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ABSTRACT 

Several phenyl alkyl bonded phases for liquid chromatography 

were synthesized and characterized by liquid chromatography, gas 

13 chromatography and C nuclear magnetic resonance (~MR) spectroscopy. 

The chromatographic physical parameters investigated include a 

quantitative determination of the mobile phase vo1um~ and the stationary 

phase volume. The stationary phase volume was determined to be a 

function of the bonded moiety chain length and the chromatographic 

solvent system employed. The interpretation of the stationary phase 

volume is discussed in terms of the porous nature of the silica gel 

support. The chemical parameters determined include a quantitative 

determination of the mobile phase and stationary phase composition 

(which were different from each other). The selectivity of the 

chromatographic separations was dependent on the chemical composition 

and the volume of both the stationary and mobile phases. 

Carbon 13 NMR spectroscopy provided information about the 

environment of the bonded moiety in the stationary phase. The 1iquid-

like nature of the bonded moiety was influenced by the chain length of 

the attached .species, the choice of organic modifier, and the chemical 

composition of the solvents. Temperature did not appear to playa role 

in the line widths under the experimental conditions examined. 

The separation of several peptide diastereoisomers on different 

commercially available hydrocarbon bonded adsorbents is also reported. 

Select diastereoisomers of arginine vasopressin and oxytocin are 

xiii 
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extremely sensitive to differences in the composition of the stationary 

phase. The selectivity atld elution order were dependent upon the choice 

of adsorbent and solvent system employed. The addition of a second 

organic modifier provided a method for the dynamic modification of the 

stationary phase. The ability to dynamically modify the stat~onary 

phase can enhance the selectivity for the separation of selected peptide 

diastereoisomers. 



CHAPTER 1 

INTRODUCTION 

The popularity of bonded phase high performance liquid chroma

tography separation techniques has increased to the point that most 

HPLC separations are now performed using adsorbents with chemically 

modified surfaces. The chemical modification of surfaces has also 

played an important role in other areas of chemistry including electrode 

surfaces (1-11), immob'ilization of enzymes (12), catalysis (13,14), and 

solid state synthesis (15). All chemical modifications of surfaces are 

directed towards two common goals! improving the selectivity and 

efficiency of a process. Selectivity changes involve altering the 

thermodynamics of the interactions or the equilibrium process, whereas 

efficiency involves the kinetics or the rate of mass transfer of the 

solute species to and ~rom the bonded phase. 

Investigation of Selectivity 

Even though the demand for the separation power of high 

performance liquid chromatography (HPLC) has increased, still little is 

known about the actual mechanisms involved in the separation 

selectivity. The chromatographic process is defined as the differential 

rate of species migration through a porous medium by fluid flow. The 

individual sample migration rate is determined by the equilibrium 

distribution of the components between the flowing fluid, the mobile 

1 
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phase, and the stationary porous medium, the stationary phase (16). For 

liquid chromatography the selectivity for the chromatographic process is 

a function of both the mobile phase and the stationary phase. 

Physical and Chemical Parameters 

The selectivity can be further characterized by both physical 

and chemical parameters. The physical parameters are the volume of the 

mobile phase and the volume of the stationary phase. The volume of the 

stationary phase is a function of the bonded moiety chain length and the 

solvent system employed. The chemical parameters are the composition of 

the mobile phase and the composition of the stationary phase. Also 

included in the chemical parameters is the distribution co~fficient of 

the probe molecule between the mobile phase and the stationary phase 

which is dependent upon the volumes of the mobile phase and the 

stationary phase. The retention volume is directly related to the time 

the analyte species is in the mobile phase versus that of the residence 

time in the stationary phase. The selectivity between two different 

analyte species is dependent on the different distribution coefficients 

of each between the two phases. 

Types of Interactions 

There are three major types of interactions that molecules can 

undergo with other molecules or surfaces that are important in HPLC~ 

dispersion, dipole, and hydrogen bonding (17). The larger the dis

persion, dipole, and hydrogen bonding interactions are in combination, 



the stronger is the attraction between the solute and either the mobile 

phase or the stationary phase. 

Dispersion interactions exist because of the random motion of 

electrons which at a given instant may assume an ~symmetric configura

tion. This results in a temporary dipole moment and the resulting 

dipole will polarize the electrons in the adjacent molecule. The 

induced dipole created results in an electrostatic attraction between 

two molecules. Dispersion interactions or attractions exist between 

every pair of adjacent molecules. The energy associated with dis

persion interactions is about 2 Kca1/mo1e. 

3 

Dipole interactions exist when both molecules possess permanent 

dipole moments and alignment of the two dipoles in a linear configura

tion results in strong interactions. The strength of the dipole 

interactions can be characterized by the dipole moments and is generally 

around 1 Kca1/mo1e. 

Hydrogen bonding interactions exist between proton donor and 

proton acceptor molecules. Hydrogen bonding becomes stronger as the 

donor is better able to give up a proton and the acceptor is better able 

to accept a proton. Hydrogen bonding usually results in energies 

approximately 5 Kca1/mo1e. 

A large amount of information has recently been obtained about 

specific types of interactions a hydrocarbon material bonded to the 

surface, specifically octadecy1 functional groups, can undergo with the 

solvent molecules (18-31). The selectivity of the separation is 

determined by both the composition of the mobile phase and the 



composition of the stationary phase which were shown to be inter

related. The mobile phase composition is the percentage of the mobile 

phase components, aqueous and organic, which are employed. The 

stationary phase composition is composed of not only the substrate and 

bonded moieties, but also of associated mobi!e phase components which 

can be different in composition from the mobile phase. The conclusions 

of earlier studies revealed that the bonded phase determines the 

composition of the stationary phase and the selectivity is not directly 

affected by solute interactions with the bonded moiety. This not 

unexpected because of the relative strengths of interaction possible 

between the solute-solvent, the solvent-bonded phase, and the solute

bonded phase. The solute-bonded phase interaction is less favorable 

under the solvent conditions of rev~rsed phase HPLC. 

A natural progression in the study of the stationary phase is 

to determine the effects of a functional group bonded to the surface 

which can also undergo specific interactions. A phenyl ring is chosen 

because of the ability of its electron cloud to undergo further induced 

delocalization. The phenyl ring is also chosen because it can be a 

hydrogen bond acceptor (although approximately ten times weaker than a 

normal hydrogen bond). Adjusting the types of interactions available 

should have an effect on the stationary phase composition and hence 

the chromatography. Experimental design requires that the phenyl ring 

be placed at different lengths, or a different number of methylene 

groups, from the surface in order to enhance the probability of the 

phenyl ring interacting directly with the solute molecule (32). The 

4 
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chain length will also affect the volume of the stationary phase and 

hence will partially determine the distribution coefficient. 

Characterization of Surface Chemical Modifications 

Prior to the introduction of hydrocarbon chemically modified 

supports for liquid chromatography, the solid support was polar in 

nature and the mobile phase was non-polar. The system was described as 

normal phase chromatography. Bonded phases for liquid .chromatography 

were introduced in 1952 by Howard and Martin (33) for the separation of 
.. 

C12-C15 fatty acids. Hydrocarbon moieties attached to the chromato-

graphic support results in the option of the stationary phase being more 

non-polar than the mobile phase and hence Howard and Martin coined the 

term reversed phase chromatography. Perhaps a more complete description 

is bonded phase chromatography since the mobile phase most commonly 

consists of an aqueous portion and a water miscible organic portion, 

and the stationary phase consists not only o~ the substrate and bonded 

moieties, but also associated mobile phase components. 

The ideal substrate for reversed phase liquid chromatography 

would be a non-polar substrate. The characteristics of the ideal sub-

strate are chemical and mechanical stability, a high surface area, and 

a narrow unifol:1D particle and pore size distribution. One substrate 

commonly used today is silica gel because of its physical and mechanical 

properties, even though it has a polar surface. To obtain a non-polar 

surface, it is necessary to chemically modify the substrate. Silica 

gel particles provide a surface which can be chemically modified based 
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on the silanol functional groups onto which the desired moieties are 

attached (34). 

Other substrates which have been investigated include alumina, 

kieselguhr or diatomaceous earth, styrene divinylbenzene, and carbon, 

both amorphous and graphitic. Zwier and Burke (35) investigate4 the use 

of amorphous carbon and determined the surface contained phenolic, 

carbonyl, and carboxylic functional groups which resulted in a fairly 

polar surface. 

The number of surface silanol functional groups is not known 

accurately. Most models to determine the number of silanol groups are 

based on a geometric structure of the gel. The silica gel particles 

can be spherical or irregular shaped. Iler states that there are from 

2 4.5 to 8.0 silanol groups per square nanometer (nm) (36,37). Only a 

fraction of the silanol groups can react with surface modifying 

reagents because the size of the surface modifier is so large that only 

2 1.8 to 2.4 are required to cover 1 nm. Berendsen and de Galan have 

determined that there are 4.8 silanol groups available for bonding per 

2 square nanometer (nm ), 2.3 of which are sterically able to react with 

trimethylchlorosilane (38). 

Types of Reactions 

Some of the types of reactions which have been attempted to bond 

an organic moiety to the surface include esterification (39) and 

Grignard type reactions. The esterification type reaction is not stable 

and is subject to hydrolysis (40). Since most HPLC has water as part of 

the mobile phase, it is not a viable method to obtain a bonded phase. 
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Stetzenbach and others (18, 41-43) have shown that the Grignard reaction 

carried out directly on the silica surface does not give the desired 

coverage. The reason for the lack of reactivity of the Grignard 

reagent with the surface is probably steric (44). Nevertheless, Zwier 

(35) has shown a significant amount of Cs bonded to the surface of his 

carbon substrate via the Grignard reaction. 

The most common bonded phase materials include a hydrocarbon 

chain or a hydrocarbon chain with a specific moiety attached to the 

terminal end. The hydrocarbon chains bonded to the surface include 

octadecyl (CIS)' octyl (Cg), or dimethyl (C2). The most common specific 

moieties attached to the surface include amino, cyano, or phenyl 

groups. Most of the bonding reactions have been carried out with 

organosilane reagents. The organosilane reagents employed are of the 

general form R(4_n)SiXn~ where R is the organic moiety, X is a halide 

or an alkoxide, and n is an integer whose value is 1, 2, or 3. The 

reaction with the silica surface is depicted in Figure 1.1. lfuen 

n=l, the silane is a monofunctional silane and attachment can occur only 

on one site of the silica surface as shown in Figure l.la. In n=2, 

the silane is difunctional. Gilpin and Burke (45) have shown that 

difunctional silanes form mostly dimers and attach to the surface as in 

Figure l.lb. A trifunctional silane exists when n=3 and can form a long 

chain polymer which can attach to the surface in thin sheets shown in 

Figure l.lc. The polymer film also has the potential to clog small 

pores in the silica bead as depicted in Figure 1.2. A polymer film can 

be advantageous \vhen a uniform pore size distribution is desired by 
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reducing the number of micropores. This is especially useful for size 

exclusion chromatography. 

To control the surface tailoring, it is advantageous to employ 

monofunctional silanes (46). With monofunctional silane, there can be 

" 

only organosilane bonded per silanol group on the surface. Because of 

steric reasons, it is impossible to react all of the silanol groups on 

the silica bead. This is true for all silane reactions. These 

residual silanol groups play an active role in the chromatographic 

process. To attempt to reduce the number of unreacted silanol groups, 

the beads can be "endcapped" with a small monofunctional silane such as 

trimethylchlorosilane to deactivate the polar surface. Even with some 

of the residual silanols deactivated, there are still residual silanols 

which provide a somewhat polar surface. This plays an active role in 

the stationary phase composition. 

The synthesis of monofunctional silanes is feasible with the 

absence of active hydrogens in the molecule. The phenyl silanes 

desired for this study are of the general form Ph-(CH2)n-Si(CH3)2Cl 

where Ph is phenyl, and n is an integer including zero. The desired 

silanes are not available commercially, except for when n-O, but the 

science and technology for their synthesis has been well documented by 

A. J. Barry (47). 

Interpretation of Surface Area of Silica Beads 

For all surface modification reactions, it is essential to . 

describe the amount of hydrocarbon bonded to the surface. To describe 

the amount of surface reaction, it is desirable to report a percent 
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surface coverage. Several major assumptions are made trying to calcu

late a percent surface coverage. The assumptions include that the 

surface area of the beads can be determined accurately, the pores of the 

beads are of uniform shape and size, and that all silanol groups are 

equally accessible. Most surface area measurements are determined using 

the BET method (48) with nitrogen as the adsorbent gas. Pores which 

are accessible to nitrogen may not be accessible to the surface 

modifying agent and the measured surface area is not representative of 

the chromatographic surface area (45). Another consideration in 

reporting surface areas is the post derivatization surface area. After 

modifying the surface, it is highly improbable that the surface area 

available to the solvent and solute molecules is the same as it was 

before the reaction. If mono, di, or trifunctional silanes are employed 

to modify the surface, the reaction of the silane on the surface may 

close off certain pores thus reducing the surface area. In no way does 

this mean that the surface area of the silica gel is unimportant. The 

surface area information is valuable in comparing different types of 

silica gels from different manufacturers. It can also be used to 

estimate the pore size and the capacity of the silica gel. The method 

employed to characterize the amount of surface coverage obtained should 

be surface area independent~ such as millimoles of silane modifier per 

gram of specified silica gel (49). 
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Peak Position Information 

The general elution equation for chromatographic processes 

accounts for a partition mechanism, an adsorption mechanism~ and an 

exclusion mechanism as expressed by equation 1.1 (16). 

Eq. 1.1 

where 

VR = the retention volume of the solute 

VM 
= volume of the mobile phase in the column 

K partition thermodynamic equilibrium constant 

Vs = volume of the statj.onary phase 

K' = adsorption thermodynamic equilibrium constant 

AS = surface area of the support 

K" = exclusion thermodynamic equilibrium constant 

V. = interstitial volume 
l. 

If more than one mechanism predominates in the separation~ it will 

manifest itself in the peak shape. Mixed retention mechanisms can lead 

to peak tailing or asymmetric peaks (17). The mixed retention 

mechanisms can arise from incomplete silanization of the surface 

resulting in an organic coating and bare silica on the support. The 

presence of these two different types of surfaces provide for a 

partition mechanism and an adsorption mechanism to occ·ur respectively. 

Phillips (50) discussed mixed retention mechanisms as high energy sites 

(adsorption) and low energy sites (partition) and has simulated the 

chromatographic behavior. Only one percent of the high energy sites 
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were needed to produce a tail on the simulated peaks, producing a peak 

asymmetry factor of 2 (17). Phillips also concluded that the rate of 

desorption from the high energy sites needs to be only 500 times the low 

energy sites to produce a tail. Peak asymmetry can also result from a 

poorly packed column and the test solutes should be carefully chosen to 

be able to distinguish between a poorly packed column and a mixed 

retention mechanism problem. 

Upon determination that only a single mechanism predominates 

(from the peak asymmetry fac~or value less than 2), the other two can be 

ignored. For bonded phase HPLC, the partition mechanism predominates 

and adsorption and exclusion are ignored. The general elution equation 

then reduces to the form of equation 1.2. 

Eq. 1. 2 

Equation 1.2 states that the retention volume of a spec~es is dependent 

upon the volume of the mobile phase, the partition distribution constant, 

and the volume of the stationary phase. The volumes of mobile phase 

and stationary phase in the column are one of the areas of investigation 

in this project. 

The Stationary Phase 

Even though the surface of the silica gel has been tailored by 

the reaction of an organic moiety to the surface, the bonded phase does 

not represent the complete stationary phase for HPLC. The stationary 

phase consists of the bonded organic moiety and the silica substrate 

both of which are solvated by components of the mobile phase (Figure 1.3). 
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o 

Figure 1.3. Schematic representation of solvated stationary phase. 



A change in the chemical composition of the mobile phase not only 

changes the eluting strength of the mobile phase, but also changes the 

retentive nature, or the selectivity, of the stationary phase (27-31). 
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The role the stationary phase plays in the separation is 

controversial. The previous paragraph states that the stationary phase 

plays an. active role in the separation process. Another interpretation 

of the role of the stationary phase is the solvophobic theory as 

proposed by Horvath (51). The solvophobic theory, or hydrophobic 

theory, assumes the stationary phase, the solvated layer, plays a 

passive role in the separation process and the separation of solutes 

depends on their ability to interact directly with the bonded moi.ety 

attached to the surface. If the separations Here dependent solely upon 

non-specific interactions with the bonded moiety, all Cl8 moieties 

bonded to the surface should behave identically. Blevins et al. (20) 

have shown that not all C18 columns behave identically for the separa~ 

tion of peptide diastereoisomers. The selectivity was found to be a 

function of the solvated stationary phase. Yonker (30) has shown that 

columns packed with different manufacturer's Cl8 modified silica gel, 

differing in the amount of C
l8 

bonded to the surface, have different 

stationary phase compositions. 

Overview of Proposed Investigations 

In HPLC, the role of the alkyl bonded phase is to help determine 

the composition of the stationary phase. The selectivity can best be 

considered as a function of the binary mobile phase and the ternary 

stationary phase. The experimental results will examine the role a 
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specific functional group bonded to the surface plays in separations. 

Does the functional group interact with the solute, or does it only 

affect the composition of the stationary phase. The alkyl bonded phases 

have been previously investigated (30,31) and in this work the role of 

a phenyl substituent on the bonded phase will be repGrted. 

Physicochemical Measurements by Liquid Chromatography 

Information obtained from chromatographic data can be classified 

into two general categories: peak position and peak broadening (52,53). 

Thermodynamic information, or the selectivity, can be obtained from peak 

position data. Kinetic information, or the rate of mass transfer, can 

be obtained from peak broadening data. (See Appendix A for a discussion 

of peak broadening.) 

The chromatographic process is based upon the differential rate 

of migration of a solute molecule through the column. The solute 

molecule must be soluble in both mobile and stationary phase to 

separate on the column. When the solute molecule is in the mobile 

phase, it moves at the mobile phase velocity. If the solute does not 

interact with the stationary phase, it is not retained on the column 

and comes out with the void volume. For the solute to be retained OIl 

the column, it must interact with the stationary phase. If two or more 

different solutes are to be separated, they must have differences in 

mobile phase and stationary phase interactions. The mechanism involved 

in transferring the solute from the mobile phase to the stationary phase 

requires that the solute first break its interactions with mobile phase 

and second have energetically favorable interactions with the stationary 
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phase. The summation of the energies of breaking and remaking the 

bonds between the solute and the mobile and stationary phases is given 

by the change in free energy (6G). 

The change in free energy can be subdivided into two thermo-

dynamic variables; the change in enthalpy (~H), and the change in 

entropy (6S) according to equation 1.3. 

6G = ~H - T6S Eq. 1.3. 

where T = temperature, in degrees Kelvin 

The enthalpy change is a measure of the environmental change that a 

solute must undergo in transferring from the mobile phase to the 

stationary phase. The entropy term defines the probability or 

specifically if there are orientation or alignment requirements of the 

solute before it can interact with the stationary phase. In order for 

the chromatographic process to occur, the sum of the changes in 

enthalpy and entropy values must be energetically favorable. 

The change in free energy can be calculated if the thermodynamic 

equilibrium constant (K) is known employing equation 1.4. 

6G = -RT 1n K Eq. 1.4 

where R = gas law constant 

The chang~ in enthalpy can be calculated from the combination of 

equation 1.1 and 1.2 which results in equation 1.5. 

1n K 6H ~S 
= - ~ (lIT) + -i Eq. 1.5 
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This is the familiar van't Hoff equation. Differentiating the 

van't Hoff equation with respect to (lIT) gives the Clausius-Clapeyron 

equation (equation 1.6). 

d In K -~H 
d-(l/T) = R Eq. 1.6 

The equation states that a plot of In K versus lIT will result 

in a straight line with a slope of -~H/R. The thermodynamic equilibrium 

constant is not obtained firectly from chromatographic data but can be 

shown to be directly proportional to the capacity factor (k'), as 

defined in the following section. Since the two are proportional, the 

position of the line on the ordinate will vary but the slope will remain 

the same. 

The relative change in free energy can also help interpret the 

selectivity of the chromatographic process. The selectivity (a) 

between the two probe molecules, solute 1 and solute 2, is related to 

the difference in the change of free energy (~~G2_l) according to 

equation 1.7. 

~~G2_l = -RT In a 

The Chromatographic Experiment 

The capacity factor (k') is defined by: 

k' = amount of solute in the stationary phase 
amount of solute in the mobile phase 

Eq. 1.7 

Eq. 1.8 



The capacity factor can be calculated chromatographically from: 

where 

k' 

v = volume of the mobile phase required to elute a 
o 

non-retained species 
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Eq. 1. 9 

The thermodynamic equilibrium constant is proportional to the capacity 

fac.tor by the phase ratio (Ij» according to equation 1.10. 

K = k'lj> Eq. 1.10 

The phase ratio is defined by equation 1.11. 

Eq. 1.11 

In order to calculate the thermodynamic equilibrium constant 

the phase ratio and the c.apacitY factor must be known accurately. The 

phase ratio consists of two terms, the volume of the mobile phase and 

the volume of the stationary phase. 

Mobile Phase Volume 

The void volume of the column is a measure of the volume of the 

mobile phase in the column plus the extra column volumes from 

connecting tubing and detector tubing according to equation 1.12. 

= V
M 

+ V ec 

where V = extra column volume. ec 

Eq. 1.12 
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Several techniques have been investigated to determine the void 

volume of the column. The criteria for probing the void volume is that 

the probe molecule has to traverse the column without interacting with 

the stationary phase. Several means have been suggested for this 

including measuring the retention volumes of ionized species, components 

of the mobile phase, and deuterated solvents (24). Ions give some 

measure of the void volume, but there is concern that the volume is the 

exclusion volume which ignores the interpore volume (24). The injection 

of mobile phase components and deuterated solvents gives an erroneous 

measur~ of the void volume because they interact with the stationary 

phase. The measurement of the void volume has also been attempted by a 

mass difference method by weighing the column filled with two different 

solvents of different densities and calculating the void volume from 

their mass differences (24). The problem with this method is that the 

volume determined does not represent the solvated stationary phase 

employed in the chromatographic experiment and hence the volume of the 

mobile phase is subject to error. 

A mathematical derivation of the void volume can be obtained 

assuming a linear relationship between the logarithm of the net 

retention time and the carbon number of a homologous series. (The 

retention time is related to the retention volume by the flow rate 

according to equation 1.13 and void time to the void volume by 

equation 1.14.) 



21 

Eq. 1.13 

where tR = the retention time of the solute 

FR = flow rate 

v = t F o 0 R Eq. 1.14 

where t = time to elute a non-retained peak, or the void volume 
o 

Rearrangement of equation 1.9 and substituting equation 1.13 and 1.14 

results in equation 1.15. 

t = t (1 + k') 
R 0 

From two consecutive homologues, n and n + 1, in a series and 

equation 1.15 one obtains equation 1.16. 

n+l - to / t R, n 
t t 

o 0 

- t n+1 0 

- t 
o 

k' 
n+l = k' = a 
n 

Eq. 1,15 

Eq. 1.16 

Alpha (a) is the. relative retention between two homologues or the 

selectivity. The selectivity is a constant within one homologous 

series. Algebraic rearrangement of equation 1.16 produces equation 1.17. 

Eq. 1.17 

A plot of t R , n+1 homolog versue tR,n homolog yields a line with a 

slope of a, the selectivity, and from the slope and the y intercept, 

t can be obtained. This method should be sample probe independent (24) 
o 

assuming that no specific interactions are occurring. Another 

assumption is that the homologous series is linear to the smallest 



member of the series, including n = 0, which seems to be valid. The 

linearization of the retention of a homologous series is the method of 

choice for determining the void volume of the column. 

Stationary Phase Volume 
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The volume of the stationary phase (Vs) is a function of the 

bonded species and the mobile phase composition. The volume of the 

stationary phase can be obtained from the determination of the void 

volume in conjunction with information obtained from the mobile phase 

and stationary phase compositions (31). If the associated mobile phase 

components of the stationary phase are stripped from the column by 

employing a stronger solvent (e.g. dioxane), and the column wash is 

collected, it is possible to analyze the collected effluent by gas 

chromatography for water and the organic solvents. From this informa

tion and the mobile phase composition, the volume of the stationary 

phase can be obtained. Now the thermodynamic equilibrium constant can 

be obtained from the chromatographic general elution equation (Eq. 1.2). 

Both the volume of the mobile phase and the volume of the 

stationary phase can be determined. After the thermodynamic equilibrium 

constant is calculated, the change in free energy can be calculated 

from equation 1.4, and the change in entropy of the interaction can be 

calculated from equation 1.3. 



