

peaks are due to impurities. These anomalous peaks have been shown to respond in 

unison to changes in electrode potential, electrode composition, pH, and solution 

concentration [277]. The fact that these peaks respond similarly to different conditions 

suggests that they are due to a single impurity. To confirm that these anomalous peaks 

are due to an impurity, imidazole was obtained from a second supplier at two different 

levels of purity (Sigma 99% and 99+%). The SERS of these two samples (Figure 5-3e 

and f) confirms the previous results. The spectrum of the 99+% Imidazole (Figiure 5-3f) 

lacks any indication of the impurity, whereas it is distinctly present in the 99% Imidazole. 

In previous work [277], it was noted that the spectrum of the impurity 

predominated at lower Imidazole concentrations (1 mM versus 50 mM Imidazole). The 

SERS spectrum in Figure 5-3h shows this effect. A 1 mM solution of the Sigma 99% 

Imidazole was used, and the impurity peaks predominate. The spectrum of Figure 5-3g 

was acquired from a 1 mM solution of the Sigma 99+% Imidazole, and shows that some 

of the impurity is still present. The normal Raman spectra of these different Imidazole 

samples were examined, and no indication of the impurity could be found in the spectra. 
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Figure 5-3. SERS and imidazole purity (0.1 M KCl, -0.6 V). (a-f) 50 mM; (a-d) 
Aldrich 99%: (a) used as received, (b) recrystallized once from ethanol, 
(c) recrystallized once from benzene, and (d) recrystallized 3 times from benzene; 
(e) Sigma 99%, used as received; (f) Sigma 99+%, used as received; (g,h)l mM 
imidazole/0.10 M KCl, (g) Sigma 99%, used as received; (h) Sigma 99+%, used as 
received. E =-0.60 V. 
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In its highest concentration, the unpurity is present in the Imidazole at a level of ca. 1% 

or less. Its presence in the SERS spectra may be due to surface enhanced resonance 

Raman scattering, to its being much more strongly adsorbed than the Imidazole, or both. 

It is estimated that the relative intensity of the 1349 Acm"' peak to 1326 Acm*' peak in 

Figure 5-3g is decreased by at least a factor of 20 compared to Figure 5-3h. This suggests 

that the ratio of the impurity to the Imidazole in the Sigma 99+% Imidazole is at least 

1:2000. It is interesting that an impurity this dilute can still compete successfully for sites 

at the electrode surface. Given the propensity of the impurity for the Ag surface, it is not 

surprising that this impurity might be mistaken for a unique surface imidazole species 

[277,278]. This also suggests that care should be taken in assigning unusual spectral 

features resulting from SERS studies. 

5.4 SERS of Neutral Imidazole 

Figure 4-2 shows the normal Raman spectra of solid and solution imidazole and 

the SERS spectrum acquired at Ag in 0.05 M imidazole/0.1 M KCl at a potential of -0.65 

V. Figure 5-4 shows a series of spectra at a variety of potentials. Table 5-1 summarizes 

the frequencies and intensities of SERS spectra at -0.25, -0.65 and -0.90 V, which are 

compared to the solid and solution values in Table 4-4. At potentials negative of -0.90 

V, the intensities decrease drastically due to the irreversible loss of SERS active sites 

[174,175]. As expected for SERS in the presence of CI", the AgCl stretch is observed at 

ca. 234 Acm"' and decreases in intensity as the potential is made negative from -0.25 V 

[174,175,284]. 
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Figure 5-4. Potential dependence of the SERS of neutral imidazole (same conditions 
as Figure 5-3a-f). 
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Table 5-1. Frequencies and intensities of imidazole SERS spectra. 

SERS" 
Assigimient 

-0.25 V 1 -0.65 V -0.90 V 
Assigimient 

234 (85)" 230 (28) v(Ag-Cl) 

655 (5) 655 (8) Yring 
760 (4) 762 w, b" A" y(CH) 

842 (4) 842 (5) 845 (2) A" y(CH) 

858 (3) A" Yring [258] 

916(42) 917(34) 916(8) A" y(CH) 

936 (33) 937 (39) 937 (12) A"y(NH)/A'6ri„g 

1067(3) 1066 (6) 1065 (3) A" 6(CH) 

1104(27) 1100(43) 1098(20) A' 6(CH) 

1132(14) 1134(45) 1141(64) A ^ring 
1167(129) 1165 (198) 1160(107) A 6(NH) [258] 

1263(100) 1260(166) 1258 (107) A' 6(CH) 

1327(122) 1327(186) 1326(117) A' V • "nng 
1499 (26) 1495 (20) 1490(16) A' V • ^ *nng 
1537(44) 1534 (29) 1530(4) A ^ring 
2851(2) 2849(4) 2848 (4) A v(NH) 

2935(7) 2932(13) 2920(4) A' v(NH) 

3058 (6) 3051 (10) 3048 (4) A v(CH) 

3121(41) 3120 (59) 3118(36) A' v(CH) 

3147(120) 3145 (178) 3147 (80) A v(CH) 

a 0.05 M imidazole/0.1 M KCl 
b Numbers in parentheses are SERS intensities relative to the 1263 cm*' band at -

0.25 V. 
c A" modes are out-of-plane modes. 
d w = weak; b = broad. 

e A' modes are in-plane modes. 
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In Table 4-4, the intensities are reported relative to the 1265 and 1260 Acm"' 

peaks for the normal Raman spectra of solid and solution imidazole, respectively. In 

Table 5-1, the SERS intensities are reported relative to the 1263 Acm*' peak in the 

spectrum acquired at -0.25 V. The SERS frequencies and intensities for the v(CH) 

region (3100 to 3200 Acm*') were obtained by curve fitting. As a result of potential-

dependent changes in the background features, it was not possible to determine the areas 

of the bands between 600 and 1600 Acm"' reproducibly. As a result, the intensities in this 

region are reported as background corrected peak heights. The intensities of most of the 

peaks in the 200 to 900 Acm'' region are generally weak. The SERS spectrum of this 

region is dominated by the broad background features associated with the presence of 

surface carbon. In this region, only the peak at 655 Acm"' can be clearly identified as an 

imidazole peak. However, careful examination of the potential-dependent behavior, and 

comparison of several sets of data indicate that some of the SERS intensity at ca. 760, 

842, and 858 Acm"' might also be due to imidazole. Due to the overlap between these 

bands and the surface carbon modes, the accuracies of the SERS intensities and 

frequencies reported in this region are limited. 

5.5 Imidazole Orientation from SERS Measurements 

5.5A Variations in Raman Shift. 

Table 5-2 summarizes the differences in Raman frequencies that occur between 

solution imidazole and surface imidazole at -0.25 V (Avserj). The changes in SERS 

frequencies between -0.25 and -0.90 V (Avg) are also reported. The frequencies of most 



Table 5-2. Imidazole SER5: changes in frequency and intensity. 

VsERS (-<'-25V) 
(Acm"') 

^^sERS* 
(cm*') 

AVE*" 
(cm"') 

Ref® VsERS (-<'-25V) 
(Acm"') 

^^sERS* 
(cm*') 

AVE*" 
(cm"') 

-0.25 V -0.65 V -0.90 V 

655 -15 0 5.0 4.8 ITE 

760 0? 2 4.0 ITE ITE 

842 -2? 3 2.0 1.5 0.9 

858 -7? ITE 1.5 ITE ITE 

916 0 0 8.4 4.1 1.5 

936 6 1 11 7.8 3.7 

1067 0 -2 0.5 0.6 0.5 

1104 5 -6 2.1 2.0 1.4 

1132 -4 9 0.3 0.5 1.1 

1167 6 -7 2.6 2.4 2.0 

1263 3 -5 1.0 1.0 1.0 

1327 -J -1 1.8 1.7 1.7 

1499 9 -9 1.4 0.7 0.8 

1537 2 -7 J.J 1.3 0.3 

2851 ITE" -3 ITE ITE ITE 

2935 ITE -15 ITE ITE ITE 

3058 ITE -10 ITE ITE ITE 

3121 -13 -J 1.7 1.5 1.4 

3147 -13 -1 3.2 2.9 2.0 

a = V^25 V ' ̂soln 

b A Vg = 90 V - 25 V 

C REF ~ (^SERS/^SERS (1260))E/(^/I(1260))soln 
d ITE = impossible to evaluate 
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modes decrease at more negative potentials, consistent with adsorption through a N lone 

pair. Both the 1264 and the 1326 Acm*' modes have been assigned as ring breathing 

modes [216^260,277]. However, Hodgson [254] has clearly demonstrated that the 1264 

Acm"' peak is due to a 6(CH) mode. The frequency of the 1326 Acm'' ring breathing 

mode decreases slightly upon adsorption to the Ag electrode at -0.25 V (Avsers=-3) 

suggesting that adsorption occurs through tc interactions. The inconsistency of the 

conclusions drawn from these two observations might be explained by the interaction of 

imidazole through both a N lone pair and a tr orbital. The close proximity of the C=N 

bond to the pyridine N makes this plausible if the imidazole is N3-adsorbed in a vertical 

or tilted orientation. If it is adsorbed through Nj, then a flat orientation is required to 

permit a interaction. 

For planar molecules, a comparison of the SERS enhancement of the in-plane and 

out-of-plane modes can be used to determine the orientation of the plane of the molecule 

with respect to the surface normal. If imidazole interacts with the electrode through the 

pyridine N lone pairs as predicted above, it would be oriented with the plane of the 

molecule normal to surface. Based on surface selection rules [190-194], the in-plane 

modes would be more strongly enhanced than the out-of-plane modes for this orientation. 

If imidazole adsorbs through the pyrrole N lone pair, the ring plane would be oriented at 

an angle of approximately 60° from the surface normal. The out-of-plane modes in this 

orientation would be more enhanced than the in-plane modes. However, the in-plane 

modes would still have some component normal to the surface. Finally, a 7c-bound 
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molecule would lie flat with the out-of-plane modes significantly enhanced relative to the 

in-plane modes. The mode of interaction of imidazole and the orientation predicted firom 

these considerations will be compared to the SER5 data. 

5.5B Comparison of SERS Enhancement Factors. 

Determination of SERS enhancement factors for in-situ electrochemical systems 

is not feasible. Consequently, SERS enhancements of individual modes can not be 

compared directly. Additional complications result firom changes in adsorbate surface 

coverage that occur as a function of potential. One common means of addressing this 

issue is to determine enhancement factors relative to a reference peak. First, band 

intensities are normalized in both the normal and SERS spectra by dividing each intensity 

with the intesity of reference band in that spectrum. The same vibrational mode is used 

as the reference band in both the normal and SERS spectra. The ratio of a SERS 

normalized intensity to the normalized normal Raman intensity of the same band defines 

a relative enhancement factor (Ref): 

I \ 

/ 

7~ 
\ «/ / SERS 

^EF = \ (58) 
1 

Raman 

where I represents the intensities (normal Raman and SERS) of the band of interest and 

Iref represents the intensities (normal Raman and SERS) of the reference band. 
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Accordingly, Rgp describes changes in the intensity of the band of interest relative to the 

reference band and infers a corresponding difference in the SERS enhancement of the two 

bands. R£p values of one imply identical SERS enhancements of the two bands; values 

less than one imply less enhancement of the peak of interest compared to the reference 

peak, and values greater than one imply that the peak of interest is enhanced more. In this 

study, the molecules were adsorbed from aqueous solutions; therefore, the normal Raman 

spectra used were of aqueous Melm solutions and R^p becomes 

^EF = (59) 
/ 

V ^ref j  loln 

This approach was used in a previous report of the imidazole SERS study discussed in 

this chapter [I]. However, Rgp values (calculated as described above) were reported as 

" AI^i" values. The symbolism, Ref» used in this dissertation more accurately reflects the 

ratioed nature of these values, is more consistent with use of Rp^^ ratios discussed in 

Chapter 1, and avoids confusion that may result from using the symbol A which is 

commonly used to describe absolute, not proportional, changes. 

Table 5.2 also shows the changes in relative intensities between the solution 

Raman spectrum and SERS spectra (Rgp). Application of sxirface selection rules to these 

Rep values provides additional support for the orientations suggested above. The 

similarity between the solution and SERS spectra justifies comparison of the SERS 
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intensities with those of the solution and not the solid Raman spectrum. The relative 

intensity of each SERS peak at every potential was first normalized to the band at ca. 

1260 Acm"' at that potential before dividing by the relative intensity of the corresponding 

solution peak. As a result of this normalization, Rgp of the 1260 Acmband is 1.0 at all 

potentials. Based on the fact that Rg: values for most of the other bands are greater than 

1.0, one can conclude that the 1260 Acm"' band is less enhanced than most other bands. 

The Ref values in the 600 to 950 Acm"' region are generally large at the more 

positive potentials and decrease as the potential approaches the PZC. This region contains 

the A" out-of-plane modes. Therefore, this enhancement suggests that some components 

of these vibrations are normal to the surface at the more positive potentials. The drastic 

decrease in the intensity of these modes suggests that the orientation changes with 

potential, and that the imidazole is oriented almost vertically at the more negative 

potentials. 

The Rgp values for the in-plane vibrations in the region between 950 and 3200 

Acm*' range from 0.3 to 3.3, and change only slightly as the potential is made negative. 

There are two notable exceptions: the R^p value for the peak at 1537 Acm"' decreases, 

and that of the 1104 Acm"' peak increases significantly at negative potentials. The 

presence of significant enhancement of some of the in-plane modes, such as those at 1104, 

1167,1327,1537 and 3147 Acm"', rules out the possibility of a totally flat orientation at 

any potential. A tilted orientation is suggested by the enhancement of both in-plane and 

out-of-plane modes. The Rgp values of the in-plane modes at 1067,1132,1263 and 1499 
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Acm"' are relatively small. The presence of in-plane modes which are enhanced and 

those which are not enhanced is expected, since some of the in-plane modes, even in a 

vertical orientation, might have components that are predominantiy parallel to the surface. 

The 936 Acm'' band has been assigned to two modes, an in-plane 6n-„g vibration 

and an out-of-plane y(NH) vibration, which occur at overlapping frequencies. The SERS 

intensity of this peak does not decrease as drastically as the other out-of-plane modes. 

This is consistent with the presence of the same two overlapping modes in the SERS 

spectrum. The intensity of the Y(NH) mode should decrease at more negative potentials 

if the molecule becomes more vertical, and the intensity of the 5nng mode should remain 

constant. Thus, the net effect expected from the proposed orientations is identical to the 

observed behavior: a decrease in the relative intensity of the 936 Acm"' band which is not 

as drastic as that observed for bands due solely to out-of-plane vibrations. 

5.5C Model of Imidazole Adsorption on Ag. 

The data presented to this point indicate that imidazole is adsorbed to the surface 

through N electron lone pair interactions so that the plane of the molecule is more normal 

to the surface than parallel. If imidazole is oriented vertically at negative potentials, it is 

probably adsorbed through the pyridine N. The vertical orientation rules out N, 

adsorption. Orientation through either of the C=C or the C=N iz bonds alone can also be 

raled out by the general decrease in frequency that occurs for the in-plane modes as the 

potential is made more negative. The observation of v(NH) stretching modes in the SERS 
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spectra which are too weak to be observed in the solution spectrum is another indication 

of N3 interaction. If imidazole was adsorbed via the pyrrole N, the N-H bond would be 

nearly parallel to the surface and the in-plane NH modes would not be observed. A 

decrease in relative intensity of the A' 6(NH) mode at 1167 Acm"' would also be expected 

for Nj adsorption. In fact, this mode is very intense in the SERS spectra. The SERS data 

suggest imidazole is oriented on the surface in an orientation similar to that portrayed in 

Figure 5-5. 

Only two v(CH) bands are observed in the imidazole SERS spectrum. Based on 

the assumption that the change in polarizability of the CH bond during the stretching 

vibration lies predominantly along the bond axis, [195] the polarizability of each of the 

C-H bonds of imidazole adsorbed to a Ag surface through N3 is represented by a vector 

of unit length in Figure 5-6. Since each of the C-H bonds has some component normal 

to the surface, all three all of the v(CH) bands may be observed in the SERS spectrum. 

However, as in the normal Raman spectrum, only two v(CH) bands can clearly be 

identified in the SERS spectrum. It is likely that the frequencies of two of these modes 

also overlap in the SERS spectrum. 
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Figure 5-5. Proposed orientations of imidazole on Ag as a function of potential. 

Figure 5-6. Components of the v(CH) modes which are normal and parallel to the 
surface for N3 bound imidazole. The relative intensities of the normal components 
are identical if the molecule is vertical or the plane of the molecule is tilted toward 
the surface, (a) C2 v(CH). (b) Symmetric v(HCCH). (c) Antisymmetric v(HCCH). 



269 

5.6 SERS of the Imidazolium Ion 

The Raman spectrum of a pH 0.7, 1 M imidazole solution is shown in Figure 

5-7a. At this pH, the imidazole is totally protonated. The imidazolium spectrum is 

characterized by fewer bands in the 1150-1550 Acm'' region than imidazole and two 

large peaks at 1212 and 1457 Acm*'. Compared with imidazole, much less effort has 

been made to assign the modes of imidazolium [239,285]. 

Figure 5-7d shows the SERS spectra of imidazole at pH 1.8 on a Ag electrode at 

-0.25 V. This spectrum was obtained by performing the ORC at pH 7 and then flushing 

the cell with a 0.05 M imidazole/0.1 M KCl solution adjusted to pH 1.8. A similar 

spectrum with a much lower signal-to-noise ratio is obtained if the ORC is done at this 

acidic pH. Sun and co-workers [180] have reported a similar improvement in the 

intensity of the SERS of pyridinium on a Ag electrode when the electrode was first 

roughened at pH 8.0 followed by an in situ adjustment to pH 2.0. 

