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ABSTRACT 

The UV-visible absorption spectrum of carbon vapor trapped in solid argon at 

low temperature contains many intense features, but only those of C2 and C3 have been 

identified. For this work, graphite vapor was produced under high vacuum conditions and 

condensed with argon onto a cold (rv10K) substrate. The resulting matrix-isolated car

bon molecules were analyzed with both UV-visible and infrared absorption spectroscopy. 

Slight warming of the sample allowed formation oflarger molecules and subsequent spec

tra traced the growth of their absorption features. The experiment associated infrared 

features to particular UV-visible features via their growth curves. The most reliable 

correlations are listed below. 

Theoretical calculations of equilibrium geometries and IR vibrational frequencies 

were performed on linear and nearly linear carbon chain molecules from C3 to Cg at the 

HF jSCF level of theory and from C3 to C7 at the MP2 level of theory, both using 

the 6-31G* basis set. Tentative assignment of the UV-visible features to molecules was 

made based on these considerations and on the following: the experimental IRjUV

visible correlations, previous experimental IR work, and modeling of the growth of the 

UV-visible features during matrix annealing. 

Molecule UV -visi ble Feature IR Feature Correlation 
(A) (cm- I ) Coefficient 

C3 (linear) 4100 2040 .98 
Cs (linear) 3075 1998 .97 
Cs (cyclic) 3900 1804 .90 
Cs (linear) 2465 1952 .86 
C7 3480 
Cg 4480 



CHAPTER 1 

Introduction 

... I fell into a reverie ... The atoms were gamboling before my eyes ... I 

saw how two small ones united to form a pair; how the larger ones seized two 

of the smaller ones; how still larger ones kept hold of three or four smaller 

ones ... I saw how the larger ones formed a chain .... 

- C. F. J( ekule von Stradonitz 

1.1 The Matrix Isolation Technique 

12 

Matrix isolation is the technique of isolating reactive molecules and atoms from one 

another by embedding them in an inert solid (the matrix). By inert we mean chemically 

non-reactive. Condensed rare gases are commonly used for this reason. Additionally, 

they are quite transparent in the infrared, visible and ultraviolet regions of the spectrum. 

Of course, low temperature is necessary to condense these gases. As a consequence a high 

vacuum is also necessary to keep atmospheric impurities out of the matrix. This makes 

experimental conditions amenable to spectroscopy quite difficult to set up. However, low 

temperature does have one important advantage: the molecules in the sample are in their 

vibrational ground states. This greatly simplifies the interpretation of their absorption 

spectra. 

In this work, argon is the matrix gas. The sample is formed by mixing two low 

pressure streams of vapor in the vicinity of a cold substrate (see Figure 1.1). The amount 

of matrix gas used is usually larger than the amount of the vapor to be investigated in 
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Figure 1.1: Depiction of Matrix-isolation. 

order to keep the sample molecules well separated in the matrix. If kept at sufficiently 

low temperatures, the solid matrix keeps the reactive species separated and allows more 

leisurely probing by any of a variety of spectroscopic techniques. If allowed to warm 

slightly, the matrix material permits diffusion of some of the molecules in the matrix. 

This can allow chemical reactions to occur in the matrix - something the experiment 

was designed to avoid! However, the rate of these reactions is controlled by the degree 

of warming and may be limited by the mobility and reactivity of the various species. 

Thus, thermal annealing of the matrix can be useful in determining which species are 

increasing in number and which are decreasing. 
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Figure 1.2: UV-visible spectra of carbon vapor isolated in solid argon at "ao K. The 
spectrum is shown after the final deposition (A), after two annealings at 20 and 25 K 
(B), and after two more annealings at 30 and 35 K (C). The vertical separation between 
the spectra is real. 

1.2 Previous Spectroscopy of Matrix-Isolated Carbon Vapor 

Carbon molecules were first studied in matrices in 1962 using UV-visible absorption 

spectroscopy [3,49]. More extensive absorption studies soon followed in separate exper

iments in both the UV-visible and infrared regions of the spectrum [50,46,5,4,47,41]. 

Although many of these studies claimed to have identified various carbon species as the 

carriers of specific absorption bands, even as recently as 1988, C2, Ci' and C3 were the 

only molecules which had been definitely assigned to absorptions in either region of the 

spectrum. Meanwhile, thermal annealing of matrix-isolated graphite vapor was found to 

produce a rich spectrum of features growing in both the UV-visible and in the infrared. 

The UV portion of this spectrum (2000 - 3600 A) was published in 1974 in tabular form 

-----~- ------
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[17], but a complete UV-visible spectrum of a well-annealed sample was first published 

in 1985 by Kratschmer, Sorg, and Huffman [23]. These authors developed a keen interest 

in this spectrum primarily because of the similarity of the visible portion to the absorp

tion spectrum of the diffuse interstellar bands - a long-standing mystery of astrophysics 

[20]. The UV-visible spectrum they published is very well reproduced by this work, a 

good example of which is Figure 1.2. In this example, a sharp feature at 4100 A is seen 

decreasing while many other features are increasing in strength. This 4100 A feature is 

the known C3 visible absorption. All of the other features in this spectrum are still of 

unkown origin. 

Because ofthe low temperature of the samples, the infrared (vibrational) absorp

tions of matrix-isolated carbon vapor are relatively sharp, ground-state features. The 

features which appear in the 1500 to 2300 cm- l range are C-C stretching frequencies 

and are amenable to theoretical calculation as well as experimental isotopic investiga

tions. Recent progress has been made in both of these areas. Chiefly due to the isotopic 

experiments of Vala et al. linear Cs and Ce IR absorptions have been identified in argon 

matrices [43,42]. This group also assigns an absorption feature to linear Cs, but does 

so with less certainty because of interferences from other species. Most recently, using 

isotope studies and UV photolysis, Graham et al. have identified an IR absorption as 

being due to linear C4 [36]. Unfortunately, UV-visible spectral were not studied and, 

still, little can be said about the molecules responsible for UV-visible features. 

1.3 This Work 

Progress in the assignment of absorption features in the infrared region to various carbon 

molecules is likely to continue, especially since it is this region that is the most amenable 

to theoretical predictions of ground state vibrational transitions. The ultra-violet and 

visible absorptions present a more difficult problem. Theory is not very helpful here since 

lStudies similar to [36] were carried out in the visible [14], but the reported absorptions have not 
been verified. 
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the calculation of two electronic states is necessary to predict these electronic transitions. 

The experimental problem is that the vapor is a mixture of molecular species, and one 

can't be sure which species produces a particular absorption. 

The object of the experimental work reported here, was to associate some of the 

various UV-visible features with particular infrared absorption features. This required 

taking both spectra on the same sample, something which is not standard spectroscopic 

practice and which has never been attempted before on matrix-isolated carbon vapor. The 

difficulty of this experiment can be appreciated when one considers the ratio of strengths 

of electronic and vibrational transitions (300 to 1 for C3 [25)). The IR transitions of pure 

carbon molecules are particularly weak when compared to molecules of differing atoms. 

(For example, compare the dipole moments of CN and ce.) 

In these experiments, it is the thermal annealing of the matrix that allows the 

observation of the growth and decline of the various absorption features and the corre

lation of certain features with one another. A correlation was found between an infrared 

feature at 1998 em - 1 and an ultraviolet feature at 3075 A. This is the first such cor

relation, and it is strong experimental evidence for the first assignment of a UV-visible 

feature since the C2 feature was identified in 1966 [47]. This result demonstrates the po

tential this technique offers for the understanding of the UV-visible spectrum of carbon 

molecules. 

Theoretical calculations of infrared absorption bands (Chapter 3) together with 

the IR-to-UV correlation mentioned above (and others, Chapter 4), and the few known 

molecule assignments in the literature, and a rudimentary model calculation of the ag

gregation of the molecules in the matrix (Chapter 5), has led me to postulate several 

molecule-to-feature assignments in the visible and ultraviolet regions of the spectrum. 
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CHAPTER 2 

Experiment Description 

2.1 General Experimental Overview 

In matrix isolation spectroscopy, one is faced with creating experimental conditions for 

a low temperature sample in an isolated environment. Once produced, the sample must 

be amenable to spectroscopic investigation in situ. For this experiment, this stipulation 

greatly increased the complexity of the apparatus since two types of spectroscopy were 

to be done on the same sample. The immediately apparent requirement was three axes 

of access to a sample isolated in vacuo: the deposition axis, the infrared beam axis, and 

the UV-visible beam axis. The first two axes were made co-linear by incorporating some 

of the elements required for deposition into those required for IR spectroscopy. 

The apparatus consisted of a cryostat with its cold finger extending into a vac

uum chamber at the intersection of the two monochromator beams. The cryostat was 

mounted on the sample chamber so as to allow rotation of the cold finger to face either 

beam. The sample chamber extended in three directions and had an infrared transparent 

window in the fourth direction (see Figure 2.3). Directly attached to this sample cham

ber were the carbon source chamber (opposite the infrared window) and the vacuum 

UV-visible monochromator. 

Samples were prepared by successive depositions of carbon vapor, co-condensing 

with argon onto a low temperature (10 K) sapphire substrate mounted onto the cryostat 

cold finger. Subsequent to each deposition, the sample was scanned from 1900 to 6000 A 

in the UV-visible and from about 1600 to 2500 cm- 1 in the IR. After sufficient carbon 
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A' 

UV-Visible 

Figure 2.3: Optical diagram of both monochromators with sample and evaporation cham
bers shown. (A) Carbon rods. (B) Sample/cryostat location. (C) IR monochromator 
entrance slit. (D) NaCI prism. (E) 75lines/mm grating. (F) IR monochromator exit slit. 
(G) HgCdTe IR detector. (N) CaF2 lens. (B') Entrance slit of UV·visible monochro
mator. (C') 600 line/mm grating. (D') Exit slit of UV-visible monochromator. (E') 
Photomultiplier tube UV-visible detector. 

was deposited, the sample was subjected to a series of thermal annealings (15 to 40 K) 

to promote the formation of larger molecular clusters of carbon. After each annealing, 

the absorption features were again scanned with the sample at 9-10 K. 

2.2 Experimental Details 

The following sections describe various systems of the apparatus. Also included are 

specific procedural notes where appropriate. After preliminary set-up and check-out 

procedures, tIle general experimental procedure was as follows: (1) The cryostat was 

cooled. (2) Io (no sample, clean substrate only) spectra were taken. (3) The argon 

flow and the sample deposition were started. (4) After some time of monitoring the 
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deposition, the deposition was stopped and spectra taken again. (5) Steps 3 and 4 were 

repeated until an adequate amount of carbon molecules was isolated in the sample matrix 

(adequate being determined by the intensity of the spectral features). (6) The sample 

was annealed for small amounts oftime (usually about 10 minutes) and the spectra were 

taken again. Step 6 was repeated with annealing at successively increasing temperatures 

until the spectral features washed out or until the liquid helium supply was exhausted. 

A single deposition period was anywhere from 30 to 90 minutes long, and taking a set of 

spectra took from 30 to 60 minutes to complete. The longest experiment took about 20 

hours from the time of initial cooling of the cryostat to the point of no liquid helium. 

2.2.1 Carbon Evaporation 

The source of carbon molecules and atoms consisted of a chamber in which two carbon 

rods (end-to-end) were incandescently heated by passage of a large alternating current 

(typically 40-100 amps). One of the rods was 1/4 inch in diameter and has a flat end 

while the other was 1/8 inch with a tapered tip. The large rod was held against the tip 

of the smaller rod by a spring under compression in its (water-cooled) electrode. The 

chamber was evacuated to a pressure of about 10- 5 or 10- 6 torr and the rods were heated 

to about 2100 °C at the hottest part (the tip). The evaporation chamber also had a 1.5 

inch diameter NaCl window mounted behind the rods (away from the sample) which was 

protected from carbon by a rotatable shield put into position during deposition. The rod 

temperature was taken with an optical pyrometer focused on the glowing rod tip at the 

begining of a experiment. The reading was not corrected for the emissivity of carbon. 

Before each experiment, the rods were heated under vacuum to a temperature of 

at least 1600 °C at the tip for several minutes in order to purge any contaminates from 

them. This process was accompanied by a transient rise in sample chamber pressure 

giving witness to the outgassing process. Since in early experiments it was found that 

the deposition of carbon was initially unstable, in later runs the carbon rods were then 

brought up to deposition temperature (with the sample substrate rotated away from the 
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carbon source) and the deposition rate was monitored until it became stable. The current 

through the rods and their temperature were then noted for use during the experiment. 

Despite this treatment, carbon monoxide and carbon dioxide were always present in the 

sample to some degree as evidenced by the presence of a CO feature at 2138 cm- 1 and 

a CO2 feature at 2350 em -1 in the infrared spectra. 