Non-Chromatographic Experiment~ 

13C Nuclear Magnetic Resonance 

13 C nuclear magnetic resonance spectroscopy (CMR) has shown to 
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be an excellent means to further characterize chemically modified 

chromatographic supports (31). The types of interactions between the 

solvent, the bonded moiety, and the support material can be probed with 

CMR since the interactions influence relaxation mechanisms, With 

current instrumentation it is possible to obtain CMR data with only the 

natural abundance of 13C in the bonded moieties. With high resolution 

instrumentation and the inherently large chemical shifts of CMR almost 

all organic solvent effects are removed from the areas of interest. 

The line widths at half height of the CMR signal gives relative 

information regarding the environment of the bonded material on the 

chromatographic support. The line widths are influenced by the inter

actions between nearby nuclear magnetic moments. A given nucleus 

experiences a field from each of its neighbors, which can augment or 

detract from the field applied to the sample depending on the orienta

tion of each magnetic moment with respect to the applied field. In a 

macroscopic sample, not all nuclei will experience the same internuclear 

field and the resonance frequencies of the nuclei will differ resulting 

in a broadened line (54). 

Regardless of the types of molecular motion, relaxation occurs 

only if there is some specific interaction between the nucleus and its 

environment that can result in energy exchange (54). Several types of 

interaction have been identified including nuclear magnetic 



dipole-dipole interaction, chemical shift anisotropy, spin-rotation 

interaction, nuclear electric quadrapole interaction, scalar coupling 

effects, and the effect of paramagnetic species. The overall 

relaxation rate is the sum of the rate produced by each mechanism. 

The line widths at half height of the bonded moieties reflect 

restricted molecular motion, interchain interactions, and solvent 
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chain interactions. The inter and intra molecular dipole interactions 

which are not averaged on the CMR time scale broaden the lines further. 

The enhanced dipolar interactions make spin-spin relaxation times more 

efficient for the bonded species than for the dissolved species so that 

the peak widths will be inversely proportional to the spin-spin 

relaxation time, T2 (31). The line widths also contain contributions 

from chemical shift anisotropy because of the wide sampling area in the 

solid resulting in a variety of local environments in which slowly 

reorienting chains exist. 

Magnetic fields generated at the nucleus by the motion of a 

molecular magnetic moment which arises from the electron distribution 

in a molecule produces the spin-rotation interaction (54). The effect 

is proportional to the rotational velocity of the molecule. Spin

rotation interactions do not playa major role in the relaxation of the 

bonded moiet'y. The nuclear electric quadrapole interaction does not 

involve the magnetic moment and only pertains for nuclei where I > 1. 

Therefore l3C NMR is not affected. Scalar relaxation interactions 

reflect the fluctuations in the magnetic field due to spin coupled 

nuclei. Paramagnetic atoms or molecules influence the relaxation of 
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nuclei through dipolar relaxation by the electron magnetic moment or 

transfer of unpaired electron density to the relaxing atom itself. The 

most common paramagnetic relaxating agent is molecular oxygen (54). 

Peptide Separations 

Many challenging problems exist in the area of separation 

science. One of the more exciting separations is the separation of 

polypeptides. To date, HPLC has been used for trace determination of 

specific pep tides in physiological fluids and the purification of 

synthetic peptides for biological,_ chemical, and biophysical studies. 

In addition, recent studies indicate that the highly selective inter

actions of the peptide with the chromatographic stationary phase can be 

used to obtain information about the topological structure of these 

molecules. The synthesis of selected diastereoisomer analogs of 

naturally occurring peptides has proven to be a valuable tool in 

evaluating the role played by certain amino acids in determining the 

biological activity of a variety of hormones. 

Summary 

A specific type of functional group attached to the bonded 

moiety enhances the possibility of adjusting the selectivity and thus 

the separating power. The information obtained will give us further 

insight into the role of the bonded phase in the stationary phase 

formation for bonded phase HPLC. 



