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ABSTRACT 

A new theory has been proposed for stationary phase 

formation of chemically modified chromatographic adsorbents. 

This theory consists of a model in which the bonded hydro

carbon moiety, silica substrate, and their respective solva

tion layers all participate in stationary phase formation. 

Stationary phase formation was found to be dependent 

on three parameters: 1) Solvent strength of the mobile 

phase components for the bonded organic moiety and the silica 

substrate; 2) the type of organic moiety covalently bound to 

the surface; and 3) the bound moiety density or surface 

coverage. 

Binary aqueous-organic mobile phases were investigated 

for LiChrosorb RP-8 and RP-18. For RP-8 the silica substrate 

played a more important role in stationary phase formation. 

Whereas, for RP-18 the longer bound hydrocarbon chain domi

nated stationary phase formation. With different organic 

modifiers in the mobile phase, the modifier with the larger 

solvent strength for the bound hydrocarbon was selectively 

enriched in the stationary phase solvation layer for RP-18. 

Ternary mobile phase systems were also investigated 

for RP-18. The second modifier was found to exert a large 

influence on stationary phase formation. 

xi 



Temperature's role in stationary phase formation was 

studied with a ternary mobile phase of 40/45/15 methanol, 

water, THF with RP-18. In this specific case, changing the 

temperature of the system did not impact on stationary 

phase formation. 

A new type of column structure was investigated. 

xii 

This sturcture involved a totally porous silica gel as 

compared to a column packed with totally porous silica micro

particles. These silica gel columns were characterized 

both thermodynamically and kinectica11y. Under Normal Phase 

chromatographic conditions the silica gel column was found 

to have a higher selectivity but poorer efficiency for the 

separation of aniline from nitrobenzene than a packed 

column. The silica gel can be chemically modified by silane 

reaction and its bonded phase characteristics were investi

gated. The gel also showed ion-exchange properties which 

were investigated using sodium nitrite. 



CHAPTER 1 

Introduction 

The investigation of solid-gas, solid-liquid, and/or 

solid-solid interfaces and the dynamics of the chemical or 

physical processes occuring at these interfaces are of 

great importance in chemical analysis today. Chemical 

reactions occuring at these interfaces are of importance 

in catalysis [1-4J, electrochemistry [S-8J, chromatography 

[9-11J, solid state synthesis [12J, and other fields. 

Various methods for analysis of surfaces have been developed 

over the past decades, these included IR [13-20J, ESCA 

[21-28J, Auger [29-32J, and Raman [33-43J, spectroscopies, 

along with Electrochemical [44-48J, .and Chromatographic 

techniques. The investigation of the dynamics at inter

faces addresses two main questions; (a) the kinetics of 

the interactions between the surface and the chemical 

species of interest, and (b) the selectivity of the former 

interaction for different chemical species. The improve

ment of the selectivity or efficiency of a chemical 

reaction occurring at an interface is the driving force 

behind many areas of scientific endeavor, e.g. solar energy 

research [49-S2J, electrode development [S3-S6J, cracking 

catalysts [57-60J, and chromatographic stationary phases. 

1 
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The chemist today plays more than a passive role in surface 

chemistry. Chemical modification of surfaces has been 

shown to have an influence on the interfacial dynamics of 

the chemical and physical processes which occur at these 

surfaces. All of the above mentioned fields of study 

take advantage of the improvements in selectivity and 

efficiency at chemically modified surfaces. 

Gas Chromatography (GC) and Liquid Chromatography 

(LC) are two techniques for studying the intermolecular 

interactions which occur at solid-gas or solid-liquid inter

faces. The separation process as described by Martin and 

Synge [6lJ involves the differential migration of solutes 

through a column whose distribution is between a mobile 

phase (hexane) and a stationary phase (silica or alumina). 

This method for the separation of solutes is referred to as 

Normal Phase Chromatography, NPC. The separation mechanism 

of NPC has recently been reviewed by Snyder and Poppe [62J. 

The polar surface of the silica or alumina particles can . 

be deactivated if coated with a non-polar liquid. Howard 

and Martin [63J described the use of liquid paraffin and 

n-octane as a stationary phase for the separation of fatty 

acids. They used the term 'reversed-phase' because of the 

non-polar stationary phase and the more polar mobile phase 

as compared to NPC. In the mid 1960's superior stationary 

phase characteristics were produced by covalently bonding 
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the organic moiety to the silica surface. These first 

columns were used initially for GC [64J. Stewart and 

Perry [65] suggested the extension to LC by using octa

decylchlorosilane. Today Reverse Phase Chromatography 

(RPC) enjoys immense popularity due to the work of Kirkland 

[66] and Majors [67] with pellicular and microparticulate 

bonded phase materials respectively. Chromatography has 

now come full circle, i.e. bonded surfaces are used because 

of their improved selectivity and efficiency over unmodi

fied surfaces and these modified surfaces can be more 

easily studied through chromatographic means. 

Chromatographic Retention Mechanisms 

Interest has continued unabated in the determination 

of the mechanism involved in the separation process when 

using bonded organic moieties as the stationary phase. 

Two theories have been proposed to explain the retention of 

solutes under reversed phase conditions. The first theory 

relies on the Solvophobic theory as developed for biological 

systems by Sinanoglu [68~70]. The second theory can be 

described as a partitioning process between the mobile 

phase and a stationary phase composed of the bonded organic 

moiety and associated solvent molecules. Horvath has re

fined and applied the Solvophobic theory of interaction 

between solvent and solute to organic bonded phases [7l~73]. 

Karger has also investigated and expounded on the role of 

solvophobic interactions in chromatography [74]. The 



solvophobic theory more commonly known as the Hydrophobic 

effect as applied to the chromatographic separation 

mechanism is as follows. 

4 

In order for the solute molecule to be inserted into 

the mobile phase a cavity must be formed. The free energy 

for cavity formation 6Gc will be a function of molecular 

surface area and the solvent's surface tension. Concomi-

tant with cavity formation is a reduction in 'free volume' 

for the solvent molecules. This decrease in entropy for the 

system is dependent on the molar volume of the solute and 

the degree of ordering of the solvent by the solute. A 

decrease in free energy can occur from the intermolecular 

interactions between solute and solvent mo~ecules, 6Gi . 

Therefore an equation can be derived for the free energy 

of association for the solute-solvent interactions. 

6G = 6G + 6G. + RTlnRT/P V assoc c 1 0 

where Po is the atmospheric pressure and V is the molar 

volume of the solute. Similar equations can be written 

for the molecular interactions between solvent-bonded 

organic moiety, and solute-bonded organic moiety. In 

(1-1) 

Hydrophobic Chromatog~aphy where neat aqueous solvents are 

used as the mobile phase, the chemical driving force is 

stated as a 'phobia' or net repulsion of the solute from 

the mobile phase. From equation 1-1 proponents of the 
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hydrophobic effect note that on solute-bonded organic moiety 

association there is a decrease in 6G because the solute-c 

bonded organic moiety complex is smaller than the indi-

vidual 6Gc for the solute and the bonded organic moiety, 

respectively. On formation of the solute-organic moiety 

complex there is an increase in entropy which is due to the 

decrease in non-polar surface area being presented to the 

aqueous mobile phase. These two effects, the decrease in 

non-polar surface area being presented to the mobile phase 

and the increase in entropy of the solvent on solute-bonded 

organic moiety complex formation leads to the term hydro

phobic or repulsion when trying to explain the solvophobic 

theory as applied to chromatography. The free energy of 

interaction, 6Gi between the solute-bonded organic moiety 

and solvent-bonded organic moiety is not adequately ad

dressed by Solvophobic theory because of the assumed premise 

of a 'phobia' and not an attraction between the solute and 

the bonded organic moiety. This I feel is a major weakness 

in the Solvophobic theory when being applied to chroma-

tographic separation mechanisms. The premises involved 

with a solvophobic mechanism are; (a) the bonded hydrocarbon 

moiety serves as a passive receptor for the solute, and 

(b) the mobile phase composition controls the separation 

process. Relationships between surface tension [73] and 

molar volume of the solute [71] with retention have been 

presented as proof for the Hydrophobic effect. 



During the past !ive years workers in the field 

have become interested in finding an alternative to the 

Solvophobic theory because of retention anomalies which 

6 

have presented themselves [75]. As mentioned above the 

bonded hydrocarbon moiety is considered a passive receptor 

for the solute. Therefore all reversed phase columns should 

show similar relative retention values a, for the same 

solute under the same mobile phase conditions. Burke et 

ale [75] show this not to be the case for the separation of 

peptides on the octadecyl bonded phase columns ODS, 

~Bondapak, and RP-18 •. A premise of the hydrophobic effect 

is that part of the driving force in the retention process 

was the decrease in non-polar surface area by the forced 

association of the solute with the bonded hydrocarbon. If 

a layer of solvent molecules is associated with the hydro

carbon then one could expect a displacement of solvent 

molecules when association occurs. Scott and Kucera [76] 

investigated the displacement of solvent from the hydro

carbon and found no evidence suggesting such a mechanism. 

These two facts when combined present a more dynamic 

picture of the stationary phase then assumed by the 

Solvophobic theory. 

Solvent-Bonded Phase Interactions 

Research in the field has turned towards the role 

solvent-bonded phase interactions have in stationary phase 
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formation and their impact on the separation process. The 

initial work of Knox and Pryde [77] in which the station

ary phase was suggested to consist of an unimolecular layer 

of solvent molecules associated with the bonded hydro

carbon has been further supported by Scott and Kucera '[76] 

and Grushka and Kikta [78]. In recent years the distri

bution of aqueous and non-aqueous modifiers between the 

mobile phase and the bonded hydrocarbon have been measured. 

Tilly-Melin et ale [79] and Westerlund and Theodorsen [80] 

reported preliminary results on the distribution of methanol 

and acetonitrile on RP-8. In the past year Karger and 

McCormick [81] and Slaats et ale [82] have measured the 

distribution isotherms for methanol, acetonitrile, and THF 

between RP-8 and RP-2, RP-8, and RP-18, respectively. All 

of the above mentioned work leads to the conclusion of the 

stationary phase being composed of the bonded hydrocarbon 

and an associated layer of non-aqueous solvent molecules. 

In the dynamics of a solvated stationary phase, 

three points must be taken into consideration for a complete 

understanding of the mechanism behind stationary phase 

formation. These areas are; (a) chain length of the bonded 

hydrocarbon moiety, (b) surface coverage of the bonded 

hydrocarbon or number of residual surface silanols, and 

(c) the non-aqueous modifiers solvent characteristics. 

i.e., its dispersive and acid-base characteristics. A 
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dispersive interaction will be defined as an instantaneous 

dipole-induced dipole interaction. In the electron cloud 

about a molecule, there is a possibility of instantaneous 

dipole formation in which more electrons are found in a 

certain area than the average value. This instantaneous 

negative dipole can induce a positive dipole on another 

molecule very near to it, with a resultant attraction for 

each other. These dispersive interactions are also known 

as London dispersive forces. 

Chain length of the bonded hydrocarbon will impact 

on retention behavior and selectivity a of the solutes for 

the stationary phase. Berendsen and de Galan [83] in their 

investigation on the role of chain length in Reversed Phase 

chromatography reported the retention factor k' increased 

and gradually reached a plateau, while a increased with 

both chain length and percent water in the mobile phase. 

A critical chain length was realized, which was found to be 

dependent on the solute used •. Also seen.was a decrease in 

k' as chain length increased. The critical chain length 

depends on solute size due to a point being reached where 

the solute can undergo maximum interactions with the bonded 

hydrocarbon chain. Past this point an increase in chain 

length will show no effective increase in intermolecular 

interactions between the solute and bonded hydroaarbon. 

Continuous increase of the bonded chain length can and 
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does have detrimental effects, i.e. the pores of the silica 

microparticle become blocked by the hydrocarbon chain and 

size exclusion will occur. Colin and Guiochon [84] also 

reported an increase in selectivity with increasing bonded 

hydrocarbon chain length. An explanation for this effect 

is the increased hydrocarbon surface area available for 

intermolecular interactions with the solute. A salient 

point in the formation of a solvated stationary phase is the 

effect of chain length on the solvation mechanism. The 

increased hydrocarbon surface area available with a longer 

chain would extend the solvents ability for dispersive 

interactions with the chain. Therefore one would expect an 

overall enrichment of the non-aqueous modifier in the 

stationary phase. This enrichment would be enhanced as longer 

hydrocarbon chains were bonded to the surface. This is 

assuming all other factors being constant, such as number 

of residual silanols remaining on the substrate surface. 

The failure of complete surface coverage on silane 

reaction due to either steric hinderance of the silanes, 

or from the creation of new hydroxyl groups when using 

milti-functional silane reagents, e.g. tri-chlorosilanes, 

have plagued chromatography from the initial work on 

bonded phases [85,86]~ Horvath and Nahum [87] have studied 

the interaction of residual surface silanols on the retention 

of solutes under reversed phase conditions. These authors 

have shown a correlation between retention for crown ethers 
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and surface silanols at high non-aqueous modifer concentra

tion in the mobile phase. Of interest to this author is 

not the adsorption characteristics of residual surface 

silanols for the solute molecules, but the role these 

silanols play in stationary phase formation. Residual 

silanols can influence the adsorption of solvent molecules 

which have weak acid-base character e.g. water, methanol, 

THF, acetonitrile, dioxane, etc. These are also the most 

often used solvents in Reversed Phase Chromatography. 

Adsorption of solvents on the silica substrate surface 

can and does play a role in the formation of a solvated 

stationary phase. Earlier work of investigators in the 

field only considered the solvation and enrichment of the 

bonded hydrocarbon moiety and its role in stationary phase 

formation. A new dimension must be added to this view, 

residual surface silanols must be included when consider

ing stationary phase formation as a whole. 

The chemical driving force in the adsorption of 

solvent molecules on either the hydrocarbon chain or 

residual surface silanols consists of intermolecular inter

actions which the solvent can undergo with the hydrocarbon 

or silanol. Therefore the solvents chemical or physical 

properties will determine how effectively it can solvate 

the surface. The extent of solvation will be based on a 

solvent molecule's dispersive interactions and its acid-base 
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properties i.e. its H-bonding ability. The larger the dis

persive interaction of the solvent the greater its ability 

to solvate the bonded hydrocarbon. For silanol groups, 

the greater the H-bond donor or acceptor characteristics 

of the solvent, the better the association between the 

silanol and the solvent. The stationary phase will consist 

of the bonded hydrocarbon, residual surface silanols and 

their associated solvent molecules. 

This view of the stationary phase is a more dynamic 

one than considered under the Solvophobic theory of solute

stationary phase interaction. The solute now has the 

possibility of partitioning between the mobile phase and 

a solvated stationary phase. This partition-like mechanism 

depends on a liquid-like solvated stationary phase and not 

a liquid-like bonded hydrocarbon as was considered by earlier 

workers [88]. The enrichment of the non-aqueous modifier 

in the stationary phase will present a more 'non-polar' 

environment to the solute than the mobile phase. The 

adsorption of the solute in the solvated stationary phase 

will be facilitated by the stronger dispersive interaction 

which the solute can undergo with the more 'non-polar' 

stationary phase. The impact of solvation of the surface 

on the retention mechanism and selectivity will be discussed 

more fully later in the dissertation. 
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Conclusion 

The contribution of my work to the field of Chromo

tography comes in the description of stationary phase 

formation for bonded phase adsorbents and the depiction of 

the role of the mobile phase components in the solvation of 

both the bonded hydrocarbon and the silica substrate. For 

the first time quantitative data is available on stationary 

phase formation over an entire range of mobile phase com

positions using different non-aqueous modifiers, different 

column types, ternary mobile phases, and temperature. The 

impact of solvation on Vs ' volume of the stationary phase, 

is investigated and described. My research has lead to a 

model of the stationary phase which is more dynamic and 

consists of the bonded hydrocarbon, residual surface 

silanols, and their associated solvent molecules, see 

Figure 1-1. The dynamics of stationary phase formation is 

controlled by the mobile phase and must be considered when 

trying to quantitatively or qualitatively describe the role 

of the stationary phase in the chromatographic separ~tion 

mechanism. 

The next three chapters in the dissertation are 

papers which have been published describing the phenomena 

discussed above, they will appear as published. The fifth 

chapter deals with kinetic and thermodynamic investigation 

of porous silica gel structures as compared to packed beds 

of totally porous silica microparticles. 
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CHAPTER 2 

Introduction 

Since the development and implementation of chemically 

bonded phases for chromatographic separations [89], the 

structure, composition and volume of the stationary phase 

is dependent on the initial silane starting material, e.g., 

trihclorosilanes; polymerization and cross-linking, di-

chlorosilanes; polyermization, and mono-chlorosilanes; no 

polymerization. The composition is defined by the organic 

moiety attached to the silica surface through the silane, 

be it an octydecyl, octyl, or propylamine group. The volume 

of the stationary phase (V s ) is of fundamental importance in 

chromatography, as seen in equation 2-1. 

( 2-1) 

where VR is the retention volu~e of the solute, and Vm is. 

the volume of mobile phase in the column, which is determined 

from the elution volume of a non-retained component, or 

the solvent break through of the column. The need for an 

actual value of V can be circumvented by using the capacity s 

factor (k') [90] which is defined by equation 2-2 

( 2-2) 

14 
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where to is the breakthrough time for a non-retained species 

and tr is the retention time of a solute species. The 

relationship between K and k' is given in equation 2-3 

(2-3) 

Therefore, the use of k' assumes that the phase ratio is 

constant which is not proven to be a valid assumption [91]. 

It is therefore of considerable interest to know the actual 

volume of the stationary phase as a function of the mobile 

phase composition and the bonded material. 

The measurement of Vs has been undertaken by many 

workers in the field [81,82,91-93]. Horvath et ale [91] 

have estimated the relative magnitude of the phase ratio 

between columns showing homoenergetic retention, by plots 

of InkA vs. lnkB, where k' is the retention factor for a 

solute under similar conditions for columns A and B. Sander 

and Field [92] estimated the phase ratio using a geometric 

model of the silica surface based on manufacturer's infor-

mation on silanol surface coverage and % carbon bonded to 

the surface. From the knowledge of the phase ratio, that 

could be calculated by one of the above mentioned methods, 

Vs can be determined for any column once Vm is accurately 

known. Berendsen, de Galan et ale [93] studied various 

methods for the determination of to' the elution time of a 

non-retained component, by using salts, deuterated mobile 
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phase components, and linearization of a homologous series. 

They demonstrated the most satisfactory method for determi

nation of to and thus Vm was by linearization of a homolo

gous series. These authors also showed that t changed for o 
a column on varying the % organic modifier in the mobile 

phase. Karger, McCormick [81] and Slaats et al. [82] mea-

sured the distribution isotherms of Methanol, Acetonitrile, 

and THF between the bonded organic moiety and the mobile 

phase for varying ratios of non-aqueous modifier. Samuelson 

and Ruckert [99] first studied the distribution of both water 

and organic modifiers between aqueous mobile phases in 

ion exchange resins. Tilly-Melin et al. [79] measured both 

the change in Vm and the enrichment of the stationary phase 

by the non-aqueous modifer. These authors related the two 

together for RP-8 with acetonitrile as the non-aqueous modi-

fier from 10-60% V/V. 