During the experiment, the rods were brought up to a temperature of about 

2100 0 C to begin the deposition, and then the current through the rods was adjusted 

to obtain an adequate deposition rate. The rate of deposition was monitored by a 

quartz deposition monitor (Sloan DDM 1000) mounted just to one side of the sample 

substrate. The ideal deposition rate depended on the sample chamber pressure, the 

cryostat temperature, and the argon flow rate, but in the later experiments a rate of about 

10 A/cm2 per minute was found to be adequate under normal deposition conditions. 

(This assumes a bulk density of 1.82 g/cm3 which is typical of a carbon film made under 

sitnilar conditions [18].) 

2.2.2 Argon Measurement and Control 

The argon was obtained from University Stores Gas Section and was the ultra-high purity 

grade. The regulator attached to the argon cylinder delivered the argon at a pressure 

of 1 to 2 psi through stainless steel tubing and a stainless steel .5 micron sinter filter to 

a calibrated metering needle valve in series with a shut-off valve. The two valves were 

connected by a brass cylinder with a "ery small connecting hole which minimized the 

dead space between the valves. From there, the argon passed through a narrow stainless 

steel tube to a vacuum feed-through/coupling at the sample chamber wall. Inside the 

chamber, another piece of tubing bent into the appropriate position and direction took 

the argon from the coupling to the sample substrate by passing it through a straight 

glass capillary tube (",4 cm long and 1 mm in diameter) aimed directly at the substrate 

and terminating about 3 cm from it. 

The measurement of the argon deposition rate was accomplished by depositing 
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argon on the cold substrate (",10 K) for a specified period of time. The UV-visible 

spectrum of the argon-coated substrate showed the interference minima typical of thin 

transmissive films. Matching the measured transmission minima in the visible region 

to those calculated for a slab of dielectric between semi-infinite materials of different 

refractive indices gave the approximate thickness of the argon. For this calculation, the 

slab of dielectric was assigned the index of refraction of solid argon [37], and one of 

the semi-infinite materials was assigned that of the sapphire substrate [15]. The other 

semi-infinite material was assigned an index of refraction of 1. 

When a particular setting of the needle valve was found to allow an argon coating 

of about 1 micron in thickness after 30 minutes of deposition (see Figure 2.4), that setting 

was used for the deposition periods of the experiment. The argon flow was sometimes 

slightly increased to allow for greater carbon isolation, or decreased to lower the sample 

chamber pressure. 

2.2.3 Low Temperature Apparatus 

The cryostat (see Figure 2.5), an Oxford Instruments CF-100, was of the continuous flow 

type wherein cryogenic liquid flowed continuously from a dewar through a transfer line 

into the cryostat. There, the liquid evaporated as a vacuum pump removed the gas from 

the cryostat reservoir. Pre-cooling the apparatus was done using liquid nitrogen. For 

the experiments, liquid helium was used and the vacuum pump exhaust was fed into an 

oil trap and then directly into the building's helium recovery system. The helium flow 

and cryostat vacuum were monitored with an Oxford Instruments V.C. 30 Helium Flow 

Controller. Temperature control was ~ccomplished by controlling the flow of helium 

through the cryostat as well as passing a current through a resistance heater mounted 

on the cryostat just above the cold finger. 

The temperature of the cryostat coldfinger was determined by measuring the 

resistance of a small carbon resistor (100 Ohm Allen-Bradley) mounted directly above 
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Figure 2.4: A calculation of the transmittance of a 1 micron slab of argon on sapphire 
is the dashed curve. The measured interference pattern (displaced down by .1) of a thin 
film (",1.5 micron) of solid argon is the solid curve. 

the coldfinger. Thermal contact was accomplished by mounting the resistor with indium 

wire under a copper block screwed to the cryostat. The resistance was read directly from 

a digital ohmmeter. The calibration of the resistor versus temperature was done using 

a low-temperature apparatus already in use for temperature measurement of high-Tc 

superconductors in the laboratory of Professor Charles Falco. The temperature of this 

apparatus (a cryostat coupled to a closed-cycle helium refrigerator) was measured with 

a silicon diode whose resistance versus temperature curve was calibrated to the known 

superconducting transition temperature of a niobium wire (9.26 K). Using a digital 

voltmeter, the resistance of the Allen-Bradley resistor was read as the temperature of 

the apparatus was lowered from room temperature to 7.5 K. The resulting calibration 

curve is shown in Figure 2.6. 
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Figure 2.5: A side view ofthe cryostat with the transfer tube (A) inserted. The enlarged 
cut-away view shows the reservoir (B) just above the coldfinger (C) in which a needle 
valve (D) protrudes into the tip of the transfer tube. Flow is regulated by adjusting the 
height of the transfer tube above the needle. Surrounding the cold finger is a thermal 
radiation shield (E) which is also cooled by thermal contact to the cryostat. 

2.2.4 Data Aquistion and Monochromator Control 

The UV-visible light source was a 75-watt high-pressure Xenon arc lamp (Oriel Corpora

tion) which was mounted in a water-cooled chamber under nitrogen purge. The light was 

focused onto the entrance slits of the monochromator with a calcium fluoride lens and 

passed into the monochromator vacuum chamber through a calcium fluoride window. 

The light was dispersed with a 600 line/mm grating and then passed through the exit 

slits directly into the sample chamber through the sample and onto a phototube which 

was mounted in the opposite arm. The phototube was coated with sodium salicylate for 

UV light detection. A glass filter was rotated into the beam for operation in the visible 
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Figure 2.6: The calibration curve of the resistor used as a thermometer. Plotted is the 
loglO(temperature/1K) vs. loglO(resistance/1f!). 

spectral region to suppress the second order UV light emanating from the grating. 

The carbon rods doubled as an IR light source. For this purpose the window 

shield was rotated out of the IR beam line and a focusing mirror was placed outside 

the evaporation chamber. This mirror focused the IR beam through the sample and 

out of the sample chamber window onto the entrance slits of the IR monochromator. 

This monochromator was taken from a Beckman IR7 Spectrophotometer and had been 

fitted with a light chopper and a liquid N 2 cooled HgCdTe detector (IR Associates, Inc.). 

The dectector output was amplified and input to a lock-in amplifier. Both the IR and 

UV-visible systems were operated in single beam mode. 

Data was aquired with a Tecmar Labmaster board and an IBM PC (see Fig

ure 2.7). The Labmaster board provided 12 bit digital conversion of analog signals 
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Figure 2.7: Block diagram depicting the computer control of the monochromators and 
data aquisition system. (A) UV-visible detector (phototube). (B) Micro-ammeter. (C) 
High-voltage supply. (D) High-voltage feedback. (E) UV-visible monochromator scan
ning motors and timing pulse feedback. (A') IR HgCdTe detector. (B') Lock-in amplifier. 
(C') IR slit stepper motor and analog signal feedback. (D') IR light chopper. (E') IR 
scanning stepper motor. (W) Programmable Op-Amp. (X) A-to-D input terminals. (Y) 
D-to-A output terminals. (Z) Digital I/O port. 

(A-to-D), analog (D-to-A) output, and a parall€: port for digital I/O (represented as 

blocks X, V, and Z in the figure). A signal from either detector was converted to an 

appropriate analog signal and fed to an A-to-D terminal through a programmable-gain 

amplifier (Burr-Brown PGA-I02). The computer controlled the scanning motors of hoth 

monochromators and the IR slit width from the parallel port. An analog signal propor

tional to the IR slit width was monitored by the computer through an A-to-D channel. 

The phototube voltage was controlled by the computer through the D-to-A. This voltage 

was monitored through an A-to-D channel. Software created by the author was used to 

run the monochromators, aquire data and generate the spectral output. 
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CHAPTER 3 

Theoretical Ground State Structures and Spectra 

3.1 Introduction 

In this chapter, we consider modern quantum calculations and the impact they have had 

on the assignment of carbon molecules to the spectroscopic data. These calculations 

have been primarily concerned with the ground state of the molecules and finding the 

theoretical minimum energy geometry. Calculations of vibrational frequencies are a bit 

rare in the literature, and calculations of relative intensities are rarer still. 

On the point of ground state geometry, the earliest calculations sugested that 

the structures of Cn molecules with n < 10 should be linear with approximately equal 

bond lengths [32}. This is the so-called cumulene-type bonding. This same study sug

gested that ring structures would dominate for molecules of 10 or more atoms. A later 

calculation on C4, however, suggested that an acetylenic form was more stable for that 

molecule [39}. This form has bonds of alternating lengths, i.e. alternating triple- and 

single-bond character. The first ab initio calculations clouded matters even further by 

suggesting that a bicyclic form of C4 was the most stable [51]. Then yet another the

oretical study suggested that C4 , C6 and Cs had linear and cyclic forms which were 

comparable in energy with the cyclic forms being slightly more stable [35]. A more re

cent calculation of C4 suggests the two forms are essentially isoenergetic [6]. However, 

the latest calculations on C6 have suggested that the linear cumulenic form is the most 

stable [31}. Meanwhile, spectroscopic evidence has accumulated for only the linear forms 

of molecules as high as CIO [36,43,42,44]. 
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While there may indeed be stable cyclic forms ofCn (n < 10), high temperature 

conditions would favor linear forms [44] (though this would not explain features that 

grow at low temperature). Therefore, a complete set of frequencies calculated for linear 

forms should be useful for a comparison to the IR spectrum of matrix-isolated carbon 

vapor. If the calculations for all the molecules were done via a similar method and at 

the same high level of theory, the results would be directly comparable to one another. 

With trends established by comparison to experimentally known spectra, one might be 

able to predict to which linear molecules some of the unknown lines are attributable. 

Unfortunately, such a consistant set of frequency calculations for the linear forms was 

not to be found in the literature. 

It was the good fortune of this author to be able to take part in just such 

calculations with the advice of Ludwik Adamowicz of the Department of Chemistry. Dr. 

Adamowicz received a grant of 250 cpu hours on an IBM 3090-3 supercomputer from 

IBM Corporation and asked if I would put forth the time and effort to run the necessary 

programs for the series of molecules C3 through Cw . The package of programs used were 

originally thought to be capable of doing all of these calculations, but this was not the 

case. Complete results were obtained for C3 through C7 • Lower level calculations were 

completed through C9 • No attempts could be made to calculate CIO before the available 

computer time was used. 

The interested reader is referred to an excellent review by Weltner and Van Zee 

that covers the somewhat back-and-forth history of the theoretical and experimental 

studies of small carbon molecules [48]. It should be noted, however, that in the few 

months since that review was written, much has come to light both experimentally and 

theoretically. 
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3.2 Theory of Ab-Initio Quantum Chemical Calculations 

3.2.1 Hartree-Fock Theory 

The most common methods of modern computational quantum chemistry have as their 

starting point the Hartree-Fock method. In this section, the method shall be derived 

starting from an expression for the Hamiltonian operator for N electrons surrounding 

the fixed nuclei of a molecule. 

where 

and 

_ IV _ 1 N 

H(l, 2, ... , N) = E f(i) + - E g(i,j) 
i=1 2 i,/,j 

- . 1 "Za fez) = -- 60 i - L.,,-
2 a Ted 

_( .. ) 1 
9 Z,) =-. 

Tij 

(3.1) 

Here, the sum over 0: means the sum over the nuclei. The subscripted variables 

Tij and Tai refer to distances between two electrons (i and j) and a nucleus and an 

electron (0: and i), respectively. Za is the nuclear charge of nucleus 0:. We are using 

atomic units. 

For the Hartree-Fock method, the wavefunction (1(1,2, ... ,N) for an even num

ber of electrons N is taken to be the properly antisymmetrized combination of products 

of one-electron wavefunctions (the so-called Slater determinant): 

1/11 (1) 1/11 (1) 1/1~(1) 1/1~(1) 

1 
(1(1,2, ... ,N) = VJiii 

1/11 (2) 1/11 (2) 1/1~(2) 1/1~ (2) 
(3.2) 

1/11(N) 1/11(N) 1/1Ji.(N) 
2 

1/1dN) 
2 
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more compactly written as 

q)(1,2, ... ,N) = 1'I/71(1)1h(2) .•. 'I/7tdN -1)'I/7!!(N)I. 
2 2 

(3.3) 

The expression between the vertical lines in Equation 3.3 is the first product term that 

results from taking the Slater determinant. The other terms are of the same form but 

with the electrons (labeled 1, 2, '" ,N) pairwise pennutated to other single-electron 

wavefunctions '1/7. These single-electron functions are product functions of spatial and 

spin components. The index, as it is used above, refers to the spatial part and the overline 

refers to the spin components, e.g. 'l/7i is the same spatial function as 'l/7i, but with the 

opposite spin function. We can define another set of functions C{Ji (i = 1,2, ••• , N) such 

that C{Ji = '1/7(;+1)/2 for odd i, and C{Ji = 7iii/2 for even i. The functions C{Ji are called 

spin-orbitals, and we require them to be orthonormal, i.e., < C{Ji I C{Jj >=< i I j >= C;j. 