CHAPTER 2 

PROCEDURES 

~~~~!:~_.~~~ .. _~_~~c~..i~!:l~.~~~~~il:.~.n.es 
The synthesis of organosi1anes has been well documented by 

experts in the field (47). Barry summarizes the industrial advantages 

for the direct processes of organosi1ane synthesis under the headings 

"direct" silicon processes, the aromatic si1yation, and the silane

olefin aJdition (47). The direct processes are advantageous because 

they avoid the preparation of organometallic intermediates. Of 

importance to this project is the silane-olefin additions. The addition 

of an unsaturated organic compound to a monofunctional organoha1osilane 

containing one hydrogen on the silicon can be accomplished under thermal 

or catalytic conditions. The reactions which are promoted by a 

catalyst are advantageous since the reaction will occur at lower 

temperatures and pressures and which will not interfere with other 

functional groups on the molecule. 

Platinum and other related group VIII metals are efficient 

catalysts for olefin additions to si1anes in relatively small amounts. 

Barry reported that as small as 10- 8 moles of platinum per mole of 

olefin effect rapid reaction rates under 100°C (47). He proposed an 

ionic mechanism as shown in equation 2.1 (47). 
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HSiR3 + CH2 = CRR' 

Pt or Pt 

+ 
R .SiCH2CHR ~ + H-e . 

Eq. 2.1 

where R = a hydrocarbon, halogen, or an a1koxide 

R' = a hydrocarbon 

Another advantage for the addition of the silane to the olefin 

catalyzed by platinum is that the addition is oriented to favor bonding 

of the silicon atom to the terminal carbon atom of the olefin in an 

apparent "anti-Markovnikov" addition. Internal double bonds migrate to 

the terminal end of the chain when platinum is used as a catalyst (55). 

The.cata1ytic addition of si1anes to olefinic compounds 

represent simple methods which result in high yie1d~ and makes possible 

the synthesis of special compounds unobtainable by other methods (55). 

The desired phenyl si1anes for this study are of the general form 

Ph _ (CH2)n-Si(CH3)2C1 where Ph is phenyl and n is an integer including 

zero. When n is zero, the resulting silane is ch1orodimethy1pheny1-

silane and is available commercially (Aldrich Chemical Company). The 

next silane desired is 4-phenyl-l_buty1dimethy1ch1orosi1ane. The logic 

behind the n = 4 analog is that the bonded material can be compared 

experimentally to the octy1 bonded phase, a bonded phase that is 

commerica11y available. 6-phenyl-1-hexy1dimethylch1orosilane and 
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8-pheny1-1-octy1dimethy1ch10rosi1ane, giving longer spacer arms 

resulting in the phenyl ring being bonded further from the surface, are 

also desired. 

Methodology of Reactions 

The general silane reaction employed to obtain the desired 

si1anes is Speier's reaction (55). It can be written in the general 

form of equation 2.2. 

Speier's reaction 

Eq. 2.2. 

Since the desired si1anes are monofunctional, dimethy1ch10rosi1ane is 

employed. Ch10rop1atinic acid is the catalyst for the reaction. The 

actual synthesis was carried out according to the literature (56). 

The 4-pheny1-1-buty1dimethy1ch10rosi1ane was prepared from the 

platinum catalyzed addition of ch10rodimethy1si1ane to 4-pheny1-1-

butene. Specifically 10 g of 4-pheny1-1-butene (ICN - K&K Laboratories, 

Inc.) and approximately 2 mg of ch10rop1atinic acid (Fisher Chemical Co.) 

were heated to 85 DC in a 200 m1 round bottom flask equipped with an 

efficient reflux condensor, drying tube, and an addition funnel. A 

slight excess of ch10rodimethy1si1ane (Petrarch Systems, Inc.) was added 

dropwise with stirring so that the reaction temperature remained between 

90-100DC. The solution was heated overnight and then the product was 

vacuum distilled. 
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Characterization of Organosilanes 

The conversion of the olefin into the monochlorosilane compound 

was monitored with proton NMR spectroscopy (60 MHz). The signal from 

the olefinic hydrogens at 0 = 4.6 - 5.9 ppm vanished and was accompanied 

by the appearance of a singlet at 0 = 0.4 ppm arising from the methyl 

groups bonded to the silicon atom. The methylene groups in the chain, 

except for the one adjacent to the phenyl ring and the one bonded to 

the silicon atom, caused a.l.sharp signal at 0 = 1. 3 ppm. The methylene 

group bonded to the silicon atom gave rise to a distorted proton triple 

triplet at 0 = 1.0 ppm and the methylene next to the phenyl ring gave a 

complex signal at 0 = 2.4 - 2.7 ppm. Similar results have been 

reported elsewhere (46,56). 

The 6_phenyl-l-hexyldimethylchlorosilane was prepared from 

6-phenyl-l-hexene. 6_phenyl-l-hexene was prepared from the Grignard 

reaction of 3-bromo-l-phenyl propane (ICN - K&K Laboratories, Inc.) 

with magnesium metal (for Grignard's Reaction, Mallinckrodt, Inc.) 

followed by the slow addition of allyl bromide (Aldrich Chemical Co.) 

according to equation 2.3 (32). 

Eq. 2.3 

The reaction was quenched by the addition of 0.5 }t ammonium chloride 

(Matheson Coleman & Bell }fanufacturing Chemists) in water and then the 
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organic layer was separated from the water and then distilled. The 

olefin waG characterized by NMR and compared to standard spectra. The 

olefin was then reacted according to the above procedure to obtain the 

monofunctional silane. 

The 8-phenyl~1-octyldimethylchlorosilane was prepared from the 

bromination of 5-phenyl-l-pentanol (Aldrich Chemical Co.) with 

phosphorus tribromide (Aldrich Ohemical Co.) according to equation 2.4. 

Eq. 2.4 

Water was carefully added to the reaction mixture and the phenyl alkyl 

bromide was separated and vacuum distilled. The 5-phenyl_l-bromopentane 

was then reacted with magnesium metal to form the Grignard reagent and 

reacted with allyl bromide as described in the above procedure for the 

6-phenyl_l-hexene synthesis. The 8_phenyl-l-octene was isolated and 

further reacted to form the silane as described above. 

Surface Modification Procedure 

All of the silica used in the experiments were LiChrosorb Si 100 

(E. Merck) with a 10 micrometer (~m) particle size diameter and has an 

2 
average pore size of 100 Angstroms and a surface area of 420 m /g. The 

same batch number (F1752) and charge number (9026682) was employed 

throughout the study. The reaction conditions for th~ silanization 

reaction consisted of weighing the appropriate amount of silica and 

suspending it in toluene, which had been previously distilled from and 

stored over calcium hydrid~ (Matheson Coleman & Bell Manufacturing 
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Chemists), in a 100 ml round bottom flask with a magnetic stirring bar. 

An excess of the amount of the silane calculated to react with the 

surface was added with stirring to the slurried silica. The flask was 

fitted with a reflux condenser and a drying tube. The mixture was 

heated to a boil under constant stirring for one week. At the end of 

the week the silica was filtered from the solution using a vacuum 

filter with a Millipore (Millipore Corp.) type LS filter with a 5 ~m 

pore size. 

Measurement of Surface Coverage 

Afterwards the silica was washed with 150 ml of each of the 

following previously filtered solvents: acetone dichloromethane, 
~ 

tetrahydrofuran, chloroform, and hexane, and finally with acetone. The 

silica beads were then washed with methanol, water, dioxane, and then a 

final rinse with acetone and allowed to dry in the vacuum filter. The 

beads were then placed in a glass petri dish in a vacuum oven ove~ight 

at SO°C. The beads were then removed from the oven and stored in a 

desiccator. Approximately 5 mg of the beads were sent for carbon and 

hydrogen analysis to the University Analytical Center, University of 

Arizona, Tucson, AZ. The analysis for each of the packing materials 

is shown in Table 2.1. The adsorbents synthesized included a phenyl

dimethylsilane (DMS) silica, a 4_phenyl-1-butyl DMS silica, a 6-phenyl-

1-hexyl DMS silica, and a S-phenyl-l-octyl DMS silica. The 

characteristics of the adsorbents are shown in Table 2.1. 

To describe the amount of material bonded to the surface, a 

percentage carbon-by-weight is reported. To compare the amount of 
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Table 2.1. Adsorbents synthesized and surface coverage. 

Column Material % C by weight MW Surface Coverage a 

bonded material mmo1es/g 

Phenyl DHS 4.10 135.27 0.45 

4-Phenyl-l-butyl DMS 8.23 191.37 0.64 

6-Pheny1-L hexy1 DMS 8.47 219.43 0.57 

8-Phenyl-1-6ctyl DMS 6.52 247.49 0.37 

a Calculated according to Eq. 2.5. 
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hydrocarbon bonded to the surface of the different bonded phases, the 

unit of millimoles (mmoles) of the bonded material per gram of silica 

. is employed (49). Tv determine the mmoles per gram equation 2.5 is 

employed., 

103 x P 
mmoles/g = _________ c ______ _ 

1201 n _ P (M-l) 
c c 

where P = measured percentage carbon c 

Eq. 2.5 

n = the number of carbon atoms in the bonded silane molecule 
c 

H = the molecular weight of the bonded silane 

The factor P (~Ll) is included to correct for the weight increase of 
c 

the silica. 

~olu~n Packing Procedur~ 

The columns employed in the studies were 4.6 mm i.d., 1/4 inch 

o.d., 10 cm in iength 316 stainless steel tubing with a polished inside 

surface (Whatman Inc.).. The tubing was fitted with 316 stainless steel 

1/4 inch x 1/16 inch Swagelok reducing union (Arizona Valve and Fitting 

Co.). The packing material was held in the column using a 1/4 inch 

diameter 2 ~m pore size stainless steel frit (Whatman Inc.) at both 

ends of the column. 

Much literature has been written describing different 

techniques to pack microparticulate particles in a HPLC column (17). 

The small particle size dictates that the beads be slurry packed as 

opposed to dry packing in the column. The slurry solvent should 

disperse the beads so they do not agglomerate. Manufacturers of HPLC 



columns keep their slurry solvents and all of the column packing 

procedures proprietary so it is impossible to obtain such information. 

The procedure employed in this work is an adaptation of many methods 

which have been reported in the literature or passed on by word of 

mouth. The slurry solvent is a mixture of dibromomethane (A1d~ich 

Chemical Co.) and methanol (AR grade, Fisher Scientific Co.) in a 

proportion of 62.5% to 37.5% by volume, respectively. Approximately 

1.2 grams of the desired chemically modified silica was suspended in 
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25 ml of the slurry solvent in an extraction tube and u1trasonicated to 

assure complete dispersion. The slurried beads were then poured into 

the column packing reservoir (Micromeritics Instrument Corp.) equipped 

with a magnetic stirring bar. The reservoir was then filled to the top 

with methanol. The column was fitted to the top of the reservoir, 

remembering to remove the column's top frit. The slurried beads were 

then pushed into the column with methanol using a Haskell pneumatic 

amplification pump (model DST-150A, Haskell Engineering and Supply 

Corp.) at 6000 psi for 30 minutes, packing the column in an upwards 

direction. 

After the packing time the pump was turned off and the pressure 

was allowed to slowly drop back to atmospheric pressure. The tubing 

connecting the column to the reservoir was bent so the column was 

pointing downwards. After the pressure returned to atmospheric 

pressure, the column was removed from the reservoir. The top reducing 

union on the column was then carefully removed from the packed column, 

cleaned with methanol, a frit was placed on the top of the column, and 
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the fitting replaced. If the column was not to be used immediately, 

end caps were placed on the column to prevent the column from drying 

out. 

Liquid Chromatographic Experiment~ 

The peak position studies were carried out using a Spectra-

Physics 8700 high performance liquid chromatograph (Spectra-Physics, 

Inc.) and an 8750 organizer. The detectors employed were a Spectra-

Physics 8200 UV detector, an A1tex 153 UV detector (Beckman Instruments 

Inc.), or a Waters Associates R403 differential refractometer (Waters 

Associates, Inc.). Retention times were measured with a Spectra-

Physics System I integrator. Columns were maintained at the desired 

temperature with a Haake water circulating bath (Model E52, Haake, Inc.) 

which circulated water at the desired temperature through a jacket 

which contained the column. 

The mobile phases employed consisted of water and a water 
, 

miscible organic solvent, either methanol. acetonitrile, or tetra-

hydrofuran, all of which were AR grade. The water was distilled from 

basic permanganate and filtered through a 0.45 ~m pore size }lil1ipore 

filter (HAWP) prior to use. Methanol was used from the original 

container (Fisher Scientific Co.), acetonitrile was distilled prior to 

use, and tetrahydrofuran was stored over potassium hydroxide (KOH) for 

at least one day and then dis,til1ed from KOH. All organic solvents 

were filtered through a Mi11ipore 0.45 ~m filter (FHUP) prior to use. 

Solvent degassing was accomplished with a helium purge. 
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The columns were equilibrated with at least 200 column volumes 

before measurements were made. The flow rate was 1.00 ml/min for all 

of the columns, except where noted. The flow rates were measured daily. 

The sample probes were dissolved in the mobile phase employed. For the 

UV detector, the concentration was about 0.1 microliter (pI) sample per 

ml of the 'mobile phase. The concentration of the samples for the RI 

detector was about 2.5 pI per ml of the mobile phase. The sample size 

injected into the chromatograph was 10 ~l. 

The chromatographic peak traces were investigated for peak 

asymmetry for both the alkyl benzene and the alcohol probes to ensure 

that a single mechanism was predominantly responsible for the observed 

retention. 

Determination of __ ~o.'!:>ile _Ph?~e. __ .f9E!Eonents 
in the Stationary Phase 

The amount of aqueous and organic modifier which composes a 

portion of the stationary phase can be determined by stripping the 

mobile phase components from the enriched stationary phase with dioxane 

(30.31). The dioxane employed had been stored over KOR, distilled from 

KOR, and filtered prior to use. After the chromatographic run with the 

desired solvent system had been completed, the column was removed and 

the pump was purged with dioxane. Then the column was reconnected and 

the dioxane column flush was collected in a 50 ml volumetric flask 

containing 1.00 ml of isopropyl alcohol for an internal standard at 

2.00 ml per min (except when acetonitrile was the organic modifier, 

methanol was used as the inter.nal standard). 
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The total amount of aqueous and organic modifiers extracted from 

the column was determined by gas chromatography (GC). The total amount 

of organic solvent extracted from the column was determined using a 

Hewlett Packard model 5720A gas chromatograph (Hewlett Packard Inc.) 

equipped with a flame ionization detector. The column was a 50/50 wt/wt 

mixture of Porapak Q and R (Waters Associates Inc.) in a 6' x 1/4" 

copper column at lS5°C, using N2 as the carrier gas at 25 ml/min. 

Detector and injector temperature were both at 200°C. Water was deter

mined using a Gow-Mac model 550 gas chromatograph (Gow-Mac Co.) with a 

thermal conductivity detector. A 4' x 1/4" copper column of Porapak R 

was used at 135°C with He as the carrier gas at 25 ml/min. Detector 

bridge current was set at 200 mAo The detector temperature was 200°C 

and the injector temperature was lSOoC. An injection volume of 3 ~l 

was made using a 10 ~l syringe (Hamilton Co.). Peak areas were 

measured with a Spectra-Physics Autolab Minigrator and the appropriate 

area ratios from 5 injections were averaged to determine the amount of 

solvent extracted. 

The volume of solvent extracted was determined from a calibra

tion curve relating a known amount of organic solvent to the area ratio 

of the organic solvent to the internal standard. Subtracting the 

percent organic modifier in the volume of the mobile phase and the 

extra column volume from the gas chromatographic measurement, the amount 

of modifier in the solvation layer can be determined from equation 2.6. 

VT = (%M/lOO)VM + (%M/lOO)Vec + Vs Eq. 2.6 



where VT = total amoun.t of modifier measured by GC 

%M = the volume percent of m@difier in the mobile phase 

v = the extra column dead volume included in column ec 

stripping 
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The amount of water extracted was determined in the same manner, 

except for the volume percent of organic modifier was replaced by the 

volume percent water, and VT is the total amount of water measured by 

GC. 

To compare the composition of the stationary phase for the 

various columns, tbe amount of each modifier is related to the weight 

of the packing material. The weight of the packing material in the 

column was determined by unpacking a packed column, drying the packing 

material, and weighing the material on an analytical balance. 

NHR Experiments 

13C NHR spectra were obtained at 62.9 HHz on a Bruker WM 250 

spectrometer. Each spectrum was the average of 70,000 scans. Each scan 

consisted of 4000 data points. The radio frequency pulse width was 

27.0 microseconds with a flip angle of 45 degrees. The pulse was 

followed by a 20 microsecond predelay and a 0.1679 second acquisition 

time with no postdelay before the next pulse. Field-frequency 

stabilization was performed prior to data acquisition for each sample. 

The absence of an internal lock with the superconducting solenoid 

magnet did not add any measurable broadening. All spectra were broad 
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band decoupled. Peak widths at half height were measured manually with 

an estimated error of 0.4 ppm. 

The chemically modified bonded phases investigated are 

described in Table 2.1. The column packing material was prepared by 

mixing the appropriate volumes of HPLC water and organic solvent, which 

had previously been filtered, and then mixing the silica beads with the 

solvent in a 15 mID NMR tube (Wi1mad Glass Co.) and briefly u1tra-· 

'. sonicating to remove trapped air. The slurry was allowed to settle 

overnight, then the excess supernatant was removed and a vortex plug 

inserted. Approximately 3 grams of the packing material were required 

to fill the tube to a depth of 4 cm which allowed sufficient overlap 

of the receiving coils. After the spectra were obtained, the beads were 

washed with filtered methanol and collected on a Mi11ipore type LS 

filter. The beads were then placed in a glass petri dish and into a 

vacuum oven at 80°C overnight. The beads were stored in a desiccator 

until the next set of experiments. 



CHAPTER 3 

CHROMATOGRAPHIC RESULTS 

Chromatographic retention can provide information about the 

chemical nature of the effective stationary phase. Even though the 

actual mechanism of retention is not completely understood, the general 

elution equation (Eq. 1.2) describes certain parameters which are 

responsible for retention. The retention volume (VR) is measured 

chromatographically and is dependent upon the mobile phase volume (V
M

), 

stationary phase volume (V
S
), and the distribution coefficient (K). In 

order to discuss the parameters responsible for retention, an accurate 

quantitative description of these parameters is necessary. The 

following discussion will concentrate upon the determination of the 

parameters and the interpretation of the values obtained. 

Several methods have been proposed to determine the mobile phase 

volume in the column. These include measuring the retention volumes of 

deuterated solvents, measuring the retention volumes of ionic species, 

and through the linearization of the retention of a homologous series as 

described in equation 1.17 (24). As has been previously discussed, the 

volume of the mobile phase in the column is the volume not occupied by 

the solid support or the stationary phase for a well packed column. Any 

probe species employed to determine the mobile phase volume must not 

interact with the stationary phase nor be excluded from any pores. 

These two requirements remove the use of ' de ute rated solvents or ionic 
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species from the list of probe molecules since the deuterated solvents 

interact with the stationary phase and the ionic species measure the 

exclusion volume which ignores some of the smaller pores. The use of 

ionic species has been exemplified by Berendsen et al. (49) in some 

early work where the natural logarithm of the capacity factor (In k') 

was plotted versus carbon number (n). A concave curve was observed, 
c 

indicative of an underestimated V
M 

(Appendix B). Later Berendsen 

et al. (24) published the method of the linearization of the retention 
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of a homologous series for the determination of the column void volume. 

Mathematically, they were able to determine the void volume from only 

the retention times of the homologous series numbers •. The only 

assumpti~n made is that the increase in retention is due only to the 

addition of the methylene group in the probe molecule. The assumption 

can be tested by plotting In k' versus n • c If the void volume was 

incorrect, it would be revealed by the plot (Appendix B). They 

reported the retention for several different sets of homo logs and 

determined that the calculated void volume was independent of the probe 

molecule. The slopes of the In k' versus n were different, as one 
c 

would expect. The net retention volumes would also depend upon the 

functional group on the homologous series. This method for void 

volume determination has been employed by others (27-29), and they have 

shown that the void vo~ume in the column is dependent upon the mobile 

phase conditions employed. 

If the mobile phase volume is changing. the volume of the 

stationary phase must also be changing since the sum of the two should 
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remain a constant. The determination of the stationary phase volume has 

proven to be a formidable task. The change in stationary phase volume 

further substantiates that the formation of the stationary phase is 

dynamic in nature and is a function of the solvent system employed. 

Several methods have been proposed-to determine the volume of the 

stationary phase. Horvath et al. (57) has estimated the relative 

magnitude of the phase ratio between columns showing homoenergetic 

retention. Sander and Field (58) estimated the phase ratio using a 

geometric model of the silica surface based on manufacturer's informa

tion on silanol surface coverage and percent carbon bonded to the 

surface. The stationary phase volume can be determined from the phase 

ratio once VM is known. Tilly-Mellin et al. (23) and McCormick and 

Karger (22) measured the amount of organic modifier associated with the 

stationary phase of a reversed phase column by flushing the columns with 

dimethylformamide or dioxane. The column washings were analyzed by gas 

chromatography to determine the amount of organic modifier in the 

column. After corrections for the amount of organic modifier in VM and 

connecting tubing, the amount of organic modifier associated with Vs 

could be ascertained. Zwier (31) expanded this concept and included 

the determination of water in VS. From the above procedure, not only 

can Vs be determined, but also the chemical composition of the 

stationary phase. The question is raised about the validity of deter

mining the composition by this method whether the dioxan~ flush removes 

all the associated solvents from the stationary phase. It is highly 

unlikely that the surface water molecules are removed from the silica 



gel (59-62). A reproducible amount of mobile phase components can be 

extracted from the column by this method (31). 
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The distribution coefficient can be computed from VM~ Vs' and 

the capacity factor (Equation 1.10). The distribution coefficient 

cannot be determined directly from batch experiments because the 

chemical and physical nature of the stationary phase cannot be modeled. 

Overview of Experiments 

The chemical nature of the stationary phase for three chemically 

modified adsorbents was investigated using several different organic 

modifiers and solvent compositions. The chromatographic results will 

be discussed with respect to a single organic modifier on all three 

columns, since this will serve as a useful means of discussion and 

comparison to previous works. The solvent compositions consisted of 

20%, 40%, 60%, and 80% organic modifier with the remaining portion 

aqueous. The order of organic modifier discussion is methanol (MeOH), 

acetonitrile (MeCN), and tetrahydrofuran (THF). The order of 

adsorbents discussed is Phenyl DMS, 4-Phenyl-l-butyl DMS, and 6_Phenyl

l-hexyl DMS. 

Solvent Strength 

The total interaction of the solvent molecule with the sample 

molecule is a result of the dispersion, dipole, and hydrogen bonding 

interactions. The larger these interactions are in combination, the 

stronger is the attraction of the solvent and solute molecules. The 

ability of a sample of solvent to undergo intermolecular interactions 
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is referred to as polarity. The strength of a solvent is directly 

related to its polarity (17). The more common methods to discuss 

solvent polarity include the Hildebrand solubility parameter (0), the 

experimental solubility data reported by Rohrschneider, and the liquid 

solid chromatography solvent strength parameter (eO) as reported by 

Snyder. For reversed phase liquid chromatography, the solvent strength 

decreases with increasing polarity. Snyder (17) defines a solvent 

strength parameter for reversed phase systems and includes the 

following values for select solvents: water (0.0), methanol (3.0), 

acetonitrile (3.1), and tetrahydrofuran (4.4). 

Methanol as the Organic Modifier 

The chromatographic behavior of the solutes was influenced by 

varying the percentages of MeOH in the mobile phase. Figure 3.1 shows 

the relationship of VM to increasing percentages of MeOH in the mobile 

phase for the Phenyl DMS column. One notes a general decrease in VM 

as the percentage MeOH is increased. This is consistent with the data 

reported by Yonker et a1. (27) in the investigation of a reversed phase 

C18 column with MeOH as the organic modifier in the mobile phase. They 

reported that V
M 

changes depending upon the solvent conditions 

employed. The decrease in VM indicates that Vs is increasing. An 

enrichment of the bonded phase by components of the mobile phase 

created a larger Vs (Figure 3.2). The VM values obtained were also 

checked as described in Appendix B to insure that artifacts were not 

responsible for the observed behavior. 
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Figure 3.1. Void volumes (ml) for the Phenyl DMS column versus percent 
organic modifier in the mobile phase for MeOH, MeCN, and 
THF. 
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Figure 3.2. Stationary phase volumes for the Phenyl DMS column versus 
percent organic modifier in the mobile phase for MeOH, 
MeCN, and THF. 
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The volume of the stationary phase was determined to be the sum 

of the organic and aqueous modifier volumes associated with the bonded 

phase plus the volume of the bonded phase. The volume of the bonded 

phase was calculated according to the method described by Berendsen 

et al. (25). Figure 3.3 shows the volumes of organic and aqueous 

modifiers associated with the bonded phase determined from the gas 

chromatography experiment and the bonded phase volume, all of which 

compose the stationary phase. Table 3.la shows the relative per

centages of the amount of aqueous, organic, and bonded material for the 

Phenyl DMS column. The actual volume of the bonded phase remains a 

constant but the relative percentage changes depending upon the solvent 

conditions. It is interesting to note that the bonded material appears 

to enrich itself with the organic modifier up to a point, and then the 

relative percentage of organic modifier drops. The chromatographic 

behavior of the Phenyl DMS column indicates a more polar surface than 

a hydrocarbon modified surface. The retention volumes of the solutes 

are less than the volumes with the other types of bonded phases 

examined. The stationary phase includes the solvation of the hydro

carbon with the organic modifier and the hydrogen bonding type 

interactions of the polar surface with the aqueous portion and MeOH. 

The surface is thought to be made polar by the residual functional 

groups on the surface as we,!l as the effect of the phenyl ring polariza