The SERS spectrum of imidazole at pH 1.8 closely resembles the solution 

spectrum of imidazolium. Two large peaks at 1194 and 1444 Acm"' are the most 

prominent features of the spectrum. The signal-to-noise ratio of the imidazolium SERS 

is less than that obtained for SERS of neutral imidazole. This may be due to weaker 

adsorption of the imidazolium ion or to a smaller contribution firom the chemical 

enhancement mechanism of SERS due to a greater distance of the imidazolium ion from 

the surface in the presence of an adsorbed CI' layer [185]. 
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Figure 5-7. Imidazolium Raman spectra. (a,b) Nomial Raman spectra of aqueous 
imidazolium: (a) 1 M imidazole, 3 M HCl, pH 0.7, and (b) 1 M inudazole, 1.4 M 
hcio4, pH 0.8 (note: 629 and 936 Acm"' are cio4' bands), (c) Normal Raman 
spectrum of solid imidazolium chloride, (d) SERS spectrum of imidazolium on Ag 
(0.05 M HIm/0.10 M KCl, pH 1.8, -0.25 V). 



271 

The normal Raman spectrum of imidazolium prepared by acidifying imidazole 

with hcio4 (instead of HCl), and that of solid imidazolium chloride were also obtained 

for comparison. These results are also shown in Figure 5-7b and c. The overall 

appearance of the spectra are similar in every case, confirming that the spectra are due to 

the imidazolixmi ion. Except for the cio4" peaks at 629 and 936 Acm"', the two solution 

spectra are identical. 

Table 5-3 summarizes the frequencies and relative intensities for the three forms 

of imidazolium: polycrystalline, aqueous solution, and adsorbed to the Ag electrode 

surface. Despite small shifts in peak frequencies of certain modes, all three spectra are 

generally similar. The bands at ca. 1260 and 1325 Acm"' may be due to the presence of 

small amounts of neutral imidazole on the surface or in the imidazolium chloride lattice. 

Irish and co-workers [292,293] reported a mixture of protonated forms of DABCO on the 

surface under pH conditions in which essentially one form existed in the electrolyte. 

The potential dependence of the imidazolium SERS behavior is shown in Figure 

5-8. The SERS intensity decreases monotonically as the potential is made negative from 

-0.25 V. This behavior follows the desorption of CI' that occurs as the potential is made 

more negative, suggesting that the imidazolium is adsorbed as an ion pair with 

specifically adsorbed CI". Similar behavior has been reported for the pyridinium ion, 

[180,184,185] diprotonated DABCO [293], and protonated isonicotinic acid [187]. 
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Table 5-3. Frequencies and assignments of solution Raman and SERS imidazolium bands. 

Solution Crystalline L SERS Assignment® 

628 vw*" 625 (1) 614 (2) 

654 vw 

688 vw 

708 (1) 

770 vw BjYCCH) 

836 vw,b B2 Y(CH) 

880 w 870 b 

900 (1) B . R 7  
911 (1)'= 

920 b 

950 (3) B2 Y(CH) 

999 vw 980 b,sh 

1012(1) 

1048 w 

1058 vw 1063 w B, 6(CH) 

1088 w 1088 w 

1103 (3) 1101(4) 1108 w B, 6(CH) 

1130(3) 1127(1) 1 1 3 4 W  Aj 6(NH) 

1190 vw,sh 1192(4) 1194(10) Bi 5(NH) 

1212(10) 1209(10) 1204 sh Ai R5 
1249 vw 1261 vw Him or A[ 6(CH) 

1320 1327 Him 

1370 w,sh 

1414(1) B,R4 
1457 (9) 1449(10) 1444 (7) A[ R3 

1494 vw, sh 

1516(2) B,R2 
1594 w 1580 w 1582 vw A| R| 

a ref. 285 
b vw = very weak; w = weak; sh = shoulder; b = broad, 

c Numbers in parentheses are relative intensities. 
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Figure 5-8. Potential dependence of the SERS of the imidazolinm ion (same 
conditions as Figure 5-6d). 



274 

5.7 Conclusions 

SERS spectra of imidazole and the imidazolium ion on Ag have been presented. 

SER5 spectral features that have been previously reported and assigned to imidazolium 

or to a unique surface form of imidazole [277] have clearly been identified as an impurity 

present in the imidazole obtained from a number of suppliers. The photolysis of surface 

imidazole has been identified as the source of broad background features due to the 

presence of surface carbon and present in the SERS of imidazole and imidazolium. 

The SERS data for neutral imidazole are consistent with imidazole adsorption to 

the surface through the pyridine N. The frequency of the ring breathing mode of 

imidazole at the electrode at -0.25 V is slightly lower than it is in aqueous solution and 

may indicate a small degree of interaction of the C=N tc electrons with the surface. 

Consideration of surface selection rules suggests that imidazole is tilted at -0.25 V and 

becomes more vertical as the potential is made more negative. The degree of tilt may be 

related to the strength of the interaction between the C=N n orbital with the surface. 

Reorientation to a more vertical orientation at more negative potentials may also be due 

in part to an increase in surface coverage of the imidazole as the potential approaches the 

PZC. The bonding and orientation of imidazole with the Ag surface agrees with that 

predicted from consideration of the strengths and geometries of the possible modes of 

interaction of imidazole on the surface. Imidazolium is adsorbed to the Ag electrode 

through ion pairing with specifically adsorbed CI'. 
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CHAPTER 6 

SERS OF METHYLIMIDAZOLES 

I-Methylimidazole and 2-methy[imidazole were studied in order to confirm the 

orientations proposed in the previous chapter for imidazole (Figure 5-6) by using the 

relative intensities of the v(CH3)asyn, and vCCHj)^^^ bands (see discussion of in 

Chapter 1). The adsorption behavior of imidazole provides an initial model with which 

the adsorption of the methylimidazoles can be discussed. Therefore, the molecules of 

these compounds are shown adsorbed to an electrode by the pyridine N in a vertical 

orientation in Figure 6-1. These orientations will be the reference point for discussing the 

SERS data of I-Melm and 2-MeIm. 

1-Methylimidazole 

H 

2-Methylimidazole 

H 

H 

6 6 

Figure 6-1. 1-MeIm and 2-MeIm shown on an electrode surface with the orientation 
proposed for imidazole on Ag. 
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In Figure 6-1 the angle between the methyl group of 2-MeIm and the surface 

normal is larger (72°) than that of 1-MeIm (36°). Based on this fact, one would predict 

that Rmc should be less than one for 2-MeIm, since the angle of the CH3to the surface 

normal is greater than 45 °; conversely, R^e is predicted to be greater than one for the CH3 

group 1-MeIm. A deviation from this proposed orientation would be indicated by 

variations in the SERS data from these trends. 

6.1 Collection and Processing of Methylimidazole Spectra 

SERS spectra of the methylimidazoles were collected with 600 run excitation in 

order to minimize photodecomposition of adsorbed Melm [286]. At this excitation 

wavelength, SERS spectra of adsorbed molecules are also enhanced relative to the broad 

background spectra discussed in Chapter 5. Thus, the signal-to-noise ratios of Melm 

spectra obtained at 600 nm are significantly improved. Complete spectra, covering the 

regions from 150 to 1800 cm"' and from 2550 to 3450 cm"', were obtained over a wide 

range of electrode potentials (at -0.25 V, at 0.05 V increments from -0.40 to -0.80 V, and 

at 0.10 V increments from -0.90 V to -1.20 V). 

Using 600 nm excitation, the CCD spectrometer system used acquires spectra of 

regions which are ca. 350 cm"' wide. To obtain the entire spectral coverage indicated 

above, spectra of eleven spectral regions were acquired separately and subsequently 

spliced together. To acquire spectra of all of these regions at all desired potentials 

required up to ten hours under the conditions of this study. However, it was necessary to 

limit spectral acquisition time to no more than two hours after performance of an ORC 
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because of instability of the electrochemically roughened, SER5 active Ag electrode 

surfaces used. Therefore, the data for each of the methyl imidazoles was collected using 

three separate experimental runs. Each run consists of the preparation of a fresh SERS 

active Ag electrode surface followed by acquisition of spectra from four or five spectral 

regions at all desired potentials. Spectra from different regions were acquired in each run, 

excepting the ca. 990-1330 cm"' reference region: spectra from this region were acquired 

in all runs for normalization purposes. Acquisition of spectra from all useful spectral 

regions (150-1800 and 2550-3450 cm"') required three runs for each of the 

methylimidazoles. 

The spectral regions studied are listed in Tables 6-1 and 6-2. Due to the large 

number of steps required to collect the complete data set, it was necessary to consider and 

address a number of experimental variables in order to ensure that both the frequencies 

and relative intensities of the data obtained are reproducible. 

6.2 Potential Dependence Data: Vibrational Frequency Reproducibility 

Following the ORC, spectra for all regions studied in a run were collected at -0.25 

V. The potential is then decreased to the next potential (-0.40 V); again, spectra for all 

regions studied in that run were collected, and this process is repeated until spectra have 

been acquired at all desired potentials. The alternate approach, acquiring spectra at all 

potentials for one spectral region, then returning the potential to -0.25 V and repeating 

the process for each additional spectral region is not acceptable because of potential 

induced irreversible changes in SERS intensity. The ability to compare intensity 
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Table 6-1. Spectral Regions acquired in the 1-MeIm SERS potential dependence 
study. 

Spectrometer X. 

(nm) 
Wavenumber 
Range (cm"') 

Estimated 
Accuracy (cm"') 

Run 1 635.3 740-1080 ±2 

600.33 Inm Excitation 645.6 995-1325 ±3 

656.2 1250-1570 ±4 

667.1 1505-1815 ±3 

Run 2 645.6® 990-1320 ±2 

600.282 nm Excitation 715.8 2550-2815 ±4 

727.8 2785-3040 ±3 

738.6 2990-3240 ±3 

752.4 3240-3485 ITE" 

Run 3 613.9 180-545 ±3 

600.252 nm Excitation 625.4 480-830 ±3 

635.4 740-1085 ±3 

645.6 995-1325 ±2 

a 

b 

In Run 2 of the 1-MeIm potential dependence study, spectra of the 645.6 nm 

region were only collected at -0.25, -0.60 and -0.90 V. 
ITE = impossible to evaluate. 
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Table 6-2. Spectral regions acquired in the 2-MeIm SERS potential dependence 
study. 

Spectrometer A, 
(nm) 

Wavenumber 
Range (cm"') 

Estimated 
Accuracy (cm"') 

Run 1 645.6 975-1305 ±2 

600.888nm Excitation 656.2 1235-1555 ±2 

667.1 1490-1800 ±3 

Rim 2 613.9 155-520 ±4" 

600.862 nm Excitation 625.4 465-815 ±3 

635.3 720-1060 ±3 

645.6'' 975-1305 ±2 

Run 3 645.6b 975-1305 ±2 

600.850 nm Excitation 715.8 2530-2795 ITE-^ 

727.8 2765-3020 ±3 

738.6 2970-3220 ±3 

752.4 3220-3465 ITE 

a Region not studied with 514.5 nm excitation. Error estimated from maximum 

shifts observed in other regions. 
b In Rim 2 and Run 3 of the 2-MeIm potential dependence study, spectra of the 

645.6 nm region were only collected at -0.25, -0.60 and -0.90 V. 
c ITE = impossible to evaluate. 
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changes of peaks fix)m all regions was essential to the success of this study. The need to 

cycle through spectral regions at each potential means that each spectrum was acquired 

for a different region than the preceding spectrum. As a result, ca. 90 spectral region 

changes were made per run. 

Spectral region changes normally involve resetting the spectrometer wavelength 

position and calibration (or at least selection of calibration parameters) for that region. 

The need to acquire all of these spectra within two hours of the ORG precluded real-time 

calibration. Even importing stored calibration parameters into the data acquisition 

software required too much time. Therefore, it was necessary to calibrate the 

spectrometer in absolute X and collect all spectral regions with one set of calibration 

parameters as described in chapter 3 (see also [208,237]). Following data acquisition, the 

data was converted to Acm"' using the excitation k which was measured using the same 

calibration parameters. Typically, frequencies obtained in this fashion have small (<10 

cm"') determinant errors that vary from region to region in an unpredictable manner (see 

Chapter 3 and [208,237]). However, these errors are uniform within a given spectral 

region and can be corrected by shifting the spectrum by the amount of that error. In this 

study, these determinate errors were estunated by repeating the SERS spectra at a few key 

potentials using 514.5 nm excitation and the normal calibration procedure which yields 

precisions better than ca. ±2 cm"'. Frequencies obtained at ca. 600 nm in A. and converted 

to Acm"' were compared to those obtained using 514.5 nm excitation. All potential-

dependent spectra (obtained at ca. 600 nm) were then shifted by the number of cm"' 
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required to bring these spectra into agreement with the data collected (and calibrated) 

using 514.5 nm excitation. 

For example, as part of "Run 1" of the 2-MeIm study (see Table 6-2), spectra 

collected at -0.55 V in the region between 1250 and 1570 cm"' (spectrometer k: 656.2 nm; 

excitation: ca. 600 nm) were compared to SERS spectra collected in the same spectral 

region and at the same potential with 514.5 nm excitation. The results are shown in Table 

6-3. The average difference between the frequencies in the two sets of spectra collected 

at - 0.55 V was 3.8 cm"'. Therefore, all spectra collected in the 656.2 nm region of Run 

1 of the 2-MeIm study were corrected by shifting them -3.8 cm"' to bring them into 

closer agreement with more accurate spectra collected with 514.5 nm excitation. The 

accuracy of frequencies obtained from the corrected spectra can be estimated from the 

standard deviation of the deviations between the reference spectra and the potential-

dependence spectra. For the example in Table 6-3, this standard deviation has a value of 

0.9 cm"'. Thus, data collected using ca. 600 nm excitation should agree with the 

reference data to within ca. ± 2 cm"' (ca. two standard deviations). 

Accuracy estimates are provided for other regions of the 1-MeIm and 2-MeIm 

potential-dependent SERS spectra in Tables 6-1 and 6-2, respectively. The reported 

accuracies are quite good considering that the full-width-at-half-maxima of the SERS 

peaks are typically ^10 cm"'. These accuracy estimates represent the extent to which 

these data can be compared with frequencies obtained under different experimental 

conditions. For example, a 1-MeIm SERS frequency from this study could probably not 
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Table 6-3. An example of potential dependence study frequency corrections. 

Average SERS Frequencies (cm'') Deviation 

(^EDep ~ 
(cm"') Potential 

Dependence 
Study at 

600.888 tmi 

Reference Spectrum 
514.532 nm 

(plasma line corrected) 

Deviation 

(^EDep ~ 
(cm"') 

1277.2 1272.6 4.6 

1351.2 1347.7 3.5 

1391.2 1386.0 4.8 

1453.8 1450.5 3.3 

1494.0 1491.4 2.6 

Average of Deviations 3.8 

Standard Deviation 0.9 

be considered different from the solution Raman frequency of the same mode unless they 

differed by a value greater than the estimated accuracy. 

On the other hand, all of the spectra within one frequency region in a given run 

are obtained and calibrated in the same manner using the same calibration method, 

constants and corrections. The precision between spectra collected and calibrated 

identically is ca. ±l cm"'. As a result, frequency shifts that result from potential changes 

in these studies which are ^2 cm"' may be considered significant. 

The spectrometer wavelength was changed several times at each potential, and 

therefore, it was also necessary to insure that there were no errors in the selection of 

spectrometer wavelength (A) following each of these changes. In this study, A was 
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selected manually (because of spectrometer design: see Chapter 3 and reference [208]) 

and a limited time was allowed for that selection (typically 60 s). Therefore, A selection 

errors which significantly affect Raman shift values are possible. 

This problem and its resolution are clearly demonstrated by an example. The 

firequencies of several peaks acquired in the same spectral region at five consecutive 

potentials are given in Table 6-4. As the potential is changed firom Ej to E5, the overall 

trends observed in the peak frequencies are: the frequency of peak 1 increases; those of 

peaks 2 and 3 decrease, and the frequency of peak 4 does not change significantly. At 

potential E4, there is significant deviation from these trends for all peaks in the region; 

therefore, it is reasonable to assume that the spectrometer was misaligned when the 

spectrum was collected at E4. The magnitude of the misalignment can be estimated by 

assuming that the frequencies at E4 should be near the average of the frequencies at Ej and 

E5. The magnitude of the error is estimated as the difference between this average and 

the frequency at E4. In the few cases where this occurred in this study (less than 2% of 

the more than 400 spectra collected), the error was corrected by shifting the spectrum by 

the average of the estimated errors of all of the peaks in the region. For example, the 

spectrum collected at E4 in this example would be shifted +0.8 cm"'. 
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Table 6-4. Example of identification and correction of erroneous spectrum 
(e4) caused by error in manual selection of monochromator k. 

Electrode 
Potential 

V Peak 1 V Peak 2 V Peak 3 V Peak 4 

E, 937.5 1012.0 1130.7 1198.1 

E2 938.4 1011.8 1130.0 1198.2 

E3 939.1 1011.5 1129.4 1198.2 

E4 938.8 1010.6 1128.1 1197.3 

E5 940.3 1011.0 1128.2 1198.1 

E6 940.7 1010.7 1127.7 1198.2 

Estimating magnitude of error for E4. 

Average v for 
E3 & E5 

939.7 1011.3 28.8 1198.2 

v(E4) - Avg. -0.9 -0.7 -0.7 -0.9 

Average: -0.8 cm"' (used to correct spectrum) 

6.3 Potential Dependence Data: Relative Intensity Reproducibility 

A number of factors affect SERS intensities, some of which are desirable, and 

others which are not. This study focuses on intensity changes resulting from molecular 

orientations (i.e., due to surface selection rules); other factors affecting SERS intensity 

may interfere with the ability to infer molecular orientation from SERS data. Many of 

these interferences may be surmounted by using relative (or normalized) intensities. 

However, a nimiber of factors affecting intensity in the present study required additional 

attention. The requirements for intensity reproducibility in this smdy are especially 
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stringent, because intensities from different regions and from different runs must be 

compared. 

Fluctuations in laser power must be addressed because the intensity of the SERS 

signal is proportional to the laser power. Laser power was measured once at every 

potential and intensities were corrected for fluctuations by multiplying the intensity at a 

given potential by the correction factor Pq/Pe (where Pq is the laser power meastired after 

spectra are collected at the initial potential and Pg is the power measured after spectra are 

collected at the potential E). 