The expectation value of the operator defined by equation 3.1 is the average 

energy of the state q) and is given by: 

<q)IHIq» 
N N 

L < i I j Ii> +~ L [< ij I !J I ij > - < ij I !J I ji >] . 
i itj 

(3.4) 

Here, the two-electron integrals could be more explicitly written as 

< C{J;(1)C{Jj(2) I 9 I C{Ji(I)C{Jj(2) > and < C{Ji(1)IPj(2) I 9 I C{Jj(1)C{J;(2) >. These integrals are 

referred to as the coulomb and exchange integrals, respectively. 

The object of the method is to find the set of orthonormal spin-orbitals C{Ji 

such that the energy E is a minimum. Using the Lagrange method of undetermined 

multipliers (L ij ), the variation of the Lagrangian (with the orthonormality constraint 

< i I j > -o;i = 0) is set equal to zero. 

C {E - ~Li,j« i I j > -C;j)} = 0 
S,) 

(3.5) 

To take the variation of the Lagrangian functional, one simply replaces the 

functions < i I (= C{Ji) with < i + ci I (= C{Jt + oC{J;), and collects all terms linear in the 
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variation and sets them equal to zero. The result is 

o = E < 8i Ii Ii> + 

E {< 8ij I 9 I ij > - < 8ij I 9 I ji > -Lij < 8i Ii >} 

+ complex conjugate. (3.6) 

This expression can be simplified in form by defining two operators, .Ji and lej, 

known as the coulomb and exchange operators, respectively. 

(3.7) 

(3.8) 

The exchange operator is classified as a nonlocaloperator because it exchanges the depen

dent variable of its operand (from electron l's position coordinates to those of electron 

2) and integrates over all space. Thus, the result of operating with lei on 'Pj depends on 

the value of 'Pi over all space. 

Incorporating these definitions into equation 3.6, we have 

0= E<8il [J,i>+E{(..1i-lei),i>-Ljiu>}l 
i i J 
+ complex conjugate. (3.9) 

Since oi is arbitrary, the quantity in square brackets must be equal to zero for any value 

of the index i. 

(3.10) 

The operator in square brakets is called the Fock operator, and will be designated by 

the symbol F. If the one-electron wavefunctions are chosen so that L jj = 0 unless i = j, 
then equation 3.10 becomes an eigenvalue equation of the usual form. 

F I i >= La I i >= ej Ii> (3.11) 
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The final equality defines the orbital energies, ei == Lii , when we have found a basis such 

that Lij = 0, (i f. j). Obviously, one must choose a set of orthnormal functions {I i >} 

in order to construct the Fock operator and determine the matrix elements Lij • This 

matrix will not in general be diagonal. But it can be shown that the Fock operator is 

invariant to any unitary transformation of spin-orbitals (for closed shells), including the 

one that diagonalizes the L matrix. Also, under this same transformation, c]i, defined as 

in Equation 3.2, changes by a phase factor at most [40]. 

The problem is now one of solving Equation 3.11 for {ei} and the set offunctions 

{I i >}. Because of the definitions of the coulomb and exchange operators (Equations 

3.7 and 3.8), to calculate the operator F we must already know {I i >}. But this is 

the solution to the problem we set out to solve! Obviously, if we could guess the correct 

set of vectors, the matrix < j I F Ii> would be diagonal according to Equation 3.11. 

If we guess incorrectly, this matrix would not be diagonal and would not satisfy 3.11. 

However, if we go ahead and diagonalize the matrix, we get a new set of eigenvectors. 

Although the new vectors diagonalize the matrix, the matrix was calculated with the 

old vectors and 3.11 is still not satisfied. So we calculate a new matrix with the new 

vectors, and diagonalize again. This process can be repeated several times. If the process 

coriverges (and there is no guarentee that it will), then the final set of vectors produced 

by diagonalization will themselves produce a diagonal matrix, satisfying Equation 3.11.1 

In actual practice, the matrix elements mentioned above are not calculated. 

Instead, we construct each function Ii> from a linear combination of M (~ N) basis 

functions {I It >}. 
M 

I i >= L ail' I It > (3.12) 
1'=1 

The set of coefficients ail' which solve 3.11 are unknown, but we make an initial guess 

anyway. Subsituting Equation 3.12 into Equation 3.10 and operating from the left with 

lIt is not always possible to diagonalize L for an arbitrary open-shell set of orbitals. 
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another of these M basis functions < /J I, we have 

E < /J I F I f.L > ail' = I:Lij I:ajlJ < /J I f.L >, /J = 1,2, ... ,M. (3.13) 
I' j I' 

There are M such equations for each value of the index i. If we define the 

matrices F, A, and S whose elements are < /J I F I f.L > == FliP' ail" and < /J I It > == SliP' 

respectively, then we find that all such equations are contained in the matrix expression 

FA=SAE. (3.14) 

Here, E now represents the matrix of the Lagrangian multipliers L;j. Note that the 

calculation of the matrix elements Flip requires using our initial guess vectors {I i >} 

(though they are probably not the vectors that solve Equation 3.11). 

To solve 3.14, it is necessary to note the following equality. 

(A t SAt = E ai" < /J I f.L > aj P 

, = (~a;. < v 1)( ~ aJ, 1 p > ) (3.15) 

= < i I j > == oil 

Acting from the left with At, Equation 3.14 becomes: 

(3.16) 

Thus we have shown that the A matrix is the transformation that diagonalizes S 

when it is formed from the vectors {I i >} that obey the orthonormality condition. But 

E( = At F A) is not automatically diagonal for any choice of spin-orbitals. Therefore, we 

actually need a transformation that simultaneously diagonalizes both S and F. There 

exist standard techniques that can accomplish this task. The result is a transformation 

matrix, A', that is composed of a new set of eigenvectors (spin-orbitals), and a set of 

eigenvalues, {e;}. 
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Since the new set of eigenvectors {I i' >} were not the ones used to construct S 

and F, this solution is not self-consistant (as required by Equation 3.11). Instead, these 

eigenvectors are used to form new matrices F' and S' which are again simultaneously 

diagonalized producing yet another set of spin-orbitals. This iterative process is repeated 

until a set of spin-orbitals regenerates itself. Note that the matrices F and S are M X M 

matrices, where M need not be restricted to be equal to N. Thus, if M > N, there is a 

bonus in this procedure: we get M spin-orbital eigenvectors and energy eigenvalues. N 

of these are occupied with electrons, and the highest energy M - N spin-orbitals are left 

unoccupied. This iterative method to the solution of the Hartree-Fock equation (3.10) 

is known as the Self-Consistent Field method or simply SCF. 

3.2.2 Second-Order M¢ller-Plesset Perturbation Theory 

With Hartree-Fock SCF, one treats the molecule with two approximations. First, the 

nuclei are assumed to be fixed, or very slow-moving with respect to the electrons. The 

Hartree-Fock energy E (plus the nuclear repulsion energy) is then a function of the nu

clear coordinates. An SCF calculation is done for each geometry in the neighborhood of a 

minimum in order to obtain the energy as a function of nuclear coodinates. This assumes 

that the electrons can respond to nuclear movements nearly instantly and thereby at

tain their steady-state wavefunctions as the nuclei move. This is the Born-Oppenheimer 

approximation, and the movements of the nuclei are said to be "un correlated" to the 

movements of the electrons. 

The second approximation is the manner in which the electron-electron (e-e) 

interaction energy is calculated. In HF theory, the e-e energy is calculated through 

the coulomb and exchange integrals of Equations 3.7 and 3.8. These equations average 

over the position of all the other electrons when dealing with a particular electron by 

assuming a single-particle wavefunction for each electron. This is not correct since the 

true wavefunction properly depends of the positions of all the electrons. It would be 

more nearly correct if the electron in question were moving much slower than the others 
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(as in the case of the nuclear motions). The energy missing from the Hartree-Fock 

energy is called the correlation energy (by quantum chemists) and is defined simply as 

the difference between the HF e-e energy and the true interaction energy. 

N 1 N 

V = L--LU(i) 
i<i Tii i 

(3.17) 

Here, U(Ti) is an "effective" Hartree-Fock potential describing the interaction of electron 

i in the HF spin-orbital 'Pi with each of the electrons in the other HF spin-orbitals. 

N 

u( i) = L {.Jj - JCj }( i) 'Pi( i) (3.18) 

The "effective" HF Hamiltonian is then simply 

N 

Ho = L j(i) + u(i). (3.19) 

Using a standard perturbation series in >'V wherein ;\ is a scaling parameter and 

Ho is defined above, we have 

Collecting zero, first and second order terms in >., respectively, yields the following three 

equations: 

l't: (E(O) _ HO)q,(l) = (V - E(1»q,(O) (3.21) 

2nd : (E(O) - HO)cI>(2) = (V - E(l»c)(l) _ E(2)c)(O) 

The first of these is solved immediatley by assuming c)(O) is the single determinantal 

Hartree-Fock solution of the previous section, and 

N 

E(O) = Lei. 
i=l 



35 

The other perturbation energies can be calculated in a recursive manner, and if 

we require < cp(O) I cp(O) >= 1 and < cp(O) I cp(k) >= 0 (where k =/: 0), the expressions for 

the zeroth, first and higher order energies are as follows: 

E(O) = < iJ.i(0) I Ho I cp(O) > 

E(l) = < «I>(O) I V I cp(O) > 

< «I>(O) I V I cp(l) > 

E(Hl) = < «I>(O) I V I «I>(k) > 

From the definitions of Ho and V, it is obvious that 

E(O) + E(l) = < «I>(O) I Ho + V I cp(O) > 

= < «I>(O) I if I cp(O) >, 

(3.22) 

which is just E of Equati.:m 3.4. Thus, the first electron correlation correction to the 

SCF energy is E(2). 

In order to make use of Equations 3.22, one must know the higher order cor

rections to the wavefunction, i.e. cp(l:). Suppose we construct them from a linear com

bination of determinants involving other than just the occupied spin-orbitals which are 

part of the HF-SCF solution. Denoting the unoccupied spin-orbitals with the letters 

a, b, c, .. . , we construct the new determinants from matrices in which one or more of the 

occupied spin-orbitals 'Pi is replaced with an unoccupied spin-orbital cptJ. Determinants 

formed with one such replacement are referred to as single-excitations and are denoted 

D't. They differ from Equation 3.2 by one column. Those formed with two replacements 

are called double excitation determinants, D't/, and differ from Equation 3.2 by two rows, 

etc. 

Dr = l'Pl(1) ... cptJ(i)···CPN(N)1 

Dr/ = l'Pl(l)"''PtJ(i) •.• 'Pb(j) .•. CPN(N)1 

(3.23) 

(3.24) 

The higher-order corrections to the wavefunction, written in terms of these determinants, 
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are expressed as 

q;(n) = ~ d n) D'! + ~ d~)bD,!.b + ... , LJ .0 1 L..,., 'J a I, 
(3.25) 

i i<i 

where the coefficients C~n) are to be determined by substituting 3.25 into equations 3.21. 

Let us define a projection operator, 

Q = E I Dk >< Dk I , (3.26) 
k¢:O 

and a resolvent operator, 

where we have denoted the sum of all possible single, double, etc., excitation determinants 

as D1 , D 2 , etc., respectively. That is, 

&,4 

D2 = EED':} 
i<i a<b 

We note that Q2 = Q and QCP(O) = o. Also, it is obvious that 

Then, from Equations 3.21 we have 

q;(l) = Ro(V _ E(l»)q;(O) 

q;(2) = Ra(V _ E(l»q;(l). 

(3.28) 

(3.29) 

(3.30) 

From this we can at last determine E(2) (the lowest order correlation correction of the 

SCF energy) from zeroth order expressions: 

E(2) =< cp(O) I V Ro V I q;(O) > (3.31) 
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To evaluate this expression, the following relations will be needed and are offered 

without proof: 

Also, 

Hoqi(O) = (el + e2 + ... + eN )qi(O) 

ithterm 

HoD; = (el +e2+ ... + 't:' +.··+eN)D; 
ith tenn j th term 

(el+e2+···+ 't:' + ... + 't:' + ... +eN)D;t 

< D; I DZ > = Cil:Cac, 

< D~b I D~t > = Cil:CacCjICbd. 

From Equations 3.27 and 3.31, we have 

E(2) = 

LL {< qi(O) I V I Df >< Df I (E(O) - Hot l I DZ >< DZ I V I cp(O) >} + 
k,e i,a 

(3.32) 

(3.33) 

LL {< cp(O) I V I D;/ >< Dfl I (E(O) - Hotll Dit >< Dkt I V I cp(O) >}. 
10>1 i>j 
c>da>b 

(3.34) 

We note that the sums over higher excitations do not appear in Equation 3.34 because 

they are zero by inspection: V cannot connect more than two different orbitals and there

fore a product involving a term like < i I a > (=0) would result from < cp(O) I V I D;N >. 

Because of the relations 3.32, < cp(O) I Ho I D; >= 0, and therefore 

< cp(O) I V I Di >=< cp(O) I Ho+ V I D; >=< q,(O) I iI I D; >. 