tion. The solvation of the bonded moiety is a concerted involvement of 

MeOH and H20. The bonded phase appears to structure the mobile phase 

components in the stationary phase (26). The porous nature of the 
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Figure 3.3. Composition of the stationary phase volume for the Phenyl 
D}lS column versus the percent organic in the mobile 
phase. -- The components are MeOH, H20, and the bonded 
phase (BP). 

48 



Table 3.1. Measured stationary phase compositions for the Phenyl DMS column 

% V/V in Vs 
Organic Modifier Modifier H20 in Bonded 

VS, rn1 V}1, m1 
Modifier H2O 

Mobile Phase in V S' m1 VS' m1 moiety, m1 
% V/V 

Phenyl DMS/MeOH 

a) 20 <0.030 0.102 0.048 <0.180 1. 279 
40 0.133 0.086 0.048 0.267 1.202 50 32 
60 0.229 0.115 0.048 0.392 1.120 59 29 
80 0.262 0.244 0.048 0.555 1.083 47 44 

Phenyl DMS/MeCN 

b) 20 0.058 0.207 0.048 0.313 1.139 19 66 
40 0.271 0.188 0.048 0.507 1.154 54 37 
60 0.274 0.180 0.048 0.502 0.984 55 36 
80 0.432 0.135 0.048 0.615 1.021 70 22 

Phenyl DMS/THF 

c) 20 0.081 0.121 0.048 0.250 1.095 32 49 
40 0.509 0.596 0.048 1.153 0.388 44 52 
60 0.712 0.372 0.048 1.132 0.412 63 33 

Bonded 
moiety 

18 
12 

9 

15 
9 
9 
8 

19 
4 
4 

./:'0 
\0 



silica support enhances struc~:uring of :the stationary phase by 

influencing the accessibility of the mobile phase components. Organo

silanes are sterically unable to react Iwith all of the surface sites, 
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and these unreacted sites pref-erentiall1y solvate with the more polar 

components of the mobile phas~. The Phenyl DMS column is the only column 

examined which displayed the qecrease in the relative percentage of . 

organic modifier associated w:j:.th the stlationary phase with more MeOH in 

the mobile phase. 

The 4-Phenyl-I-butyl DMS qolumn is thought to be less polar in nature 

than the Phenyl DHS column, bt;lt still more polar than a heavily loaded 

C
l8 

column. The 4-Phenyl-I-bl~tyl DMS clolutnn behaved in a similar 

fashion as the Phenyl DMS coll/tnn with varying percentages MeOH as the 

organic modifier. Again VM d~creased ulpon increasing the percentage 

organic modifier (Figure 3.4). The increase in Vs was also observed 

upon increased percentages of MeOH (Fig~ure 3.5). The volume of the 

stationary phase with a low p~rcentage organic modifier is a relatively 

small value as compared to V S with morel organic modifier in the mobile 

phase. The lack of a non-polqr environment in the mobile phase with 20% 

MeOH in the mobile phase caus€!s the bonded moieties to assume a 

conformation of either folding; over On Ithemselves or laying on the 

surface, interacting with a bqnded moielty in close proximity. Either 

way, the volume of the statioqary phasel is reduced under these condi

tions. The chemical composiq.on of the. associated mobile phase shows 

that with 20% MeOH in the mob:i .. le phase,1 there is only a small amount of 

MeOH in the stationary phase ~Figure 3.6), but the relative percentage 



1.4 

1.2 

1.0 

Ii 
'OJ 9.8 
X 

> 

0.6 

0.4 

--
- -

H.oH 
"-CN 

THF 

9.2-+--~--~~--~--~--~--~--~--~--~----

o 20 40 60 t00 
, Or-aanlc In Hob I I. Pha.. 

51 

Figure 3.4. Void volume (m1) for· the 4-Pheny1-1-buty1 DMS column versus 
percent organic modifier in the mobile phase for MeOH, 
MeCN, and THF. 
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Figure 3.5. Stationary phase volumes for the 4-Phenyl-l-butyl DMS 
column versus percent organic modifier in the mobile phase 
for MeOH, MeCN, and THF. 
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of MeOH in the stationary phase is substantial (Table 3.2a), The 

percentage organic modifier in the stationary phase is greater than in 

the mobile phase compositions (Table 3.3a). The amount of associated 

organic modifier increases and the amount of associated water decreases 

upon exceeding the percentage MeOH necessary to allow the freedom of 

bonded moiety motion. 

The 6-Phenyl-l--hexyl DMS columns represents the most non-polar 

surface of the adsorbents. Berendsen and de Galan (25) have previously 

reported that with six methylene groups from the surface, the amount of 

interaction of the solute with the surface is minimized. The volume of 

the mobile phase again decreases when increasing the percentage MeOH 

(Figure 3.7). The bonded moieties are not solvated well by 20% MeOH. 

By increasing the percentage of MeOH, the bonded moiety becomes 

solvated and the volume of the stationary phase increases (Figure 3.8). 

The amounts of stationary phase components are sho~m in Figure 3.9. 

The relative percentages of components of Vs shows that the stationary 

phase volume for MeOH remains constant at 60% and 80% MeOH in the 

mobile phase (Table 3.4a). The observed behavior is thought to occur 

because the solvation of the bonded moiety has been maximized with 60% 

MeOH in the mobile phase. The addition of more MeOH to the mobile 

phase does not have an effect upon the stationary phase composition. 

The observed behavior will be presented in a later section discussing 

the ability of the solvent to structure the stationary phase, and the 

interpretation of VS' 



Table 3.2. Measured Stationary Phase Compositions for the 4-Pheny1_1-buty1 DMS column. 

Organic Modifier Modifier H20 in Bonded. 
Vs VM 

% V/V in Vs 
Mobile Phase in V S' m1 VS' m1 moiety, m1 Modifier H2O 
% V/V 

4-Pheny1-1-buty1 DMS/MeOH 

a) 20 0.029 0.024 0.10 0.153 1.320 19 16 
40 0.091 0.061 0.10 0.252 '1.242 36 24 
60 0.147 0.056 0.10 0.303 1.169 49 18 
80 0.217 <0.030 0.10 < 0.347 1.148 

4-Pheny1-L butyl DMS/MeCN 

b) 20 0.091 0.252 0.10 0.443 1.091 21 57 
40 0.192 0.231 0.10 0.523 1.028 37 44 
60 0.197 0.137 0.10 0.434 1.085 45 32 
80 0.173 0.190 0.10 0.463 1.109 37 41 

4-Pheny1-1-buty1 DMS/THF 

c) 20 0.165 0.339 0.10 0.604 0.816 27 56 
40 0.401 0.390 0.10 0.891 0.578 45 44 
60 0.581 0.310 0.10 0.991 0.523 59 31 

Bonded 
Moiety 

65 
40 
33 

22 
19 
23 
22 

17 
11 
10 

Vt 
Vt 



Table 3.3. Percentages of organic modifier in the stationary phase 
relative to mobile phase components. 

a) % Organic Modifier 
in Mobile Phase Ph/MeOH Ph/MeCN Ph/THF 

20 22 40 
40 61 59 46 
60 67 60 66 
80 52 76 

b) % Organic Modifier 
in Mobile Phase PhC4/MeOH PhC 4/MeCN PhC4/THF 

20 5,5 27 33 
40 60 45 51 
60 72 59 65 
80 48 

c) % Organic Modifier 
in Mobile Phase PhC6/MeOH PhC6/MeCN PhC6/THF 

20 81 18 39 
40 68 35 44 
60 86 64 54 
80 85 39 
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Figure 3.7. Void volume (ml) for the 6-Phenyl-Lhexyl DMS column 
vers~s percent organic modifier in the mobile phase for 
MeOH, HeCN, and THF. 

57 



58 

1.26 

l.ea 

THF 

r - ---Q 

1"\ 0.76 
6 

/?"-v --. 
(I) -.-. - --A > ", 

0.se i' e ~ 

~-
0.25 /' 

er" 

0.00 

0 2.0 4110 60 80 100 
X Organ I 0 In Hob I I. Ph a.. 

Figure 3.8. Stationary phase volumes for the 6_Phenyl-l_hexyl DMS 
column versus percent organic modifier in the mobile phase 
for MeOR, MeCN, and TRF. 



59 

0.8 

0.6 

" t;: 0.4 
OJ 

(I) 
> 

,...,.&- - --& 
0.2 ".. 

~ BP 

~:::t:: ---- --Q 

--- -..- --A. 
~O --0.B V-

0 20 4B 60 80 teB 
X Organic In Hob I I. PhClla. 

Figure 3.9. Composition of the stationary phase volume for the 
6_Phenyl-l_hexyl DMS column versus the percent organic in 
the mobile phase. _- The components are MeOH, H20 and 
the Bonded Phase (BP). 



Table 3.4. Measured stationary phase compositions for the 6-Pheny1-1-hexy1 DMS column. 

Organic Modifier Modifier - H20 in Bonded 
Vs VM 

% V/V in Vs 
Mobile Phase in V S' m1 VS' m1 moiety. m1 Modifier H2O 
% V/V 

6-Pheny1-1-hexy1 DMS/MeOH 

a) 20 0.060 0.014 0.10 0.174 1.282 34 8 
40 0.168 0.078 0.10 0.346 1.19() 48 23 
60 0.248 0.041 0.10 0.389 1.178 64 10 
80 0.240 0.044 0.10 0.384 1.143 63 11 

6-PhenyL :Lhexy1 DMS/MeCN 

b) 20 0.066 0.296 0.10 0.462 1.245 14 64 
40 0.191 0.349 0.10 0.640 1.075 30 54 
60 0.314 0.177 0.10 0.591 1 .. 077 53 30 
80 0.187 0.292 0.10 0.579 1.215 32 51 

6-Pheny1-1- hexy1 DMS/THF 

c) 20 0.117 0.182 0.10 0.399 1,080 29 46 
40 0.322 0.407 0.10 0.829 0.734 39 49 
60 0.392 0.337 0.10 0.829 0.740 47 41 

Bonded 
Moiety 

58 
29 
26 
26 

22 
16 
17 
17 

25 
12 
12 

0-
o 



Acetonitrile as the Organic Modifier 

The effects of acetonitrile and varying the percentages of 

acetonitrile (MeCN) were investigated on three columns. Acetonitrile 

is considered to be a stronger solvent than methanol as described by 

Snyder and Kirkland (17) earlier in this chapter. Again the first 

column to be discussed is the Phenyl DMS column. The V
M 

with MeCN 

as the organic modifier did not show as large of a decrease as did the 

methanol study (Figure 3.1.). An interesting point is shown in 

comparing Vs with MeCN to Vs ~ith MeOH (Figure 3.2). The Vs values 

with MeCN are larger than for MeOH on the same column. The analysis 

of stationary phase components shows similar behavior as obtained in 

the MeOH study (Figure 3.10). The relative percentages of organic 

modifier show an enrichment of the organic modifier in the stationary 

phase (Table 3.lb). 

The volume of the mobile phase for the 4-Phenyl-l-butyl DMS 

column remained essentially constant as a function of different 

percentages of MeCN, except for 40% MeCN where a slight decrease in 

VM was observed (Figure 3.4). Yonker et al. (28) has shown that for 

a C18 column, VM did decrease with increasing percentage MeCN. The 

4-Pheny1-1-butyl DMS column would be expected to be more polar than 

the C18 column and hence a lower percentage of MeCN is needed to 

solvate the bonded moiety. Once the bonded moieties were solvated, 

there was no further increase in Vs (Figure 3.5). MeCN does not 

possess the hydrogen bonding capability of MeOH, and the structuring 

of the stationary phase with MeCN is less likely than with MeOH. The 

61 



" E 
v 

>V) 
/ 

HeCN 

~o 

BP 

0.0-+--~~--r---'---~--~--~~--~------------

40 tee 
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inability of MeCN to structure itself is apparent in the increase of 

water in the stationary phase. The amount of MeCN in the stationary 

phase shows an enrichment at 40% MeCN (Figure 3.11). The relative 

percentage of MeCN in the stationary phase follows closely the per~entage 

MeCN in the mobile phase, except at 80% MeCN (Table 3.2b). At 80% 

MeCN, the relative percentage of MeCN is well below the predicted 

value. 

The effect of MeCN on the 6-Phenyl-l-hexyl DMS column follows 

the behavior as on the 4-Phenyl-l-butyl D~1S column. Figure 3.1 shows 

the VM values with increasing the percentage MeCN. The Vs values show 

an increase resulting from the increased percentage MeCN (Figure 3.8). 

The increase in Vs at 40% MeCN is as expected but decreases slightly at 

60% MeCN and further with 80% MeCN. The contributions of the 

components of Vs are shown in Figure 3.12. The relative percentages of 

stationary phase components (Table 3.4b) again show the same apparent 

composition as the mobile phase except for 80% MeCN. The inability of 

MeCN to structure the stationary phase allows more water into the 

stationary phase to interact with unreacted surface. Zwier (31) 

observed similar behavior upon investigating an octyl modified 

adsorbent with a MeCN-water mobile phase. The equilibration times were 

extremely large suggesting that the solvent in the small pores was 

able to affect the formation of the stationary phase. The inability of 

MeCN to structure the stationary phase requires the mobile phase to 

diffuse into all the pores and upon complete solvation of the bonded 
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moiety with MeCN, the polar nature of the unreacted surface can be 

solvated by water. 

Tetrahydrofuran as the Organic Modifier 

66 

Tetrahydrofuran (THF) is considered an even stronger solvent 

than MeCN (17). The effect of varying the percentage of THF on the 

stationary phase was studied on all three columns. Because of the lack 

of retention of the probe molecules with 80% THF as the mobile phase, 

the stationary phase composition was not determined at this level. 

The Phenyl DMS column was investigated with THF and it was observed that 

VM decreased substantially from 20% THF to 40% THF and remained 

essentially constant at 60% THF (Figure 3.1). The volume of the mobile 

phase in the column decreased by more than half the original value at 

20% THF. A substantial increase in Vs was also observed (Figure 3.2). 

The amount of THF in the stationary phase increases when increasing the 

percentage THF in the mobile phase (Figure 3.13). The relative 

percentages of THF in the stationary phase show an enrichment of the 

organic modifier under all conditions examined (Table 3.lc). THF is 

able to structure the stationary phase to the extent that the volume of 

the stationary phase is increased substantially. Yonker et al. (28) 

observed similar behavior with THF on a C18 modified adsorbent. This 

point will be discussed in detail in the following section. 

THF had a similar effect of the 4-Pheny1-l-butyl DMS column, 

though not as drastic. The VM values and Vs values are shown in 

Figure 3.4 and 3.5, respectively. Again a substantial decrease in the 



Figure 3.13. Composition of the stationary phase volume for the 
Phenyl DMS column versus the percent organic in the 
mobile phase. -- The components are THF, H20, and the 
Bonded Phase (BP). 
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mobile phase volume and an increase in Vs is observed. The amount of 

THF in Vs increases with increases in the percent THF in the mobile 

phase. The amount of water in Vs increases from 20% THF to 40% THF but 

then decreases with 60% THF (Figure 3.14). The relative percentages of 

the stationary phase components show an enrichment of the bonded phase 

with THF for all solvent conditions studied (Table 3.2c). The relative 

percentage of water in Vs also shows a decrease compared to the mobile 

phase compositions. 

The 6-Pheny1-1-hexy1 DMS column shows similar behavior with THF 

as the other columns, but to a 1ess~r extent. The VM value decreases 

with the mobile phase composition changing from 20% to 40% THF and 

remains essentially unchanged at 60% THF (Figure 3.7). The Vs value 

increased for the mobile phase composition of 20% to 40% THF and then 

remained constant at 60% THF (Figure 3.8). The measured amount of THF 

in the stationary phase increased and upon solvating the surface at 

40% THF and the amount of water increased (Figure 3.15). The relative 

percentages of THF in Vs show an increase in the enrichment of the bonded 

moiety (Table 3.4c). 

Interpretation of the Stationary Phase Volume 

The volume of the stationary phase is composed of the volumes of 

the bonded material and the associated mobile phase components. The 

volume of the bonded material in the column depends on the volume of 

the bonded moiety and the amount of bonded moiety attached to the 

surface. If one assumes that the volume calculated for the stationary 

phase uniformly covers the surface, the thickness of the stationary 
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Figure 3.14. Composition of the stationary phase volume for the 
4-Pheny1-1_buty1 DMS column versus the percent organic 
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Figure 3.15. Composition of the stationary phase volume for the 
6-Pheny1-1-hexy1 DMS column versus the percent organic in 
the mobile phase. -- The components are THF, H20, and the 
Bonded Phase (BP). 
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phase can be calculated from the surface area of the silica gel 

(Table 3.5). Since the dimensions of the bonded moiety are predeter-

mined by the choice of the bonded moiety, the data indicates that the 

stationary phase exists beyond the length of the bonded moiety. The 

apparent thickness of the effective stationary phase ranges from less 

than the length of the bonded moiety to around six times the length of 

the extended chain. 

The solvents MeOH, MeCN, and THF all show the apparent behavior 

of extending the stationary phase beyond the length of the bonded 

material. but THF exemplified the behavior more than the other solvents. 

THF has shown unique behavior in the past. Stetzenbach (18) reported 

that THF visually appeared to swell the bonded phase support in an 

extraction experiment. Zwier (35) reported that when THF was added to 

his octyl modified carbon adsorbent, the column back pressure increased 

and appeared to block the column. Upon the addition of another organic 

solvent, the blockage was removed and the column back pressure returned 

to normal. Larsen (63) found that the addition of THF on certain 

manufacturer's reversed phase columns followed by methanol resulted in 

a substantial gap at the head of the column. 

The effective volume of the stationary phase, or the thickness, 

is related to the surface area of the silica bead. Quantitative 

determination of compounds associated with the surface indicates two 

different surface areas must be considered. Gilpin (45) has determined 

that only 35% of the nitrogen determined surface area is chromato-

2 graphically available for Porasil A with a surface area of 480 m /g. 



Table 3.5. Calculated stationary phase thicknesses. 

% Organic Modifier Ph*/MeOH 
in Mobile Phase Vs (rnl) Thickness (nm) Vs (ml) 

20 0.313 
40 0.267 0.9 0.507 
60 0.392 1.4 0.502 
80 0.555 2.0 0.615 

Fully extended Phenyl group: 0.6 nm 2 
Surface area of LiChrosorb SilOO: 420 m /g 
Mass of adsorbent in columns: 0.6732 g 
* Ph = Phenyl DMS 

% Organic Modifier PhC4**/MeOH 
in Mobile Phase V S (rnl) Thickness (nm) Vs (m1) 

20 0.153 0.6 0.443 
40 0.252 0.9 0.523 
60 0.303 1.1 0.434 
80 0.463 

Fully extended 4-Pheny1-1-buty1 DMS: 1.2 nm 
Mass· of adsorbent in column: 0.6560 g 
** PhC4 = 4-Pheny1-1-buty1 DMS 

Ph/MeCN 
Thickness (nm) Vs (ml) 

1.1 0.250 
1.8 1.153 
1.8 1.132 
2.2 

PhC4/MeCN 
Thickness (nm) Vs (rnl) 

1.6 0.604 
1.9 0.891 
1.6 0.991 
1.7 

Ph/THF 
Thickness (nm) 

0.9 
4.1 
4.0 

PhC4/THF 
Thickness (nm) 

2.2 
3.2 
3.6 

-...,J 

N 



Table 3.5. Calculated stationary phase thicknesses--Continued. 

% Organic Modifier 
in Mobile Phase 

PhC6***/MeOH 
Vs (m1) Thickness (nm) 

PhC'6/MeCN 
Vs (ml) Thickness (nm) 

PhC6/THF 
Vs (m1) Thickness (nm) 

-------------------------------------------------------
20 
40 
60 
80 

0.174 
0.346 
0.389 
0.384 

0.7 
1.3 
1.5 
1.5 

0.462 
0.640 
0.591 
0.579 

Fully extended 6-Pheny1-1-hexy1 DMS: 1.5 nm 
Mass of adsorbent in column: 0.6152 g 
*** PhC6 = 6-Pheny1-1-hexy1 DMS 

1.8 
2.5 
2.3 
2.2 

0.399 
0.829 
0.829 

1.5 
3.2 
3.2 

-...J 
Vol 
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The other 65% of the surface area consists of micropores that are not 

available to the surface modifying agents, the solvent, or the solute 

molecules. For lower surface area silica gels (50 m2/g) , Gilpin deter-

mined that 80% of the total nitrogen surface area was available for 

bonding and 20% of the surface area consisted of the small micropores. 

One expects the micropores to be preferentially solvated with water 

because of the polar nature of the surface. Having two different 

surface areas suggests that there are two volumes. One volume 

represents the chromatographically useful stationary phase (VSI ) and 

the other volume represents the non-as~essib1e micropores (VS2) 

(Figure 3.16). The dioxane flush employed in the determination of the 

stationary phase volume represents the chromatographically useful 

stationary phase volume (VSl )' 

The chromatographic stationary phase volume can be subqivided 

into two further classifications: the volume associated with the 

pockets in the porous structure (VSla) and the volume associated with 

the sides of the walls of the large pores (VSlb ) (Figure 3.16). The 

thickness of the two stationary phases vary. The stationary phase 

volume in the pockets can vary depending upon the solvent system 

employed and the ability of the solvent to structure itself in the 

pockets. We believe that the increase in the stationary phase volume 

reflects changes in the amount of solvent associated ~ith these pockets. 

It also explains the fact that the measured stationary phase volumes are 

not permanent and vary with the solvent conditions employed. The 

volume associated ,~ith the larger pore walls (VSlb ) are not expected to 
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Figure 3.16. Schematic representation of a porous Gupport modified with 
a monofunctional silane indicating the various stationary 
phase volumes (VS1a , VS1b ' VS 2)' 



extend past the length of the bonded moiety and for the high surface 

area silica gels, play only a minor role in the total stationary phase 

volume. 

The Effect on Selectivity 
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The selectivity reported measures the ability of the chromato

graphic process to discriminate upon the addition of a single methylene 

group for members of the homologous series. The relative change of free 

energy is related to the selectivity by equation 1.7. If a column has 

a selectivity of 1.1 between two solutes, the difference in the change 

of free energy is approximately 50 cal/mole, a very small energy 

difference. Chromatographic experiments are able to measure these small 

energy differences easily. 

Table 3.6 shows the selectivities calculated for the homologous 

series under the solvent conditions studied. The selectivity is 

greatest with the low percentage of organic modifier. Increasing the 

percentage organic modifier decreases the selectivity. The relative 

magnitude of the selectivity does not change significantly for the 

different columns studied under certain solvent conditions, but the 

chemical composition of the stationary phase changes significantly. 

Similar selectivity values for methylene groups on several different 

columns have been reported by Horvath and Melander (64). The same 

experiment with peptide diastereoisomers as probe molecules emphasizes 

that the selectivity does depend upon the effective stationary phase 

(Chapter 5). 
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Table 3.6. Methylene group selectivities. 

% Organic Modifier Column: Phenyl DMS 
in Mobile Phase MeOH MeCN THF 

20 2.49 2.00 2.42 
40 1.95 1.49 1.27 
60 1.44 1.24 1.07 
80 1.21 1.12 

% Organic Modifier Column: 4~Phenyl-l-butyl DMS 
in Mobile Phase MeOH MeCN THF 

20 2.62 2.17 2.33 
40 2.06 1.43 1.28 
60 1.52 1.22 1.06 
80 1.21 1.11 

% Organic Modifier Column: 6-Phenyl-l_hexyl DMS 
in Mobile Phase MeOH MeCN THF 

20 2.70 2.33 2.45 
40 2.17 1.52 1.31 
60 1.59 1.27 1.08 
80 1.27 1.19 
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Effects of Temperature 

The role of temperature on chromatographic retention was 

investigated on the 6-Phenyl-l-hexyl DMS modified adsorbent. Chromato_ 

graphic retention measurements were made within a temperature range of 

55°C to 25°C at 5°C increments. A homologous series of alkyl benzenes 

and alkyl alcohols served as probe molecules so that not only the 

chromatographic behavior could be observed, but also the effects of 

temperature on the void volume measurements. The solvent conditions 

for the study consisted of a 60% methanol and 40% water mixture. The 

solvent conditions were chosen because of CMR data which had pre¥iously 

been obtained showing a change in the physical nature of the bonded 

moiety upon changing the solvent conditions from 60% to 80% methanol 

(Chapter 4). With 60% methanol the bonded moiety was more structured 

than with 80% methanol. The question was raised whether increasing the 

temperature with 60% methanol would result in a change in the chemical 

nature of the stationary phase which could be probed chromatographically. 

The increase in chromatographic retention of members in a 

homologous series is based on the number of methylene groups increasing. 

The effect of temperature on the retention of one member of the 

homologous series should decrease in a linear fashion as described by 

the vanlt Hoff equation. A plot of the distribution coefficient versus 

the reciprocal of the absolute temperature gives a line with the slope 

of the enthalpy change divided by the gas law constant (Eq. 1.6). The 

capacity factor has been shown related to the distribution coefficient 

by the phase ratio in equation 1.10 and hence the\·~apacity·factor can be 
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substituted for the distribution coefficient. The slope of the line 

will remain unaffected, but the position of the line on the y-axis will 

be shifted. Multiplying the slope by the gas law constant gives the 

change in enthalpy of the interaction of the solute molecules between 

the mobile and stationary phases. The relative difference in the change 

in enthalpy values gives the energetics of a single methylene group 

interacting between the two phases. 

The initial set o,f probe molecules was an alkyl benzene 

homologous series beginning with ethyl benzene and concluding with 

phenyl hexane. The chromatographic behavior was recorded over the 

previously described temperature range. The homologous series also 

enabled us to calculate the void volume of the column. Again the void 

volumes could be analyzed as described in Appendix B. Within experi

mental error, the void volumes of the column did not change. Others 

have tested the effects of temperature on the void volume and have 

reported the absence of a change (24,31). 

Upon determining the void volume, the natural logarithm of the 

capacity factor (In k') could be obtained and the van't Hoff plot 

completed. Figure 3.17 shows the results of the alkyl benzene probes 

with respect to temperature. The slopes of the lines are as one would 

predict. By increasing the temperature, the retention decreases as 

shown by the decrease in In k'. Table 3.7 shows the change in enthalpy 

values. The values obtained are typical as compared to what one would 

expect with an octyl column (18). By the addition of a methylene group 

in the series, a 0.4 Kcal/mole difference is observed. 
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Figure 3.17. Plot of In k' versus 1fT (OK) for the 60% MeOH/40% H20 
mobile phase system from 55°C_25°C for the solutes 
Ethylbenzene (C2Ph), n-Propylbenzene (C3Ph), n_Butyl
benzene (C4Ph), n-Amylbenzene (CSPh), and l-Phenylhexane 
(C6Ph). 



Table 3.7. Enthalpy changes for the homologous series of alkyl 
benzenes (T = 55°C-2S0C). 

'Probe fl H (Kcal/mole) (±O.O3) 

C2Ph -3.18 

C
3
Ph -3.S7 

C4Ph -3.96 

CSPh -4.39 

C6Ph -4.92 

81 
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The next set of probe molecules was a homologous series of alkyl 

alcohols. The series began with n-pentano1 and concluded with 

n-nonano1. The alkyl alcohol series was chromatographed under the same 

conditions as the alkyl benzenes. Again, no temperature effects of the 

void volume were noted. The van't Hoff plot of the alkyl alcohols 

exhibits anomalous behavior (Figure 3.18). When decreasing the 

temperature of the column, the retention volumes increase until 

approximately 40°C, and then decrease for the smaller members of the 

homologous series. The retention volumes were expected to increase for 

all the probe molecules with decreasing temperature. The decrease in 

retention becomes less by increasing the size of the alcohols, and for 

1-octano1 and 1-nonano1, the retention volumes increase slightly with 

the decrease in temperature. 

The slope of the line from 55°C to 40°C indicates the apparent 

change in enthalpy for the probe molecules in the temperature range 

(Table 3.8). The calculated enthalpy change for each probe molecule 

shows less and less energy involved up to 1-nonano1. The expected 

behavior is an increase in the enthalpy change with an increasing 

number of methylene groups, as was observed for the alkyl benzenes. 

Clearly more than one type of interaction is influencing the chromato

graphic behavior. 

From the general elution equation (Eq. 1.2) the retention 

volume is equal to the volume of the mobile phase plus the quantity of 

the distribution coefficient times the volume of the stationary phase. 

As has been previously stated, the volume of the mobile phase remained 
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Figure 3.18. Plot of 1n k' versus lIT (OK) for the 60% MeOH/40% H20 
mobile phase system from 55°C_25°C for the solutes 
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Table 3.8. Enthalpy changes for the homologous series of alkyl alcohols 
(T = 55°C to 40°C). 

Probe fj. H (Kcal/mole) (±0.20) 

C50H _7.44 

C60H -6.20 

C70H "_5.29 

C80H -4.65 

-C OH 9 -4.83 



the same throughout the experiment. The volume of the mobile phase 

plus the volume of the stationary phase has to remain constant, which 

implies the volume of the stationary phase is also constant. 

Further investigation of the differences of the solvent probes 

between the alkyl benzenes and the alkyl alcohols shows that the alkyl 

benzenes are essentially non-polar, whereas the alkyl alcohols have a 

non-polar section but also have a polar hydroxyl group. The alcohol 

functional group can be both a hydrogen bond acceptor and donor. 
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The next variable examined was the effect of temperature on the 