As the work by the above mentioned investigators 

demonstrates, the formation of the stationary phase is a 

dynamic process under control of the mobile phase. In the 

debate concerning the underlying mechanism of the separation 

process in Reverse Phase Chromotography (RPC), the mechanisms 

of a solvophobic effect and partitioning have been proposed. 

The hydrophobic effect considers the bonded phase as a 

passive receptor for the solute. The solvation of the 

bonded moiety serves no role in retention except to present 

a barrier between the organic moiety and the solute. Scott 
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and Kucera [76] have investigated if the solute displaces 

the solvent layer absorbed to the stationary phase, as would 

occur in a hydrophobic mechanism, and found no solvent dis-

placement. 

All the above mentioned work supports the view of 

the stationary phase being a ternary combination of bonded 

organic moiety, adsorbed solvent molecules, and residual 

silanols on the silica surface. The solvation of the 

bonded organic moiety by the non-aqueous modifier should be 

viewed as a dynamic process dependent upon the moiety 

present and the substrate to which the moiety is bonded. 

This dynamic process must be considered in the overall 

separations mechanism in RPC. In this work a study is 

undertaken to compare the enrichment of the bonded organic 

moiety by methanol for RP-8 and RP-18, and the possible 

role solvation plays in the selectivity of the separations 

process. 

Experimental 

By linearization of a homologous series of alcohols, 

following the procedure set forth by Berendsen, de Galan 

et ale [93], one obtains an equation for a line: t rN+L = 

at N-t (a-I) (2-4). r 0 
Plotting t rN+l (retention time of the 

N+l carbon homolog) versus trN (retention time of the N 

carbon homolog), to can be determined from the slope of 

the line a (relative retention) and the intercep"t. The 
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elution time of a non-retained solute t , can be expressed 
o 

as Vm, the volume of mobile phase in the column by multi-

plying to by the flow rate through the column. The change 

in to (Figure 2-3) is inversely related to the change in 

volume of the stationary phase V. Thus, the measurement s 

of Vm will be sensitive to volume changes in Vs ' due to 

solvation of the bonded moiety and or substrate by the 

non-aqueous modifer. 

The alcohols in this study were obtained from Aldrich 

(Milwaukee, WI), except for methanol (Fisher Scientific 

Co., Fair Lawn, NJ), and were used without further purifi

cation. The alcohols included methanol, ethanol, I-propanol, 

I-butanol, I-pentanol, I-hexanol, I-heptanol, l-octanol, 

I-nonanol, I-decanol, I-dodecanol, I-tetradecanol, 

I-hexadecanol, and l-octadecanol. Depending on the mobile 

phase composition a selected series of alcohols were used 

as solutes, e.g. 20/BO methanol/water for RP-IB; the alcohols 

used as solutes were ethanol t = 114.5 sec., n-propanol 
r 

tr = IBl.4 sec., n-butanol tr = 401.7 sec., and n-pentanol 

t = 1176.3 sec. The solutes were dissolved in the mobile 
r 

phase before being injected onto the column. The columns 

employed were slurry packed in the laboratory, 4.6 mm x 

100 mm LiChrosorb RP-IB and RP-B 10 ~ particle size (MCB, 

Cincinnati, DB). The solvent delivery system was an 

Altex model 420 with 110a pumps (Beckman Instruments, Inc., 
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Irvine, CAl. The detector was a Waters Associates R403 

Differential Refractometer with a 10 ~l flow cell (Waters 

Associates, Inc., Millford, MA). The solvents were methanol 

and doubly distilled water, which was filtered, mixed by 

volume % and sonicated for 15 minutes prior to use. The 

column and detector were both thermostatted at 25°C in a 

water jacket. Prior to taking flow rate measurements, the 

column was equilibrated with approximately 200 column volumes 

of the appropriate solvent. After equilibration was com

plete, the probes were injected (concentrations were -

2.5 ~l/ml) and their retention times were measured by a 

System I computing integrator (Spectra-Physics, San Jose, 

CAl to one tenth of a second. The average of five replicate 

injections were used in calculating to. The extra column 

volume was determined by injecting 80% VIV MEOH/H 20 into 

100% MEOH with the column removed. 

The total amount of methanol extracted from the 

column was determined using a Varian model 1700 gas 

chromatograph with flame ionization detector. The column 

was a 50/50 wtlwt mixture of Poropak Q and R in a 6' x 1/4" 

copper column at l8~C, using N2 as carrier gas at 25 ml/min. 

Detector and injector temperatures were 200°C, respectively. 

Water was determined using a Gow-Mac model 550 GC with a 

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

of Poropak R was used at l400C with He as carrier gas at 



25 ml/min. Detector bridge current was 200 rnA at 200°C, 

and the injector temperature was 180°C. After measuring 

Vm, the column was flushed with approximately 48.75 ml of 

dioxane (distilled from KOH) at 2 ml/min into a 50 ml 

volumetric flask containing 1.00 ml of isopropanol as 
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internal standard. The contents of the flask were brought 

to volume with dioxane. An injection volume of 3 ~l was 

used. Peak areas were measured with a Spectra-Physics 

Autolab Minigrator and the appropriate area ratios from at 

least 3 injections were averaged for the determination of 

the amount of solvent extracted. The volume of solvent 

extracted was determined from a calibration curve relating 

a known amount of methanol to the area ratio of methanol/ 

isopropanol. Subtracting the percent methanol in Vm and 

extra column volume from the GC measurement, the amount of 

modifier in the solvation layer can be determined by 

equation 2-5 

= %M·V + %MV + V m ec s 
(2-5) 

VT is the total amount of modifier measured by GC, Vm is 

the volume of mobile phase in the column measured by 

equation 2-4, %M is the volume percent of modifier in the 

mobile phase, V is the extra-column dead volume, and ec 
Vs is the volume of the solvation layer 'or stationary phase. 

The amount of water extracted was determined in the same 



manner. The validity of these measurements are borne out 

by Westerlund et ale [SOJ, whose investigation of RP-S at 

40/60 V/V methanol, buffer mobile phase composition 

determined .1S ml/gm of methanol in the stationary phase. 

This value is within the experimental error of our own 

measured value at 40/60 V/V methanol, water on RP-S, see 

Table 2-II. 

Results and Discussion 
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The model of the stationary phase as proposed, is a 

combination of silica substrate, bonded organic moiety, and 

solvation layer made of mobile phase components. The inter

action of the mobile phase with the silica substrate and 

bonded moiety controls the composition and volume of the 

solvation layer. The influence of the mobile phase in the 

formulation of the stationary phase for RP-lS and RP-8 can 

be seen in Tables 2-I and 2-II and Figures 2-1 and 2-2. 

In general, during solvation the organic moiety can selec

tively enrich the stationary phase in lipophilic non

aqueous modifiers through dispersion interactions. 

Residual silanols also influence the uptake of aqueous 

and non-aqueous modifiers with H-bonding capabilities such 

as those normally used in RPC, e.g., H20, MEOH, CH3CN and 

THF. 

The data in Tables 2-I and 2-II have been normalized 

by the surface area of the packing material. This 
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Figure 2-1. ~mole/m2 of Solvent Absorbed into 
the Stationary Phase versus Percent 
Organic Modifier in the Mobile Phase 
for RP-18. 

Individual points are connected for 
clarity. 
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Figure 2-2. ~mole/m2 of Solvent Absorbed into 
the Stationary Phase versus Percent 
Organic Modifier in the Mobile Phase 
for RP-8. 

Individual points are connected for 
clarity. 
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Figure 2-3. Elution Time for a Non-Retained Peak 
in Seconds (t ) versus Percent Organic 
Modifier in 0 the Mobile Phase for 
RP-lB and RP-B. 

t was determined by Equation 2-4. 
o 
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Table 2-II. Experimental Data for the Binary Solvent System 
Methanol/Water for RP-B. 

RP-B;'; MEOH/H2O 0/100 20/BO 40/60 60/40 BO/20 100/0 

t 
0 

(sec) 77 .61 67.94 62.61 57.29 45.30 

V m (m1) 1.29 1.13 1.04 .955 .755 

VMEOH in the stationary 0.00 .07 .1B .37 .72 

phase (mll gm) 2:. • 04 

VMEOH in the stationary 0.00 7.25 17.9 37.0 71.B 

phase (~1/m2) ~ 4.10 

V H 0 in the stationary .25 .05 .OB .13 .19 
2 
phase (ml/gm) ~ .04 

VH 0 in the stationary 54.6 10.9 1B.2 29.3 42.0 
2 
phase (~1/m2) ~ 9.10 

V s total volume in .25 .12 .26 .50 .91 

stationary phase 
(ml/gm) ~ .06 

V s total volume in 54.6 1B.2 36.1 66.3 114. 

statio~ phase 
( lJIl101/m2) ~ 10. 0 

a 3.62 3.1B 2.40 1. 75 1.71 

%MEOH in stationary 0% 60% 69% 74% 79% 
phase V/V total 

*RP-B, surface area 250 m2/gm, pore size 100 A, length of chain CS' 

% carbon 12.2%, functional group banded dimethy1octy1chlorosilane, 

calculated % derivitization 30%, 2 surface coverage 4.0 lJIID1es e/m , 

weight in column .7344 gms. 
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Table 2-I. Experimental Data for the Binary Solvent System 
Methanol/Water for RP-18. 

RP-18;': MEOH/H 2O 0/100 20/80 40/60 60/40 80/20 100/0 

t (sec) 
0 

67.18 61.95 54.85 49.72 49.68 46.91 

V m (ml) 1.12 1.03 .914 .829 .828 .782 

VMEOH in the stationary 0.00 .04 .16 .25 .30 .37 

phase (ml/gm) + .03 

VMEOH in the stationary 0.00 7.24 25.7 40.5 49.1 61.4 

phase (~1/m2 + 5.60 

VH 0 in the stationary .27 .04 .08 .09 .03 0.00 
2 
phase (ml/gm) !. .03 

VH 0 in the stationary 101. 16.3 31.1 34.8 10.4 0.00 
2 2 
phase (~l/m ) !. 11.1 

V s total volume in .27 .09 .24 .34 .33 .373 

stationary phase 
(ml/gm) !. .04 

V s total volume in 101. 23.5 56.8 75.3 59.5 61.4 

statio~ phase 
(lJlIDl/m2) + 12.4 

a 4.06 3.48 2.59 1.90 1.54 1.46 

%MEOH in stationary 0% 50% 65% 72% 91% '\.100% 
phase V /V total 

2 0 
*RP-18, surface area 150 m / gm, pore size 150 A, length of chain 

C18, % carbon 19.8%, functional group bonded dimethyloctydecylchloro-

silane, calculated % derivitization 42%, surface coverage 5.5 pmoles 

C/m2, weight in coltmm .8948 gms. 
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normalization by surface area (RP-8 250 m2/gm,RP-18 

150 m2/gm [94J) .allows one to compare the two packing 

materials as to the effect of chain length and residual 
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silanols. Surface coverage and percent derivitization are 

also important points to consider when comparing two dif-

ferent packing materials. If one assumes a geometric model 

of the silica surface in which there are eight accessible 

silanol groups/lOOA2 [95,96J, then the maximum surface 

coverage would be 13.3 ~molesC/m2. For RP-18, the surface 

coverage is 5.5 ~molesC/m2, and the % derivitization is ~ 

42%. For RP-8, the surface coverage is 4.0 ~molesC/m2, 

and the % derivitization is ~ 30%. These values are not 

absolute; they are dependent on the geometric model chosen, 

but the trends in surface coverage and % derivitization are 

significant. 

Solvation Mechanism for RP-8 

In order to understand the solvation mechanism of 

RP-8, one must begin with a geometric model of its surface. 

With the assumption of 8 silanols/lOOA2 , it is reasonable 

to assume that the bonded structure for these sites will 

be one of lowest energy for the number of sites occupied 

by the silane. That is, the monochlorosilanes will bind 

as far away from each other as possible. These sites will 

be at the corners of an isocles triangle, the base ~ 10.OX2 

and the sides ~ 11.2A2 long. The remaining silanols are 



either sterically hin~ered from any interactions or H-bonded 

to the solvent present, e.g., water, methanol, acetonitrile, 

or THF. This geometric model accounts for 3 silanols/lOOA2 

for silane binding. The RP-8 surface with 30% deriviti

zation has 2.5 silanols/lOOA2 which are chemically bonded; 

this is in close agreement with the above postulated model. 

Therefore, a comparison between the model and the RP-S 

surface can be undertaken. The physical phenomenon 

inherent in this model will manifest themselves for the case 

of RP-S through the amount of structuring of the bonded 

moiety by the loss of degrees of freedom on bonding to 

the surface, and the residual silanol activity of the 

surface. 

Under 100% aqueous conditions, the Cs chain will 

tend to increase the entropy of the surrounding water mole-

cules by decreasing its surface area through intermolecular 

and intramolecular interactions [71]. Intramolecular inter-

actions are limited due to the rigidity imparted to the 

molecule on binding to the surface, and the limits imposed 

by the Cs chain length. This structuring of the Ca moiety 

on binding to the surface is born out through C13 Nuclear 

Magnetic Resonance in~estigations of the RP-S surface [97]. 

Intermolecular interactions are restrained due to the limits 

imposed by the geometric model of the surface •. The distance 
02 

between Cs moieties as determined from the model are 10.OA 
o 0 

and 11.2A, respectively, while the Cs chain length is-12.0A. 
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The Cs chain will have difficulty undergoing efficient 

intermolecular interactions with neighboring chains, 
I 

because of the Cs chain length and the distance between 

bonded chains. Also the hydrophilic surface, from the 

remaining silanols, will not allow a close approach of the 

lipophilic Cs chain. Both of these reasons will combine 

in decreasing the amount of C-C overlap for efficient dis-

persion interactions between Ca chains. As the percentage 

of methanol increases in the mobile phase (0%-20%), there 

is enough methanol present to overcome the weak interchain 
-

dispersion interactions and solvate the Cs chains. This 

results in the enrichment of the non-aqueous modifier in 

the stationary phase under low percent methanol concentra-

tions as seen in Table 2-II, for 20% MEOH, in % MEOH in the 

stationary phase. On solvation by methanol, the RP-S 

assumed a 'brush-like' structure, with the mobile phase 

having direct access to the residual silanols on the silica 

surface. As the percentage of methanol increases beyond 

20% in the mobile phase, the solvation of the RP-S surface 

is dominated by its residual silanols. Any solvent mole-

cules that can effectively H-bond to the residual silanols 

present between the Cs chains will be brought into the 

stationary phase. Methanol and water being H-bond donors 

or acceptors, will bring other water and methanol molecules 

with t~em into the stationary phase. Therefore, H-bonding 

is the chemical driving force behind stationary phase 
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formation. This mechanism is dependent on mass action, the 

higher the percentage methanol in the mobile phase, the more 

methanol that can be brought into the stationary phase by 

30 

solvent molecules already present. The more methanol brought 

into the stationary phase, the more water that can be brought 

along with it. A synergistic effect is prevalent between 

the methanol and water that aids the stationary phase for-

mation. This explains the results seen in Table 2-II and 

Figure 2-2, of the continuing increase of water present in 

the stationary phase throughout the entire mobile phase 

compositional range. Dispersion interactions between Cs 
and methanol playa major role in solvation for low percent 

modifier concentrations between 0%-20%. Once methanol 

initially solvates the Cs chain, opening the Cs structure 

by breaking any weak interchain dispersion interactions, 

the synergistic effect due to the residual silanols on the 

surface takes over and continues throughout the solvent 

compositional range. 

Solvation Mechanism for RP-IS 

RP-18 has the same geometric surface model of 8 
o 

silanols/IODA, but the bonding arrangement of the silanes 

are different. In order to explain the experimental data 
o 

of RP-18 in which -3.3 sites/IDOA are bonded by silanes, 

a model of the RP-IS system must have at least four non

sterically hindered silanols with which to chemically bond 



through. An arrangement of this nature can be made within 

the constraints of 100A2 by making the silanols be at the 

corners of a square with free silanols surrounding them. 
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This proposed model will have four unhindered silanols for 

binding, with four silanol groups remaining. One consequence 

of this model is, the Cl8 chains are bonded closer to one 

another than the C8 chains. So unlike the RP-8 material, 

the carbon chains in RP-18 are long enough to undergo ef

fective intermolecular interactions, and probably weaker 

intramolecular interactions even with the first 6-8 carbons 

being rigid due to bonding. This picture of the surface 

is similar to LBchmuller's [98J. 

The solvation of RP-18 is a meld of two mechanisms. 

The first is a mechanism similar to RP-8 involving the 

residual surface silanols, and the second involves the 

increased dispersion interactions for RP-18 due to the 

larger carbon surface area of the chain as compared to 

RP-8. From 0%-60% methanol modifier concentrations the 

solvation is similar to RP-8 in that residual silanols on 

the surface not sterically hindered by the Cl8 chains domi

nate the solvation. This mimics the RP-8 solvation process 

with one major exception, which occurs at low percent 

methanol modifier concentrations, <20%. For RP-18 under 

low percent methanol modifier concentrations, most of the 

intramolecular interactions and all of the intermolecular 



interactions between chains are intact. Therefore, the 

methanol does not open the Cl8 structure as it does the 

C8 structure, with the resulting increase in methanol 

solvation for RP-8 over RP-18. The residual silanols 

between the clumps of Cl8 chains dominate the solvation 

mechanism up to 70% methanol modifier concentration 

through their ability to H-bond with either water or metha-

nolo As the percent methanol increases in the mobile 

phase, the intermolecular interactions between chains are 

'unzipped' from top to bottom by the mass action effect of 

the methanol. When the solvent-chain interactions overcome 

the intra- and intermolecular interactions of the chain, 

the CIS becomes more erect and 'brush-like'. This 'brush

like' structure increases the Cl8 chain's ability to undergo 

dispersion interactions with methanol, due to the fact of 

a larger carbon surface area available for Van der Waal's 

interactions with solvent molecules for Cl8 as compared to 

Cs. This increased solvation of the Cl8 ~y the second 

mechanism is reflected in the more 'liquid-like' spectra 

seen in Cl3 Nuclear Magnetic Resonance experiments [97]. 

At - 70% methanol concentration the second mechanism of 

solvation begins to dominate. This 'unzipping' of the CIS 

interactions is completed and methanol now has access to 

the increased carbon surface area. Methanol can effectively 

solvate Cl8 with resulting 'brush-like' structure. These 

events will cause an enrichment of the Cl8 in organic 
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modifier. Also with the more open structure methanol can 

remove any water from between the chains. This hypothesis ex

plains the jump in %MEOH in the stationary phase which is seen 

in Table 2-I for RP-18 at 80% methanol modifier concentration. 

There is one final point to be discussed which is 

relevant to both RP-18 and RP-8 and that is stationary 

phase formation at 100% water composition in the mobile 

phase. From Tables 2-I and 2-11, a large stationary phase 

volume is found at this value for the mobile phase composi

tion. A possible explanation for this observation is two

fold: 1) the residual silanols present on the silica sur

face are involved in H-bonding with the water present from 

the mobile phase, and 2) water can be trapped on the sub

strate surface by a tent of C18 or C8 chains. This trap

ping of water is caused by the 'freezing' of the bonded 

chains. This 'freezing' of the bonded chains is resultant 

from the intra and/or intermolecular interactions amongst 

the chains themselves. Such interactions would be expected 

to be energetically favorable when compared only by the 

interactions between the water matrix and the hydrocarbon. 