This expression can be evaluated by inspecting the of terms Equation 3.4. The terms 

of the first sum are all (except one) multiplied by < i I a >= 0 (where i refers to 

the index of D;). The term that is left is < i I j I a >. For the same reason, the 

double sum of the second term of Equation 3.4 reduces to a single sum with i replaced 

by a in the kets (but not in the bras). The total is simply < i I F I a >, where F 
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is the Fock operator of Equation 3.11. Since our spin-orbitals are solutions of 3.11, 

< i I F 1 a >= gil < i 1 a >= 0 and the single excitations do not contribute to the 

second-order corrections. This is an example of Brillouin's Theorem. 

In evaluating the double excitation contributions, we note that 

Also, the only nonzero contributions come from that part of V = fI - Ho which con

nects two electrons. The terms formed from the determinants are products of the terms 

involved in the integration multiplied by scalar products of various orthonormal spin

orbitals. There are only two surviving terms. 

< cI>(O) 1 V 1 Di/ > = < cI>(O) 1 L .2.- 1 Dil > 
k>l Tl:l 

=< i(1)j(2) 1.2...1 a(1)b(2) > 
T12 

< i(1)j(2) 1.2...1 a(2)b(1) > 
T12 

=< ij II ab > 

Finally, using the orthogonality relations 3.33, Equation 3.34 becomes 

E(2) = L 1< ij II ab>12 . 
i>i gi + gj - gil - gb 

Il>b 

(3.35) 

(3.36) 

Equation 3.36 is the second order contribution to the total energy which is given 

by Equation 3.20 with" = 1. 

3.3 Geometry Optimization and Frequency Calculation 

Using Gaussian 86 

Calculation of the total energy at the HF /SCF or HF /SCF + MP2 level of theory 

as a function of nuclear coordinates results in a theoretical potential energy "surface." 

The geometry at the minimum of this energy surface is assumed to be the equilibrium 

geometry of the molecule. However, if one wishes only to find the minimum in the 
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potential, then calcuation of the derivatives of the energy with respect to small changes 

in the nuclear positions facilitate the search and greatly reduce the amount of computer 

time required. This is the approach of a package of programs known as Gaussian 86 [7], 

and it is this approach that makes MP2 calculations for large molecules (e.g. Cn, n > 3) 

feasible on a supercomputer. These programs are based on analytical expressions of the 

derivatives of the SCF and MP2 energies as derived by J. A. Pople and others [34,33]. 

The search for the minimum energy is done by varying each of the geometric 

parameters of the molecule as specified by the user input. The program is flexible in that 

the user need not specify every possible degree of freedom, but can restrict a molecule 

to be linear or perhaps planar. Bond lengths and angles can be input as constants or 

variables. The program takes full advantage of any implied symmetry that exists in the 

user's specification of the molecule. 

Once the geometry corresponding to an energy minimum is found (Le. the 

geometry is optimized), molecular forces and force constants are calculated. Then a 

normal coordinate analysis is done using the harmonic approximation and a set of fun

damental vibrational frequencies results. Relative vibrational intensities are evaluated 

by calculating the change in dipole moment along each of the normal coordinates using 

wavefunctions calculated at the specified level of theory. 

Because the weight of experimental evidence suggests that linear carbon mole

cules exist and are possibly dominant over cyclic species for molecules as large as CIO [52], 

the calculations done for this work were for linear forms only. At first, it was thought 

that the bond angles should be restricted to be exactly linear. However, imaginary bend

ing frequencies sometimes resulted from the normal coordinate analysis corresponding 

to certain bending mode vibrations. This was taken to indicate that the true energy 

minimum lie somewhere along that bending mode coordinate. It was therefore decided 

to optimize the linear structures with the bond angles input as variables. 

Because early calculations suggested that even-n Cn molecules have triplet 
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ground states2 (two electrons with the same spin, the remainder with paired spins), 

and odd-n Cn molecules have singlet ground states (all spins paired), the calculational 

approach to the two types of molecules must be slightly different. The reason for this 

can be understood from the derivation of the Hartree-FockfSCF method given previ

ously. The initial assumptions of the form of the solution specified an even number 

of electrons. The actual condition is that there is the same number of opposite-spin 

occupied spin-orbitals. The spatial parts of the integrals are the same for both sets of 

spin-orbitals. (This is called a Restricted Hartree-Fock (RHF) calculation.) When there 

are more spin-orbitals of one spin, then the calculations must proceed on each set of 

spin-orbitals separately (an Unrestricted Hartree-Fock (UHF) calculation). Therefore, 

the UHF method was required for the triplet states (even-n Cn molecules), and the RHF 

method was used for the singlet states (odd-n en molecules). For Gaussian 86, the spin 

state desired is' a user-input parameter. 

Besides specifying the molecule, the level of theory, and the spin multiplicity, 

it is also necessary to specify a basis set. The program contains a number of standard 

basis sets which can be specified with what has become a standard nomenclature. These 

standard basis functions are chosen from a larger set of functions depending on the type 

of atoms given in the specification of the molecule. In general, the functions are meant 

to model (not necessarily exactly) the atomic orbital solutions of the individual atoms. 

The final molecular orbitals that are eventually calculated are (in a loose sense) a linear 

combination of atomic orbitals. 

The basis set used in this work is the 6-31G*. This sequence of symbols has 

specific meaning which pertains to the orbitals of each atom in the molecule. The "G" 

denotes that gaussian-type functions are used, Le. the spatial part of each spin-orbital 

is a linear combination of gaussian functions, each of which is peaked at a specific radius 

(specific to the particular atomic element). The "6" refers to the number of gaussians 

used to construct the inner Is shell of the atomic orbitals. In this basis set, the carbon Is 

orbitals are formed from a contraction (Le. a superposition) of 6 gaussian functions of "s" 

2C2 is a notable exception. 
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character (i.e. spherically symmetric). The "3" refers to the next sp shell (Le. the 2s and 

the three 2p atomic orbitals). Each of these functions is constructed from a contraction 

of 3 gaussian functions. The 2s function is a contraction of 3 s-type gaussians, and the 

2p functions are each a contraction of 3 p-type (i.e. stetched along an axis) gaussian 

functions. The "1" refers to yet another sp shell - each of its four basis functions is 

composed of a single gaussian. 

The " * " in the 6-31 G* notation refers to what are known as polarization 

functions. In addition to the nine basis functions per atom mentioned above (Is and 

2 X (2s,2Px,2py,2pz)), a set of six d-type gaussians (second-row atoms only) is also 

included the basis set. These functions are useful in constructing molecular orbitals in 

which the electron density is high between or away from the atomic centers. The total 

number of basis functions for the 6-31G* basis set (for second-row elements) is 15 per 

atom. Note that this means that the larger the molecule, the larger the basis set that is 

automatically used with this specification. 

The original goal of these calculations was to do the entire series C3 through 

C9 at the correlated (MP2) level. This was successful for C3 through C7, but Cg a.nd 

C9 could not be handled properly by the program. These molecules needed enormous 

amounts of disk space and memory because of the large number of basis set orbitals. 

Convergence problems terminated the Cs frequency calculation, even though the geom

etry optimization completed successfully. Memory overwrite errors caused Cg runs to 

crash during geometry optimization. 

For C6 and C7 , the HF methods were used to generate the starting geometries 

(and force constants) used by the MP2 calculations. This saved considerable computer 

time since the higher level calculations could start nearer the equilibrium geometries 

(presumably) and did not have to generate an initial guess wavefunction. However, for 

C7 the HF run was not allowed to go to completion and no frequency calculation was 

done at this level. For C4 , the HF run converged to the alternating bond structure of 

the acetylenic form - in consist ant with our other calculations in which all bond lengths 
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elV 

em 
Figure 3.8: The geometry of a carbon molecule (bond lengths and angles) is specified 
sequentially from one end to the center of the planar molecule. Examples of even- and 
odd-n Cn molecules are shown. Note: the C2h axis is actually perpendicular to the page. 

were approximately equal. The C4 and C7 HF results presented in the next section were 

taken from the literature. 

3.4 Theoretical Results for Linear Molecules 

3.4.1 Ground State Stuctures and Vibrations 

The results of the geometry optimization at the Hartree-Fock SCF level of theory are 

presented in Table 3.1. The parameters listed are the bond lengths and angles as depicted 

in Figure 3.8. The figure shows the labeling of the bonds and angles from the atom on 

left, proceeding to the right stopping at the center of the molecule. Note that deviations 

from linearity were constrained to be planar. Each molecule has C2 symmetry about 

a center axis perpendicular to the bonding direction. The odd-n Cn molecules have 

C2v symmetry about the center axis in the plane of the molecule, and the even-n Cn 

molecules have C2h symmetry about the axis perpendicular to the plane of the molecule. 

Table 3.2 contains the geometry resulting from optimization at the MP2 level of theory. 
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Table 3.1: The geometry parameters for C3 through Cg from optimization at the 
Hartree-Fock/SCF level of theory. Bond lengths are in angstroms and angles are in 
degrees. 

Molecule Rl 
C3 1.2774 
C48 1.3127 
Cs 1.2708 
C6 1.2935 
C7b 1.270 
Cs 1.2908 
Cg 1.2686 

8Taken from reference [6] 
bTaken from reference [35] 

al R2 
180.0 
180.0 1.2959 
180.0 1.2748 
179.2 1.2746 
180.0 1.280 
178.9 1.2763 
179.9 1.2828 

a2 R3 a3 R4 <4 

180.0 
179.1 1.2687 
180.0 1.264 180.0 
178.7 1.2681 178.0 1.2695 
180.0 1.2614 180.0 1.2687 180.0 

Table 3.2: The geometry parameters for C3 through Cs from optimization at the MP2 
level of theory. Bond lengths are in angstroms and angles are in degrees. 

Molecule Rl al R2 a2 R3 a3 R4 14 
C3 1.3027 180.0 
C4 1.3127 180.0 1.2959 
Cs 1.2999 180.0 1.2908 179.8 
C6 1.3008 179.8 1.2940 179.9 1.2812 
C7 1.3012 176.7 1.2954 178.3 1.2815 178.5 
Cs 1.2941 180.0 1.2967 180.0 1.2789 179.9 1.2867 
Cg 1.3020 178.7 1.2978 178.5 i.2807 177.4 1.2855 177.9 
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Table 3.3: The stretching modes and intensities calculated at the Hartree-Fock level of 
theory. Frequencies are given in cm- 1 and intensities (in pararentheses) in km/mole. 

Molecule O"u 0"9 

C3 2313 (1346) 1367 (0) 
C46 2345 (0) 
Cs 2344 (6550) 2220 (0) 
C6 2418 (0) 

1327 (17) 721 (0) 
C7b 2281 (?) 2376 (0) 

1206 (?) 631 (0) 
Cs 2394 (0) 

1867 (906) 1495 (0) 
Cg 2338 (430) 2415 (0) 

1803 (866) 1394 (0) 

6Taken from reference [6] (no intensities given). 
bTaken from reference [35] (no intensities given). 

O"u 0"9 

1741 (?) 1022 (0) 
1632 (83) 863 (0) 
2190 (1219) 1845 (0) 

2132 (?) 1745 (0) 

2332 (3174) 2162 (0) 
1049 (9) 552 (0) 
2084 (40410) 2134 (0) 
960 (30) 496 (0) 

The results of the vibrational frequency calculations are presented in Tables 

3.3 through 3.6. Tables 3.3 and 3.5 contain the frequencies calculated at the Hartree

Fock/SCF level of theory for modes that are predominately stretching and bending, 

respectively. Similarly, Ta.bles 3.4 and 3.6 contain stretching and bending frequencies, 

respectively, calcula.ted at the MP2 level of theory. In all of these tables, the vibrational 

frequencies are classed by their symmetry in the linear limit. That is, the symmetry 

classification is that which similar modes would have for an exactly linear molecule. 

Of most interest here is the comparison of the stretching freqencies to the known 

experimental values. The comparison with the ratios is shown in Table 3.7. These ratios 

are used to scale theoretical freqencies of molecules not yet identified experimentally. 

The results are compared to a high resolution spectrum of matrix-isolated carbon vapor 

in Figure 3.P. The scaling factors of the theorectical frequencies for Cr and Cg were 

taken as the average of the experiment/theory ratios of C3 and Cs. For Ca, the ratios 

of C4 and C6 (upper) were used. Note that the MP2 and HF predictions for Cr do not 
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Table 3.4: The stretching modes and intensities calculated at the MP2 level of theory. 
Frequencies are given in em -1 and intensities (in pararentheses) in km/mole. 

Molecule (J'u (J'g (J'u (J'g 

C3 2184 (390) 1220 (0) 
C4 2150 (0) 1588 (490) 951 (0) 
Cs 2358 (1243) 2018 (0) 1471 (64) 786 (0) 
C6 2166 (0) 2009 (1456) 1758 (0) 

1244 (332) 673 (0) 
C7 2405 (2053) 2217 (0) 1962 (464) 1576 (0) 

1097 (10) 580 (0) 

Table 3.5: The bending modes and intensities calculated at the Hartree-Fock level of 
theory. Frequencies are given in cm- 1 and intensities (in pararentheses) in km/mole. 
The splitting of some frequencies is due to the distortion from linearity. 