chemical composition of the stationary phase. If a change had occurred, 

it was not probed by the alkyl benzenes, but only by the alkyl 

alcohols. Employing the dioxane flush as has previously been described, 

and subsequent analysis of the column washings by gas chromatograph 

concluded that the chemical composition of the stationary phase remained 

essentially constant (Table 3.9) within experimental error of the 

measurement (Appendix C). 

There is only one other parameter to consider changing 

according to the general elution equation. One of the most important 

factors to realize is that chromatographic retention measures the bulk 

chemical nature of the stationary phase. The general elution equation 

can be expanded to include the possibility of more than one type of 

interaction, or more than one distribution coefficient, affecting the 

chromatography (Equation 1.1). If two possible means of interaction 

exist, the general elution equation appears as equation 3.1 

VR = VM + aKlVS + (l-a) K2VS 

where a = weighting factor. 

Eq. 3.1 



Table 3.9. Measured stationary phase compositions for the 6-Pheny1-1-hexy1 DMS column, 
temperature study. 

Modifier H20 in Bonded 
Vs VM 

% V/V in Vs 
Temperature, °c in VS' m1 VS' m1 moiety m1 Modifier H2O 

6-Pheny1-1-hexy1 DMS 
60% MeOH/40% H2O 

25 0.213 0.041 0.10 0.353 1.233 60 12 
30 0.206 0.050 0.10 0.356 1.233 58 14 
35 0.202 0.031 0.10 0.333 1.233 61 15 
40 0.217 0.050 0.10 0.367 1.233 59 14 
45 0.194 0.032 0.10 0.326 1.233 59 10 
50 0.196 0.039 0.10 0.335 1.233 59 12 
55 0.192 0.053 0.10 0.344 1.233 56 15 

Bonded 
Moiety 

28 
28 
30 
27 
31 
30 
29 

ex> 
0\ 
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If one imagines the van't Hoff plot with regards to equation 3.1, the 

retention volume could increase as depicted by Figure 3.19. The 

increase of retention cou.ld be due to the region where one type of 

interaction begins to predominate. The observed behavior is the result 

of the transition between these two different types of interactions 

which appears as an increase in retention. The effect of temperature is 

seen by the alkyl alcohols and not the alkyl benzenes since the alkyl 

alcohols have both polar and non-polar sites of interaction. 
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lIT x 1000 

Figure 3.19. Plot of 1n k' versus lIT (OK) for a hypothetical situation 
where two different types of interactions affect the 
chromatography. 



CHAPTER 4 

NON-CHROMATOGRAPHIC EXPERIMENTAL RESULTS 

The role of the stationary phase in chromatographic separations 

is complex in nature. The bulk composition of the stationary phase has 

been shown to include the bonded moiety as well as associated 

components of the mobile phase. In addition, GC analysis has provided 

a quantitative estimate of the chemical composition of the stationary 

phase. The formation of the effective stationary phase is determined by 

both the chemical composition of the mobile phase and the resulting 

chemical composition of the solvated surface. However the physical 

nature of the bonded species, in terms of the flexibility or extent of 

molecular motion, will also play a role in determining the capacity and 

selectivity of potential interactions with solvent as well as solute 

molecules. The effect of temperature is also expected to have an impact 

on the motion of the bonded moiety. 

Nuclear magnetic resonance spectroscopy is one of the few 

techniques which can give information about the physical nature of the 

chromatographic stationary phase. The interactions between the bonded 

moiety, surface, and the mobile phase components, which compose the 

stationary phase, are the type of interactions which'are going to 

influence the predominant relaxation mechanisms of the nuclei (31,54). 

Changes in the physical nature of the solvated bonded phase, caused by 

employing different chromatographic solvent systems, can be detected. 

89 



90 

13C nuclei are chosen over 1H nuclei to study because of the nature of 

the bonded material and solvent conditions employed (65). Current 

available CMR instrumentation is sensitive enough to probe the natural 

isotopic abundance of carbon 13 in the bonded moiety. With high 

resolution instrumentation and the inherently large chemical shi~ts of 

CMR, almost all chromatographically useful. organic solvent signals are 

removed away from the areas of interest. CMR has certain advantages 

over other techn~ques to study the physical nature of the chromato_ 

graphic stationary phase. Other spectroscopic methods have been 

employed to examine the solvent_bonded moiety interactions including 

photoacoustic spectroscopy in the visible region (66) and infrared 

spectroscopy (49,67). The weakness with these techniques is that 

species were bonded to the surface which differ from the chromatographic 

modified adsorbent. 

Interpretation of CMR Data 

The peak widths at half-height (w1/2 h) of the CMR signal give 

information regarding the environment of the bonded material on the 

chromatographic support. The shape of the peaks is determined by 

several factors on the CMR time scale. The peak w1/2 h values reflect 

restricted molecular motion, interchain interactions, and solvent chain 

interactions of the bonded moieties (31,54). The peak widths also 

contain contributions from chemical shift anisotropy because of the wide 

sampling area in the solid resulting in a variety of local environments 

in which the slowly reorienting bonded moieties exist (31). The inter 

and intra molecular dipole interactions which are not averaged on the 
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CMR time scale broaden the peaks further. The enhanced dipolar inter

actions make spin-spin relaxation times more efficient for the bonded 

species than for the dissolved species so the peak widths will be 

inversely proportional to the spin-spin relaxation time, T2 (31). 

Peak widths at half height can be discussed in relative terms 

between different concentrations of the organic modifier, different 

organic modifiers, and different bonded phase types witll regards to 

the effective stationary phase. A broad peak is a result of a rigid 

stationary phase and short relaxation times. If the molecular motion 

of the bonded moiety is sterica1ly restricted, the resultant peak will 

broaden itself into the'base1ine. A narrow peak is due to the 

stationary phase being more liquid like and hen~e the relaxation times 

are longer (31). 

The alkyl phenyl bonded phases serve as an excellent adsorbent 

for studying the molecular motion of the attached moiety. The chemical 

shift of the phenyl ring is removed from solvent peru(s and allows us to 

also include tetrahydrofuran (THF) as a solvent to study the solvation 

of the bonded moieties. Other CMR studies were unable to investigate 

the bonded moiety with THF since the solvent peaks overlapped with the 

peak of interest (18,31). Figure 4.1 shows a typical CMR spectrum of 

6-Pheny1_1-hexy1 DMS bonded to the silica gel with a solution spectrum 

of an equivalent amount of 6-Pheny1-1-hexane. The spectrum observed for 

the bonded species when compared to the solution spectrum shows that the 

signal is composed to two peaks, those for the para carbon and also for 

the ortho and meta carbons. The peak arising from the carbon attaching 



I I I 

140 

I I I 

1:30 

I I I 

120 

Figure 4.1. 13C NMR spectrum of phenyl regi9n (125_145 ppm) for 
1-Pheny1hexane on LIChrosorb 51-100 (lower spectrum) 
6_Pheny1_1-hexy1 DM5 adsorbent (upper spectrum) in 100% 
THF. 
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the phenyl ring to the alkyl chain-occurs at approximately 143 ppm and 

is not measured when calculating the peak w
l

/ 2 h values. 
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The 6-Phenyl-l-hexane solution spectrum was obtained from a 

slurry of 6-Phenyl-l-hexane in THF with LiChrosorb Si 100 silica gel so 

the beads l contribution to the peak widths could be evaluated. The 

solution spectrum peak widths are an insignificant fraction of the width 

of the bonded phenyl peak. Peak widths of the bonded support are 

indicative of restricted moleqular motion such as occurs in polymers, 

but narrower than what is expected for the peak widths of solids (54). 

The characteristics of the adsorbents investigated were presented in 

Table 2.1. 

gMR of~Ee~yl DMS Modified Adsorbent 

The phenyl DMS modified adsorbent did not display a signal in 

the phenyl region with the normal 70,000 scans. Even after 250,000 

scans no signal in the phenyl region was observed. This would indicate 

that the phenyl ring in close proximity to the surface is a very 

structured system. There are two possible reasons for the lack of a 

signal. The spin-spin relaxation could be so fast that the peak has 

broadened itself into the baseline or the spin-lattice relaxation 

mechanism is predominant and the relaxation rate is such that no signal 

is observed. No signal was observed for the phenyl ring in all the pure 

organic modifiers investigated: methanol, acetonitrile, or THF. 



CMR of 4-Phenyl-l-buty1 DMS Modified Adsorbent 

The effects of peak w1/ 2 h values on the alkyl phenyl columns 

were studied as a function of percentage organic modifier as well as 

different organic modifiers. In general, by decreasing the amount of 

organic modifier with respect to the aqueous portion, the peak w1 / 2 h 

values became larger. Table 4.1 shows the peak w1 / 2 h values for the 

4-Pheny1-1-buty1 DMS adsorbent as a function of solvent. The initial 

point of interest is the peak wl / 2 h values are essentially the same 

with 100% of the organic modifiers examined. The larger amount of 

associated organic modifier in the stationary phase increases the 

liquid-like characteristics of the bonded moiety. Decreasing the 

percentage organic modifier in the solvent shows a large change in the 

peak widths with methanol. From 100% to 60% methanol, the peak 

94 

becomes only slightly broader, suggesting a slight loss of the liquid

like character. Reducing the percentage methanol further shows larger 

peak widths for 40% methanol and even broader peaks for 20% methanol. 

Increasing the amount of water associated with the surface structures 

the bonded moiety on the surface as compared to the well solvated 

system. The lipophilic character of the bonded moiety in the hydro

philic environment reduces the motion of the phenyl ring. 

Chromatographic data have shown that the volume of the stationary phase 

has decreased by employing a smaller percentage of organic modifier. 

This further suggests that the bonded moiety is looking for a 

hydrocarbon environment to remove itself from the hydrophilic 

surroundings. It can find a lipophilic environment by inter or intra 



Table 4.1. Peak widths at half height (ppm) adsorbent: 4-Pheny1-1-
butyl DMS. 

% Organic 
Modifier MeOH MeCN THF 

100 10.3 11.0 11.1 

80 11.6 10.8 11.3 

60 11.6 11.6 11.0 

40 14.9 12.0 11.6 

20 19.1 12.6 11.6 

10 13.1 13.6 

5 13.6 
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molecular interactions as depicted in Figure 4.2. With the decrease in 

molecular motion of the bonded moiety. the peak wl / 2 h values increase. 

When employing acetonitrile as the organic modifier, there is 

an absence of the large change in peak wl / 2 h values. Instead a 

gradual increase in peak widths is observed. An interesting point to 

note is that acetonitrile is a stronger solvent than methanol and the 

peak wl / 2 h values do not begin to increase until a lower percentage of 

organic modifier is,reached. The solvation of the stationary phase by 

acetonitrile is greater than for methanol as exemplified by chromato

graphic data (Chapter 3). 

Tetrahydrofuran is a stronger organic solvent than acetonitrile 

(17). By the bonded moiety enriching itself with the organic modifier, 

no large changes in the peak widths are observed by decreasing the 

percentage modifier. With only 5% THF in the solvent, the peak wl / 2 h 

value remains unchanged from the 10% THF value. Even though there is 

more structuring of the stationary phase than with 100% THF, the lOv7er 

percentages do not result in extremely broad peaks as compared to the 

methanol data. Yonker (29) chromatographically investigated low 

percentages of THF in the mobile phase and determined that even with a 

small amount of THF in the mobile phase, the bonded moiety was able to 

enrich itself with the stronger solvent. The stationary phase remained 

more lipophilic in nature than a small amount of THF in the mobile 

phase would suggest. 



97 

Figure 4.2. Inter_ and intra-chain interactions of the bonded phase. 



CMR of 6-Phenyl-l-hexyl DMS Modified Adsorbent 

6_Phenyl-l-h~xyl DMS was the next bonded moiety studied. The 
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most obvious result in the CMR peak wl / 2 h values by increasing the 

length of the spacer arm is the marked decrease in peak w
l

/ 2 h values 

(Table 4.2). By placing the phenyl ring further from the surface, the 

phenyl ring resides in a more liquid-like environment than the four 

methylene counterpart. The apparent increased freedom of motion of the 

phenyl ring is observed for all the organic solvents investigated. The 

peak wl / 2 h values remained essentially unchanged for the pure organic 

modifiers examined. 

The peak wl / 2 h values began increasing with a lower percentage 

methanol in the solvent. With a 60% methanol solvent, the motion of 

the phenyl ring was significantly hindered, as expressed by the increase 

in the peak w1 / 2 h value. With 40% methanol the peak wl / 2 h value 

changed slightly, but with 20% methanol the peak had almost blended into 

the baseline and appeared as a perturbation in the baseline. The 

signa1-to-noise on the peak prevented a measurement being obtained. 

With acetonitrile as the organic modifier, the peak wl / 2 h 

values remained unchanged until 20% acetonitrile. Only at the lower 

percentages of organic modifier is the motion of the phenyl ring 

hampered. Again the greater organic solvent strength is apparent in 

solvating the bonded moiety. The enrichment of the organic modifier has 

been observed from chromatographic data also. 

Tetrahydrofuran again shows a relatively constant peak wl / 2 h 

value until 10% THF solvent is employed. As has previously been 



Table 4.2. Peak widths at half height (ppm) adsorbent: 6-Pheny1-1-
hexy1 DMS. 

% Organic 
Modifier MeOH MeCN THF 

100 7.6 7.3 8.1 

80 8.2 7.4 8.3 

60 11.3 7.8 8.4 

40 12.3 7.9 8.4 

20 * 9.2 8.7 

10 10.3 10.0 

5 12.0 

~~ Could not be measured. 
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expressed, the peaks become wider only at low percentages of THF. The 

ability of the bonded moiety to enrich itself with THF keeps the phenyl 

ring in a liquid-like environment. With 5% THF, the solvated layer 

becomes similarly structured to the 40% methanol solvent conditions. 

CMR of 8-Phenyl-l-octyl DMS Modified Adsorbent 

Increasing the spacer arm even further to 8 methylene groups 

showed no significant narrowing of the peak wl / 2 h values for conditions 

shown in Table 4.3. Berendsen and deGalan have previously reported 

that after 6 methylene groups from the surface, the interactions of the 

solute and the surface was minimized for a hydrocarbon bonded to the 

surface (25). With 8 methylene groups, the liquid-like environment of 

the phenyl ring was very similar to the environment with 6 methylene 

groups. 

Effect of Temperature 

The effect of temperature on the peak wl / 2 h values was 

investigated on the 6-Phenyl_l_hexyl DMS modified adsorbent. The 

solvent consisted of 60% methanol and 40% water. The CMR experiment was 

run to correspond to the chromatographic experiments for the temperature 

effects on retention described in Chapter 3. The temperature range was 

identical to the chromatographic experiment beginning at 55°C and 

concluding at 25°C. Over the temperature range investigated the 

peak wl / 2 h values remained essentially constant (Table 4.4). Because 

of the chromatographic behavior which had been observed, we were 

looking for a phYEical change in the nature~of the stationary phase that 



Table 4.3. Peak widths at half height (ppm) 75% methano1/25% water. 

Adsorbent 

6-Pheny1-1-hexy1 DMS 

8~Pheny1-1-octy1 DMS 

w1/2 h (ppm) 

9.9 

9.2 
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Table 4.4. Peak widths at half height (ppm), temperature effects 
adsorbent: 6-Pheny1-1-hexy1 DMS, 60% methano1/40% water. 

Temp (OC) . w1/ 2 h (ppm) 

.25 10.7 

30 10.7 

35 10.5 

40 10.2 

45 10.4 

50 11.0 

55 11.6 
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could be detected with CMR. Gilpin (68) has reported that temperatures 

above 60°C are needed to cause a CMR peak to sharpen for a polymeric 

octadecyl (C18 ) modified adsorbent in an aqueous solvent. Zwier (31) 

has shown that there was a sharpening for only one of the commercially 

available C18 modified adsorbents he investigated in an acetonitrile

water solvent system with increasing temperature. The C18 modified 

adsorbent with the largest amount of hydrocarbon attached to the surface 

showed the effects of temperature. The C18 modified adsorbents with 

less octadecyl groups bonded to the surface did not show the effect of 

temperature. Zwier also examined the CMR of an octyl (Ca) modified 

adsorbent. The peak wl / 2 h values did not appear to be affected by 

temperature. He reported the behavior of the C8 was expected from the 

rigid bristle-like chains of the bonded octyl moieties. The phenyl 

alkyl modified adsorbents appear to be similar to the octyl bristle_like 

chains on the surface. 

Summary 

CMR is an excellent technique to provide information about the 

environment of the bonded moiety in the stationary phase. The liquid

like nature of the bonded moiety was influenced by the chain length of 

the attached species. The motion of the bonded moiety was also 

influenced by the choice of organic modifier and the chemical composi

tion of the solvent. The physical nature of the stationary phase does 

change as a function of solvent conditions. The effect of temperature 

was not apparent in the motion of the bonded moiety. A possible 

explanation for the lack of observed motion with temperature is that the 
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experiments were not designed properly to observe the change. Further 

experiments should include 13c labeling the methylene groups in the 

middle of the chain and observe the temperature effects on the line 

wIdths of the methylene signal. 



CHAPTER 5 

PEPTIDE DIASTEREOISOMER SEPARATIONS 

Introduction -- Review of Diastereoisomer Separations 

Purification and/or analysis of the purity of peptides still 

presents a formidable challenge. A particularly interesting, and 

increasingly important aspect of this area is the separation of peptide , 

diastereoisomers in which one or more of the asymmetric centers in a 

peptide has been converted from an S (or R) configuration to the 

opposite configuration .. The effect of such configurational changes is 

to produce diastereoisomers which can have similar or quite different 

physical, chemical, and biological properties. Therefore, it is 

critical that analytical and preparative high performance liquid 

chromatography methods be found to separate these compounds. Some of 

.the most important and increasingly relevant reasons for developing 

methods for these separations include: 1) for determination of 

diastereoisomers in synthetic peptides which have resulted from the 

synthetic methods employed, or because amino acid derivatives were used 

in the synthesis which were not pure enantiomers. This is particularly 

important when examining synthetic peptides in which one or more of the 

amino acids is D-, since most of the commercially available D_amino 

acids have small amounts of the L-amino acid. 2) Introduction of 
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isotopes into peptides by total synthesis often is most efficiently 

accomplished by use of the racemic modification of the amino acid and 

subsequent separation of the diastereoisomeric peptides. 3) Structure_ 

function studies of biologically active peptides have shown that often 

diastereoisomeric analogs have interesting biological activities 

(e.g., antagonist, superagonist, or prolonged activity in ~). 

4) It has been observed that peptide diastereoisomers often have dif-

ferent conformational properties than their all L analogs. It would, 

therefore, be interesting to develop an understanding of the chromato-

graphic principles which can maximize diastereoisomer separations and 

provide insight into the effect of configurational change on conforma-

tional properties. 

Krummen (69) has reviewed the separation of several pharma-

ceutically important peptides by HPLC, including a few diastereoisomers 

of oxytocin and has summarized some very important parameters to , 

consider when attempting to chromatograph certain peptides. Analytical 

Chemistry biannually publishes a review on ion exchange and liquid 

column chromatography including some amino acid and peptide separations 

(70). 

In this reviewwewil1 examine the work which has appeared in the 

literature regarding peptide diastereoisomer separation by HPLC. We 

will try to emphasize how careful consideration of the properties of 

the stationary phase and mobile phase, as well as the characteristics 

of the peptide diastereoisomers, can lead to efficient analytical and 

preparative separation of these compounds. 
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Separation of Amino Acid and Dipeptide 
Diastereoisomers (Table 5.1) 

For HPLC separation of amino acid enantiomers, the enantiomer 

must be converted to a diastereoisomer either intramolecularly, by 

reaction with another chiral reagent, or intermolecularly, by the use of 

chiral stationary or mobile phases. Linder et al. (71) reported on the 

separation of 5-dimethylaminonapthalene-l-sulfonyl (Dns, dansyl) 

derivatives of amino acids on a reversed phase Cs column with the 

addition of a chiral metal chelate additive to the mobile phase. The 

mobile phase consisted of an aqueous ammonium acetate buffer with 

acetonitrile, tetrahydrofuran, or methanol as the organic modifier. The 

effects of pH and temperature were also reported. In this work the 

authors also report the separation of some dipeptide diastereoisomers 

without a derivatization step, again employing the same metal chelate 

additive to the mobile phase. 

Hare and Gil-Av (72) report the separation of amino acid 

enaniomers on an ion exchange column (Table 5.1). The mobile phase 

consisted of a sodium acetate buffer containing copper (II) sulfate with 

proline added as the chiral reagent. They reported that the separation 

was dependent upon the stereochemistry of the chiral eluent employed, 

and investigated the effects of ionic strength, pH, and temperature on 

the separations. Detection was via post column o-phthaladelhyde (o_PTH) 

derivatization and fluorometry, 

Cahill et al. (73) described the determination of DL amino acids 

after their conversion to dipeptide diastereoisomers utilizing an 

N-hydroxysuccinimide ester of a t-butyloxycarbonyl-l-amino acid. The 



Table 5.1. 
a Separations of amino acid derivatives and dipeptide diastereoisomers. 

Diastereoisomer 
sample 

AA-Dns Derivatives 

AA-Underivatized 

Dipeptides-Derivatized 
with Boc~-AA-OSu 

Dipeptides 

Dipeptides 

Dipeptides 

b Column 

C
8 

(made by authors) 

Ion exchange (DC_4a) 

LiChrosorb RP-8 
lJBondapak C18 
Phenyl Sil-X-l 
l1Bondapak NH2 
Nucleosil 5 CN 
Spherisorb SSW-ODS 
Spherisorb S5-phenyl 
ODS_Hypersil 

LiChrosorb RP_8 

PRP-l 

Mobile phase 

NH40Ac 
and chiral chelate 
agent & metal ion 

chiral copper 
proline complex 
NaOAc 

HeCN/phosphate 

MeOH/NH40Ac 

MeCN or EtOH 
phosphate 

HeCN/phosphate 

pH 

7 

5.5 

2.0 
7 :5 

3.47 
4.85 
7.00 

3.38 
5.82 
7.91 

1.56_1.75 
5.00-5.25 
11.00 

Detector 

UV & fluor. 

post column 
derivatization, 
o-PTH fluor. 

UV 
UV 

UV and RI 

UV 

uv 

a 
Abbreviations used are as follows: DNS, Dansyl~ AA, amino acid; OSu, NLhydroxylsuccinimide; UV, 

Ref. 

71 

72 

73 

74 

75 

76 

ultraviolet; RI, .refractive index; LH-RIl, luteinizing hormone releasing 'hormone; AVP, arginine vaso
pressin: THF, tetrahydrofuran: TEAA, triethylammonium acetate; TRlI, thyrotropin releasing hormone; 
TEAF, triethylammonium formate; TEAP, triethylammonium phosphate; NR, not reported; o-PTIl, 
o-phthalaldehyde 

b 
Refer to reference 89 for column identification and manufacturer. 

I-' 
o 
co 
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same approach was used for the derivatization and subsequent determina

tion of certain dipeptides, Several reversed phase columns were 

employed including a C1S and two different Cs columns. The mobile 

phases were an aqueous phosphate buffer, with added sodium chloride to 

adjust the ionic strength, and varying percentages of acetonitrile. 

Lundanes and Greibrokk (74) reported the separation of several 

dipeptides on two different C18 reversed phase columns with the mobile 

phase consisting of an aqueous ammonium acetate buffer and methanol. 

Their study of varying the percentage methanol in the mobile phase 

demonstrated that the column employed has a drastic effect upon the 

retention of diastereoisomers. THey also state that other C18 columns 

tested ~ere unable to separate the diastereoisomers. 

Kroeff and Pietrzyk (75) separated several dipeptide and tri

peptide diastereoisomers on a reversed phase C8 column. The mobile 

phase employed consisted of an aqueous phosphate buffer with controlled 

pH and ionic strength, and either ethanol or acetonitrile as the 

organic solvent. They investigated the separation as a function of the 

peptide structure~ eluent pH, solvent composition, and stereochemical 

properties of the peptides. This report also included a discussion of 

the influence of the 1ipophi1icities of the amino acids, and the rela

tionships of the lipophilic amino acid subunits to the charged sites, 

on retention. 

Iskandarani and Pietrzyk (76) report the separation of several 

di- and tri-peptide diastereoisomers on a porous po1ystyrene

diviny1benzene copolymer absorbent. One of the advantages of the 
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porous polymer over a silica gel packing is the pH range can be extended 

past the pH 2-7.5 range. ~he mobile phase employed consisted of an 

aqueous phosphate buffer, or HCl with NaCI added to adjust the ionic 

strength, with acetonitrile as the organic modifier. The effects of pH 

on the separation were investigated (Table 5.1). 

Separation of Biologically Active Peptide 
Diastereoisomers - (Table 5.2) 

The HPLC of selected enkephalin and endorphin diastereoisomer 

analogs was reported by Currie et al. (77). A phenyl column was 

employed with the mobile phase consisting of an aqueous ammonium 

acetate buffer and acetonitrile. The percentage of acetonitrile was 

varied to enhance the separation of the analogs. The relative retention 

of the peptides was reported to be sensitive to both the buffer con-

centration and the percentage of acetonitrile.~ Mousa et al. (78) also 

reported the separation of enkephalin diastereoisomers on a Cl8 column 

using an aqueous phosphate buffer and differing percentages of 

acetonitrile. In addition, they employed these HPLC systems to separate 

and quantitate the enkephalins for investigation of pharmacodynamics 

of enkephalin synthesis and release. 

Larsen et al. (79) reported the separation of several peptide 

diastereoisomers of oxytocin with a reversed phase CIS column using an 

aqueous ammonium acetate buffer at pH 4.0 and acetonitrile as the 

organic modifier. They later expanded the study to include the effects 

of pH, the concentration of the buffer, and the choice of organic 

modifier: acetonitrile, tetrahydrofuran, or dioxane (80). It is 
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Table 5.2. Separation of biological active peptide diastereoisomers. a 

Diastereoisomer b sample Column Mobile Phase pH Detector Ref': 

Enkephalin llBondapak Phenyl MeCN/NH4OAc 4.5 UV 77 
Endorphin 

Met & Leu Ultrasphere ODS MeCN/phosphate 2.1 UV 78 
Enkephalin 

Oxytocin llBondapak C18 MeCN/NH40Ac 4.0 UV 79 

Oxytocin llBondapak C18 MeCN, THF or 4.0 UV 80 
dioxane/NH40Ac 

" 

Oxytocin Partisil 10 ODS MeCN/NH40Ac l •• O UV 81 

AVP llBondapak Cl MeOH, MeCN or 4.0 UV 20 
Spherisorb oBs THF/TEAA 
LiChrosorb RP-18 
LiChrosorb RP_8 

LlLRH 
TRH llBondapak C18 MeCN/NH40Ac 4.0 UV 82 
Somatostatin 

LH-RH llBondapak g~8 MeCN/TEAF 3.0 UV 83 
llBondapak TEAP 

LH-RH llBondapak CN MeCN/TEAP 3.0 UV 84 
llBondapak Phenyl 
llBondapak C18 

LlLRH ODS-Hypersil MeCN/phosphate 6.5 UV 85 

Somatostatin llBondapak C18 MeCN/NH40Ac 5.1 UV 86 

Secretin LiChrosorb RP-18 MeOR/R20/HOAc NR UV, RI 87 

Secretin LiChrosorb RP_18 He OR or MeCN / NR . UV 88 
Nucleosil C18 Trifluoroacetic 
Polygosil CN acid or 6.0 
Polygosil Phenyl phosphate buffer 

a Refer to Table 5.l. 
b Refer to Table 5.l. 
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interesting to note that the elution order of the diastereoisomers was 