Variations in SERS enhancements between runs must be considered because 

different spectral regions acquired in separate runs must be compared in the analysis of 

the data. Two problems result from ORC reproducibility between runs: first, the absolute 

enhancement may vary drastically from run to run. Secondly, enhancement factors at 

these roughened surfaces are affected by time and potential, and these variations are not 

reproducible from run to run. 

Corrections for absolute enhancement factor differences were obtained by 

acquking SERS spectra of a "reference" region around 645.6 nm (or 1150 cm"') at -0.25, 

-0.60, and -0.90 V in all runs. For each of the methyl imidazoles studied, one run was 

chosen and all spectra were normalized so that the intensities of bands in the reference 

region were identical at these potentials®. 

a Note: for future studies, the collection of the reference spectrum at every potential 

is recommended. 
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Time-dependent and potential-dependent changes in the SERS intensities were 

addressed in the following maimer. The first and last spectra collected at each potential 

were of the same spectral region. At each potential, changes in intensities in this region 

were used to estimate relative time-dependent changes in surface enhancement which 

occurred at that potential. In addition, after reaching -1.20 V, the potential was returned 

to -0.25 V, and a spectrum was recorded to document the degree of irreversible loss of 

SERS enhancement that occurred over the course of the entire run. This information was 

used to estimate the fractional decrease in the SERS enhancement between the initial 

spectrum and each subsequent spectrum that was collected. Each SERS spectrum was 

then corrected by dividing by this fractional surface enhancement reduction. Thus, all 

SERS intensities were normalized to the surface enhancement present for the first 

spectrum of the run. 

Integration times for each spectrum were 45 to 90 s, depending on the quality of 

the ORC. Spectra were taken at potentials from -0.25 to -1.20 V in 0.05 V intervals (0.10 

V intervals above -1.00 V). The total time required to take spectra in one "experiment" 

over the entire potential range was 90 to 120 min. All intensities were normalized to the 

same integration time. 

After applying the corrections to frequency and intensity as outlined above, the 

agreement between intensities of spectra obtained at the same potential was sufficient to 

permit them to be spliced together. The first step in the splicing procedure is to verify 

that the peaks where two regions overlap are of approximately the same intensity to 
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ensure that the intensity corrections discussed above are successful. This is illustrated in 

Figure 6-2 where two corrected spectra from the 1-MeIm SERS study (Run 1,645.6 nm 

region and Run 3, 635.4 nm region) are compared. The 1028 cm"' peak of the Run 3 

spectrum is ca 20% greater than that of the Run 1 spectrum. This difference is an artifact 

resulting from a peculiarity in the CCD/spectrometer intensity response and was 

consistently present when overlapping regions were compared: The peak intensities 

measured at the higher Acm"' (higher A.) side of the CCD were consistently greater than 

those measured at the low cm"' side. As a result, relative intensities (between peaks in 

different regions) obtained from this data were reproducible, but care should be taken in 

comparing relative intensities reported here with those obtained on other spectrometers. 

Once reproducible intensities were confirmed, the baselines of both regions were adjusted 

so that they were identical. Typically, the spectra were truncated so that only 3 or 4 pixels 

overlapped, and the overlap was in a region where there were no Raman bands. The 

SPLICE.AB program was then used to splice the spectra into the two large regions (150-

1600 cm"' and 2700-3300 cm"') reported in this work. 
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Figure 6-2. Example of spectra from overlapping regions in the 1-MeIm SERS 
study after application of intensity corrections. 
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6.4 Results and Discussion 

The SERS spectra of 1-MeIm are shown in Figures 6-3 and 6-4, and those of 

2-MeIm are shown in Figures 6-5 and 6-6. 

6.4A Vibrational Frequency Shifts 

The SERS and normal Raman (aqueous) frequencies of these two compounds are 

presented and compared in Tables 6-5 and 6-6; vibrational assigiunents are included for 

reference [287]. A ciursory examination of the frequencies of the methylimidazoles 

absorbed to Ag electrodes demonstrates a similarity with imidazole similarly adsorbed 

[286]. The frequency shifts between the SERS spectra at -0.25 V and normal Raman 

spectra of 1.0 M solutions are presented in Tables 6-5 and 6-6 as Avjers values. 

^^SERS ~ '^SERS " ^Soln 

The majority of the modes of both molecules reported in Tables 6-5 and 6-6, and a larger 

majority of ring modes have nonnegative AvggRs values. Under the conditions employed 

in this study (initial adsorption at positively charged surfaces), positive vibrational 

frequency shifts (especially of ring modes) are characteristic of N-adsorption [286]. 

Frequency changes with potential were examined by calculating Avg for separate bands: 

AVg = Av., 20 V - V 

Negative Av^ values are observed for almost every 1 -Melm and 2-MeIm band. Thus, the 

frequencies are shifting to lower values with decreasing potential; this is also 
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Table 6-5. Frequencies and Frequency Shifts of 1-MeIm. 

Vibrational 
Assignments 

Raman Shift (cm'^) 

^^SERS'' Ave'' Vibrational 
Assignments Aqueous 

[287] 
SERS ^^SERS'' Ave'' 

ref. [287] 

Aqueous 
[287] 

(-0.25 V) Negative Potential 
Species^ 

YCNCHS) 222 242 

5(NCH3) 350 367 17 -4 

y(R) 619 621 2 -3 

V(NCH3) 668 674 6 -3 

Y(CH) 712 

y(CH)? glass? 855 852 -3 -4 

Y(CH) 922 936 951= 14 -8 

5(R) 1031 1029 -2 -4 

P(CH3) 
in-plane 

1075 1077 2 -2 

5(CH) 1084 1093 9 -6 

P(CH3) 
out-of-plane 

1110 1116 1109'' 6 

combo. 1235 1240 5 -6 

6(CH) 1288 1287 -1 -6 

v(R) 1335 1335 0 -2 

v(R) 1350 1347 -3 -2 

v(R) 1367 1370 3 -7 

5(CH3)3y, 1422 1417 1395 -5 -8 

5(CH3)asym 1475 1472 -3 -4 

v(R) 1512 1517 5 -6 

v(R) 1528 1535 7 -9 

(Continued...) 



295 

Table 6-5. Frequencies and Frequency Shifts of 1-MeIm. 

Vibrational 
Assignments 

Raman Shift (cm*') 

^^sERs'' AVE" Vibrational 
Assignments Aqueous 

[287] 
SERS ^^sERs'' AVE" 

ref. [287] 

Aqueous 
[287] 

(-0.25 V) Negative Potential 
Species® 

(Continued...) 

V(CH3)^ 2932 2939 2894" 7 -3 

v(CH3)^, FR 2967 2957 2910" -10 +1 

v(CH3)asym 3032 3015 2935" -17 -4 

v(CH)& 
v(HCCH)asym 

3109 3118 9 -35 

v(HCCH)syn, 3135 3141 6 -15 

a. Bands that are distinct from those observed at -0.25 V and characteristic of 1-
Melm orientation at negative potentials. 
t * -  , 5 y - a n d A v g  =  v . , v " ^ - 0 2 5 v  
c. Appears at -0.60 V d. Appears at -0.75 V 
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Table 6-6. Frequencies and Frequency Shifts of 2-MeIm. 

Vibrational 
Assignments 

ref. [287] 

Raman Shifts (cm"') 
AVSERS AVE" 

Vibrational 
Assignments 

ref. [287] Aqueous SERS 
(-0.25 V) 

Negative Potential 
Species^ 

AVSERS AVE" 

y(CCH3) 272 

6(CCH3) 367 372 5 0 

Y(R) 628 625 642-= -3 -I 

v(CCH3) 678 684 689 8 -4 

Y(CH) 856 846 816'' -10 -1 

Y(NH) 928 928 1003® 0 -5 

v(R)or5(CH) 996 1009 13 

8(CH) 1123 1129 6 -2 

P(CH3) 
out-of-plane 

1153 1153 1166 0 1 

5(NH) 1282 1275 -7 2 

v(R) 1351 1353 2 2 

v(R) 1398 1393 -5 -2 

5(CH3)^, 1398 

1480 1481 1455 1 1 

v(R) 1492 1497 5 -6 

V(CH3)^^, FR 2936 2921 -15 -16 

v(CH3)asy„, 2979 2979 0 -17 

v(HCCK)^ 3128 3118 -10 -27 

3156 3151 -5 -15 

a. Bands that are distinct from those observed at -0.25 V and characteristic of 
l-Melm orientation at negative potentials. 
b. AVsers ~ ^-0^5 V " ^soln AVg = v., 20 V " V.0.25 V 
c. Appears at -0.60 V d. Appears at -0.90 V e. Appears at -0.75 V 
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characteristic of N-adsorption and was also observed for imidazole [286]. Thus, by 

analogy to the behavior noted for imidazole, the frequency behavior of these two 

methylimidazole isomers strongly suggests that these molecules are predominantly 

adsorbed to the Ag electrode through the N3 lone pair electrons at potentials positive of 

the PZC. This N3 interaction suggests that these molecules, at least initially, have a 

somewhat vertical orientation. Interaction of N, with the electrode may be ruled out 

[286] as the N, atom is sp^ hybridized with the lone pair electrons located in a p-orbital 

overlapping with the u-bonds to forai a conjugated system. Adsorption through N, would 

most likely involve the entire conjugated ring system as it does for pyrrole [198] resulting 

in a flat orientation which is not the case with imidazole [286] nor the methylimidazoles 

as will be demonstrated below. 

Tables 6-5 and 6-6 also contain the frequencies of a number of bands (labeled 

"Negative Potential Species") that predominate and in some cases are only present at the 

most negative potentials studied. The appearance of these bands in the spectra at more 

negative potentials is accompanied by the reduction and in some cases the disappearance 

of bands with the same assignment that are observed at -0.25 V. These bands result from 

splitting of the bands of the modes to which they are assigned, and indicate significant 

differences in the orientations and surface interactions of the molecules at the two ends 

of the potential region studied. The bands that split in this manner are primarily out-of-

plane or methyl modes. The bands belonging to the "negative potential species" generally 

appear at ca. -0.60 V and frequently replace their less-negative-potential counterparts by 
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-0.90 V. The most striking example of this behavior is the growth of a new methyl 

stretching feature between 2850 and 2940 cm"' in the 1-MeIm SERS spectra. 

Understanding the significance of this low frequency methyl stretching feature is key to 

understanding the remainder or the SERS data. Therefore, it is addressed next. 

6.4B Methyl Stretching Region-General 

Absent at -0.25 V, the 2850 and 2940 cm"^ feature is first noticeable in the 

1-MeIm SERS spectrum at -0.60 V as a generalized increase in intensity of the shoulder 

on the low frequency side of the v(CH3)syn„ FR band. It emerges dramatically between 

-0.60 and -0.75 V and is predominant at -1.20 V. Close examination of the SERS spectra 

over the entire potential range reveals that the frequencies of the features at 2919,2937, 

2956 and 3016 cm"' change little as the potential is changed. Thus, the spectral 

differences in this region are due predominantly to changes in band intensities rather than 

frequency shifts. At first glance, it may appear that v(CH3)syn„ FR band at 2955 cm"' at 

-0.60 V is shifting to 2938 cm"', but this is not the case: this band persists as a shoulder 

at the same position in the -0.75 and probably the -0.90 V spectra. The gradual 

disappearance of the bands observed at -0.25 V and the growth of the 2850-2940 cm"' 

feature must be due to changes in the relative numbers of two distinct 1-MeIm surface 

populations. In marked contrast, the general shape of the v(CH3) region in the 2-MeIm 

SERS spectrum is relatively unaffected by potential. In particular, there is no counterpart 

to the 2850-2940 cm"' feature of 1-MeIm. 
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The appearance of distinct SERS methyl bands at negative potentials has also been 

observed for methanol on Ag electrodes [288]. As in the current study, the features 

appearing at the most negative potentials were shifted substantially to lower frequencies. 

In that study, the unique methyl bands were attributed to the methyl group in contact and 

interacting with the Ag electrode. This model also explains the discrepancies between 

1-MeIm and 2-MeIm SERS spectra. The initial v(CH3) feature, at positive potentials, 

is due to N-bound 1-MeIm: the methyl group of this vertical or tilted molecule will be 

oriented away from the electrode, interacting with the solution rather than the electrode. 

At negative potentials, the new low frequency 1-MeIm v(CH3) feature results from methyl 

group interaction with the surface (as it did for methanol [288]). There may also be some 

interaction between the Ti-system of the imidazole ring and the surface. The combined 

effect of both 7t-system and methyl group interactions with the electrode result in the 

large shift to lower frequencies which is observed for this feature. 

On the other hand, the methyl group of 2-MeIm is in close proximity and probably 

interacting with the surface over the entire potential range studied. At positively charged 

surfaces, the orientation required for interaction of the N3 lone pair electrons with the 

surface places the methyl group in direct contact with the sarface (Figure 6-1). At more 

negative potentials, the methyl group/surface interaction predominates. Consequently, 

the basic structure of the 2-MeIm SERS v(CH3) spectrum changes little with potential. 

A continuous shift of the 2-MeIm v(CH3) frequencies with potential is observed which 

results from an increase in the strength of the methyl group interaction with the 
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increasingly negatively charged svirface. This shift and the general broadening of the 2-

Melm methyl feature (particularly on the low frequency side of the feature) are indicative 

of this methyl group interaction. 

It should be noted that the presence of distinct v(CH3) bands for the two 1-MeIm 

orientations restdts from a rather abrupt transition between two distinct methyl group 

environments. However, the effect on the methyl group of the 2-MeIm transition from 

vertical to flat is more gradual. The fact that these transitions occur as the potential 

approaches the PZC is significant: the smooth transition versus an abrupt transition 

discrepancy is explained by the presence of H-bond-like interactions between the methyl 

groups and the negatively charged surface. The N3 lone pair and the methyl group are on 

opposite sides of the ring, and unable to interact with the surface simultaneously. At 

some potential, the strength of the methyl group interaction will begin to compete with 

the N3 interaction, and some of the molecules change orientations. At more negative 

potentials, the strength of the methyl interaction will become predominant and the number 

of molecules interacting through that group continues to increase. 2-MeIm, on the other 

hand, can interact simultaneously with the surface through both the N lone pair and the 

methyl group. Thus, the transition from N-bound to methyl-bound is characterized by a 

gradual diminishing of the N-interaction and a gradual increase in the methyl interaction, 

permitting a smooth transition between orientations. 
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6.4C Comparison of SERS Enhancement Factors 

SER5 enhancement factors were calculated for the Melm data in the same maimer 

used for the imidazole data in Chapter 5, equation (58). One problem with using relative 

enhancement factors is the need to use a reference band which is itself subject to changes 

in SERS enhancement As a result, R^p values reflect the convolved behavior of the two 

bands. In our previous imidazole SERS study, the symmetric ring-breathing mode was 

used as the reference band [286], as this mode has significant polarizability components 

in all directions, and is significantly enhanced in all orientations. Despite the choice of 

a reference band with these attributes, inconsistencies in behavior may result fi-om 

reference band enhancement changes. Symmetric ring-breathing modes were used in this 

work to calculate R^f values for the methyl imidazoles. The existence of a more suitable 

reference mode for 2-MeIm is also reported in this work. 

Related methods for determining the orientation of specific molecular fimctional 

groups relative to the surface have been devised by calculating Rgp-like ratios relating two 

vibrational modes of that fimctional group having different spatial orientations. This 

means of applying SERS surface selection rules has been used very effectively in this 

laboratory to determine orientations of alcohols and alkane thiols adsorbed to Ag and Au 

surfaces [196] using methyl vibrational bands. Basically, the intensity ratios of the 

antisymmetric (v(CH3)asym) and symmetric stretching modes fi-om both 
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SERS and solution spectra are compared by the overall ratio (Rmc)® 

SERS 

soln 

Values of R^e vary with the angle (0) between the bond connecting the methyl group to 

the molecule and the surface normal, and are predicted [196] to range from ca. 0.1 (0 = 

0°) to ca. 10 (0 = 90°) and will be ca. 1 when 0 = 45° if the electric field normal to the 

surface is an order of magnitude greater than the electric field parallel to the surface. 

6.4C An In-plane Analog to Rvie 

The presence of the methyl group on the imidazole rings gives rise to other 

characteristic methyl modes which may prove valuable in interpreting the SERS results. 

In this study, the 1-Melm v(N-CH3) and 5(N-CH3) modes and the 2-MeIm v(C-CH3) and 

5(C-CH3) modes have been extremely useful. These two pairs of bands have two features 

in common with the v(CH3)syn, and v(CH3)asym "^ed to calculate R^e values: 

1. Their positions in the Melm spectra make them clearly identifiable (i.e., their 

assignment cannot be questioned). 

2. Their motions are spatially orthogonal to one another such that variations in their 

relative intensities in the SERS spectra will give clearly interpretable information 

a Ryte is described as a "multiplier value" in ref [196]. 
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about their orientations relative to one another. 

