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ABSTRACT 

The physical and chemical nature of chemically bonded phases 

used in high performance liquid chromatography have been studied. These 

bonded phases were characterized by a variety of chromatographic and 

non-chromatographic experiments. The non-chromatographic techniques 

13 
included C NMR and batch extraction methods. The role played by the 

bonded phase as well as the mobile phase in determining the retention 

characteristics of the "stationary phase" were determined. 

The retention of solute molecules on bonded phases was found to 

be a function of the chain length of the bonded phase, the chemical 

nature of the bonded molecule, and the type of organic modifier used in 

the mobile phase. The energetics of the solute-stationary phase inter

actions was determined by the differential enthalpy and was found to be 

indicative of a partitioning process between two liquid phases. 

The retention process was also affected by the surface 

coverage of the bonded molecule. Optimum retention and separation 

characteristics were obtained with a hydrocarbon bonded phase of high 

surface coverage when used with a mobile phase containing a very polar 

organic modifier. 

The efficiency of these bonded phases was found to be indepen

dent of chain length as well as surface coverage of the bonded molecule. 

Some bonded phases which have specific functionalities 

incorporated into the bonded molecule are not true reversed phases. 

X 
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The selectivity of the bonded phases towards polar solute mol

ecules was found to be affected by the t3T)e of organic modifier used in 

the mobile phase. 

The major accomplishment of this work shows that the stationary 

phase consists of the bonded molecule as well as trapped mobile phase. 

The composition of this ternary mixture is a function of the type and 

amount of bonded material and the type and amoxmt of organic modifier 

used in the mobile phase. 



CHAPTER 1 

INTRODUCTION 

Chromatographic separation techniques represent some of the most 

powerful tools available to the scientist today. A better understanding 

of the processes which are responsible for the selectivity and efficiency 

of currently available stationary phases for use in gas and liquid 

chromatography is necessary if we are to develop stationary phases 

which will be appropriate for the separations problems of the future. 

In order to contribute to the improvement of chromatographic systems it 

is necessary to understand the progress which has been made in the last 

twenty years. In a chromatographic system the sample components are 

distributed between the mobile phase and the stationary phase. Since 

all the sample molecules are introduced into the system at essentially 

the same time, the components must migrate through the column at 

different rates to separate from each other. This differential migra

tion process is dependent upon a driving force and a retarding medium. 

The rate of migration is determined by the fraction of time that the 

solutes spend in the mobile phase versus the time spent in the sta

tionary phase. The fraction of time it spends in the mobile phase, and 

therefore moving at the rate of the mobile phase, is a function of the 

relative affinity that the sample molecules have for each of the two 

immiscible phases. The amount of mobile phase that is required to 

1 
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elute the solute to the peak maximum is a measure of the affinity that 

the solute has for the stationary phase. 

The transfer of the solute between the two phases must also be 

done efficiently. As soon as the sample molecules are introduced onto 

the column they begin to spread. In order to achieve baseline resolu

tion one component must be completely eluted before the next component 

starts to elute. Narrower bands allow the peak positions of the 

components to be closer. This not only decreases the time of the 

experiment but it also improves the detection limit. High efficiency 

requires rapid transfer of the solute molecule between the mobile and 

the stationary phase. The efficiency can be enhanced by the use of 

stationary phases with small particle diameters, uniform pore size and 

high surface area. The selectivity of the stationary phase can be 

modified through the coating or bonding of other molecules to the 

surface. 

In liquid chromatography the mobile phase is a liquid or a 

mixture of miscible liquids. The choice of the composition of the 

mobile phase to provide the driving force is dependent upon the 

stationary phase and the solubility of the sample components. The 

retarding mechanism can be an adsorption on the solid surface of the 

stationary phase or it can be a liquid-liquid partitioning if the 

solid support has been modified by coating it with an immiscible liquid 

or by chemically derivatizing the surface. Separations can also be 

achieved by taking advantage of large size differences in the solute 

molecules. The most useful stationary phase for liquid-liquid 
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partitioning would be a truly stationary liquid and for adsorption a 

specifically tailored surface. Since no two liquids are completely 

immiscible and adsorbent surfaces require modification the most 

promising approach appears to be the use of chemically bonded materials. 

An ideal support for liquid chromatography has to have good 

mechanical stability to withstand the high pressure drop due to the 

small particles. It should be inert and have a very high surface area. 

This means the particles must be porous and these pores should also be 

uniform in size. Uniformity in particle size and shape will greatly 

improve the packing efficiency. Liquid chromatography support materials 

have been made of silica as well as alumina and carbon. Because of the 

high activity and catalytic properties of carbon and alumina, silica 

has become the most widely used chromatographic support material. 

Although silica particles have large surface areas and good mechanical 

stability, the uniformity of size and shape and the pore structure are 

not ideal. Figure 1-1 shows a typical porous silica. Variations in pore 

size may possibly lead to exclusion of some molecules. The surface of 

the silica contains hydroxyl groups, separations on unmodified silica 

depend upon the interactions of the solute molecule with these surface 

groups. These hydroxyls also serve as points of attachment for the 

bonded molecules. The silica can be modified by reacting an alkyl-

silane, usually octadecyltrichlorosilane with the surface hydroxyl. 

(The reactions will be discussed in detail later.) 

Chemically bonded stationary phases have been one of the more 

important contributing factors to the advancement and great popularity 

that has been achieved by modern liquid chromatography. Advances in 



POROUS SILICA PARTICLE 

Figure 1.1. Pore structure of a totally porous silica particle 
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this area have been reviewed in several recent articles (1-4). The 

advantages of reversed-phase^ chemically bonded liquid chromatography 

over conventional liquid-liquid chromatography have also been dis

cussed (6). Most modem chemically bonded phases have a hydrocarbon 

such as octadecane bonded to the silica as a stationary phase and use 

a mobile phase consisting of water modified by a water miscible organic 

solvent such as methanol, acetonitrile or tetrahydrofuran. Although 

70-80% of all liquid chromatography is done on chemically bonded phases, 

the retention mechanisms are not completely understood. Knowledge of 

the retention mechanism of a solute will allow more accurate prediction 

of specific separation conditions. It will also help in preventing the 

spread of specialty application stationary phases such as has happened 

in gas-liquid chromatography. With a good understanding of the reten

tion mechanism, only a few stationary phases are necessary because of 

the ability to manipulate the mobile phase (7). 

Attempts to determine retention mechanisms in liquid chroma

tography have been undertaken by a number of workers (2,8,9). Most of 

these attempts have used only changes in mobile phase and solute 

molecules to characterize the retention mechanism. It is usually 

assumed that these changes do not affect the chemical or physical 

nature of the stationary phase, and that the retention is determined 

solely by the chemical composition of the mobile phase. The most 

common current approach involves assuming the water present in the 

1. The term reversed-phase was first used by Martin and Synge 
(5) to describe a form of liquid-liquid chromatography in which the 
mobile phase was more polar than the stationary phase. 
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mobile results in a hydrophobic effect which forces the solute molecule 

into the stationary phase (10). The stationary phase is thought to be 

merely a passive receptor for the solute molecules. It has been known 

for years that silica gel can be modified by certain mobile phase 

solvents (11). Work in this laboratory has shown that a mobile phase of 

0.67 methanol in chloroform was able to separate a mixture of four 

aflatoxins on silica gel while the same components could not be eluted 

with pure chloroform. Since the solvent strength of both solvent sys

tems is essentially the same as that of chloroform, it must have been 

modification of the silica by the methanol that affected the separation. 

If silica can be modified by the mobile phase then one might also sus

pect the same is true of chemically bonded phases. To believe that the 

chemically bonded phase merely acts as a passive acceptor for the solute 

molecule when it is forced from the mobile phase is to completely shut 

out the thought of any mobile phase-stationary phase interactions. The 

hydrophobic chromatography theory fails to recognize that these inter

actions exist. To have a more complete understanding of these in 

interactions we must have a complete chemical and physical description 

of the parei.' silica gel and the organic molecules that are bonded to 

them. 

Porous silica materials have an internal structure that is 

produced by the bonding of a silicon atom to four oxygen atoms and each 

oxygen atom is bound to two silicon atoms, which results in an empirical 

formula of (SiO„) (Fig. 1.2). On the surface the terminal silicon atoms 
^ n 

have hydroxyl groups bonded to them. There are several possible con

figurations for these hydroxy groups (Fig. 1.3). 
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I I 
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Figure 1.2. Chemical structure of silica 

OH 
1 

OH OH 
1 1 

OH 
1 

OH 
1 0'-

0 
/ 

HO-Si-OH 
1 

HO-Si-O-Si-OH -O-Si-0--Si- 1 1 
-Si-O-Si-

-Si-O-Si-HO-Si-OH 
1 1 1 t 1 

1 1 
-Si-O-Si- 1 1 

0 
1 
-Si-

0 0 0 
1 

0 t 1 0 
1 
-Si- -Si-O-Si-

1 1 
-Si-0--Si-

1 
(a) 

' 1 
(b) (c) (d) (e) 

Figure 1-3. Possible terminal hydroxyl configuration of silica 

It is also possible that siloxane bridges terminate the silica structure 

(Fig. 1.3 e). Figure 1.3 c and d are structurally equivalent. The dotted 

line in Figure 1.3 d indicates the possibility of hydrogen bonding between 

neighboring hydroxyl groups. Physically adsorbed water is also present 

on the silica surface unless it has been heated to extremely high 

temperatures (12)• 

Snyder and Ward (13) believe the surface to consist of all the 

possible configurations shown in Figure 1.3 a-e, depending upon structural 

considerations. Gilpin and Burke (14) through their work with 

(D 
bonding mono- and dichlorosilanes to Porasil have come to the conclusion 

that each surface silica atom has only one terminal hydroxy group, and 

that these hydroxyl groups condense to form siloxane bridges, only upon 

heating to about 600°C. Peri (15,16) believes the surface to be made up 

geminal hydroxyl groups (Fig. 1.3 b). Unger and Gallei (.17) have shoxm 
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that silica chlorinated with silicon-tetrachloride, as shown in Rx-1, 

upon hydrolysis never has a larger OH content than the unreacted product. 

Si-OH + SiCl, > Si-OSiCl„ + HCl Rx-1 
4 J 

This indicates that the OH groups on neighboring silicon atoms must 

condense to form siloxane bonds, leaving only one terminal hydroxyl 

group. However, in his reactions with organolithium compounds (Rx-2) on 

chlorinated silica gel (18) siloxane bridging after hydrolysis was not 

observed,. This was believed to be due to steric hindrance by the large 

organic molecules. 

CI 
I 

Si-0-SiCl_ + LiR > Si-O-Si-R R = 0, 0,, 0, Rx-2 
J I ^ ^ 

CI 

When Gilpin ( 19 ) reacted dichloromethyl silane with Porasil and hydro-

lized the remaining chlorine he describes a structure as shown in 

Fig. 4, indicating that the majority of the remaining hydroxyls condensed 

to form siloxane bonds. 

CH, CH„ 
I 3 » 3 

CH,-Si-0-Si-CH-
3 I I 3 
0 0 
I I 

-Si-O-Si-
I I 

Figure 1,4. Dichlorodimethyl silane modified silica 

The conclusions of these experimental results are that 

there are no significant amounts of surface groups other than those 

described by Figure 1.3 c and d. If poly-functional silanes are used to 
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modify silica it is possible for them to form a polymeric network like 

that of the parent silica gel. If there is steric hindrance from the 

organic portion of the molecule the polymer will not form, but there 

will always be less than two bonds to the surface.(20). 

If one assumes the surface of the silica to be made up of a 

monolayer of hydroxyl groups the question then arises as to how 

many of these there are in a specific area. This is important because 

estimates of bonded phase densities will have to be calculated with this 

value. Iler (21) and Kiselev (22 ) conclude that there are eight 

02 
hydroxyls per 100 A on a fully hydrated surface. Other researchers 

°2 
(16,18) have put the number at five hydroxyl groups per 100 A . This 

02 
number may be as low as 20H/100 A depending upon the type of silica 

°2 
and its previous treatments (16). Four to five hydroxyls/100 A is 

considered to be the characteristic concentration for the type of 

silica commonly used in chromatographic studies ( 23). This allows an 

02 
average surface area of 20 to 25 A per OH group, or an average distance 

o 
of approximately 5 A between OH centers. 

These silanol groups are weakly acidic and can be titrated in a 

concentrated NaCl solution with NaOH (24). However, this method cannot 

be used to determine a specific surface area by assuming four hydroxyl 

°2 
groups per 100 A because the individual beads are made up of aggregates, 

of smaller ones which are held together by siloxane bridges that 

dissolve in basic pH and produce two silanol groups. The number of OH 

groups titrated therefore is considerably larger than those available 

for modification or surface area measurements. 
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It has also been suggested that thionyl chloride can be used for 

the determination of surface hydroxyl groups on silica if the pore size 

is not very narrow (25;. Pores narrow enough to exclude SOCI2 would 

almost certainly also exclude most solute molecules and all presently 

used organic modifying reagents used in making reversed phase column 

packing materials. Thionyl chloride reacts with silanol groups (Rx-3) 

in a 1:1 ratio, 

SiOH + SOCI2 > Si-Cl + SO2 + HCl (Rx-3) 

so that each accessible hydroxyl group is replaced with a chlorine. 

Since the Si-Cl bond is easily hydrolized, the CI can be removed and 

determined through titration with silver nitrate (18). In this way, 

the number of accessible surface hydroxyl groups can be determined. 

However, work done in this laboratory and by others (26,27) using thionyl 

chloride and Grignards to modify silica have produced bonded phases with 

very low percentages of carbon. This is attributed to the poor initial 

chlorination of the silica by thionyl chloride. If the reaction does 

not go to completion then numbers obtained from such an experiment are 

not an absolute measure of the surfact area but only a measure of the 

surface area available to thionyl chloride which may not be the same as 

the surface area available to a solute molecule. 

The first chemically bonded organic stationary phases used in 

liquid and gas chromatography were made by the esterification of porous 

glass and aliphatic alcohols (28). These silicate esters which have 

Si-O-R bonds are not very thermally nor hydrolytically stable (29), 



which severely limits the usefulness of this tjrpe of bonded phase as a 

reversed-phase stationary phase. A direct silicon carbon bond (Si-C) is 

considerably more stable than the Si-O-C bond. There is evidence that 

it is even more stable than the Si-O-Si bond (26). The stability of 

silica gel arises from its polymeric structure, not the strength of an 

individual silicon-oxygen bond. Two reactions produce bonded phases 

that have silicon-»carbon bonds. These are discussed in detail below. 

Grignard Reactions 

Grignard reactions with chlorosilanes have been known for some 

time (30). Deuel and Wartmann state that they were the first to use 

this reaction to derivatize silica gel in 1958 (26). The first to 

employ these preparations on substrates used for liquid chromatography 

were Locke, Schmermund and Banner in 1971 (27). . Their work, 

unfortunately, is vague and very little chromatographic data is 

presented. The advantage of the Grignard reaction is that it forms a 

single bond between the bonding molecule and the silica if thionyl 

chloride is used to chlorinate the silica. The silicon atom that forms 

the bond is from the silica gel matrix. It is bonded to three other 

silicon atoms through the siloxane linkages, making this the most 

stable of the non-polymeric bonded phases. 

The first step in the preparation of a bonded phase with a 

Grignard reaction is to thoroughly dry the silica to remove all water, 

without condensing the surface hydroxyls. 150° C has been suggested 

as the most appropriate temperature (19). The water not only deacti

vates the Grignard but it can also hydrolyze the silicon chlorine bond. 
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Chlorination of the silica can be accomplished through Rx-1 or Ey-3. It 

would appear that SiCl^ should be a more efficient chlorinating agent 

than SOCI2 but Unger et al. ( 18 ) found that the amount of CI on the 

surface on several silica gels that had been reacted with SiCl^ or 

SOCI2 had a ratio of about 2:1, not 3:1 as expected. This was 

attributed to steric exclusion of the larger SiCl^, but it could also 

be that hydrolysis, because the silica cannot be completely dehydrated, 

and the formation of siloxane bridges caused the unexpected ratio. 

From experiments done for this work and by others there, appears 

to be no significant difference in the chlorination efficiency of 

SOCI2 and SiCl^. They react with about 80% of the available surface 

silanols (31). Thionyl chloride appears to be the reagent of choice 

because it does not introduce any additional silanol groups (see above). 

Although the Grignard reaction modification method should work very 

well, most workers (including attempts to prepare bonded phases 

by this method for this work) find the amount of material bonded to the 

surface to be discouragingly low. The amount of carbon by weight 

usually does not exceed 3%. While these types of phases do exhibit 

some reversed phase characteristics, they are for all practical purposes 

only pacified silica gel phases. 

Silane Reactions 

According to manufacturer's literature, chlorosilanes are used 

to make all commercial reversed phase packing materials. One of the 

earliest descriptions of reactions of these types of compounds was 

given by Howard and Martin (5 ). Many references exist (32-40 ) for the 
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preparation of organosilane bonded phases. Trichlorosilanes are most 

frequently used. These react with silanol groups to form an Si-O-Si-C 

bond (Rx-4). 

Si-OH + RSiCl^ > -Si-O-Si-R (Rx-4) 

Unger et al. (35) see the formation of multiple bonds between the 

trichlorosilanes and the surface. The number of bonds is greater than 

one but less than two. This leads to the conclusion that multihalo 

silane bonded phases have greater stability since more than one bond must 

be broken simultaneously to remove the bonded phase. Unger (18) and 

Burke and Gilpin ( 14 ) have shown that poly-functional reagents can 

form siloxane bridges upon hydrolysis if there is no stearic hindrance. 

This would certainly improve the stability of the bonded phases. 

Arkels (41) has suggested that trace amounts of water in the solvent 

causes the organo-trichlorosilanes to polymerize prior to their reac

tion with the silica gel. This would produce a polymeric type coating 

with a large number of bonds to the surface, thereby producing a very 

stable bonded phase. This type of mechanism is thought to occur on 

heavily loaded bonded phases (that use trifunctional reagents). How

ever, this will leave a large number of free hydroxyl groups upon 

hydrolysis from both the chlorosilane and the silica gel surface. 

Scott and Kucera ( 8) have shown that even with these heavily loaded 

stationary phases hydroxyl groups are still available to interact with 

solute molecules. Organosilane polymers may be too large to enter all 

the pores of the silica which can create a large unmodified area or if 

the pore is blocked by the polymer the surface area of the stationary 
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phase will be reduced significantly. The wet solvent method has also 

been shoxra to give less reproducible results (42).- Barry (43) has . 

also suggested that the polymerization occurs on the surface of the 

silica because of the layers of water that are always associated with 

silica even when it has been dried at very high temperatures. The :.bonded 

phase poljrmer may actually be only hydrogen bonded to the hydrated 

surface. However, the large number of hydrogen bonds could provide for 

a very insoluble bonded layer. 

Although the possibilities of a dynamic process between the 

bonded phase and the surface does exist evidence from the use of mono-

functional silanes indicates that the bonded phase is fixed to the 

surface. Monofunctional silanes produce bonded phases of the "brush" 

form described by Halasz and Sebastian (28). Because they can only 

form one bond their stability is decreased at pH greater than 7 (35). 