dependent upon the organic modifier employed. The optimization of the 

separation was a function of several parameters. Upon optimization of 

the separation, conditions, these authors reported a preparative 

separation of the diastereoisomers of a [3-D~[2_l3C]leucine]oxytocin 

mixture and of a [S_DL-]2_ l3C]leucine]oxytocin mixture by HPLC (Sl). 

The former diastereoisomeric mixture could not be separated by partition 

chromatography methods. 

Blevins et al. (20) reported the separation of several diastereo

isomers of arginine vasopressin on several CIS columns and a single Cs 
column. In addition, they varied the concentrations of the aqueous 

triethylammonium acetate (TEAA) buffer, the organic modifier (either 

methanol, acetonitrile, or tetrahydrofuran), and the percentage of 

organic modifier in the mobile phase. They determined that the elution 

order of the peptides was dependent upon which CIS column was employed. 

Burgus and Rivier (S2) report the separation of several 

luteinizing hormone releasing hormone (LHLRH) diastereoisomeric analogs 

on a reveTsed phase CIS column with an aqueous ammonium acetate buffer, 

and acetonitrile or ethanol as the organic modifier in the mobile phase. 

In this article, they also report the separation of several somatostatin 

analogs, and the use of HPLC to characterize thyrotropin releasing 

hormone (TRH). The method is sensitive enough to determine as little 

as 0.7% [D-His2]TRH in the presence of all L TRH. Rivier et al. (S3,S4) 

later report the separation of LH-RH diastereoisomers employing 

different buffer systems. They evaluated an aqueous triethylammonium 
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formate (TEAF) buffer and an aqueous triethylammonium phosphate (TEAP) 

buffer, and state that even though TEAF is volatile, TEAP is favored 

for some separations because of improved resolution for the separation 

of unprotected peptides, and higher recovery of the peptides even 

though desalting of the isolated peptides is necessary. TEAP is also 

advantageous because it is UV transparent down to 195 nm. Sertl et al. 

(85) also reported the separation of LH-RH diastereoisomers by HPLC 

employing a C18 column and an aqueous phosphate buffer and acetonitrile 

mixture as the mobile phase. The effects of the sample matrix on the 

determination were reported. 

Meyers et al. (86) reported the separation of several diastereo_ 

isomeric analogs of somatostatin by HPLC. A reversed phase C18 column 

was employed with an aqueous ammonium acetate (pH 4.1) buffer and 

acetonitrile as the mobile phase. They used HPLC to check the purity of 

the final peptides. 

Bakkum et al. (87) reported the separation of several protected 

analogs of secretin diastereoisomers on a C18 column with a methanol, 

water, acetic acid mixture as the mobile phase. They demonstrated that 

HPLC is an excellent method for the analysis of peptides synthesized by 

a sequential strategy. Voskamp et al. (88) also reported the reversed 

phase separation of several secretin diastereoisomers on a C18 column 

with a methanol water trifluoroacetic acid mobile phase eluent. , , 
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Discussion 

Chromatographic systems which utilize a hydrocarbon bonded to a 

solid silica support material as an absorbent are commonly referred to 

as reversed phase systems. Reversed phase simply implies that the 

effective stationary phase is .less polar than the mobile phase. In 

order to discuss the interaction between the solute molecules and the 

mobile and stationary phases which are responsible for the chromato- ~ 

graphic selectivity, it is necessary to recognize the chemical and 

physical nature of the effective stationary phase. The stationary phase 

consists of the solid support and the bonded hydrocarbon, both of which 

are solvated by the components of the mobile phase. Therefore, a 

change in the chemical composition of the mobile phase not only changes 

the eluting strength of this phase but also changes the retentive nature 

of the stationary phase. The chromatographic behavior of a diastereo

isomer in different solvent systems must, therefore, be considered in 

terms of the changes occurring in both phases. 

The most common type of bonded species employed for the separa

tion of diastereoisomers has been an octadecyl group chemically bonded 

to the chromatographic support. Some of the octadecyl modified silica 

gels are more commonly denoted as ODS, RP-lS, or CIS' Other chemically 

bonded species include an octyl group (CS or RP-S) , a dimethyl group 

(RP-2), a phenyl, a propylcyano, or a propylamino function group. 

The separation of peptide diastereoisomers is particularly 

sensitive to the differences in the composition of the stationary phase. 

If the individual is not aware of the mechanism which dictates the 
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selectivity for HPLC frustration can result. Research has shown that , 

not all octadecyl columns have identical separation characteristics. 

The selectivity of the octadecyl column is a function of the amount of 

hydrocarbon bonded per unit area of the available surface. In addition, 

the. chemical composition of the stationary phase is a function of 

unreacted surface available to the mobile phase components. The nature 

of the stationary phase is also influenced by "endcapping," a 

technique used which attempts to reduce the number of residual silanols 

on the surface by reacting the chemically modified silica with a 

smaller organosilane such as trimethylchlorosilane. However, even 

columns made by the same manufacturer suffer from a lack of repro-

ducibility.· This has given HPLC a bad name in some instances 'which is 

unjustified. 

Despite these problems, high performance liquid chromatography 

has been widely used for trace determination of specific pep tides in 

physiological fluids and for purification of synthetic peptides for 

biological, chemical, and biophysical studies. The synthesis of 

specific diastereoisomer analogs of naturally occurring peptides has 

proven to be a valuable tool for evaluating the role of specific amino 

acid residues in determining the biological activity of a variety of 

peptide hormones. In addition, recent studies in our laboratory 

indicate that the highly selective interactions of the peptides with the 

chromatographic stationary phase can be used to obtain information 

about the topological properties of these molecules. Chromatographic 

studies of these diastereoisomers have been shown to provide unique 



116 

insight into the changes in structure which occur upon substitution of 

a single D amino acid residue in.to the peptide. 

Scientific studies employing peptide diastereoisomers have 

always been plagued by the problem of ensuring that only the desired 

diastereoisomer is present. HPLC has provided a highly sensitive tech

nique for checking the purity of specific peptide diastereoisomers and, 

if necessary, can also provide a method for purification on a 

preparative scale. A variety of mobile and stationary phases has been 

reported in the literature (Table 5.1, Table 5.2) and it has become 

clear that there is an interrelationship between the two in determining 

the selectivity between the diastereoisomers. 

Bonded phase HPLC has been demonstrated to be a valuable tech-· 

nique for the separation of peptide diastereoisomer under a variety of 

conditions. The applications which have been reported to date represent 

only the beginning efforts of a limited number of researches and a broad 

range of applications can be expected in the near future. In addition 

to the analytical and preparative experiments which have been reported, 

bonded phase chromatography offers the potential of providing structure

function information. Correlation of the retention of biologically 

active compounds on a lipophilic stationary phase with biological 

activity should be possible given a better understanding of the chemical 

and physical nature of the adsorbent surface. 



Factors Affecting the Separation of Arginine Vasopressin 
Peptide Diastereoisomers by HPLC 

Introduction 

A chromatographic study of arginine vasopressin (AVP) 
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(Figure 5.1) and severa~ analogs where one amino acid had been changed 

to the D configuration is presented in this section. AVP has a 

molecular weight of 1084 and is one of the neurohypophyseal hormones 

found in mammals including man. In position 1 there is a half-cystine, 

2 tyrosine, 3 phenylalanine, 4 glutamine, 5 asparagine, 6 half-cystine, 

7 proline
t 

8 arginine and position 9 glycinamide. The peptides studied 

include the naturally occurring all ~ configuration hormone and the 

following peptides with single amino acid substitutions with the D-

configuration: [l-hemi-D-cystine]_AVP (l-Hemi-D-Cys), [2-D_tyrosine]-
- --

AVP (2-Q-Tyr), [4_~glutamine]-AVP (4_£-Gln), and [8_~_arginine]_AVP 

(8-Q-Arg) • 

The experimental parameters and conditions for the reverse phase 

HPLC separation of the peptide diastereoisomers examined are presented. 

We have also examined the effects of reverse phase supports and 

solvents on the separation of the diastereoisomers. The data obtained 

provides further insight into the underlying physical_chemical processes 

which affect the separation of the diastereoisomers, and permits us to 

discuss these in terms of the differential topological structure of the 

hormones. 
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Figure 5.1. Structure of argine vasopressin (AVP). _- The numbers 
(1,2,3, etc.) correspond to the residue from the N~ 
terminal half cystine-1 to the C-termina1 glycinamide-9. 
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Materials and Methods 

Synthesis and Purification of Peptides. Arginine vasopressin 

(AVP) and most of the diastereoisomers of AVP used in this study were 

synthesized in our laboratory by the solid phase synthesis method (15). 

The solid phase methods were similar to those previously used in our 

laboratory for preparing arginine vasopressin and related analogs (97, 

98). The compounds were separated from related diastereoisomers and 

purified by partition chromatography on Sephadex G-25 (97,99) using 

purified solvents as previously reported (100). A final purification 

on Sephadex G-25 using 0.2 N aqueous acetic acid as eluent solvent was 

always utilized. The sources for the various compounds are as follows: 

1) arginine vasopressin was prepared and purified as previously 

reported (97)~ 2) [2-~tyrosine, 8-arginine]-vasopressin (96,97); 

3) [1-hemi-~-~-2H1]cystine, 8~arginine]-vasopressin (97)~ 4) [8-g

arginine]-vasopressin was a generous gift from Dr. Maurice Manning, 

Department of Biochemistry, Medical College of Ohio at Toledo; 

50 [4_Q-g1utamine, 8-arginine]_vasopressin was prepared by Dr. V. 

Viswanatha using the solid phase method, and N-Boc-~glutamine with 

dicyc1ohexy1carbodiimide and N-hydroxybenzotriazo1e for coupling this 

protected amino acid to the growing peptide chai.n (101). The general 

methodology used for the rest of the synthesis followed closely the 

procedures of Yamamoto et a1. (97). Following preparation of ; 

H-Cys(DMB)-Tyr(Bzl)-Phe-~-Gln-Asn-Cys(DMB)_PrO-Arg(Tos)-G1y-O-Resin, 

the peptide was cleaved from the resin by ammonolysis in anhydrous 

methanol. The protecting groups were removed by sodium in liquid 
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ammonia, the peptide oxidized by 0.01 N K3Fe(CN)6' and then purified by 

partition chromatography on Sephadex G-25 in the usual manner (97) 

followed by gel filtration on Sephadex G_25. The purity of the peptides 

was established by quantitative amino acid analysis, thin layer 

chromatography in three or four-solvent systems, optical rotation, 

elemental analysis, and by analytical HPLC analysis. The solvent 

systems used for (TLC) were l-butano1-acetic acid-water (4:1:5, upper 

phase only): l-butano1-acetic acid-pyridine-water (15:3:10:12); 

1-pentano1-pyridine-water (7:7:6); and ethyl acetate-pyridine-acetic 

acid-water (5:5:1:3). 

Reagents. The mobile phase used for all HPLC procedures was 

composed of a triethylamine-acetic acid buffer (TEA-HOAc) (Solvent A) 

combined with a water miscible organic solvent (Solvent B). Solvent A 

was prepared by diluting the desired volume of acetic acid (J. T. Baker, 

Phillipsburg, NJ) in 950 ml of water and titrating the solution to a pH 

of 4.0 using triethylamine (TEA) (Mallinkrodt, St. Louis, MO) and then 

adjusting the total volume to 1 liter. It should be recognized that 

the pH values reported in this work are those of the aqueous buffer 

measured before addition of the organic modifier. The organic portion 

either methanol (MeOH), acetonitrile (MeCN) or tetrahydrofuran (THF) 

(Burdick and Jackson, Muskegon, MI), used without further purification. 

The solvents were filtered and degassed as previously reported (92). 
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Apparatus. The HPLC equipment used was the same as that pre

viously reported (80) except for the following. The peaks were 

monitored at 280 nm using the Model 440 absorbance detector and also 

were monitored at 215 nm using a Model 450 variable wavelength 

absorbance detector (Waters Associates, Milford, MA). The columns used 

in this study are described in Table 5.3. 

Chromatographic Study. The data was computed and reported as 

in our previous work (92). Retention measurements will be discussed in 

terms of the capacity factor, k', and in terms of the relative reten

tion, a, which is the ratio of the k' of -the particular diastereoisomer 

to that of the naturally occurring AVP. 

The objective of this study was to see what effect changes in 

organic modifier, buffer strength and stati.onary phase composition would 

have on the relative retention of the diastereoisomers examined. The 

study consisted of the following experiments. First using ap-Bondapak 

C18 column and holding the k' of AVP within a range of 5 to 7, the 

peptides were chromatographed using the solvent systems listed in 

Table 5.4. The second series of experiments examined the effect on 

a values when the percent carbon load of the stationary phase was varied. 

Holding the solvent system constant (0.05 M TEA-HOAc combined with 10% 

THF) , the diastereoisomers were also chromatographed on a LiChrosorb 

RP-18 and a Spherisorb ODS column (Table 5.3). Finally, we wished to 

determine what effect the hydrocarbon chain length on the stationary 

phase would have on the a values. The diastereoisomers were therefore 



Table 5.3. Column characteristics. 

% Carbon Endcapped Column 
Column (by wt) (yiN) Dimensions 

Spherisorb ODS (a) 5 N 250 x 3mm 

~-Bondapak C18(b) 10 Y 300 x 3.9 

LiChrosorb RP-18 (c) 20 N 250 x 4.6 

LiChrosorb RP-8(c) 12 N 250 x 2.1 

(a) Phase Separation Ltd., Queensferry, Clwyd, UK. 
(b) Waters Associates, Milford, MA. 
(c) E. M. Laboratories, Darmstadt, Germany 
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Flow rate 
(mL/min) 

id 2.0 

2.0 

2.0 

1.0 
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Table 5.4. Solvent conditions on the ~_Bondapak C18 ~olumn. 

% Organic Phase Cone. of Buffer (M) 

MeOH 25 0.025 
25 0.050 

MeCN 12 0.025 
12 0.050 

THF 10 0.050 
7 0.025 
6 0.050 
6 0.075 
4 (a) 0.075 

(a) Injected only AVP, [8-D-Arg]-AVP, and [4-D-Gln]-AVP. 



chromatographed on a LiChrosorb RP-8 column using a mobile phase con

sisting of 0.05 M TEA-HOAc combined with 7% TEF. 

Results 

The series of experiments performed were designed to provide 

separation of the peptide diastereoisomers but more importantly to 
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allow us to differentiate between the contribution of the mobile phase 

composition vs that of the stationary phase composition to the elution 

order and selectivity. The v'ariations in mobile phase composition which 

were studied are shown in Table 5.4. We observed that in most cases 

separation wgS obtained, but the selectivity of the system does change 

as a function of the organic modifier. 

In order to allow for comparison from solvent to solvent~ the 

capacity factor, k', for AVP was held relatively constant for the 

different mobile phases investigated. For purposes of identification 

each compound was injected ~oth in a mixture and, if necessary, 

individually in order to ·confirm the order of elution. 

The capacity factors and relative retentions for the peptides 

with methanol as the mobile phase organic modifier using the ~-Bondapak 

C18 column are shown in Table 5.5. The value of 25% MeOH was used 

because it seemed to provide reasonable separation of the peptides with 

respect to time. The order of elution was found to be AVP > 8_~-Arg > 

4-Q-Gln > 2-D-Tyr l-Hemi-~-Cys. Increasing the acetate concentration 

leads to a decrease in the retention volume of, all species. Even 

though the capacity factors are decreased, the relative retentions 

remain essentially unchanged. 



Table 5.5. ~-Bon~apak ~lR elution profile with methanol as the 
organ~c mod~fier. 
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Table 5.6 shows the capacity factors and relative retentions of 

the peptides with acetonitrile as the mobile phase organic modifier. 

The value of 12% MeCN was used because it provided approximately the 

same capacity factor for AVP as did 25% MeOH. The order of elution 

remained unchanged. Again, an increase in the acetate concentration 

caused the peaks to be eluted faster even though the relative reten, 
tions did not change significantly. 

Table 5.7 shows the capacity factors and the relative retentions 

of the peptide with tetrahydrofuran as the mobile phase organic modifier. 

The percentage organic modifier was determined for reasons stated 

earlier. Again, the order of elution remained the same. The effects 

of decreasing the concentration of the organic modifier and increasing 

the buffer concentration is shown (Table 5.7) when changing from 7% THF, 

0.025 M TEA-HOAc to 6% THF, 0.05 M TEA-HOAc. All of the peptides 

except l-Hemi-Q-Cys-AVP showed a slight decrease in k' and their 

retention relative to AVP remained constant. However, the l-Hemi-D-

Cys AVP showed both an increase in its k' as well as in its relative 

retention. On the other hand, by keeping the percentage organic 

modifier constant (6%) and increasing the buffer concentration, the 

capacity factors decrease, but the relative retentions remain 

essentially. constant. 

Figure 5.2 shows the effect of the different organic modifiers 

with the same buffer concentration. The relative retentions of the 

peptides decrease when comparing MeOH to MeGN. but increase for some 

when comparing to THF. Clearly solvent strength arguments are not 

adequate to describe th5.s chromatographic behavior. 



Table 5.6. ~~Bondapak C18 elution profile with acetonitrile as the 
organic modiI1er. 

12% MeCN 12% MeCN 
0.025 M TEA-HOAc pH 4.0 0.05 M TEA-HOAc pH 4.0 

AVP Analog k' a. k' a. 

AVP 9.16 1.00 7.01 1.00 
8-I>-Arg 10.57 ·1.15 8.03 1.15 
4-D-G1n 10.57 1.15 8.13 1.16 
2-Q.-Tyr 16.29 1. 78 12.36 1. 76 
l-Hemi-,Q-Cys 42.50 4.64 32.11 4.58 

127 



128 

Table 5.7. ~-Bondapak CIS elution profile with tetrahydrofuran as the 
organic modifier. 

7% THF 6% THF 6% THF 
0.025 M TEA- 0.05 M TEA- 0.075 M TEA-
HOAc pH 4.0 HOAc pH 4.0 HOAc pH 4.0 

AVP Analog k' Cl k' Cl k' Cl ---- --
AVP 7.43 1.00 7.11 1.00 6.73 1.00 
8-~-Arg 8.29 1.12 7.93 1.12 7.54 1.12 
4-.Q-G1n 9.03 1.22 8.87 1.25 8.44 1.25 
2-Q-Tyr 16.56 2.23 15.84 2.23 14.87 2.21 
1-Hemi-Q-Cys 22.29 3.00 23.13 3.25 22.17 3.29 
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In the next series of experiments the diastereoisomers were 

subjected to chromatography holding the mobile phase constant and 

varying the hydrocarbon composition of the stationary phase. The 

columns investigated are shown in Table 5.3. The elution order of the 

diastereoisomers was shown to be dependent on the amount of C18 hydro

carbon bonded to the surface of the support (Figure 5.3). The elution 

order on the ~-Bondapak Cl8 (Table 5.3) column is (Figure 5.3) 

AVP > 8-D-Arg > 4-]-Gln > 2-~-Tyr > l-Hemi-~-Cys. On the Spherisorb ODS 

column the 4 D GIn and 8 D Arg AVP reverse elution order and on the 

LiChrosorb RP-18 column the 2-Q-Tyr and l-Hemi-Q-Cys-AVP reverse 

elution order. 

The elution profile of the LiChrosorb RP-8 column (Table 5.3) 

with 7% THF and 0.05 M TEA-HOAc pH 4.0 compared to the ~-Bondapak Cl8 

column with 7% THF and 0.025 M TEA-HOAc pH 4.0 is shown in Table 5.8. 

It was observed that the elution order of 4-Q-Gln- and 8-~-Arg-AVP was 

reversed. If one compares the elution order and the relative retention 

of the C8 column to the Spherisorb ODS column (Table 5.8), no 

significant changes are observed. 

Figure 5.4 shows a typical chromatogram of the separation of the 

peptides on the ~-Bondapak Cl8 column using 6% THF and 0.075 M 

TEA-HOAc pH 4.0 as the mobile phase. To further show the separation of 

AVP, 8-n-Arg-, and 4-n-Gln-AVP, the percentage THF was decreased to 4% 

(Table 5.4) and the chromatogram in Figure 5.5 was obtained. Even 

though the retention time was increased, the relative retention 

remained unchanged. 
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Table 5.8. Effect of hydrocarbon chain length of the bonded phase. 

LiChrosorb RP 8 ll-Bondapak C 18 
7% THF 7% THF 

0.05 M TEA-OAc pH 4.0 0.025 M TEA-OAc pH 4.0 

2 ' ex k' ex 

AVP 9.77 1.00 5.29 1.00 

8-D-Arg 11.79 1.21 6.00 1.13 

4-·D-G1n 10.46 1.07 6.65 1.26 

2-D-Tyr 19.38 1.98 12.44 2.35 

1-Hemi-D-Cys 22.04 2.26 15.99 3.02 
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Adjusting the pH to 6.0 caused a drastic increase in retention 

for all species and a loss of all resolution (unpublished results). 

Discussion 

The effects of changing the buffer concentrations with different 

organic modifiers were investigated. The ~·Bondapak C18 column 

(Table 5.3) was used for this study. In all cases it was observed that 

an increase in buffer concentration results in a decrease in the 

capacity factors. The more ,rapid elution can be explained by a greater 

solubility of the peptides in the mobile phase at the higher concentra

tion of buffer. Even though k' s change, the relative, retentions do not 

change signi,ficant1y. This indicates the"refore that the selectivity is 

determined by the stationary phase. 

A comparison of the retention parameters of these species as a 

function of the different organic modifiers with the same aqueous 

buffer (Figure 5.2) shows that the absolute retention of the AVP and 

its diastereoisomers is a function of the organic modifier solvent 

strength (102). The capacity factor for AVP is held to a value of 5 to 

7 by adjusting the fraction of organic modifier used. However, the 

relative retention of the diastereoisomers is seen to vary depending on 

the choice of organic modifier. For example, even though THF is 

considered a stronger solvent than either MeOH or MeCN, 2-~-Tyr-AVP has 

an increase in its relative retention in THF. A more precise way to 

interpret this behavior is to consider that THF and MeCN are more 

effective in solvating the bonded phase than is MeOH. This solvation 

of the surface determines the chemical composition of the effective 
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stationary phase. Interactions of the solute molecules with the 

stationary phases therefore will be a function of the amount of hydro

carbon bonded to tpe surface and the components of the mobile phase 

associated with both the silica substrate and the bonded hydrocarbon. 

The next parameter investigated was the effects of different 

percent carbon of the bonded phase (Table 5.3). Previous work in our 

laboratory has shown that there is a significant difference in the 

effective concentrations of hydrocarbon in the stationary phase of the 

three C18 packing materials (18,30,31). The data shown in Figure 5.3 

demonstrates that tqe order of elution as well as the retention of the 

diastereoisomers relative to the parent compound is a function of the 

amount of hydrocarbon bonded to the surface. The lightly loaded 

Spherisorb ODS (5% C) provided the greatest dispersion, i.e. difference 

in relative retention of all of the diastereoisomers. The p-Bondapak 

Cl8 column (10% C) showed an increase in the retention of both the 

2-Q-Tyr- and the l-Hemi-»-Cys-AVP and a decrease in the retention of the 

8-]-Arg-AVP. The increase in attraction of the 2-Q-Tyr- and l-Hemi-Q

Cys-AVP is a very strong indication that the conformations of these 

diastereoisomers provide a greater exposure of lipophilic moieties. 

This increased exposure interacts more strongly with the stationary 

phase which has been made more non polar by the increase in the hydro_ 

carbon content. The decrease in the relative retention of the&n-Arg 

AVP implies that this diastereoisomer becomes more like the native 

hormone in its ability to interact with a non polar environment. 



Further increasing the hydrocarbon content of the stationary 

phase (see the LiChrosorb RP 18 column (20% C», which also increases 

the amount of organic modifier associated with the bonded phase, 
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provides an even more non-polar stationary phase. These changes result 

~n the 8-]-Arg-AVP eluting even closer to the native hormone indicating 

that the lipophilic properties of the two molecules are very similar. 

The increase in the relative retention of the 2-~-Tyr analog can be 

explained on the basis that the aromatic groups are more exposed and 

thus are more available for interaction with the lipophilic stationary 

phase. This increase in the lipophilic nature is consistent with the 

Nuclear Magnetic Resonance (NMR) studies of the conformational properties 

of these molecules (103,104). For example, lH NMR studies indicate the 

aromatic rings of Tyr 2 and Pbe3 in AVP interact intramolecu1ar1y (103), 

while the l3C NMR studies (104) of 2-]-Tyr-AVP indicate the interaction 

is disrupted, making the lipophilic side chains at positions 2 and 3 

more accessible for interaction with the stationary phase in this 

diastereoisomer. The much longer retention time for l-Hemi-~-Cys-AVP 

relative to AVP indicates that by changing the relationship of the 

Half-Cys-l terminal amino groups (which is charged at the pH of this 

study) and the Tyr-2 side chain, the latter lipophilic side chain 

becomes much more accessible for interaction with the lipophilic 

stationary phase. This is consistent with circular dichroism studies 

which have suggested that local structural rigidity in this part of the 

AVP molecule is in part a result of interaction of the 1 and 2 residues 

(105,106), and l3C NMR studies (104) which indicfttes that this 
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structural feature is disrupted in the 1-Hemi-]-Cys analog. The fact 

that the 1-Hemi-]-Cys analog is now retained less than the 2-~-Tyr 

analog, shows how sensitive the interaction of these molecules with a 

non-polar phase is to changes 'in this position. However, it is 

interesting to note that the retention time o,f the 1- Hemi-1?-Cys analog 

is not affected by changes in the hydrocarbon content of the stationary 

phase. This is undoubtedly due to a trade off between the greater 

attractive interaction between the more exposed Tyr-2 side chain and 

the repulsive interaction of the charge~, and more exposed, terminal 

amino group in the 1-Hemi-]-Cys analog, which results in an increased 

but relatively constant interaction of the molecule with the different 

stationary phases. 

The 4-D-G1n diastereoisomer is only slightly affected by the 

increase in the non polar nature of the stationary phase. While it is 

more strongly retained than the native hormone, its chromatographic 

behavior does not represent a large increase in selective interaction. 

This suggests that the conformation of this diastereoisomers and of AVP 

are very similar, as was also reported for the 4-1?-G1n oxytocin and 

oxytocin case (80). 

The next variable examined was the effect of the hydrocarbon 

chain length. This was done by comparing the elution of the diastereo

isomers from the ~-Bondapak C18 column to that of the LiChrosorb RP-S 

column (Table 5.3). As seen in Table 5.8 the relative retentions of 

the peptides are less on the RP S column except for 8-~-Arg-AVP. The 

S-»-Arg-AVP is more strongly attracted to the Cs stationary phase than to 

the ~-Bondapak C1S stationary phase. If one compares the ODS column 
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(Table 5.3) to RP-S column, it is observed that the order of elution 

does not change and the relative retentions remain essentially constant. 

This would suggest that the 12% carbon-by-weight in the Cs column is 

similar to the 5% carbon by weight ODS column. While the Cs column has 

approximately twice as much hydrocarbon bonded to the surface as does 

the ODS column (5% C) the composition of the stationary phases on these 

two columns is quite similar. The very different retention of these 

species on the ~-Bondapak CIS column (10% C) clearly shows the carbon 

chain length of the bonded phase along with its surface coverage 