At 100% water composition an adsorption mechanism is most 

likely responsible for chromatographic retention in con

trast to a partition mechanism in a solvation layer. Fur

ther work is being done in this laboratory to determine the 

exact mechanism which is responsible for chromatographic 



selectivity at 100% water composition in the mobile phase 

as well as the conditions at which a partitioning mechanism 

begins to contribute. 

Selectivity 

Another interesting phenomenon to observe is the 

change in a between RP-B and RP-lB, (see Figure 2-4). The 

relative retenti~ a in this experiment is based on the 

selectivity of the stationary phase for a change of one 

methylene group 6CH2, in the homologous series of alcohols. 

RP-lB has the highest initial selectivity, (Table 2-I), but 

a cross-over occurs at approximately 70% methanol modifier 

concentration, from then on, RP-B has the largest a value. 

A possible explanation for this cross-over of a between 

packing materials is the effect of surface coverage and 

chain length in controlling the stationary phase composi

tion. The enrichment of the stationary phase with non

aqueous modifier does have a definite effect on the separa

tions process. The larger the %MEOH in the stationary 

phase, the more 'non-polar' the stationary phase appears 

to the solute, relative to the mobile phase (see Tables 

2-I and 2-II). The more 'non-polar' the stationary phase, 

the smaller the difference in free energy of transfer 

(66G 2_l ) for a change of one methylene group between the 

Nand N+l homologs. Thermody,rumdcally, 66G2
_

l
=-RTlna (2-6) 

if 6G
2

<6G
l 

then a>l or k 2 '> k l '. If 6G 2 = 6Gl , then 
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Figure 2-4. Selectivity (a) of RP-l8 and RP-8 
for ACH 2 versus Percent Organic 
Modifier in the Mobile Phase. 

a was determined by Equation 2-4. 
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66G 2_1 = 0, and a = 1, or k2' = kl ', and no separation of 

these two solutes will occur under th{s set of stationary 

and mobile phase conditions. The more 'non-polar' the 

stationary phase becomes due to enrichment of the non

aqueous modifier by the bonded moiety, the less discrimina

tion the stationary phase has for the change in one dis

persion interaction (6CH2). Thus a approaches 1 or the 

retention times of the two solutes becomes more equal. 

RP-8 has the larger %MEOH in the stationary phase 

up to 70% methanol modifier concentration, therefore, RP-8 

will have a smaller selectivity for ~CH2 as compared to 

RP-18. At 70% and greater methanol modifier concentra

tions the %MEOH in the stationary phase is kept constant 

for RP-8 due to the synergistic effect of the methanol and 

water for the RP-8 materials. At this point RP-8 then 

becomes the more selective packing material for a ~CH2 

group because it is more 'polar' appearing as compared to 

the mobile phase than RP-18. Past 70% methanol modifier 

concentration, RP-18 can effectively enrich the stationary 

phase in methanol, due to the 'unzipping' of the C18 

chains. This presents a larger carbon surface area to 

the solvent molecules for undergoing dispersion interactions, 

thus presenting a more 'non-polar' stationary phase, as 

compared to the mobile phase, to the solutes, with a con

comitant decrease in selectivity for a 6CH2 group for RP-18. 
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Both RP-S and RP-1S a values plateau at 1.7 and 1.5, 

respectively. These plateaus are reached for both packing 

materials at a point where the enrichment of the stationary 

phase in methanol no longer changes the overall selectivity 

characteristics of the stationary phase for ACH 2 group, 

which for methanol occurs at higher percent modifier con

centrations, because of the weakness of the dispersion 

interaction of methanol as compared to more non-polar 

solvents such as CH3CN, THF and Dioxane [90]. The strength 

of the dispersion interaction of the solvent will ultimately 

govern how rapidly a bonded chain will be solvated and when 

the a plateau will be reached. 

Conclusion 

In conclusion, solvation and stationary phase for

mation for RP-lS and RP-S are dynamic processes controlled 

through a combination of two mechanisms. The extent of 

control exercised by these two mechanisms is dependent on 

residual silanol activity and length of carbon chain 

bonded to the surface. For RP-S the low surface coverage 

by the silane allows the residual silanols to dominate 

stationary phase formation. Dispersion interactions between 

the solvent and Cs chain only dominate stationary phase 

formation at low percent methanol modifier concentrations; 

whereas, for RP-lS, with its higher surface coverage and 

longer carbon chain, residual silanols playa decreasing 
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role in stationary phase formation from 0% '- 60% methanol 

modifier concentration. The increased carbon surface area 

of the C18 chain plays an increasing role in stationary 

phase formation from 0% - 100% methanol modifier concen-

tration, with the cross-over point between these two 

mechanisms occurring at ~70% methanol modifier concentra-

tion for RP-18. The data presented in this paper can be 

contrasted with the work of Karger and McCormick [81], 

where for RP-8 the reported minimum Vm was found at ~60% 

methanol modifier concentration in the mobile phase. The 

observed differences most probably result from the dif

ferent manner in which to has been measured. The 

linearization of a homologous series of n-alcohols depends 

only on the retention of the solute species for the 

determination ot to. Therefore Vm is independent of the 

possible retention of any mobile phase component. If 

Vm
max values for the data reported in Tables I and II are 

chosen at 0% organic modifier composition, i.e., no 

solvation, then for RP-18 vm
max = 1.12 ml + .07 ml and 

for RP-8 V max = 1.29 ml + .07 mI. These values are m 
reasonable when comapred to the values reported and calcu-

lated from Karger and McCormick [81] and Berendsen, deGalan, 

et al. [93]. 

These results clearly show that the selectivity of 

a bonded material is determined by the extent of solvation 
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of ' the substrate materials as well as the bonded moiety. 

Solvation of the stationary phase is dependent on the 

specific and non-specific interactions of the mobile phase 

components for the substrate and bonded moiety. Further 

investigations involving other organic modifiers should 

provide a better understanding of the question of relative 

solvent strengths in determining the chromatographic 

characteristics of bonded materials. 
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CHAPTER 3 

Introduction 

In a previous paper [100], the formation of the 

stationary phase was found to be dependent both on the 

solvation of the bonded moiety and the residual silanols 

on the substrate surface for RP-18 and RP-8. The efficiency 

with which the bonded carbon chain can undergo solvation is 

dependent on the Van der Waals interactions between the 

bonded moiety and the solvent. For the case of RP-18 and 

RP-8 dispersion interactions between the mobile phase and 

the chain is one driving force in the mechanism behind 

stationary phase formation. Therefore one could predict a 

greater solvation of a bonded carbon chain by solvents 

whose dispersion interactions are large. This hypothesis 

has been given support by workers who have studied the 

absorption isotherms for solvents commonly used in 

Reversed Phase Chromatography (RPC) i.e. Methanol (MEOH), 

Acetonitrile (CH3CN) and Tetrahydrofuran (THF) [81,82]. 

The solvation of the bonded moiety should result in a 

change in the volume of the stationary phase (V s ) along 

with enrichment of the stationary phase in solvent 

molecules capable of undergoing more effective dispersion 
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interactions. Berendsen et ale [93], have addressed the 

question of change in stationary phase volume on changing 

the percent organic modifier in methanol-water systems 

for various bonded phase columns. Additional supporting 

evidence can be found in the works of Tilly-Melin et ale 

[79] for LiChrosorb RP-S and Westerlund and Theodorsen 

[so] using LiChrosorb RP-S and Spherisorb ODS. One can 

deduce from the above work that the phase ratio (0), which 

is defined as V IV , where V is the volume of mobile phase s m m 

in the column, changes with varying mobile phase composi-

tions. 

The phase ratio 0, is another important parameter 

. that must be taken into account in any separations process. 

As stated in the introduction and from the data presented 

in this paper (see Tables 3-I, 3-II, and 3-III), 0 can 

change with varying mobile phase compositions. For chroma-

tographic separation processes a general equation can be 

derived to describe the phenomenon occurring [61], 

V = V + K V R m D s (3-1) 

where KD the distribution coefficient is defined as, 

KD = k'le (3-2) 

k' is the retention factor. One can see from equation 

3-2 that the distribution coefficient is reciprocally 
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Table 3-I. Experfulental Data for the Binary Solvent System 
Methanol/Water for RP-18. 

RP-18;" MEOH/H2O 0/100 20/80 40/60 60/40 80/20 

to (sec) 67.18 61.95 54.85 49.72 49.68 

Vm (ml) 1.12 1.03 .91 .83 .83 

V MEOH in the stationary 0.00 .04 .16 .25 .30 

phase (ml/gm) + .03 

VH ° in the stationary .27 .04 .08 .09 .03 
2 
phase (ml/ gm) ~ .03 

Total volume of stationary.27 .09 .24 .34 .33 

phase (ml/ gm) ~ .04 

ex 4.06 3.48 2.59 1.90 1.54 
(selectivity) 

Volume % of MEOH in 0% 50% 65% 72% 91% 

stationary phase 

Phase ratio (e) .22 .08 .24 .37 .35 

0 

100/0 

46.91 

.78 

.37 

0.00 

.37 

1.46 

100% 

.43 

*RP-18, surface area 150 m2/gm, pore size 150 A, length of Chain C18 , 

% carbon 19.8%, functional group bonded dfulethyloctydecylchlorosilane, 

calculated % derivitization 42%, surface coverage 5.5 1JJIOles C/m2, 

weight in colUJIU1. .8948 gms. 
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Table 3-II. Expel":i.mental Data for the Binary Solvent System 
Acetoni trile/Water for RP-18. 

RP-18 CH3CN/H2O DilDO 20180 40/60 60/40 80120 

t (sec) 67.18 67.88 56.12 41.47 34.89 
0 

Vm(ml) 1.12 1.13 .94 .69 .58 

VCH CN in the 0.00 .10 .19 .39 .50 
3 

stationary phase 
(mll gm) ~ • 03 

VH 0 in the stationary .27 .00 .04 .14 .13 
2 
phase (mll gm) .:!:. • 03 

Total volume of .27 .10 .23 .53 .63 

stationary phase 
(mll gm) ~ • 04 

a 4.06 2.99 1.97 1.55 1.43 
(selectivity) 

Volume % of CH3CN 0% 84% 73% 80% 

in stationary phase 

Phase ratio (e) .22 .21 .69 .96 
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Table 3-III. EKperimental Data for the Binary Solvent System 
Tetrahydrofuran/Water for RP-18. 

RP-18 THF/H20 DilDO 20/80 40/60 60/40 80/20 

to (sec) 67.18 46.17 25.14 26.16 23.68 

Vrn (rnl) 1.12 .76 .41 .43 .38 

VTHF in the stationary 0.00 .21 .49 .61 .71 

phase (rnl/gm) + .03 

VH ° in the stationary .27 .16 .29 .19 .06 
2 
phase (rnll gm) ~ • 04 

Total Volume of .27 .37 .78 .80 .77 

stationary phase 

(mll gm) + • 04 

a 
(selectivity) 4.06 2.80 1.49 1.14 1.09 

Volume % of THF in 

stationary phase 0% 57% 63% 76% 92% 

Phase ratio (e) .27 .44 1. 70 1.70 1.80 
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related to the phase ratio, also the retention factor is . 

proportional to the phase ratio. The retention factor is 

most often reported for chromatographic separations with 

the assumption being made that the phase ratio is constant 

throughout the mobile phase compositional range used. The 

data presented in this paper proves this is not the case, 

o can not necessarily be considered constant and this effect 

on the separation processes must be taken into account. 

In RPC the retention factor has been found to fit 

an equation of the form, 

k' = Ae-B%ORG ( 3-3) 

where A and B are constants and %ORG is the percentage of 

organic modifier in the mobile phase [87]. On rearranging 

equation, 3-3, one obtains, 

Ink' = InA - B%ORG ( 3-4) 

Ink' is a linear function of the percent organic modifier 

in the mobile phase. Substituting equation 3-2 into 3-4, 

InKna = InA - B' %ORG (3- 5) 

and rearranging, 

Ina = lnA/Kn - B' %ORG (3-6) 
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Equation 3-6 relating Ine to the percent organic modifier 

in the mobile phase predicts there to be a linear relation

ship between the two variables. 

In this paper we propose to study the enrichment of 

LiChrosorb RP-18 by methanol, acetonitrile and THF from 0% -

100% organic modifier concentration. The effect this 

enrichment has on stationary phase volume, the phase ratio 

and the selectivity of RP-18 will be discussed. 

Experimental 

The experimental format has been presented in detail 

in an earlier publication [100]. Changes were made in the 

above mentioned format for the determination of acetonitrile 
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in the stationary phase. In the GC measurement of the amount 

of CH3CN in the stationary phase, MEOH was used as the 

internal standard because of the co-elution of CH3CN and 

isopropanol. Therefore a calibration curve was run for 

ml CH3CN versus Area Ratio CH 3CN/MEOH, for 1 ml MEOH internal 

standard from 0.0 ml to 1.4 ml CH3CN, diluted to 50 ml with 

Dioxane. The determination of both the elution time of a 

non-retained component, t and the amount of THF in the o 

stationary phase was carried out in the manner described 

in the previously publil3hed format. 

Results and Discussion 

From Figure 3-1 and Tables 3-1, 3-11 and 3-111, it 

can be seen that to changes on increasing the percentage 
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Figure 3-1. Retention Time of a Non-Retained 
Solute (t ) versus Percent Organic 
Modifier 0 Concentration in the 
Mobile Phase for Methanol, Aceto
nitrile; and THF for RP-18. 
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o~ganic modifie~ in the mobile phase. Figu~e 3-1 also 

shows, that not only is to dependent on the pe~cent o~ganic 

modifie~ p~esent in the mobile phase, but also on which 

o~ganic solvent is used in the mobile phase. This change 

in to o~ Vm, on using diffe~ent o~ganic solvents in the 

mobile phase must ~equi~e a compensating change in the 

volume of the stationa~y phase. Using the model of the 

stationa~y phase as p~oposed by the autho~s in an ea~lie~ 

wo~k [lOOJ, the stationa~y phase was conside~ed a te~na~y 

system containing the bonded o~ganic moiety, and solvent 

molecules adso~bed by both the bonded moiety and ~esidual 

silanols on the silica subst~ate. The solvation of the 

bonded moiety, in this case fo~ RP-18 the bonded phase is 

octyldecyldimethylchlo~osilane, depends on the inte~-

molecula~ inte~actions between the solvent molecules and 

the bonded chain. 

Solvation Mechanism fo~ RP-18 with 
Diffe~ent O~ganic Modifie~s 

Inte~molecula~ inte~actions between the solvent and 

the chain can be eithe~ specific o~ non-specific. Fo~ RP-18 

non-specific inte~actions a~e the main d~iving force behind 

solvation of the CIS chain. The st~onge~ the non-specific 

dispersion interactions a solvent molecule can unde~go the 

mo~e effectively that solvent molecule can inte~act with 

the C18 chain. V is seen to inc~ease th~oughout the entire s 
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mobile phase compositional range due to the ability of 

the C18 to be solvated by the non-aqueous modifier. As 

Vs increases Vm must decrease to keep the total volume for 

the column constant. This data for RP-18 is supported by 

Karger, McCormick [81] for RP-8. 

If the enrichment of RP-18 by solvent molecules from 

the mobile phase is truly dependent on dispersion inter

actions then for the three solvents commonly used in RPC 

i.e., MEOH, CH3CN and THF, the amount of modifier adsorbed 

should follow the order of increasing dispersion inter

actions which is MEOH < CH3CN < THF [90]. From Figure 3-2 

the volume of organic modifier absorbed by the C18 increases 

from MEOH < CH3CH < THF. This view is a simplification of 

the overall solvation process for RP-18. Non-specific 

interactions playa major role in stationary phase forma

tion, but one also needs to consider the specific inter

actions between the solvent molecules of the mobile phase 

and the residual silanols on the silica surface. Comparing 

the specific intermolepular interactions of solvent 

molecules with residual silanols the most prominent will 

be the solvent's acid-base properties, i.e. its ability to 

be either a H-bond donor or acceptor when interacting with 

the silanol. The H-bond donor strengths of the three 

solvents based on Regular Solution Theory (Hildebrand 

solubility parameters) are ranked MEOH » THF = CH3CN, 
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Figure 3-2. ml/gm of Organic Modifier in the 
Stationary Phase versus Percent 
Organic Modifier Concentration 
in the Mobile Phase for Methanol, 
Acetonitrile, and THF for RP-1B. 
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while the H-bond acceptor strengths of the solvents follow 

the order MEOH -THF - CH3CN [90]. If one was to base the 

solvation of a non-bonded silica surface on the acid-base 

properties of these three sO'lvents t'Jole solvation order 

would be MEOH - THF - CH3CN. Non-bonded silanols are 

51 

present on the surface and they can enter into the retention 

process as demonstrated by Horvath and Nahum [87]. Therefore 

the solvation of the silanols must be considered with the 

solvation of the C18 chain in stationary phase formation 

fon RP-18, as seen from Figure 3-2, the absorption of 

organic modifier is under control of the bonded carbon 

chain. But under very low surface coverage conditions the 

specific intermolecular interactions between the solvent 

molecules and the silanols could dominant stationary phase 

formation. 

Figure 3-3 depicts the amount of water found in the 

stationary phase for the three solvents used in this study. 

The amount of water in the stationary phase is seen to be 

dependent on the solvent used, and the percentage of that 

particular solvent in the mobile phase; this has also been 

demonstrated for batch extraction methods [94]. For ease 

of discussion, Figure 3-3 can be divided into three regions: 

(I) from 20% to 50%, (II) from 50% to 70% and (III) from 70% 

to 100% organic modifier concentration. In region I the 

amount of water in stationary phase is dependent on the H

bonding characteristics of the solvent, and on the 
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solubility parameter of the solvent for CIS. Therefore 

THF having the greatest ability to solvate the CIS chain 

and reasonable H-bond acceptor properties brings the most 

water with it upon formation of the stationary phase. Metha

nol, on the other hand, has the weakest dispersive inter

action for. CIS' but it is far and away the strongest H

bonder of the three solvents. Thus even though a smaller 

amount of methanol will solvate the CIS' as compared to 

THF and acetonitrile, methanol will bring over with it a 

larger volume percent of water as compared to THF and CH3CN 

(see Table 3-I). Whereas CH3CN has a dispersive interaction 

for CIS slightly larger than methanol, but it is the 

weakest of the three solvents in H-bond strength. Thus 

CH 3CN will bring the smallest amount of water into the 

stationary phase when compared to methanol and THF. For 

20% CH3CN, we report essentially 0.00 ml/gm of water in the 

stationary phase. We feel that there was water present in 

the stationary phase but this .being a ve~y small quantity. 

At region II in Figure 3-3, for methanol and THF the amount 

of water in the stationary phase is seen to decrease, while 

for acetonitrile an increase in the amount of water present 

is seen. A plausible explanation is as the amount of 

methanol and THF increases in the stationary phase a mass

action effect takes over. These solvents can effectively 

compete with and displace water from the residual silanols 



present; THF can displace water because of its overwhelming 

amount in the stationary phase and its H-bonding ability. 