However, the stationary phases made from monofunctional reagents that 

were used in this work showed no signs of deterioration when used with 

mobile phase-pH values of 5.5.to 6.0. 

Trialkoxy silanes are also employed as reagents in binding 

organic phases. They are generally less reacti.ve and since they produce 

no acid upon hydrolysis they may be more convenient to use. Increasing 

the size of the alkoxy group decreases the rate of hydrolysis ( 41) 

which may be a useful method for controlling polymerization. 

In order to be able to say something about the chemical proper

ties of the bonded phase we must know some of its physical 

characteristics. Normally, we describe a compound by its physical 
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properties such as solid, liquid, viscosity, density, etc. These are a 

all bulk properties and it must be remembered that the bonded phase is 

one or more layers of hydrocarbon with one end of the molecule held 

rigidly into place. We must therefore be very careful about comparing 

the physical properties of the bonded phase with the bulk hydrocarbon. 

Of these properties only the average density or spacing between the 

bonded molecules can be determined providing that an accurate surface 

area measurement can be made. 

With monofunctionally bound phases we know that only one molecule 

can be bound to one surface hydroxyl (Fig. 1-5) but the regularity of_the 

spacing (density) may be dependent upon the pore structure of the silica 

gel. Whenever polyfunctional reagents are used the bonded phase may not 

be uniform. Both stick and brush like structures (Fig. 1.6) may exist. 

Chain length and spacing density will affect molecular interaction 

between neighboring molecules or intra-chain interactions (Fig. 1.7). Will 

the chain stand away from the surface or does it lie down on it? 

In liquid chromatography the mobile phase becomes another 

variable which can affect the stationary phase. The mobile phase may 

solvate the bonded phase or the silica surface or both. Different 

components of the mobile phase solvate the organic molecule and the 

unreached silanols. The hydrocarbon may be surrounded by pure organic 

modifier from the mobile phase (Fig. 1.8) or there may be a stagnant 

layer of mobile phase which is enriched in the organic modifier (Fig. 1.9). 

In liquid chromatography the solute molecule is dissolved in 

and is surrounded by the mobile phase molecules. While it is in this 

phase it travels at the velocity of the mobile phase. If it never went 
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Figure 1.5. Monofunctional organosilane bonded to a silica surface 
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Figure 1.6. Possible configurations of organic phase bonded to silica 
when a polyfunctional reagent is used 
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Figure 1.7. Inter- and intra-chain interactions of the bonded phase 



Figure 1.8. Bonded phase solvated by the organic modifier 
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into the stationary phase, it would not be retained. So, in order to 

separate two components they must have different residence times in the 

stationary phase. To transfer to the stationary phase, a solute 

molecule must break its interactions with the mobile phase and form new 

solvation bonds in the stationary phase. The sum total of this breaking 

and remaking of bonds and of creating and collapsing cavities in the two 

phases is given by the free energy change ( A G ) .  

The enthalpy change can be considered as a measure of the 

environmental changes that a solute molecule undergoes in transferring 

from the mobile to the stationary phase. If this phase transfer 

requires the molecule to have a specific orientation or alignment then 

there will also be a change in entropy (AS). The changes in entropy and 

enthalpy can be used to calculate the overall change in free energy (AG) 

of the phase transfer (Eq. 1-1). 

AG = AH - TAS (1-1) 

These thermodynamic parameters (AG, AH, AS) can be used to provide 

insight into the mobile phase-stationary phase transfer mechanisms. 

However, only AH can be measured accurately from chromatographic data. 

The Clausius-Clapeyron equation (Eq. 1-2) 

^ = =f- (1-2) 

K = thermodynamic distribution constant 

R = gas law constant 

T = temperature °K 
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shows that a plot of InK vs will result in a line with a slope of 

-AH/R. If K is not known the capacity factor (k') can be substituted 

since k' is proportional to K (Eq. 1-6). The position of the line on 

the y axis will vary but its slope will be the same. 

_ amount of solute in the stationary phase (1-3) 
amount of solute in the mobile phase 

_ R M 

where V = retention volume 
K 

Cl-4) 

= volume of mobile phase required to elute a non-

retained solute 

_ concentration of solute in the stationary phase 
concentration of solute in the mobile phase 

K = k'(j) (1-6) 

<j) = phase ratio 

V V 

• -J- (1-7) 

where Vg = volume of the stationary phase 

V„ = volume of the mobile phase 
M 

Ag = surface area of the stationary phase 

If a K value is available then AG can be calculated from Eq. 

Eq. (1-8). However, accurate K values can be obtained only when V is 

known as is the case only in liquid-liquid chromatography or it can be 

calculated through the use of solubility parameters (6) (44). 
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AG = -RTlnK (1-8) 

By knowing. 5 values for the solvent, solute and the stationary phase, K 

can be calculated from Eq. l-^Q. 

V.[6.-6 - (6.-6 
In K =  ̂  ̂" i—§_ (1-9) 

RT 

V. = molar volume of the solute 
1 

6^ = solubility parameter of the solute 

6^ = solubility parameter of the mobile phase 

6^ = solubility parameter of the stationary phase 

To evaluate the application of solubility parameters to bonded stationary 

phases the distribution constant can be calculated from Eq.1-9 and by 

rearranging Eq. 1-7 V can be evaluated. This was done for several of 
s 

the columns used for this work and in each case, no consistent V value 
s 

was obtained. The major drawback lies in obtaining a valid solubility 

parameter for the stationary phase (6^). It must be remembered that the 

stationary phase consists of a monolayer of bonded material, which may 

not have the same properties as the bulk material, unreacted silanol 

groups and organic modifier from the mobile phase. It would appear 

then that a AG value cannot be obtained experimentally unless one is 

able to obtain an accurate V value. 
s 

For bonded phases AG cannot be calculated directly because no 

accurate K or values can be measured. Since no independent measure

ment for AS can be made, equation 1-1 cannot be solved. It is possible 

however, to obtain accurate AAG'values as shown in equations 1-10 

through 1-13. 
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AG^ = -RT In k'^ - RT In <!> (1-10) 

AG; - AG„ = RT In k' - RT In k' (l-ll) 
A B B A 

AAG' „ = RT In a (1-12) 
A-B 

k '  
_ B 

" " k\ (1-13) 
A 

The only assumption made is that the phase ratio ((^) is the same for 

both solutes. This is valid for molecules of similar size. The AAG' 

values allow one to evaluate the contribution of different substituents 

on the solute molecule to the overall retention behavior. 

Since only AAG'values can be calculated then only relative 

changes in entropy can be calculated because equation 1-1 must be used to 

arrive at a AS value. By combining equations .1-1 and 1-10 a AAS' value 

can be obtained (Eq. 1-14). 

AH -AIL 
AAS' ^ - R In ct (1-14) 

A-B T 

Chromatographic Experiments 

The chromatographic experiments are used to obtain information 

about the chemical and physical nature of the bonded phase. The reten

tion volume or peak position under specific chromatographic conditions 

provide information about the strength of the interaction between the 

solute and the stationary phase, the capacity and the selectivity. The 

peak broadening gives information about the efficiency and the differ

ence in the interaction between the various probes used. 
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Peak Position 

For this work all elution chromatography, except as so noted, is 

in the linear range. This means that all peaks are Gaussian in shape 

and the distribution constant (K) is independent of. sample size. 

The basic retention parameter is the retention volume, V_. This 
IV 

is the volume of mobile phase that is necessary to elute the solute to 

the peak maximum (45). It can be calculated very easily from Eq.1-15, 

where t = retention time and 
r 

= t^ • F/R (1-15) 

F/R = flow rate of the mobile phase. F/R is usually given in milliliters 

per minute and t in seconds. V can also be used to calculate the 
V K 

distribution coefficient (Eq. 1-16) if the volume of the stationary, phase 

(V^) for a liquid-liquid partitioning, or the area of the stationary 

phase for a liquid-solid adsorption is known. 

It must again be pointed out that V or A for bonded phases is difficult 
s s 

to measure accurately, therefore an accurate K value cannot be obtained. 

Equation 1-16 assumes that the retention is due to only one 

mechanism, either partitioning or adsorption. It is possible however, 

that on a bonded phase both these processes as well as exclusion can be 

involved during the chromatographic process. Equation 1-16 must 

therefore be expanded to Equation 1-17 to include all three of these 

mechanisms. 



26 

V„ = V„ + KV + K'A + K' 'V, (1-17) 
R M s s i 

= Interstitial volume. 

If one mechanism predominates the other two can usually be ignored. 

However, data to be presented in this work will show that both mechan

isms can and do exist. Furthermore, bonded phases that have small 

pore sizes, use trifunctional modifiers, and are subsequently capped 

with a trimethylchlorosilane can have very non-uniform surfaces. 

Clusters of polymer-like chains and single strands spaced further apart 

may exist on these stationary phases as well as smaller 

pores which exclude the bonded phase. Equation 1-17 can be further 

expanded to take this into account. On areas of the stationary phase 

where the density of coverage is different or where the chain length 

is shorter (because of capping) the distribution constant for a solute 

is going to change. 

'e - 'M + Vs---' 
{i-io; 

+ (K^"V^ + K2"V^ + ...) 

At the present time there is considerable debate over the reten

tion mechanisms of bonded reversed phases. There are those who argue 

that the retention mechanism is a function of the surface area of the 

total bonded phase (46). While this may be true for some solvent 

systems which cannot solvate the bonded hydrocarbon, data presented in 

this work and others ( 8 ) show that the stationary phase is modified 

by the organic component of the mobile phase and that the overall 

retention mechanism is a function of the type and number of molecules 
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bonded to the surface as well as the organic modifier used in the 

mobile phase. 

Peak Broadening 

The efficiency of a chromatographic column is usually described 

in terms of the number of theoretical plates, or the height equivalent 

to a theoretical plate. The terms originate from the model by Martin 

and Synge (47). The values for the number of theoretical plates can be 

calculated from several equations (44 ). One of the more commonly used 

formulae is Equation 1-19, 

N = 5.54 (1-19) 

N = number of theoretical plates 

t^ = retention time 

Wi/2 = width of the peak at half height 

The height equivalent of a theoretical plate (HETP) can be obtained by 

dividing the length of the column (N) by the number of theoretical 

plates (Eq.1-20). 

H or HETP = L/N ( 1-20) 

The major contributions to H are summarized in Equation 1-21. 

^ \ «SM 

HL = broadening due to longitudinal diffusion 

Hg = broadening due to stationary phase mass transfer 

effect 

= broadening due to mobile phase effects 
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= broadening due to diffusion or mass transfer 

across the stagnant mobile phase 

These contributions to band broadening can be grouped into three areas. 

The first is or diffusion of the solute in the direction of the flow 

in the mobile phase. (Eq. 1-22) is only significant at slow flow 

rates and in mobile phases where diffusion is rapid. In liquid 

chromatography is normally assumed to be zero. The second is broad

ening due to mobile phase effects, (Eq. 1-23). consists of an 

eddy diffusion term (H^,) (Eq. 1-24) and diffusion effects (H^) (Eq. 1-

25). Again, because of the high linear velocities in liquid 

chromatography and the large diffusion coefficients, is small and 

which is velocity independent dominates. The third portion is the sum 

of the contribution of the band broadening due to mass transfer in the 

stationary phase (Hg) (Eq. 1-26) and mass transfer through tht stagnant 

mobile phase (Hg^) (Eq. 1-27). 

^ 9 V Dm (1-22) 
L V 

Y = obstruction factor due to packing 

Dm = solute diffusion coefficient in the mobile phase 

V = linear velocity of the mobile phase 

+ Hp (1-23) 

Hp = dp (1-24) 

A = a function of the packing structure 

dp = particle diameter 
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H„ - ̂  a-25, 

= a function of the packing structure 

H, = 5-kLA^ a-26) 

" D tt+t')"' 
s 

q = geometric factor 

= diffusivity of the solute into the stationary 

phase 

. (1-* •<- a-27) 

q(l-(f>)(l+k') YDm 

<j) = the fraction of '.the total mobile in the intra-

particle space 

Y = tortuosity factor inside the particle 

This information can be obtained experimentally by a plot of H 

vs V. This is known as a van Deempter (48) plot and Eq. 1-21 can be 

expressed in a form known as the van Deempter equation (Eq. 1-28). 

H = A + B/v + Cv (1-28) 

The A term of the van Deempter equation is the flow independent or 

eddy diffusion term (H-^ • This is dependent upon stationary phase particle 

size. The B or longitudinal diffusion term (H^) is not important in 

liquid chromatography. The C term is velocity dependent and is the sum 

of the mass transfer terms in both phases (H_ + H ). It is this last 
b M 
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term which is of most interest. The C term tells us if all the solute 

molecules encounter the same type of stationary phase under the condi

tion of the experiments. 

Non-Chromatographic Experiments 

The non-chromatographic techniques that were used to char

acterize the bonded phases were Nuclear Magnetic Resonance Spectrometry, 

batch extraction experiments, and elemental analysis. 

MR 

Carbon 13 NMR was used to investigate the solvent bonded phase 

interaction. While NMR is more commonly used to give structural infor

mation, it can also provide information about molecular motion (49). 

13 
With C NMR, for which the chemical shifts are much larger than for 

protons and the intemuclear dipolar broadening much less, it has 

become possible to use this technique for obtaining information about 

13 
the molecular motion of bonded species. The major disadvantage of C 

13 
NMR is the low natural abundance of C. This was overcome by the use 

of Fourier Transform methodology and by using the 10 pm bonded phases 

which have a high packing density. 

In addition to information provided by the chemical shift of the 

atoms due to their differing chemical environments, one can also use the 

broadening of. the signal to gain information .about the physical nature 

of the molecular species. The broadening of the signal can be caused by 

chemical shift anisotropy or by short relaxation times, both of which 

are due to restricted molecular motion. In solids, the chemical 

shift anisotropy causes line widths which are significantly 
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broader than in liquids (50 )„ It has been shown (51' ) that for 

adsorbed molecules the signal may be significantly narrowed by an 

increase in the molecular motion of the adsorbed species relative to the 

true solid. Chemisorbed species have also been studied and similar 

13 
motional narrowing has been observed (52 ). Thus the width of the C 

NMR signal may be used as a qualitative indicator of the molecular 

motion of a bonded phase. If the bonded phase is highly solvated, then 

one would expect narrower peaks than for a bonded phase that is not 

solvated. An analogy would be the branches of a bush. If the branches 

were intertwined (non-solvated system), then they would have little 

motion in a wind; but if each branch was attached only at the stem 

(solvated system) then they would have a significant freedom of motion 

in a wind. 

Batch Extraction Experiments 

A comparison of the bonded phase used in liquid chromatography 

to liquid-liquid extraction was carried out. These experiments were 

performed to provide information as to how much of the organic modifier 

is adsorbed by the bonded phase. Two types of experiments were per

formed. In one, the organic phase was a bulk hydrocarbon; in the other, 

the actual bonded supports were used as the organic phase. In each 

case the "aqueous layer" was a mixture of water and an organic modifier 

such as methanol or tetrahydrofuran. 



CHAPTER 2 

PROCEDURES 

Materials and Reagents 

All columns were 1/4" OD 316 stainless steel with Parker or 

Swagelol^ end fittings. Stainless steel frits of 2.0 pm pore size were 

used to keep the packing material in place and exclude contaminant 

particles. The internal dimensions of the columns were 2.1 mm ID 

X 250 mm except the fatty acid amide, which was 3 mm ID x 200 mm.. 

The silica which was used for the Grignard and the silane reac-

tions was Spherisorb , a 10 ym spherical totally porous silica obtained 

from Spectra-Physics, Santa Clara,. California. The 5% CDS bonded phase 

was the 10 ym Spherisorb particles modified with octadecyltrichloro-

silane. It was also obtained from Spectra-Physics. The 10% ODS bonded 

phase was an irregular shaped silica particle modified with octadecyl-

trichlorosilane and capped with trimethylchlorosilane. This was 

supplied by Waters, Inc., Waltham, Massachusetts. The particle size of 

the ]x Bondapal^ was 10 Pm. The remaining bonded phases were obtained 

from EM Laboratories. They were all irregular shaped silica particles 

(Lichrosorb) of 10 ym diameter that had been modified with octadecyldi-

methylchlorosilane (RP-18), octyldimethylchlorosilane (RP-8), 

ethyldimethylchlorosilane (RP-2) and triethoxy-y-propylamine (NH2). The 

fatty acid amide column was made by further derivatizing the NH2 bonded 

phase with 9,12,15 octadecatrienoic (linolenic) acid. 
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The phenyl bonded phase was made by modifying the Spherisorb 

with trichlorophenylsilane obtained from PGR Research Chemicals, Inc. 

A complete description of the physical characteristics of these 

phases is given in Table 2.1. 

Modification Procedures 

Silanization Reactions 

A method similar to the one described by Little et al. (53) 

was used for the phenyl bonded phase. Approximately 1.5 gms of 10 pm 

Spherisorb was placed in a 25 ml flask that had previously been silanized 

with trichloromethylsilane ( PGR Research Chemicals, Inc.) The 

silica was covered with 10 ml of dichloromethane (Mallinkrodt Inc., AR 

grade redistilled and dried over sodium). Then, 1.5 ml of trichloro

phenylsilane (Aldrich Chemical Company) was added. The 

mixture was covered and stirred using ultrasonification for 30 minutes 

and then was allowed to further react at room temperature for an addi

tional two hours. The solvent and excess silane were evaporated in a 

drying oven at 55° C. The beads were washed on a Millipor^LS type 

filter under suction with hexane, tetrahydrofuran, methanol, water and 

acetone. The beads were dried again overnight in a 55° C oven and then 

stored in a dessicator. 

A butyltrichlorosilane and a dodecyltrichlorosilane bonded phase 

were prepared by a variation of the above described method. A procedure 

described by Gilpin (19) was used. 1.5 gms of Spherisorb were dried 

for 24 hours prior to modification at 150° G under a flow of dry Argon. 



Table 2.1. Bonded phase specifications 

Surface Functional Manuf. 
area Pore Length % Carbon group % Calc. % 
Before Mod Size of chain bonded derlvitlzation derlvitlzation 

Spherlsorb 
5% ODS 

pbondapak 
10% ODS 

200 m /gm 80-100A 

300-350 
m /gm 

o 
60A 

18 

capped with 
C, 

5.0% 

10% 

R-SiCl, 

R-SiCl, 

N/A 

N/A 

5.4% 

19.1%* 

Merk 
20% ODS 
RP-18 

Merk 
RP-8 

Amide 
Before Mod 

After Mod 

Phenyl 

2 ^ 
105 m /gm 150A C^g 

2 o 
250 m /gm lOOA 

2 ° 
250 m /gm lOOA 

21 
2 o 

200 m /gm BO-IOOA Phenyl 
group 

19.8% 

12.2% 

3.7% 

10.0% 

10.5% 

CHq 
t 

R-Si-Cl 

-3 

CH„ 
I ^ 

R-Sl-Cl 
I 
CH^ 

R-SiCl, 

R-SiCl, 

67.5% 

75.0% 

N/A 

73.6% 

54.2% 

55.0% 

97.6% 

LO 
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The silica was transferred to a previously silanized flask and covered 

with 10 ml of dried redistilled toluene. 1.5 ml of the silane 

(butyltrichloro or dodecyltrichloro) was added to the flask. The 

mixture was refluxed overnight and filtered the next day, using the same 

solvents described above. The beads were then dried in an oven at 

100° C for several hours and stored in a desiccator. 