determines the composition of the stationary phase but that the chain 

length itself does not determine the specific intera~tion. 

The type of info~ation obtained chromatographically is 

complementary to other techniques used for studying topochemistry, and 

gives a good indication of the chemical interactions possible. Further 

studies on a heavily loaded bonded phase which can represent a lipid-' 

like layer needs to be performed. If one is to use the chromatographic 

behavior of the molecule as a diagnostic tool, it will be necessary to 

have a more complete understanding of the chemical nature of the 

stationary phase. 

Introduction 

Role of t!.'l~_'!!.'l~rd _Mobile Phas~_ SoJ.J?:ent 
in Bonded Phase Chromatography 

Selectivity in high performance liquid chromatography (HPLC) 

involves both the mobile phase and the stationary phase (lS,20,3l,35. 

92,107_110). The role of the mobile phase is dual in nature. Its 
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solvent strength determines the elution parameter, or the capacity 

factor (k'), and in combination with the bonded phase and silica 

support, determines the stationary phase composition (Figure 1.3). The 

particular chemical nature of the mobile phase and its interaction with 

the bonded C18 and silica surface determines the relative migration or 

selectivity (a). 

The composition of the stationary phase, and thus the 

selectivity, can be varied dynamically by the addition of a third 

component to the mobile phase. The goals of dynamic column modification 

include expansion of the selectivity (a) of a particular column, and to 

enable one to reproduce reported elution orders for qualitative identi-

fication without having to purchase the identical column. Not all 

manufacturer's C18 bonded phases are chemically identical (20,111). 

Subtle changes in selectivity by the addition of a third 

solvent can be demonstrated by the separation of peptide diastereo-

isomers. The chromatographic behavior of the molecules is very 

sensitive to stationary phase composition changes. The objective of 

this study was to observe the effect that addition of a'third solvent 

to the mobile phase has on the relative retention on several different 

percent carbon~by-weight C18 packing materials. 

Experimental 

The chromatographic system consisted of a Spectra Physics 8700 

liquid chromatograph equipped with an 8200 UV detector (254A). The 

data were collected on a Spectra Physics 4100 integrator. Flow rates 

through the columas were 2.0 mL/min. The column characteristics and 
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description of solvent systems appear in Tables 5.9 and 5.10, 

respectively. The aqueous solution was prepared by diluting 2.90 mL of 

acetic acid (HOAc) (J. T. Baker, Phillipsburg, NJ) in 950 mL of 

deionized water, distilled from permanganate, titrating the solution to 

pH 4.0 with triethylamine (TEA) (Matheson, Coleman, and Bell, Cincinnati, 

OH) and then adjusting the total volume to one liter. (The pH values 

were those of the aqueous buffer measured before addition of the organic 

modifier.) The organic solvents were reagent grade methanol (MeOH), 

acetonitrile (MeCN), or tetrahydrofuran (THF) (Ma11inckrodc St. Louis, • 

MO), purified in our laboratory prior to use (112). All solvents were 

filtered according to the procedure described in previous studies (92). 

Solvent degassing was accomplished by a helium purge. 

The samples were oxytocin and three oxytocin diastereoisomers , 
where a single b amino acid had been substituted with the Q amino acid. 

Oxytocin (OXY) was selected as the reference solute because it is the 

naturally occurring peptide and serves as the basis for relating the 

chromatographic behavior of the diastereoisomers. [l-hemi-D-cystine 

oxytocin], (l-Hemi-~-Cys) and [2-~-tyrosine] oxytocin, (2-~-Tyr) were 

selected because of the change in elution order which has been observed 

with THF in the mobile phase (80). [6-h~mi-Q-cystine] oxytocin 

(6-Hemi-~-Cys) was se1ect2d because of its relative consistency in 

chromatographic behavior as a function of mobile phase composition. 

The data were computed and reported as in previous works (92). 

Retention measurements will be discussed in terms of the capacity 

factor, k', and in terms of the relative retention, ~, which is a 



Table 5.9. Packing material characteristics of the columns examined. 

··----··-··--···i ·Carb-oU--End·~apped? 
-Column Particle Size Column Dimensions (by wt.) (yIN) 

Spherisorb ODS (a) 5 lim 250 x 4.6 mm i.d. 5 N 

pBondapak C18 (b) 10 lim 300 x 3.9 mm i.d. 10 Y 

U1trasphere ODS (c) 5 lim 250 x 4.6 mm i.d. 12 Y 

LiChrosorb RP~18 (d,e) 10 pm 250 x 4.6 mm i.d. 20 N 

(a) Phase Separation Ltd., Queensferry, C1wyd, U.K. 

(b) Waters Associates, Mi1ford,MA 

(c) Altex Associates, Berkeley, CA 

(d) E. M. Laboratories, Darmstadt, Germany 

(e) Packed in our laboratory using a slurry technique. 

(f) Manufacturer's values (89) 

Surface Area 

2 220 m Ig 

2 325 m Ig 

2 200 m Ig 

2 150 m Ig 

f 

...... 
-!:>
N 
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Table 5.10. Solvent systems examined for investigation of the role of 
the third mobile phase solvent. -- (Percentage ratio of 
A/B/Ca ! Bufferb/MeCN/THF respectively). 

lJBondapak C18 Spherisorb ODS U1trasphere ODS LiChrosorb 

82/18/0 82/18/0 82/18/0 82/18/0 

82/16/2 82/17/1 82/17/1 82/17/1 

82/14/4 82/10/8 82/10/8 82/10/8 

82/12/6 75/20/5c 

82/10/8 

84/8/8 

86/6/8 

(a) A/B/C refers to the solvent reservoir system on the 8700 
instrument. 

(b) Buffer = 0.05 M TEA-HOAc, pH 4.0 

(c) MeOH was added instead of THF for solvent C. 

RP-18 



144 

ratio of a particular diastereoisomer's k' to that of the naturally 

occurring oxytocin. 

The study consisted of the following experiments. With the 

llBondapak C18 column (k' approximately 5 for oxytocin) the peptides were 

chromatographed using the binary solvent system'(Tab1e 5.10). A 

second series of experiments examined the effects on a values when a 

third solvent was introduced into the mobile phase on the same column. 

The experiments involved decreasing the percentage of MeCN and increasing 

the percentage THF in two percent increments while keeping the aqueous 

portion constant. In addition the chromatographic effects of increasing 

the aqueous portion and decreasing the MeCN in two percent increments 

while keeping the percentage THF constant were also obtained. 

The effects of the ternary solvent mobile phase system on 

several different Cl8 modified packing materials were also investigated. 

The packing materials differed in the weight percentage of hydrocarbon 

(C~8) bonded to the surface. The differences in percent hydrocarbon on 

the surface were obtained by using several manufacturers' Cl8 columns 

(Table 5.9) (18,20,31). A better method to describe the columns would 

be the percent surface coverage: however, these values are not available 

with any degree of accuracy (49). The experiments again involved the 

binary solvent system as well as two ternary solvent conditions (Table 
. 

5.10). Unlike our other studies (20), no adjustments were made in the 

mobile phase composition to allow for a specific set of capacity 

factors other than the first experiment for oxytocin on the ~Bondapak 

C18 column (80). 



The effects of adding a hydrogen bond donor (MeOH) to the 

mobile phase as the third solvent instead of a hydrogen bond acceptor 

(THF) were also studied. Only the Spherisorb ODS column was used in 

this series because of the low percent carbon on the surface which 

allows residual silanol effects to playa major role in retention. 

Results and Discussion 

Three parameters could be responsible for the chromatographic 

behavior: 1) changes in conformation of the probe molecules in dif-

ferent solvents. 2) changes in the mobile phase. or 3) changes in the 

stationary phase. The conformation of the peptides in different 

chromatographic solvent systems does not playa significant role. 

145 

Nuclear magnetic resonance (NMR) data show that the conformation of 

oxytocin with up to 30% dimethylsulfoxide (DMSO) in water does not vary 

significantly (113). Since the major portion of the mobile phase is 

aqueous and the organic portion solvent strength in the mobile phase is 

lower than the solvent strength of 30% DMSO, no conformational changes 

in the peptide structure were expected. 

The effects of the ternary solvent mobile phase on a single CIS 

bonded phase column (~Bondapak CIS) can be seen from the data in 

Table 5.11 and Figure 5.6. The capacity factors of all solutes 

decrease witn increasing solvent strength, but the selectivity of the 

column, expressed by the elution order change of l-Hemi-]-Cys and 

2-D-Tyr, changes. When THF is added to the mobile phase, the composi-

tion of the stationary phase is also changed. Through the incorporation 

of THF the stationary phase becomes more lipophilic and has a relative 
J 



Table 5.11. Capacity factors (k') on the pBondapak C18 Column. 

--.'-.--~~-

Solvent Composition (a) 82/10/0 82/16/2 82/14/4 82/12/6 
_. ____ • ___ ..• - __ 0--

Oxytocin 5.61 4.09 3.24 2.74 

1-Hemi-Q-Cys 15.84 8.09 6.39 5.08 

2-p-Tyr 12.30 6.53 5.85 5.02 

6-Hemi-Q-Cys 9.22 5.17 4.09 3.31 

--- -----_._._ ..... - -.. -_."_- ... - - .. _ ...... --~ ----.. __ ._----------

(a) See Table 5.10. 

82/10/8 84/8/8 

2.36 3.42 

4.04 6.09 

4.53 7.05 

2.96 4.26 

-- --.-_._-----_.-

86/6/8 

4.95 

9.20 

10.84 

7.36 

f-' 
.P
O'> 
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Figure 5.6. Plot of relative retention (0) versus different solvent 
compositions of buffer/MeCN/THF on the ~Bondapak C18 
column. 
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greater affinity for 2-D-Tyr (27-29). When the amount of aqueous 

solvent was increased and the MeCN decreased, keeping the THF constant, 

the capacity factors increased. This is consistent with expectations 

that the weaker solvent causes greater retention. When the effective 

amount of hydrocarbon is decreased, the retention volumes increase. 

The dynamic modifications of C18 bonded phase columns with 

different weight percentage of carbon were also observed. The 

characteristics of the column are described in Table 5.9. The capacity 

factors and the selectivity values calculated for the peptide 

diastereoisomers with 18% MeCN as the organic modifier are presented in 

Table 5-12. The elution order remained the same for all four columns, 

except that the Spherisorb ODS column was unable to separate l-Hemi-D

Cys and 2-p-Tyr. From the selectivity value~ there does not appear to 

be a correlation of the percentage carbon-by-weight of the octadecyl 

functional group attached to the surface, or the effect of endcapping, 

to the selectivity of the columns. 

The addition of only 1% THF to the mobile phase composition 

(decreasing MeCN 1%) decreased the capacity factors on all of the 

columns (Table 5.13). One percent THF does not effect the solvent 

str~ngth significantly. THF is able to incorporate itself into the 

stationary phase at a greater percentage than the mobile phase 

composition would suggest (29). The difference in stationary phase 

composition is also expressed by the relative retentions calculated 

(Table 5.13). The elution order remains the same on all of the columns, 

but the relative retention values differ from the binary solvent system 
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Table 5.12. Effect of a 82% buffer/18% MeCN/O% THF solvent composition. 

LiChrosorb Ultrasphere llBondapak Spherisorb 
Column RP-18 ODS CIa ODS 

Capacity Factors (k' ) 

Oxy 
1- Hem i-Q-Cys 6.38 8.59 5.61 9.51 
2-]··Tyr 13.43 17.90 15.84 19.87 
6"Hemi-]-Cys 9.00 12.62 12.30 20.28 

8.18 11.04 9.22 13.29 

Relative Retention (et) 

Oxy 1.00 1.00 1.00 1.00 
1-Hemi"Q"Cys 2.11 2.08 2.82 2.09 
2-n.-Tyr 1.41 1.47 2.19 2.13 
6-Hemi-Q-Cys 1.28 1.29 1.64 1.40 

---~--------.. -~---
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Table 5.13. Effect of a 82% buffer/17% MeCN/1% THF solvent composition. 

Oxy 
1- Hemi-!2"Cys 
2-Q··Tyr 
6·· Hemi-p·· Cy s 

Oxy 
1-Hemi-Q-Cys 
2-]!-Tyr 
6-Hemi-p-Cys 

LiChrosorb 
RP-18 

Ultrasphere 
ODS 

Capacity Factors (k' ) 

5.72 7.77 
11.24 16.76 

8.24 11.99 
7.27 9.98 

Relative Retention (a) 

1.00 1.00 
1.97 2.16 
1.44 1.54 
1.27 1.28 

. - ,~,- ~", 

~Bondapak Spherisorb 
CI8 ODS 

8.95 
18.30 ., 
17.55 
12.53 

1.00 
2.04 
1. 96 .. 
1.40 
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values obtained. The Spherisorb ODS column was able to separate 

1-Hemi-D-Cys and 2-D-Tyr with 1% THF added to the mobile phase. 

Figure 5.7 shows a typical chromatogram obtained on the LiChrosorb 

RP-18 column under these solvent conditions. 

Increasing the percentage THF to 8% and decreasing the per-

centage MeCN to 10% for the organic portion of the mobile phase produced 

drastic effects on the retention profiles of the peptides. The 

capacity factors on all of the columns decreased (Table 5.14) but the 

elution order of l~Hemi-~-Cys and 2-]-Tyr changed. With the higher 

percentage of THF in the mobile phase~ 2-~-Tyr was retained longer 

relative to 1-Hemi-~-Cys on all the columns examined. Even though the 

order of elution changed, the relative retention depended upon which 

column was employed for the separation (Table 5.14). The LiChrosorb 

RP-18 and the U1trasphere ODS columns displayed almost identical 

relative retention values under these solvent conditions, even though 

the capacity factors differ. The same relative retention values mean 

the column selectivity is identical under the described solvent 

conditions. 

Because of the low percentage carbon by weight and excessive 

peak tailing for the Spherisorb ODS column interests were directed , 

towards the addition of a solvent that can be a hydrogen bond donor and 

acceptor to the mobile phase. Methanol, as the third solvent instead 

of THF, gave sharp peaks with good separation. Table 5.15 gives the 

capacity factors and relative retentions comparing the buffer/MeCN to 

the buffer/MeCN/MeOH mobile phases. The capacity factors decrease when 

MeOH was added as the third solvent (decreasing the percentage aqueous) 
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Figure 5.7. Chromatogram of OXY, 6-Hemi-~-Cys-OXY, 2-~-Tyr-OXY, and 
1-Hemi-~-Cys-OXY on the LiChrosorb RP-18 column with 82% 
buffer/17% MeCN/l% THF as the mobile phase components. 



153 

Table 5.14. Effect of a 82% buffer!10% MeCN!8% THF solvent composition. 

LiChrosorb U1trasphere 11 Bondapak Spherisorb 
Column RP-18 ODS C18 ODS 

Capacity Factors (k' ) 

Oxy 2.82 4.39 2.36 4.29 
1- Hemi-~ -Cys 4.57 7.10 4.04 7.17 
2-.Q -Tyr 5.17 8.04 4.53 9.64 
6-Hemi-n -Cys 3.13 5.03 2.96 5.54 

Relative Retention (ex) 

Oxy 1.00 1.00 1.00 1.00 
1-Hemi-12-Gys 1.62 1.62 1.71 1.67 
2-Q-Tyr 1.83 1.83 1.92 2.21 
6-Hemi-Q-Cys 1.11 1.15 1.25 1.29 
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Table 5.15. Capacity factors (k') and relative retentions (~) on the 
Spherisorb ODS column comparing MeCN to MeCN/MeOH as the 
organic portion of the mobile phase. 

Solvent Composition (a) 82/18/0 75/20/5 

k' ~ k' ~ 

Oxytocin 9.51 1.00 3.17 1.00 

l"'Hemi-.Q-Cys 19.87 2.09 5.72 1.80 

2-Q-Tyr 20.28 2.13 7.03 2.22 

6-Hemi-]-Cys 13.29 1.40 4.39 1.38 

(a) 
See Table 5.10. 
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and the peak shapes improved. The hydrogen bonding capability of MeOH 

was able to produce a stationary phase with an effectively more hydro

carbon content. Even though the elution volumes are less the 2-Q-Tyr 

is attracted more strongly to the effective higher hydrocarbon in the 

stationary, phase and separation is observed. Further evidence for a 

more lipophilic stationary phase is the elution order of 1-Hemi-Q-Cys 

and 2-]-Tyr. With MeCN and MeOH as the organic portion of the mobile 

phase) l-Hemi-Q-Cys eluted before 2-]-Tyr, which was observed on all 

columns with 8% THF in the mobile phase. 

Conclusions 

This study shows the role of the third mobile phase solvent in 

bonded phase chromatography. The power to dynamically modify a column 

greatly enhances the ability to adjust the selectivity of a bonded phase 

column. The observed selectivity adjustments further support the 

argument of the active role played by the stationary phase in the 

separation mechanism. The ternary solvent system provides a convenient 

means of adding a third solvent in a small amount to the mobile phase. 

Adjustments in column selectivity allows two different columns to perform 

similarly and can be used to duplicate other work without having to 

purchase identical columns. The ability to change a column's 

selectivity gives further insight in studying the effective concentration 

of the stationary phase components. The further characterization of the 

stationary phase is continuing in our laboratory. 



CHAPTER 6 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES 

The stationary phase for reversed phase HPLC consists of the 

bonded moiety, the unreacted surface, and associated mobile phase 

components. The stationa.ry phase formation is a dynamic process and is 

not controlled by an individual component exclusively even though one , 

component may predominate for a given set of conditions. The phenyl 

group, bonded to the surface and placed discrete distances from the 

surfac~; did not indicate specific types of interactions, or unique 

selectivity, with the solute probes. The relative strength of inter_ 

action of the solute with the stationary phase was greater than that of 

the interaction with the phenyl ring. The composition of the stationary 

phase changed as the chain length of the bonded moiety was varied. 

There app~ared to be different stationary phases for different probe 

molecules. The effective stationary phase for the alkyl benzenes was 

not the same as for the alkyl alcohols. 

Varying the chain length of the bonded moiety changed the 

capacity of the column with respect to the organic modifier employed. 

The chemical composition of the stationary phase was also influenced by 

the bonded moiety chain length. The phenyl ring allowed more water to 

be associated with the stationary phase than for the straight chain 

hydrocarbon modified adsorbents. 

156 
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The order of increasing solvent strength is MeaH MeCN and THF. , . 
Even though MeOH is a weaker solvent than MeCN, MeOH structured the 

stationary phase better than MeCN. THF appeared to structure the 

stationary phase more than MeOH or MeCN. Structuring of the stationary 

phase solvents may be discu~sed in terms of the effect of a solvent on 

the porous nature of the chemically modified silica gel. THF appeared 

to structure some of the pores more efficiently and effectively reduce 

the actual chromatographic surface available to the solute. 

Other types of bonded moieties should be examined, preferably 

propyl cyano and propyl amino functional groups, to observe their effect 

on the formation of the stationary phase. It would also be interesting 

to attach more exotic moieties, such as substituted phenyl rings. in 

order to vary the stationary phase formation. 

In this study, the volume and chemical composition of the 

stationary phase were determined. The formation of the stationary 

phase was influenced by the components and the composition of the mobile 

phase. Clearly, the actual stationary phase, as calculated under 

certain conditions exceeds the length of the bonded moiety several , 
times. We have determined the total VS' but it is unclear whether the 

probe molecule interacts with the complete Vs as opposed to specific 

portions of the stationary phase, or the effective stationary phase. 

Further, it is not understood completely whether different types of 

probe molecules interact with a different effective stationary phase. 

The temperature studies indicate that the polar alkyl alcohols are 

probing a different stationary phase than the alkyl benzenes. 
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An extension of the reported studies would be the continued 

refinement of the qualitative and quantitative description of the 

stationary phase. A study to investigate the change in chemical 

composition through the stationary phase layer would give a more 

complete description of the stationary phase. It is speculated that 

there is a composition gradient in the stationary phase. The organic 

moieties are well solvated with the organic modifier and the aqueous 

portion solvates the hydrated surface. 

Peak broadening information, or column efficiency, could help 

answer some questions concerning the effective stationary phase 

(Appendix A). The stationary phase volume and compositional changes 

should be reflected in the C term, or the rate of mass transfer in the 

mobile and stationary phases. The plate height contribution of the 

stationary phase is dependent upon the effective distance the solute 

diffuses, and the solute diffusitivity in the stationary phase. To 

isolate the effects of the mass transfer rates the other contributions 

to the plate height must be minimized or deleted. With currently 

available instrumentation, particle sizes, and column packing techniques~ 

it is difficult to accurately chromatographically separate the contribu

tions to plate height. The use of open tubular columns for HPLC would 

eliminate the eddy diffusion term (A term), but the refined 

instrumentation necessary for these measurements does not exist. 

The physical nature of the stationary phase has been characterized 

with CMR. The information obtained reflects the liquid-like nature of 

the bonded moiety upon varying the organic modifier and solvent 
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composition. The data obtained further substantiates the solvation of 

the bonded moiety with the mobile phase components. The enrichment of 

the bonded material with the organic modifier was also observed. Lower 

percentages of select organic modifiers gave similar liquid-like 

behavior of the bonded moiety as obtained for high~r percentages of 

organic modifier. The effect of temperature was not apparent on the 

bonded phase with the CMR experiments. The chromatographic data 

suggested a change in the nature of the stationary phase. It cannot be 

precluded that CMR cannot detect the change'in the stationary phase, 

just that our experiments were not designed properly to observe the 

change. For further studies markers (i.e. 13C methylene groups) • 

should be incorporated into 'the bonded material at different positions 

to define specific regions of the bonded moiety most influenced by the 

mobile phase components. 

Further characterization of the stationary phase with peptides 

should be continued. Peptides are very unique probes to investigate the 

selectivity of the stationary phase. With information concerning the 

conformation of the peptides, the chromatographic behavior Can be 

extended to discuss the chemical nature of the stationary phase. The 

peptide chemists also benefit from the methodology designed for the 

peptide separation for purification by HPLC. 

There are also interests in modeling the stationary phase to 

mimic a membrane. The selectivity of the membrane surface is very 

specific towards certain classes of molecules. One idea is to bond the 

hydrocarbon moieties in a close packing structure, approximating a 

lipophilic membrane. 
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The information obtained from the solvent -effects on the 

separation can be expanded to the study of chiral stationary phases for 

liquid chromatography. Separation of enantiomers by HPLC depends on 

direct interaction between the enantiomeric compound bonded to the 

surface and those which are to be separated. The more successful 

separations of enantiomers have been under normal phase conditions. 

Interaction of the molecules with the bonded phase is increased by 

replacing the polar mobile phase in reversed phase separation with one 

less polar. With the types of mobile phase interactions characterized 

work can continue upon the characterization and opt.imization of 

enantiomer separations. 

• 



APPENDIX A 

COLUMN EFFICIENCY OR PEAK BROADENING 

Chromatographic peak shapes in general are gaussian or bell

shaped. Because of this curve shape, variances (a 2 ) may be used to 

measure the peak width. The peak variance is the sum of the individual 

variances contributed by the column, injector, detector, and connecting 

tubing. Band broadening for the injector, detector, and connecting 

tubing are constant for a single instrument. The band broadening 

contributions of the injector, detector, and connecting tubing are 

minimized through hardware design, zero dead volume fittings, minimal 

lengths of small bore connecting tubing and detectors with small time 
1 

constants. The column variance is a source of information concerning 

the chromatographic process. 

Several ideas have been presented discussing the components of 

the column variance including works of Martin and Synge (114), 

van Deemter et al. (115) and Giddings (116). The components include 
~ 

eddy diffusion or multiple flow pathways in the packed bed, longitudinal 

diffusion ~hich in general is not important for conventional HPLC, but 

is important for low mobile phase flow rates in small particle columns, 

and the rate of mobile phase and stationary phase mass transfer. Knox 

(117) has modified the familiar van Deemter equation thus making it more 

applicable to liquid chromatography (equation A.l). 
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where h = reduced 

v = reduced 

B = constant 

A = constant 

C = constant 

h =.!.+ AvO. 33 + Cv 
v 

plate height 

velocity 

for longitudinal diffusion 

for eddy diffusion 

for the sum of mass transfer terms 

The reduced plate height is calculated from the plate height (H) 

divided. by the particle size diameter d (equation A.2) 
p 

H h=
d p 
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Eq. A.l 

Eq. A.2 

The plate height (H) is the length of an equilibrated stage in the 

column which is related to the peak shape through the plate number (N) 

(equation A.3). 

L H=
N 

where L = length of the column 

Eq. A.3 

The plate number of the column is defined in many forms (16). One of 

the more common forms is shown in equation A.4. 

Eq. A.4 
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where tR = the retention time of the peak 

w1/ 2 h = the half height peak width (in time units) 

The reduced velocity (v) is calculated from equation A.S. 

].Jd 
v =--.-£. Eq. A.S 

D 
m 

where ].J = linear velocity of the mobile phase through the column 

D = diffusion coefficient of the solute in the mobile phase m 

The linear velocity is obtained by dividing the flow rate by the cross 

sectional area of the column, or the length of the column divided by 

the time to elute a non-retained species. 

Different aspects of column performance are probed by the 

constants B, A, and C in equation A.l. Longitudinal diffusion (B) 
~ 

is the dispersion of the band due to axial diffusion within the column 

for a given set of conditions. Eddy diffusion (A) accounts for the 

different microscopic flow streams that the solvent follows between 

different particles within the column for a given set of solvent 

conditions. A poorly packed, non-~~iforrn column bed results in a large 

A value and chromatographically one observes tailing peaks. An 

important variable to this study is the C term or the rates of mass 

transfer in the mobile phase and stationary phase. More precisely. the 

rate of mass transfer in the stationary phase Ehou1d change as the 

volume and chemical composition of the stationary phase change with 

different solvent conditions. 



APPENDIX B 

VOln VOLUME CONFIRMATION 

The value obtained for the void volume can be confirmed by the 

linear relationship of the natural logarithm of the capacity factor 

(In k') versus the number of methylene groups, or the carbon number 

(n ), in a homologous series (24). Experimentally the effects of an c 

incorrect void volume will be exemplified in the plot of In k' versus 

n. For example, if the void volume obtained is too large. the resultant c 

plot will be convex and lower on the y-axis relative to the correct void 

volume straight line. If, on the other hand, the void volume is too 

small the resultant plot will be concave and higher on the y-axis • 
relative to the correct void volume straight line. Figure B.l sh~ws 

some typical data with a + 0.17 ml error in the void volume from the 

straight line. 
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Figure B.l. Plot of Ink' versus the carbon number (nc) in a homologous 
series displaying the effect of varying the void volume 
in the calculation of k'. 



APPENDIX C 

ANALYSIS OF ERRORS 

Liquid Chromatographic Retention Error~ 

Errors in retention measurements are due primarily to flow rate 

fluctuations. The retention values employed are the average of 5 runs. 

The relative precision of the measurements were normally less than 

5 ppt. The peptide retention values are the average of two measurements. 

Gas Chromatographic Quantitation Errors 