While for methanol, the smaller amount present in the 

stationary phase can more easily displace water because of 

its stronger acid-base properties. Acetonitrile, due to its 

weaker H-bonding strength, and dispersive interactions can 

not overwhelm the water by its presence in the stationary 

phase or displace it from the residual silanols. Therefore, 

water will increase in concentration in the stationary 

phase with CH3CN as organic modifier. Finally in region 

III, the mechanism for the removal of water from the 

stationary phase is the organic solvents mass-action effect 

which overwhelms any water left associated with the residual 

silanols, and the solvent's H-bonding ability. Therefore, 

CH 3CN having the weakest H-bonding ability and a similar 

solvating ability for Cl8 as methanol can not displace all 

the water from the residual silanols. 

Overall, the amount of water foun~ in the stationa~y 

phase was observed to be dependent on the organic modifiers 

solvent strength for C18 , and on the solvent's H-bonding 

capabilities. Methanol and THF display very similar curves 

in Figure 3-3, with acetonitrile showing anomalous behavior 

when compared with these two solvents. Acetonitrile's 

anomalous behavior will manifest itself through selectivity 

and the overall separation processes. 
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One final point to be discussed, which is relevant 

for RP-18, is stationary phase formation at 100% water 

composition in the mobile phase. From Tables 3-I, 3-II, 

3-III, and Figure 3-3, a large stationary phase volume is 

found at this value of mobile phase composition. A 

possible explanation for this observation is two-fold: 

1) the residual silanols present on the silica surface are 

involved in H-bonding with the water present in the mobile 

phase, and 2) water can be trapped on the substrate surface 

55 

by a tent of C18 chains. The 'freezing' of the bonded chains 

is resultant from the intra and/or intermolecular interactions 

amongst the chains themselves. Such interactions would be 

expected to be energetically favorable when compared only 

to interactions between the water matrix and the hydrocarbon. 

At 100% water composition an adsorption mechanism is most 

likely responsible for chromatographic retention in con

trast to a partition mechanism in a solvation layer. 

Selectivity 

The selectivity (a) of the stationary phase for the 

homologous series of alcohols used as probes, is indicative 

of the effect of solvation and composition of the stationary 

phase on the separation process. Selectivity in these 

experiments is based upon the change of one methylene group 

(~CH2) in the n-alcohol chain. The effect on a of the 

enrichment of the stationary phase by the organic modifier 
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is depicted in Figure 3-4. Two features of these curves 

are clearly evident: (1) a gradually reaches a plateau 

value and (2) this plateau value and the rate at which the 

plateau is reached are solvent dependent. One possible 

explanation for the above mentioned features is the station

ary phase becomes enriched by the solvent (see Tables 3-I, 

3-II, and 3-III, Volume % organic modifier in the stationary 

phase), and appears less 'polar' to the solute, i.e., the 

absorbed solvent molecules in the stationary phase are a 

stronger solvent for the solute than the mobile phase. 

Therefore the value for ACH2 will be largest for the greatest 

solvent strength difference between the stationary phase and 

the mobile phase. 

When eluent molecules of different solubility para

meters solvate the bonded phase, they create stationary 

phases of different solvent strengths. The stationary 

phases formed by methanol, CH3CN, and THF will have different 

selectivities based on their abilities to discriminate 

between a ACH 2 group. Methanol with a dispersive interaction 

solubility parameter of 6.2 [90] will undergo the least 

effective interaction with a methylene group. Whereas THF, 

whose solubility parameter is 7.6 [90], will undergo the 

most effective interaction with a methylene group. The 

ability of acetonitrile to interact with a methylene group 

is between that of methanol and THF. Methanol will see the 
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greatest difference between two solutes differing by a 

~CH2' This difference can be expressed by the change in 

free energy of selecting between the two solutes. This 

free energy change is expressed by equation 3-7, 

~~GN+1-N = -RT1na (3-7) 

Where the assumption made is the change in the free energy 

of transfer of the solutes from the mobile phase to the 

stationary phase is due only to an addition of one methylene 

group from the N carbon homolog to the N+1 carbon homolog. 

Table 3-IV lists these changes in free energy in ca1/mo1e, 

and one can see the largest free energy change for a ~CH2 

group is for methanol with THF providing the smallest 

difference. This means the order of selectivity shown in 

a column of data points is determined by the solvent's 

solubility parameter for the particular interaction being 

investigated. Selectivity and solvent strength are reci

procally related, but the rate at which the a plateau is 

approached is proportional to solvent strength. This is 

due to the ability of the stronger solvent to solvate the 

Cl8 chain more effectively. 

For methanol~H20 and THF/H 20 the largest difference 

in solvent strength occurs at 0% modifier concentration 

with the difference getting smaller as one continues to 

100% modifier concentration. Therefore a is largest in 
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Table 3-IV. 

Solvent 0% 

MEOH -830 

-830 

-830 

66GN+l _N Values for Alcohol Homologs at 

25°C Expressed in cal/mole from Equation 
3-7 (see text). 

20% 40% 60% 80% 100% 

-738 -564 -380 -256 -224 

-649 -402 -260 -212 

-610 -236 - 78 - 51 
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the beginning and decreases with increasing percent organic 

modifier. The a values reach a plateau when the enrichment 

of the stationary phase by a solvent no longer contributes 

to a change in the differences of the solvent strengths 

between the stationary and mobile phases. 

Selectivity of CH3CN is not as easily analyzed as 

methanol and THF because of its anomalous behavior during 

stationary phase formation, as discussed earlier concerning 

the amount of water found in the stationary phase. Still a 

qualitative statement can be made for the selectivity in 

acetonitrile/water systems. The selectivity of CH3CN/H20 

seems to follow the solvent strength for Cl8 because these 

selectivity values fall between those for methanol and THF 

(see Figure 3-4). 

In summary, selectivity for a 6CH2 group through a 

compositional range of one solvent is controlled by the 

solvent strength of the stationary phase as compared to 

the solvent strength of the mobile phase. In comparision., 

at anyone specific mobile phase composition the selecti

vity is reciprocally related to the dispersion interaction 

solubility parameter for that specific solvent with respect 

to the bonded moiety. 

The above arguments on the dependence of the selec-
, 

tivity on the composition of the stationary phase raises 

again the question of the role of the volume of the station

ary ary phase and therefore the phase ratio. Plotting the 
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data in Tables 3-I, 3-I1 and 3-II1 in the format of 

equation 3-6 can be seen in Figure 3-5. Previous data 

for RP-B [100] has also been included for comparison. The 

linear relationship predicted in equation 3-6 does not occur 

for RP-lB using the three solvents investigated, this 

results from there being two mechanisms controlling the 

formation of the stationary phase. These mechanisms are: 

(A) the solvation of the bonded organic moiety, which is 

dependent on non-specific interactions between the solvent 

and the bonded phase and (B) the solvation of the substrate 

surface, which is dependent on spec~fic interactions between 

the solvent and surface. We have previously reported [lOOJ 

that the solvation mechanism of RP-B for methanol-water 

systems is dependent on process B. One can conclude that 

the linear regions in the curves for RP-lB in Figure 3-5 

are dominated by stationary phase formation under control 

of the substrate surface. The transition between the linear 

region and the plateau region of the curves is where both 

mechanisms A and B are competing on equal terms in deter

mining the composition of the stationary phase. The plateau 

region is controlled by the bonded moiety enriching itself 

in solvent molecules process A. Therefore, by plotting ln0 

versus %ORG, one can tell more about the processes involved 

in stationary phase formation and the extent to which these 

two processes dominate. 
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Figure 3-5. Ina (a is ·the phase ratio) versus 
Percent Organic Modifier Concentration 
in the Mobile Phase for Methanol, 
Acetonitrile, and THF for RP-18. 

Data from [100] for RP-8 is also 
included for ease of comparison. 



In analyzing Figure 3-5, the stationary phase for

mation of THF-water systems is dominated by the enrichment 

of the bonded moiety in THF past~40% THF in the mobile 

phase. Methanol on the other hand naving a weaker disper

sive interaction does not reach its plateau until ~ 60% 

methanol modifier concentration. Whereas for acetonitrile 

over the entire compositional range there is no clear 

dominance of one stationary phase mechanism over the other. 
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Also comparing equation 3-4 with 3-6, from the inter

cept of these two plots one can calculate KD for a particular 

solute. This statement must be qualified though. First of 

all, a plot of InG versus %ORG must be linear, and since 

both intercepts are determined fromlnG plots, the errors 

in these values will be magnified on solving for KD• Still 

KD values within an order of magnitude of their true values 

can be obtained by this method. 

Conclusion 

In conclusion, the stationary phase formation of RP-18 

was found to be a blend of two mechanisms; non-specific 

interactions between the solvent-bonded moiety and specific 

interactions of the solvent-bonded moiety and specific 

interactions of the solvent with the substrate surface. The 

point at which the former mechanism begins to dominate 

stationary phase formation is related to the dispersive 

interaction solubility parameter, the stronger the solvent 



strength for Cl8 the earlier In0 begins to plateau. 

Selectivity was also found to be dependent on solvent 

strength, which ultimately relates to the solubility 

parameter of a particular solvent for the bonded moiety. 

It is interesting to note that for methanol and THF the a 

plateau and the In0 plateau begin roughly at the same per

cent organic modifier values. Acetonitrile was found to 

behave differently from methanol and THF both in the amount 

of water found in the stationary phase and in the mechanism 

of stationary phase formation. The conclusions of this 

paper further support the proposed model of a ternary 

stationary phase as advanced by the authors, and the 

hypotheses of stationary phase formation in RP-8 and RP-18 

reported earlier. It should be noted that this approach to 

the question of selectivity in bonded phase chromatography 

emphasizes the active role of the stationary phase which 

results from the solvation of the bonded moiety and the 

substrate by the components of the mobile phase. 
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Further investigations of stationary phase formation 

and its relationship to the solubility parameter of a solvent 

are being undertaken to gain a greater insight into the 

overall separation processes. Special emphasis is being 

placed on the role of ternary solvent mixtures as well as 

the role of temperature in stationary phase formation. 



CHAPTER 4 

Introduction 

The selectivity of solutes in Reversed Phase 

Chromatography (RPC) has been shown to be responsive to 

varying the non-aqueous modifier concentration of the binary 

mobile phase [B4,92,101J. In the past few years the logical 

extension of binary mobile phases have been proposed, i.e., 

ternary mobile phases. Ternary mobile phases consist of 

water and two non-aqueous components. The role of ternary 

mobile phases for the fine control of selectivity has been 

investigated by several workers [102-l04J. 

From previous work [100,105J, the authors have shown 

that selectivity for a homologous series of n-alkanols can 

be controlled by the enrichment of the stationary phase by 

the non-aqueous modifier. The enrichment of the stationary 

phase is governed by the streng.th of the intermolecular 

interactions between the bonded hydrocarbon moiety and the 

non-aqueous modifier. These findings led to the proposal of 

a model for the stationary phase which consists of the 

solvated bonded hydrocarbon and the solvated silica substrate. 

Support for this model was collected from studies on RP-1B 

and RP-8 using various non-aqueous modifiers. Other workers 
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in the field have also reported data that can be used to 

support the author's model of the stationary phase [79-82,92]. 

Stationary phase formation in the presence of the 

third mobile phase component should be influenced by the 

overall solvation of the substrate and the bonded hydro-

carbon moiety. This solvation can impact on the retention 

of solutes and the selectivity of the stationary phase. 

Solute retention can be expressed through the General 

Elution equation: 

v = V + KV r m s (4-1) 

where Vr is the retention volume of a solute and K is the 

distribution coefficient for the solute. The retention 

factor, k', is easily determined from a chromatographic 

experiment and therefore is the most reported index for 

solute retention. k', is the ratio of moles of solute found 

in the solvated stationary phase to that found in the mobile 

phase. The phase ratio e is the volume ratio of the solvated 

stationary phase to the volume of the mobile phase in the 

column, i.e., e = Vs/Vm. The relationship between the 

retention factor and the distribution coefficient is given 

by 

k' = K e (4-2) 
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From equations 4-1 and 4-2 one can see that the retention 

of a solute k', is a function of both the distribution 

coefficient K and the phase ratio e • 

Selectivity (a) is independent of the phase ratio as 

seen in equation 4-3, 

a = K IK = k '/k ' (4-3) 2 1 2 1 

where 2 refers to the longest retained solute. Therefore 

the selectivity of a column for a pair of solutes is only 

dependent on the thermodynamics of the molecular interactions 

of the solutes with the solvated stationary phase and the 

mobile phase. Thus solute retention will be dependent on 

the volume ratio and the composition of the solvated station

ary phase, while selectivity is dependent only on the compo

sition of the solvated stationary phase. 

The purpose of this paper is to investigate the 

changes in stationary phase composition and volume brought 

about by use of ternary mobile phase mixtures. The effect 

of ternary solvent systems on retention and selectivity for 

a homologous series of n-a1kano1s will be discussed. The 

role of temperature on stationary phase formation will also 

be discussed for a selected set of conditions. 

Theory 

Solute retention for binary mobile phase systems have 

shown a linear relationship between 1nk' and the percentage 



organic modifier in the mobile phase [87]. This relation~ 

ship is expressed in equation 4-4, 

lnk' = lnA = B%ORG (4-4) 

where A and B are constants. For ternary mobile phase 

mixtures the relationship between the second organic modi

fier and solute retention is of importance. This relation

ship could be described through equation 4-4 using the 

percentage of the second modifier in the ternary mobile 

phase. Therefore plotting the percentage of the second 

organic modifier in the mobile phase versus lnk', information 

can be obtained of the relationship between the second or·

ganic modifier and solute retention for the ternary mobile 

phase systems. 

In previous papers [100,105], work was described in 

which the direct measurement of Vm and Vs was undertaken. 

This paper is a continuation of that work which allows the 

measurement of the phase ratio (0). As stated in the intro

duction, solute retention is a function of both K and 0. 

Substituting equation 4-2 and 4-4, one obtains an expression 

relating ln0 to the percentage organic modifier in a binary 

mobile phase. 

ln0 = In(AIK) - B'%ORG (4-5) 
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Equation 4-5 was successful in describing the change in 

phase ratio during stationary phase formation for RP-8 with 

a binary mobile phase system [105]. For RP-18, equation 

4-5 met with limited success due to a plateau being reached 

with increasing percentage organic modifier in the binary 

mobile phase mixture [105]. This plateau was reached 

when the C18 hydrocarbon chains were 'opened' through 

solvation. A displacement mechanism between methanol and 

water was used to describe the change in stationary phase 

composition [100,105]. 

For a ternary mobile phase system the relationship 

between the second organic modifier and the phase ratio 

will be important in solute retention. Classically, in 

batch extractions Vaq and Vorg have been shown to influence 

the percent of a solute extracted [106]. In a ternary 

mobile phase system the phase ratio should be directly in

fluenced by the second organic modifier. Using equation 4··5 

and plotting percentage second organic modifier in the ter-

nary mobile phase versus lnG, one can obtain information 

about this relationship. 

Temperature affects the retention factor and in some 

cases the selectivity [92,107,108]. The effect temperature 

has on stationary phase formation when using a ternary 

mobile phase can manifest itself through changes in either 

the phase ratio or compositional make-up of the stationary 
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phase. Compositional changes in the stationary phase are 

reflected in changes in K. The distribution coefficient 

can be related to temperature and the change in free energy 

of solute interaction with the mobile phase and solvated 

stationary phase by equation 4-6. 
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~G = -RTlnK (4-6) 

Substituting equation 4-7, 

. ~G = ~H - T~S 

and equation 4-2 into equation 4-6 and rearranging one 

obtains a relationship more familiar to chromatographers 

the Van't Hoff expression, 

Ink' = -~H/RT +~S/R + In0 

(4-7) 

(4-8) 

Using equation 4-8 and plotting Ink' versus liT, the enthal

py (~H) of solute transfer from the mobile phase to the 

solvated stationary phase can be obtained. The enthalpy is 

related to the intermolecular interactions of the solute in 

the solvated stationary phase as compared to the mobile 

phase. 

On rearranging equation 4-8, a relationship between 

the phase ratio and temperature can be developed. 

Ins = ~H/RT - ~S/r + Ink' (4-9) 
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Again a plot of ln0 vs liT would provide insight into changes 

in the stationary phase volume as a function of temperature. 

Selectivity can also be used to obtain thermodynamic 

information about solute retention. The selectivity can be 

related to the difference in the change in free energy for 

two solutes through equation 4-10. 

66G 2_l = -RTlna (4-10) 

Substituting the definition given in equation 4-7 for the 

free energy changes in equation 4-10 and rearranging, one 

obtains: 

(4-11) 

By plotting Ina versus liT, the difference in the change 

in enthalpy between solutes will be dependent on composi

tional changes in the solvated stationary phase and also 

on the chemical difference between the solutes. 

Equations 4-4, 4-5, 4-8, 4-9 and .4-11 allow one tQ 

develop and test relationships of the second organic modi

fier in the ternary mobile phase with volume and composi

tional chanees in the solvated stationary phase and their 

effects on solute retention. 

Experimental 

A detailed procedure for the determination of to' 

elution time of a non-retained component and the volume of 



organic modifier in the stationary phase solvation layer 

has been discussed elsewhere [100,105]. Except for the 

calibration curve of THF in the presence of acetonitrile, 
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the procedures were exactly the same. For the determination 

of THF and acetonitrile, methanol was used as the internal 

standard because of the co-elution of isopropanol with aceto

nitrile. Isopropanol was used as the internal standard in 

all other cases. An Altex 110a pump was used along with a 

Waters Associates R403 Differential Refractometer. The column 

and detector were thermostatt~d at the appropriate tempera

ture before measurements were taken. The column was slurry 

packed in the lab, LiChrosorb RP-18, 10~ particle size 10 mm 

x 4.6 mm. The solvents were distilled before use, mixed by 

volume percent, and sonicated for 15 minutes before column 

equilibration began. Retention times were measured with a 

Spectra-Physics Autolab Minigrator, with the mean of at 

least five consecutive injections being reported for the 

retention time. A Gow-Mac thermal conduc·tivi ty detector 

equipped gas chromatograph was used with a Poropak R column 

for the determination of water. For non-aqueous solvents a 

Hewlett-Packard model 5720A gas chromatograph was used with 

a flame ionization detector with a 50% wt/wt Poropak Q and 

R column. For further details concerning the experimental 

procedure, see the complete discussion in [100,105]. The er

rors ~eported in Tables 4-I, 4-II and 4-III are the standard 



Table 4-I. Experimental Data for the Ternary Solvent System 
Methano1/Water/Tetrahydrofuran for RP-1& 

60/40 54/42/4 46/44/10 40/45/15 
Solvent RP-18 MEQHlH20 MEOH/H2O/THF MEOH/H2O/THF MEOH/HP/THF 

Solubility Parameter 16.14 16.18 16.16 16.10 
for Mobile Phase 

°T=%MEOHoMEOH + 

%H20oH ° + %THFoTHF 
2 

to (sec) + 57.55 52.73 51.49 47.53 

S.D. (sec) +2.43 +1. 79 +2.23 +1.82 

Vm (ml) .941 .870 .859 .790 

MEOH in stationa:ry .22 ,.26 .19 .15 
phase (ml/gm) + .03 

H20 in stationa:ry .14 .11 .11 .13 
phase (mll gm) !. . 03 

THF in stationa:ry .03 .08 .13 
phase (mll gm) !. .03 

a+ S.D. 1.94 1.91 1.88 1. 76 

+.009 +.007 +.01 +.006 

Volume % MEOH in 61% 64% 49% 37% 
stationa:ry phase 

Volume % H20 in 39% 27% 29% 32% 
stationary phase 

Volume % THF in 9% 22% 31% 
stationa:ry phase 

eV/Vm .33 .40 .38 .44 
+.03 +.03 +.04 +.05 

lne -1.1 -.93 -.97 -.83 
+.09 +.09 +.12 +.11 
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Table 4-11. Experimental Data for the Ternary Solvent System 
Acetonitri1e/Water/Tetrahydrofuran for RP-18. 