Molecule 1I"u 1I"g 

C3 152 (2) 
C48 408 (0) 
Cs 648 (33) 222 (0) 
C6 

203 (0) 
C7b 710 (?) 598 (0) 

73 (?) 
Ca 753 (0) 

269/265 (11/10) 192/170 (0) 
Cg 783 (62) 658 (0) 

187/165 (2/",0) 114 (0) 

8Taken from reference [6) (no intensities given). 
bTaken from reference [35] (no intensities given). 

1I"u 1I"'g 

209 (?) 
111 (5) 

376/373 (4) 305/271 (0) 
117 (15) 82 (0) 
240 (7) 157 (0) 

500/413 (2/.4) 390/381 (0) 
70/69 (10/9) 15 (0) 

567 (3) 252 (0) 
49 ~5) 
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Table 3.6: The bending modes and intensities calculated at the MP2levei of theory. Fre
quencies are given in cm- 1 and intensities (in pararentheses) in km/mole. The splitting 
of some frequencies is due to the distortion from linearity. 

Molecule 11"" 7rg 7r" 1I"g 

C3 190 (20) 
C4 420 (0) 185 (17) 
Cs 487/480 (",,0) 281 (0) 131 (18) 
C6 553/548 (0) 435 (",,0) 224 (0) 

109 (12) 
C7 658 (2) 513/493 (0) 314/307 (6/8) 196 (0) 

189 (8) 84 (13) 24 (0) 

agree. Also, the high intensity of the dominant C9 (HF) frequency is suggestive of the 

experimental line at 1998 em-I, provided its scaling based on C3 and Cs results is not 

accurate. 

3.4.2 HOMO - LUMO Differences - Estimation of 

Electronic Transitions 

The calculations done for this work attempt to model ground-state structures. To predict 

electronic transitions, one must calculate excited-state structures and then take energy 

differences to calculate the transition frequencies. This was not feasible. However, the 

ground state calculations do provide a basis for an estimation of relative transition fre

quencies among the carbon molecules. This is based on the differences between the 

Highest Occupied Molecular Orbital and the Lowest Unoccupied Molecular Orbital, i.e. 

HOMO-LUMO. 

This method cannot produce accurate predictions of electronic transitions. In 

promoting one electron to a higher orbital, we are changing the conditions under which 

the orbitals were originally calculated. Clearly the calculated energies no longer represent 

an energy minimum. Also, comparing different molecules via this method is at best 
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1950 2050 2150 2250 cm-1 

Figure 3.9: The dashed curve shows a high-resolution IR spectrum of argon ma
trix-isolated carbon vapor [22]. The solid lines show the MP2 theoretical line for Coi 
(scaled by .924) and the HF predictions for C7 , Cs and Cg (scaled by .902, .889 and .9Q2, 
respecti vely). 

approximate. In this case, it is only the facts that the molecules and computational 

approaches are similar that offers any hope of realistic estimations. Even so, comparing 

singlet to triplet calculations could be even more suspect due to differences in UHF and 

RHF computational techniques. 

Nevertheless, with absolutely nothing else to go on, I present the HOMO-LUMO 

energies in Table 3.8. Note that for the even-n Cn molecules, the separation of the 

opposite spin states (a, 13) produces different orbital energies. The result is that these 

molecules may not have spin states of exactly unity (as a triplet should). This is known 

as spin contamination and is an l.rtifact of the UHF method. Ignoring this for the 

moment, let us represent the electrons (arrows) of both spins as occupying the same 

orbitals (underlines). The table lists the differences in orbital energies for the triplet 
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Table 3.7: The theoretical stretching-mode frequencies are compared to known values 
from Argon matrix-isolation experiments. 

Molecule HF Theory Experiment Ratio MP2 Theory Experiment 
C3 2313 2039a .882 2184 2039 
Cs 2344 2164b .923 2358 2164 
C4 1741 1544c .887 1588 1544 
Cs 2190 1952d .891 2009 1952 

1327 1197d .902 1244 1197 
Cg 2332 1998d .854 - -

aReported as 2038 cm- 1 in [50], as 2041 cm- 1 in [3], and as 2039 cm- 1 in [42]. 
b[43] 
C[36] 

Ratio 
.934 
.918 
.972 
.972 
.962 
-

dTaken from reference [42]. The authors assign the 1197 and 1998 cm- 1 lines with less 
certainty than the 1952 cm- 1 line. 

molecules corresponding to the following transition: 

Hll-lUL 

The transition considered for the singlets (odd-n Cn) corresponds to: 

By comparing the differences (~ in Table 3.8) at either level of theory, one might 

expect electronic transitions in the UV-visible for the molecules C3 , C4 , Cs, Cs, Cg , Cr, 

C9 in order of increasing wavelength, respectively. Comparing this to the experimental 

data, the 4100 A feature of C3 seems out of place. However, there is another C3 tran

sition identified at about 1750 A [12]. If we identify our relative estimate for C3 with 

this transition, then many other features can be identified with our estimates. These 

estimates form part of the basis for the feature-to-molecule assignments in the chapter 

dealing with aggregation modeling. 
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Table 3.8: The theoretical values of the energies of the Highest Occupied Molecular 
Orbitals and the Lowest Unoccupied Molecular Orbitals ofthe ground state calculations. 
The differences can be used to estimate the relative positions of electronic transitions. 
Energies are in Hartrees. 

Molecule HF Theory MP2 Theory 
HOMO LUMO ~ HOMO LUMO ~ 

C3 -.46511 -.00094 -.46417 -.45571 -.00323 -.45248 
C4 0: - - -.42551 +.04169 
C4 f3 - - - -.47030 -.03188 -.43842 
Cs -.40148 -.03726 -.36422 -.39374 -.03876 -.35498 
Cs 0: -.39166 +.00788 -.39271 +.00647 
Cs f3 -.43393 -.04372 -.39021 -.42989 -.04630 -.38359 
C7 - - - -.35806 -.05934 -.29872 
Cs 0: -.37019 -.01458 -.37269 -.01518 
Cs f3 -.39989 -.05096 -.34893 -.39681 -.05507 -.34174 
Cg -.34050 -.07241 -.26809 
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CHAPTER 4 

Correlations of the IR To UV-Visible Spectral Features 

Since the infrared absorption spectrum of matrix-isolated graphite has the potential for 

elucidation by ab-initio theory, and since it has been the area of the most experimental 

success, there are a number of assignments and tentative assignments for features in 

this region. An experimental method for carrying this success over to the UV-visible 

region is presented in this chapter. That method is the correlation of IR features with 

UV-visible features as a function of the deposition and annealing of the matrix-isolated 

molecules. This required taking both spectra on the same sample - something which 

is not standard spectroscopic practice and which has never been attempted before on 

matrix-isolated carbon vapor. 

4.1 Correlation Criteria 

In order to establish that two features are correlated as a function of annealing, two 

methods of analysis were considered. Initially, each experimental run was analyzed sep

arately. A plot was made of each feature's peak strength (either optical density or 

integrated intensity) normalized to the feature's maximum strength versus an arbitrary 

abscissa such as spectrum number. The resulting curve is referred to as a growth curve. 

For two features to be due to the same molecule, it is necessary (but not sufficient) that 

the growth curves of the two features match (within experimental uncertainty) for each 

experimental run. That this condition is not sufficient to conclude that the features 

are due to the same molecule is readily apparent when one considers that two different 
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molecules can have the same population behavior as reactions proceed during the an

nealing of the matrix. Because the growth curves are normalized, information regarding 

the relative population of one species to another is not contained in such plots. How

ever, if one produces several matching sets of growth curves from different experiments 

with sufficiently varying initial conditions (Le. a variety of initial concentrations of the 

reactive species), one obtains more conclusive evidence that the matching features are 

originating from the same species. 

Even with some variety of initial conditions, it still may not be possible to dis

tinguish between two features which are due to different molecules based on normalized 

growth curves alone. However, another necessary condition that two features are due to 

the same molecule is that the ratio of the peak strengths be constant and equal from run 

to run. This is the basis for the second method of analysis. If two features were thought 

to be correlated from there growth curves, the peak strength of one of the features was 

plotted against the strength of the other. A positive correlation produced a straight 

line with an intercept of zero (again, within experimental uncertainty), and a slope that 

was the same for all experimental runs (provided the spectrophotometer's characteristics 

were relatively unchanged). Such a plot is referred to as a correlation curve and con

tains data points from all usable experiments. The correlation curves presented in this 

chapter contain a straight line which was fit to the data with the least squares method. 

A correlation coefficient was calculated to characterize the goodness of fit; a perfect fit 

would have a correlation coefficient equal to 1. 

4.2 The 1998 cm- 1 to 3100 A Correlation 

The largest and most noise-free feature in the infrared spectra obtained is by far the 

1998 cm- l feature. l This feature has recently been assigned to Cs by Vala, et al.[42). 

One can see from the growth curves of Figure 4.10 that UV features at 3500 A and 

at 3100 A correlate well to this feature. It seems that these two features cannot be 

1 The results in this section appear in reference [25]. 
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distinguished from one another on the basis of the growth curves alone. Here we must 

turn to the correlation curves to determine which of these UV features best correlates 

with the 1998 cm- 1 infrared feature. These are shown in Figures 4.11 and 4.12. One can 

see more scatter in the ratio of the 3500 A to 1998 cm- 1 feature strengths (correlation 

coefficient.77) than in the ratio of the 3100 A to 1998 cm- 1 (correlation coefficient .97). 

One run stands out particularly in the case of the 3500 A feature - it is the run of 

17 November 1988. A direct comparison of UV-visible spectrum of this run to others 

(see Appendix) shows how different the initial conditions of this run were, compared to 

more typical runs (e.g. 28 May 1988). The 2500 A band is on a par with the 3100 and 

3500 A bands which are about equal in strength, and the 4500 A band is also initially 

well developed. When this run is compared with the run of 21 September 1988 (see 

Appendix) in which the 3500 A feature strength is much smaller than that of the 3100 A 

feature, one sees direct evidence that the 3100 A feature is not produced by the molecules 

that produce either the 3500 or the 4500 A features. 

4.3 The 1804 cm- 1 to 3900 A Correlation 

The 3900 A feature grows only during annealing. It does not appear with any significant 

strength upon deposition, even when many other UV-visible bands appear strongly. It 

is also well-correlated with the visible band at 5330 A. 

Getting a number to represent the absorption intensity for the 3900 A band was 

not straight-forward because of the presence of the C3 vibrational bands to the blue of 

the prominant 4100 A C3 band. To quantify the 3900 A strength, the area of the 4100 A 

band and the area from '" 3920 to 4020 A were taken from the spectra. The ratio of 

these to areas was then computed as R. 

R _ Area of 4100 A C3 band 
- Area from ",,3920 to 4020 A' 

At deposition, R is maximum. This is because the 3900 A band is weakest upon depo

sition and the denominator of R is a minimum and due almost wholely to C3. For most 



::I: 
I
L!l 
Z 

~. 
I-
Vl 
~<D 
0:' 
W 
n-
o" w' 
N .... 
...J('oI 
~. 
0::; 
o 

17 NOV 1988 

)( 1998 CIII-l 

a 3e75 A 
6 3489 A 

-
CD 

21 SEP 1988 

Zq~ __ ~ __ ~~ __ ~ __ ~~ 
I 2 3 "5 2 3 4 

::1:_ 
l-
I.!) 
Z 
W 
0::; CD 
I- • 
Vl 

~ a:<D w • 
n-
O w .. 
N • .... 
-I a: 
;,.: 
0:: 
a 
Z 

SPECTRUM NUMBER 

28 HAY 1988 13 SEP 1987 

5 7 9 U 2 3 4 

SPECTRUM NUHBER 

53 

5 

5 

Figure 4.10: Normalized growth curves for the 1998 cm-I, 3100 A and 3500 A bands. 
Data from four different experimental runs are show. 
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Figure 4.11: Peak height above baseline of the 3100 A band system (taken at ",3075 A) 
(vertical axis) versus the peak height of the 1998 cm- 1 band in the IR (horizontal axis). 

experimental runs, Rma% = 2.2 to 2.6 at deposition. To compensate for the presence of 

C3 , the absorption intensity of the 3900 A band was then calculated as 

A [A f 3920 4020 2] [Area of 4100 A C3 band] 
3900 = rea rom '" to 1\ - R . 

ma", 

Getting the intensity data of the 1804 cm- 1 feature was difficult for two reasons. 

First was the poor resolution and low signal to noise ratio of the IR instrument. This 

was complicated by the fact that in this region of the spectrum, atmospheric water vapor 

yields a complicated absorption spectrum which varies as conditions vary both in the 

sample chamber and in the room atmosphere. This means that an 10 (no sample) spec

trum measured some time before the I (sample) spectrum may not exactly compensate 

for the atmospheric conditions at the time I is measured. Because the intensity of the 

IR signal is varying quite sharply as a function of wavelength, small deviations between 

I and 10 can caused considerable "noise" in the resulting log(Io/I) spectrum. 
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Figure 4.12: Peak height above baseline of the 3500 A band system (taken at ..... 3480 A) 
(vertical axis) versus the peak height of the 1998 cm- 1 band in the IR (horizontal axis). 