Amide Reaction 

This reaction was used to prepare a bonded phase that had a long 

hydrocarbon chain with some functional groups incorporated into it. 

Lichrosorb NH2 (10 um) bonded phase was dried at 100° C for 24 

hours prior to use. 1.5 gms of this material were put into a reaction 

flask and covered with dried hexane. A 100% (approx. 1 ml) stoichio

metric excess of linolenic acid (9,12,15 octadecatrienoic acid) was 

added and the mixture was refluxed overnight. The beads were then 

washed with hexane, tetrahydrofuran, methanol, water and acetone. They 

were dried again at 100° C overnight and stored in a desiccator. 

Grignard Reactions 

The Grignard reaction procedures that were used are similar to 

those described by Locke, Schmermund and Banner G7)> Approximately 1.5 

Spherisorb 10 pm silica were placed in the glass apparatus shown in 

Fig.2.1. All inner surfaces of the glass had been deactivated with tri-

methylchlorosilane. A heating mantle was placed around the glass tube 

and heated to 150° C. The actual temperature of the beads was measured 

by a thermocouple inserted through the upper stopcock. Dry Argon was 
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Figure 2,1. Apparatus for drying silica beads 



passed through the beads for three to four hours prior to the chlorina-

tion reaction. The glass apparatus was then inverted, causing the beads 

to fall into the round bottomed flask. Redistilled thionyl chloride was 

introduced into the flask to chlorinate the surface hydroxyl groups of 

the silica. The silica was allowed to react for two hours with reflux 

and stirring. The excess thionyl chloride was then evaporated with a 

stream of dry nitrogen. The flask was warmed to prevent the condensa

tion of water. The beads were covered with dry, distilled THF or diethyl 

ether while the organomagnesium halide was being prepared. This was 

done by adding about 0.5 gms of magnesium turnings to approximately 

20 ml of dry, distilled THF or diethyl ether. About 2 ml of the desired 

organohalide was then added to the flask. Gentle warming was usually 

required to initiate the reaction. When the reaction was completed, 

this mixture was added to the dry chlorinated silica and allowed to 

reflux overnight. The beads were filtered to remove the excess solvent 

and washed with water (slightly acidic), THF, hexane and acetone. They 

were then dried at 100° C and stored in a desiccator. Table 2.2 lists 

the bonded phases that were prepared by this method. 

Column Packing Procedure 

Since all bonded phase particles had diameters of 10 vim, it 

was necessary to use a slurry packing method. 

1.2 gm of the packing material were suspended in 12 ml of a 

50/50 mixture by volume of 1,1,2,2-tetrabromoethane and 1-butanol. 

Ultrasonic stirring was used to assure complete dispersion of the 
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Table 2.2. Bonded phases prepared by Grlgnard reactions 

Bonded Molecule Parent Silica % by wt C 

Octane Porasil 60 0.85 

Octane Porasil 400 5.10 

Octane Spherisorb 2.37 

Pentene Spherisorb 1.61 

Octane Spherisorb 1.20 



bonded phase in the solvent mixture. The suspension was prepared 

several hours prior to the packing and stirred several times during this 

period to assure complete dispersal and solvation of the beads by the 

solvents. Immediately prior to pouring the beads into the reservoir 

column, they were again stirred in the ultrasonic bath. A Haskell 

pneumatic aniplification pump (model DST-150A) with a 50/50 hexane-

chloroform solvent mixture was used to pack the analytical column. The 

pressure was maintained at 10,000 psi until all the suspension solvents 

had been pumped through the column. The packed columns were then 

washed with THF and methanol to remove the hexane-chloroform mixture 

and stored in methanol until they were used. 

All solvents used for this procedure were analytical reagent 

grade. The hexane, chloroform, THF and methanol were filtered through 

.45 ym pore size Millipore filters prior to use. 

Methyl Red Experiment 

Methyl Red has been used to measure the surface area of 

silica (54)^ The dye will be adsorbed from a solution onto the surface 

of the silica presumably by interactions with the silanols. By 

measuring the amount of dye that has been taken out of solution and by 

knowing its surface area the surface are of the silica can be 

measured. This experiment was performed with the bonded phase to deter

mine the number and the accessi'bility of the residual silanol groups. 

0.0131 gms of methyl red were dissolved in 1 liter of benzene. The 

absorption of this solution was measured at 521 nm. The bonded phases 

were shaken in 5 ml aliquots of this solution for 2.5 hours. A portion 
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of the supernatant was withdrawn and its absorbance was again measured 

4 
at 521 nm. By using a molar absorptivity value of 5.75 x 10 for the 

methyl red, the amount of the dye adsorbed by the silica could be cal

culated. 

NMR Experiments 

13 
The C NMR spectra were obtained using a Bruker WH-90 spectrom

eter operating at 22.62 MHz. The spectrometer was operated in the pulse 

mode with a pulse length of 12 psec, and the spectra were broad band 

decoupled. The Fourier Transform of 280,000 scans (an overnight run) 

was accomplished using a Nicolet 1080 Data System. A "Bruker variable 

temperature probe allowed spectra to be obtained at elevated temperatures. 

About one gram of the bonded material was used in the 10 ram ID NMR tubes. 

All organic solvents were AR grade (Mallinckrodt or Fisher) and were 

filtered through .45 pm pore size Millipore filters. When only organic 

solvents were used, the lock material was deuterochloroform (Aldrich). 

When mixtures of organic and aqueous solvents were used, deuterium oxide 

(Stohler Isotope Chemicals) which was used instead of water, also served 

as the lock material. For the non-solvated spectra, a sealed coaxial 

tube containing deuterium oxide was used for the lock. 

Batch Extraction Experiments 

The batch extraction experiments were perfomed using heptane 

(J. T. Baker, AR grade) as the bulk hydrocarbon phase and a 50/50 

mixture of water (distilled over KMNO^) and methanol, THF, dioxane, 

acetonitrile or ethanol (Fisher) in the aqueous phase. The composition 
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of the two phases was analyzed by gas chromotography. A gas chromatograph 

with a thermal conductivity detector and a Porapak Q column at 110° C 

(195° C for heptane) was used. The injection port temperature was set 

at 250° C and helium (reactor grade) at a flow rate of 60 ml/min was 

used as the carrier gas. A Spectra-Physics Autolab System I integrator 

was used to measure the peak area ratios and the retention times. All 

runs were done in triplicate. 

The batch experiments performed with the bonded phases were 

similar to those described above. The bonded phases were used instead 

of the bulk hydrocarbon (heptane). The composition of the liquid phase 

was analyzed on an Envirotech Model 15C3 gas chromatograph with a 

thermal conductivity detector. Reactor grade helium at a flow rate of 

40 ml/min through a Porapak Q & R (50/50) at a temperature of 180° C was 

used for the analysis. A Spectra-Physics Autolab System I integrator 

was used for area ratio measurements. Five replicate injections were 

used for each analysis. 

The purpose of the batch extraction experiments with heptane and 

the "mobile phase" (water plus the various organic modifiers) was to 

see how the organic modifier distributes itself between the two phases. 

For the second part which involved the bonded phases it was possible to 

determine how much of the organic modifier was extracted into the 

stationary phase. 

Liquid Chromatographic Experiments 

The peak position on thermod3nQamic studies were performed on a 

Spectra-Physics 3500 B dual reciprocating pump high performance liquid 
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chromatograph with a Spectra-Physics model 235 UV detector set at 254 

iim. Retention times were measured by a Spectra-Physics Autolab System I 

integrator. The column temperature was maintained by a Haake model FE 

circulating bath which circulated water at the desired temperature 

through a jacket which contained the colimin. Sample sizes were 10 yl. 

The concentration of the sample molecules was approximately 0.1% by 

volume in methanol. The water was distilled over KMnO^ and filtered 

through a .45 Mm pore size Millipore filter prior to use. The organic 

solvents were analytical reagent grade also filtered through a .45 pm 

pore size Millipore filter prior to use. The tetrahydrofuran was dis

tilled over KOH prior to filtering. All solvents were degassed before use. 

The kinetic or peak broadening studies were performed on a 

Varian model 5000 high performance liquid chromatograph. The column 

temperature was maintained by a heating block attached to the instrument. 

The same procedure as described was used for solvent purification. 

However, it was not necessary to degas the solvents for this instnnnent. 

Sample sizes and concentrations were the same as described above. 

Elemental Analysis 

Elemental analysis was performed on the bonded supports for 

carbon by Chemalytics Inc. (Tempe, Az.) or the University Analytical 

Center at the University of Arizona. 

Experimental 

According to Kiselev's classification system [Klselev and 

Yaskln 1969 (22)] only non-specific interactions are encountered on 

Type I surfaces. For a bonded silica to be considered a Type I, all the 



43 

available silanols would have to be covered. For most HPLC bonded 

phases the calculated average percentage coverage (based on manu

facturer's information) is between 20% and 75%. This allows specific 

interactions to take place if the probe molecule can successfully 

compete with the solvent molecules for the remaining silanol sites. 

Therefore, one must consider both specific and non-specific interactions. 

During this study, benzene and alkylbenzene derivatives always gave 

symmetrical peaks but the strong hydrogen bonders such as aniline pro

duced severe tailing even on the most highly derivatized packing materials, 

materials. 

The choice of solute molecules to be used as molecular probes 

with which to characterize the bonded phases involved consideration of 

the tjrpe of interactions available as well as consideration of the 

sensitivity of the detection system. All of the probe molecules had to 

have chromophores which would absorb light at 254 nm. For this reason 

benzene, toluene, ethyl benzene and isopropyl benzene were used to look 

at non-specific interactions while phenol, benzyl alcohol, acetophenone 

and aniline were chosen as specific interacting molecules. 

Bonded Phases Studied 

The bonded phases that were used in this study are those which 

showed reasonable retention characteristics for the probe molecules 

used. Although a number of bonded phases were made with the Grignard 

reaction, none was used in this study. As can be seen in Table 2.1 

only one, the Porasil c(^400, had a significant amount of carbon bonded 

to it. This material, however, was of large particle and pore size 
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o 
(400 A) which gives it a low surface area and therefore very poor 

efficiency. In fact, the large pore size may have contributed to the 

amount of carbon that was bonded to this silica. Other workers (.55) 

have used silicas modified with low amounts of carbon but they do not 

make particularly good reversed phase supports. 

Of the trichlorosilane derivatized silicas, only the phenyl 

bonded material was fully characterized. The remainder of the packing 

materials used are commercially available. Table 2.1 describes these 

phases. There were two more commercial phases which were not fully 

characterized because of their poor retention characteristics. The 

Lichrosorb NH2 is, according to the manufacturer's literature, designed 

for separation of polar compounds. It was not able to separate the 

alkyl benzenes. The Lichrosorb RP-2 was able to separate the alkyl 

benzenes, but only with the poorest of resolution at room temperature. 

At elevated temperatures the solutes eluted with the solvent front. 

Percent by weight carbon is usually used as an indication of 

how hydrophobic the surface of a modified silica is. While it is 

certainly necessary to know this number, one also needs to know the 

chemical formula of the bonded material as well as the surface area of 

the parent silica gel. An estimate of the surface area of the silica 

is usually readily obtainable from the manufacturer's literature. The 

nitrogen BET method (56) is used almost exclusively to obtain this 

Information. It is also necessary to know the complete formula of the 

bonded material not merely the chain length of the carbon moiety if 

mono- or di-chloro silanes are used. The E.M. Laboratories Lichrosorb 
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series uses monochlorodimethyl-alkyl silanes as bonding molecules. This 

means that the value of percentage carbon obtained by elemental analysis 

includes these methyl groups. Therefore, a octadecyl bonded phase has 

twenty carbon atoms per bonded molecule and an octyl bonded phase has 

ten. A further complication is capping. This is normally done with 

trimethylchloro silane. The jiBondapak was the only support used in 

this study that was capped. 

Table 2.1 lists the manufacturer's values for percent derivatiza-

tion of the Lichrosorb bonded phases. No such values were obtainable 

for the other commercial supports. No explanation is given as to how 

these values were calculated. Percentage coverage can be calculated 

(Eq. 2-1) with the following information: surface area of the silica 

support, percent by weight carbon of the derivatized support and the 

number of carbon atoms in the bonded molecule. 

A X N X S X 4 
g = percent derivatization (2-1) 

A = gms carbon/gm support 

B = formula wt of carbon in bonded molecule 

2 
S = surface area in A per gm of support 

N = Avogadro's number 

Table 2.1 gives these values for all the columns studied except 

the fatty acid modified column. Table 2.1 shows the percentage coverage 

o2 
using 4.5 hydroxyl groups per 100 A of silica surface area. It should 

be noted that the values for the Lichrosorb phases do not agree with 

those stated by the manufacturer. If the RP-18 is truly 73.6% 



derivatized, then one would expect a very hydrocarbon-like surface with 

little or no interaction between solutes and silanol groups. This 

bonded phase is made with octadecyldimethylchlorosilane so no addi

tional silanol groups are introduced during the bonding reactions. The 

other two ODS bonded phases are made with trichlorosilanes. They have 

very similar percent derivatization values even though the )j Bondapak 

has twice the amount of carbon per gram than the Spherisorb. This is 

caused by the difference in the surface area of the two parent silica 

gels. If the percent derivatization plays a significant role in the 

chromatographic characteristics of the bonded phases, then one would 

expect the p Bondapak and the Spherisorb to be very similar, with the 

Bondapak being more efficient because of its larger surface area. 

o2 
If one assumes about 4 hydroxyl groups per 100 A (23), then 

o 
the distance between OH centers is 5 A. On a completely ODS derivatized 

surface, the distance between the ODS molecule centers would also be 

o o 
5 A. An octadecane molecule is approximately 22.6 A long, giving it 

more than enough length to allow ODS-ODS interactions. The RP-18 

material, which is 73.6% derivatized, or about 4 out of 5 surface 

hydroxyls have been replaced with ODS molecules, has a dense forest of 

the carbon moieties on its surface. A solute molecule will have little 

probability of finding a hydroxyl group especially if the solvent does 

not wet the group very well. The other two ODS materials have only 

1 of 5 or 1 of 6 hydroxyls replaced with an ODS group. Although they 

are still close enough to each other to interact they are far enough 

apart to allow solute molecules easy access to unreacted silanols. 

Since these phases are prepared with trichlorosilanes, polymerization 



may occur. If this does happen, then there will be bare spots where 

many hydroxyls will be exposed. It is possible, therefore, that the 

surfaces of these bonded phases are not very homogeneous. 

Physical Considerations of the Bonded Phases 

The physical characteristics of the bonded phases that can 

affect retention behavior are surface area, pore size, chain length of 

the bonded phase, percentage derivatization, amount of bonded phase and 

the type of functionality that is used to bond the bonded phase. The 

manufacturer can control chain length and the use of mono- or poly-

functional silanes. The percent weight of carbon on the bonded phase 

can be determined accurately, but the percentage derivatization is 

dependent upon an accurate value for the surface area that the modifying 

molecule sees. One must therefore be cautious about comparisons made 

with these values because of the variations that exist in surface area 

measurements. This is not stated to preclude the use of this measure

ment, but merely to point out its shortcomings. 



CHAPTER 3 

NON-CHROMA.TOGRAPHIC EXPERIMENTAL RESULTS 

The series of experiments utilizing methods other than chroma

tography have been carried out in order to provide information on the 

physical as well as the chemical nature of the molecules bonded to the 

surface. 

Methyl Red 

This experiment was performed to see if a molecule such as methyl 

red could be used to provide quantitative information about the per

centage coverage of a bonded phase on a silica support. Table 3.1 shows 

the results of this experiment. All support materials, except as noted, 

were dried at 180° C overnight prior to the experiment. While all the 

unmodified supports showed definite adsorption of the dye, none was 

adsorbed by the alkyl modified supports. This might be expected of the 

two Lichrosorb modified phases (RP-2 and RP-8) because they have a high 

percentage derivatization but, the 5% ODS Spherisorb has less than 20% 

derivatization yet it also shows no adsorption of the dye. The adsorp

tion of the dye by the plain silica indicates that methyl red, although 

it is a relatively large molecule (Fig. 3.1), can penetrate the pores of 

the dye even if only a small amount of an alkyl bonded phase molecules 

are present as is the case with the Spherisorb ODS. It would appear that 

the chain length of the bonded phase does not play a role. It seems 

48 
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Table 3.1. Results of the methyl red experiments — The methyl red 
solution had an absorbance of 2.808 at 521 nm. 

Sms methyl red absorbed 
Bonded phase ABS (521 nm) gm of bonded phase 

10 m silica not dried .770 8.56 X lO"^ 

10 m silica 1.547 5.74 X 10"^ 

5 m silica .875 7.72 X 10"^ 

Sperisorb ODS (new) 2.807 0 

Sperisorb ODS (used) 2.811 0 

RP-2 2.812 0 

RP-8 2.813 0 

HOOC 

Figure 3.1. Structure of methyl red 
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that the presence of the hydrocarbon makes the surface lipophilic 

enough to preclude dye-silanol interactions. 

Solvent Extraction 

The purpose of these extraction experiments was two-fold 

First it was necessary to know how much of the mobile phase solvents 

can be extracted into a bulk hydrocarbon layer, and second, is the bulk 

hydrocarbon phase representative of the monolayer of hydrocarbon bonded 

to a silica support. Heptane was chosen as the organic phase because of 

availability and purity. Kerosene is closer to octadecane in chain 

length but because it is a mixture quantitation measurements are difficult. 

Of the organic modifiers that were used, pure tetrahydrofuran, dioxane, 

and ethanol were completely miscible with heptane. Acetonitrile and 

methanol were only partially miscible with heptane. Of these two 

methanol had the greater solubility. However, pure organic modifiers 

are not normally used as mobile phases. They are mixed in various 

proportions with water, and it is the solubility of these three 

component two phase systems which are of interest to the chromatographer. 

The results of these experiments are shown on Table 3.2. It 

can be seen that in the presence of water the solubility of the organic 

modifier in the heptane follows the solubility parameter (6) which has 

been used as a measure of solvent strength in reversed-phase liquid, 

chromatography. Methanol, which is the most polar of the organic 

modifiers (S = 12.9) is not extracted into the organic phase in the 

presence of water. Acetonitriln, which is less polar (5 = 11.8) and 



Table 3.2. Results of the heptane solvent extraction experiments — 
Initial volumes were 2 mJ. hexane, 5 ml H2O, and 5 ml of 
organic modifier. Values reported are % concentration of 
components in each layer after equilibration. * Solvents 
with lower 6 values are stronger reversed phase solvents. 