Solvent RP-18 40/60 35/61/4 28/62/10 22/63/15 
CHaCN/H20 CH3CN/H20/THF CH3CN/H20/THF CH3CN/H2O/THF 

Solubility Parameter 17.32 17.34 17.31 17.31 
of Mobile Phase 

15 = %CH3CNcCH CN + 
T 3 

%H20cH ° + %THFcTHF 
2 

t (sec) + o - 59.77 56.26 50.50 53.56 

S.D. (sec) +2.89 + .69 +1. 78 +3.28 

Vm (ml) .989 .926 .828 .877 

CH3CN in stationary .16 .13 .14 .08 
phase (ml/gm) + .03 

H20 in stationary .05 .07 .17 .13 
phase (ml/gm) + .03 

THF in stationary .06 .12 .14 
phase (ml/ gm) !. . 03 

(l + S.D. 1.96 1.94 1.89 1.87 

+.01 +.002 +.004 +.008 

Volume % CH3CN in 76% 50% 33% 24% 
stationary phase 

Volume % H20 in 24% 26% 38% 36% 
stationary phase 

. Volume % THF in 24% 29% 40% 
stationary phase 

e V/Vm .18 .24 .44 .34 

+.03 +.04 +.05 +.05 

lne -1. 7 -1.4 -.82 -1.1 

+ .17 +-.16 +-.10 +-.14 



Table 4-III. Experimental Data for the Temperature Study 
of the Ternary Solvent System Methano1/Water/ 
Tetrahydrofuran for RP-18. 

Solvent 40/45/15 
25.5°C 35.5°C 45.5 O C 55.0 o C MEOH/H 2O/THF 

to sees + S.D. sees; 47.53 44.37 48.65 44.71 

used t = 46.31 for +1.82 
0 

+ .90 +3.52 +1.32 

all further calculations 

Vm m1 .769 .769 .769 .769 

I1EOH in stationary phase .16 .17 .19 .17 
(m1/gm) 

H20 in stationary phase .14 .13 .14 .12 
(m1/gm) 

THF in stationary phase .13 .13 .12 .12 
(m1/gm) 

a + S.D. 1.76 1.70 1.62 1.58 

+.006 +.003 +.01 +.004 

Volume % MEOH in 37% 40% 42% 42% 
stationary phase 

Volume % H2O in 32% 31% 32% 29% 
stationary phase 

Volume % THF in 31% 29% 26% 29% 
stationary phase 

a Vs/Vm .48 .48 .49 .46 

Ina -.74 -.74 -.69 -.79 
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deviations calculated from the least squares fit to the 

measured retention time data used in the calculation of 

selectivity and to. Other errors reported on values in 

Tables 4~1, 4-1~, and 4-111 are all plus or minus one 

Standard Deviation. 

Results and Discussion 

The ternary mobile phase compositions used in this 

study were chosen from composition ratio which had the 

same overall solubility parameter (0) as the initial mobile 
-phase system as calculated from equation 4-12 [90]. 
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o = %A·oA + %B·oB + %C.oC overall (4-12) 

The overall solubility parameters are roughly equal one to 

the other, but the individual intermolecular interactions 

described by the solubility parameter will change depending 

on the volume percent of the third solvent. 

Methanol/Water/THF 

Methanol (A) and water (B) are the most common sol-

vents of choice for RPC, therefore, these were investigated 

first using THF (C) as the third solvent. Table 4-1 

contains the results of the three different ternary solvent 

compositions investigated along with the initial binary 

mixture. Figure 4-1 shows the change in to' the retention 

time of a non-retained solute. One can see from this figure 
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This is a Plot of t , Retention Time 
of a Han-Retained a Solute, versus 
%THF for the Ternary Systems ~f 
Methanol, Water, THF and Acetonitrile., 
Water, THF with RP-18. 
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that as the percentage of THF increases in the mobile phase, 

to decreases, thus the bonded moiety is enriching itself in 

THF. From the Volume percent of mobile phase components 

found in the stationary phase (see Table 4-I), it can be 

seen there is competition between methanol and THF during 

staionary phase formation. More should be said about this 

mechanism of competition between methanol and THF; in the 

author's opinion, it is similar to the competition mechanism 

proposed by Synder and Poppe [62J for liquid-Solid 

Chromatography. The stronger the solvent is for the bonded 

hydrocarbon moiety the more efficient it should be at dis

placing the weaker solvent from the solvation layer. This 

competition mechanism is reflected in the data beyond 4% THF 

in the mobile phase. As can be seen in Table 4-I, the Volume 

percent of methanol found in the stationary phase is de

creasing with increasing percentage of THF in the mobile 

phase. 

The composition ratio 54/42/4 methanol, water, THF 

does not follow the competition mechanism as one would expect 

for THF and methanol. With this ratio, THF is found in the 

stati~nary phase, but it does not displace a proportionate 

amount of methanol from the stationary phase, instead the 

methanol concentration increases. A possible explanation 

for this phenomenon can be made by considering the physical 

structure of the C18 moiety at 60/40 methanol, water mobile 



phase composition. From previous work [lOOJ, on RP-18 with 

varying methanol, water mobile phase compos~tions, it was 

reported that the intermolecular interactions amongst the 

chains themselves were overcome by the intermolecular 

interactions between methanol and the C18 between 60% - 80% 

methanol concentration in the mobile phase. At 60/40 

methanol, water composition the C18 chain structure is 

poised at the point where any more added solvent capable of 

dispersion interactions with C18 , such as THF, will totally 

solvate the C18 , 'opening' the chain structure by breaking 

any remaining intermolecular interactions amongst the Cl8 

chains. Therefore, when 4% THF is added to the mobile 
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phase this has the effect of 'opening' the C
18 

chain 

structure, with a resulting increase of hydrocarbon surface 

area available for dispersive interactions with both methanol 

and THF. This could be the reason one sees the large in

crease in methanol found in the stationary phase on going 

from a binary to a ternary mobile phase mixture. 

The effect that compositional chages in the station

ary phase have on selectivity for the homologs is seen in 

Table 4-1. The selectivity of the stationary phase for the 

solutes gradually decreases as the percentage of THF in the 

mobile phase is increased. In this case the selectivity is 

dependent on the change of one methylene group between the 

solutes (~CH2)' The selectivity values are constant, within 



experimental error, for 0% - 4% THF composition in the 

mobile phase. This is reasonable, considering the C
l8 

structure is 'opened' by the addition of this small amount 

of THF. The THF plays a minor role in the separation pro

cess because of the large excess of methanol in the mobile 

phase which will adsorb onto the Cl8 with an increase in 

hydrocarbon surface area. The solutes still experience a 

stationary phase solvation layer dominated by methanol, 

such that the selectivity remains nearly constant. 

Beyond 4% THF, the competition mechanism between 

methanol and THF begins to dominate. There is a different 

stationary phase composition presented to the solutes with 

a change in mobile phase composition. As the composition 

changes, the stationary phase becomes more 'non-polar' due 

to the enrichment of the bonded hydrocarbon by THF. This 

results in a smaller free energy difference between two 

solutes that differ by only one CH 2 group, consequently 

the selectivity will be reduced. 

As stated in the introduction, the retention of a 

solute is a function of the phase ratio and the composition 

of the stationary phase. Figure 4-2 is a plot of Equation 

4-4 for the methanol, water, THF ternary system. In Figure 

4-2, one can see that the retention factors for the solutes 

remain constant from 0% - 4% THF in the ternary mobile 

phase mixture. From Equation 4-2, this could mean that a 
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Figure 4-2. This is a Plot of Ink' for Heptanol 
(C70H) and Octanol (C80H) versus %THF 
for the Ternary System of Methanol, 
Water, THF with RP-18. 
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change in the phase ratio is being offset by a corresponding 

change in K. Table 4-I shows a significant change in the 

phase ratio on proceeding from 0% to 4% THF. Therefore, the 

retention factors of these solutes, in. the range of 0% - 4% 

THF, is being controlled by both the phase ratio and the 

distribution coefficient. In this particular case they 

offset each other. Beyond 4% THF Ink' continues to decrease 

linearly with %THF. In this region of mobile phase composi

tion, the retention factor is under direct control of the 

distribution coefficient (K). K will respond only to 

changes in composition of the solvated stationary phase on 

increasing the percentage THF in the ternary mobile phase 

mixture. The decreased role of the phase ratio in reten

tion is born out by a plot of equation 4-5 as shown in 

Figure 4-3. One can see in Figure 4-3 that Ine plateaus 

beyond 4% THF and therefore no longer plays a significant 

role in solute retention. Once the phase ratio reaches a 

plateau, the retention factor will be proportional to K or 

the composition of the stationary phase. 

One now has a possible explanation for the empirical 

linear relationship between Ink' and percent organic 

modifier in a binary mobile phase for RP-IB. With RP-IB, 

for binary mobile phases, the phase ratio is seen to reach 

a plateau [lOSJ. Retention is solely controlled by the 

composition of the solvated stationary phase formed with 
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Methanol, Water, THF with RP-18. 
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the C18 hydrocarbon moiety once the bonded species is 

fully 'opened'. 

Acetonitrile/Water/THF 

Table 4-IIcontains data for the ternary system of 

acetonitrile (A), water (B) and THF (C). Once again the 

composition ratios used were calculated in a similar manner 

using Equation 4-12. The total solubility parameter was 

kept as close as possible for the four different mobile 

phases. The composition ratio of 22/63/15 acetonitrile, 

water, THF will be used for relative comparisons with the 

other ratios along a general trend. 

The change in to on solvation of the stationary 

phase by the acetonitrile water, THF ternary system for 

RP-18 is reported in Table 4-II and Figure 4-1. From 

Figure 4-1, to is seen to decrease with increasing per

centage of THF in the mobile phase, which supports the 

solvation model of stationary phase formation. Unlike 

the methanol ternary system where the 'opening' of the 

C18 chain structure was seen on the addition of a small 

amount of THF to the mobile phase,. this process is not 

evident for the particular conditions under which the 

acetonitrile ternary system was investigated. Instead one 

sees the initial displacement of acetonitrile by THF at 4% 

THF in the mobile phase. Past this point the amount of 

acetonitrile in the stationary phase remains constant 
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while the Volume percent of acetonitrile in the stationary 

phase decreases. The decrease of acetonitrile's Volume 

percent in the stationary phase results from THF's ability 

to bring water and small amounts of acetonitrile along with 

it as it enriches the stationary phase. The enhanced en

richment of THF in the stationary phase with acetonitrile 

as compared to methanol is due to acetonitrile having com

pletely 'opened' the Cl8 chain structure by 40% acetonitrile. 

This allows the THF direct access to the total hydrocarbon 

surface area of the Cl8 chains. Therefore the displacement 

mechanism in stationary phase formation can begin immedi

ately. 

Another factor which should be considered is the 

ability of THF to compete more effectively with acetonitrile 

for the residual silanols on the substrate surface. The 

Volume % of THF in the stationary phase steadily increases 

throughout the series, while the amount of water also in

creases in the stationary phase. The increase in the 

amount of water occurs because of the ability of THF to be 

an H-bond acceptor, bringing water along with it into the 

stationary phase solvation layer. 

The selectivity once again is dependent on the change 

of one methylene group between the solutes. The selectivity 

very gradually decreases using these four solvent combina

tions (Table 4-II). The relative moderation in the change 
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of a for the acetonitrile ternary system as compared to the 

methanol ternary system could be caused by the increased 

amount of water found in the stationary phase solvation 

layer. The total change in a for the methanol ternary sys

tem is ~.18, while the change in a for the acetonitrile 

ternary system is ~.09. This would tend to keep the overall 

solubility parameter of the solvation layer constant, there

fore a should remain relatively stable. 

The impact of the second organic modifier on the 

retention factor can be seen by plotting Ink' versus %THF 

in the mobile phase (see Figure 4-4). A slight increase 

in Ink' with %THF is found. This constrasts with the 

methanol ternary system where a decrease in Ink' was seen 

with %THF in the mobile phase. Also note from the data, 

(Tables 4-1 and 4-II) that for the methanol system the 

Volume percent of THF in the stationary phase runs from 

9% - 31%, while for the acetonitrile system the trend is 

24% - 40%. The trend of increasing Ink' with %THF can be 

explained by the fact of the larger enrichment of the 

stationary phase in THF for the acetonitrile system over the 

methanol system. The increasing ability of the solvated 

,stationary phase to undergo dispersion interactions with the 

long chain alkanols contributes to their increased retention. 

Solute retention in the acetonitrile ternary system 

is controlled by both the distribution coefficient and the 

phase ratio. Unlike the methanol ternary system where the 



'" .x 
c -

2.8 

· • 

- - -C7CIt 
2.4 

AI AC8CIf 
• 

2.2 -
• 

2.8 -
.-111 

• 

1.1 -

1.8 

I 

• 

I I • I • I I I • 
8 2 8 • 18 

Figu~e 4-4. This is a Plot of lnk' fo~ Heptanol 
<C70H) and Octanol <C80H) ve~sus 
%THF fo~ the Te~na~y System of 
Acetonit~ile, Wate~, THF with RP-l8. 

87 



phase ratio reached a plateau, in the acetonitrile system 

the phase ratio plays a prominent role in solute retention 
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as can be seen in Figure 4-5. Figure 4-5 shows that the 

phase ratio continuously increases for the acetonitrile 

ternary system and therefore is influencing solute retention 

as seen in Figure 4-4. Stationary phase composition is also 

changing continuously with %THF as seen in Table 4-II. This 

fact establishes the distribution coefficient's role in 

solute retention along with the phase ratio. Once again this 

data supports the difference in basic solvent characteristics 

between acetonitrile and methanol for RP-18 [105]. 

Temperature 

The role of temperature in determining the retention 

and selectivity for 40/45/15 methanol, water, THF on RP-18 

from 25.5 C to 55.0 C can be discussed in terms of the data 

presented in Table 4-III. One can see that the to values 

are constant within experimental error. A change in to would 

be expected to occur with temperature if the extra thermal 

energy was used to break the intermolecular interactions 

amongst the C18 chains, as has been reported for GC [109]. 

This effect would show as a discontinuity in the Van't Hoff 

plot for the system under investigation. The system 

investigated by the authors show no discontinuities with 

temperature because the intermolecular interactions between 

the CIS chains have already been broken by the presence of 



8.8~----------------------------------------~ 

• 'rtF 

Figure 4-5. This is a Plot of Ina, a is the Phase 
Ratio for the Column (Vs/Vm), versus 
%THF for the Ternary System of 
Acetonitrile, Water, THF with RP-18 .. 

89 



90 

THF in the stationary phase solvation layer, see Figure 4-6. 

This 'openess' of the CIS chain structure controls the compo

sition of the solvation layer, and the CIS's ability to en

rich itself in the mobile phase components. The CIS bonded 

moiety is already maximally solvated once the composition of 

the mobile phase passes 4% THF, therefore changes in tempera

ture do not effect either to or the composition of the sol

vation layer. 

Equation 4-S expresses the relationship between the 

retention factor and temperature. From Figure 4-6 and Table 

4-IV one can see the plotted data and the results for ~H and 

~S. ~S was calculated from Equation 4-S using the average 

of the values for the phase ratio listed in Table 4-III. 

The magnitude of the ~H and ~S values tend to.support a 

partition-like process of the solute into a solvated sta

tionary phase. The trend in ~s follows a gradual decrease 

in entropy as the chain length of the probe increases. This 

result is not unexpected; what is encouraging is the fact 

that the trend is very gradual. This would tend to support 

a partition-like process where the entropy requirements 

would not be as severe as in an adsorption mechanism. 

In Equation 4-9, a relationship between InS and 

change in temperature was derived. If there is a dependence 

of InS on the change in temperature then the slope should 

be linear and negative. Obviously from Table 4-III, no 

relationship is seen between InS ~nd temperature. This 
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Table 4-IV. Data for lIT versus Ink' and lIT versus 1n~ 
Plots for C6OH, C7OH, C80H and C9OH. Also 

Included are 6H,68, 66H and 668 Values. 

°C 1/ToK C60H C70H C80H C90H 

Ink' Ink' Ink' Ink' 1n~ 

55.0 .003047 .647 1.14 1.59 2.05 .454 

45.5 .003138 .839 1.30 1.78 2.27 .484 

35.5 .003240 .867 1.41 1.94 2.48 .531 

25.5 .003348 1.01 1.58 2.14 2.71 .568 

C60H C70H C80H C90H 1n~ 

6H kca1/mo1e -2.04 -2.82 -3.57 -4.32 

68 ca1/°Kmo1e -3.35 -4.85 -6.24 -7.61 

66H kca1/mo1e -.764 

668 ca1/°Kmo1e -14.27 

For graphs, see Figure 4-6 and Figure 4-7. 
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~H and ~S values are listed in 
Table 4-IV. 
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statement supports the above mentioned 'openess' of the 

C18 structure at 15% THF in the ternary mobile phase. This 

means the volume of the solvated stationary phase remains 

constant with changes in temperature. There could possibly 

be systems in which the change of the phase ratio with 

temperature could be quite appreciable. Such a system would 

be one in which temperature overcomes the intermolecular 

interactions amongst the chains themselves.. This question 

warrants further investigation. 

The change in selectivity with a change in temperature 

has already been stated to depend on compositional changes 

in the solvated stationary phase andlor on the chemical dif

ferences between the solutes. From Table 4-III, the 

composition of the solvated stationary phase remains rela

tively constant while the selectivity decreases. This is 

better illustrated in Figure 4-7, which is a plot of Ina 

versus liT. Being that the composition of the solvated 

stationary phase remains constant, the change in enthalpy 

between the two solutes is due to their chemical structural 

differences. In this case the enthalpy difference is caused 

by a change in one methylene group between the solutes. The 

dispersion interactions for a molecule are very weak and 

short range interactions [110]. From Table 4-IV, one can 

see the change in enthalpy involved for one dispersive 

(~CH2) is -.764 Kcal/mole. This value is indeed small and 
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representative of a methylene group dispersive interaction. 

One now has a way to probe the chemical structure of a 

solute molecule and the effects which structural changes 

have on the free energy of interaction. By choosing a 

mobile phase composition such that temperature changes have 

no effect on the composition of the solvated stationary 

phase, these structural differences between solutes can be 

investigated. 

Conclusion 

The third solvent in a ternary system can play an 

important role in the separation process. This role mani

fests itself through the ability of the bonded hydrocarbon 

moiety to selectively enrich itself with the third solvent, 

thus causing changes in the volume and/or composition of the 

stationary phase. If the third solvent has a large affinity 

for the bonded moiety as is the case for THF, the enrichment 

is quite large. The structure or 'openess' of the Cl8 

chains depends on the ability of the solvent to break any 

intermolecualr interactions amongst the bonded hydrocarbons. 

For THF, in the methanol, water, ternary system this effect 

was prominent and this explains one difference between the 

methanol and acetonitrile ternary systems. Once the struc

ture of the bonded moiety was 'opened' a displacement 

mechanism dominated, where the stronger solvent for the 

hydrocarbon displaced the weaker solvent from the solvation 
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layer. The second variance between the two ternary mobile 

phase systems is based on the difference in the basic 

properties of methanol as compared to acetonitrile. 