The second source of inaccuracy was an unknown feature in the IR spectra that 

occurred at about 1810 cm- 1 and whose growth closely paralleled that of the 1804 cm- 1 

feature. This is a possible contaminate as it does not occur strongly in other IR spectra 

[22]. Since there was generally a significant amount of CO in samples of this work, and 

since enO species are known to form under these conditions [45], the 1810 cm- 1 may be 

a product of a combination of CO and a carbon molecule. 

Despite these difficulties, a few data points from a few runs were judged to be 

certain enough to draw a conclusion. Data from the runs of 17 November 1988, 21 

September 1988, 3,nd 13 and 01 September 1987 were used for the correlation curve 

(Figure 4.13). Additionally, a few points from 28 May 1988 were used. These were 

obtained when the atmospheric interferences that plagued most of the spectra in this 

region were minimized by subtracting the spectrum of the fourth deposition from the 

later spectra. To use the resulting peak optical density of the 1804 cm- 1 feature, it was 
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Figure 4.13: Correlation Curve of the 3900 A versus 1804 cm- l Features. The vertical 
axis is the area of the 3900 A UV feature corrected for the presence of C3 structure. The 
horizontal axis is the peak height (above baseline) of the IR feature at ",1804 cm-t. 

assumed that the feature stength was insignificant in the fourth deposition. The first 

three of these data sets also yielded growth curves (Figures 4.14). 

The usual method for comparing the absorption strengths is to use the inte

grated intensities (All") as opposed to the peak optical densities of the features involved. 

This method is roughly independent of small differences in the monochromator charac

teristics. But for the 1804 cm- t feature, such a method would suffer from interference 

by the unresolved feature at 1810 cm-l. The peak optical density suffers less from this 

interference, and it was used for the correlation curve despite some degree of scatter, 

expected from differences in slit settings, etc., between the experimental runs. The least 
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Figure 4.14: The growth curves from three data sets depicting the strengths (normalized) 
of the 3900 A UV feature and the 1804 cm- lIR feature upon deposition and subsequent 
annealing of the sample. 
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squares line of Figure 4.13 has a slope 522±58 A (the area ofthe 3900 A feature was inte

grated as a function of wavelength (A)), and a y-intercept of 2.7 ± 1.3 A. The correlation 

coefficient is .90. 

4.4 The 1952 cm- 1 to 2465 A Correlation 

It is interesting to note a possible correlation involving a feature of linear CG. Vala et 

at. [42] have indentified the IR band at 1952 cm- 1 to be due to this molecule and have 

found that the intensity of this band "increases slightly upon annealing and then (with 

stronger annealing) decreases." This describes the behavior of the 2500 A feature as well. 

If one accepts that C3 is dominant in the gas phase upon evaporation of the graphite [13], 

then, if reactions are occuring in the gas phase during condensation, one would expect 

that CG would occur upon deposition and in early annealing. In these experiments, the 

2500 A band exhibited this type of behavior. In fact, it was quite difficult to isolate an 

appreciable amount of C3 without obtaining this band also (see Figure 5.22). This band 

grew in the initial stages of annealing and was one of the first to start decreasing. 

Exact quantification of the 2500 A band was difficult because of a high fraction of 

stray light and low lamp intensity below ",2500 A. This led to saturation effects, i.e., the 

peak optical density was no longer proportional to the number of absorbing molecules. 

For example, if the fraction of stray light (any light of wavelength other than that at the 

desired wavelength) to the monochromatic light reaching the detector is about 1 percent, 

then we could not expect a sample which absorbs over a narrow wavelength r<l..nge to 

yield an optical density of more than about 2. This is because the molecules may not be 

absorbing the stray light even if they are aborbing 99.9 percent (optical density = 3) of 

the monochromatic light. For this work, the intensity of monochromatic light decreased 

rapidly below about 2500 A. The fraction of stray light was about 1 percent at 2500 A 
increasing to about 50 percent at 2200 A. Therefore, to support the hypothesis that the 

1952 cm- 1 correlates with the 2500 A band, it was decided to use only UV spectra which 

show the peak at ",2465 A at an optical density of less than about 2.0. Even with this 
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pre-selection, one could expect a suppression of the true peak height when the baseline 

is high. 

The quantification of the 1952 cm- 1 band in the IR was also difficult. This 

was mainly due to another absorption at about 1946 cm -1 which is seen in other matrix 

isolation spectra of carbon vapor (e.g. [22,19]). In this data, the 1952 cm -1 band behaves 

during annealing as Vala describes, but the 1946 cm- 1 feature starts small and grows 

with annealing. These two features could not be resolved in any of the spectra of this 

work. Also, noise in the IR and the possible presence of another feature at ",1958 (a 

contaminant?) made quantification even more difficult. 

Nonetheless, data for a growth curve was obtained from the run of 28 May 1988. 

This was done by applying a smoothing routine to the spectra. The resulting peak optical 

density cannot be used for comparison to other spectra (e.g. in a correlation curve), and 

the three features mentioned above are not readily distinguishable. The resulting growth 

curve is shown in Figure 4.15 along with curves from the data of 17 November 1988,22 

May 1988, and 13 September 1987. The spectra of 17 November and 22 May were not 

smoothed and that of 13 September were only slightly smoothed. 

A correlation curve was made from a few of the more certain runs: 17 November 

1988 (excluding the last annealing - see above concerning saturation in the UV), 21 

September 1988, 22 May 1988, and 13 September 1987. It is Figure 4.16. The slope of 

the least squares line is 43 ± 6, the y-intercept is 6.41 ± .09, and the correlation coefficient 

is .86. In interpreting the curves presented in this section, one must keep in mind that 

only a few spectra were used and the IR features were poorly resolved. These data make 

the 1952 cm- 1 / 2500 A correlation plausible, but not certain. 
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Figure 4.15: The grow curves from four data sets depicting the strengths (normalized) 
of the 2465 A uv peak and the 1952 cm- 1 lR feature upon deposition and annealing. 
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Figure 4.16: Correlation Curve of the 2465 A versus 1952 cm- 1 features. The vertical 
axis is the height of the 2465 A UV peak, and the horizontal axis is the peak height 
(above baseline) of the IR feature at ",1952 ern-I. The correlation coefficient is .86. 

4.5 The 2040 cm- 1 to 4100 A Correlation - C 3 

Both the 2040 cm- 1 feature in the IR and the 4100 A feature in the visible have been pre

viously identified as C3. It is therefore quite reassuring that in this work, the two features 

are well correlated with a correlation coefficient of .98 as Figure 4.17 demonstrates. 
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Figure 4.17: Peak height above baseline of the 4100 A C3 band (taken as an average of 
the 4185 and 4102 A peaks) (vertical axis) versus the peak height of the 2040 cm- 1 C3 
band (horizontal axis) in the JR. 
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CHAPTER 5 

Aggregation Modeling 

5.1 Introduction 

In this chapter, the aggregation of carbon atoms and small molecules to form larger 

molecules is modeled for the purpose of drawing conlclusions about the assignment of 

particular UV-visible features based on the characteristics of their growth curves. The 

underlying assertion of a model calculation is that by using a limited number of adjustable 

parameters applied to a large number of sufficiently different data sets, one can arrive at 

a consistant set of parameters only when the initial set of assumptions is correct. (This 

also assumes that the results of the model are sufficiently sensitive to the parameters 

being adjusted.) 

The general procedure in this work was to adequately describe a particular ex

perimental run with an aggregation model, and then to apply the model thus derived to 

the description of another experimental run. The initial concentrations, relative transi

tion strengths, and rate constants were considered adjustable parameters. Based on a 

set of assumed molecule-to-feature assignments, they were adjusted so that the calcu

lated growth curves of certain molecules fit the experimental growth curves of certain 

absorption features. This initial set of molecule-to-feature assignments was derived from 

both theoretical and experimental considerations. The assumptions were then tested by 

applying them to different experimental data in which the initial intensities and growth 

of features differed markedly. 

It should be stated in advance that the present understanding of the UV-visible 
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assignments and diffusion-reaction mechanisms, as well as the limited amount of suffi

ciently different data, do not allow this model to arrive at a unique set of parameters. 

However, since modeling is always an iterative process, I begin it here with the hope of 

gaining some understanding of this problem - the only legitimate goal of modeling. 

5.2 Reaction Rates - Concentration Dependence 

Simple rate equations governing the aggregation reactions between carbon molecules 

(neglecting dissociation) are expressed by the Smoluchowski equations [11]: 

"mol 

f,C2 = k1,lC1C1 - E (1 + C2,m)k2,mC2Cm 
m=l nmol 

f,C3 = k1,2CI C2 - E (1 + 03,m)k3,mC3Cm 
m=l 

n/2 nmol 
ftCn = E km,n_mCmCn_m - E(l + Cn,m)kn,mCnCm, 

m=l m=l 

(5.37) 

where Cn is the concentration of the carbon molecule en and nmo/ is the number of 

molecules used in the calculation and km ,n is the reaction rate constant for the chemical 

reaction en + Cm - Cn +m • 

For explicit consideration of diffusion, the concentration of a species must be 

taken to be an explicit function of position within the matrix medium, Cn(x,y,z), and the 

additional term Dn yo2Cn(x, y,z) must be added to the right-hand side of Equation 5.37. 

Here Dn is the (positive) diffusion constant of species en in the matrix medium. Note 

that this term is positive for flow of the species Cn into the region around the point 

(x,y,z) for which the concentration is evaluated. However, if the concentrations of all 

species are initially uniform, and if regions large compared to molecular dimensions are 

considered, then this term is zero in all cases. 

That the concentration of a species is uniform, so that the diffusion term can 



65 

Figure 5.18: A photograph of the substrate taken through a microscope of the carbon 
residue after a matrix isolation experiment. Magnified", lOOx. 

be ignored, is, of course, an approximation. This approximation clearly breaks down 

for heavily annealed samples wherein regions around large particles become depleted of 

mobile species. In the limiting case of all matrix material being evaporated, leaving only 

carbon, the patterns ofthe grain formation are clear indications ofthis result (see Figure 

5.18). Computer simulations of similar pattern formation are in fact based on equations 

of the type 5.37 with the diffusion term included [3D]. 

Given that the diffusion term is being excluded, how can the reactions in the 

matrix be modeled at all? Clearly the reactions proceed in the matrix only when the 

temperature is high enough to permit diffusion. The answer is simply to adjust the 

rate constants to the form we might expect on the assumption that by diffusing through 

the matrix, two molecules get close enough to allow a very fast, irreversible, exothermic 

combination reaction to take place. For this diffusion-limited case, we can assume the 

reaction constant is proportional to the diffusion constant of the reactants. 
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Figure 5.19: Concentration of the various carbon molecules versus time obtained by 
using equal reaction rate constants for all possible reactions and applying equations 5.37 
to carbon vapor. The Ultra-simplified Model. 

Before discussing the possible temperature and species dependences of the rate 

constants, it is illustrative to proceed with Equations 5.37 under the simplest, if naive, 

assumptions that the reaction rate constants are independent of such things. We could 

imagine that all species are equally reactive with one another and equally mobile. We 

could further assume that the reaction paths are the same no matter what the ambient 

temperature is, i.e. the reactions may speed up, but they proceed the same, i.e., the con

centrations of the various species follow the same curves versus time. For this approach, 

no distinction is made between the gas phase reactions and reactions occurring in the 

matrix and we may presume that the initial concentrations are those that correspond to 

the gas phase. The vapor over graphite has been measured to be predominantly C1 , C2, 

and C3 in proportions of approximately 3:1:6, respectively [13,38]. 

The results of this "Ultra-simplified" calculation are given in Figures 5.19 and 

5.20. Figure 5.19 shows the relative concentrations of species C1 through C6 as a function 
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Figure 5.20: Normalized growth curves of the various carbon molecules vs. time obtained 
by using equal reaction rate constants for all possible reactions and applying equations 
5.37 to carbon vapor. The Ultra-simplified Model. 

of time. Figure 5.20 shows the normalized growth curves of species C1 through C12• 

It seems immediately apparent that the types of growth behavior can be classed by 

generation: CI , C2, and C3 are the zeroth generation molecules; C4 , Cs, and Cs are 

the first generation; C7, Cs, and C9 are the second generation, and so on. It is evident 

that for growth curves like these, it would be difficult to distinguish between molecules 

within a generation, or between generations higher than about the third. As we consider 

a more sophisticated model, we find that these generalities hold. 
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lIT (Arb. unIts) --) 

Figure 5.21: The temperature dependence of reaction rate constants is shown. Arrhenius 
behavior corresponds to a straight line on the plot of log(k) vs. lIT (dashed line). The 
temperature dependence which better fit the data of this work is log(k) vs. l/v'{T) 
(solid curve). 