Solubility 
Organic Aqueous Paramter 

Methanol none detected 50% 12.9 
Water none detected 50% 21.0 
Heptane 100% none detected 7.4 

Acetonitrile 1.54% 49.97% 11.8 
Water none detected 50.03% 
Heptane 98.45% none detected 

Ethanol 1.37% 49.82% 11.2 
Water .38% 50.18% 
Heptane 98.25% none detected 

Dioxane 16.76% 47.82% 9.8 
Water none detected 52.18% 
Heptane 83.24% none detected 

Tetrahydrofuran 56.67% 29.42% 9.9 
Water .86% 70.58% 
Heptane 43.47% none detected 
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less soluble in heptane, is extracted into the heptane layer in the 

presence of water. Ethanol, which has a 6 value of 11.2, was also 

extracted into the heptane layer and it was able to bring some water 

with it. This is due to the fact that ethanol is a very strong hydrogen 

bonder and can accept aiid donate hydrogen bonds. A considerably 

larger amount of dioxane was extracted into the organic phase, but no 

water was found in this layer. The least polar of the organic modifiers, 

tetrahydrofuran, is also the one that distributed itself most evenly 

between the two phases. It was also able to bring a small amount of 

water with it into the organic layer whose composition was now >50% THF. 

The next set of extraction experiments used bonded supports 

instead of heptane. The purpose was to determine if the bonded mono

layer of hydrocarbon material had properties similar to those of the 

bulk hydrocarbon. Similar experiments have been done ( 8 , 57 ) but 

in most cases the organic modifier used was isopropyl alcohol. However, 

isopropyl alcohol is used only rarely as an HPLC solvent because of its 

high viscosity. Dioxane and ethanol are also not used for the same 

reason. Methanol, acetonitrile and tetrahydrofuran are by far the most 

widely used organic modifiers. Therefore, a study of this type should 

be done with methanol and tetrahydrofuran which are the most polar and 

least polar modifiers respectively and also two of the three most widely 

used solvents. 

For these experiments the bonded supports were not dried with 

the intent to remove all water from the unreacted silanol groups. It is 

felt that this is a virtually impossible task. Care was taken, however, 

to treat all the bonded supports in the same manner and maintain a 



constant set of conditions throughout the whole experiment. The results 

of this experiment are shown in Table 3.3. The support materials that 

have the higher percentages derivatization absorb more THF than 

methanol. This is especially noticable for the ODS materials. The 

methanol, which is a strong hydrogen bonder and not very soluble in the 

hydrocarbon phase is interacting more with the unreacted silanol groups 

than with the bonded phase. The THF, however, is much more lipophilic 

and not as strong a hydrogen bonder and therefore is expected to 

interact with the bonded molecule. Several physical observations 

during the course of the experiments tend to confirm these conclusions. 

It was very difficult to disperse (wet) the support materials in the 

water/methanol solvent. Vigorous shaking was required. Once they were 

dispersed in this solution the beads lay closely packed in the bottom 

of the extraction tube. The THF-water solution wet the beads very 

readily. They dispersed very rapidly and gave the illusion of 

"swelling" in this solvent system. Since the beads cannot swell 

because of their rigid silica backbone and the viscosity of a 50/59 

water/THF mixture is less than the viscosity of a 50/50 water/methanol 

mixture (58) this effect must be attributed to solvation. 

The results of these experiments indicate that the bonded layer 

does have properties similar to a bulk hydrocarbon. Based only on these 

results one would predict the less polar organic modifiers to be more 

efficient solvents because of their ability to wet the hydrocarbon 

bonded layer and that the bonded phase will have a more liquid like 

nature in these solvents because of better solvation. 
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Table 3.3. Amount of organic modifier adsorbed by the bonded phases — 
Milligram of organic modifier adsorbed per gm of bonded 
phase from a 10 ml of a 50/50 water/organic modifier 
solution. 

Methanol THF 

RP-2 50 284 

RP-8 120 156 

5% CDS 236 62 

10% CDS 151 381 

20% CDS 63 583 



13 
C NMR Experimental Results 

Carbon-13 NMR was used to provide useful and unique information 

about the physical nature of a hydrocarbon bonded to a silica support. 

Spectra were obtained of the bonded material in various solvents and at 

13 
elevated temperature. The width of the C signal was used to obtain 

direct information about the physical state of the bonded phase. 

In order to compare line widths of the bonded material under 

the various conditions of solvation and temperature, it was necessary to 

first determine the spectrum of octadecane. To ensure that band 

broadening was not due merely to the presence of the glass beads, 10 ym 

spherical silica beads were added to the sample. Figure 3.2 shows the 

spectrum of octadecane in deuterochloroform. The line widths and chemi

cal shift data are given in Table 3.4. The line widths are only 

slightly broadened from the solution spectrum indicating that the field 

inhomogeneity caused by the glass beads is small. 

The solution spectra of hydrocarbon molecules of chain length of 

seven to eighteen carbon atoms show only four peaks. The chemical 

environment of carbon atoms 4 through n-3 are equivalent and are 

therefore seen as a single peak. Since both ends of the chain of a 

molecule bonded to a surface are not equivalent one might therefore 

expect to see several additional peaks. This however was not the case 

for the bonded octadecyl molecule. The largest peak which contained the 

bulk of the methylene units was considerably broadened because of the 

large number of carbon atoms with similar but not identical chemical 

shifts. 
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13 
Figure 3.2. C NMR spectrum of 10% ODS modified silica in 

deuterochloroform 
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13 
Table 3.4. C NMR chemical shift and line width data for octadecane 

and octadecyl modified silica 

Peak # Carbon 
type 

Octadecane + Silica Octadecyl bonded 
to Silica 

Shift^ Line Width^ Shift^ Line Width^ 

1 CH^ 15.0 0.4 14.8 0.6 

2 e-cHz 23.6 0.4 23.5 0.7 

3 Bulk CH2 30.8 0.6 30.9 5.3 

4 Y-CHj 32.8 0.3 32.8 n .a.. 

Spectra taken in deuterochloroform (a) ppm downfield from TMS, (b) ppm 
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Since chloroform can efficiently solvate an octadecyl chain, the 

spectrum of an octadecyl group bonded to silica might be expected to 

demonstrate some liquid like chracter. Figure 3.2 shows the spectrum 

obtained with the octadecyl modified silica beads in deuterochloroform. 

The methyl and 3-methylene peaks are clearly evident, but the y-methylene 

appears as a shoulder on the back of the bulk methylene peak. The 

chemical shifts are nearly identical to the octadecane sample, however, 

there is a significant increase in the broadness of the bulk methylene 

peak. This broadening must be attributed to the atoms which are 

attached to and close to the silica substrate; the restricted motion of 

these atoms would cause inhomogeneity of the net magnetic field that is 

experienced by these carbon atoms. It is worthy of note that the methyl 

and 3-methylene signals are only slightly broadened. This indicates 

that the molecular motion of these carbon atoms is very nearly that of 

a liquid. 

Having established that a well solvated stationary phase has 

some atoms with liquid character, the nature of the bonded phase in 

solvents less able to solvate the alkyl chain was investigated. This is 

of interest as some of the more commonly used solvents in reverse phase 

liquid chromatography are water and methanol or water and acetonitrile, 

and as shown earlier these mixtures are not completely miscible with 

hydrocarbons. If not solvated, the octadecyl moiety would tend to have 

interactions with itself, the surface, or neighboring chains. Any of 

these interactions might restrict the motion of the alkyl chain, causing 

13 
further broadening of the C NMR signal. Of great interest would be 

the broadening of the signal in a neat aqueous solution. This, however. 



could not be accomplished because the beads would not disperse in pure 

water. Since water is not expected to solvate the hydrocarbon chain it 

was felt that the spectra of the beads with no solvent present would 

approximate the conditions of pure water as a solvent. The beads were 

13 
allowed to stand in a moist atmosphere prior to obtaining the C NMR 

spectra to allow all the unreacted silanols to become hydrated. Figure 

3.3 shows the spectrum of the dry beads at ambient temperature. The 

signal of the bulk methylene units is very broad, about 9.2 ppm. The 

methyl and $-methylene carbons are so broad as to be indistinct. This 

would indicate that the molecular motion is much more restricted than 

when the alkyl chain is solvated. It is probable that the individual 

octadecyl chains are folded back on themselves and entwined with 

neighboring molecules. Because one end of each octadecyl molecule is 

firmly attached to the surface this non-solvated condition will produce 

a solid-like surface. Under these conditions, in gas chromatography one 

would expect the retention mechanism to be adsorption on the hydrocarbon 

surface and this was shown to be the case (59). 

Studies with acetonitrile, tetrahydrofuran and dioxane on 

octadecyl bonded phases gave a line width for the major peak of 4.4 ppm. 

When water was added to these solvents no change in line width was 

observed. It was shown in the batch extraction experiments that these 

three organic modifiers were extracted into the hydrocarbon layer. 

Therefore, it is reasonable to assume that enough of these organic 

modifiers was extracted to efficiently solvate the bonded molecules. It 

is interesting to note that the line width for the attached molecule in 

deuterochloroform is broader than the line width for the bonded molecule 
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Figure 3.3. C NMR spectrum of 10% ODS 
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in the water miscible organic modifiers. While the deuterochloroform is 

a good solvent for the octadecyl chain it is not water miscible and 

neither would it be expected to displace water from the free silanol 

groups. The organic modifiers used, however, are capable of replacing 

some of the water associated with the silanols and they may therefore 

solvate the hydrocarbon more completely. 

13 
The use of pure methanol as solvent gave a C NMR spectra like 

those for the other organic modifiers (Figs. 3.4-3.6). However, 50/50 

mixtures of water and methanol produced spectra as shown in Figure 3.7. 

The methyl and g-methylene carbon signals are broadened so much as to be 

lost in the baseline indicating restricted molecular motion. The line 

width of the bulk methylenes is about 6.6 ppm. This is 50% greater than 

the line width of this peak in acetonitrile, tetrahydrofuran, and 

dioxane, and 25% greater than the chloroform solvated species. This 

evidence leads to conclusions similar to those of Guiochon (19), who 

through chromatographic studies has concluded that the retention 

mechanisms on bonded phases, with water/methanol solvents, is an 

adsorption process. 

The evidence presented here does establish that the bonded 

octadecyl molecule is affected by the mobile phase during the chromato

graphic process. Both the physical nature as well as the chemical 

nature of the bonded molecule is affected by the molecular motion of the 

bonded molecule which is itself a function of the solvation by the 

mobile phase. This results in an effective stationary phase which is a 

ternary mixture consisting of water, organic modifier and bonded 

hydrocarbon. 
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Figure 3.4. NMR spectrum of 5% ODS in methanol 
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C NMR SPECTRUM 
SAMPLE: 10% ODS 
SOLVENT: METHANOL 
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13 
Figure 3.5. C NMR spectrum of 10% ODS in methanol — Chemical shift 

downfield from TMS: CH_ - 14.6 ppm, S-CH- - 23.6 ppm, 
bulk -CH2 - 30.5 ppm, Y-CH2 - 32.4 ppm. 
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Figure 3.6. 13c NMR spectrum of 20% ODS in dioxane 
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Figure 3.7. NMR spectrum of 10% ODS in 50/50 methanol/D^O — Only the bulk CH2 groups 

can be seen. 
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Carbon-13 NMR spectra of the RP-2 and RP-8 bonded phases were 

also obtained. The RP-2 material showed no peaks. There was only a 

slight broad rise in the baseline indicating that the carbon atoms of 

this bonded phase are held rigidly. 

The RP-8 (Cg chain) gives a NMR spectra with six peaks. This 

bonded phase produced the same spectra with methanol, acetonitrile, and 

dioxane and with 50/50 mixtures of these solvents with water. No 

changes in peak width or shift were observed. Table 3.5 shows the peak 

assignments for octane and the bonded octadecyl material. The spectra 

of the RP-8 is shown in Figure 3.8. The six peaks that are seen 

correspond to the first six carbon atoms from the free end of the chain. 

The remaining two carbon atoms cannot be seen for the same reason that 

no peaks were observed for the RP-2 bonded material. The peaks are only 

slightly broader than the solution spectra. 

Since these molecules are not long enough to effectively interact 

with each other it stands to reason that they must therefore be 

essentially solvated by the water-organic modifier mixture (60). All of 

the organic modifiers used in this study are found to be equally 

effective at "solvating" the bonded molecules since these isolated 

species are essentially surrounded by the mobile components rather than 

having to dissolve the hydrocarbon as was the case with the C.„ bonded 
lo 

molecules. It should be noted of course that the host silica surface 

itself is easily wetted by water as well as any of the organic modifiers. 

The resulting ternary mixture, which thereby constitutes the effective 

chromatographic stationary phase, again is comprised of hydrocarbon, 

water, and an organic modifier. However, in the case of the Cg systems 
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13 
Table 3.5. C NMR chemical shift data for octane and the RP-8 bonded 

phase 

Octane in Deuterochloroform RP-8 Bonded phase in methanol 

Peak # Carbon Shift^ Peak // Shift^ 
type ppm ppm 

1 CH^ 13.4 1 12.8 

2 3-CH2 22.3 2 15.9 

3 bulk CH2 29.0 3 21,9 

4 Y-CH2 31.7 4 28.3 

5 30.7 

6 32.0 

^ downfield from TMS 
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Figure 3.8. C NMR spectrum of RP-8 in 50/50 acetonitrile/D20 



unlike the case of the C^g bonded phases, the fraction of the hydro

carbon in this mixture is constant rather than being a function of the 

chemical composition of the mobile phase. 



CHAPTER 4 

CHROMATOGRAPHIC RESULTS 

The chromatographic experiments discussed in this section were 

carried out in order to establish a better understanding of the 

processes responsible for the retention of a solute molecule. The non-

chromatographic experiments have shown that the bonded molecules are 

definitely solvated by the organic modifiers used in the mobile phase. 

However, the question still exists whether the solvation involves 

direct adsorption onto the bonded molecule or a partitioning process 

involving a ternary stationary phase liquid. 

All six liquid chromatographic stationary phases studied were 

able to separate benzene and the alkyl benzenes used in this study at 

the specified solvent conditions. In order to keep the number of 

variables as low as possible the same solvent compositions were used on 

all the hydrocarbon bonded phases and the phenyl bonded phase even 

though more optimum conditions may be found for each individual column. 

Lower percentages of the organic modifiers were required for the amide 

bonded phase because of its more polar nature. The power of a solvent 

to elute is called the solvent strength (6). Miscible solvents of 

different 5 values can be mixed to produce a mobile phase of inter

mediate solvent strength. The solvent strength of some of the mobile 

phases used in this work are shown on Table 4.1. (Smaller S values 

represent stronger mobile phases on reversed phase stationary phases.) 

70 
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Table 4.1. The solvent strength of some water/methanol and water/THF 
mobile phases 

6 5 

Water 21.0 55% MeOH/45% H2O 16.5 

MeOH 12,9 60% MeOH/40% H2O 16.1 

THF 9.1 35% THF/65% H2O 16.8 

Hexane 7.0 40% THF/60% H^O 16.2 

In order to compare these bonded phases it is necessary to compare 

both retention and relative retention behavior of the selected probe 

molecules under similar conditions. The retention parameter, k', is used 

to compare solute retention because it is a column length independent 

measurement. It is also plotted as a function of temperature to provide 

a value of AH. Actual free energy changes and entropy changes cannot 

be calculated because of the lack of a true K value, but k' can be used 

to calculate AAG and AAS values for each stationary phase. These AA 

values can then be used to compare the different stationary phases 

since these are actual changes in AG and AS between two solute molecules. 



In this work benzene is always used as the reference solute for the non

specific interacting molecules and phenol is the reference for the 

specific interacting solutes. The only assumption that is made in the 

use of the A:A values is that all solute molecules have access to the 

same volume of stationary phase. This is a valid assumption because all 

solutes elute with the "solvent peak" when a non-aqueous mobile phase is 

used. 

Capacity Factor Considerations 

A comparison of k' values for the three octadecyl bonded phases 

(Appendix 1 ) show that significant differences exist in the retention 

of the benzene and alkyl benzenes on these phases. In the water-methanol 

mobile phases the 10% ODS phase has the lowest k' values indicating 

that percent by weight carbon is not proportional to retention. Since 

both the 5% ODS and 10% ODS have similar surface coverage of bonded 

molecules it appears that percent derivatization is also not a good 

indicator of retention. In the water-tetrahydrofuran mobile phases the 

retention of the solute molecules increases with increased carbon 

content of the stationary phase, but the increase is not proportional 

to either surface coverage or percent by weight carbon. The k' values 

are also different in the THF-water mobile phases when compared to the 

water-methanol mobile phases of the same solvent strength. The solvent 

strength parameters are therefore not rigorously correct for bonded 

phases, but they can still serve as a general guide. 
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The octyl bonded phase (R?-8) has k* values that, for a given 

mobile phase, are generally lower than those of the octadecyl bonded 

phases. This is more evident in the larger alkyl phenyls, and has led 

some researchers to conclude that the octyl bonded phases are more polar 

than the octadecyl bonded phases. While differences in polarity between 

octane and octadecane are slight it is probable the shorter chained 

octyl bonded phase's hydrocarbon contribution to the solvated stationary 

is less than that of an octadecyl molecule and thereby creating a more 

polar stationary phase. In all other aspects the RP-8 phase is like the 

ODS bonded phases. 

The phenyl bonded phase is not a hydrocarbon bonded phase and 

therefore it might be expected to show lower k' values than the ODS and 

RP-8 phases. The fact that this bonded phase shows similar retention 

characteristics for benzene and the alkyl benzenes suggests that the 

stationary phase is more complex than has been believed and that the 

bonded molecule is only partly responsible for retention behavior. 

The amide bonded phase is not a true reversed phase since a 

solvent mixture of 35% THF-65% water gave k' values similar to a 25% 

methanol-75% water mobile phase. (Tetrahydrofuran is a stronger reversed 

phase solvent than methanol.) However, benzene and the alkyl benzenes 

were eluted in the same order as on the hydrocarbon bonded phases but 

much lower percentages of organic modifiers were used to produce k' 

values similar to the other bonded phases. 

A comparison of k' values for phenol, benzyl alcohol and aceto-

phenone (Appendix 1 ) shows that not only do differences exist between 



the six bonded phases studied, but there are also changes in elution 

order with changes in the mobile phase solvents. The RP-8 again appears 

the "most polar" of the hydrocarbon bonded phases, and the 10% ODS has 

the largest k' values. All the hydrocarbon phases can separate aceto-

phenone from phenol and benzyl alcohol, but they are not capable of 

separating the two hydroxy compounds in the water-methanol mobile phase. 

In the water-THF mobile phase the retention of acetophenone and benzyl 

alcohol is reduced, but the retention of phenol increases which changes 

the order of elution. The phenyl bonded phase exhibits the same 

characteristics as the hydrocarbon bonded phases, but the amide bonded 

phase is capable of separating all three components in the water-methanol 

mobile phase and the retention is much lower in both solvent systems 

than for the other bonded phases. This clearly points out that changes 

in the selectivity of the stationary phase can be affected by changes in 

the solvents used as the mobile phase. It also points out that retention 

(k') values are not enough to describe retention mechanisms. One may 

also use thermodynamic values (AH, AAG, AAS) to interpret retention 

processes. 