Support for a partition mechanism was drawn from the 

Van't Hoff plot for the above mentioned ternary system. 
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6H and 6S were measured and their values were found to agree 

with what could be expected for a partition-like mechanism 

for the solute, based on a stationary phase composed of a 

solvated bonded hydrocarbon and solvated sUbstrate. 

Temperature did not have an effect on the composi

tional make-up of the stationary phase solvation layer for 

40/45/15 methanol, water, THF and this fact was used in the 

determination of the chemical differences between two solutes. 

Temperature could have an important effect on the phase ratio 

and composition for a different system. We hope to investi

gate this further. 

This lab is conducting fu~ther research into the 

formation of the solvated stationary phase to answer the 

questions raised in this article and to gain a better under

standing of the process behind the proposed solvation mecha

nism. 



CHAPTER 5" 

Introduction 

The beginning of the separation process by Martin 

and Synge [61J, was marked by the differential migration 

of solutes obtained with packed columns. There have been 

numerous solid supports used as packing materials for 

these columns, e.g. silica [lllJ, alumina [77,112J, 

teflon [114,11SJ, and carbon [116-118J. Most of the 

early separations were obtained under normal phase con

ditions using silica or alumina as the adsorbent [61J. 

The coating of the support material with immiscible 

solvents established partition or Reversed Phase chroma

tography (RPC) [63J. In the last decade stationary 

phases bonded to the support material have become popular 

as packing materials of. choice [9-11,89J. Bonded phases 

solved the problems of column bleed [66,119J, and poor 

mass transfer of the solute in the coated liquid phase 

[120-l22J. 

Column technology has advanced in the past decade. 

From theory one can predict paths which will lead to 

advances in column efficiency. Using the reduced Van 

Deemter equation relating efficiency to column parameters, 
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one obtains the equation, 

H = A + Cll (5-1) 

where H is one measure of column efficiency, tJ is the 

mobile phase flow rate in cm/sec, A is related to Eddy 

diffusion or tortuousity in the column, and C is related 

to mass transfer of the solute in the mobile and station-

ary phases. The B term has been eliminated because the 

diffusion coefficient of the solute in the mobile phase 

is negligible. A complete discussion on column efficienccy 

can be found in Appendix B. Expansion of the A and C terms 

describes their relationship with physical column para

meters. A is related to particle diameter dp as seen in 

equation 5-2, 

A = 2Ydp (5-2 ) 

Y is a constant dependent on the packing structure of the 

column. The C term can be divided into two parts Cm and 

Cs ' which are dependent on the mass transfer of the solute 

in the mobile and stationary phases, respectively. Mass 

transfer of the solute in the mobile phase is dependent 

on the square of the particle diameter dp, and the solute 

diffusion coefficient in the mobile phase Dm, 

(5-3 ) 
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k' is the retention factor. The mass transfer of the 

solute in the stationary phase is dependent on the square 

of the stationary phase film thickness df, and the dif

fusion coefficient of the solute in the stationary phase 

Cs = f(k') df2 

~ 
( 5-4) 

The band spreading theory predicts an increase in column 

efficiency with smaller particle size (dp) and thinner 

stationary phase film thickness (df). 

The first columns used for bonded phase work were 

packed with large, totally porous particles 30~ - 50~ in 

size [66,123]. Efficiency of these columns could be 

improved by using smaller particle sizes. Pellicular 

particles were used next [66,124], but these suffered 

from lack of capacity and large mass transfer effects in 

the pellicular layer. The advent of totally porous 

silica micro-particles [125-128], resulted in High 

Performance Liquid Chromatography (HPLC). The smaller 

totally porous particles have both the needed capacity 

and increased efficiency. 

Columns today are commonly packed with 5~ - l~ 

particles. Higher theoretical efficiencies can be ob

tained with even smaller particle size. Particles of ~ 

in size contribute to a larger pressure drop across a 
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column of equal length when compared to 10~ size parti

cles. If sub-micron particles are to be utilized, several 

conditions must be met, higher pressure pumps must be used 

to maintain a reasonable flow rate through these columns, 

such that separation times do not become prohibitively 

long and packing technology must be improved before theore

tical efficiency for sub-micron particles could be achieved. 

The most recent thrust in column evolution has been 

in development of microcolumns for liquid chromatography 

[129-134]. One of the incentives for microcolumn develop

ment has been the potential achievement of very high 

column efficiencies with the possible resolution of complex 

mixtures. There are three basic types of microcolumn 

technologies: Microbore columns, which typically have 

internal diameters of lmm or less packed with 5~ - 10~ 

particles [129,133,134]; Packed Microcapillary columns 

having an internal diameter of 70~ or less, which are 

packed with adsorbent particles of 30~ size [130], and 

Open Microtubular columns with an internal diameter of 50~ 

or less [131-132]. Before this increase in efficiency can 

be realized, technological difficulties with detectors 

[135-136] and sample injection systems [130-134,137] must 

be resolved. 

One area of column technology which has not been 

investigated for liquid chromatography is a porous solid 
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bed of support material. The reason for investigation of 

porous gel structures is the potential increase in selecti

vity and efficiency of the column. The gel presents the 

opportunity to study a particle-less column where the 

effective pore diameter will be less than a packed bed or 

an open microtubular column. Using the term pore ,in com

parison with a packed bed is ambiguous. In a packed bed 

one is dealing with the channel size between particles 

which gives the column its permeability. In an open 

microtubular column the inside diameter of the column 

contributes to its permeability and for a porous gel 

structure the pore size in the gel controls permeability. 

The pore size or channel size ultimately impacts on the 

mass transfer of the solute in the mobile phase. The 

shorter distance a solute molecule must travel between 

interactions the more efficient the column. Gel structures 

with pore sizes of .36~ as compared to 3~ channel size for 

10~ particles packed in a column and 50~ i.d. of an open 

microtubular column could show an increased column effici

ency. 

In order for a gel to be chromatographically 

feasible, the structure needs mechanical strength and 

reasonable pore size. These characteristics of large 

pore size and mechanical strength are not easily combined. 

Shoup [138] described work carried out under his 
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supervision in which control pore silica gels could be 
o 0 

made with the pore size range from 100A to 3600A. This 

size range is ideal for chromatographic applications. 

When alkali silicate solutions are gelled by acid neutra1i-
o 

zation, the pore size seldom exceeds 300A [139]. The 

pressure drop across such a structure would be large. 

The larger the pore size in a gel, the higher the column 

permeability and the lower the pressure drop across the 

column. A porous bed can be constructed by chemical cross-

linking of a number of inorganic or organic monomers to 

form a 3-dimensiona1 porous gel network. Since most HPLC 

is carried out on silica support particles, the study of 

silica gels was undertaken to try and relate a packed bed 

of totally porous silica particles to a totally porous 

silica gel column. 

The polymerization of silicic and po1ysi1icic acid 

differs from organic polymerization reactions [96,140]. 

In organic polymer formation~ the tend~ncy is towards 

long chain macromolecules unless a cross-linking agent is 

present. In the presence of a cross-linking agent, e.g. 

diviny1 benzene, 3-dimensiona1 branched networks are 

formed, gels. The general theory of silica polymerization 

consists of these steps: 

(a) The condensation of silicic acid Si(OH)4 to 

dimers and trimers is catalyzed by OH-; 



(b) When silicic acid polymerizes, it has a 

tendency to maximize the number of siloxane 

bonds Si-O-Si. This decreases the concen

tration of uncondensed silanol groups Si-OH, 

forming cyclic structures in the process; 
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(c) These cyclic oligomers continue condensing 

with other monomers and other cyclic oligomers 

forming a network whose center is silica 

(Si02). The spherical structures can serve 

as nucleation sites for increasing particle 

size, with the core being anhydrous silica 

and the surface covered by silanol groups; 

Cd) In the pH range of 7 - 10.5, the particles 

continue to grow until a stable size is 

reached for the particular pH conditions used. 

Solutions containing dispersed silica particles 

are known as colloidal silica sols and are 

available commercially in many particle sizes 

[141]. Above pH 10.5 the silica structure 

begins to dissolve into silicates, Na2Si03 • 

When a salt is present in the pH range of 

7 - 10.5 the particles be.gin to aggregate 

together to form a 3-dimensional network or 

gel. This is caused by the decrease in the 



charge repulsion between the negatively 

charged silica particles due to the presence 

of the salt ions. Below pH 7, the particles 

will aggregate together and gel due to the 

salt formed by the acid neutralization of 

sodium silicate. 
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The parameters which have an effect on polymeriza

tion of silicates are temperature, pH, and salt concentra

tion. Temperature is involved in the dehydration of the 

silicate or sol solution and in the kinetics of silanol 

condensation. Low pH initiates gelling on neutralization 

of the sodium silicate solution through salt formation. 

Finally, above pH 7, salt or electrolyte concentration 

predominates and aids in overcoming the charge repulsion 

between silica particles for aggregation to occur. 

Experimental 

The control pore silica gels described by Shoup 

are formed from silica sol and alkali silicates. The 

silica sol used is Ludox HS-40% which is 40% by weight 

silica. The alkali silicate is Kasil 1, a potassium 

silicate with a ratio of· Si02/K20 6f 2.5 by weight. A 

mixture of these two solutions is stable and does not gel, 

to induce polymerization a latent organic acid is added 

to the mixture, formamide. The purpose of the formamide 
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is two-fold. Formamide undergoes hydrolysis to formic 

acid and ammonia. In the presence of base from the alkali 

silicate, formate salts are released (see equation 5-5). 

o 
HC-NH2 + H20 _. HCOOH + NH3 base 

KOH 

The decrease in pH below the conditions where silica 

remains stable as silicate ions, along with the salt 

present, begins the gelling process between the silica 

sol and the potassium silicate. Gel formation follows 

(5-5 ) 

the pattern of increasing particle size and then aggrega

tion. The use of the latent organic acid allows for a 

finer control over gel formation when compared to straight 

salt addition. The addition of formate salts directly to 

the homogenous mixture of colloidal silica and potassium 

silicate would create localized areas of polymerization, 

and cau.se uneven gel formation with a resultant poor gel 

structure. 

The colloidal silica remains as a dispersed phase 

and serves as nucleation sites for the silicate ions. 

Aggregation of the particles into a gel begins as the 

hydrolysis of formamide proceeds, see equation 5-5. As 

the pH is lowered and the concentration of £ormate salts 

begin to increase in solution, the salts will help 



destabilize the sol-silicate equilibrium for particle 

growth by gradually overcoming the double layer around 

the individual sol particles. This allows the condensa-

tion of the silica sol particles into the random 3-dimen-

sional gel. Controlling the weight % ratio of silica sol 

to potassium silicate allows one to control the pore size 

of the gel. The higher the sol concentration, the larger 

the number of nucleation sites for the silicate and the 

smaller the pore size. 

The experimental procedure behind column fabrica-

tion is as follows: 

(a) The appropriate weight % of Kasil 1 was 

added to a Nalgene beaker with a spin-bar 

to stir the solution. Kasil 1 was added in 

80% - 90% by weight composition because of 

its effect on pore size as found by Shoup 

[138]. This percentage produced silica 
o 0 

gels with pore sizes between l200A - 3000A. 

Potassium silicate was used because potassium 

has a lower charge density than sodium and 

the ion hydration layer will effectively 

shield potassium's charge. Potassium can not 

approach and disrupt the sol particle's 

double layer and will not be as destabilizing 

to the sol-silicate mixture as sodium would. 
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This fact is supported by data reported 

by Shoup where homogenous mixtures of 

colloidal silica and potassium silicate 

are stable over the entire compositional 

range; 

(b) Ludox HS-40% was added to the beaker at 10% -

20% by weight while stirring. A small per-
o 

centage of Porasil D 37~ - 75~, 1000A pore 

size was added which seemed to help overall .. 
gel characteristics in terms of mechanical 

strength. The reason for this is not exactly 

'clear to this researcher; more experimental 

work still needs to be done to understand the 

role of large particles in gel formation; 

(c) 20 drops of formamide was added to the homo-

107 

genous mixture drop wise stirring continuously; 

(d) This mixture was then poured into a 1/4" O.D. 

x 10cm glass column which has been previously 

etched by HF. The etch serves to roughen 

and hydroxylate the glass surface to promote 

adhesion of the gel to the surface of the 

glass column. The glass column molds the gel 

and constrains t'he flow of the mobile phase 

within its boundaries. The cross-linking of 



the gel to the glass column's wall forces 

the flow of the mobile phase through the 

gel and not around it. Both ends of the 

glass column are covered by 1/4" O.D. Tygon 

tubing and clamped shut to prevent leakage. 

Mixing of the solution in the column should 

not be needed because of the homogenous 

nature of the sol-silicate mixture; 
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(e) After 24 hours the clamps can be removed from 

both ends of the column. After another 24 - 48 

hours to assure that the condensation of the 

silanols are complete one can assume that the 

gel structure has stabilized; 

(f) After this time period the column must be 

leached to remove any of the occluded alkali 

metal ions in the gel structure. -The leach 

was best accomplished with acidic methanol 

in the pH range of 3 - 4. Leaching also 

helps neutralize the ammonia in the gel. 

Using acidic water tends to destabilize the 

gel and weaken its mechanical strength. The 

leach was completed in 24 hours at .1 ml/min 

flow rate and the column should be immediately 

flushed with pure methanol to a neutral pH. 
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'The pH during these steps can be determined with pH 

paper. Once the colUllU1 was flushed it can be capped 

and stored until one is ready to investigate the gel 

structure. 'The Ludox HS-40% was obtained from E.I. 

duPont de Nemours & Co., Wilmington, DE. Kasil 1 

was donated by PQ Corp. Lafayette Hill, PA. Forma

mide was obtained from Aldrich, Milwaukee, WI. 

Results and Discussion 

The initial thrust of experimentation was to det~e 

the characteristics of the gel structure and the most ap

propriate composition ratio to use in further work. During 

the course of experimentation many different volume ratios 

of Ludox HS-40% to Kasil 1 were investigated. 

Electron Microscopy allowed the physical measurement 

of the pore size for these different volume ratios, this 

data can be found in Table 5-I. From Table 5-I one can 

see that pore sizes are quite different for 10% by volume 

Ludox HS-40% as compared to 50% by volume Ludox HS-40%. 

This supports Shoup's work from which the 50% by volume 

Ludox HS-40% had the smaller pore diameter. 

The pressure drop measured across the column allows 

one to determine which gel is chromatographically feasible 

for comparison to a packed bed. ~he experimental results 

follow intuition. The smaller the pore diameter the 

larger the pressure drop across the column. These 



Table 5-I. Electron Microscopy Measurements of Pore Sizes 
in Different Gel Structures. 

o 
Column Electron Microscopy Pore Size A* 

0 

10% by Volume '\, 12,000 A 

Ludox HS-40% 

0 

50% by Volume '\, 4,000 A 

Ludox HS-40% 
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*Due to technique of sample preparation, dehydration under 

CO 2 gas flow. The pore sizes would be larger than those 

reported by Shoup [138]. But the trend is still significant. 



experiments led to the conclusion that 10% by volume 

Ludox HS-40% would be the best composition ratio to 

investigate chromatographically. 
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With the use of glass columns one can visually 

follow the flow pattern through the porous gel using an 

indicator. Bromcresol green was the indicator of choice. 

Its color is blue in the basic region and yellow when 

acidic. From dye tracer studies the flow pattern in the 

column could be determined and appraised. This technique 

allows for the rapid determination of gels and their ac

ceptability for coltimn use. 

Chemical investigation of the gel was carried out 

under normal phase chromatographic conditions using hexane 

as the mobile phase. The surface was probed using hydro

quinone and resorcinol as solutes, these solutes were 

strongly retained. The surface of the gel demonstrated a 

high activity towards the retention of acidic solutes. 

This surface activity is related to silanol concentration. 

The chromatographic properties of a silica gel 

which can be investigated are: Adsorption properties; 

Bonded phase properties; and Ion-exchange characteristics. 

Adsorption 

In preliminary work dealing with gel columns, it was 

established that the surface had a high degree of silanol 

activity. This was confirmed by reacting the gel surface 



with trimethylchlorosilane which will react with any free 

silanol groups. After reaction the retention of hydro

quinone and resorcinol was markedly reduced under normal 

phase chromatographic conditions. 
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Silanols play a definite role in the retention of 

polar solutes as discussed by Synder and Poppe [62J. The 

retention mechanism in classical Liquid-Solid Chroma

tography involves the ability of the solute to directly 

interact with the silanol through intermolecular inter

actions. This interaction most likely involves an H-bond 

between the solute and the adsorbent surface, especially 

if the adsorbent is silica. If the adsorbent is alumina, 

Lewis acid-base interactions begin to dominate because of 

the ability of alumina to accept non-bonded electron pairs 

from a solute. 

Normal Phase Chromatography is noted for its ability 

to separate isomers and also for being very non-reproducible. 

Non-reproducibility results from the surface silanol 

activity which can be modified by any mobile phase compo

nent capable of H-bonding. To alleviate the problem of 

surface reproducibility an experimental format similar to 

Kiselev [142J was adopted. A small amount of isopropanol 

was added to the mobile phase to improve the retention of 

solutes and enhance peak shape by decreasing tailing. The 

solutes hydroquinone, resorcinol, and catechol were run 
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under normal phase chromatographic conditions using 95/5 

Hexane, isopropanol as the mobile phase. Problems with 

purity of these compounds arose which hindered separation, 

therefore new probes had to be chosen. Characteristics 

needed in a probe are the ability to undergo H-bonding 

with the silanols on the gel surface. Nitrobenzene and 

Aniline were chosen for their H-bonding capabilities. 

Nitrobenzene is an H-bond acceptor, while Aniline is an 

H-bond donor and/or acceptor. One can predict from theory 

a longer retention time for Aniline because of the greater 

number of intermolecular interactions it can undergo 

with the gel surface. 

The gel column used for the normal phase chroma

tographic experiments was a 1/4" O.D. x 10cm 10% by volume 

Ludox HS-40%, with 10% by weight Porasil D and 80% by 

volume Kasil 1. This column's chromatographic character

istics were compared to a SSW silica column 25cm x 2.1mm 

i.d., 5~ particle size, ~220m2/gm surface area and to 

a column packed with Porasil D 25cm x 3.0mm i.d. 37~ - 75~ 

particle size, 1000A pore size, ~18.7m2/gm surface area. 

The retention times of Nitrobenzene and Aniline for 

these three columns are presented in Table 5-II. From 

Table 5-II two trends are apparent: 

(a) The retention of Aniline is greatest for the 

gel column. Thermodynamically the surface 



Table 5~II. Retention Times, Number of Theoretical Plates and Resolution for 
Aniline and Nitrobenzene on the Different Column Types. 

Column Nitrobenzene A "1" 1 No. of Theoretical Plates 2 Resolution nl lne 

S5W:-: tR=118.8 sec tR=266.4 sec '" 474.0 » 1.5 

k' =0 k'=1.24 

Ge1 t tR=90.0 sec tR=237.6 sec '" 60.3 

k' =0 k'=1.64 

Porasi1 Dtt tR=90.0 sec tR=117.0 sec '" 248.7 

k' =0 k'=.30 

* SSW - 25 cm x 2.1 mm I.D., 5~ particle size, 220 m2/gm surface area. 

t gel _ 10 cm x 1/4" O.D. glass column, 10% Ludox HS - 40% by volume 
90% Kasi1 1 by' volume, .5 gms Porasi1 D. 