Errors in the quantitation of the column washings resulted from 

the integrated peak areas. An internal standard method with a 

calibration curved was employed to determine the amount of water and 

organic modifier in the column. The reported values are the average of 

5 runs. The error for the water analysis (TC detector) and for the 

organic analysis (FID detector) was 0.03 ml. 

CMR Line Width Measurement Errors 

Errors in the measurement of the CMR peaks were related to 

drawing the baseline and peak maximum, as well as the width of the 

peak at half height. The measurements reflect an error of approximately 

0.4 ppm. 
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APPENDIX D 

LC RETENTION DATA AND GC DETERMINATION OF TOTAL AMOUNT OF MODIFIER 

(Chapter 3) 
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Capacity Factors (k') 

Column: Phenyl DMS 

t = 94.6 to = 90.0 t = 85.1 t = 82.B 
S2lute S2lute 0 20% MeOH Solute 40% MeOH 60% MeOH Solute BO% MeOH 

C20H 0.130 C30H 0.288 C40H 0.304 ClOOH 0.471 
C30H 0.378 C40H 0.577 CSOH 0.444 C120H 0.646 
C40H 0.906 CSOH 1.13 C60H 0.638 C140H 0.907 
CSOH 2.23 C60H 2.17 C70H 0.918 C160H 1.25 
C60H 5.56 C70H 4.24 C80H 1.32 
C70H 13.84 C90H 1.91 

to = 86.2 to = Bl.l to = 76.9 to = 79.2 
Solute 20% MeCN Solute 40% MeCN Solute 60% MeCN Solute 80% MeCN 

C40H 0.847 C40H 0.487 C70H 0.599 C6Ph 0.535 
C50H -1.63 CSOH 0.618 CBOH 0.754 C7Ph 0.607 
C60H 3.55 C60H 0.980 . C90H 0.919 C8Ph 0.673 
C70H 7.31 C70H 1.58 CIOOH 1.11 C9Ph 0.754 

CBOH 2.30 CnOH 1.35 ClOPh 0.851 

to = 83.6 to = 41. 2 to = 42.6 
Solute 20% THF Solute 40% THF Solute 60% THF 

C30H 0.367 CSOH 2.48 C60H 1.59 
C40H 0.895 C60H 3.24 C70H 1. 73 
CSOH 2.16 C70H 4.24 C80H 1.87 
C60H 5.25 C80H 5.48 C90H 1.99 

C90H 7.05 CIOOH 2.14 
CllOH 2.30 
'C120H 2.49 
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Capacity Factors (k') 

Column: 4-Pheny1-1-buty1 DMS 

to = 97.1 to = 92.4 to = 88.0 to = 86.7 
Solute 20% MeOH Solute 40% MeOH Solute 60% MeOH Solute 80% MeOH 

C20H 0.096 C30H 0.232 C40H 0.260 CSOH 0.179 
C30H 0.279 C40H 0.479 C50H 0.393 C60H 0.213 
C40H 0.726 CSOH 0.985 C60H 0.601 C70H 0.260 
C50H 1. 87 C60H 2.03 C70H 0.914 C80H 0.315 
C60H 4.93 C70H 4.18 C80H 1. 39 C90H 0.382 

C90H 2.12 C100H 0.466 
C110H 0.571 
C120H 0.686 

to = 83.4 to = 79.6 to = 83.0 to = 84.4 
Solute 20% MeCN Solute 40% MeCN solute 60% MeCN Solute 80% MeCN 

C30H 0.336 C40H 0.608 C40H 0.310 C60H 0.235 
C40H 0.772 CSOH 0.864 C50H 0.370 C70H 0.261 
CSOH 1.61 C60H 1.25 C60H 0.443 C80H 0.288 
C60H 3.52 C70H 1. 79 C70H 0.558 C90H 0.323 
C70H 7.63 C80H 2.52 C80H 0.683 C100H 0.360 

C90H 0.835 Cl10H 0.399 
C100H 1.02 C120H 0.444 
C110H 1.24 
C120H 1.51 

to = 66.8 to = 52.5 to = 49.3 
Solute 20% THF Solute 40% THF Solute 60% THF 

C30H 0.554 C50H 1.69 C70H 1. 32 
C40H 1.31 C60H 2.29 C80H 1.43 
C50H 2.84 C70H 3.06 C90H 1.54 
C60H 6.62 C80H 4.05 C100H 1.66 
C70H 15.36 C90H 5.31 C110H 1. 79 

C120H 1. 92 
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Capacity Factors (k') 

Column. 6-Phenyl-l-hexyl DMS 

to = 94.8 to = 89.3 to = 88.6 to = 86.5 
solute 20% MeOH Solute 40% MeOH Solute 60% MeOH Solute 80% MeOH 

C20H 0.134 C30H 0.275 
C30H 0.376 C40H 0.601 
C40H 1.01 C50H 1.30 
C50H 2.71 C60H 2.81 
C60H 7.30 C70H 6.09 

to = 92.3 to = 82.4 
Solute 20% MeCN solute 40% MeCN 

C20H 0.129 C40H 0.476 
C30H 0.288 C50H 0.782 
C40H 0.731 C60H 1.18 
C50H 1. 73 C70H 1.8.? 
C60H 4.14 C80H 2.9.9 
C70H 9.63 C90H 4.47 

CIOOH 6.85 

to = 82.7 to = 61.9 
Solute 20% THF Solute 40% THF 

C40H 0.938 C50H 1.40 
C50H 2.33 C60H 2.00 
C60H 5.90 C70H 2.79 
C70H 14.55 C80H 3.83 

C90H 5.19 

C40H 0.253 
C50H 0.422 
C60H 0.695 
C70H 1.12 
C80H 1.80 

to = 82.5 
Solute 60% MeCN 

C40H 0.307 
C50H 0.385 
C60H 0.497 
C70H 0.638 
C80H 0.805 
C90H 1.02 
CIOOH 1.29 
CllOH 1.66 
C120H 2.11 

to = 62.3 
Solute 60% THF 

C60H 0.811 
C70H 0.931 
C80H 1.01 
C90H 1.12 
CIOOH 1.24 
C1l0H 1.36 
C120H 1.51 

C60H 0.230 
C70H 0.289 
C80H 0.368 
C90H 0.471 
CIOOH 0.605 
C110H 0.765 
C120H 0.973 

to = 90.8 
Solute 80% MeCN 

C60H 
C70H 
C80H 
C90H 
ClOOH 
Cl10H 
C120H 

0.175 
0.206 
0.243 
0.285 
0.333 
0.390 
0.463 
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Capacity Factors for Temperature Study 

Column: 6-Pheny1-1-hexy1 DMS 
Mobile phase: 60% MeOH/40% H2O 
(t = 83.9 sec) 

0 

Probe 25°C 30°C 35°C 40°C 45°C 50°C 55°C 

C2Ph 1.43 1.30 1.21 1.12 1.03 0.939 , 0.875 
C3Ph 2.22 2.00 1.86 1.68 1.53 1.39 1.28 
C4Ph 3.47 3.10 2.84 2.53 2.28 2.06 1.88 
C5Ph 5.41 4.80 4.35 3.83 3.42 3.05 2.75 
C6Ph 8.52 7.48 6.61 5.76 5.10 4.46 4.01 

C50H 0.355 0.412 0.464 0.503 0.452 0.364 0.297 
C60H 0.604 0.652 0.704 0.670 0.594 0.532 0.424 
C70H 0.993 1.04 1.03 0.974 0.912 0.783 0.671 
C80H 1.59 1.57 1.51 1.40 1.27 1.14 1.01 
C90H 2.61 2.42 2.32 2.06 1.85 1.63 1.46 
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GC Determination of the Total Amount of Modifier (ml) 

Column: Phenyl DMS 

20 40 60 80 

MeOH 0.259 0.640 0.940 1.181 
H2O 1.176 0.846 0.588 0.473 

MeCN 0.299 0.718 0.903 1.300 
H2O 1.169 0.859 0.600 0.352 

THF 0.313 0.690 0.998 
H2O 1.049 0.868 0.562 

, 
Column: 4-Pheny1-1-buty1 DMS 

MeOH 0.306 0.613 0.887 1.187 
H2O 1.131 0.845 0.549 0.240 

MeCN 0.322 0.629 0.887 1.112 
H2O 1.176 0.886 0.597 0.425 

THF 0.341 0.658 0.933 
H2O 1.043 0.775 0.545 

Column: 6-Pheny1-1'-hexy1 DMS 

20 40 60 80 

MeOH 0.329 0.670 0.993 1.206 
H2O 1.091 0.831 0.538 0.285 

MeCN 0.328 0.647 0.999 1.210' 
H2O 1.344 1.033 0.634 0.548 

THF 0.346 0.641 0.874 
H2O 1.098 0.886 0.658 



GC Determination of the Total Amount of Modifier (m1) 
Temperature Study 

Column: 6-Pheny1-1-hexy1 DMS 
Mobile Phase: 60% MeOH/40% H20 

25 

0.991 

0.560 

30 

0.984 

0.569 

35 

0.9130 

0.549 

40 

0.995 

0.569 

45 

0.972 

0.551 

50 

0.974 

0.558 
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0.969 

0.571 
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Parameters Affecting High Performance Liquid 
Chromatographic Separations of Neurohypophyseal Peptide 
Hormones 

Dennis D. Blevins. Michael F. Burke. and Victor J. Hruby· 

O/IpartmIHIt of Chomisrry. UnIvMsIty of ArIzona. Tucson. Arizona 85721 

Experimental condillons and paramet.,. Involved In high 
performance liquid chromatographic separations of seven 
neuro/1ypophy1IaI ~ on .. v." raverw phaaa c:oILmna w_ InvMllgaIad. on- pepIIcIw Include wgInM vl8Oloc:ln, 
Iy8Ine vlllO\ll'HIIn. 8I'gIinkIe v......." meooCoc:In, lIotoc:ln, 
oxytocin, and gUnIIoc:In. The -'fecta 01 cwbon chain length 
of the r.v_ phaM eupport and organic: lCIIvant w ..... x
anW!ed. uatng the approprlat. lCIIvent .,ltam and column, 
aR of the paptlclas ..... eeparatld from one another. Sepa
ration of IIHI pap\IdM w .. only part oIl1H1 goaL The bagIrnIg 
of a Itudy 10 undarItand IIHIInt ... actlon of the paptIcIas with 
lhe ltatlOnary p/IaM II a fIInc:IIon 0I1tructur. WII aI80 ~ 
dertaken. TbII-1tudy led 10 IIHI c:oncIuIIon thai the maJor 
paramet .... which allow atfacllY. separallon of I'"'" IIruc
aaly and confonnallonaly doMIy related paptIcIas are both 
lhe .kItIng Itreng\ll of IIHI mobile phaM and IIHI clHlmk:al 
compoU\lon of IIHI Itatlonary phaH. 

The separation of moderate size peptides (700-3000 mol 
wtl of closely similar structure for either analytical or prep
arative purposes has proved to be a difficult task. A number 
of clasaical techniques such as ion-elchange. gel filtration. and 
partition chromatography. paper and thin·layer chromatog· 
raphy. and countercurrent diatribution have been useful in 
some cases. but continued developments are necessary. 

Recently several papers have appeared using high per· 
formance liquid chromatography (HPLC) for the analytical 
determination of moderate-sized underivatized and unpro
tected peptides (1-8) including diastereoiaomeric derivatives 
(9-11). However very little has been done to systematically 
examine the use of HPLC for the separation of closely related 
moderate sized peptides. the effects of various conditions on 
these separations. and the physical proceeaee involved in these 
separations. 

In thia paper we examine the separation of seven of the 
naturally occurring neurohypophyseal peptides including 
arginine vasotocin (AVT). glumitocin (GLU). lysine vaso
pressin (LVP). arginine vasopressin (AVPI. mesotocin 
(MESO). iBotocin (ISO). and oxytocin (OXY). The structures 
of these naturally occurring peptides of which one or more 
are found in all living animals from teleost and cartilaginous 
fish to mammals including man (for a recent review see ref
erence 12). are shown in Figure 1. The molecular weights 
of these nonapeptides range from about 950 to 1100. The 
structural variations occur exclusively at three residues. 
namely residues 3. 4. and 8. Therefore. any separation of these 
compounds must utilize the differential properties of these 
molecules originating at these three positions. 

We report here the eJlperimental parameters and conditions 
in reverse phase HPLC which provide an efficient separation 
of each of these peptides from one another. and which allow 
the unambiguous analytical identification of these compounds. 
In addition we have examined the effects of reverse phase 

support and solvent which allows us to obtain insight into the 
underlying physical-chemical processes' which affect the 
separation of these peptides. and permit us to discuss these 
processes in terms of the differential properties of the hor
mones. 

EXPERIMENTAL 
Synthuia aDd Purification oC Peptidu. All of the neu

rohypophyseal peptides used in this study were synthesized and 
purified in our laboratory. Generally the solid phase method of 
peptide synthesis (13) as used in our laboratory for the synthesis 
of neurohypophyaeal hormoneo and ana10gues (14-17) was utilized. 
An automated instrument for peptide synthesis was used (181. 
and purification was accomplished hy partition chromatographY 
on Sephadex G-25 (19) followed by gel filtration on Sephsdex G-25 
using 0.2 N aqueous acetic acid. Solvents (or chromatography 
were purified as previously reported (20). The purity of the 
peptides was estshlished by quantitative amino acid analysis. 
thin-layer chromaWgrllphy in at least three oolvent syatema, optical 
rotstion, elemental analyais, and HPLC under conditions reported 
here. 

The individual peptide hormone!! were prepared as follows: 
oxytocin as previously reported (15); arginine vasopressin and 
lysine vasopressin by the method of Yamamoto et aL (17); me
sotocin according to the method o( Smith (21); glumitocin by the 
method of Gitu (22); isotocin and arginine vasotocin by modifi

.cations o( methods ;>reviously reported (231. 
Reacenta. The chromaWgrllphic mobUe phase consists of two 

solvents: A and B. Solvent A was an aqueous solution of am
monium acetate. 0.05 M. pH 4.0. and was choeen as previously 
diacussed (9. 11; see also 4 and 8). It was made by dissolving 3.85 
g of ammonium acetate. reagent grade (Matheson. Coleman and 
Bell. Norwood. Ohio) in 950 mL of water which was diatiUed in 
glaas through permanganate. The apparent pH was adjusted to 
4.0 by titrating with glacial acetic acid. reagt!nt grade (J. T. Baker 
Chemical Co .. Phillipsburg. N.J.). The fmal volume was brought 
to 1 L with the above deecribed water. The resulting aqueous 
solution was then filtered through a Millipore HA WP O.45-l'm 
filter (Millipore. Bedford. Mass.) prior to use. 

Solvent B was the organic portion. Tetrahydrofuran (THF) 
"diatilled-in-glaas" (Burdick and Jackson. Muskegon. Mich.l and 
acetonitri1e (CH,cN) reagant grade (MaIlinc1aodt, St. Louis. Mo.) 
were used without further purification. Methanol (CH,OH) 
reagent grade (Mallinc1aodt, St. Louis. Mo.) was passed through 
a silica column. Each of the organic solvents was filtered through 
a MiJlipore filter. FHLP 0.5 I'm. prior to use. Allsolventa were 
degassed in vacuo. The sample!! were prepared by weighing 
approximately 1 mg of the appropriate peptide and adding one 
drop of 10% acetic acid in water and then bringing the total 
volume to about 1 mL with water. Sample mixtures were prepared 
by mixing equal volumes of the appropriate samples together. 

Apparatua. The HPLC system used has been deecr!bed 
previously (24). 

The three columns used in thia atudy are identified as: CII• 

C •• and C2• The CII column was a I'Bondapak CII reverse phase 
300 mm long x 3.9 nun i.d. column (Waten Associates. MilCord. 
Mass.1; carbon by weight on the atationary phase. 10%. and ia 
endcapped. The mobile phase for the CII column consisted of 
the following percentages of solvent B: 14% THF. 22% CH,CN. 
or 36% CH,OH. Solvent A constituted the remaining portion. 
The solvent breakthrough time was 175 s. The chart speed was 

IHl'prinH.'d from AnulYlil'ul Cht'milOcr,\', t 1~l-\lH ;}:! •. I:.!O.I 
CtlpYrl~hl <D IHHO h~' tht" Amerkan Cht>micni SU(,It"ty and reprinted hy pt'Cnllssilin til' thp "(lp~'rI~ht uwner. 
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Flgwe 1. Structures 01 the nalU'aly occLfTing neurohypophyseal 
peptideII argme vasotocin (A vn. gk.nitocIn (Cl.U). iys.I1e vasopressin 
(LVP). arginine vasopressin (AVP). mesotaoo (MESO). Isolocin (ISO). 
and oxytaoo (OXY). The nt.mbers (1. 2. 3. etc.) correspond to the 
resicbI from the ~ haII~llo the ~~9 

0.33 em/min. Column efficienci .. were calculated in the usual 
manner (11,25). With 14% THF as the organic modifier portion 
of the mobile phase, the column efficiency was 990 plates. 

The C. column was LiChroeorb RP·8, 10 _ (EM Laborawries, 
Darmstadt, Germany) packed in a 250 mm long x 2.1 mm i.d. 
stainless steel column in our laboratory using a slurry technique; 
carbon by weight on the stationary phaae, 12.2%. The following 
percentages of solvent B were used on the C. column: 9% THF, 
18% CH,CN, or 32% CH,OH. Solvent A constituted the reo 
maining portion. The instrumental operating conditons were the 
same as for the C,. column except the chart.peed was 0.5 em/min. 
The solvent breakthrough time was 46 s. With 9% THF as the 
organic modifier in the mobile phaae, the column efficiency was 
690 plates. 

The C, column was LiChroeorb RP·2, 10 ~m. (EM Laborawries) 
250 mm long x 2.1 mm Ld.; carbon'by weight on the stationary 
phaae,5%. The following percentages of solvent B were inves· 
tigated on the C, column: 12% THF, 18% CH,CN, or 32% 
CH,OH. Solvent A constituted the remaining portion. Instru· 
mental operating conditions were the aame as for the C. column. 
The solvent breakthrough time was 40 s. 

The data were computed and reported as in our previous work 
(11). In this study, the relative retention was computed with 
respect to A VT equal to R, because it eluted first in all solvent 
systems. 

Column efficiencies were calculated according to standard 
methods (26). 

RESULTS 
The elution order of the compounds on all columns (Cz, C., 

C,a) from least retained to most retained was A VT, GLU, 
LVP, AVP, MESO, ISO, and OXY in all solvent systems 
studied. 

To allow for comparison from column to column. the ca· 
pacity factor (k 1 for oxytocin was held relatively constant by 
adjusting the percentage of organic solvent in the mobile 
phase. On each column three different solvent systems were 
examined. The solvent systems were composed of solvent A, 
and of solvent B which was either THF. CH,CN, or CH,OH. 
For purposes of identification. each compound was injected 
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FlgIn 3. Plot 01 relatMI retention (a) vs. organic modifier ;,the solvent 
system studied on the UCtvosorb RP·8 column. (0) A VT. (0) GLU. 
(.0.) LVP. (e) AVP. (.) MESO. (II) ISO. and (A) OXY 

both individually and in a mixture. Compounds having similar 
R'ValUes were combined and injected in order to confmn the 
order of elution. 

The relative retentions of these compounds on the C ,s 
column as a function of solvent are shown in Figure 2. As 
expected. the peptid .. with the more lipophilic amino acids 
were retained longer than those with the hydrophilic amino 
acids. Thus the following order of elution was seen in all of 
the solvent systems: AVT> GLU > LVP > AVP > MESO 
> ISO> OXY. Although the order of elu.tion remains con· 
stant for each solvent. Figure 2 also shows that the relative 
retention of the componenta of this mixture is very much a 
function of the solvent composition. The C,. column was able 
to provide peak separation under all conditions. It should be 
pointed out that AVT and GLU as well as ISO and MESO 
are resolved only when THF is used as the organic modifier. 
As shown in Figure 2, essentially all peaks are separated base 
line except LVP and AVP which can be identified by their 
respective capacity factors. 

The order of elution on the Cs column was the same as for 
the C, •. The relative retentions as a function of solvent are 
shown in Figure 3. The following order of elution is observed. 

" 
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F\gIn 4. CIYomatogam on UChroscrb RP-S of (rIg11lO left) (A) AVT. 
LVP. ISO. and OXY and (8) ILU. AVP. MESO. and OXY wi1h 9% TH' 
as soIvenl B 

AVT,. GLU > LVP> AVP > MESO> ISO> OXY. except 
in methanol where L VP and AVP coelute. Typical chroma· 
wgrams obtained are shown in Figures 4A and 4B. These 
chromatograms show the separation of mixtures of four native 
neurohypophyseal peptides with ollytocin being used aa a 
reference in each caae. Under conditions used in these ell' 
periments. the Ca column waa not able w separate all seven 
peptides. 

Again. as ellpected. the C2 column retained the peptides 
with lipophilic amino acids more than the peptides with hy. 
drophilic amino acids. The relative retentions as a function 
of solvent are shown in Figure 5. Figure 5 sbows that A VT. 
GLU. LVP. and AVP coelute in methanol and THF. but are 
partially separated in acewnitrile. MESO and ISO coelute 
in methanol and acewnitrile. but are separated from each 
other in THF ellcept that ISO coelutes with ~XY. 

DISCUSSION 
Liquid chromaWgraphy can be characterized by the mobile 

phase. lhe bonded phase. and the stationary phase. The 
stationary phase consists of solid support with bonded mao 
terials plus adsorbed aasociated mobile phase (27, 28). Using 
this defmition of the stationary phase, a change in the com· 
poeition of the mobile phase produces a change in the modified 
bonded phaae. T!te chromatcgraphic behavior of the same 
compound in different solvent systems can be partially ex· 
plained using this definition (27). 

The mobile and stationary phaaes are equally important 
in HPLC. The mobile phase solvents are characterized by 
their solvent eluting strengtha, which are the sum of three 
types of intermolecular interactions: dispersion, orientation, 
and hydrogen bonding (25). The role of the stationary phase 
is not completely understood. The ability of the hydrocarbon 
stationary phase to interact with the solute has been shown 
to cause retention (2n. Interactions of the residual silanols 
with the components of the mobile phaae can also affect reo 
tention. The conforrnstional changes of the long chain bonded 
stationary phase with respect to different organic modifiers 
has also recently been investigated (29,30), and show that the 
physical structure as well as the effective chemical compoeition 
of the stationary phase is a function of the ability of the 
organic modifier to solvate the bonded hydrocarbon. In ad· 
dition the strength of the attractive interactions between the 
solute molecules and the stationary phase is a function of the 
relative amounts of bonded hydrocarbon va. free silanol groups 

~ ~ 
11,---: -..,.-~~: _~...,.--: 

THF CH]CN CH,OH 
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F\gIn 5. Plot of relatllle reten1Ion (a) YO. CJrlIIII*: mocIfter In !he IOIYIII1t 
system studied on !he UChroaorb RP·2 cotumn. (0) AVT. (0) GLU. 
(A) LVP. (0) AVP. (e) MESO, ~ ISO, and (.) OXY 

on the surface. Thus the relative retention of the peptides 
on the bonded columns will be a function of the effective 
chemical compoeition of the stationary phase in terms of the 
available hydrocarbon, the organic modifier, and the water 
present. It should be noted. therefore, that an ellplanation 
of the chromatographic behavior of reverse phase columns as 
a function of both mobile phase and stationary phase com· 
position is poaaible without reaorting W a hypothetical 
"hydrophobic effect" (31). 

With the appropriate solvent system and column we were 
able to separate all of the nelifOhypophyseal hormones used 
in this study (Figure 1). Separation of the peptides was only 
part of the goal. The beginning of a study w understand the 
interactions of the peptides with the stationary phase as a 
function of structure was undertaken. 

Separations of structurally similar peptides such as the 
neurohypophyseal peptides will depend w a significant elltent 
on differences in primary structure. Interaction of the pep. 
tides with the stationary phase will involve primarily the side 
chain moieties of various residues in the peptides and hence 
any differences in 8..'"quence can be important in achieving a 
separation. In addition, primary structural effects will be 
modulated by differences in the conformational, dynamic, and 
wpological properties of the peptides. In the latter regard, 
considerable work has been reported on the aqueous aolution 
properties of these hormones using IH nuclear magnetic 
reaonance (NMR) spectroscopy (32-37), 13(: NMR spectros· 
copy (38, 39), circular dichroism (CD) (4(}-45l, and Raman 
(43,,46). For ellBmple, the 13C NMR spectra of all se\'en of 
the naturally occurring hormones studied here have been 
ellamined (38, 39). Hruby et a1. (39) concluded that since the 
chemical shifts were virtually the same for the nonvariable 
residues, all of the hormones have very similar conformations. 
A recent proton NMR study comparing OXY. L VP. and A VP 
came to similar conclusions (37). From the standpoint of 
dynamic properties, NMR relaxation meaaurements (33, 
47-49) have noted that both OXY and L VP are quite flexible. 
These studies. as well as the CD and Raman studies indicated 
that indeed the conformational and dynamic properties are 
very similar, though oxytocin· like compounds appear to have 
more compact structures than vasopressins, while the latter 
compounds have more segmental motion in the C·terminal 
tripeptide moiety, but a slightly more rigid conformation in 
the N·terminal region. Since the conformational and dynamic 
properties of all of these hormones are similar. it is likely these 



Table I. Relative Upophllicity of Selected Amino Acida· 

l:flrel)b L/Hc 

phenylalanine 2.24 L 
leucine 1.99 L 
iaoleucine 1.99 L 
arginine H 
lysine 0.52 H 
serine -0.56 H 
glutamine -1.09 H 

• ReCerence 50. b 1:(rel) = relative Iipophilicity oC the 
side chain. C L = lipophilic; H = hydrophilic. 

properties will have only minor effecta on HPLC separations. 
Instead separations should depend primarily on differences 
in the properties of side chain groups at the structurally 
variable poeitions of these hormones (Figure 1). As discussed 
below. that is what we have observed. 

The peptides can be characterized with respect to their 
Iipophilicity. Re!<ker has suggested (50) that the lipophilic 
properties of each amino acid are directly related to the 
relative Iipophilicities of the side chain moieties. There are 
only three poeitions of change in the amino acid sequence for 
the peptidee studied: poeitions 3. 4. and 8. Table I shows the 
relative lipophilicities, according to Rekker. for all of the amino 
acids found in theae three poeitions. 

Either isoleucine or phenylalanine is found in position 3 
of the neurohypophyseal hormones (Figure 1). Position 4 also 
has two possibilities: glutamine or serine. Position 8 has five 
possibilities: leucine. isoleucine. lysine. arginine. and glut
amine. 

In diacuasing the chromatography. the C2 column is used 
as the base line to show the maximum effect of the mobile 
phase. The limited retention of the solutes and the lack of 
selectivity illustrate the relative polar natura of the stationary 
phase. In the THF and CH30H solvent systems. the C2 
column showed only two groupe of peptide separation. Group 
one consisted of A VT. GLU. LVP. and A VP. all of which 
possess a hydrophilic residue at a variable poeition. Group 
two collsisted of MESO. ISO. and OXY. all of which have 
lipophilic amino acids at the variable poeitions. In the CHlCN 
system. a similar observation is made elcept that A VP dis
tinctly separates from the former group. In these and sub
sequent studies, it is unlikely that the differences in the mobile 
phase selectivity could be due to pH variations since the 
peptides do not contain aspartic acid. glutamic acid. or a 
C-terminal carbolylate group. 

The CI column was also unable to separata all of the pep
tides. However. this column demonstrated an increase in the 
attraction of the stationary phase for all the peptides. The 
greater ability of the stationary phase to interact with the 
solute is evident in the separation of moat of the peptides. 
Selective modification of the effective stationary phase by a 
change in the organic portion of the mobile phase is shown 
by use ofTHF. Uaing THF. MESO and ISO were separated 
with base-line resolution. whereas. in other solvent systems 
tried. they were not. 

The CII column was able to separate all of the peptides. 
GLU which could not be separated from A V'l' on the C2 or 
Ca columns. was separated from A VT with base-line resolution 
on this column. The use of THF as the organic component 
of the mobile phase provided a modified stationary phase with 
both the greatest retention fur all of the peptides 88 well as 
the greatest resolution. The best elplanation is that the 
chemical compoeition of the stationary phase which is available 
to the peptides. is significantly more hydrocarbon· like with 
the longer chain bonded phase well solvated by the THF. and 
thus the additional length of the C II bonded group provided 
the optimum stationary phase. 
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The structure of the peptides was examined and since the 
conformational and dynamic properties of these peptides are 
very similar. sequence changes at the variable positions were 
used to elplain the separation achieved. The only structural 
difference between A VT and A VP is in position 3 of the 
sequence (Figure 1). and in this regard it is noted that phe
nylalanine is both more lipophilic and more bulky than iso
leucine. It seems reasonable that the additional interactions 
of the phenyla1anine aide chain with the stationary phase are 
responsible for the longer retention of A VP relative to A VT. 

It is doubtful whether position 4 ploys an important role 
in most separations. The only two compounds that have serine 
in poeition 4 instead of glutamine are ISO and GLU (Figure 
1). but they are eluted at different ends of the elution order. 
MESO and ISO differ only in position 4. The importance of 
an organic modifier in the mobile phase is emphasized in this 
case. since only by using THF as the organic modifier were 
these two peptides separated with baae-line resolution. 

Position 8 h88 five possibilities: MESO and ISO have 
isoleucine; OXY has leucine; A VP and A VT have arginine; 
L VP has lysine; and GLU has glutamine. The relative lipo
philicities of isoleucine and leucine are identical. and it is to 
be noted that MESO. ISO. and OXY were always in the latter 
group to elute. The only difference between MESO and OXY 
is in position 8. The interaction with the stationary ph88e 
of the two different amino acids results in their separation. 
suggesting that the isobutyl group of leucine interacta more 
strongly with the stationary phase than does the sec-butyl 
group of isoleucine. L VP and A VP differ only in position 8. 
At the pH studied. the llIIIine group on the side chain is 
protonated. The lysine becomes more hydrophilic than the 
arginine when both are protonated. The arginine. when 
protonated. can distribute its poeitive charge through reso
nance structures to all the nitrogens and effectively increases 
its lipophilicity. This allowa the hydrocarbon portion of the 
amino acid to interact better with the stationary phase. This 
is supported by the obeervation that in all systems examined. 
LVP was eluted before A VP when separation W88 observed. 
A VT and GLU differ in structure in positions 4 and 8. but 
are eluted together in most cases. The differences in structure 
balance in the chromatography. A VT has arginine in poeition 
8 and GLU has glutamine. Glutamine is more hydrophilic 
than arginine and. therefore. GLU should be eluted first. but 
is not. In the previous argument it WBll stated tkat lysine is 
more hydrophilic than arginine and glutamine is more hy
drophilic than lysine (Table Il, therefore glutamine is more 
hydrophilic than arginine. Position 4 in this case has a pre
dominate influence in the chromatography. The glutamine 
in A VT is more hydrophilic than the serine in GLU and is 
responsible for the shorter retention of A VT with respect to 
GLU. 

In summary. we have found suitable HPLC procedures for 
the identification and separation of seven of the naturally 
occurring neurohypophyseal peptide hormones. Proper 
choices of reverse phase support and organic modifier are 
critical to Obtailling effective separations. Finally. we have 
shown how interactions of the stationary phase and the mobile 
phase with the variable structwal components of the peptide 
hormones are important in the separations. 
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