AH Considerations 

Non-specific Interacting Solutes 

The change in enthalpy (AH) is in effect the environmental change 

that the solute molecule undergoes in transferring from the mobile phase 

to the stationary phase. The enthalpy change can be calculated from 

eq. 1-2 by substituting k' for the thermodynamic distribution constant. 
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Since the capacity factor is proportional to K the slope of the line 

from a plot of In k' vs 1/T is the same as if K had been used. Only the 

Y axis intercept changes, and for this reason it cannot be used to 

determine AS. 

The change in the relative retention measurements of a solute on 

the bonded phases is a function of the change in the chemical composi

tion of the stationary phase which can be measured as the change in the 

heat of interaction. This change in enthalpy was determined by plotting 

In k' against 1/T from 298' K to 318° K measured at 5° intervals. Some 

representative plots are shown in Figures 4.1 - 4.3. All AH values are 

listed in Appendix 2. The general trend is for all Ah values to 

decrease slightly with increased concentrations of organic modifier. 

This is expected because the addition of organic modifier makes the 

mobile phase less polar or more like the stationary phase. If studies 

are limited to the use of only one solvent system, such as water-methanol, 

only a very limited amount of information will be gained since solvent-

stationary interactions vary considerably from one solvent system to 

another. 

From Appendix 2 it can be seen that the AH values in the water-

methanol mobile phase for benzene, toluene, ethyl benzene, and 

isopropyl benzene on the three octadecyl bonded phases are similar. 

These values are much lower than those reported in gas chromatography 

(19, 59). This apparent lack of dependence of AH on surface coverage 

or percent by weight carbon has led some researchers to conclude that 

retention is due to direct non-polar interactions with the bonded 
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molecules ( 46). However, a more complete explanation of the retention 

process in a water-methanol mobile phase is possible by taking both 

stationary phase and mobile phase interactions into account. The small 

Ah values can be attributed to both a short effective chain length of 

the bonded molecule and to a stationary phase which consists of the 

bonded hydrocarbon and trapped mobile phase. The solvent extraction 

experiments have shown that all these bonded phases absorb methanol and 

that the stationary phase may well be a ternary mixture of bonded 

hydrocarbon and trapped water and methanol. The trapped water and 

methanol, even if greatly enriched in methanol is not a good solvent for 

hydrocarbon molecules, in fact it is very similar to the mobile phase. 

Therefore, the octadecane molecules will have more interactions with 

neighboring bonded molecules or even fold back on themselves thereby 

decreasing the effective chain length and reducing its contribution to 

the non-polar nature of the stationary phase. The composition of this 

ternary, mixture is similar on all three columns because of similar AH 

values. The greater capacity of the 20% ODS can be attributed to its 

higher surface coverage of octadecane. 

The use of a second, organic modifier which is less polar and 

completely miscible with the hydrocarbon provides greater insight into 

the mobile phase-stationary phase Interactions. When THF is used as the 

organic modifier the AH values for the 5% ODS and 10% ODS increase only 

slightly, indicating that the chemical nature of the stationary phase 

has not changed much with respect to the mobile phase. Because of the 

low density of hydrocarbon coverage significant amounts of water are 
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still present in this ternary mixture of water, THF and bonded octa-

decane. The trapped mobile phase is still much more polar than the 

bonded hydrocarbon causing the octadecane to interact with itself or 

other bonded octadecane molecules. This keeps the effective octadecane 

concentration and its hydrocarbon contribution to the "stationary phase" 

low. 

The 20% CDS bonded phase shows a dramatic increase in AH with 

the tetrahydrofuran-water mobile phase. Because of its high density of 

surface coverage and a very low residual silanol concentration the 

amount of water present in the stationary phase mixture is expected to 

be lower than that of the other CDS bonded phases. The miscibility of 

THF and octadecane combined with the low polarity of the trapped mobile 

phase produces a more hydrocarbon-like stationary phase. 

The RP-8 bonded phase is different from the octadecane bonded 

phases in that the AH values for the non-specific interacting solutes 

are lower in the water-tetrahydrofuran mobile phases than in the water-

13 
methanol mobile phases. The C NMR studies indicate that the octyl 

chains are not affected by the mobile phase solvents and are always 

fully extended. Since the hydrocarbon contribution is a constant the 

differences in AH must be attributed to the water-organic modifier 

composition of the stationary phase. Tetrahydrofuran is completely 

miscible in both water and hydrocarbons and might therefore be expected 

to be capable of allowing more water into the "stationary phase" especially 

if a significant number of unreacted silanol groups or other polar 

groups on the bonded molecule are available to hydrogen bond with the 

water. 
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Similar arguments can be made to describe the chemical composi

tion of the "stationary phase" of the phenyl bonded and amide 

derivatized phases. Both these rigid bonded phases show behavior that 

is consistent with the explanation used for the octyl bonded phase. The 

benzene ring of the phenyl bonded phase is a planar rigid molecule which 

is bonded directly to the surface of the silica and will therefore be 

strongly influenced by this polar surface. The fatty acid bonded phase 

contains three double bonds which will not allow these molecules to 

fold back on themselves or twist around neighboring molecules thus 

keeping the effective chain length relatively constant, as well as pro

viding hydrogen bonding with water through the amide linkage. The AH 

values for these bonded phases are lower than those for the octadecane 

bonded phases because the chemical composition of the stationary phase 

is more like that of the mobile phase. 

These enthalpy changes show that the stationary phase consists 

of the bonded molecules as well as trapped mobile phase solvents and 

that the magnitude of the AH values is dependent upon the concentration 

of the organic modifier in this ternary^ mixture as well as the effective 

concentration of the bonded hydrocarbon molecule. On a hydrocarbon 

bonded phase that has a coverage of at least 70%, fully extended chains 

of at least 18 carbon atoms and no significant amount of accessible 

polar sites the AH values are similar to those obtained in gas chromato

graphic experiments. Of the hydrocarbon bonded phases studied in this 

work only the 20% ODS bonded phase meets all these requirements when a 

"good" solvent such as tetrahydrofuran is used as the organic modifier. 
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Free Energy Considerations 

The difference in free energy is the energy that the solute 

gains by partitioning into the stationary phase. While it is not 

possible to obtain accurate AG values for bonded stationary phases a 

comparison of the differences in the free energy change (AAG') can be 

made. The AAG value is the difference in AG between two solute 

molecules and if these molecules belong to a homologous series such as 

benzene, toluene, ethyl benzene, etc. then the contribution of the 

alkyl side chain to the free energy difference can be evaluated. The 

AAG' values can be calculated from Eq. 1-12. For the non-specific 

AAG^_g = RT In a (Eq. 1-12) 

interacting solutes all comparisons are made to benzene (AG^). A 

positive AAG' value indicates that the B solute has a larger free energy 

change. 

The calculated AAG' values are tabulated in Appendix 3. The 5% 

ODS and 10% ODS have similar AAG' values for toluene, ethyl benzene and 

isopropyl benzene in the water-methanol mobile phase, indicating a 

similar "hydrocarbon" composition or stationary phase strength of the 

two bonded phases. The RP-8 and phenyl bonded phases have similar but 

lower AAG' values than the 5% ODS and 10% ODS because of a more polar 

composition for these stationary phases. The amide bonded phase had 

even lower AAG' values in a much more polar mobile phase, which again can 

be attributed to a much more polar stationary phase. The 20% ODS had 

the larger AAG' values making this the most, non-polar of all the bonded 
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phases. The large AAG' are due to the high carbon content of the 

stationary phase and the poor solubility (solvent strength) of the mobile 

phase. If the stationary phase acted merely as a receptor for the 

solute and retention was controlled by the mobile phase then all three 

bonded phases should have the same AAG' values. Since they do not, the 

composition of the mobile phase must play a role in the separation 

process. 

In the water-tetrahydrofuran mobile phase the AAG' values are 

lower than those for the water-methanol mobile phases. This is due to 

the increased solubility of the solutes in the mobile phase. However, 

even greater differences exist between the various bonded phases in the 

water-THF mobile phase indicating even more differences in the stationary 

phase composition. This is not surprising since THF is completely 

miscible with both water and hydrocarbons and small changes in the con

tribution of water to the composition of the stationary phases will 

greatly affect its polarity. Even though the AAG' values are smaller 

the AH and k' values are larger than in the comparable water-methanol 

mobile phases indicating that the stationary phase is more "hydrocarbon

like". 

Entropy Considerations 

Entropy change is the measure of the probability of an interaction 

occurring. If the transfer of the solute molecule to the stationary phase 

requires a specific orientation then an interaction is less likely to occur 

than if the transfer produced a less ordered state. Again, it is possible 

only to use relative values and these AAS' values can be calculated from 



Eq. 1-14. The same convention applies for AAS' as for the AAG' values 

AH - AIL 
AAS' „ = — - R In ct (Eq. 1-14) 

A—D i 

for the non-specific interacting molecules. Benzene is the reference, 

As^, value and a a positive AS' means that ASg has a lower entropy 

requirement (less ordered). 

The AAS' values are shown in Appendix 4. There appears to be 

virtually no change in the AAS' values between 25° C and 45° C, the 

lower and upper limits respectively of the temperatures used in this 

study, indicating that the retention processes are the same throughout 

this temperature range. A comparison of the AAS' values for the two 

solvent systems shows that the THF-water mobile phase has the larger 

values or a smaller entropy requirement for the substituted phenyls. 

This is expected since the THF produces a more non-polar stationary 

phase. Only the phenyl bonded phase deviated from this indicating that 

the stationary phase is more highly ordered possibly due to surface 

affects. 

The thermodynamic interpretations lead to the conclusion that for 

optimum separation of non-specific interacting solutes a stationary 

phase of high hydrocarbon content, such as the 20% ODS, should be used 

with a mobile phase of weak solvents (water-methanol). To demonstrate 

this and to further emphasize the fact that mobile phase solvent 

components are adsorbed by the stationary phase an experiment was 

performed on the 10% ODS column with a ternary mobile phase solvent^ 

mixture. The retention of several solutes was measured with a mobile 
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phase of 54.5% methanol, 0.5% hexane, and 45% water. Table 4.2 compares 

the results to those in a mobile phase of 55% methanol and 45% water. 

The solvent strength of these two mobile phases is nearly identical, 

yet a tremendous increase in retention is seen using the ternary mobile 

phase system. 

Table 4.2,. ^he retention of benzene, toluene and naphthalene in water/ 
methane/hexane compared to water/methanol 

45% H2O 54.5% MeOH 0.5% Hexane 45% H2O 55% MeOH 

k' AAG' k' AAG' 

Benzene 4.12 1.71 

Toluene 8.33 4.2x10^ cal 2.71 2.7x10^ cal 

Naphthalene 10.48 5.5x10^ cal 5.95 7.4x10^ cal 

These results can only be explained by an increase in the hydrocarbon 

nature of the stationary phase caused by the adsorption of hexane from 

the mobile phase. 

Specific Interacting Molecules 

Additional studies were conducted with aniline, phenol, benzyl 

alcohol, and acetophenone. From Eq. 1-17 it can be seen that more than 

V„ = + KV„ + K'A_ + K"V. (Eq. 1-17) 
R M S S x  

one process may be responsible for the overall retention of a solute if 

it is capable of more than one type of interaction. All four of these 

solutes have polar groups which are capable of hydrogen bonding. At pH 



values below 4.6 aniline may also be present in the ionic form which may 

lead to several retention mechanisms for this solute. Aniline had non

linear van't Hoff plots on all hydrocarbon bonded phases except the 20% 

ODS phase (Fig. 4.4). Because of this non-linearity as well as tailing 

peaks and the dependence of retention on sample size the predominant 

retention process appears to be the adsorption of aniline on the free 

silanol groups. To confirm this, piperidine was added to the mobile 

phase of the 10% ODS column. The retention time for aniline decreased 

from 200 seconds to 127 seconds and the peaks also became symmetrical. 

Piperidine is a base that can successfully compete with the aniline for 

the silanol sites changing the retention mechanism for aniline to one 

of partitioning in the solvated stationary phase. The 20% ODS phase 

which gave linear van't Hoff plots for aniline is the most highly 

derivatized hydrocarbon phase with almost no accessible silanol groups 

(8). The two polar bonded phases also had straight line van't Hoff 

plots for this solute, due to the high derivatization of the phenyl 

bonded phase and to the very polar nature of the amide phase which 

allows the polar interactions to dominate the non-polar interactions. 

Phenol, benzyl alcohol and acetophenone had linear van't Hoff 

plots on all six bonded phases. Acetophenone is the only one of these 

three probe molecules that is not soluble in water. Values for k', AH^ 

AAG', and AAS' for these probe molecules are shown in Appendices 1, 2 , 

3, and 4, respectively. The AH values for phenol and benzyl alcohol 

were smaller than those for benzene and toluene. This can be attributed 

to the more polar nature of these solutes and their solubility in water. 
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Acetophenone, which is insoluble in water, has larger AH values. 

Comparing the AH values in the two different solvent systems one sees a 

slight reduction in AH for phenol and benzyl alcohol in the water-

tetrahydrofuran mobile phase, but a much larger decrease for acetophenone 

is noted in this mobile phase. This difference can be attributed to the 

difference in the solubility of acetophenone in the two mobile phases. 

The retention of these solutes on the various bonded phases 

follow a pattern similar to that of the non-specific interacting 

solutes which indicates that the retention processes are also due to 

interactions with the "solvated stationary phase". The only unusual 

behavior is that of phenol in the water-tetrahydrofuran mobile phase. 

Its retention increases while that of benzyl alcohol decreases in this 

mobile phase. The studies with the non-specific interacting solutes 

have shown that the stationary phase is more hydrocarbon-like when THF 

is used as the organic modifier, and phenol has greater solubility in 

this less polar phase than the benzyl alcohol. 

The thermodynamic interpretation of the chromatographic 

experiments has shown that the retention of a solute on a bonded phase 

is the result of an interaction with a stationary phase consisting of 

the bonded phase solvated by the components of the mobile phase. The 

belief that the stationary phase is only a passive receptor for the 

solute when it is forced from the mobile phase has also been shown not 

to be correct. The retention in these systems is due therefore to a 

partitioning between two liquid phases where the chemical selectivity of 

both must be considered. 
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The attempts to describe the selectivity of the stationary phase 

have included the use of solubility parameters, however the incomplete 

definition of the composition of such a ternary mixture limits this 

approach. 



CHAPTER 5 

BAND SPREADING 

The chromatographic experiments discussed thus far, along with 

the batch extraction and NMR experiments have provided strong evidence 

that the effective stationary phase is composed of a terinary mixture of 

the, two components of the binary mobile phase and the bonded hydro

carbon. The composition of this mixture is determined by the percent 

surface coverage of the surface by the bonded molecule, the chain 

length of the bonded species as well as the composition of the binary 

mobile phase. In order to more completely describe the process 

responsible for the selectivity of "bonded phase" liquid chromatography 

it is also necessary to know how these variables affect the physical 

nature and dimensions of the effective stationary phase. The basic 

question is whether the retention of the solute molecule is determined 

by a direct interaction (adsorption) with the bonded hydrocarbon or by 

a partitioning of the solute molecule into a "stationary liquid." In 

recent years several workers have published a number of papers dealing 

with the retention mechanism of bonded phases ( 8,'^6). These studies 

have lead to the conclusion that the retention mechanism is a direct 

interaction between a solute molecule and a bonded molecule, but these 

results have been based on incomplete considerations. For an adsorption 

process one would expect carbon content and chain length ("surface area") 

of the bonded species to have a major effect on band spreading. For an 
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adsorption process involving direct interaction with the bonded molecule 

one would expect the 20% ODS bonded phase to have greater retention, but 

less efficiency (broader peaks) than the 5% ODS because it has four 

times the amount of hydrocarbon surface area. While retention on the 

20% ODS is indeed greater, data from this study shows that essentially 

no difference exists in the efficiency of the two phases. The RP-8 

which has approximately one half of the chain length of the 20% ODS, but 

a similar percent derivatization should have shorter retention and 

better efficiency. Again, retention times on this phase are less, but 

the two phases have the same efficiency. The evidence presented in this 

work points very strongly toward a partitioning process with the 

stationary phase being a liquid layer consisting of water, organic 

modifier and bonded molecule. 

To further evaluate the physical nature of the stationary phase 

a series of experiments were carried out to investigate the broadening 

of the chromatographic peaks as a function of the various bonded phases. 

The broadening has been shown to be related to the resistance to mass 

transfer of the solute in the mobile phase and the stationary phase as 

well as the particle size and the longitudinal diffusion. The methods 

of measuring the broadening as well as expressing this in terms of a 

column length independent variable known as the height equivalent to a 

theoretical plate (H) are described in Chapter 1 in detail. 

The contributing factors are measured experimentally by 

plotting H vs linear velocity. This plot which is described 



mathematically by eq. 1-28 is called a van Deempter plot. The magnitude 

of the A term contribution to band spreading is dependent upon particle 

size and packing procedure. Iti.is important to note that these two 

parameters have the greatest influence on the height equivalent to a 

theoretical plate that one obtains from a specific column (^ ). This, 

as well as storing and handling procedures may result in large dif

ferences in band spreading between two columns packed with the same 

stationary phase material. However, trends in the linear velocity or 

temperature dependence of the band spreading can also be used to make a 

comparison. The B term is generally assumed to be zero because of the 

small diffusion constants of solutes in liquids (44). The C term is 

the sum of all stationary phase and mobile phase mass transfer terms 

and it is this portion of the van Deempter equation that is expected to 

show variations in band broadening due to differences in the mobile 

phase or stationary phase as a function of temperature or linear 

velocity. 

The total band spreading can also be expressed in terms of Eq. 

1-21 (see Chapter 1). The term represents the contribution to 

band spreading that is caused by stagnant mobile phase trapped in the 

porous particles. Temperature and mobile phase velocity do not 

influence to any great extent since these have no effect on 

Hj, = A + B/ii + Cp Eq. 1-28 

+ Hg -H + Hs^ Eq. 1-21 
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porosity. This leaves only Hg and (the C term of the van Deempter 

equation) since H (the B term in the van Deempter equation) is con-

sidered insignificant in liquid chromatography. The mobile phase 

contributions to plate height (H^^) are given by equations 1-23 

(see Chapter 1). 

"d 

where Hj, is eddy diffusion and 

Hp is diffusion effects 

In liquid chromatography where high linear velocities are common 

reaches a maximum because is dominant and is flow independent. The 

contribution to band spreading of eddy diffusion is not temperature 

dependent. Therefore at high linear velocities has little or no 

temperature and flow dependence. The contributions to band spreading 

by stationary phase mass transfer affects (H ) are both temperature and 

velocity dependent (eq. 1-26). 