'" 1.25 

'" • 8 

ttPorasi1 D - 25 cm x 3.0o mm I.D., 37 - 75~ particle size, 
area, 1000 A pore size. 

2 18.7 m /gm surface 

1 k' for Aniline determined using Nitrobenzene as non-retained solute, 
tR is retention time of solute. 

2 N calculated from Aniline peak according to Appendix B. 

3 Resolution calculated for the two peaks Nitrobenzene and Aniline where 
1.5 is baseline resolution. 

3 

I-' 
I-' 
+" 



activity is greater for the 3-dimensional gel 

than the packed bed; 

(b) The efficiency of the gel column is lowest 

when compared to the other columns. 
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Resolution for the three columns of Nitrobenzene/ 

Aniline is S5W » gel > Porasil D. The resolution of the 

solutes is a function of selectivity a and efficiency N. 

The resolution of the silica gel column is reasonable,> 1, 

for Nitrobenzene/Aniline because of the large thermo

dynamic surface activity of the silanols which enchances 

a. Figure 5-1 shows the chromatograms of the three columns 

for Nitrobenzene and Aniline. 

Efficiency data for the three columns and an open 

tube 44cm x lmm i.d. can be seen in Table 5-II1 and 

Figure 5-2. Data in Table 5-II1 was obtained using Sodium 

Nitrite as a non-retained solute with 100% methanol as the 

mobile phase. Nitrite absorbs light at a wavelength o~ 

254mm, therefore the peak width of the non-retained solute 

can be measured and N calculated (see Appendix B). 

An explanation for the poor. efficiency of the gel 

column can be discussed in the format of the A and em 

terms from the Van Deemter equation. As discussed in the 

introduction, the A or Eddy Diffusion term takes into 

account the flow inequalities through a packed bed and is 



Table 5-III. HETP Data for the Four Columns Studied with 
Varying Flow Rates. 

Flow Rate m1/min 

.03 

.1 

.3 

1 

2 

3 

4 

.1 

.5 

1 

1.5 

3.0 

.3 

3.0 

Gel Column 

em/sec 

.00463 

.0121 

.0463 

.153 

.294 

.463 

.566 

Porasi1 

.0246 

.149 

.298 

.456 

.896 

.129 

1.29 

S5W 

D 

N 

106.3 

103.2 

56.20 

48.40 

49.90 

43.10 

34.80 

1035.9 

406.8 

185.0 

141.0 

101.4 

691.5 

186.7 

B em 

.094 

.097 

.178 

.207 

.200 

.232 

.287 

.0241 

.0612 

.135 

.177 

.246 

.0361 

.134 
---------------------------------------------------------

.03 

.30 

3.0 

'Open Tube 

.0424 

.424 

4.24 

31.1 

16.9 

15.7 

1.42 

2.60 

2.81 
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B 

C 

A 

TII1E 

Figure 5-1. Experimental Chromatograms. 

A - Gel column, separation of Aniline, k'=1.64 from 
Nitrobenzene, k'=O.O, 10cm x 1/4"o.d. glass 
column, 10% by volume Ludox HS-40%, 90% by volume 
Kasil 1, .5 gms Porasil D. 

B - Porasil D column, separation of Aniline, k'=.30 
from Nitrobenzene, k'=O.O, 25cm x 3.0mm i.d., 
37~ -o75~ particle size, 18.7 m2 /gm surface area, 
1000 A pore size. 

C - SSW column, separation of Aniline, k'=1.24 from 
Nitrobenzene, k'=O.O~ 25cm x 2.1mm i.d., 5~ 
particle size, 220 m~/gm surface area. 

Experimental Conditions: 95/5 Hexane, Isopropanol, 
flow rate 1 ml/min. 
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proportional to the particle diameter dp. On the other 

hand, C or Mass Transfer in the Mobile Phase is inversely m 

dependent on the diffusion coefficient of the solute in 

the mobile phase Dm and proportional to the square of the 

particle diameter dp 2 (or the of the radius of an square 
2 

is non-existant of open tube dr ). C due to the use a s 

non-retained solute. The diffusion coefficient for Nitrite 

in methanol will be constant for all four types of columns 

investigated. Therefore the difference in efficiency 

between columns will depend on the particle diameter dp 

or the channel radius dr as expressed by the A and Cm terms 

of the Van Deemter equation. 

The efficiency of these four columns can be expressed 

in terms of the channel radius between particles, pore 

radius of the gel, and channel radius of the open tube. A 

simple relationship for column efficiency can be developed. 

The radius of the channels in these columns are; gel dr 

~.15p, S5W dr ~ 1.5p, Porasil D dr ~·15p - 25p, and the 

open tube dr ~ 500p. One can predict from theory that the 

order of increasing column efficiency should be gel > S5W 

Porasil D > open tube. From Figure 5-2 the experimental 

order of efficiency for these columns is S5W > Porasil D > 

gel > open tube. The reason for this difference in the 

order of efficiency is from trying to compare a packed 

bed to a gel. Based on particle diameter the packed 



t :c 

s~------------------------------------------~ 

2 

e 1 2 

AA----AA.OPTUBE 
"11---51 GEL 
.Ir--......... PORD 
6.---&S6W 

<4 6 

Figure 5-2. Plot of HETP (cm) 'Height Equivalent 
to a Theoretical Plate' versus ~
Linear Flow Velocity of the Mobile 
Phase in cm/sec. 

The four columns used were: OPTUBE
open tube, 44cm x Imm i.d., GEL - gel 
column, IDcm x 1/4" o.d., PORD-Porasil 
D column, 25cm x 3.Dmm i.d., and S5W 
column, 25cm x 2.1mm i.d. 

Data was obtained using Sodium Nitrite 
as non-retained solute, Mobile phase -
·1 D D % Methanol 

119 



columns SSW and Porasil D follow prediction from theory 

(using Equations 5-3 and 5-2) as to the column of highest 

efficiency. One predicts from theory using Equation 5-3 
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and substituting channel radius (dr) for particle diameter 

(dp) that the gel column should be the more efficient column 

as compared to an open tube and it is by more than an order 

or magnitude. 

The efficiency of the gel column is comparable to 

the packed beds except at low flow velocities. The reason 

for the poor efficiency of the gel column at low mobile 

phase velocities could be attributed to an increase in 

stagnant mobile phase in the column caused by the porous 

gel structure and the possibility of dead end channels in 

such a structure. Another reason could be the fundamental 

difference between a packed bed and a porous gel which 

would have an effect on the flow profile through a column. 

For example, in a packed bed the solvent stream continu

ously impinges on silica particles as flow progresses 

through a column. In a gel there are no discrete parti

cles, only one continuous structure. More experimental 

work must be undertaken before the full significance of a 

porous gel can be understood in kinetic terms. 

Bonded Phase 

As alluded to through Normal Phase work the sur

face activity of the gel can be chemically modified by 



silanization. Reaction with octadecylitrichlorosilane 

(ODTeS) allows one to investigate reversed phase chroma

tographic conditions. The best column made and examined 

under normal phase conditions was used for bonded phase 

studies. ODTeS was dissolved in toluene and pumped 

through the column similar to in situ modifications 

reported by Gilpin [143J. After silanization the column 

was flushed with toluene to remove any unreacted ODTes. 

The column was then brought to reversed phase chromato

graphic conditions by flushing with chloroform and finally 

methanol. Reversed Phase chromatographic conditions were 

investigated using a 50/50 methanol, water mobile phase 

composition with the probes Benzene, Toluene, and Ethyl

benzene. 

By studying the thermodynamics of the retention 

process one can obtain ~H, the change in the enthalpy of 

a solute during transfer from the mobile phase to the 

stationary phase. ~H can be acquired from a plot of Ink' 

versus reciprocal temperature, where k' is the retention 

factor of the solute. This plot is known as a Van't 

Hoff plot. It allows one to calculate ~H and also deter

mine if a change occurs in the separation mechanism. 

This change in separation mechanism will be reflected by 

changes in ~H with increasing temperature (see Appendix 

A for a discussion on thermodynamics). Data from the 
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Van't Hoff experiment is presented in Table 5-IV and 

Figure 5-3. 

As can be seen from Figure 5-3 there is a break 

in the retention mechanism at ~35°C, and this break is 

reflected by a change in 6H at this point. Table 5-V 

contains the equations and slopes of these lines deter

mined by the method of linear least squares analysis. 
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From the temperature range of 25.5°C - 35°C the 6H values 

for the change in energy on transfering the solute between 

the mobile phase and the solvated bonded phase range from 

-6.7 Kcal/mole for Ethylbenzene to -7.7 Kcal/mole for 

Benzene. From 35°C to 50°C 6H for solute transfer ranges 

from -4.3 Kcal/mole for Ethylbenzene to -1.2 Kcal/mole for 

Benzene. Another way of presenting the same data can be 

seen in Figure 5-4 which is a plot of Ina versus recipro

cal temperature. The temperature break in this plot is 

more pronounced. 

The change in mechanism of separation on increasing 

temperature is brought about from the addition of thermal 

energy to the bonded C18 molecules. This extra energy 

contributes to the breaking of the intermolecular 

interactions amongst the C18 chains and 'opens' the 

chains to a 'brush-like' structure [88,109]. It is 

interesting to note the maximum value for the selectivity 

is also reached at 35°C. An explanation of this phenomena 



Table 5-IV. Ink' Data with Varying Temperature for the 
Probes Benzene, Tou1ene, and Ethy1benzene 
for a Chemically Modified Gel Column. 

Benzene Toluene Ethy1-
Benzene 

l/T oK-1 

k' 

Ink' 

k' 

Ink' 

k' 

1.50 

.405 

1. 23 

.207 

1.00 

Ink' 0.00 

k' .980 

Ink' -.020 

k' .954 

Ink' -.047 

k' .911 

Ink' -.093 

2.94 

1.08 

2.44 

.892 

2.07 

.728 

1. 89 

.637 

1. 82 

.598 

1.52 

.418 

5.24 

1.66 

4.42 

1.49 

3.83 

1.34 

3.48 

1.25 

3.12 

1.138 

2.77 

1.02 

25.5 298.62 3.35 x 10-3 

30.0 303.12 3.30 x 10- 3 

35.0 308.12 3.25 x 10-3 

40.0 313.12 3.20 x 10- 3 

45.0 318.12 -3 3.14 x 10 

50.0 323.12 3.10 x 10-3 

Experimental conditions: 50/50 methanol/water, flow rate -
.5 m1/min 

sample size-20~ 1 Benzene, Toluene, Ethy1-
benzene, NaN0 2 non-retained 
solute used for.·k' determination 
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Co1umn-10% by volume Ludox HS-40%, Kasi1 1 
and 10% by weight Porasi1 D 

Silane reagent-Octadecy1trich1orosi1ane 



Table 5-V. Equation of Lines from Van't Hoff Plot Figure 
5-3 and Their Corresponding bH Values. 

Probe 

Benzene 

Toluene 

Ethylbenzene 

Temperature Range 

25.5°C-35.0oC 

3 Y=3.89 x 10 X-12.64 

c. c. = .99995 

bH=-7.74 Kcal/mole 

Y=3.72 x 10 3 X-ll.38 

c.c. = 1.00 

bH=-7.39 Kcal/mole 

3 Y=3.40 x 10 X-9.73 

c.c. = 1.00 

bH=-6.76 Kcal/mole 

Temperature Range 

35.0oC-50.0oC 

2 Y=6.l0 x 10 X-l.969 

c.c. = .9788 

bH=-1.2l Kcal/mole 

3 Y=1.93 x 10 -5.51 

c.c. = .957 

bH=-3.83 Kcal/mole 

3 Y=2.l6 x 10 X-5.65 

c.c. = .998 

bH=-4.28 Kcal/mole 
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Figure 5-3. Plot of Ink' versus l/ToK for Benzene, 
Toulene, and Ethylbenzene. 
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Figure 5-4. Plot of Ina (selectivity) versus 
I/ToK for Toulene/Benzene and 
Ethylbenzene/Benzene. 
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could be the increase in hydrocarbon surface area with 

the 'opening' of the C18 chains which enhances a. Beyond 

35°C the solvation of the bonded moiety by the organic 

modifier enriches the stationary phase in methanol and 

contributes to a decrease in selectivity. This enrich

ment caused by the increased hydrocarbon surface area 

creates a more 'non-polar' environment for the solutes. 

The interaction of the alkyl groups will be governed by 

the dispersive forces between the alkyl group and the 

solvated bonded phase. The more 'non-polar' the solvation 

layer of the bonded phase, the lower its ability to 

discern a change in the alkyl group between solutes and 

selectivity decreases. This interpretation of the data 

is based on Chapters 2-4. 

If one sees a temperature dependence of breaking 

intermolecular interactions between the bonded C18 chains, 

then one could hypothesize a dependence of organic modi

fier and organic modifier concentration on breaking the 

intermolecular interactions too. On increasing concentra

tion of organic modifier in the mobile phase, the enrich

ment of the bonded C18 by organic modifier should overcome 

the intermolecular interactions amongst the chains. 

Figure 5-5 is a plot of Ink' versus percent Organic modifier 

concentration in the mobile phase [87] (see Appendix A). 

This plot should be linear if the role the modifier plays 

in the retention mechanism remains constant. From Figure 



S-7--------------------------------------------

Figure 5-5. Plot of Ink' versus % Organic Modifier 
Concentration in the Mobile Phase. 
Probe is Benzene and the Organic 
Modifier is Methanol. 
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5-5 a break in the plot is observed between 40% - 60% 

methanol modifier concentration. The hypothesis behind 

this discontinuity in the retention mechanism is that 

under these particular conditions of organic modifier con

centration the dispersive interactions between CIS chains

solvent overcome the intermolecular interactions amongst 

the chains themselves. Once again the bonded hydrocarbon 

chains are solvated to a 'brush-like' configuration by 

the organic solvent. The appearance of this disconti

nuity in the retention mechanism will be dependent on 

the solvent strength of the organic modifier for the 

hydrocarbon chain. Based on the work in Chapters 2-4, 

I would predict the occurence of this break to happen 

first for THF, second for Acetonitrile, and third for 

Methanol. 

Ion Exchange 

During the course of experimentation on newly pre

pared columns an interesting phenomenon was observed. 

With the injection of sodium nitrite onto the column to 

measure the volume of the mobile phase Vm, its elution 

time was seen to increase with each injection. At first 

this observation could be thought of as salting out the 

sodium nitrite onto the column. The mobile phase was 100% 

methanol and sodium nitrite is only sparingly soluble in 

methanol. However, after a long equilibration period, 



during which sodium nitrite was continuously injected 

onto the column and methanol pumped through the column 

overnight, the elution time of sodium nitrite returned 
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to its original value. The column could then be acid 

leached at pH 3-4 for 2-3 hours and the process of increa

sing nitrite elution time was seen to repeat itself. 

The retention of nitrite by the silica gel is 

dependent on the gel's surface acquiring a positive charge. 

The attainment of a positive charge by the gel would be 

concomittant with the adsorption of Na+ ion. The adsorp

tion of Na+ ion could be dependent on a combination of 

two mechanisms. These mechanisms are; (a) the readsorption 

of Na+ ion by calthrate structure found in the gel, and 

(b) complex formation between non-ionized silanol groups 

on the gel surface and Na+ ion. 

Clathrate structures can be formed in the silica 

gel during the process of gel condensation [90J. As 

explained earlier the potassium formate salt formed from 

the hydrolysis of formamide in alkali solution plays a 

critical role in the aggregation of the colloidal silica 

to form the gel structure. The potassium cation could 

become occluded in the gel structure and/or associated 

with the gel through electrostatic interactions with the 

ionized silanol groups on the gel surface. When the column 

is leached under acidic conditions the mass action effect 
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of the protons overcome and removes most of the alkali 

metal cations associated with the surface of the gel [152]. 

After the first injection of sodium nitrite, sodium can 

fill the clathrate structures left after potassium had 

been leached from the gel. This is accomplished because 

sodium has a smaller ionic radius and a higher charge 

density than potassium. 

The surface of the silica gel is covered with 

silanol groups whose pKa values are between 6 - 8 [96]. 

A ratio of ionized to non-ionized silanol groups on 

the surface of the gel is important to determine when 

different solvents are passed through the column~ Water, 

h 
. . -14 . w ose autoprotolys1S constant 1S 1 x 10 ,can be 1nserted 

into the Henderson-Hassalbach equation and this ratio 

calculated. The ratio in water is 1/1, meaning half of 

the silanol groups are non-ionized. Methanol, whose 

1 . . 2 10-17 [106] h h autoproto YS1S constant 1S x , can ave t e 

ionized/non-ionized silanol group ratio calculated in the 

same manner as water, except the Ka value for the silanol 

group in methanol will be different from that in water. 

One factor which will greatly affect the Ka of the silanol 

group in methanol is the dielectric constant. The dis

association constant of the silanol group could be de

creased by 3 - 4 orders of magnitude [106], because of the 

decrease in dielectric constant with methanol. Substitu-

ting a pKa' value of ~ 11 for the silanol group in methanol 



into the Henderson-Hassalbach equation, the ratio of 

ionized/non-ionized silanol groups is .00224. To sum

marize, methanol is a weaker acid than water, but the 

Ka' value for the silanol group in methanol is much 

smaller than the value in water. These non-ionized 

silanol groups on the gel surface in the presence of 

methanol could be capable of coordination and complex 

formation with different metal cations, including Na+ 

ion [145J. 
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A very small remaining population of ionized si

lanol groups is left on the surface of the gel. These 

ionized silanols can be involved in the formation of a 

double layer similar to a Gouy-Chapman-Stern model [146-

149,96J. The Na+ ion will have a higher statistical 

probability. of association with the negatively charged 

surface through electrostatic interactions. The sodium 

ion association and double layer potential will decrease 

with increasing distance from the gel surface. A 'Stern

layer' is formed from the specific adsorption of the 

sodium ion on the gel surface. This compact layer forms 

because of the small size of the sodium ion, which allows 

for a close approach and immobilization on the gel surface. 

An assumption inherent in the Gouy-Chapman-Stern 

double layer model is that the negative surface charge is 

'smeared' over the entire surface. In silica gel the 



negative surface charge resides in specific moieties; 

these moieties are the ionized silanol groups. The 

localization of adsorption sites on silica has been 

recently addressed by Synder and Glajch [150-151]. This 

localization of solvent and/or solute adsorption under 

conditions of infinite dilution can be carried over to 
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the adsorption of sodium ions on the silica gel surface. 

The interaction of sodium ions will be with these discrete 

adsorption sites on the surface of the gel. This modifi

cation of the Gouy-Chapman-Stern model of the interface 

between the gel surface and the .outer solution must be 

considered when determining the association of sodium 

ions with the surface. 

Double layer formation as accorded by the Gouy

Chapman-Stern model does not contribute to a net positive 

charge needed on the surface of the gel for nitrite 

retention, because of the condition of electrical neu

trality which must be met when the double layer is formed. 

The remaining mechanisms of the filling of clathrate 

structures by sodium and complex formation with sodium 

through the non-ionized silanol groups on the gel surface 

in the presence of methanol, can contribute to a net 

positive charge being built on the surface of the gel. 