These are predominantly modes of the bonds connecting the methyl groups to the ring and 

are illustrated in Figure 6-7. The relative change in the SERS intensities of these modes 

relative to the same modes of the solution spectra, can be evaluated by calculating the 

following ratios: 

1-MeIm: 2-MeIm; 

NC 

V-cffj) 

SERS 

aq 

\ 
'v(C-Cffj) 

CC 

vcc-c/fj) 

^ \c-CHj)^ 

(61) 

aq 

Unlike R^g, R^^ ^nd R^c not directly related to angles between the N-C or C-C bonds 

and the surface normal; they can be used to determine which of the two modes is oriented 

more normal to the surface. The modes used to determine R^c and R^c are in-plane 

modes, and as a result, the SERS enhancements of the two modes (v and 5) are affected 

equally by tilting of the imidazole ring-plane. Thus, R^c and R^c are unaffected by 

changes in only the angle of the ring-plane relative to the surface. However, if the 

molecule is tilted "side-to-side," the enhancements of these modes change in opposite 

directions, and Rnc and R^c is affected. The "side-to-side" tilt (as opposed to tilting of 

the ring plane) can be better understood by considering Figure 6-8. 
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Figure 6-7. In-plane N-CH3 and C-CH3 vibrational modes of 1-MeIm and 2-MeIm. g 
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Figure 6-8. Comparison of ring-plane tilting and side-to-side tilting of 1-MeIm. (a-c) face-view; (d-f) side-view; 
(a,d) "perfectly vertical"; (b,d) only ring-plane tilt; (c,f) only side-to-side tilt. 

u> 
o Ul 



306 

Two molecular views are presented in Figure 6-8. In the "side-view" (d-f), the 

molecule is viewed with the plane of the ring normal to the page; permitting the reader 

to view the ring-plane tilting relative to the surface. The "face-view" (a-c) is rotated 90° 

from the side-view, and shows "side-to-side" tilting of the ring. Side-to-side tilting of 

the ring is most easily noted in the "face-view" as a change in either the relative distances 

of atoms from the surface or by the observed angle of the N-CH3 bond in Figure 6-8 (not 

the actual angle) relative to the surface. Orientations will be discussed relative to 

"perfectly vertical" N3-bound 1-MeIm (Figure 6-8a and d). Figure 6-8b and e portrays 

tilting of only the ring-plane. Note that all atoms have the same positions relative to one 

another and the surface; for example, C, and C4 are equidistant from the surface in both 

orientations. Also note that in Figure 6-8a and b, the angles between N-CH3 bond and the 

surface appear identical. These are both indications that the orientations have the same 

side-to-side tilt and should be the same for both orientations. Side-to-side tilt is 

portrayed by Figure 6-8c and f. Note that the ring-plane tilt is identical to that seen in 

perfectly vertical orientation (Figure 6-8d). However, Cj is nearer the surface than C4 

and the angle between the N-CH3 bond and the surface appears smaller than in Figure 6-

8a,b. Thus, R^c would be smaller for this orientation. If the ring-plane of the molecule 

represented by Figure 6-8c and f was tilted relative to the surface (as in Figure 6-8e), the 

angle observed in a face-view between the N-CH3 bond and the surface, and thus R^c, 

would not change. By analogy with the methyl stretching vibrations [196], if the apparent 

(as viewed in Figure 6-8a-c) angle of the N-CH3 or C-CH3 bond is 45° with respect to the 
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surface normal, R^c or R^c should approach unity. If the apparent angle is greater than 

45°, the stretching mode is enhanced less than the bending mode, and R^c or R^c would 

be less than one, and if the apparent angle is less than 45°, the ratio is expected to be 

greater than one. The need to consider the apparent angle of the N-CH3 or C-CH3 bond 

using a "face-view" of the molecule arises from the fact that tilting of ring-plane effects 

the enhancement of all in-plane modes equally. 

6.4E 2-Methylimidazole 

2-MeIm Methvl Modes. The R^^g values of 2-MeIm are reported in Table 6-7 and range 

from 2.7 at -0.25 V to 1.7 at -1.20 V. Thus, the angle of the methyl group relative to the 

surface is significantly less than 45°. If the electric field normal to the surface is ten times 

that parallel to the surface, the angles may be estimated [196] to range between ca. 15° 

and 25°. Angles expected for N3 bound 2-MeIm are within this range (see Figure 6-1). 

The data suggest that this angle increases slightly as the potential is made more negative; 

this transition begins at ca. -0.60 V. For the most part, however, the angle between the 

methyl group and the surface normal is almost invariant with changes in potential. 

The v(C-CH3) band splits slightly in the SERS spectra with two bands being 

observed at 684 and 689 cm-1. The 684 cm"' band is prevalent at more positive 

potentials, and the 689 cm"' band predominates at the most negative potentials. The 

relative intensities of the v(C-CH3) and the 5(C-CH3) bands are compared using R^c 
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Table 6-7. R^e and R^c Values of 2-MeIm. 

E 
mV vs. SCE 

2-MeIm R^^g Values* 

^2944 

^2921 

2-MeIm R^c " 

-25 2.7 0.36 

-40 2.6 0.30 

-60 2.2 0.37 

-75 1.7 0.45 

-90 1.8 0.59 

-120 1.7 0.80 

* Aqueous value 
calculated using 2936 
and 2959 cm"' bands. 

** Calculated using the 
combined Rgp values of 
684 and 689 cm"' bands 

values in Table 6-7. R^c values, calculated using the combined intensities (Rgp values) 

of both v(C-CH3) bands, are significantly smaller than one between -0.25 and-0.75 V. 

These small R^c values signify that the 5(C-CH3) mode is significantly more normal to 

the surface than the v(C-CH3) mode. In order for these modes to be oriented in this 

fashion, the methyl group angle relative to the surface must be significantly less than 45° 

and the ring-plane angle must be significantly greater than 45°. At the most negative 

potentials, the R^c values increase and approach one at -1.20 V. This increase in R^c 

requires a increase in the angle between the surface and the v(CCH3) mode (i.e between 

the surface and the methyl group), or an decrease in the angle between the 6(CCH3) mode 

and the surface, or both. As seen by the R^^^ values, the v(CCH3) mode angle does 



309 

increase. However, the relative decrease in (37%) is much smaller than the relative 

increase in R^c (120%) suggesting that the increase in the v(CCH3) angle itself is not 

sufficient to account for the change in R^c and requiring a simultaneous and larger 

decrease in the angle between the 5(CCH3) mode and the surface. In order for the 

5(CCH3) angle to decrease more than the v(CCH J mode angle increases, the angle 

between the ring-plane and the surface must decrease. 

2-MeIm In-plane/Out-of-plane Modes. Examination of variations in the Rgp values of in-

plane and out-of-plane modes with potential should support or contradict the conclusion, 

made above, that the ring-plane angle decreases at the more negative potentials. R^f 

values (versus the 1351 cm"' band) of seven 2-Melm in-plane modes are displayed as a 

function of potential in Figure 6-9. The Rgp value versus potential behavior varies 

significantly between in-plane modes. Four of these bands (372, 1393, 3118, and 3151 

cm"') behave similarly, with Rgp values increasing initially, and subsequently decreasing 

at more negative potentials. The irregular behavior of the other bands may be due to 

changes in the enhancement of the 1351 cm"' band used to calculate the Rgp. This 

problem is inherent in the use of relative enhancement factors. However, the relatively 

unchanging orientation of the methyl group provides an alternate, and potentially 

superior, reference band: the v(C-CH3) band. The essentially invariant orientation of this 

band implies an equally stable enhancement factor making it the ideal reference band for 

determining R^p values. Figure 6-10 shows R^p values of the same seven peaks 
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calculated relative to the v(C-CH3) ^^nd at 684 cm*'. Remarkably, ail of these bands 

analyzed in this fashion have the same Rgp versus potential behavior. Improvement is 

even seen in the smoothness of the R^p transitions for the 372, 1275,3118 and 3151 cm"' 

bands relative to Figure 6-9. The location of the maxima in these plots is also more 

reproducible in Figure 6-10, with 5 of the seven bands have maxima at -0.60 or -0.75 V 

which is just positive of the PZC. 

The Rep values of the in-plane modes presented in Figure 6-10 increase from an 

intermediate value at -0.25 V to a maximum at ca. -0.60 to -0.75 V and then decrease to 

a minimum value at -1.20 V. This clearly indicates that ring-plane of 2-MeIm is initially 

tilted at -0.25 V, assumes an orientation more normal to the surface as the potential is 

scanned to -0.60 V, and at the most negative potentials, it again tilts, eventually assuming 

an the angle to the surface which is smaller than observed at -0.25 V. 

Two basic trends are seen for out-of-plane modes. First, two out-of-plane bands 

which are absent at more positive potentials appear as the potential is made more 

negative. This is the case for the y(C-CH3) band which appears at 287 at ca. -0.75 V. 

Since this band is located ca. 50 cm"' from the v(AgCl) band at ca. 230 cm"', its absence 

at more positive potentials is significant. Thus, its appearance as the potential is made 

more negative suggests that the angle between the 2-Melm ring-plane and the surface is 

significantly less than 45° at more negative potentials. 
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The 742 cm"' band becomes prominent at -0.75 V. This band is not observed in 

the aqueous Raman spectrum [287], but is observed at 743 cm*' in the Raman spectrum 

of solid 2-MeIm. Bands seen at 728 cm"' in the Raman spectrum of aqueous 1-MeIm 

[267], and at 765 and 835 cm"' in aqueous 4(5)-MeIm spectra [262] are all assigned to 

y(CH) modes. Thus, the SERS band at 743 cm"' in this study is probably a y(CH) band 

of 2-MeIm which is too weak to be observed in Raman spectra of aqueous solutions, but 

because of the small angle between the 2-MeIm ring-plane and the surface at the more 

negative potentials is enhanced so that it is observed at those potentials. 

Several out-of-plane modes split into two bands, the split bands are predominant 

at opposite ends of the potential region. The Y(R) band (628 cm"' in aqueous solution) is 

a typical example with two observed SERS bands (ca. 625 and 638 cm"'); the 625 cm"' 

band predominates positive of the PZC, the 638 cm"' at more negative potentials. The 

Ref values for these bands are plotted as a function of potential in Figure 6-11. The 

combined behavior of these two bands is essentially opposite the in-plane mode behavior 

described above: intermediate value at -0.25 V, decreasing to a minimum and then finally 

increasing to a maximum at the most negative potentials. As with the in-plane mode 

behavior, the variation in the Rgp values of the out-of-plane modes are consistent with 

the ring-plane going through a tilted to near-vertical to near-parallel orientation change 

as the potential is made more negative. Other bands that behave in a manner comparable 

to the 625 cm"' Y(R) band are the Y(CH) band (816 and 845 cm"'), the Y(NH) band (928 
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Figure 6-12. Values of the out-of-plane y(R) modes of 2-MeIm at 625 and 638 
cm"'. O - 624 cm"' and X - 639 cm"'. 
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and 1009 cm"'), the out-of-plane p(CH3) and the 5(CH3)asyn, band. The large frequency 

shift of the Y(NH) band is significant and suggests that there may be a strong interaction 

of the NH bond with the surface at more negative potentials. 

The aqueous 2-MeIm 1398 cm"' Raman band has been assigned to a coincidental 

degeneracy of a v(R) and the 6(CH3)syn, mode. The corresponding band (1393 cm*') is 

significantly less intense relative to the other band as evidenced by its significantly lower 

Rgp values. However, the changes in R ef particularly if it is calculated versus the 

v(CCH3) mode are indicative of in-plane mode behavior. The observed SERS intensity 

results from the v(R) mode, as the 8(CH3)syn, mode will be nearly parallel to the surface 

at all orientations. Thus the small R^p values result from the absence of a significant 

contribution from the 5(CH3)syn, in the SERS spectrum. The fact that the potential 

dependence of Rpp values on potential is characteristic of the v(R) mode is also explained 

by a minimal contribution from the 5(CH3)syn, band. Thus, even though both modes are 

present in solution, the observed SERS behavior is attributable only to the v(R) mode. 

The v(HCCH) modes are normal to each other and a comparison of their SERS 

intensities should provide some orientational insight. The intensity of the v(HCCH)asyn, 

mode relative to the v(HCCH)syn, in the SERS spectra is less than in the aqueous 

spectrum at all potentials. This difference is slight at -0.25 V increases over the entire 

potential range and is quite marked at - 1.20 V. This implies that the v(HCCH)asym mode 

is more normal to the surface than the v(HCCH)syn„ marginally at the more positive 

potentials and drastically at -1.20 V. 
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6.4F l-Methylimidazole 

1-MeIm Methvl Modes. In analyzing the vCCHj) vibrations of 1-MeIm, it will be 

necessary to address separately the behavior of the two orientations which are indicated 

by the splitting of the v(CH3) bands. 

The curve-fitted spectrum of 1-MeIm adsorbed at a Ag electrode at -0.25 V 

(Figure 6-12) highlights the characteristic bands of N-adsorbed 1-MeIm in the v(CH3) 

region. R^e values for N-adsorbed 1-MeIm were determined using the 3015 cm"' 

v(CH3)asjyn, and 2957 cm'' v(CH3)syn, bands and are presented in Table 6-8. Initial R^e 

values of N-adsorbed 1-MeIm are slightly greater than one. Accordingly, the methyl 

group angle relative to the surface is slightly less than 45°. The angle between the methyl 

group of perfectly vertical N-bound 1-MeIm and a sxirface is 54° (Figure 6-1). The 

observed angle requires the ring-piane to be tilted, or the C2 atom to be nearer the surface 

than the C4 atom ("side-to-side" tilt), or both (see Figure 6-15 at -0.25 V); evidence 

presented below demonstrates that both factors contribute to the observed methyl group 

orientation. The R^e values decrease to a value less than one prior to the disappearance 

of the v(CH3)asym band at -0.90 V. Thus, the methyl group becomes oriented more normal 

to the surface as the potential is varied from -0.25 to -0.75 V, approaching the behavior 

expected for vertically oriented N-adsorbed 1-MeIm. The v(CH3)asyn, band is absent at 

-0.90 and -1.20 V. An orientation in which the methyl group is perfectly normal to the 

surface is unlikely. Therefore, the absence of the v(CH3)asy,„ band is not due to a decrease 

in the SERS enhancement, and the species (Ns-adsorbed) associated with this band must 



317 

CO 
G 
(D 

G 

2850 2950 3050 

Wavenumbers (cm "" 1) 
Figure 6-12. Curvefit of SERS spectrum of 1-MeIm v(CH3) region at -0.25 V. 
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Table 6-8. andR^c Values of 1-MeIm. 

E 
mV vs. SCE 

RMC* 
N-adsorbed 

Species 

Rmc" 
TT-adsorbed 

Species 

1-MeIm 

-25 1.3 0.67 

-40 1.1 7.3 0.77 

-60 0.92 2.7 0.85 

-75 0.91 2.5 1.04 

-90 2.6 1.09 

-120 2.1 0.89 

* Calculated using 3015 and 2957 cm"' bands. 
** Calculated using 2935 and 2910 cm"' bands. 

be absent from the surface or present in very low concentrations at these more negative 

potentials. Further information about orientation of the methyl group at potentials 

negative of the PZC must be obtained by considering the 2850-2940 cm"' feature. 

The curve-fitted spectrum of 1-Melm adsorbed at a Ag electrode at -1.20 V 

(Figure 6-13) highlights the characteristic bands of methyl-adsorbed 1-MeIm in the 

v(CH3) region. The band at 2948 cm"' at the high frequency end of this feature is 

significantly broader than the other bands in this region and is, therefore, assignable to the 

v(CH3)asyn, mode. Based on their proximity to the v(CH3)asyn, and their intensity, the 

bands at 2893 and 2917 cm"' are assigned to the v(CH3)syn, and the v(CH3)syn„ bands, 

respectively. values for methyl-adsorbed 1-MeIm were determined using the 2948 
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cm"' v(CH3)asyn, and 2917 cm'* v(CH3)sym, FR bands are also presented in Table 6-8. 

values of this feature based on these assignments are ca. 2 times greater than those 

observed for N-adsorbed and aqueous I-Melm. Thus, the angle of the methyl group 

relative to the surface is significantly less than 45°. The small angle between the methyl 

group and the surface places the imidazole ring in close proximity to the surface 

suggesting that, in addition to the methyl group, the imidazole moiety may interact with 

the surface as well. 

As observed for the 2-MeIm Rcc ratio, the variation of the R^c ratio of the 1-

Melm v(N-CH3) and 5(N-CH3) bands indicates changes in the "side-to-side" tilt of the 

1 -Melm molecule with changes in potential. Initially at the more positive potentials, R^c 

values are significantly less than one. The C2 atom of the N-adsorbed 1-MeIm present 

at these potentials must be nearer the surface than the C4 atom to obtain this value. In this 

orientation, the N=C 7t-bond is near the electrode surface and probably contributes to the 

interaction of this molecule with the surface. As the potential approaches the PZC, R^c 

increases to a value slightly greater than one. Thus, the apparent angle of the methyl 

group with the surface nears and slightly exceeds 45°, approaching the angle expected for 

the perfectly erect N-adsorbed molecule (54°). Because, R^c is so near one, the molecule 

probably has some residual "side-to-side" tilt. It is notable that both R^,e and R^c values 

near the PZC are close to what is expected for perfectly vertical N3-adsorbed I-Melm. 

Finally, at the most negative potentials, the Rjjc value decreases to 0.9, suggesting that 
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Figure 6-13. Curvefit of SERS spectrum of 1-MeIm v(CH3) region at -1.20 V. 
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the angles relative to the surface of both the 6(NCH3) and the v(NCH3) modes are nearly 

the same. Given the small methyl group-surface angles of methyl-adsorbed 1-MeIm 

indicated by R^e values, the equivalancy of the angles between these two vibrational 

modes and the surface leads to two conclusions: the angle between both of these modes, 

and thus the ring-plane, and the surface must be less than 45°, and secondly, Cj and C5 

are different distances from the surface. Two orientations meet these criteria, either the 

C2 hydrogen atom, or the C5 hydrogen atom may interact with the surface. The v(CH) 

SERS data may be used to distinguish between these two options. 

Two v(CH) bands are seen in the 1-Melm aqueous Raman and SERS spectra. 

Both bands are seen to broaden and shift to lower frequencies drastically between -0.60 

and - 1.20 V. This behavior is reminiscent of the methyl group behavior, and confirms the 

conclusion, made above, that ring hydrogens also interact with the surface. The band at 

3151 cm"' is assigned to the v(HCCH)syn, mode. The 3118 cm"' band is assigned to 

degenerate v(HCCH)asyn, and v(CH) modes. The broadening of the 3151 cm*' band 

establishes the involvement of the H-C=C-H group in the surface interaction. Thus, both 

the methyl group and the C5 hydrogen atom interact with the surface at negative 

potentials. 

1-MeIm In-plane/Out-of-plane Modes. Unlike, 2-MeIm, no 1-MeIm band is identifiable 

which has the same surface orientation at all potentials. Thus, R^p values were calculated 

relative to three v(R) modes (1345,1347, and 1370 cm"') in the ring>breathing region. 