= k'd^v 9 
S " 9 

Ds(l+k')'^ 

Since it is impossible to experimentally separate Hg and in a 

packed bed one can, however, look at the relative contribution of H by 

varying temperature and flow at high flow rates where is a constant. 

In experiments performed on open tubular columns used in micro-

capillary liquid chromatography Hg has been reported to be approximately 

one tenth the magnitude of (61). 

According to chromatographic plate theory the number of 

theoretical plates and therefore the height equivalent to a theoretical 



plate should be a constant for a specific column. In practice, however, 

one usually sees an increase in the number of plates as the retention 

time increases. This is due to the extra column dead volume that 

necessarily exists in all chromatographic instrumentation. In modern 

high performance liquid chromatography systems the detector is the 

largest contributor to dead volume because of the use of additional 

tubing wound around a heating block to thermostat the column effluent 

before it enters the detector flow cell. For closely retained 

components variation in the number of theoretical plates of less than 

15% are not considered significant (55). All columns used in this 

study fall within this 15% error limit. 

At the flow rates (0.8-1.4 ml/min) which correspond to a 

linear velocity of .5 to .9 cm/sec and temperatures (25°-45'' C) that 

were used in this study no significant changes in band spreading were 

detected in any of the columns. All columns had approximately the 

same efficiency with both solvent systems (H^O-MeOH; H2O-THF) (App. 5 ). 

Several typical van Deempter plots are shown in Figs. 5.1-5.3. The 

slopes of these lines are zero, indicating that eddy diffusion is the 

limiting factor since there is no flow dependence. The lack of a 

significant temperature dependence on the column band spreading shows 

that is greater than Hg. Since column to column variations in band 

spreading are not significantly different it is unlikely that direct 

adsoprtion on the hydrocarbon bond molecule is the predominant retention 

mechanism. An explanation which is more consistent with the data is a 

partitioning mechanism into a ternary mixture which is composed of 

the bonded phase as well as trapped mobile phase. While it is not 
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possible to experimentally verify the chemical composition of this 

liquid stationary phase, the average film thickness (dp) of the layer 

can be calculated. If one assumes that in very small totally porous 

packing materials and under the most efficient packing conditions Hg^ 

is much smaller than the sum of Hg and and therefore the largest 

contributions to band spreading in the most efficient columns available 

are due only to Hg and Since is approximately 10% of the 

contribution of Hg to band spreading can be estimated with eq. 1-26» 

2 
H„ = (1-26) 
^ Ds(l+k')^ 

By assuming an efficiency of 100000 plates per meter of column length, 

-5 2 
a k' of 5, a linear velocity of 1 cm/sec and a D of 1x10 cm /sec 

one calculates an average film thickness of 0.85 ym. This film 

thickness represents an average based on a two step mechanism for the 

solute molecule (i.e. into the layer and back out on its next move) 

which is highly unlikely according to the random walk model (62). 

Once in the layer the solute can diffuse randomly which will be per

ceived as an increase in the film thickness. If the actual film 

thickness is an order of magnitude smaller than calculated it would 

still be much thicker than an outstretched octadecyl molecule. 

While these band broadening experiments have shown no changes 

in efficiency as a function of linear velocity, temperature and bonded 

phase they do lend support to the ternary mixture stationary phase 

theory of bonded phase liquid chromatography. 



CHAPTER 6 

CONCLUSIONS AM) SUGGESTIONS FOR FUTURE WORK 

A more complete understanding of the stationary phase in 

bonded phase liquid chromatography has resulted from this work. It 

has been shown that the chemical composition as well as the physical 

capacity of the stationary phase in bonded phase liquid chromatography 

is determined by the composition of the mobile phase as well as the 

bonded molecule. Since water is always present in reversed phase 

liquid chromatography solvents the stationary phase that is seen by the 

solute molecules is a ternary mixture consisting of the bonded phase 

molecule, organic modifier and water. The composition of this system 

depends upon the type and amount of organic modifier used in the mobile 

phase, the percent coverage of the silica by the bonded molecule and the 

chain length of the bonded molecule. A surface coverage by the ODS 

bonded phase of 75% and a mobile phase of THF-water show changes in 

enthalpy which are similar to those obtained in gas chromatography 

indicating a hydrocarbon like stationary phase. However, the other 

bonded phases show lower AH values indicating that surface coverage, 

bonded phase chain length and mobile phase affect the physical and 

chemical nature of the stationary phase. As evidenced by the AH values 

these bonded phases are not true reversed phases. The choice of the 

terra reversed phase liquid chromatography was unfortunate in that it has 
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tended to obscure the real retention process of this type of chroma

tography. Bonded phase liquid chromatography is a much more appropriate 

term. 

Effects of solvents upon the physical nature of the bonded 

phases were seen in the carbon-13 NMR studies. These effects bring 

about changes in the chemical nature of the bonded phases which clearly 

show that retention is a function not only of the mobile phase composi

tion but also of the interaction between the mobile phase and the 

stationary phase. 

While temperature changes in liquid chromatography do not have 

profound effects on separations that are seen in gas chromatography 

there are some beneficial results from the use of elevated temperatures. 

There are no advantages or disadvantages in terms of band spreading but 

reduced retention times at higher temperatures shorten the time 

required for an experiment. Increased temperatures also reduce solvent 

viscosity which will reduce the backpressure allowing increases in 

flow rates to further shorten the time required for an experiment. This 

also allows the use of several organic modifiers such as dioxane, 

ethanol, and isopropanol which produce very high backpressures at room 

temperature because of their high viscosities. 

Future experiments for the continuation of this work should 

include the use of proton NMR to study the effects of solvent upon 

inter- and intra-chain interaction of the bonded molecule. The 

substitution of fluorine-19 for some hydrogen atoms on the bonded 

molecule may add further information to these interactions. The effects 

of temperature on solvation can also be studied with NMR. The use of 



ESCA and other surface techniques will provide reliable surface coverage 

data. The use of polar bonded phases, whose functional groups are 

moved away from the surface by the insertion of hydrocarbon chains to 

study the effects of surface silanol groups will help to elucidate the 

composition of the "stationary phase". 

The advent of the new generation of liquid chromatographic 

pumping systems which have the capability of metering three solvents 

will greatly facilitate the study of the effects of a third mobile 

phase component which when present in minute quantities acts as a 

stationary phase modifier. The use of bonded phase micro-capillary 

liquid chromatography can also add to the knowledge of the physical 

dimension of the stationary phase in bonded phase chromatography. 



APPENDIX 1 

CHROMATOGRAPHIC RETENTION DATA 

o 

t = Retention time 
r 

t^ = The time required for an unretained component 

to elute 
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k' Values 

5% ODS Solvent Methanol 

% Methanol 50% ' 55% 60% 65% 

25°C 

Benzene 3.21 2.44 1.85 
Toluene 5.59 3.92 2.72 
Ethylbenzene - 6.15 3.90 2,72 
Isopropylbenzene - 9.28 5.44 3.51 

3Q°C 

Benzene 2.95 2.26 1.72 
Toluene 5.09 3.54 2.49 
Ethylbenzene - 5.46 3.51 2.54 
Isopropylbenzene - 8.05 4.82 3.23 

35°C 

Benzene 2.72 2.08 1.62 -
Toluene 4.51 3.21 2.31 
Ethylbenzene - 4.82 3.18 2.36 
Isopropylbenzene - 7.03 4.31 2.97 

40°C 

Benzene 2.51 1.92 1.51 
Toluene 4.08 2.92 2.10 
Ethylbenzene - 4.33 2.87 2.18 
lospropylbenzene - 6.23 3.87 2.72 

45°C 

Benzene 2.33 1.82 1.44 
Toluene 3.74 2.72 1.97 
Ethylbenzene - 3.95 2.67 1.95 
Isopropylbenzene - 5.62 3.56 2.38 



104 

k' Values 

10% ODS Solvent Methanol 

% Methanol 50% 55% 60% 65% 

25*0 

Benzene 2.25 1.71 1.25 -
Toluene 3.95 2.71 1.80 -
Ethylbenzene - 4.24 2.73 1.88 
Isopropylbenzene - 6.32 3.80 2.44 

30°C 

Benzene 2.12 1.63 1.24 
Toluene 3.64 2.58 1.83 
Ethylbenzene - 3.95 2.61 1.76 
Isopropylbenzene - 5.83 3.59 2.29 

35°C 

Benzene 2.08 1.58 1.20 
Toluene 3.54 2.54 1.78 
Ethylbenzene - 3.97 2.59 1.80 
Isopropylbenzene - 5.92 3.61 2.34 

40°C 

Benzene 1.98 1.53 1.17 
Toluene 3.34 2.37 1.69 
Ethylbenzene - 3.59 2.39 1.66 
Isopropylbenzene - 5.22 3.25 2,14 

45°C 

Benzene 1.85 1.36 1.08 
Toluene 2.98 2.05 1.51 
Ethylbenzene - 3.02 2.07 1.47 
Isopropylbenzene - 4.29 2.76 1.85 



k' Values 

20% ODS Solvent Methanol 

% Methanol 50% 55% 60% 65% 

25°C 

Benzene 7.37 5.55 3.89 
Toluene 15.87 11.26 7.21 
Ethylbenzene - 20.92 12.24 7.21 
Isopropylbenzene - 36.13 19.32 10.74 

30°C 

Benzene 6.08 5.26 3.55 
Toluene 14.24 10.53 6.45 
Ethylbenzene - - 19.53 10.71 6.50 
Isopropylbenzene - 33.39 16.63 9.53 

35°C 

Benzene 5.89 5.13 3.24 
Toluene 10.71 9.97 5.74 
Ethylbenzene - 17.92 9.45 5.79 
Isopropylbenzene - 30.00 14.47 8.39 

40°C 

Benzene 5.39 4.76 2.97 
Toluene 10.71 9.03 5.16 
Ethylbenzene - 15.95 8.34 5.24 
Isopropylbenzene - 26.08 12.63 7.53 

45°C 

Benzene 4.97 4.32 2.79 
Toluene 9.63 7.92 4.76 
Ethylbenzene - 13.68 7.58 4.79 
Isopropylbenzene - 22.16 11.37 6.79 



k* Values 

RP-8 Solvent Methanol 

% Methanol 50% 55% 60%_ 65% 

25°C 

Benzene 3.00 2.28 1.77 
Toluene 5,46 3.77 2.64 
Ethylbenzene - 6.33 4.05 2.59 
Isopropylbenzene - 10.44 6.15 3.62 

30°C 

Benzene 2.72 2.05 1.44 
Toluene 4.90 3.38 2.15, 
Ethylbenzene - 5.62 3.23 2.10 
Isopropylbenzene - 9.15 4.82 2.92 

35°C 

Benzene 2.38 1.79 1.36 -
Toluene 4.28 2.97 2.05 
Ethylbenzene - 4.95 3.10 2.03 
Isopropylbenzene - 8.03 4.64 2.79 

40°C 

Benzene 2.10 1.62 1.26 
Toluene 3.72 2.62 1.90 
Ethylbenzene - 4.26 2.82 1.87 
Isopropylbenzene - 6.82 4.18 2.54 

45°C 

Benzene 1.95 1.51 1.23 -
Toluene 3.38 2.41 1.79 
Ethylbenzene - 3.85 2.64 1.79 
Isopropylbenzene - 6.05 3.85 2.41 



k' Values 

Amide Bonded Phase Solvent Methanol 

% Methanol 20% 30% 

Benzene 3.57 2,38 
Toluene 5.87 3.48 
Ethylbenzene 9.25 4.78 
Isopropylbenzene 12.70 6.22 

SO'C 

Benzene 3.22 2.12 
Toluene 5.23 3.13 
Ethylbenzene 8.08 4.25 
Isopropylbenzene 11.20 5.43 

35°C 

Benzene 3.02 2.00 
Toluene 4.87 2.82 
Ethylbenzene 7.42 3.80 
Isopropylbenzene 10.28 4.82 

40°C 

Benzene 2.80 1.87 
Toluene 4.43 2.63 
Ethylbenzene 6.65 3.45 
Isopropylbenzene 9.10 4.35 

45°C 

Benzene 2.55 1.75 
Toluene 3.93 2.33 
Ethylbenzene 5.80 3.07 
Isopropylbenzene 7.85 3.87 



k' Values 
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Phenyl Bonded Phase Solvent Methanol 

55% Methanol 

25°C 30̂ *0 35°C 40'C 45''C 

Benzene 2.95 2.81 2.68 2.59 2.43 
Toluene 4.51 4.27 4.03 3.86 3.62 
Ethylbenzene 7.00 6.62 6.11 5.81 5.46 
Isopropylbenzene 9.70 9.05 8.49 7.97 7.46 



k' Values 

5% ODS Solvent Tetrahydrofuran (THF) 

% THF 30% 35% 40% 45% 

25°C 

Benzene 7.50 4.32 3.06 
Toluene 12.29 6.06 4.03 
Ethylbenzene - 8.53 5.32 2.85 
Isopropylbenzene - 11.59 6.74 3.15 

30°C 

Benzene 6.68 3.82 2.74 
Toluene 10.59 5.26 3.56 
Ethylbenzene - 7.24 4.56 2.56 
Isopropylbenzene - 9.29 5.62 2.91 

35°C 

Benzene 6.12 3.82 2.50 
Toluene 9.44 5.26 3.15 
Ethylbenzene - 7.24 3.82 2.26 
Isopropylbenzene - 9.29 4.76 2.59 

40°C 

Benzene 5.62 3.56 2.32 
Toluene 8.41 4.85 2.85 
Ethylbenzene 6.47 3.56 2.06 
Isopropylbenzene - 8.32 4.15 2.32 

45°C 

Benzene 5.26 3.32 2.15 
Toluene 7.71 4.44 2.62 
Ethylbenzene - 5.79 3.26 1.91 
Isopropylbenzene - 7.41 3.71 2.15 



k' Values 

10% ODS Solvent Tetrahydrofuran (THF) 

% THF 30% 35% 40% 45% 50% 

25°C 

Benzene 7.89 5.09 3.47 2.40 
Toluene 13.79 7.94 4.91 3.19 
Ethylbenzene - - 6.92 4.21 2.47 
Isopropylbenzene - - 9.28 5.32 2.98 

30°C 

Benzene 7.15 4.66 3.23 2.26 
Toluene 12.13 7.02 4.49 2.96 
Ethylbenzene - - 6.19 3.81 2.43 
Isopropylbenzene - - 8.17 4.74 2.85 

35°C 

Benzene 6.77 4.45 3.08 2.13 
Toluene 10.72 6.58 4.26 2.74 
Ethylbenzene - - 5.72 3.57 2.26 
Isopropylbenzene - - 7.42 4.40 2.66 

40°C 

Benzene 6.43 4.32 2.88 2.00 
Toluene 10.26 6.24 3.84 2.60 
Ethylbenzene - - 5.04 3.22 2.18 
Isopropylbenzene - - 6.38 3.86 2.50 

45°C 

Benzene 6.22 4.09 2.72 1.96 
Toluene 9.32 5.74 3.52 2.40 
Ethylbenzene - - 4.52 2.94 2.00 
Isopropylbenzene - - 5.58 3.48 2.30 



k' Values 

20% ODS Solvent Tetrahydrofuran (THF) 

% THF 30% 35% 40% 45% 

Benzene 15.97 
Toluene 26.91 
Ethylbenzene 
Isopropylbenzene 

30°C 

Benzene 10.12 
Toluene 18.06 
Ethylbenzene 
Isopropylbenzene 

35°C 

Benzene 7.67 
Toluene 12.67 
Ethylbenzene 
Isopropylbenzene 

40°C 

Benzene 6.24 
Toluene 9.79 
Ethylbenzene 
Isopropylbenzene 

45°C 

Benzene 5.15 
Toluene 7.73 
Ethylbenzene 
Isopropylbenzene 

8.58 
14.67 
24.39 
38.06 

6.39 
10.21 
15.85 
23.09 

4.94 
7.39 
10.82 
15.00 

3.97 
5.67 
7.91 
10.45 

3.36 
4.64 
6.24 
8.03 

5.52 
8.45 
12.70 
17.91 

4.15 
5.97 
8.48 
11.27 

3.27 
4.52 
6.09 
7.82 

2.73 
3.61 
4.70 
5.88 

2.30 
2.97 
3.73 
4.55 

6.97 
9.18 

5.06 
6.36 

3.82 
4.64 

2.97 
3.48 

2.42 
2 .82  
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k' Values 

RP-8 Solvent Tetrahydrofuran (THF) 

% THF 30% 35% 40% 45% 

25°C 

Benzene 5.18 3.59 2.62 -
Toluene 8.38 5.10 3.36 
Ethylbenzene - 7.38 4.41 2.92 
Isopropylbenzene - 10.31 5.62 3.51 

30°C 

Benzene 5.03 3.51 2.51 
Toluene 7.95 4.92 3.21 
Ethylbenzene - 6.95 4.13 2.82 
Isopropylbenzene - 9.54 5.18 3.31 

35°C 

Benzene 4.79 3.36 2.49 
Toluene 7.38 4.67 3.15 
Ethylbenzene - 6.56 4.05 2.74 
Isopropylbenzene - 8.90 5.05 3.26 

40°C 

Benzene 4.69 3.33 2.67 -
Toluene 7.28 4.62 3.08 
Ethylbenzene - 6.38 3.90 2.64 
Isopropylbenzene - 8.54 4.79 3.08 

45''C 

Benzene 4.46 3.23 2.36 -
Toluene 6.77 4.38 2.95 
Ethylbenzene - 6.00 3.69 2.54 
Isopropylbenzene - 7.87 4.49 2.92 



k' Values 

Amide Bonded Phase Solvent Tetrahydrofuran (THF) 

% THF 25% 35% 

25̂ C 

Benzene 3.42 2.76 
Toluene 4.92 3.58 
Ethylbenzene 6.92 4.56 
Isopropylbenzene 9.19 5.58 

30°C 

Benzene 3.21 2.64 
Toluene 4.50 3.36 
Ethylbenzene 6.15 4.22 
Isopropylbenzene 8.06 5.11 

35°C 

Benzene 3.02 2.47 
Toluene 4.17 3.11 
Ethylbenzene 5.62 3.84 
Isopropylbenzene 7.19 4.62 

40°C 

Benzene 2.88 2.36 
Toluene 3.90 2.93 
Ethylbenzene 5.21 3.56 
Isopropylbenzene 6.63 4.29 

45°C 

Benzene 2.75 2.27 
Toluene 3.69 2.80 
Ethylbenzene 4.88 3.40 
Isopropylbenzene 6.13 4.05 



k' Values 

Phenyl Bonded Phase Solvent Tetrahydrofuran (THF) 

40% THF 

25°C 30°C 35°C 40°C 45''C 

Benzene 3.70 3.43 3.32 3.32 3.08 
Toluene 5.14 4.65 4.49 4.43 4.08 
Ethylbenzene 7.16 6.43 6.11 6.03 5.46 
Isopropylbenzene 9.54 8.41 8.11 7.81 7.22 



k' Values 

5% OPS 

30% Methanol 

IS'C SS'C 45°C 

Acetophenone 7.27 6.39 5.64 
Phenol 2.55 2.33 2.12 
Benzyl Alcohol 2.79 2.61 2.39 