5.3 Reaction Rates - Temperature and Species Dependences 

With the diffusion itself considered the rate-limiting process, and the lattice being the 

barrier to diffusion, we could assume that the rate constants are of the Arrhenius form [2]: 

-Ell 
kn.m = An.m exp( RT ). (5.38) 

Here the pre-exponential factor An.m is assumed to be species dependent. The quantity 

Ell is the activation energy, and E ll / R has units of absolute temperature in Kelvin. 

It could also be species dependent. Both quantities could in general be temperature 

dependent, although this would be regarded as non-Arrhenius behavior. 

Indeed, many experiments have revealed that the diffusion constants of many 

solid materials (metals) have a temperature dependence given by equation 5.38 with both 

the pre-exponential factor and the activation energy being approximately independent of 
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temperature [8]. In a plot of log(kn •m ) versus lIT, such a temperature dependence pro

duces a straight line with negative slope (see Figure 5.21). However, these measurements 

were usually taken at high temperature (close to the melting point) and over a limited 

temperature range. When the temperature range of the experiments was expanded, de

viations from the Arrhenius form at low temperatures to higher than expected values 

were discovered [9]. 

In the course of fitting the calculations to the data of this work, it was indeed 

found that the reactions occurred faster at low temperatures than the calculations based 

on Equation 5.38 indicated. Giving the activation energy a temperature dependence 

of Eo fV ,ff produced a better fit to the data. If this term actually corresponds to a 

barrier to diffusion in the lattice, then this result implies that this barrier increases with 

the temperature of the lattice. The overall reaction rate constant still increases with 

temperature, but there is a marked deviation from the Arrhenius behavior as shown in 

Figure 5.21. As stated above, this is not without precedent. 

On the other hand, if the activation energy is identified as a barrier to diffusion, 

one may conjecture that this barrier is higher for larger molecules since more lattice 

molecules would have to be displaced to permit diffusion. That is to say, larger species 

are presumably not as mobile as smaller species. While this is probably so, it is not 

obvious what dependence the energy barrier should have on the mass or size of the 

molecules. A simple linear or square root dependence has a rather extreme effect on 

the relative reaction rate constants, and simple modeling with these dependences in the 

activation energy yields results that are essentially constant in time once the populations 

of the lightest few molecules are depleted. A reasonable fit to data was obtained without 

a mass dependence of the activation energy. 

We now consider the pre-exponential factor of Equation 5.38. For the case of 

ideal gases, the mean velocity of a molecule is v fV -/kTlm, where the mass is m. 

Since a molecule travels an average of v units of distance per unit time, the larger this 

velocity, the greater the chance of collision. This type of pre-exponetial dependence 
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has been applied to a calculation of the self-diffusion coefficient of argon [27] at its 

melting temperature. Though we are not dealing with molecules in the gas phase and 

the temperature dependence of the reaction rate is already adequately dealt with in the 

exponential factor, the reaction rate constants used in the solutions of Equation 5.37 

were given the mass dependence of l/JJ.Lnm in the pre-exponetial factor. Here, J.L is the 

reduced mass, defined as J.Lnm = mnmm/(mn + mm). 

After some adjusting, the final form of the reaction rate constants used in the 

aggregation model calculations was: 

-50.66 
kn,m = 9,45 V J.L33/ J.Lnm exp( v'T ). (5.39) 

The significance of the numerical factors in this equation is, of course, only relative to 

the arbitrary concentration and time units used in the calculation. 

5.4 Initial Assignment of UV-Visible Features Based on 

Experiments and Theory 

The experimental run chosen for the initial fitting was that of 28 May 1988. Figure 

1.2 shows UV-Visible spectra from this experimental run during which the sample was 

annealed five separate times for about ten minutes each. The annealling temperatures 

were approximately 20, 25, 30, 35, and 36 K, respectively. Spectra were recorded after 

each annealing, but only three curves are shown for clarity in Figure 1.2j curves labeled A, 

B, and C are spectra of the sample after the final deposition, after two annealing periods, 

and after four annealing periods, respectively. The spectra are not shifted vertically with 

respect to one anotherj each deposition and annealing increased the baseline optical 

density of the sample, especially at the shorter wavelengths. Here we note the features 

that occur in the initial sample at or near the following wavelengths: 2500, 3100, 3500, 

4100, and 4500 Aj and smaller features at about 2835, 2940, 4700 and 5200 A. We 

must account for these features in the initial concentrations of the various species of our 

aggregation model. 
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The 4100 A feature is, of course, the well-known Ca feature. However, a newly 

discoved C3 band system from about 2660 to 3020 A in the gas phase seems to correspond 

to the 2835 A feature mentioned above [26]. This feature closely parallels the 4100 A C3 

feature in annealing behavior. On this assumption, the 2835 A feature was ignored in 

favor of the 4100 A feature. 

The 2940 A feature (along with other structure) is also in the region of the new 

C3 system mentioned above, but since it grows during annealing, instead of declining, it 

cannot be attributed to C3 • However, it is about 1500 cm- 1 to the blue of the 3100 A 
feature, which makes it a good candidate for an upper state vibrational stretch of the 

3100 A feature [25]. On this assumption, the 2940 A feature was ignored in favor of the 

3100 A feature. 

VaIa, et. aI, [42] have found that the intensity of the C6 IR band at 1952 cm- 1 

"increases slightly upon annealing and then (with stronger annealing) decreases." This 

descibes the behavior of the 2500 A feature as well. Although the correlation between 

the two features was weak, it was not ruled out (see Chapter 4). For purposes of the 

model, it was assumed that the 2500 A feature was due to C6 • 

Kratschmer has suggested that the bands at approximately 4700 and 5200 A are 

correlated to the 2500 A band [21]. Indeed, the correlation between the 2500 and the 

4700 A bands is quite good in the data of 28 May 1988. (Also, there is a feature at about 

4675 A in these spectra which appears upon deposition and is not well correlated to the 

2500 A band.) These features are near those thought to be C4 (5201 and 4699 A [14]) 

and C2' at 5206 A and 4725 A [28,1]. It is important to note that the intensity ratio of 

the bands reported for both C4 and Ci are about 2.5 to 1 with the band at the longer 

wavelength being stronger. However, in these experiments and in those of Kratschmer, 

et al. [23], this intensity ratio is not observed; the 4700 A feature is more intense than 

the 5200 A feature. One must conclude that there is a feature at approximately 4700 A 

in carbon vapor which is not entirely due to Ci or C4, but which is due to another 

molecule, possibly C6 • Whether it has a companion band around 5200 A is difficult to 
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Figure 5.22: Shown are portions of the UV-visible spectra of three different runs as they 
appeared at deposition. (The middle curve is shifted vertically for clarity). The lower 
curve shows features due to C2 and C3 as well as the interference pattern due to the 
solid argon layer. The upper curves show features due to larger molecules formed during 
condensation. 

say from these experiments, since a system centered at about 5300 A (growing intensely) 

interferes with the analysis. One more observation about the 5200 A feature should 

be mentioned. In a resonance Raman experiment, Kratschmer [21] excited an argon 

matrix-isolated carbon vapor sample with a krypton laser line at 5208 A. The Raman 

lines observed had a spacing of N 1790 cm- \ closely corresponding to the C2" ground 

state vibra.tion (1777 cm-l) [10]. Thus it appears that C2" is at least a minor constituent 

of this type of sample. 

The implications of the preceeding discussion are that the behaviors of the 

4700 A and the 5200 A bands cannot be modeled by a single species. C6 can presumably 

be modeled after the 2500 A feature, but C4 cannot be modeled after the 4700 A feature, 



73 

and C2' is not accounted for explicitly in our model calculations. If C2' and C2 (and 

even ct) had readily identifiable features, one could compare the sum of their intensities 

to the total C2 of the model. Even this would presuppose similar annealing behavior 

between ions and neutral species. As it stands, the 4700 and 5200 A features were not 

compared to any calculated growth curve for the purpose of parameter adjustments. 

Because of its correlation to the 1998 cm- 1 feature, the 3100 A feature was taken 

to be due to Cs [42]. 

By comparing various experimental runs, it became apparent that some features 

preferentially formed in the matrix at low temperature, but not in the gas phase (at high 

temperature). The pressure in the evaporation and sample chambers seemed to be the 

critical factor. Figure 5.22 shows UV spectra ofthree different experimental runs as they 

appeared on deposition (no warming of the matrix had yet occurred). Note that even 

though all other features are well developed in the uppermost spectrum, the feature at 

3900 A is not, and its area of the spectrum is dominated by the C3 vibra.tional structure. 

This same feature grows quite well during matrix annealing (when C3 is present in 

the matrix as seen in Figure 1.2). One may conclude that this feature is due to a 

molecule which is not favored in the gas phase, but is formed quite competitively at low 

temperature. This is the conclusion reached by Van Zee, et al.,[44j when discussing the 

relative concentrations of cyclic and linear species of Cs, i.e., the cyclic species should 

form competitively at low temperature, but the linear species should dominate at high 

temperature (in the gas phase). Therefore, it is probable that the 3900 A band is due 

to a cyclic - not linear - molecule. 

In this model calculation, no distinction is made between linear and cyclic 

species. If one accepts the assumption that both species are approximately equally 

reactive in the matrix environment, then the model used here will predict the behav

ior of the total intensities of all of the isomers of a particul~: species. Therefore, if we 

assume that the 3900 A band is due to a cyclic species, its intensity should be added 

to the intensity of the corresponding linear species. Though this requires an additional 
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Table 5.9: Molecule-to-feature assignments assumed for the aggegation calculations. 

Molecule Wavelength (A) 
C1 

C2 

C3 4100 
C4 

Cs 
C6 2500 
Cr 3500 

Ca 3100 
C9 4500 
C9 cyclic 3900 

assumption, there is no simple alternative. Initially, it was arbitrarily assumed that the 

3900 A band was due to cyclic C9 for convenience of fitting. 

The UV-visible features remaining are the 3500 and the 4500 A features. The 

possible molecules they could be assigned to are Cs, Cr, C9, and larger species. Since 

the IR spectrum for this run showed very little Cs [43], and since starting with small 

molecules was preferable, Cr and C9 were assigned to these features. To guide us in 

this assignment, the theoretical calculations of the ground state molecular orbitals and 

their energy eigenvalues (see Chapter 3) were used. These calculations did not involve 

optimization of an excited state and therefore cannot predict electronic transitions. How

ever, the energy differences in the ground state calculations between the highest occupied 

molecular orbital and the lowest unoccupied molecular (virtual) orbital (HOMO-LUMO) 

for each of the linear structures can yield an estimation of the relative position (versus 

frequency) of similar transitions among the molecules (see Table 3.8). These considera

tions led to assignments of the 3500 A feature to C7 and the 4500 A feature to e9. 

Table 5.9 is a summary of the assignments justified above. Note that Ct, C2 , C4 , 

and Cs have not been assigned to any of features that occur in the UV-visible spectrum. 

C2 does have a known feature in the UV at 2380 A [29], but this feature is largely 
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obscured in these spectra by the 2500 A feature. C4 does not have a definitely known 

feature (but see above), although the HOMO-LUMO estimation, scaled so as to match 

Cs and Cs, would put an electronic transition at about 1940 A, outside the range of this 

study. 

5.5 Relating the Model to the Growth Curve Data 

The aggregation model was calculated by assuming a set ofinitial concentrations {Gi }( i = 
1,2, ... ,nm 01) and an anealing temperature and duration. Small changes in {Gi } occur

ing in a small time increment, tl.t, were given by the equations 5.37 (times tl.t). In 

order to obtain a set of initial concentrations, a data set to model was selected, and the 

molecule-to-feature assignments given previously were assumed. The next step was to 

relate the concentrations used in the model to the relative band strengths of the da.ta. so 

that the initial concentrations reflected the data. 

If the intensity of light incident on the sample as a function of frequency is lo(v), 

and the intensity of the light transmitted through the sample is lev), then the relation 

between I and 10 is dependent on the absorption coefficient of the sample, k(v), and is 

given by 

(5,40) 

where tl.x is the sample thickness. The data presented in this work is optical density 

as a function of wavelength. The wavelength is easily converted into frequency using 

v = c/ >.. Optical density is defined as 

D(v) = loglO(IO/l) = ~oge(10)J-lloge(10/I). 

We then find that the absorption coeficient is related to the optical density by the 

expression: 

k(v)tl.x = 10ge(1O) D(v). (5,41) 

Let us define the experimentally observed transition intensity as the area All. 
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under the curve D(v) around the transition frequency v·. 

("·+6 
AvO = }"O_6 D(v)dv 

(5.42) 

f"°+6 
= log~tlO) }v

O
_6 k(v)dv 

The theoretical absorption intensity is the integral over k(v) and is given by the 

following expression [16]: 

(5.43) 

N, is the number of atoms in the lower state per cubic centemeter, and R .. _ I is the 

dipole moment matrix element of the transition from the lower to the upper state of the 

molecule. 

If all of the molecules C, are in the ground state donoted by l, then the con

centration is Ci = N,jNA moles per cubic centimeter, where NA is Avagadro's number. 