Rather than choose between one of these modes, the average intensity of all three was 
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used to calculate Rgp values in order that variations in the behavior of the individual ring 

modes might be averaged out, and thus, have a mimimal effect on the Rgr values. Figure 

6-14 presents the Rgp values of in-plane modes which demonstrate the same general Rgp 

behavior observed for 2-MeIm in-plane modes. 

As with 2-MeIm (Figure 6-11) a number of out-of-plane bands are split with one 

branch (N-adsorbed 1-MeIm) present at less negative potentials and decreasing in 

intensity as potential is made more negative. In each case, the second branch (methyl-

adsorbed 1-MeIm) is weak or absent at -0.25 V and increases in intensity as the potential 

is made more negative. The split out-of-plane bands observed in the 1-MeIm spectra 

belong to the 7(CH) mode at 936 and 951 cm"', the out-of-plane p(CH3) mode at 1109 and 

1116 cm"', and the out-of-plane 5(CH3)asyn, modes at 1395 and 1417 cm"'. 

Two out-of-plane bands are observed only at the most negative potentials: the 712 

cm"' y(CH) mode and the 242 cm"' yCN-CH3) mode. No band was observed near 712 

cm"' in the aqueous l-Melm Raman spectrum [286], but a solution (in CS2), infrared 

band at 728 cm"' has been assigned to a y(CH) mode. It is possible that the 712 cm"' 

SERS band belongs to the same mode, and is observed in the SERS spectra, as a result 

of increased enhancement of out-of-plane modes due to the small angle between the ring-

plane and the surface at more negative potentials. The SERS behavior of the y(N-CH3) 

mode is complicated by its frequency being very close to the v(AgCl) vibrations; both of 

these bands are on the intense tail of the Raleigh line. The intense band at ca. 235 cm"' 
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observed at positive potentials in this region, is due to the v(Ag-Cl) mode. It decreases 

in intensity and shifts to lower frequency as expected for that mode. At more negative 

potentials, a band appears at ca. 242 cm"'. No band of this intensity is observed in the 

SERS spectra of imidazole 286]. Thus, this band is assignable to y(N-CH3) mode. The 

greater intensity of this out-of-plane band in the SERS spectra at these potentials 

compared with the solution spectrum is consistent with a ring-plane-surface angle which 

is significantly less than 45°. 

These data clearly indicate that the potential behavior of the Rg: values of 1-MeIm 

and 2-MeIm in-plane and out-of-plane modes are identical. Therefore, the 1-MeIm 

changes in ring-plane orientation with potential mirror those observed for 2-MeIm: tilted 

initially at -0.25 V, becoming near normal close to the PZC, and at the most negative 

potentials, tilted with a ring-plane-surface angle of less than 45°. 

6.5 Methylimidazole Adsorption Models 

Models for the adsorption of I-Melm and 2-MeIm to Ag electrodes under the 

conditions reported in this smdy are presented in Figures 6-15 and 6-16, respectively. 

These models are based on the SERS results of this study and the principles of 

electrosorption. As in Figure 6-8, two molecular views are presented in Figures 6-15 and 

6-16. Three potential regions (-0.25, -0.60 and -1.20 V) are represented in these figures 

and the approximate location of the PZC is included for reference. The general behavior 

of the two molecules is the same and they will be discussed together. 



600 mV PZC -1200 mV 250 mV 

-250 mV -600 mV PZC -1200 mV 

Figure 6-15. Model of l-Meltn adsorption to Ag electrodes. 
u> K) Ui 
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cy'VNa cr^wSa cT S» 
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Figure 6-16. Model of 2-MeIm adsorption to Ag electrodes. 
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Following the ORC, the potential is at -0.25 V which is positive of the PZC. 

Methylimidazoles (and imidazole) in this region interact with the electrode through the 

nitrogen lone pair. The plane of the molecule is tilted (not normal to the surface) at the 

most positive potentials and the C2 atom is nearer the surface than the C4 atom (i.e. the 

molecule is tilted "side-to-side"). Because of steric interactions between the methyl group 

and the surface, the Cj atom of 2-MeIm is not as near the surface as that of 1-MeIm. 

However, it is probably nearer to the surface than the ball-and-stick model of Figure 6-16 

portrays. This initial orientation directs the N=C 7c-bond towards the surface suggesting 

that the TC-orbital interacts with the surface, in addition to the N3 electron lone pair. 

As the potential is scanned towards the PZC (-0.60 V), the methylimidazole 

molecules assume a position more normal to the surface. The N=C bond also moves 

away from the surface weakening any Tc-orbital interactions with the surface so that C2 

and C4 are about the same distance from the surface. Since surface concentration (T) is 

typically highest for neutral organic molecules of this type near the PZC [289], it is 

reasonable that F is initially low at -0.25 V. and increases as the PZC is approached. It 

is typical for flat or tilted molecules at surfaces to take on a more vertical orientation 

when conditions favor higher surface concentrations [69,71,72]. For the imidazoles, this 

would result in a decrease in the tilt of the plane. This, in turn, would cause a pulling 

away of the TC orbital from the surface. The increased number of N-surface interactions 

resulting from increased F must be more than enough to make up for the weakening of 

7t-orbital-surface interactions. 
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Finally, data in this chapter indicate clearly that the methyl group-sxirface 

interactions are responsible for methylimidazole adsorption at uncharged and negatively 

charged Ag electrodes. The transition to the methyl-adsorbed state begins at ca. -0.60 V 

and is essentially complete at the PZC (ca. -0.90 V). Recent semi-empirical theoretical 

calculations reported by Romanowki et al. [290] predicted adsorption of alcohol 

molecules to Hg clusters resxilting from methyl group interactions with a non-charged (i.e. 

at the PZC) metal cluster. Methyl group interactions with the negatively charged surface 

may be due to H-bond-like interactions. However, the presence of methyl-adsorbed 

Melm before and at the PZC may indicate that the methyl interaction with the surface 

may result from the interaction of the hydrophobic methyl group with a Ag electrode 

surface which is becoming more hydrophobic with the loss of specifically adsorbed CI'. 

In addition to the methyl interaction at these negative potentials, the small angles 

between the ring-planes and the surface, are indicative of an imidzole group interaction 

with the surface. The broadening and large shifts in the v(CH) and the 6(NH) modes at 

these large potentials point to interactions of the H-C=C-H group of the 1-MeIm and the 

N-H group of 2-Melm with the surface. 

These models are consistent with the orientations obtained from the SERS data. 

Additionally, the SERS orientational information is exceptionally self-consistent. Three 

independent orientational indicators were obtained for each of these molecules: 

1. Ring-plane tilt from in-plane/out-of-plane mode data; 

2. Methyl group orientation from R^e data, and 
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3. "Side-to-side tilt from and R^c data. 

Any two of these indicators combined provide enough information to deduce the 

orientation of the methylimidazole molecules; the third, in essence, provides an 

independent check of the orientation. These results are also consistent with the earlier 

imidazole SERS work [286]. However, details in the orientations of 1-MeIm and 2-MeIm 

(presented as ring-plane and side-to-side tilting) were more discernible in this study as a 

result of the presence of the methyl group. 

6.6 Conciusions 

The utility of using relative SERS enhancement factors has been clearly 

demonstrated by the overall success in analyzing ring tilt, side-to-side tilt, and methyl 

group orientation from Rgp, R^c and R^c, and R^,g values. Analysis of R^p values is 

complicated by potential induced changes in reference band enhancement. However, this 

problem was resolved by careftil selection of the reference bands used in calculating these 

values. The optimized CCD system used in this lab, combined with the care taken to get 

high resolution, high signal-to-noise, comprehensive SERS spectra were indispensable 

in acquiring data of sufficient quality to permit this detailed study of methylimidazole 

orientations on Ag electrodes. 

A detailed description of the orientations of these molecules as a fimction of 

potential was obtained from the SERS data. In general, these data are consistent with the 

imidazole work (at least at positively charged surfaces): the methyl imidazoles are 

initially (-0.25 V) adsorbed to the surface through the N3 lone pair in a tilted orientation 
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which is suggestive of some C=N jt-orbital interaction with the surface. The molecule 

becomes vertical as the potential is made more negative. The orientational changes that 

occur above -0.60 V are characteristic of the methylimidazoles (as opposed to imidazole, 

itself) and are characterized by a transition to (1-MeIm) or an increased predominance of 

(2-MeIm) the interaction of the methyl group with the Ag electrode surface. The 

predominance of this interaction at and negative of the PZC emphasizes the dramatic 

effect that electrode potential has on electrosorption. 

The addition of a methyl group to imidazole achieved the desired effect of 

increasing the amount and specificity of the orientational information obtainable from 

SERS data. The observation that this fimctional group interacts with uncharged and 

negatively charged electrodes was equally important in providing additional insights into 

the mechanisms of organic molecule adsorption. This combination, the simultaneous 

presence of fimctional groups providing characteristic SERS orientational information and 

ftmctional groups having different adsorption characteristics, was effective in the 

elucidation of qualitative adsorption models in this study. 
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CHAPTER? 

SERS DETERMINATION OF SURFACE COVERAGE: 

A PRELIMINARY STUDY 

7.1 Introduction 

The major chemical emphasis of this dissertation to this point has been the 

comparison of adsorption strengths of chemically distinct functional groups present on 

imidazole, 1-MeIm and 2-MeIm. The orientations of imidazole (and its congeners) at the 

Ag surface, and the shifts observed in the vibrational frequencies of these molecules 

strongly support the idea that the pyridine N of imidazole interacts more strongly with the 

surface than the conjugated 7t-system. The purpose of this chapter is to begin to address 

the question of whether or not the relative adsorption strengths of two different adsorbates 

can be studied by SERS using more direct methods. Direct SERS methodologies for 

studying adsorbate strength would simplify adsorption studies and may permit 

comparison of more subtle adsorbate differences. 

Previous work suggests two different approaches to the direct application of SERS 

to the study of relative adsorption strengths. In the first, termed competitive adsorption, 

the preferential adsorption of an adsorbate to an electrode from a solution containing 

multiple adsorbates may be indicated by its predominance in the SERS spectrum. The 

absence of certain species from SERS spectra has been attributed to the lack of adsorption 

of those species [180,184,185,187]. The relative intensities of SERS spectra of three 
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compounds (o-phenanthroline, l-nitropyrene, and 9-aminoacridine [291]) have been used 

to order their relative adsorption strengths (o-phenanthroline > 9-aminoacridine > 1-

nitropyrene) from the same solution. Sato et al. [182] used SERS spectra of 

pyridine/methylpyridine mixtures to compare the adsorption of 2- and 4-methylpyridine 

at Ag electrodes. They demonstrated that the presence of the methyl group in 2-

methylpyridine reduces its adsorption strength relative to pyridine and 4-methylpyridine. 

They also noted that the presence of "electronic effects" on the CT enhancement 

mechanism affected relative SERS intensities. Thus, SERS comparative adsorption 

smdies are useful; however, care must be taken to differentiate the effects of adsorption 

from differences in Raman scattering efficiency and SERS enhancement factors. 

The second approach for applying SERS directly to the study of adsorption 

strength is suggested by the correlation of SERS intensity changes to adsorbate surface 

concentration [5,54,169,175,180,182,292-294], It would be extremely useful if SERS 

data could yield quantitative information about adsorbate surface concentrations (T). 

Isothermal data relating F and solution concentration could then be used to compare 

adsorbate strengths. 

SERS is a technique which is sensitive to molecules or ions at SERS active 

electrode surfaces because the Raman scattering of adsorbates at these surfaces is 

enhanced many orders of magnitude. Provided this enhancement remains constant, a 

change in surface concentration should produce a proportional change in SERS intensity. 

Unfortunately, the SERS mechanisms and the electrochemical double-layer are both 
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complex and quite susceptible to change. Factors such as variation in the number of 

active sites [167,174] and tuning of the CT resonance [166,167] affect SERS intensity. 

Thus, care must be taken in relating SERS intensity to F. 

A recent study by Stolberg et al. [5,54] relates F to SERS intensity. SERS 

intensities were compared with surface coverages from chronocoulometric measurements 

from the same pyridine/polycrystalline Au system [51]. The SERS intensities (In) were 

normalized relative to the maximum SERS intensity. 1^ was reported to be directly 

proportional to the pyridine surface concentration at coverages below 3 X 10''° mol/cm^. 

However, the normalized SERS intensities at given coverages varied as much as 50%. 

Variation is greatest at intermediate surface coverage. Less variation occurs near zero and 

near one monolayer coverages. However, the precision in these regions could simply be 

an artifact of normalization. Stolberg's use of normalized intensities was based on the 

observation that the SERS intensities were not affected by the electrode potential (i.e., 

that the observed SERS was not due to the CT enhancement mechanism). Their data 

actually supports the potential dependence of In: in the region less prone to normalization 

artifacts (0.2<In<0.8), 1^. values at a given coverage are typically greater at more negative 

potentials. Furthermore, temporal decay of the SERS signal and its stabilization by 

potential scanning implicates active sites [169,173,295] which are associated with CT 

enhancement. 

Despite the inadequacies of their work, a number of important facts were 

demonstrated by Stolberg et al. [5,54]. Of central importance to this discussion is the 
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demonstrated relationship between SERS intensity and surface coverage. It is also 

evident that the complexity of the SERS mechanisms limits the interpretation of these 

data, and a careful analysis of the SERS mechanism of a system is required before an 

accurate evaluation of the dependence of SERS on F can be made. 

The work of Stolberg et al. [5,54] was the motivation for this preliminary study 

on the feasibility of obtaining surface coverage data for the pyridine/Ag system from 

SERS measurements. The Ag/pyridine system was chosen because of its predominance 

in the SERS literature and the applicability of the adsorption mechanism of pyridine to 

the preceding imidazole study. Also, the availability of isotherm data for pyridine 

adsorption reported by Stolberg and Lipkowski et al. (SERS and chronocoulometry on 

Ag and Au electrodes) [5,51,54] and Wieckowski et al. (radiotracer methods on Au 

electrodes) [54,296] are available for comparison. 

7.2 Preliminary SERS Concentration Dependence Study Goals 

The goal of this preliminary study was to find experimental conditions which 

would allow the measurement of SERS intensities (ISERS) which are proportional to 

surface concentration (T) over a large range of adsorbate solution concentrations. In order 

to accomplish this goal. SERS intensity data were obtained as a fiinction of adsorbate 

solution concentration (Cso|„). 

The interpretation of the work of Stolberg et al. [5,54] was limited by the poor 

precision observed for mid-range, normalized, SERS intensities which may be attributed 

to the complex nature of the SERS enhancement mechanism. Therefore, the ability to 
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acquire reproducible Isers values as a function of Csoi„ was a principal concern in this 

study. 

Surface concentration data, which was available to Stolberg et al. [5,54], was not 

available for the system studied in this work. Therefore, SERS intensities were compared 

to Cjoin rather than surface concentration. In light of this, the criterion used to support the 

feasibility of relating F to SERS intensity was the ability to obtain reproducible SERS 

intensity versus Cjoin data which resembled an adsorption isotherm. 

If the dependence of Ijers oni Cjoin resembles characteristic adsorption isotherm 

behavior (sigmoidal Isers versus log Cjoin response) and the maximum SERS intensity 

(l^ax) is assumed to correspond to monolayer coverage, fractional surface coverage (0) 

may be estimated by 

0 = (62) 
max 

The desired outcome of the preliminary work described in this chapter was to obtain data 

which could be interpreted in this fashion. At that point, further steps might be taken to 

relate SERS intensities to F and eventually use this approach to smdy adsorption strength. 

Though this goal was not met, the preliminary work accomplished provides some useful 

insights into the relationship between Ijers T and into the SERS mechanism. It is 

important to note that the evidence obtained from this study does not suggest that the 

desired result is imattainable. At this point, improvement in the experimental approach 

used here is required before the feasibility of this approach can be completely assessed. 
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7 J Experimental Considerations 

The complex natures of the electrochemical interface and the SERS mechanisms 

require careful consideration of experimental conditions if experimental complications 

are to be minimized. 

7.3A SERS Intensity Variations and Electrode Preparation 

The acquisition of reproducible absolute SERS intensities is highly dependent on 

the conditions used to prepare the SERS-active surface. Both large scale and atomic 

scale roughness affect SERS intensities. Some control of the large scale roughness 

features contributing to the EM enhancement mechanism has been achieved [161-164], 

but experimental factors contributing to the atomic scale roughness are not as completely 

understood. For example, Sobocinski and Pemberton [173] identified two distinct active 

site types by studying active site decay kinetics. Electrodes illuminated during the ORC 

behaved variably, some having one type of active site with the rest having the other. 

They were unable to identify any experimental parameters that could be used to predict 

or control the type of active sites formed. The fact that only one type of site was observed 

when the ORC was performed in the absence of laser illumination clearly indicates that 

the irreproducibility originates during the ORC. These authors also attributed large 

experimental errors (as high as 27%) in their rate constant measurements to the 

irreproducibility of the ORC. 
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Variations in SERS intensities between comparable studies have also been 

observed in the work performed for this dissertation that are attributable to ORC 

irreproducibility. In order to avoid inconsistencies resulting from this irreproducibility, 

only measurements obtained from the same freshly prepared SERS active electrode are 

compared in relating SERS intensities to Cjoin in this work. 

7.3B SERS Intensity Variation with Potential 

r may be controlled by varying either solution concentration or applied potential. 