25% Tetrahydrofuran 

Acetophenone 4.00 3.85 3.73 
Phenol 4.94 4.64 4.33 
Benzyl Alcohol 2.52 2.42 2.33 

10% CDS 

30% Methanol 

Acetophenone 16.97 14.85 12.82 
Phenol 5.59 5.06 4.59 
Benzyl Alcohol 5.65 5.21 4.74 

25% Tetrahydrofuran 

Acetophenone 6.09 5.76 5.47 
Phenol 8.35 7.56 6.88 
Benzyl Alcohol 3.44 3.26 3.12 

20% OPS 

30%. Methanol 

Acetophenone 13.51 11.44 9.79 
Phenol 4.54 3.92 3.49 
Benzyl Alcohol 4.51 4.03 3.59 

25% Tetrahydrofuran 

Acetophenone 4.36 3.97 3.67 
Phenol 6.06 5.25 4.58 
Benzyl Alcohol 2.39 2.19 2.03 
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RP-8 

k' Values 

25°C SS'C 45°C 

25% Methanol 

Acetophenone 7.00 6.21 5.36 
Phenol 2.73 2.52 2.21 
Benzyl Alcohol 2.70 2.48 2.27 

25% Tetrahydrofuran 

Acetophenone 2.33 2.24 2.18 
Phenol 3.06 2.82 2.61 
Benzyl Alcohol 1.58 1.52 1.48 



k' Values 

Amide Bonded Phase 

Phenyl Bonded Phase 

250c 25°C 45°C 

25% Methanol 

Acetophenone 2.55 2.29 1.97 
Phenol 1.60 1.52 1.29 
Benzyl Alcohol 1.11 1.08 0.95 

25% Tetrahydrofuran 

Acetophenone 1.50 1.44 1.35 
Phenol 1.69 1.60 1.52 
Benzyl Alcohol 1.02 0.98 0.95 

25''C 35''C 45"'C 

30% Methanol 

Acetophenone 20.41 16.84 13.76 
Phenol 4.03 3.46 3.05 
Benzyl Alcohol 4.00 3.54 3.19 

30% Tetrahydrofuran 

Acetophenone 3.19 3.08 2.92 
Phenol 3.78 3.54 3.24 
Benzyl Alcohol 1.84 1.78 1.68 



k' Values 

Aniline Solvent Methanol (MeOH) 

15°C 30°C 35°C AO'C 45°C 

5% ODS (30% MeOH) 6.31 6.21 6.33 6.18 6.21 
10% ODS (30% MeOH) 2.27 2.59 3.51 2.80 2.20 
20% ODS (30% MeOH) 6.53 5.68 5.11 4.50 4.00 
RP-8 (30% MeOH) 3.56 7.95 9.33 7.41 7.15 
Phenyl* 
Amide 

Solvent Tetrahydrofuran (THF) 

25°C 30°C 35°C 40''C 45''C 

5% ODS (25% THF) 5.03 5.14 7.83 7.81 7.11 
10% ODS (25% THF) 2.62 2.70 2.94 2,60 2.28 
20% ODS (25% THF) 3.51 2.97 2.51 2.05 1.73 
RP-8 (25% THF) 13.21 14.10 9.36 9.46 7.92 
Phenyl* 
Amide (25% THF) 2.60 2.42 2.35 2.27 2.12 

"k 
This bonded phase produced severe tailing with aniline. 



APPENDIX 2 

AH VALUES 

A plot of In k' vs 1/T (°K) results in a line with a slope 

-AH/R. 
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AH Values (KCal) 

5% CDS 

% Methanol (MeOH) 50% 55% 6̂  6̂  

Benzene -2.82 -2.67 -2.28 — 

Toluene -3.61 -3.36 -2.93 -

Ethylbenzene - -4.08 -3.51 -2.92 
Isopropylbenzene - -4.55 -3.83 -3.42 

% Tetrahydrofufan (THF) 30% 35% 40% 45% 

Benzene -3.14 -3.58 -3.22 _ 

Toluene -4.23 -4.34 -3.90 
Ethylbenzene - -5.17 -4.44 -3.69 
Isopropylbenzene - 5.96 -5.46 -3.64 

10% CDS 

% MeOH 50% 55% 60% 65% 

Benzene -1.63 -1.87 -1.22 _ 

Toluene -2.30 -2.34 -1.58 
Ethylbenzene - -2.70 -1.14 -1.02 
Isopropylbenzene — -3.14 -1.34 -1.11 

% THF 30% 35% 40% 45% 50% 

Benzene -2.15 -1.88 -2.13 -1.99 _ 

Toluene -3.43 -3.30 -2.93 -2.98 -

Ethylbenzene - - -3.76 -3.83 -2.27 
Isopropylbenzene - - ' -4.59 -3.80 -2.34 

20% CDS 

% MeOH 50% 55% 60% 65% 

Benzene -3.23 -2.16 -2.84 
Toluene -4.50 -3.06 -3.83 -

Ethylbenzene - -3.75 -4.30 -3.72 
Isopropylbenzene — -4.43 -4.80 -4.08 

% THF 30% 35% 40% 45% 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

-9.92 
-1.12x101 

-8.53 
-1.05x10̂  
-1.23xl0l 
-1.41x10̂  

-7.88 
-9.36 

-1.10x10̂  
-1.23x10̂  

-9.51 
-1.07x10̂  



AH Values (KCal) 

RP-8 

% Methanol 45% 50% 55% 60% 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

-4.05 
-4.47 

-3.89 
-4.19 
-4.63 
-5.02 

-3.09 
-3.30 
-3.60 
-3.92 

-3.10 
-3.50 

% Tetrahydrofuran 30% 35% 40% 45% 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

-1.22 
-1.87 

-1.01 
-1.30 
-1.84 
-2.38 

8.70x10-1 
*1.01 
-1.45 
-1.92 

-1.26 
-1.66 



AH Values (KCal) 

Amide Bonded Phase 

% Methanol (MeOH) 20% 30% 

Benzene -2.89 -2.72 
Toluene -3.52 -3.50 
Ethylbenzene -4.04 -4.01 
Isopropylbenzene -4.22 -4.26 

% Tetrahydrofuran (THF) 

Benzene -1.99 -1.84 
Toluene -2.53 -2.31 
Ethylbenzene -3.07 -2.78 
Isopropylbenzene -3.69 -2.93 

Phenyl Bonded Phase 

55% MeOH 40% THF 

Benzene -1.69 -1.44 
Toluene -1.95 -1.84 
Ethylbenzene -2.26 -2.19 
Isopropylbenzene -2.38 -2.28 
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AH Values (KCal) 

5% ODS 10% ODS 20% ODS RP-8 Phenyl Amide 

Tetrahydrofuran 

Acetophenone 
Phenol 
Benzyl Alcohol 

-0.63 
-1.19 
-0.71 

-0.97 -1.56 
-1.75 -2.53 
-0.88 -1.47 

Methanol 

-0.60 
-1.44 
-0.59 

-0.80 
-1.39 
-0.82 

-0.95 
-0.96 
-0.64 

Acetophenone 
Phenol 
Benzyl Alcohol 

-2.29 
-1.67 
-1.40 

-2.53 -2.91 
-1.78 -2.38 
-1.59 -2.06 

-2.41 
-1.91 
-1.57 

-3.56 
-2.52 
-2.11 

-2.33 
-1.95 
-1.41 



APPENDIX 3 

AAG' VALUES 

Benzene/Phenol 

Toluene, Ethylbenzene, or Isopropylbenzene/Benzyl 

alcohol or Acetophenone 

AGg = RT Ina (eq. 1-12) 

k' 
a = rr̂  (eq. 1-13) 

A 
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AAG Benzene = 0 

5% ODS 

AAG Values (Cal) 

(xlO"^) 

25°C 30''C 35°C 40°C 45°C 

Solvent Methanol (MeOH) 

55% MeOH 

Toluene 2.84 
Ethylbenzene 5.45 
Isopropylbenzene 7.93 

60% MeOH 

Toluene 2.28 
Ethylbenzene 4.42 
Isopropylbenzene 6.39 

2 . 7 0  
5.31 
7.65 

2.23 
4.29 
6 . 2 0  

2.65 
5.14 
7.45 

2.17 
4.13 
5.99 

2.61 
5.06 
7.32 

2.05 
3.99 
5.85 

2.54 
4.90 
7.12 

1.98 
3.90 
5.72 

Solvent Tetrahydrofuran (THF) 

35% THE 

Toluene 2.26 
Ethylbenzene 4.41 
Isopropylbenzene 6.29 

40% THF 

Toluene 1.63 
Ethylbenzene 3.27 
Isopropylbenzene 4.68 

2.04 
4.10 
5.94 

1.58 
3.07 
4.33 

1.96 
3.91 
5.44 

1.41 
2.59 
3.94 

1-92 
3.72 
5.28 

1.28 
2.66 
3.62 

1.84 
3.51 
5.07 

1.25 
2.63 
3.45 
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AAG Values (Cal) 

_2 
AAG Benzene = 0 (xlO ) 

10% ODS 

ZS'C 30°C 35°C 40°C 45°C 

Solvent Methanol (MeOH) 

55% MeOH 

Toluene 2.73 2.76 2.91 2.72 2,59 
Ethylbenzene 5.38 5.33 5.64 5.30 5.04 
Isopropylbenzene 7.74 7.67 8.08 7.63 7.26 

60% MeOH 

Toluene 2.16 2.34 2.41 2.29 2.12 
Ethylbenzene 4.63 4.48 4.71 4.44 4.11 
Isopropylbenzene 6.58 6.40 6.74 6.35 5.93 

Solvent Tetrahydrofuran (THF) 

40% THF 

Toluene 2.06 1.98 1.98 1.79 1.63 
Ethylbenzene 4.09 3.92 3.79 3.48 3.21 
Isopropylbenzene 5.82 5.59 5.38 4.95 4.54 

45% THF 

Toluene 1.68 1.62 1.54 1.63 1.28 
Ethylbenzene 3.33 3.14 3.16 2.96 2.56 
Isopropylbenzene 4.71 4.46 4.44 4.09 3.63 
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AAG Benzene = 0 

AAG Values (Cal) 

(xlO"^) 

20% ODS 

IS'C ao-c 35°C 40°C h5°C 

Solvent Methanol (MeOH) 

55% MeOH 

Toluene 4.19 
Ethylb'enzene 7.86 
Isopropylbenzene 11.09 

60% MeOH 

Toluene 3.65 
Ethylbenzene 6.79 
Isopropylbenzene 9.49 

Solvent Tetrahydrofuran (THF) 

35% THE 

Toluene 3.18 
Ethylbenzene 6.19 
Isopropylbenzene 8.82 

40% THF 

Toluene 2.52 
Ethylbenzene 4.93 
Isopropylbenzene 6.97 

4.18 
7.90 
11.13 

3.60 
6.65 
9.30 

2 . 8 2  
5.47 
7.73 

2.19 
4.30 
6.01 

4.07 
7.65 
10.81 

3.50 
6.55 
9.16 

2.46 
4.80 
6.80 

1.98 
3.81 
5.34 

3.98 
7.52 
10.58 

3.44 
6.42 
9.00 

2 . 2 2  
4.29 
6 . 0 2  

1.74 
3.38 
4.77 

3.83 
7.28 
10.33 

3.38 
6.32 
8 .88  

2.04 
3.91 
5.51 

1.62 
3.06 
4.31 
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AAG Values (Cal) 

_2 
AAG Benzene = 0 (xlO ) 

RP-8 

25°C 30°C 35°C 40°C AS'C 

Solvent Methanol (MeOH) 

50% MeOH 

Toluene 2.98 3.01 3,10 2.99 2.95 
Ethylbenzene 6.05 6.07 6.23 6.01 5.91 
Isopropylbenzene 9.01 9.01 9.19 8.94 8.77 

55% MeOH 

Toluene 2.37 ' 2.41 2.51 2.55 2.37 
Ethylbenzene 4.90 4.86 5.04 5.01 4.83 
Isopropylbenzene 7.37 7.27 7.51 7.46 7.21 

Solvent Tetrahydrofuran (THF) 

35% THF 

Toluene 2.08 2.03 2.01 2.04 1.92 
Ethylbenzene 4.27 4.11 4.09 4.04 3.91 
Isopropylbenzene 6.25 6.02 5.96 5.86 5.63 

40% THF 

Toluene 1.47 1.48 1.44 0.89 1.41 
Ethylbenzene 3.08 3.00 2.98 2.36 2.82 
Isopropylbenzene 4.52 4.36 4.33 3.63 4.06 
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AAG Values (Cal) 

_2 
AAG Benzene = 0 (xlO ) 

Phenyl Bonded Phase 

25°C 30°C 35°C 40°C 45°C 

Solvent Methanol (MeOH) 

55% MeOH 

Toluene 2.51 2.52 2,50 2.48 2.52 
Ethylbenzene 3.12 5.16 5.04 5.02 5.12 
Isopropylbenzene 7.05 7.04 7.06 6.99 7.09 

Solvent tetrahydrofuran (THF) 

40% THF 

Toluene 1.95 1.83 1.85 1.79 1.78 
Ethylbenzene 3.91 3.78 3.73 3.71 3.62 
Isopropylbenzene 5.61 5.40 5.47 5.32 5.38 
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AAG Values (Gal) 

AAG Benzene = 0 

Amide Bonded Phase 

(xlO 

ZS'C 30°C 35°C 40°C 45°C 

Solvent Methanol (MeOH) 

20% MeOH 

Toluene 2.94 
Ethylbenzene 5•64 
Isopropylbenzene 7.51 

30% MeOH 

Toluene 2.25 
Ethylbenzene 4.13 
Isopropylbenzene 5.69 

2.92 
5.54 
7.50 

2.35 
4.19 
5 . 6 6  

2.92 
5.50 
7.50 

2.10 
3.93 
5.38 

2.85 
5.38 
7.33 

2.12 
3.81 
5.25 

2.73 
5.19 
7.10 

1.81 
3.55 
5.01 

Solvent Tetrahydrofuran (THF) 

25% THF 

Toluene 2.15 2.03 
Ethylbenzene 4.17 3.91 
Isopropylbenzene 5.85 5.54 

35% THF 

Toluene 1.54 1.45 
Ethylbenzene 2.97 2.82 
Isopropylbenzene 4.17 3.98 

1.97 
3.80 
5.31 

1.41 
2.70 
3.83 

1.89 
3.69 
5.19 

1.35 
2.56 
3.72 

1.86 
3.62 
5.06 

1.33 
2.55 
3.66 
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AAG' Values 

30% Methanol 25°C 

Benzyl Alcohol Acetophenone 

5% ODS 5.33x10̂  6.22x10̂  
10% ODS 5.92 6.57x10, 
20% ODS -5.92 6.45x10, 
RP-8 -5.92 5.57x10, 
Phenyl -5.92 9.59x10, 
Amide -2.19x10̂  ̂ 2.78x10'̂  

25% Tetrahydrofuran 25°C 

Benzyl Alcohol Acetophenone 

5% ODS -3.97x10̂  -1.24x10̂  
10% ODS -5.27x10, -1.89x10, 
20% ODS -5.51x10, -1.95x10, 
RP-8 -3.91x10, -1.60x10, 
Phenyl -4.26x10, -1.01x10, 
Amide -2.96x10 -7.11x10 



APPENDIX 4 

AAS' VALUES 

AAŜ  = Benzene/Phenol 

AAS' = Toluene, Ethylbenzene, or Isopropylbenzene/ 
D 

Acetophenone or Benzyl alcohol 

AAS' 
A-B 

(eq. 1-14) 

(eq. 1-13) 
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A&S' Values 

57o ODS (e.u.) 

Solvent Methanol (MeOH) 

55% MeOH 25°.C 30°C 35 °C 40°C 45°C 

Toluene 1.37 1.31 1.38 1.37 1.37 
Ethylbenzene 3.00 2.85 3.01 2.98 2.99 
Isopropylbenzene 3.65 3.48 3.68 3.67 3.67 

60% MeOH 25°C 30°C 35 "C 40°C 35''C 

Toluene 1.42 1.41 1.41 1.42 1.42 
Ethylbenzene 2.65 2.64 2.65 2.65 2.64 
Isopropylbenzene 3.06 3.07 3.09 3.08 3.08 

Solvent Tetrahydrofuran (THF) 

35% THF 25°C 30°C ss-c 40lC 45°C 

Toluene 1.79 1.84 1.83 1.81 1.81 
Ethylbenzene 3.85 3.90 3.89 3.89 3.89 
Isopropylbenzene 5,88 5.89 5.96 5.92 5.89 

40% THF 25°C SCC 35''C 40°C 45°C 

Toluene 1.73 1.72 1.75 1.76 1.75 
Ethylbenzene 3.00 3.01 3.12 3.05 3.01 
Isopropylbenzene 5.95 5.97 5.99 6.00 5.96 



AAS* Values 

10% ODS (e.u.) 

Solvent Methanol (MeOH) 

55% MeOH 25''C 30OC M ° C  45''C 

Toluene .66 .64 .58 .63 .66 
Kthylbenzene 1.00 1.01 .90 .99 1.06 
Isopropylbenzene 1.66 1.66 1.50 1.62 1.71 

60% MeOH 25''C SO'C 35°C 40''C 45''C 

Toluene .48 .42 .38 .42 .47 
Ethylbenzene 1.97 1.99 1.88 1.94 2.01 
Isopropylbenzene 2.62 2.64 2.49 2.57 2.66 

Solvent Tetrahydrofuran (THF) 

40% THF 25''C 30°C 35''C 40°C 45°C 

Toluene 1.99 4.99 1.95 1.98 2.00 
Ethylbenzene 4.10 4.09 4.06 4.10 4.12 
Isopropylbenzene 6.30 6.27 6.24 6.28 6.31 

45% THF 25°C 30''C 35°C 40°C 45''C 

Toluene 2.76 2.73 2.71 2.64 2.71 
Ethylbenzene 5.06 5.03 4.95 4.93 4.98 
Isopropylbenzene 4.49 4.50 4.44 4.48 4.55 



AAS' Values 

20% ODS (e.u.) 

Solvent Methanol (MeOH) 

55% MeOH 25°C 30°C 35°C 40''C 45''C 

Toluene 1.61 1.59 1.60 1.60 1.63 
Ethylbenzene 2.69 2.97 3.00 3.00 3.02 
Isopropylbenzene 3.90 3.82 3.86 3.87 3.89 

60% MeOH 25"'C 30°C 35°C 40®C 45°C 

Toluene 2.10 2.08 2.08 2.07 2.05 
Ethylbenzene 2.62 2.62 2.61 2.61 2.61 
Isopropylbenzene 3.39 3.40 3.39 3.39 3.37 

Solvent Tetrahydrofuran (THF) 

35% THF 25''C 30°C 35 °C 40°C 45°C 

Toluene 5.54 5.57 5.60 5.59 5.55 
Ethylbenzene 10.6 10.6 10.7 10.7 10.6 
Isopropylbenzene 15.7 15.8 15.9 15.9 15.8 

40% THF 25'='C 30°C 35°C 40°C 45''C 

Toluene 4.12 4-16 4.16 4.17 4.15 
Ethylbenzene 8.81 8.81 8.89 8.89 8.85 
Isopropylbenzene 12.5 12.6 12.6 12.6 12.5 



AAS' Values 

RP-8 (e.u.) 