Combining these expressions yields the concentration in terms of the experimental in

tensity: 

C. = (3hCNA log.(10) , R ,-2) Av • 
I 811'3 Ax .. -I v •. (5.44) 

Here we have shown that the concentration of a molecule which has an absorption 

feature centered at frequency v· is proportional to the area of the absorption peak divided 

by the frequency. The proportionality factor is different for different molecular species 

and for different transitions of the same species. 

Calculation of the areas was usually not necessary for the UV-visible features. 

For these bands, the peak optical density was found to be directly proportional to the 

area under the feature so that 
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where the "'i are constants and II· = ciA·. It is the "'i'S which were the adjustable param

eters of this aggregation model, not the initial concentrations themselves. They couple 

the model to the experiment through the assumed molecule-to-feature assignments. 

As for the molecules Ct, C2 , C4 , and Cs which were not assigned a UV-visible 

feature but which are present in the initial sample, their initial concentrations were 

treated as adjustable parameters. However, these could not be carried to another data 

set as the constants "'j were. Instead, their concentrations relative to C3 were applied to 

other data sets. This assumes that whatever aggregation that occurs during deposition, 

occurs via the same mechanisms for every run, at least as far as these first-generation 

species are concerned. 

The initial concentrations for species larger than C9 were assumed to be zero for 

the data set used to fix the parameters. Comparing experimental to calculated growth 

curves can then lead to conclusions about their assignments. One must be careful that the 

total carbon (conserved) does not build up at the largest molecules used for comparison 

to experiment. The total number of molecules used in these calculations (nm 01) was 40. 

5.6 Calculated vs. Experimental Growth Curves 

Table 5.10 lists the initial feature strengths, constants "'j and initial concentra

tions used in fitting the model to the growth curves of 28 May 1988. Figures 5.23 show 

the growth curves calculated with these parameters compared with the experimental 

growth curves. 

It is evident from Figures 5.23 that the calculations have reproduced the in

tended features for this data set. Only the calculation for C7 seems to be in qualitative 

dissagreement with its intended featnre (3500 A). 
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Figure 5.23: Shown are the calculated growth curves (dashed) for the molecules C3 
through Cn. C3 and C6 through Cg were adjusted to fit the experimental growth curves 
(solid) of their assigned features (top two frames) for the 28 MAY 1988 run. 
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Table 5.10: The initial concentrations used to fit the model to the data of 28 May 
1988. For the molecules that have an assigned feature in the UV" Visible spectrum, the 
concentration is the peak optical density times the constant /l, times the wavelength in 
A(Ci = /l,;AD). 

Molecule Wavelength D /l,i Initial 
Ci (A) (X10S) Ci 

C1 .208 
C2 .208 
C3 4100 .81 12.5 .415 
C4 .064 
Cs .015 

Cs 2500 .85 2.96 .063 
C7 3500 .065 4.09 .0093 
Ca 3100 .22 1.76 .012 
cgt 3900/4500 .03/.067 1.48 .0062 

5.7 Testing the Fit with Other Growth Curve Data 

To test the validity of the assignments assumed, the same parameters were applied 

to the data of 21 September 1988. The resulting growth curves are compared to the 

experimental ones in Figures 5.24 (upper two frames). One can see that at the end of 

the first annealing period, the reactions in the calculations had not proceeded as far as the 

experimental data suggests they should have. A possible reason is that perhaps more 

annealing occurred due to transient temperature fiunctuations during the experiment 

than had been adequately accounted for by the model. In order to get a better fit for the 

assigned features, one extra "minute" (units were relative to the units of concentration) 

of annealing at 4Q K was added to the annealing time in the calculation of the first 

annealing period. This seems to be within experimental uncertainty. The resulting 

growth curves are compared to the experimental ones in Figure 5.24 (lower two frames). 

Although the C7 through Cg curves fit fairly well for this run, the C3 and Cs 

curves do not fit those of the assigned features. The Cs experimental curve may suffer 
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from saturation effects. This could be due to the low intensity of monochromatic light 

at that wavelength compared to the amount of stray light. The effect is to depress the 

optical density of the feature to a low value (when high baseline absorbance exists). 

The 4100 A experimental curve shows a qualitative similarity to the C3 calculation, but 

with a more rapid depletion of C3 • This might be fixed by making the rate constants 

more species-dependent, thus increasing the consumption of C3 compared to heavier 

species. Of course, the alternative is to re-adjust the parameters until both data sets are 

adequately described (assuming this model is capable of doing so). This would in fact 

be the beginning of an iterative process for fine-tuning the model by including more and 

more data. 

Since the present model seems to fit these two sets of data fairly well, and 

because time is limited, I stop the process at this point. However, these rate equations 

are known to be fairly insensitive to initial conditions. A proper treatment would include 

using more data sets whose initial conditions varied widely. This type of cross-checking 

would serve to build confidence in the conclusions. From an experimental point of view, 

it is the control of the initial (deposition) conditions that is the most difficult aspect of 

this experiment (or any experiment involving the vaporization of graphite!). 
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Figure 5.24: Shown are the calculated growth curves (dashed) for the molecules C3 and 
C6 through C9 compared to the experimental growth curves (solid) of their assigned 
features for the 21 September 1988 run. The lower two frames show the results when 
slightly more annealing time was added to the first annealing period of the calculation. 
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CHAPTER 6 

Conclusions 

6.1 IR-to-UV-visible Correlations 

The single most important conclusion of this work is the positive correlation between 

the 1998 cm- 1 IR absorption and the 3100 A UV absorption. It is this correlation 

which proves the feasibility of doing infrared and UV-visible spectroscopy on the same 

sample of matrix-isolated carbon molecules. Not only is it feasible, but the information 

obtained can be quite convincing evidence for ascribing two features to the same molecule 

providing the initial conditions of annealing be varied from run to run in order to "shake 

loose" any correlations which are not due to the same molecules. Just such a variation of 

deposition conditions provided the evidence for dissociating the 3500 and 3100 A features 

in the ultraviolet, and also provided evidence that the 1998 cm- 1 feature in the IR is in 

fact due to the same species that causes the 3100 A absorption. 

The 1998 em -1 /3100 A correlation can play another important role in experi

ments where the two spectroscopies cannot be done on the same sample. If an experi

menter can take separate spectra under similar conditions (frequently done in the past), 

the annealing patterns of features in the IR can now be quantitatively compared to those 

in the UV-visible. This can be done plotting feature strength versus an annealing index 

defined by the ratio of strengths of the 1998 to 2040 cm- 1 in the IR and by the ratio of 

the 3100 to 4100 A features in the UV-visible. This ratio should be approximately the 

same for the same degree of annealing (provided the initial conditions are approximately 

the same) even in separate experiments. 
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Weaker correlations were also found, and all of the correlations are presented in 

the table below. 

UV-visible Feature IR Feature Correlation 
(A) (cm- I ) Coefficient 

4100 2040 .98 (C3) 
3075 1998 .97 
3900 1804 .90 
2465 1952 .86 

6.2 Molecule-to-UV-Visible Feature Assignments 

The assignments of UV-visible features to carbon species presented here are based on 

experimental results, theoretical calculations, and aggregation modeling. These assign

ments are not proven by these considerations, but are at least supported by them. I 

begin with what I consider to be the the most certain assignments. 

Linear Cs 

The experimental assignment of Cs to the 1998 cm- 1 IR band is not certain, 

but it does seem likely. In the experiments of Vala, et al., the strong 1998 cm- 1 band 

of 12C-graphite vapor dissappears when a 50/50 12Cj13C graphite sample is vaporized, 

and in its place, 130 very weak bands appear whose behavior during annealing is very 

similar. Linear Cs would produce 136 bands and linear C7 would produce only 72 bands. 

The only way these bands could be due to linear C7 is if two C7 stretching frequencies 

are close together (Le. well within about 80 cm - 1 of one another) in the parent molecule. 

But this is not expected to be the case from theoretical considerations (see Tables 3.3 

and 3.4). The other possibility is that it is a C9 molecule that is somehow restricted to 

130 isotopomers, either through a geometrical rearrangement or limitations of 12C_13C 

bonding combinations due to vaporization conditions. This is not likely since all possible 

isotopomers of linear C3, Cs and C6 are seen in these experiments, and since the linear 



84 

form of C9 is in theory energetically favored over cyclic forms [35]. 

Because the 1998 cm- 1 IR feature is likely to be linear C8 , and because of the 

strong correlation presented in this work, I conclude that the feature peaked at about 

3075 A in the UV-visible spectrum is due to the linear Cs molecule. 

A Cyclic Molecule - Possibly Cs 

Because of its behavior on annealing in the matrix, and the fact that it does not 

appear strongly upon deposition even when many other features do, I conclude that the 

3900 A UV feature is a cyclic molecule. Cyclic molecules are expected to be favored at 

low temperatures and linear molecules are expected to be favored at high temperatures 

[32,44]. Assuming that deposition conditions and matrix conditions constitute high and 

low temperature extremes, this feature has the behavior expected of cyclic species. In 

line with this conclusion, I conclude that the correlated 1804 em -1 IR feature is due to 

the same species. 

Which species is it? In the aggregation model, this feature was assigned to 

cyclic C9 • This is a possibility, but there is no evidence other than that to support it. 

On the other hand, since linear Cs is assumed to be growing strongly in the matrix, one 

could assume that the necessary reactants for cyclic Cs are also to be found in the matrix. 

Indeed, cyclic Cs has been calculated to have an IR-active frequency of 2007 cm- 1 at the 

Hartree-Fock/6-31G* level of theory [35]. The scaling usually applied for HF frequencies 

is about .9 which yields a predicted frequency of ",,1800 cm- 1 for cyclic Cs. 

Linear C6 

There is some evidence in the data presented here to conclude that the 1952 cm- 1 

IR band of C6 is in fact correlated with the 2465 A feature of the UV. The evidence is not 

strong and is not well supported by aggregation model. However, due to the abundance 

of C3 in the vapor, and the similar behavior of the 1952 em -1 as described by Vala, et 

al., it is reasonable to conclude that these two features are due to linear C6 • 
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C r and C 9 

Given the positions of C6 and Cg in the UV-visible spectrum, one might expect 

from Table 3.8 that the 3500 A feature is due to C7, and the 4500 A feature is du to C9. 

The aggregation model tends to support this assignment, although the 4500 A feature 

is not compared directly with the C9 curve and so the model is less applicable on this 

point. However, the behavior of the 3100, 3500, and 4500 A features tends to be similar 

during annealing, and even the Ultra-simplified model demonstrates that the aggregation 

behavior of Cr , Cs and C9 should be similar when the initial sample is dominated by 

CI , C2 , and C3 (see Figure 5.20). 

6.3 Next Steps 

In this section, I would like to brei fly expound on what things could be done to improve 

upon the conclusions just presented. 

Experimentally, the infrared apparatus suffered from poor resolution and atmo

spheric interferences. A high-resolution instrument, preferably of the fourier transform 

type, would improve IR sensitivity thereby making more and better correlations possible. 

There are many features in the infrared that are quite distinguishable with such instru

ments (see [43,42] and [36]). Since IR features are known for C4, Cs, and C6, UV-visible 

features might be immediately identified with these molecules. 

A crucial improvement for distinguishing between similarly correlated features 

would be more control over the deposition rate of both the argon and the carbon. By 

varying the chamber pressure during deposition and the carbon concentration of the 

sample, the mass distribution among the possible species present in the initial sample 

could be better controlled. Although some variety of initial conditions was acheived in 

these experiments, it was a trial-and-error process - a black art. 

The ab-initio theoretical calculations are useful in general, but were not as useful 

for this experiment as they could have been. The reason is that the strongest correlation 
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obtained experimentally deals with an absorption that has been tentatively assigned to 

Cs. However, the highest level calculations were done only for C3 through C7 [24), and a 

theoretical result for Cs and C9 would be very useful. The only results obtained here are 

at the Hartree-Fock level, and they seem inconsistant with the Cs assignment (see Table 

3.7). Since the calculations at the MP2 level of theory are more consistaut compared 

with the known lines, this level of calculation urgently needs to be done for the linear 

Cs and C9 molecules. 

The aggregation modeling is quite inconclusive since it relies on 'coo many pa

rameters whlch are only initial guesses. A much better job could be done if the infrared 

spectra were modeled. Here, there are known lines for some of the molecules for which 

there are only guesses in the UV-visible. Also, the relative intensities calculated at the 

MP2 level would be much better to use for modeling than the guesses used for the rela

tive transition strengths of the UV-visible features. Again, this requires high-resolution 

IR spectra. 

With these improvements, I believe strong evidence for assigning the UV-visible 

features of carbon molecules would come to light. 
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APPENDIX A 

Spectra 

A.O.l Spectra of 17 Nov 1988 
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A.O.2 Spectra of 21 Sep 1988 
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A.O.4 Spectra of 22 May 1988 
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A.O.S Spectra of 13 Sep 1987 
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A.O.6 Spectra of 01 Sep 1987 
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