However, the SERS enhancement may also be affected by applied potential. For 

example, potential changes affect CT enhancement. These changes are reproducible and 

can be characterized. Other factors affected by applied potential which affect SERS 

intensity include adsorbate concentration, orientation and the number and nature of active 

sites. Some of these effects are dependent on both the potential and the potential history 

of the roughened electrode. For example, some active sites are irreversibly lost when the 

applied potential is made significantly negative [167,174]. All of these effects are 

convoluted, and it is unlikely that the changes resulting from even the characterizable 

effects such as CT tuning can be isolated, quantified and corrected for. Unquantifiable 

potential induced changes ftirther obscure the Isers'^^ relationship. Therefore, Cjoin, rather 

than potential, was varied in the present study to induce changes in F and avoid 

simultaneous potential induced alterations in the magnitude of the CT enhancement 

mechanism. 
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7.3C Choice of Electrolyte for Concentration Dependence Studies 

Two factors were considered in choosing an electrolyte: the effect of electrolyte 

adsorption, and the role that the electrolyte plays in the formation or stabilization SERS 

active sites. Adsorption of alkali metal cations (in this instance, Na^ and K"*") to metal 

electrode surfaces is typically non-specific (resulting primarily from electrostatic 

interactions). As a result, there is little difference in the adsorption behavior of different 

alkali metal ions, and their effect on SERS active sites is not appreciable. Therefore, only 

the electrolyte anion was considered. 

The use of specifically adsorbing anions was ruled out to minimize the extent of 

competitive adsorption between anion and adsorbate. Also, the presence of some anions 

(e.g.: Cr, Br", I") during the ORC enhances the stability of SERS active sites [174,175]. 

For these reasons, two nonspecifically adsorbing anions were considered: F" and C104". 

NaC104 was used in order to avoid problems associated with working with the F" ion 

(e.g., the tendency to etch glass in acidic solutions). Additionally, the perchlorate 

vibrational bands have the potential for being used for internal standardization purposes. 

7.3D ORC for Perchlorate Electrolyte 

The most common electrolyte used for oxidation-reduction cycles is KCl. The 

formation of AgCl from the Ag"*" during the oxidation step of an ORC performed in KCl 

prevents the majority of Ag"^ ions from diffiising away from the electrode and affects the 

formation of the large scale roughness features important to the EM enhancement 
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mechanism. Therefore, the conditions used to roughen electrodes in aqueous NaC104 are 

likely to be different from those used in aqueous KCl. 

An ORC may generally be performed in one of two ways. In the first (potential 

scan method), the potential is scanned at a controlled rate (described in mV/s) from a 

potential where no oxidation occurs (E^jJ to a potential which is well past that at which 

oxidation begins (En,ax)' and then back to A potential scan ORC is recorded as 

cyclic-voltammogram and by monitoring the total and net charge passed with a 

coulometer. In the second ORC method (potential step method), the potential is stepped 

from En,jn to E^ax, and held at En,^^ until a predetermined amount of charge has been 

passed. At that point, the potential is stepped back to E^j„. The progress of a potential 

step ORC is monitored as a chronocoulogram E^jn and En^ are not necessarily the same 

for the two types of ORC. 

One criterion used to characterize the efficiency of an ORC in this laboratory is 

the percentage of anodic charge recovered during reduction (cathodic charge ^ anodic 

charge X 100%). Assuming that all charge results from Ag oxidization or reduction, the 

percentage of charge recovered represents the fraction of oxidized Ag which is reduced 

back to Ag. The remaining Ag"^ diffuses away from the electrode before it can be 

reduced. Charge recoveries of greater than 90% (considered sufficiently efficient) are 

typical of ORC's performed in the presence of CI' because most of the Ag is retained at 

the surface by precipitation of AgCl. However, charge recovery of scanning ORC's 

performed using similar conditions in a C104' solution are poor (approximately 20% in 
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the trials performed for this study). 

If Enjax and E^jn of a potential step ORG are sufficiently above and below the 

redox potential of Ag, oxidation and reduction occur rapidly, reducing the extent of 

diffusion of Ag^ away from the electrode. Therefore, a potential step ORG was used in 

this study to produce SERS-active electrodes. The following procedure was used: 

Initial potential (En^J = -0.10 V 

Step to En,ax = +0.60 V 

After ca. 39 mC/cm^ of charge passed, step back to 

Typical charge recovery was 22 mG/cm^ (55 to 60%). The ORG was performed in pure 

electrolyte solutions, to prevent the formation of pyridine stabilized active sites [174] that 

may affect SERS intensity irreproducibly. A typical chronocoulogram of a potential step 

ORG used in this work is given in Figure 7-1. 

7.4E Minimization of Active Site Gontribution 

The following additional precautions were taken to minimize active site 

contributions to SERS intensity and intensity variations; 

1. Active site destruction by negative potential excursion: potential scanned to -1.00 V 

or -1.20 V immediately following the ORG and held there for 5 to 10 minutes. 

2. Active site destruction by electrode emersion: ORG was performed ex situ, the 

electrode was emersed, rinsed with D1 water and transferred to SERS cell for study. 
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3. Change concentrations under potential control to minimize additional active site loss 

during a study. 

4. Selection of excitation wavelength: excitation wavelength of ca. 640 nm used to 

minimize the intensity of broad background features affecting the sensitivity and 

precision of intensity measurements (see Chapter 5). 

Two different procedures were used to obtain the data presented in this chapter which 

differ primarily in the extent of effort taken to control active site contributions. 

1. Mild active site destruction. Active sites were destroyed by scanning potential to 

-1.00 V and holding for 5 to 10 minutes. 514.5 run laser excitation (used 

13 mC/cm^ 

39 mC/cm2 

17 mC/cm2 

Increasing time 

Figure 7-1. E Step ORC used for roughening .A.g electrodes in NaC104 media. 
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primarily for convenience). Concentrations were changed under potential control. 

2. More vigorous active site destruction/background feature minimization. The 

electrode was roughened ex situ, emersed to induce active site destruction and 

then transferred to the spectroelectrochemical cell. Once the electrode was in the 

electrochemical cell, the potential was scanned to -1.2 V and held there for a 

minimum of ten minutes. The dye laser was used to obtain excitation at ca. 640 

nm. Concentrations were changed under potential control. 

7.4 Representative Data 

Figure 7-2 presents the results of one concentration dependence study and shows 

the characteristic features of these studies. This electrode was prepared and data acquired 

by the second procedure described (emersion, -1.20 V potential excursion for ca. 11 min. 

and 642.6 nm laser excitation). Intensities are plotted against the time of data acquisition 

(min. after ORC). All spectra were acquired at -0.60 V. 

In general, SER5 intensities increase with solution concentration, suggesting that 

surface coverage data may be obtainable. A complete discussion of the IsERs^Csoin 

response is presented below after the reproducibility limitations of these data are 

addressed. 
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7.4A Time-Dependent Increases in SERS Intensities 

Increases in IggRs with time under constant potential and concentration conditions 

were observed (Figure 7-2,2.5 X 10'^ and 2.5 X 10'^ M solutions). After the cell was 

flushed with 2.5 X 10*^ M solution (Figure 7-2b) for the first time (at 51 minutes) the 

SERS intensity increased 38% over the next 45 minutes. At 2.5 X 10'^ M (Figure 7-2g), 

a 31% uicrease was observed in 48 minutes. This time dependent growth is observed for 

all concentrations of 10"^ M or greater. At lower concentrations, S/N ratio is too small to 

detect relative intensity changes of this magnitude. 

45-

40-

3 5 -

c 25-

2 0 -

1 0 -

200 250 150 50 0 100 
Time (min) 

Figure 7-2. Representative concentration dependence data, (a) 2.5 X 10"^ M, 
(b) 2.5 X 10-3 (c) 5X10-5 (d) 2.5 X IQ-^ M, (e) 5 X 10"* M, (f) 0.005 M 
(g) 0.025 M. 
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Relative, time-dependent increases in the SERS intensities ten minutes after 

flushing with various solutions are tabulated for data collected at -0.60 V in Table 7-1. 

Concentration and time dependence data were also collected at -0.25 V, but only -0.60 V 

data are given in this table because more data were available at that potential and because 

intensities observed at -0.60 V are greater than those at -0.25 V and should yield more 

reproducible results. Except for two instances (which are probably anomalous), 

significant time-dependent increases in the SERS intensities were observed for all 

conditions examined. Neither potential excursions nor ex situ roughening of the electrode 

followed by emersion (and presumably the resulting active site destruction) provided 

noticeable improvements in data quality. This time dependent behavior may limit the 

overall precision of F versus Cjoin data. It should be noted here that the experiments from 

which the data in Table 7-1 were extracted were attempts to obtain reproducible 

concentration dependence data by eliminating these temporal changes in intensity. The 

time-dependent nature of the SERS signal should be systematically characterized. If this 

behavior proves to be reproducible, it may still be possible to improve SERS intensity 

data by altering the experiment design and data analysis to account for these temporal 

effects. 

There are at least two plausible causes for the observed temporal increases in 

SERS intensity: changes in the number of chemical SERS active sites and diffusion 

limited adsorption. Even though a variety of approaches were used to minimized active 

site contributions, there was little or no difference between approaches. Therefore, the 



Table 7-1. Percent increase in pyridine SERS intensity 10 minutes after flushing (-0.60 V). 

Active Site 
Destruction 
(See note*) 

Excitation 
k (nm) 

Concentration of Solution Used for Flushing (M) Active Site 
Destruction 
(See note*) 

Excitation 
k (nm) 

5X 
10-5 

1.0 2.5 5.0 1.0 2.5 5.0 1.0 2.5 1.0 5.0 

Active Site 
Destruction 
(See note*) 

Excitation 
k (nm) 

5X 
10-5 

X 10-^ X 10-3 X 10-2 X 10-' 

None 514.5 22.3 14.5 20.4 8.3 10.1 

-l .OV 514.5 22.0 14.7 36.7 18.8 -23.2 

-l .OV 514.5 27 3 12 15 12.3 

-1.2 V ca. 640 25 13 

-1.2 V ca. 640 -16.3 21.1 2.2 6.4 
19.3 
16.6 

20 

-1.2 V ca. 640 28.8 

* Refers to potential used for active site destruction. Electrodes with -1.20 V active site destruction potentials were 
prepared ex situ, emersed and transferred to SERS cell. 
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latter option is more likely. Additionally, the design of the cell did not encourage direct 

flow of the solution across the electrode surface which probably restilted in a relatively 

large difiiision layer. This, coupled with the roughness of the electrode surfaces studied, 

undoubtedly resulted in slow diffusion rates. 

7.4B Presence of Surface Concentration Information in SERS Data 

Despite the problems encountered with time-dependent intensity changes, there 

is evidence that the original goal of this study is still attainable. In particular, two 

pertinent observations should be made. The first is that SERS intensity does respond to 

solution concentration in a reproducible fashion. For example, in the first 130 min. of the 

study presented in Figure 7-2, the pyridine concentration was alternated between 2.5 X 

10'^ M to 2.5 X 10'^ M. The SERS intensities observed immediately after flushing with 

2.5 X 10*^ M pyridine were identical each time the cell was flushed with the solution (50-

56 and 112-115 minutes). Intensities observed at a concentration of 2.5 X 10"^ M pyridine 

ranged from 0.5 to 1.7 prior to, and from 1.0 to 1.7 after flushing with the 2.5 X 10*^ M 

solution. The second important observation is that the SERS intensity increases 

monotonically with the solution concentration, but is not proportional to it. 

A typical example of observed SERS intensity response to solution concentration 

is presented in Figure 7-3. The precision of the data is indicated by error bars (± 2 

standard deviations). This is the precision from one study and represents the variability 

of a single SERS active surface. The large variations are due primarily to the time-
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dependent changes in SERS intensity. Thus, improvements in precision are likely, if 

further characterization demonstrates that time-dependent effects are reproducible. 

As in Figure 7-2, the response is generally a monotonic increase in the signal, and 

in fact, the data resembles an adsorption isotherm. The drop in intensity at the highest 

concentration was observed approximately one-half of the time in these studies (see 

Figure 7-4). The error bars in Figure 7-3 clearly demonstrate that this decrease may be 

due only to random errors. However, there is also evidence in the literature for a decrease 

in SERS intensity as monolayer coverages are approached [54,169]. At high values of 

^ 0.8-
n c 
9 
^ 0.6-
U) 
cc 
UI 
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> 

o 
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1E-05 0.0001 0.001 0.01 0.1 1 

Pyridine Concentration (M) 

Figure 7-3. Effect of pyridine concentration on SERS intensity. 1036 cm*' 
band. E = -0.60 V. Active site destruction by holding E at -1.00 V for 10 min 
514.5 run excitation. 
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0, the interactions of adsorbate molecules with one another and with surface EM fields 

can interfere with the proportional relationship between Isers and 0 due to "depolarization 

effects" [167,169,297^98]. 

The combined evidence of the reversibility of the SERS response to solution 

concentration and the monotonic increase of the SERS intensity with solution 

concentration, coupled with the realization that SERS is selective for surface species 

clearly indicates that an observable correlation between SERS intensity and surface 

concentration exists in the system studied, and therefore, future studies of this 

concentration dependence are warranted. 

7.4C The Effect of Potential on SERS Concentration Dependence 

The response of the SERS intensities to the solution concentration is given for 

four different experiments in Figure 7-4, two at -0.25 V and two at -0.60 V. As 

previously noted, the intensities increase with concentration (except for the possibly 

anomalous behavior at the highest concentrations studied). The intensities at -0.60 V are 

clearly greater than those at -0.25 V. The difference is probably a result of the combined 

effect of potential dependent increases in F and SERS enhancement. However, with the 

efforts taken to eliminate active sites and the marked difference in intensity between the 

two potentials, it is probable that a significant contribution comes from differences in the 

pyridine surface coverages at these potentials. 
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As a result of the overall reproducibility of the data in this study, data in Figure 

7-4 cannot be used to determine whether or not the SERS intensities have reached the 

asymtotic maxima at highest Cs^in studied. Therefore, the SERS intensities observed at 

that concentration cannot be assigned to monolayer adsorbate coverage which precludes 

the use of equation (62) for the determination of fractional surface coverages. 

7.5 Other Factors Affecting SERS Intensities 

Two auxiliary studies to the preliminary concentration dependence studies 

reported above are included here. These studies are also preliminary in nature and 
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Figure 7-4. Effect of potential on pyridine SERS concentration dependence. 1036 
cm"' band. E = -0.60V. Active site destruction by holding E at -1.00 V for 10 min. 
514.5 run excitation. (•,-•-) - 0.60 V and (•,*) - 0.25 V. 
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therefore, inconclusive. However, they are included because their results may give some 

insight into the sources of intensity irreducibility observed in the concentration 

dependence studies. 

7.5A Spatial Active Site Inhomogeneities 

In one concentration dependence study, two distinct, visually distinguishable 

regions were observed on the SERS active electrode (Figure 7-5). One region (A) had a 

creamy appearance, and the other (B) had a darker, irregular appearance. Irregularities 

m the intensities (particularly after flushing with solutions of different concentrations) 

suggested that these visual irregularities may be accompanied by irregularities in SERS 

enhancement. This was investigated by acquiring spectra from several different locations 

Figure 7-5. Appearance of electrode with irregular surface (A) cream-colored 
region, (B) darker irregular region, and laser beam positions (numbers). 
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on the electrode. These locations are indicated by dots in Figure 7-5 (-0.60 V, 0.5 M 

pyridine and 0.1 M KCl). The intensity at position "1" was monitored for 40 minutes 

after flushing with 0.5 M pyridine solution. Next, the laser beam was moved to position 

"2" and a spectrum was collected. This procedure was repeated for positions "3" and "4". 

Finally, a 40 minute time-dependence study was done at position "4". The intensities 

observed at the different positions are given in Table 7-2 The intensity in the irregular 

area (position "2") was found to be much greater than the others, but there was significant 

variation even between sites in the creamy colored region. The increase of the intensity 

observed over 40 minutes at position "4" (13%) was much lower than that observed at 

position "1" (35%). 

The observed intensity variations may be due to an inhomogeneous distribution 

of active sites on the SERS active electrode. If this was the case and if such spatial 

variations in the distribution of active sites are common, these data point out a significant 

flaw in the experimental procedure used in this smdy. The procedure for flushing the cell 

requires the electrode to be moved away from the cell window. After flushing, it is 

possible that the laser beam will illuminate a different part of the electrode surface and 

adversely affect the reproducibility of SERS intensities. 

Unfortunately, a high (0.5 M) solution concentration was in the cell when the 

effect of laser position was examined. The observed intensities may actually be due to 

solution (not surface) Raman scattering. If this is the case, the variations in intensities, 

may be due to differences in the distance between the electrode and the cell window. 
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Table 7-2. Effect of laser position on SERS intensity. 

Position SERS Intensities - 1008 Acm"' band 

» J II 280 - 378 

"2" 804 

"3" 472 

"4" 345 - 390 

Though inconclusive, this one-time study, points to some potential problems that 

should be addressed before attempting further investigations into the relationship between 

solution concentration and SERS intensity. The following actions are recommended: 

A. The actual cause of the observed intensity variations (active site inhomogeneity 

or solution Raman contributions or both) should be determined. 

B. Any electrode inhomogeneities that affect observed intensities should be better 

characterized. 

C. Redesign SERS cell so that the location of the laser beam on the electrode is not 

changed during when the cell is flushed. 

7.5B Stabilization of Active Sites by Potential Cycling 

If the temporal effects observed above were due variations in the number and 

nature of SERS active sites, another approach for obtaining reproducible SERS intensities 
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is suggested by the work of Stolberg and co-workers [54]. In their study of the 

concentration dependence of pyridine SERS, the problem of a decaying SERS signal was 

overcome by cycling the electrode potential between acquisition of spectra. 

A preliminary study was performed to see if this approach might be used in the 

Ag/pyridine/NaC104 system used in this work. The results are presented in Figure 7-6. 

All of the spectra were collected at - 0.6 V, so the differences in intensity reflect only the 

effect of the potential history on the SERS active sites. Points indicated by the arrows 

were collected immediately after the potential had been held at the indicated value for ten 

minutes. All other points (in boxes) were obtained following ten minute periods in which 

potential was cycled between 0.0 and -1.0 V at 20 mV/s. For example, spectrum 17 was 

obtained after 10 minutes at 0.0 V with ne intervening potential cycling. After spectrum 

17 was collected, the potential was cycled for 10 minutes and spectrum 18 was obtained. 