Solvent Methanol (MeOH) 

55% MeOH 25°C 30°C 35''C 40''C 45°C 

Toluene 0.01 -.10 -.13 -.14 -.08 
Ethylbenzene 0.01 .08 .02 .03 .09 
Isopropylbenzene 0.03 .34 .26 .27 .34 

50% MeOH 25°C 30°C 35"'C 40°C 45°C 

Toluene 0.01 0.00 -.03 0.00 0.01 
Ethylbenzene 0.45 0.44 0.39 0.44 0.47 
Isopropylbenzene 0.78 0.76 0.67 0.75 0.80 

Solvent Tetrahydrofuran (THF) 

35% THF 25°C 30''C 35°C 40''C 45''C 

Toluene 0.28 0.29 0.25 0.28 0.31 
Ethylbenzene 1.35 1.38 1.33 1.36 1.38 
Isopropylbenzene 2.50 2.53 2.51 2.51 2.54 

40% THF 25°C 30°C ss-c 40'C 45'C 

Toluene -.02 -.03 -.01 .16 -0.00 
Ethylbenzene 0.91 0.92 0.92 1.10 0.94 
Isopropylbenzene 2.01 2„03 2.00 2.19 2.02 
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AAS' Values 

Amide Bonded Phase (e.u.) 

Solvent Methanol (MeOH) 

20% MeOH 25°C 30OC 33°C 40°C 45''C 

Toluene 1.13 1.12 1.10 1.10 1.12 
Ethylbenzene 1.97 1.97 1.95 1.96 1.98 
Isopropylbenzene 1.94 1.91 1.88 1.91 1.95 

30% MeOH 25°C 30°C 35''C 40°C 45°C 

Toluene 1.86 1.80 1.85 1.81 1.88 
Ethylbenzene 2.94 2.88 2.91 2.90 2.94 
Isopropylbenzene 3.26 3.21 3.25 3.24 3.27 
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AAS' Values 

Amide Bonded Phase (e.u.) 

Solvent Tetrahydrofuran (THF) 

25% THF ZS'C 30°C 35°C 40°C 45°C 

Toluene 1.09 1.11 1.11 1.12 1.11 
Ethylbenzene 2.22 2.27 2.27 2.27 2.26 
Isopropylbenzene 3.74 3.78 3.80 3.77 3.75 

35% THF 25°C 30°C 35°C 40°C 45°C 

Toluene 1.06 1.07 1.07 1.07 1.06 
Ethylbenzene 2.16 2.17 2.18 2.19 2.15 
Isopropylbenzene 2.26 2.29 2.66 2.67 2.28 
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r.AAS' Values 

Phenyl Bonded Phase (e.u.) 

Solvent Methanol (MeOH) 

55% MeOH ZS'C 30°C 35'C 40"'C 45''C 

Toluene .03 .03 .03 .04 .03 
Ethylbenzene .20 .18 .21 .22 ,18 
Isopropylbenzene -.05 -.05 -.05 -.02 -.06 

Solvent Tetrahydrofuran (THF) 

40% THF 25°C 30°C SS'C 40''C 45 °C 

Toluene .69 .72 .70 .70 .70 
Ethylbenzene 1.21 1.23 1.22 1.21 1.22 
Isopropylbenzene .94 .99 .95 .98 .95 
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25°C 

30% MeOH 

AAS' Values 

Benzyl Alcohol Acetophenone 

5% ODS -1.08  ̂ 0.00 . 
10% ODS -6.57x10 ̂  3.08x10 1 
20% ODS -1.05 -3.91x10"! 
RP-8 -1.12 -1.90x10":: 
Phenyl -1.36 2.68x10 j-
Amide -1.07 3.54x10"-̂  

25% THF 

Benzyl Alcohol Acetophenone 

5% ODS 
10% ODS 
20% ODS 
RP-8 
Phenyl 
Amide 

-2.80x10"̂  
-1.14 
-1.69 
-1.55  ̂
-2.87xl0~r 
-1536x10"-̂  

-1.46 
-1.99 
-2.60 
-2.27 
-1.64  ̂
-2.11x10 ̂  



APPENDIX 5 

THEORETICAL PLATE MEASUREMENTS 

N = 5.54 

H = L/N 

number of theoretical plates 

height equivalent of a theoretical plate 

column length 

retention time 

width of the peak at half height 
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5% ODS 

55% MeOH 

H (cm) 

35''C 
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45''C 

y = .61 cm/sec Benzene .13 
Toluene .10 
Ethylbenzene .09 
Isopropylbenzene .08 

VI = .76 cm/sec Benzene .14 
Toluene .12 
Ethylbenzene .09 
Isopropylbenzene .08 

p = .91 cm/sec Benzene .13 
Toluene .11 
Ethylbenzene .09 
Isopropylbenzene .08 

M = 1.06 cm/sec Benzene .12 
Toluene .11 
Ethylbenzene .11 
Isopropylbenzene .08 

30% MeOH 

.13 

.10 
.08 
.06 

.12 
.10 
.08 
.07 

.12 

.10 
.08 
.07 

.12 

.11 

.09 

.07 

.13 
.10 
.08  
.07 

.12 

.10 
.08 
.07 

.13 

.10 

.09 

.07 

.12 

.10 
.08 
.07 

p = .61 cm/sec 

li = .76 cm/sec 

y = .91 cm/sec 

Benzyl Alcohol 
Acetophenone 
Phenol 

Benzyl Alcohol 
Acetophenone 
Phenol 

Benzyl Alcohol 
Acetophenone 
Phenol 

y = 1,06 cm/sec Benzyl Alcohol 
Acetophenone 
Phenol 

.13 
.08 
.16 

.13 

.09 

.15 

.13 

.09 

.15 

.13 

.09 

.15 

.13 
.08 
.15 

.13 
.08 
.14 

.13 
.08 
.15 

.13 

.08 

.14 

.13 
.08 
.16 

.14 
.08 
.15 

.13 
.08 
.14 

.12 
.08 
.13 



5% ODS 

35% THF 
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H (cm) 

25''C 35°C 45°C 

VI = -61 cm/sec Benzene .11 .12 .12 
Toluene .09 .09 .09 
Ethylbenzene .08 .08 .08 
Isopropylbenzene .08 .07 .07 

p = .76 cm/sec Benzene .11 .12 .12 
Toluene .09 .09 .09 
Ethylbenzene .08 .09 .09 
Isopropylbenzene .08 .08 .08 

p = .91 cm/sec Benzene .10 .13 .12 
Toluene .10 .10 .10 
Ethylbenzene .09 .09 .09 
Isopropylbenzene .08 .08 .08 

y = 1.06 cm/sec Benzene .11 .13 .12 
Toluene .10 .10 .10 
Ethylbenzene .10 .10 .10 
Isopropylbenzene .09 .09 .09 

25% THF 

y = .61 cm/sec Benzyl Alcohol .15 .16 .17 
Acetophenone .13 .13 ,13 
Phenol .12 .13 .13 

y = .76 cm/sec Benzyl Alcohol .16 .16 .18 
Acetophenone .13 .13 .15 
Phenol .12 .13 .14 

y = .91 cm/sec Benzyl Alcohol .15 .15 .17 
Acetophenone .13 .14 .14 
Phenol .13 .14 .14 

y = 1.06 cm/sec Benzyl Alcohol .15 .15 .17 
Acetophenone .14 .14 .15 
Phenol .13 .13 .14 



10% ODS 

H (cm) 

35''C 45''i 

60% MeOH 

y = .59 cm/sec Benzene .05 .06 .09 
Toluene .04 .04 .05 
Ethylbenzene .03 .03 .03 
Isopropylbenzene .03 .03 .02 

U = .74 cm/sec Benzene .07 .07 .07 
Toluene .05 .04 .04 
Ethylbenzene .03 .03 .03 
Isopropylbenzene .03 .03 .03 

U = .88 cm/sec Benzene .07 .07 .08 
Toluene .05 .04 .05 
Ethylbenzene .03 .03 .04 
Isopropylbenzene .03 .03 .03 

y =1.03 cm/sec Benzene .06 - .07 
Toluene .04 - .05 
Ethylbenzene .04 - .04 
Isopropylbenzene .03 — .03 

30% MeOH 

y = .59 cm/sec Benzyl Alcohol .07 .07 .09 
Acetophenone .04 .04 .04 
Phenol .08 .09 .09 

y = .74 cm/sec Benzyl Alcohol .07 .07 .10 
Acetophenone .04 .04 .04 
Phenol .09 .09 .10 

y = .88 cm/sec Benzyl Alcohol .07 .07 .09 
Acetophenone .04 .04 .04 
Phenol .08 .09 .09 

y = 1.03 cm/sec Benzyl Alcohol .07 - .09 
Acetophenone .04 - .04 
Phenol .09 - .10 



H (cm) 
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10% CDS 

25°C 35°C 45°C 

40% THF 

P = .59 cm/sec Benzene .07 .06 .07 
Toluene .05 .05 .05 
Ethylbenzene .04 .04 .04 
Isopropylbenzene .03 .03 .04 

u = .74 cm/sec Benzene .08 .06 .07 
Toluene .05 .05 .06 
Ethylbenzene .05 .04 .05 
Isopropylbenzene .04 .03 .04 

p = .88 cm/sec Benzene .07 .07 .07 
Toluene .05 .05 .05 
Ethylbenzene .04 .04 .05 
Isopropylbenzene .04 .04 .04 

p = 1.03 cm/sec Benzene .06 .08 .07 
Toluene .05 .06 .06 
Ethylbenzene .04 .05 .05 
Isopropylbenzene .04 .04 .04 

25% THF 

P = .59 cm/sec Benzyl Alcohol .09 -.10 .11 
Acetophenone .06 .06 .07 
Phenol .05 .06 .06 

P = .74 cm/sec Benzyl Alcohol .09 .10 .10 
Acetophenone .06 .06 .06 
Phenol .05 .05 .06 

P = .88 cm/sec Benzyl Alcohol .08 .10 .09 
Acetophenone .06 .06 .06 
Phenol .06 .05 .06 

P = 1.03 cm/sec Benzyl Alcohol .09 .08 .08 
Acetophenone .06 .06 .06 
Phenol .05 .06 .06 



H (cm) 
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20% ODS 

55% MeOH 

P = .51 cm/sec 

V = .64 cm/sec 

U = .77 cm/sec 

)i = .90 cm/sec 

30% MeOH 

V = .51 cm/sec 

li = .64 cm/sec 

y = .77 cm/sec 

M = .90 cm/sec 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

Benzyl Alcohol 
Acetophenone 
Phenol 

Benzyl Alcohol 
Acetophenone 
Phenol 

Benzyl Alcohol 
Acetophenone 
Phenol 

Benzyl Alcohol 
Acetophenone 
Phenol 

25°C 

.05 

.05 

.04 

.04 

.05 

.05 

.04 

.04 

,06 
.05 
.05 
.04 

.06  
.05 
.05 
.05 

.07 

.05 

.07 

.08 

.06 

.08 

.08 
.07 
.06 

.08 

.06, 

.08 

35°C 

.05 

.04 

.04 

.04 

.06 
.05 
.05 
.04 

.06 
.05 
.05 
.05 

.05 

.05 

.05 

.05 

.08 

.06 

.06 

.08 

.06 

.08 

,08 
.08 
.06 

.07 

.06 

.07 

45°C 

.06 
.05 
.05 
.04 

.05 

.05 

.04 

.04 

.06 
.05 
.05 
,04 

.06 
.05 
.05 
.05 

.09 
.06 
.09 

.08 
.07 
.08 

.08 

. 06  

.08 

.07 
.06  
.08 



20% ODS 
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H (cm) 

25°C SS-C AS'C 

40% THF 

y = .38 cm/sec Benzene .04 - -
Toluene .04 
Ethylbenzene .03 
Isopropylbenzene .03 

U = .51 cm/sec Benzene .04 .05 .04 
Toluene .04 .04 .04 
Ethylbenzene .04 .04 .04 
Isopropylbenzene .03 .03 .03 

y = .64 cm/sec Benzene .04 .04 .04 
Toluene .04 .04 .04 
Ethylbenzene .04 .04 .04 
Isopropylbenzene .03 .03 .03 

y = .77 cm/sec Benzene .04 .04 .04 
Toluene .04 .04 .04 
Ethylbenzene .04 .04 .04 
Isopropylbenzene .03 .03 .03 

p= .90 cm/sec Benzene - .05 .04 
Toluene - - .04 .04 
Ethylbenzene - .04 .03 
Isopropylbenzene - .04 .03 

20% THF 

y = .51 cm/sec Benzyl Alcohol .10 .12 .12 
Acetophenone .09 .08 .09 
Phenol .07 .08 .09 

y= .54 cm/sec Benzyl Alcohol .12 .12 .12 
Acetophenone .10 .10 .09 
Phenol .09 .09 .09 

y = .77 cm/sec Benzyl Alcohol .11 ,13 .12 
Acetophenone .09 .10 .10 
Phenol .08 .09 .09 

y = .90 cm/sec Benzyl Alcohol - .13 .14 
Acetophenone - .10 .10 
Phenol - .09 .09 
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H (cm) 

SP-8 

50% MeOH 

li = . 61 cm/sec Benzene 
Toluene 

U = .76 cm/sec 

p = . 91 cm/sec 

Ethylbenzene 
Isopropylbenzene 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenzene 

Benzene 
Toluene 
Ethylbenzene 
Isopropylbenz'ene 

P = 1.06 cm/sec Benzene 
Toluene 

25% MeOH 

y = .61 cm/sec 

p = .76 cm/sec 

li = .91 cm/sec 

Ethylbenzene 
Isopropylbenzene 

Benzyl Alcohol 
Acetophenone 
Phenol 

Benzyl Alcohol 
Acetophenone 
Phenol 

Benzyl Alcohol 
Acetophenone 
Phenol 

y = 1.06 cm/sec Benzyl Alcohol 
Acetophenone 
Phenol 

25''C 

.08 

.06 
.05 
.04 

.09 
.06 
.05 
•04 

.10 
.06 
.05 
.04 

.09 

.07 

.05 

.04 

.12 
.06 
.12 

.10 

.05 
.10 

.09 

.05 

.09 

.07 

.05 

.07 

as'c 

.14 
.08 
.05 
.04 

.13 
.08 
.06 
.04 

.11 
.07 
.05 
.04 

.11 

.06 
.05 
.04 

.08 
.05 
.09 

.09 

.05 

.09 

.07 

.05 

.07 

.08 

.06 

.08  

45°C 

.14 

.09 
.06 
.04 

.13 
.08 
.06 
.04 

.12 

.07 

.05 

.04 

.11 

.07 

.05 

.04 

.14 
.06 
.14 

.12 

.07 

.13 

.10 

.05 

.10 

.09 

.05 

.10 
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H (cm) 

RP~i 8 
25°C 35 "C 45 "( 

35% THF 

y = .61 cm/sec Benzene .10 .09 .10 
Toluene .07 .06 .06 
Ethylbenzene .05 .04 .05 
Isopropylbenzene .04 .03 .03 

y = . 76 cm/sec Benzene .08 .08 .09 
Toluene .06 .06 .06 
Ethylbenzene .05 .05 .05 
Isopropylbenzene .04 .03 .04 

p = .91 cm/sec Benzene .07 .07 .08 
Toluene .06 .06 .06 
Ethylbenzene .04 .04. .05 
Isopropylbenzene .04 .03 .04 

V = 1.06 cm/sec Benzene .07 .08 .08 
Toluene .05 .06 .06 
Ethylbenzene .04 .05 .04 
Isopropylbenzene .04 .04 .04 

30% THF 

y = .61 cm/sec Benzyl Alcohol .16 :.17 .17 
Acetophenone .14 .14 .16 
Phenol .11 .12 .13 

y = .76 cm/sec Benzyl Alcohol .12 .15 .14 
Acetophenone .12 .13 .12 
Phenol .11 .11 .13 

V = .91 cm/sec Benzyl Alcohol .10 .10 .11 
Acetophenone .10 .09 .11 
Phenol .08 .09 .09 

y = 1.06 cm/sec Benzyl Alcohol .09 — .10 
Acetophenone .08 - .10 
Phenol .08 - .09 
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H (cm) 

Amide Bonded Phase 

25°C 35 ' 'C  AS'C 

25% THF 

y = .39 cm/sec Benzene .07 .06 .06 
Toluene .05 .04 .04 
Ethylbenzene .04 .04 .04 

y = .46 cm/sec Benzene .07 .06 .06 
Toluene .05 .05 .05 
Ethylbenzene .05 .04 .05 

p = .54 cm/sec Benzene .06 .07 .07 
Toluene .05 .05 .05 
Ethylbenzene .05 .04 .04 

25% THF 

y = .39 cm/sec Benzyl Alcohol .07 .08 .08 
Acetophenone .07 .07 .08 
Phenol .06 .07 .07 

p = .46 cm/sec Benzyl Alcohol .07 .10 .08 
Acetophenone .07 .08 .08 
Phenol .07 .07 .08 

y = .54 cm/sec Benzyl Alcohol .09 .09 .09 
Acetophenone .09 .09 .09 
Phenol .07 .08 .08 



Amide Bonded Phase 

H (cm) 
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25''C 35°C 45°C 

25% MeOH 

p = .39 cm/sec Benzene 
Toluene 
Ethylbenzene 

M = .46 cm/sec Benzene 
Toluene 
Ethylbenzene 

p = .54 cm/sec Benzene 
Toluene 
Ethylbenzene 

.06 

.06 
.07 

.06 
.07 
.08 

.07 
.06 
.07 

.07 

.07 

.07 

.07 

.07 

.07 

.07 
.08 
.07 

.07 

.07 

.07 

.07 
.08 
.07 

.08 

.08 
.07 

25% MeOH 

M = .39 cm/sec Benzyl Alcohol .07 .08 .09 
Acetophenone .07 .07 .07 
Phenol .07 .07 .07 

y = .46 cm/sec Benzyl Alcohol .08 .08 .08 
Acetophenone .07 .06 .07 
Phenol .07 .07 .07 

y = .54 cm/sec Benzyl Alcohol .08 .09 .09 
Acetophenone .07 .07 .07 
Phenol .07 .07 .09 



APPENDIX 6 

RETENTION ERRORS 

Errors in the retention measurements are primarily due to 

fluctuations in the flow rate of the mobile phase. These fluctuations 

can be classified as short term and long term variations. 

Short term or run to run variations in retention measurements 

are normally 2% or less. Long term or day to day reproducibility in 

retention measurements is usually not greater than 5%. 

All retention data presented is an average of 2 runs if the 

variations in retention were 2% or less. If the variations were 

greater then a 3 run average was used. 
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