Between spectra 18 and 19 the potential was again cycled for 10 minutes. After spectrum 

19, the potential was stepped to -1.0 V and held there for 10 minutes, and so on. 

With the exception of spectra 14-16 (the first box), the scatter between points 

obtained after potential cycling was less than those obtained without cycling. The 

greatest intensities were observed after the electrode had been held at -1.0 V for 10 

minutes. Intensities were lowest after 10 minutes at 0.0 V. If these effects are due to 

changes in SERS active sites, these data suggest that active site destruction occurs at more 

positive potentials, and active sites formation occurs at more negative potentials. This 

behavior (which is the opposite of what is observed for Ag/pyridine/KCl systems) is very 
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Figure 7-6. Effect of cycling E on SERS 1. 10'^ M Pyridine/0.1 M NaC104. All intensities obtained at-0.6 V. Points in 
boxes obtained after cycling E between 0.0 and -1.0 V at 20 mV/s for 10 minutes. 
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significant and needs to be better understood if this system is to be used in future 

investigations. 

Remarkably, the cycling did have a stabilizing influence on the observed SERS 

intensities. Therefore, this approach may prove to be a useful method for obtaining 

reproducible SERS surfaces for future studies. However, further characterization of this 

effect is needed, and at this point, the effect of potential cycling on the temporal response 

of the SERS signals has not been evaluated. 

7.6 Conclusions 

The relationship between adsorbate, solution concentration on SERS intensity was 

studied under isopotential conditions, and a reversible relationship between and Isers 

was observed. The monotonic response of Ijers of pyridine to solution concentration 

observed in this work is in general agreement with the work of Furtak and Roy (CI" 

adsorption [169]) and that of Stolberg and co-workers (pyridine on Au [167,169]) in 

demonstrating that it is possible to observe quantitative relationships between 0 and Iser^. 

Unfortunately, the time-dependent changes in SERS intensities and the resulting 

imprecision precluded the determination of a proportional relationship between Ijers and 

surface coverage. A better understanding of the mechanisms responsible the time 

dependent changes in Isers is required before this relationship can be adequately assessed. 

Three specific problems were identified which limited the precision of the data 

collected in this study: 

1. Temporal increases in SERS intensities. 
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2. Irreproducible intensities after flushing, especially at high solution concentrations. 

3. Inability to detect monolayer coverage as a distinct plateau in the Isers versus Cs(,i„ 

relationship. 

Consideration of this data also suggests at least five different factors that may contribute 

to these problems: 

1. Variation in SERS active sites (CT mechanism). 

2. Diffusion limited adsorbate transport. 

3. Observation of solution Raman scattering in addition to or instead of SERS at 

higher solution concentrations. 

4. Inhomogeneities in the distribution of SERS active sites on the electrode surface 

complicated by the inability to realign the laser beam to the same position after the 

cell has been flushed. 

5. Inadvertent loss of potential control during the flushing procedure. 

The reproducibility of the SERS concentration dependent studies may be improved by 

redesigning the experiment to eliminate or minimize the five problem areas identified 

above and by characterizing those which cannot be completely eliminated. 
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CHAPTERS 

CONCLUSIONS 

Early in Chapter 1, a broad, general goal of this dissertation was offered: 

It is essential that the ability of in situ analytical techniques to provide 

detailed information about surface processes be evaluated and improved. 

This dissertation provides such an evaluation for the application of SERS 

to eiectrosorption. 

The dissertation title suggests a more limited goal: 

The Application of SERS to the Determination of Relative Adsorption 

Strengths of Nitrogen Heterocycles. 

Finally, the experimental content of this work points to an even more limited subset of 

these proposed areas of study: 

The mode of adsorption of imidazole and related molecules was studied 

with an emphasis on understanding the relative strength of the interactions 

between the various functional groups of the imidazole (pyrrole N, 

pyridine N and n bonds of the conjugated double bonds of the ring) and 

the Ag electrode. A preliminary study on the potential for using SERS to 

determine surface coverage was also included. 

This chapter evaluates the extent to which these goals were accomplished and offers some 

suggestions about the directions this line of research could follow in the future. 
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8.1 Instrument Development (Chapter 3) 

The need imposed on these studies by the temporal nature of the SERS CT 

mechanism for the acquisition of a large number of spectra in a timely fashion was 

recognized and met by the application of CCD detection to the collection of SERS data. 

The stringent calibration requirements required by using multi-channel (CCD) 

detection coupled with the desire to obtain SERS and normal Raman spectra sufficiently 

accurate to permit detection of vibrational frequency shifts of 1-2 cm"' necessitated the 

improvement of methods used for frequency calibration. A component-by-component 

analysis was made of the multichannel Raman system described in this work and a 

number of procedural changes instituted to improve spectrometer precision. These 

observations and resulting procedural changes were summarized in Table 3-2. In that 

table, the precision of spectra acquired with and without those procedures are compared. 

The "Initial Procedure" data indicates a potential for errors as great as 20 cm"'. In actual 

practice, errors this large were easily detected, and highly erroneous spectra were either 

not used or corrected. However, errors on the order of 4-5 cm"' are more difficult to 

detect, especially when the analyzing surface spectra where significant shifts are expected 

and no direct means of calibration are available. Ultimately a precision as good as ±1 

cm"' for routine spectra was obtained. Even when comparing spectra taken under 

different experimental conditions (i.e., solution and SERS), spectral accuracy is now 

routinely better than ±2 cm"'. The significance of this improvement is demonstrated in 

the following example. The number of frequency shifts considered significant in the 
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imidazole and methylimidazole SERS frequency shift data reported in Table 5-2 and 

Table 6-5 can be evaluated using ±5 and ±2 cm"' as accuracy limits. The number of peaks 

with frequency shifts greater than 5 cm*' is 16 for imidazole and 24 for the 

methylimidazoles. These numbers increase to 27 and 56, respectively, when shifts as 

small as 2 cm'' can be considered significant. Thus, the number of significant frequency 

shifts available for interpretation of SERS data is nearly doubled by a 3 cm"' increase in 

accuracy. 

Another significant outcome of these efforts to implement defined, reproducible 

calibration protocols was an increase in calibration efficiency. As these procedures 

evolved, both the time required to do calibrations and the uncertainty of the resulting 

measurements decreased. 

The choice of a calibration standard was found to be an essential step in 

calibration of a Raman spectrometer and the use of multiple standards is recommended 

to allow independent checks of spectrometer calibration and matching of standard type 

with sample type. A major contribution to the Raman calibration literature [208] was 

made by improving and expanding the Raman shift data available for two commonly used 

Raman standards and introducing two new standard materials. 

A previous listing of the Ar"^ laser plasma emission lines [210] was expanded to 

include many of the weaker plasma lines made accessible by use of sensitive multichaimel 

detection. With this expanded listing of peaks, there is no region greater than ca. 50 cm"' 

wide from 50 to 3900 Acm*' with respect to the 514.5 nm laser line of the Ar^ laser that 
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does not have a peak that is suitable for calibration \^en using the Ar^ laser plasma lines. 

As a resxilt of the intense, narrow peaks available in all regions of the spectrum, \ise of 

these plasma lines yields highly reproducible calibrations and is the primary standard for 

the work done in this laboratory. The super-radiant fluorescence beam containing the 

plasma lines can be scattered from almost any type of sample; thus, the plasma lines can 

be used for calibration in most Raman experiments. 

The Raman shifts of indene in the literature have been reviewed and supplemented 

by additional careful studies done in this laboratory, giving a more accurate listing of 

indene Raman shifts for use in calibration of Raman spectrometers. Carefiil studies of the 

Raman shifts of imidazole and a-cyclodextrin have been done to allow their use as Raman 

shift standards for solid (powdered or granular) samples. 

This work clearly demonstrated the importance of selecting suitable expressions 

for relating Acm'' and p obtained during calibration. The dispersion of most grating 

monochromators used for Raman spectroscopy is sufficiently linear in A, to warrant direct 

calibration in X with subsequent conversion to Acm"' (method 1). Since this approach 

is based on the physical attributes of the spectrometer, it is the best choice for calibration 

purposes. This was clearly demonstrated for both simulated and real Raman data. 

In general, the use of second and third order polynomial expressions relating 

estimated pixel number (p') and v in the calibration of Raman spectrometers using 

multichaimel detection was found to be satisfactory when direct linear calibration in A. is 

unavailable or too inconvenient. On the basis of this research, higher order expressions 
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are not recommended, unless the uniformity of the spacial distribution of the detector 

elements is poor. (It is important that the components of any Raman system be 

characterized to ensure that their performance conforms with the standards of this 

discussion before applying these principles to that system.) The flexibility in the 

curvature of the higher order polynomials allows them to conform more closely to the 

experimental data, but does not always effectively constrain them to behavior that is 

characteristic of the relationship between pixel number and Acm"'. This observation has 

been clearly demonstrated on both simulated and real data (see Chapter 3 and [209]). 

When choosing between second and third order polynomials, the second order 

polynomial is preferred under most circumstances, especially when the peaks of the 

standard used for calibration do not span the entire spectral region accessed by the 

detector. In such instances, the quality of the calibration depends on how well the 

calibration can be extrapolated to the regions in which there are no peaks present in the 

spectrum of the standard. Extrapolation using a second order polynomial is generally 

more successful than extrapolation using a third order polynomial. 

The linearity of dispersion of the monochromator used in this work was 

sufficiently ideal to permit the acquisition and conversion of an entire Raman spectrum 

(ca. 100 to 3200 Acm"') to Acm"' by extrapolation of the calibration of ong 450 cm"' 

spectral region. When using tunable laser excitation, it is possible to use a single 

calibration to determine the excitation A, as well as for collection of an entire Raman 

spectrum. 
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The relationships between vibrational frequency shifts, the mode of interaction 

and adsorption strength were reviewed in Chapter 1 and demonstrated in Chapters 5 and 

6. Therefore, the importance of obtaining accurate vibrational frequencies to the study 

of electrosorption was clearly established. The comprehensive study of factors affecting 

calibration undertaken in this work led to the development of a calibration protocol which 

is sufficiently accurate, efficient and versatile to meet the varied needs of our research 

group [237,208]. Thus, these instrumental and procedural studies have relevance, and in 

fact should prove useful, in most areas of research which utilize multichannel detectors 

in Raman spectroscopy. 

8.2 Imidazole and Methylimidazole Vibrational Assignments (Chapter 4) 

The vibrational assigrunents of imidazole, 1- and 4- methylimidazole were 

reviewed. Raman frequency and depolarization measurements were made of imidazole, 

1- and 2-methyl imidazole in aqueous and D2O solutions. The data were used to clear up 

inconsistencies in and to supplement the assignment literature of imidazole and 1-

methylimidazole. Vibrational assignments of 2-methylimidazole were not available. 

Therefore, vibrational assignments of 2-methylimidazole were made on the basis of the 

depolarization data, frequency shifts due to deuteration of N,, and comparison to 

imidazole and 4(5)-methylimidazole assignments. Accurate vibrational assigrmients of 

these compounds were required for interpretation of their SERS spectra. 

It is interesting that the use of SERS surface selection rules to determine molecular 

surface orientations has motivated work to acquire accurate vibrational assignments of 
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several different classes of molecules: imidazoles [287, this study], alcohols [274,275], 

and triethylenediamine [276]. The fact that these SERS studies yield chemically 

consistent orientational information on surface molecules suggests that SERS may prove 

to be a very usefiil tool for elucidating vibrational assignments in systems in which 

surface molecular orientation can be predicted. 

8.3 Adsorption of Imidazole and Related Compounds (Chapters 5 and 6) 

The adsorption behavior of imidazole and its congeners has been characterized in 

detail. The SERS data of neutral imidazole are consistent with imidazole adsorption to 

the surface through the pyridine N. The frequency of the ring breathing mode of 

imidazole at the electrode at -0.25 V is slightly lower than it is in aqueous solution and 

may indicate the interaction of the C=N n electrons with the surface. Consideration of 

the imidazole SERS data in light of surface selection rules suggests that imidazole is tilted 

at -0.25 V and becomes more vertical as the potential is made more negative. The degree 

of tilt may be related to the strength of the interaction between the C=N tc orbital with the 

surface. Alternatively, the reorientation to a more vertical orientation at more negative 

potentials may be due to an increase in surface coverage of the imidazole that occurs as 

the potential approaches the PZC. The bonding and orientation of the imidazole with the 

Ag surface agree with that predicted from consideration of the strengths and geometries 

of the possible modes of interaction of imidazole on the surface. Imidazolium is adsorbed 

to the Ag electrode through ion pairing with specifically adsorbed CI". 
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The changes of the relative intensities of the in-plane and out-of-plane modes of 

1-MeIm and 2-MeIm are consistent with these molecules being tilted at -0.25 V and 

becoming more vertical at more negative potentials. The shifts in frequency upon 

adsorption, and as a fimction of potential are also in agreement with the results observed 

for imidazole. Both observations indicate that adsorption results from N lone pair 

interactions. In these respects, the behavior of imidazole, l-Melm, and 2-MeIm are 

essentially identical. 

A detailed description of the orientations of 1-MeIm and 2-MeIm as a function of 

potential was obtained from the SERS data of those molecules. In general, those data are 

consistent with the imidazole work (at least at positively charged surfaces): the methyl 

imidazoles are initially (-0.25 V) adsorbed to the surface through the N3 lone pair in a 

tilted orientation which is suggestive of some C=N 7t-orbital interaction with the surface. 

The molecule becomes vertical as the potential is made more negative. The orientational 

changes that occur above -0.60 V are characteristic of the methylimidazoles (as opposed 

to imidazole, itself) and are characterized by a transition to (1-MeIm) or an increased 

predominance of (2-MeIm) the interaction of the methyl group with the Ag electrode 

surface. The predominance of this interaction at and negative of the PZC emphasizes the 

dramatic effect that electrode potential has on electrosorption. 

The addition of a methyl group to imidazole achieved the desired effect of 

increasing the amount and specificity of the orientational information obtainable from 

SERS data. The observation that this functional group interacts with uncharged and 
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negatively charged electrodes was equally important in providing additional insights into 

the mechanisms of organic molecule adsorption. This combination, the simultaneous 

presence of fimctional groups providing characteristic SERS orientational information and 

flmctional groups having different adsorption characteristics, was effective in the 

elucidation of qualitative adsorption models in this study. 

These SERS data and the orientational information obtained from that data are 

consistent with the SERS of pyridine [197,199-203,279] and pjorole [198]. 

The feasibility of using orientational information determined from SERS data and 

Raman frequency shifts to determine which functional groups of a molecule interact with 

a metal surface has been demonstrated in this research. When stearic factors are not 

significant, this information can be used to order functional groups by adsorption strength. 

8.4 Effect of Adsorbate, Solution Concentration on SERS Intensity (Chapter 7) 

The relationship between adsorbate. solution concentration on SERS intensity was 

studied under isopotential conditions, and a reversible relationship between Cjoin and Ijers 

was observed. The monotonic response of IggRs of pyridine to solution concentration 

observed in this work is in general agreement with the work of Furtak and Roy (CI" 

adsorption [169]) and that of Stolberg and co-workers (pyridine on Au [167,169]) in 

demonstrating that it is possible to observe quantitative relationships between 0 and ISERS-

Unfortunately, the time-dependent changes in SERS intensities and the resulting 

imprecision precluded the determination of a proportional relationship between IggRs and 

surface coverage. A better understanding of the mechanisms responsible the time 
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dependent changes in Isers is required before this relationship can be adequately assessed. 

Three specific problems were identified which limited the precision of the data 

collected in this study: 

1. Temporal increases in SERS intensities. 

2. Irreproducible intensities after flushing, especially at high solution concentrations. 

3. Inability to detect monolayer coverage as a distinct plateau in the Isers versus Cjoin 

relationship. 

Consideration of this data also suggests at least five different factors that may contribute 

to these problems: 

1. Variation in SERS active sites (CT mechanism). 

2. Diffusion limited adsorbate transport. 

3. Observation of solution Raman scattering in addition to or instead of SERS at 

higher solution concentrations. 

4. Inhomogeneities in the distribution of SERS active sites on the electrode surface 

complicated by the inability to realign the laser beam to the same position after the 

cell has been flushed. 

5. Inadvertent loss of potential control during the flushing procedure. 

The reproducibility of the SERS concentration dependent studies may be improved by 

redesigning the experiment to eliminate or minimize the five problem areas identified 

above and by characterizing those which cannot be completely eliminated. 
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8.5 Future Directions 

8.5A Comparison of Functional Group Adsorption Strengths 

The current study was limited to understanding adsorption involving the functional 

groups that are characteristic of nitrogen heterocycles. Molecules that have combinations 

of other fimctional groups may be studied by the methods used in Chapters 5 and 6. In 

aqueous solution, functional groups that interact more strongly with the electrode than 

water are required. Two possibilities are the nitro (NO2) and nitrile (CN) groups. It may 

also be feasible to study weaker adsorbing groups such as the hydroxy and carbonyl 

groups in less strongly adsorbed non-aqueous media. 

8.5B Surface Coverage Determination 

The determination of conditions which would yield SERS intensities which are free 

from changes in the magnitude of the CT enhancement would be very valuable to SERS 

research in general and to SERS electrosorption studies in particular. It would make it 

feasible for surface coverages to be determined using SERS and therefore isothermal data 

could be collected. There is some evidence [167,169,297,298] that depolarization effects 

occurring at higher surface coverages affect the EM enhancement mechanism (or the 

Raman polarizability of the adsorbate) and may prevent proportional relationships 

between SERS intensity and surface coverage as the coverage approaches 1 ML. This 

may mean that SERS surface coverage determinations will be limited to coverages less 

than a half of a ML and may require calibration based on coverage measurements made 

using other techniques. Despite this complication, the fact that SERS is an in situ 
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technique gives it a distinct advantage. Also the convenience of a technique that provides 

both qualitative (i.e., identification of adsorbate, mode of interaction and orientation) and 

quantitative information cannot be overlooked. 

The steps taken m Chapter 7 to limit the effect of the CT mechanism on the 

irreproducibility of SERS iatensities were clearly unsuccessfiil. Before further work can 

be attempted, it is necessary to improve the experimental design. However, the 

experiments required to do this were beyond the scope of the present work. Suggestions 

for improvement of experimental methods follow. 

Design a thin-laver flow-through spectroelectrochemical cell. The spectroelectrochemical 

ceil used in this experiment was not designed for the convenient and efficient replacement 

of electrolyte solution. This created a nimiber of problems in the present study: 

1. The irregular shape of the internal cavity of the electrochemical cell makes it difficult 

to insure complete and reproducible flushing of the cell. With this cell design, the 

extent to which adsorption is diffusion controlled cannot be adequately assessed. 

2. The flushing process required from five to ten minutes. This prolongs the 

concentration dependence experiment, limiting the capability for minimising time-

dependent behavior by reducing the time required to complete an experiment. 

3. Even though every effort was made to prevent movement of the cell, the complexity 

of the manipulations required for flushing probably resulted in movements which can 

affect focusing of the image at the spectrometer slit and the position of the laser beam 

on the electrode. Both may result in changes in the observed SERS intensities. 
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4. The electrode surface had to be moved away from the cell window during flushing to 

insure that it would be exposed to the fresh solution. The process used may have also 

caused interruptions of the electrical connection between the potentiostat and the 

electrode. The resulting momentary losses of potential control may have affected the 

number of active sites on the electrode. Moving the electrode away from the window 

may have also resulted in changes in the position of the laser beam at the electrode. 

SERS spectra cannot be acquired when the electrode is moved away from the window. 

Therefore, changes in the SERS signal cannot be monitored during the flushing 

procedure; information acquired at that time may be useful in understanding the 

adsorption process or the effect of flushing on the enhancement, but was not available. 

These problems can be eliminated by designing a thin layer flow-through cell. A 

Teflon spacer (a few hundred microns thick) could be used to separate the metal electrode 

from the cell window. An entrance port on one side of the electrode would permit the 

introduction of fresh solution. This port should have a minimum volume and minimum 

dead space so that significant mixing of different solutions prior to contacting the 

electrode is avoided. The exit port would be situated on the opposite side of the electrode, 

and have a larger volume which could accommodate a Luggin-Haber capillary (connected 

to a reference electrode) and a counter electrode. The exit port should also have a valve 

by which flushing solution could drain. Solution could be supplied using mixing pumps 

(concentrations being varied in a fashion similar to eluants in HPLC) or syringes. The 
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cell could be flushed without moving the electrode or sample cell. The solution in contact 

with the electrode would have a volume of less than 0.1 ml and the cell could be flushed 

effectively in less than one-minute, and data acquisition would not need to be interrupted 

during flushing. The flow of the solution through the thin-layer cell would insure that the 

diffusion layer would be thin enough to prevent diffusion limited adsorption rates. 

Optimize the PRC. A systematic study should be undertaken to optimize the effect of 

ORG conditions on intensity, stability and reproducibility of the SERS signals. The ORG 

conditions to be studied could include electrolyte concentration, potential step limits, and 

amount of charged passed. The main goal should be to find conditions for which time-

dependent changes are minimized or are at least more reproducible. 

Characterize time-dependent intensitv increases. An effort should be made to determine 

whether the temporal changes are due to active sites or diffusion limited adsorption. 

The effect of flushing on the active sites should be determined. This can be 

accomplished by simply flushing the cell with fresh solution identical in composition and 

concentration to that in the cell. Therefore, any observed changes would be due to the 

flushing process. Variation in flow rate and flushing time could also be investigated. 

Spectra should be collected at regular and reproducible intervals. In initial studies, the 

time-dependence should be monitored long enough to determine if and when the signal 

will eventually begin to decay. Further characterization of the intensity increases, decay 

or both might be perfomied by measuring kinetic parameters [173] as a flmction of ORG 

conditions and active site destruction. The result may aid in obtaining more reproducible 
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concentration dependence data and provide new insights into the nature of the observed 

temporal changes in SERS intensities. 

8.6 Coordination of SERS Approaches and Other Techniques 

In concluding it must be emphasized that the most accurate understanding of 

electrosorption will come from considering the data obtained from all of the methods 

available for study. It is therefore important that SERS studies of functional group 

adsorption strength, surface coverage relationships and the direct comparison of adsorbate 

strength (comparison of SERS intensities of two adsorbates present in the same solution -

mentioned in the introduction to Chapter 4) should be compared with each other and 

results obtain from other methods (both in situ and ex situ). 
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APPENDIX A 

EFFECT OF BACKGROUND SUBTRACTION ON BANDSHAPE AND 

CURVEFITTING 

In Chapter 2, the effect of background subtraction on curvefitting results was 

mentioned. In this appendix, the effect that background subtraction has on the relative 

Lorentzian and Gaussian contributions to the bandshape giving the best fit is examined 

in more detail. 

A.1 Bandshape Selection 

A knowledge of the properties of the Gaussian and Lorentzian band shapes is 

helpful in selecting the best band shapes for curvefitting. Theoretically, a Raman spectra 

should display Lorentzian band shapes [300,301]. However, this is not necessarily true 

for non-ideal liquids (those with strong intermolecular or interionic interactions) 

[227,302-304]. There are number of factors that can affect the overall band shape, and 

these can be divided into three categories: molecular, environmental, and instrumental. 

The molecular factors include radiation damping [301], Doppler broadening [301], 

and orientational broadening [303,304]. Radiation damping can be attributed to the 

Heisenberg uncertainty principle, but its effect on the vibrational band shapes in 

condensed phases is so insignificant (FWHM = 10"^ cm"' at 1000 cm"') that it need not 

be considered further in this discussion. Doppler broadening results from the Doppler 

effect as the molecules move away from or towards the excitation source or detector 

(depending on the type of spectroscopic measurement). This effect is also quite 
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insignificant in condensed phases and does not need to be considered. Orientational 

broadening results from changes in molecular orientation relative to the incident laser 

beam. Its effect on band shape is significant and is predicted to produce a Lorentzian 

band shape for vibrational bands. 

The most prevalent example of environmental effects on band shape is collisional 

broadening which results from molecular collisions. The bandshape that results from 

collisional broadening is also Lorentzian [301]. Broadening also results from 

intermolecular interactions. A random distribution of molecules in different 

microenvironments (or states) results in band broadening which is Gaussian in nature. 

In condensed materials, the range of microenvirormients is relatively large and is 

accompanied by significant broadening. A Gaussian band shape can also result from 

molecules that take on a range of geometric conformations. 

Instrumental properties can also affect band shape. These can be divided into 

optical and electronic factors. The nature of Raman spectroscopy usually results in 

integration of the signal for periods that are much longer than the time constant of the 

recording electronics, and effects on the band shape due to the electronics are minimized. 

The use of photon counting methods or solid state charge coupled devices, which are 

characteristic of modem Raman spectroscopy, result in digitization of the Raman data 

which also reduces the need to consider electronic contributions to Raman band shapes. 

However, care must be taken to ensure that the limits of the counting electronics or charge 

coupled devices are not exceeded. 
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Optical factors play a more important role on the other hand. Finite (as opposed 

to infinitesimal) slit widths affect the band shape significantly; this was clearly 

demonstrated in the discussion on the use of plasma lines for frequency calibration 

(Chapter 3). The typical rectangular slit will result in a bandshape typical of the collected 

light when the band pass of the slit is of the same magnitude as the spectral band pass. 

If the slit width is much larger, then the recorded peak shape resembles the rectangular 

shape of the slit. This is due to the convolution of the spectral band shape with the shape 

of the slit. In some cases, triangiilar or trapezoidal slits have been used to reduce this 

effect [301]. Other optical parameters that may have an effect are mismatched slit 

curvatures, spherical aberration of the mirrors, optical misalignments, and prism or 

grating irregularities. These tend to increase the effective slit width of the spectrometer, 

so that their effects on band shape are similar to those due to increasing the slit width. 

In the preceding discussion, the many contributions to the shape of a band were 

either Lorentzian or Gaussian in nature. For ideal solutions and "infinitesimal" slit 

widths, the predicted band shape is Lorentzian. However, most experimental spectra have 

some Gaussian character. Therefore, many workers use combinations of Gaussian and 

Lorentzian band shapes in curvefitting Raman Spectra. A Gaussian-Lorentzian product 

fvmction has been used [300,305,306]. A band shape based on a linear combination of the 

two shapes (a sum function) is preferred [227,307] and most commonly used. These two 

band shapes can be defined by the following relationships: 
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Gaussian: Lorentzian: 

/ = /^exp 
V - 3v. 

20^ 
(63) I = L 1 + 

V -
-1 

(64) 

V = the frequency (in cm"') at any point 

I(v) = Intensity at v 

Vq = frequency at peak maximum 

Iq = Intensity at Vq 

a = standard deviation of the band 

The width of a band is commonly described by the full-width at one-half maximum 

intensity (FWHM). For a Lorentzian band FWHM = 2a. This is the value that 

CURVEFIT reports as the widths (W) of Lorentzian bands. For Gaussian peaks, FWHM 

= 2.35a. For Gaussian peaks, the widths (W) reported by CURVEFIT are somewhat 

arbitrary: W = 2.82o®. To obtain FWHM from the CURVEFIT results. The value of W 

reported by CURVEFIT should be multiplied by 2.35/2.82 = 0.833. For peaks of mixed 

band shapes the Gaussian-Lorentzian sum ftmction used in the CURVEFIT program is: 

I = L 
V -

2a 
+ 1 

- I  

+ (l - L)exp 
V - v„ 

I, 1.42a 

(65) 

Where L is the fractional contribution of the Lorentzian flmction. 

a This allows the Gaussian function to be put into a simplified form for computation 
purposes: I = Ioexp-{[(v - Vo)/(W/2)]^}. 
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Figure A-1 a compares two bands, one Gaussian and one Lorentzian, each having 

the same v^,!(,, and W values. The most obvious difference between the two shapes is 

the much broader, flaring base of the Lorentzian peak. In Figure A-lb both peaks have 

FWHM = 20, so that they can be compared in a more traditional way. The comparison 

of these bands shows that the Lorentzian peak still has an intensity of almost 10 (1% of 

Iq) at lOo from Vq, but the Gaussian drops below 1 at only 3.2o. The peak of the Gaussian 

band shape is broader and more rounded, than that of the Lorentzian. 

Curvefitting of SERS spectra in this laboratory has typically used 20% Lorentzian 

(80% Gaussian) peak shapes: this value, 20% Lorentzian, was found to give the best fit 

(minimum values) for background-subtracted spectra. However, there continued to be 

two characteristic differences between the fit spectra and the original (background 

subtracted) spectra. It was typical for the peak of the fit spectrum to be several percent 

lower than that of the original spectra. Also, the tails of the fit spectra were of higher 

intensity than the original. Nonetheless, these fits did give the lowest values, and as 

a result, the 20% Lorentzian band shape has been commonly used in this research group. 

Another phenomenon that occurred frequently was the tendency for the CURVEFIT 

program to place a low intensity broad peak directly under a higher intensity band; the net 

effect is to broaden out the base of the peak giving it a more Lorentzian band shape. 

Despite many attempts, the only way that really good fits could be obtained was to 

include a number of these "filler" peaks, which were not usually suggested by a visual 

inspection of the data. If this were to occur for only a few spectra, it would be reasonable 
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to assume that there might be some hidden peaks in those spectra. However, ahnost every 

region that involved 3 or more overlapping peaks required these "filler" peaks to give a 

good fit. Since this problem could not be remedied by changing the band shape, it is 

reasonable to believe that it is due to problems in subtracting the background. 

If a background is subtracted from a Lorentzian peak, the shape of the tails is 

affected more drastically than the band shape near the peak. This is demonstrated in 

Figures A-2 and A-3. In Figure A-2, a Lorentzian band is shown having the same 

dimensions as those in Figure A-1. A dashed line indicates where the peak would be 

truncated by a line connecting the points at Vq ± 5o. It is clear that a significant decrease 

in the band area would result from the subtraction of this line (as a "background") from 

the spectrum. In spectra with irregular background features and overlapping peaks, it is 

difficult to determine the extent of tailing of the peak. Initially, a general rule of thumb 

applied by this investigator, was to consider the peaks to have reached baseline at about 

twice the FWHM (or 4a to 5a). The solid band in Figure A-3 is the result of subtracting 

that line from the Lorentzian band. This band was fit using the Gaussian/Lorentzian sum 

function in CURVEFIT. The best fit (to ± 1% Lorentzian) is included as the dashed 

spectrum. This "best fit" was 65% Lorentzian. The two characteristics of poor fits that 

were described above for experimental data are evident in Figure A-3: the fit peak is 2% 

lower than the original, and tails of the fit peak are also higher in intensity. 
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Figure A-3. Curvefit of a Lorentzian band with background subtracted as indicated 
in Figure A-2. 



The effect of background subtraction on the fit line shapes of the experimental 

data was investigated in the following manner. A background subtraction was carried out 

in the normal manner. The spectral peaks were then fit in two ways. In the first, the 

entire region aroxmd the peaks of interest was included (including the tails). Next, only 

the center portions (ca. 2/3) of the peaks were fit. In other words, the tails of the peaks 

were omitted. If two or more peaks overlapped, the tailing edges were truncated where 

1 = O.SIq. If the background subtraction does affect the fit band shape, then fitting the 

center portions of the bands only should give drastically different optimum band shapes 

than resulted from fitting the entire region surrounding the peaks. Table A-1 shows the 

results of a number of bands that were fit by both means for the Raman spectra of 1.0 M 

1-methylimidazoIe in H2O and 1.0 M imidazole in D2O. In all but two instances (1123 

and 1152 cm*'), there is a significant increase in the % Lorentzian contribution of the best 

fit lineshape. The exceptions are very intense bands that are isolated from other bands 

(except for one very weak shoulder). It is likely that its intensity (superior S/N) and 

isolation permitted its tails to be discerned fairly easily, leading to a more accurate 

background correction. The most disparate results are due to three overlapped peaks of 

similar intensity (1337,1349 and 1366 cm"'). On both sides of these overlapped bands 

are additional peaks. Therefore, it is unlikely that the intensity of this spectrum was near 

zero an any point in this region. In such cases it is very difficult to accurately determine 

the background. 



381 

Table A-1. Effect of Background subtraction on the Lineshape required to 
give the "best" (lowest x^) fit. 

Fit Spectral 
Bands (cm"') 

% Lorentzian Yielding Best Fit Fit Spectral 
Bands (cm"') Peaks and tails fit Only Peaks Fit 

2-methyIiniidazoIe (1.0 M in HjO) 

928,975, 996 32 59 

1123,1152 64 65 

Imidazole (1.0 M in D2O) 

1337,1349, 1366 18 95 

1238 57 75 

1287 38 75 

When fitting the center regions of the band in the above manner, there is still the 

potential for error in the % Lorentzian contribution: even though the shape of the peak 

may not be significantly altered by the background subtraction, the fact that the intensity 

is reduced is a cause for disparity between it and calculated bandshapes. This is 

demonstrated in Table A-2. Again, only the central portions of the peaks or clusters of 

bands are being fit (tails are being ignored), but the constant value is being added to (or 

subtracted from) the spectrum. For each adjustment of the spectral intensity, a series of 

fits were done to determine the optimum % Lorentzian contribution. In each case, the % 

Lorentzian increases as the intensity is increased. Since a Lorentzian peak is more 

pointed than the Gaussian line shape, this result should be expected. However, the quality 

of the fit (as suggested by lower values) improves when some intensity is added to the 

background-corrected spectra. Note that for the 2883 cm"' peak, a minimum in the x^ 
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Table A-2. Curvefits of the central portion of selected peaks of regions 
(tails excluded): effect of adding intensity to correct for improper 
background subtraction. 

Fit Spectral Added Best % X 10"^ 
Bands (cm"') Intensity Lorentzian 

3126,3150 -2300 70 15.3 

0 75 9.05 

2700 85 5.81 

2883 -500 78 .271 

-250 83 .269 

0 86.5 .2681 

375 92.5 .2676 

750 98.5 .2683 

1000 99.9 .2746 

value occurred when the Lorentzian contribution was ca. 92%. The adjustment of the 

background by optimizing the fit of the central region of each peak in the above maimer 

is an approach to background correction that might be converted into an automatic, 

mathematically-based procedure for adjusting both the background and band shapes 

smimultaneously. A procedure of this type should effectively minimize the need to rely 

heavily on operator judgement for background correction. In regions where there are 

multiple overlapping peaks, this type of approach is, in fact, necessary. 

The curvefits reported in Table A-1 typically resulted in bandshapes with a 

Lorentzian contribution greater than the 20% that was observed in early work [89] in this 

research group. The difference can be explained by improper background subtraction in 

earlier work and to the increased data quality obtained using multicharmel detectors which 
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has led to significant S/N and resolution increases. With increases in S/N that result from 

improve sample alignment and better collection optics, it has been possible to use smaller 

slit widths and reduce the band broadening due to that contribution. 

The method above was used to determine the % Lorentian contribution to the 

bandshapes used to fit spectra in the work done in this dissertation. Typically for data 

collected under identical conditions, the % Lorentian contribution was determined for 

several intense isolated peaks. The average of the values obtained were then used to fit 

all peaks acquired under those conditions (except for extremely broadened, usually 

background, peaks which were fit as 100% Gaussian). 

A.2 Conclusions 

A number of factors contribute to spectral bandshape. Background subtraction 

can be the controlling factor in detennining the bandshape of the best fit spectrum. Thus, 

the quality of the curve fits used to obtain quantitative data may be adversely affected by 

background subtraction techniques. It has been clearly demonstrated above that the 

tendency to subtract too much of a spectrum when correcting the background results in 

increases in Gaussian character. It is recommended that background subtraction lines 

intersect the spectrum no closer than 4 times the FWHM of the peaks of the spectrum. 

When peaks are close together, this is not possible and extreme caution should be used 

in background subtraction. It may be possible to approximate the band shape by fitting 

only the central portions of the spectrum. Further optimization is possible by adjusting 

the intensity in such instances to minimize the values of the fits. 
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