The increase in sodium ion concentration on the gel sur

face with continuing injections of sodium nitrite, leads 



to the retention of nitrite anion on the column as either 

a counter-ion to the sodium cation or as the ion-pair 

+ -Na -N0 2 • 
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Kinetically the rate limiting step in the formation 

of the positive surface charge is determined by the uptake 

of sodium. This is shown by the continuing increase ln 

elution volume of nitrite with time. After a finite number 

of sodium nitrite injections the retention time of sodium 

nitrite once again becomes equal to the retention time 

for a non-retained component. At this point all the sites 

through which sodium can be associated with the gel 

surface are filled and nitrite can no longer be retained. 

Leaching the gel column will remove most of the sodium 

cations associated with the gel surface and allow the 

process to begin allover again. Experiments which should 

be done to further characterize nitrite retention are: 

(a) measure peak areas on each sodium nitrite injection 

to determine what percentage of nitrite is being retained 

on the column, (b) use a cation with a larger ionic radius 

than potassium, to determine which mechanism dominates for 

sodium retention - clathrate site filling or complex forma-

tion, and (c) use Atomic Emission Spectroscopy to quanti-

tate the amount of sodium adsorbed on the column. 



Conclusion 

The development of gel columns has been undertaken 

to study their chemical and physical properties in hopes 

of increasing the chromatographic selectivity and effici

ency in a separation process. The chemical properties of 

the gel studied have been its adsorption characteristics, 

bonded phase properties, and ion-exchange capabilities. 

The gel was studied physically to determine its efficien

cy as compared to an open tube and investigate its pos

sible application in place of an open microcapillary 

column. 
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Analysis of a gel surface that has been leached 

allows one to draw conclusions as to the retention mecha

nism in Normal Phase chromatography. As has been stated 

earlier the retention of aniline is greater than nitro

benzene because aniline can undergo a greater number of 

intermolecular interactions with the gel surface. Aniline 

can function as either an H-bond donor and/or acceptor, 

whereas nitrobenzene can only function as an H-bond 

acceptor. This theory for the retention of aniline on 

a gel column can be refined in view of the experiments run 

determining sodium retention. There will be a finite 

number of ionized silanol groups with which aniline can 

interact, because aniline is a stronger acid than nitro

benzene. This ratio of ionized to non-ionized silanol 



surface groups will be dependent on the solvent and the 

pKa of the si1anol group in that solvent. 

Experimentally aniline is infinitely retained on 

a freshly leached column under normal phase conditions 

as compared to nitrobenzene, which is slightly retained. 

After sodium saturation of the gel column, the retention 

of aniline has been reduced to k' = 1.42, as compared to 

k' = 00 The build up of sodium on the gel surface would 

mask ionized and non-ionized si1anol sites and reduce 

ani1ines retention. Data for these experiments can be 
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seen in Table 5-VI. By controlling the extent of sodium 

saturation on the gel surface, one can control the surface 

activity and the thermodynamics of the normal phase separa

tion process. 

Of major interest to this researcher was the in

vestigation of the extent of reaction when si1anizing the 

gel surface for reversed phase experiments. By reacting 

Trich1orooctadecylsilane (ODTCS) and Trimethylch1orosilane 

(TMCS) with the gel and checking for aniline retention by 

normal phase chromatography, the extent of surface coverage 

could be estimated. Table 5-VI contains this data, one 

can see from Table 5-VI a difference between the two 

silane reagents and their ability to react with the gel 

surface. After reaction of the surface with ODTCS, aniline 

was infinitely retained under normal phase conditions. 
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Saturation of the gel surface with sodium reduced k' 

for aniline below that for a column without ODTCS treat

ment. ODTCS probably react with some silanol sites, but 

did not deactivate the surface enough for aniline reten

tion under normal phase conditions. When TMCS was reacted 

with a gel column, a k' = .216 was observed for aniline 

under normal phase conditions, saturation of the surface 

with sodium reduced k' to zero. The data in Table 5-VI 

addresses two points; (a) a steric exclusion mechanism 

for ODTCS binding to the gel surface, and (b) the ability 

for in situ modification of the thermodynamics of the 

separation process by using sodium nitrite. The steric 

exclusion of the C18 chain in the gel structure is shown 

from the TMCS data, where the smaller molecule can cover 

almost all of the active silanol sites. The promise of 

reverse phase chromatography using a gel structure will 

be dependent on the pore size in the gel. Further work 

must be undertaken before a relationship between pore 

size and ODTCS surface coverage can be arrived at. Octyl

trichlorosilane might be the reactant of choice because 

of its intermediate molecular size between ODTCS and 

TMCS. In situ modification by sodium nitrite presents a 

way for fine control over the separation process similar 

to ternary mobile phases [102-104]. 
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Table 5-VI. Experimental Data for Sodium Saturated Gel 
Columns under Different Surface Modification 
Conditions. 

Surface Treatment Aniline k' with 
surface saturated 
by Sodium Nitrite 

No Silane 1.42 

Octadecyltrichlorosilane .305 

Trimethylchlorosilane ~ 0.00 

Aniline k' 
without presence 
of Soditun Nitrite 

co 

co 

.216 

Experimental Conditions: All chromatograms were run under 

Normal Phase chromatographic 

conditions, 95/5 Hexane/isopropanol. 

Sodium Nitrite first saturated the 

column before injection of Aniline. 

The column was then leached and 

reacted with the silane and the 

experiment repeated. 
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The efficiency of the gel column for a non-retained 

solute can be predicted to be, 

H = dr 2 

Dm 
(5-6) 

.. . -6 2/ . f For nltrlte assumlng Dm = 10 cm sec, the pore radlus 0 

the gel is ~.15~, and ~ = .5cm/sec then H or the efficiency 

-5 of the column should be 7.25 x 10 cm. From Figure 5-2 

there is approxiamtely a 10 4 difference between experiment 

and theory. Possible reasons for this difference have 

been discussed earlier. There still remains more experi-

mental work to be done on gel formation to try and narrow 

the gap between experimental and theoretical efficiencies 

before a gel column could be used to replace an open 

microcapillary column. An interesting observation from 

Figure 5-2 is a type of duality in behavior of the gel 

column. At low flow velocities the efficiency of the 

gel column mimics an open tube, at higher flow velocities 

the efficiency is roughly comparable to the packed beds. 

Silica gel columns are shown to be feasible and 

deserve more in depth study. The gel structure displays 

some interesting characteristics such as; large surface 

activity, ion-exchange capability, in situ modification 

of the separation mechanism of the gel by manipulation of 

sodium saturation, the ability to silanize the surface for 

the investigation of bonded phase properties, and the 

possibility of better normal phase separations. 



CHAPTER 6 

Summary 

Conclusions presented in this dissertation are 

applicable to all fields of study involving chemically 

modified surfaces. My research has addressed the role 

of chemically modified surfaces in the separation process 

of Liquid Chromatography. The dynamics of stationary 

phase formation for liquid chromatography using chemically 

modified surfaces is controlled by the bended hydrocarbon 

moiety, extent of surface coverage, and the solvent's 

chemical properties. The blend of these factors will 

impact on selectivity, stationary phase volume V , and s 

gradient capabilities. The enrichment of the bonded 

hydrocarbon by the non-aqueous modifier will control the 

selectivity of the solvated stationary phase for the 

solutes. This enrichment of the bonded hydrocarbon is 

dictated by chain length. The longer the chain the 

larger the hydrocarbon surface area presented to the 

non-aqueous modifier found in the solvated stationary 

phase for CIS as compared to Cs bonded to the surface. 

Selectivity is not only regulated by the bonded 

hydrocarbon, but also governed by the residual surface 
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silanols. These silanol groups have the ability to inter-

act with solvent molecules which can serve either as H-

bond donors or acceptors, therefore moderating the 

environment the solvated stationary phase presents to 

the solute when compared to the mobile phase. 

The change in volume of the stationary phase on 

solvation will effect the solute's retention because Vs 

is proportional to V , the retention volume of a solute. 
r 

Ternary mobile phases have been proposed for liquid 

chromatography because of their ability in fine control of 

the selectivity. My investigation of the third solvent 

and its contribution to the solvation of the bonded hydro-

carbon moiety showed that it does play an important role 

in solvation and selectivity. This function is magnified 

as the precentage of the third solvent increases in the 

mobile phase. 

Temperature also effects the retention process as 

determined by Van't Hoff [92J. The study of temperature's 

contribution to the solvation process using a ternary 

mobile phase was inconclusive. The reason for this may 

lie in the choice of initial solvent conditions in which 

the intermolecular interactions amongst the chains them-

selves were overcome by solvent-chain interactions caused 

by the mass action of the solvent. The choice of a lower 

percentage organic modifier concentration in the mobile 



phase and studying temperature's part in solvation would 

be more apropos. 

The model of a solvated stationary phase composed 

of the bonded hydrocarbon, residual surface silanols, and 

their associated solvent molecules brings not only more 

complexity to the separation process, but more flexibi

lity in terms of factors which can be used to control the 

separation mechanism. This increased flexibility will 

enhance applied liquid chromatographic separations and 

strengthen liquid chromatography through an increased 

understanding of the formation of the solvated stationary 

phase and the function this solvated stationary phase 

serves in the separation process. 

For example, data presented from my research 

143 

should be considered when using gradient liquid chroma

tography. The dynamic nature of the solvated stationary 

phase precludes the use of fast g~adients because the 

modification of the solvation layer is kinetically slower 

than the pumping rate. The solvation of the bonded hydro

carbon changes the selectivity for the solute up until 

approximately 60% - 70% organic modifier concentration in 

the mobile phase. Beyond this point the selectivity for 

the solutes remains constant, because the composition of 

the solvated stationary phase remains relatively constant 

when compared to the mobile phase. The retention of the 

solutes is continuously decreasing as the percentage 
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organic modifier in the mobile phase increases. The 

recommendations for gradient liquid chromatography that 

arise from my work are; (a) from 0% - 60% organic modifier 

concentration in the mobile phase the mobile phase 

gradient should be carried out very slowly, and (b) the 

optimum gradient conditions are achieved from 60% - 100% 

organic modifier concentration in the mobile phase because 

selectivity remains constant while solute retention 

decreases. Once again these recommendations are direct 

outgrowths of the dynamic nature of the solvated station-

ary phase. 

The study of silica gel structures was undertaken 

to address the question of possible improvements in ef-

ficiency and selectivity. This question is a very 

important one as shown by the recent research interest 

in open microtubular chromatography, packed microtubular 

chromatography, and packed narrow-bore columns [129-l34J. 

These areas of research are mainly concerned with increased 

efficiency as one means of improving resolution. Improving 

the thermodynamics or selectivity of a column for a class 

of solutes can also improve the resolution between chemical 

species. It was hoped that a porous silica gel column 
.. 

could address both methods for improvement of resolution. 

The efficiency of the gel column was hoped to be higher 

than an open microtubular column, because of the decrease 



in pore size for the gel as compared to the channel 

radius of the microtubular column. The preliminary 

investigation as entailed through my work showed promise 

through enchance selectivity, but more work must be 

undertaken before an ultimate conclusion can be reached. 

Future Research 

Research that I feel should be undertaken and the 

reason for these projects is as follows. At 100% water 
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as the mobile phase we observed large amounts of water 

associated with the stationary phase. The reason for the 

presence of water and the role the bonded hydrocarbon plays 

in retention under these conditions is not clear. A 

hypothesis has been proposed in the earlier chapters for 

this phenomenon. Obviously water does not solvate the 

bonded hydrocarbon, but it can interact with any avail

able residual surface silanols. An adsorption-like 

mechanism similar to the proposed solvophobic theory of 

solute interaction could predominate in retention. More 

experiments need to be done in the region of 0% - 20% 

organic modifier concentration in the mobile phase, in 

order to understand the fundamental difference and divi

sion between an adsorption mechanism and a partition-like 

mechanism. A more basic understanding of the conditions 

where one separation mechanism predominates, will contri

bute to a firmer fundamental ground for the formation of 



a solvated stationary phase and its function in selecti

vity and retention. 

Temperature's role in solvation has not been 

adequately addressed in my earlier work. A wider range 
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of solvent conditions must be investigated, particularly 

in the low percentage organic modifier concentration 

region. In this region of mobile phase composition the 

intermolecular interactions amongst the chains themselves 

are still prevalent according to our model of the dynamics 

of solvation of the stationary phase. The increased 

energy applied to the system through a temperature in

crease can overcome these interchain dispersive interac

tions and open the bonded hydrocarbon to increased solva

tion. A study of temperature's effect would support and 

confirm the mechanism of solvation on stationary phase 

formation. 

The investigation of different surface coverages 

for the same bonded hydrocarbon and of different bonded 

structures or different chain lengths would put solvation 

on a firmer theoretical ground. Surface coverage has 

been demonstrated to playa very definite role in 

solvation when comparing RP-8 to RP-18. These initial 

experiments were conducted under non-specific conditions; 

of more interest" in proving the role of residual surface 

silanols would be the use of dimethyloctadecylsilane and 
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control the amount bonded to the surface through control 

of reaction conditions. Varying the amount of carbon 

bound to the surface addresses the question of varying 

residual silanol concentration and the role these silanols 

will have in solvation and statiopary phase formation. 

The silica material to which the hydrocarbon is bonded 

will have to be the same in all cases. Using a trichloro

silane for reaction to a surface, the role of monomeric 

versus polymeric surface silane structures can be investi

gated and the function of these structures in solvation 

and stationary phase formation determined. Different 

chain lengths, e.g. 2, 4 and 6 carbons and polar moieties, 

e.g., amines and glycols can be bound to the surface and 

their solvation characteristics investigated. 

Kinetic investigations of the band spreading of a 

solute peak with increasing solvation layer would be 

important in supporting formation of the solvated station

ary phase. The larger the solvation layer the longer the 

mass tarnsfer of the solute through this layer, therefore 

an increase in band spreading should occur. 

Spectroscopic investigations of the bonded surface 

can be undertaken for example, ESCA, Auger, SIMS, and 

NMR. These studies can further define surface coverage 

and solvation characteristics of the bonded hydrocarbon. 



My work has barely begun to address the role of 

chemically modified surfaces in liquid chromatography 

and how they function during stationary phase formation. 

Different surface structures, chain lengths, organic 

moieties, and surface coverages affect selectivity and 

the retention process. I feel my work points the way 

to a method for more effectively studying these physical 

and chemical phenomena and their manifestations to the 

separation process. 

The studies on gels can be furthered and supple

mented by extending my work to organic gels. These 

organic gels can be either Styrene-Divinyl Benzene or 

Acrylamide-~isacrylamide. The significance of pursuit 

of this line of investigation can not be underestimated 

because of the elimination of residual surface silanols 

and their role in the thermodynamics of the separation 

process. 

In closing I feel that any good research raises 

more questions than it answers, from this colloquial 

statment I feel I have been involved in great research 

projects over my tenure here as a graduate student at 

Arizona. 
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APPENDIX A 

Thermodynamics 

The separation of solutes in liquid chromatography 

involves the differential migration of solutes between 

a mobile and stationary phase. The retention of the 

solute by the stationary phase involves the formation of 

a lower energy or more stable complex between the solute 

and the stationary phase as compared to the same inter

actions with the mobile phase. The interactions between 

solute-bonded hydrocarbon or solute-solvation layer 

associated with the bonded hydrocarbon comprise the chemi

cal driving force behind retention. These intermolecular 

interactions constitute the energy pay-back on transfer 

of the solute from the mobile phase to the stationary 

phase. The change in enthalpy ~H is commonly referred to 

when considering these differences in interactions of the 

solute between the two phases. 

The intermolecular interactions are of many types; 

dispersive or London forces, dipole-induced dipole inter

actions, dipole-dipole interactions, acid-base interactions, 

electrostatic interactions and charge transfer interactions. 

One or all of these interactions can be involved in the 

retention of a solute by the stationary phase. 

149 



This is only one half the total picture involved 

in solute retention. The entropy 68 or structuring of 
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the total system must be considered. Nature tends towards 

maximum randomness, therefore an increase in the entropy 

decreases the free energy 6G of the system. This decrease 

in free energy stabilizes the system. The randomness or 

order found in a system will be dependent on the tempera

ture of the system. Therefore a relationship exists 

between 6G, temeprature and entropy. A more eloquent way 

of stating this fact is the mathematical relationship for 

the free energy 6G, 

6G = 6H - T68 (A-I) 

When a solute is retained on a column 6G must be negative, 

meaning the complex formed in the stationary phase has a 

lower energy, which is more stable than a complex formed 

between solute-solvent molecules in the mobile phase. 

To meet the above criteria, the change in enthalpy 6H must 

be negative and/or the change in entropy 68 must be 

positive on transfer of the solute from the mobile phase 

to the stationary phase. 

A more qualitative explanation of the process of 

solute retention can be considered by the following 

description. The scheme for solute interaction with the 

mobile phase is threefold. (a) A cavity must be created 

into which the solute molecule can be inserted. The energy 



of cavity formation in the mobile phase Gcmp will be 

dependent on the surface tension of the solvent and 

surface area of the solute. (b) Concommitant with cavity 

formation will be a reduction in the free volume for the 

solvent molecules or a decrease in entropy Gvmp • (c) 

The intermolecular interactions between the solute-

solvent molecules Gimp must be considered. The energy 

needed to overcome solvent-solvent and/or solute-solute 

interactions must be returned by the energy released on 

solute-solvent interactions involved during the solvation 

of the solute molecules. All these interactions contri-
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bute to Gimp.Gcmp and Gvmp are both endothermic processes, 

while G. is exothermic. The reduction in free energy lmp . 

by Gimp contributes to the solvation of the solute mole-

cules by the mobile phase. There is the possibility that 

G. would be positive or endothermic. In this case lmp 

solute-solute interactions would predominate in the mobile 

phase with the formation of two separate phases or lack 

of solvation of the solute molecules. In the experiments 

conducted during the course of my research the solutes 

were all soluble in the solvents used, thus G. would be lmp 

negative. 

Stationary phase processes will be exactly the 

same. Assuming one has a solvated stationary phase, 

there still is a need for cavity formation Gcsp . On 



cavity formation the reduction in free volume in the 

solvation layer will contribute to a decrease in entropy 

Gvsp . The bonded hydrocarbon adds a new dimension to the 

intermolecular interactions in the solvated stationary 

phase. These encompass solvent-hydrocarbon, solvent-

solvent, and hydrocarbon-hydrocarbon interactions. On 

transfer of solute into the solvated stationary phase 

the interactions undergone are solute-solvent and 

solute-hydrocarbon. Once again all these interactions 

will contribute to Gisp Therefore the change in free 

energy on transfering a solute between the mobile and 

stationary phase Gtotal can be written as, 

~Gt t 1 =~G +~G +~G. o a c v 1 
(A-2) 

Analyzing each term individually;~Gc which is the 

change in free energy associated with cavity formation 

for the solute in the mobile phase compared to the 

stationary phase should be lower in the more 'non-polar' 

solvated stationary phase because of a decrease in the 

surface tension. Thus ~Gc which equals G - G will csp cmp 

be negative. The reason for this is the bonded hydro-

carbon enriches itself in non-aqueous solvent molecules 

which decrease the surface tension of the solvated sta-

tionary phase as compared to the mobile phase. Therefore 

~G will favor cavity formation in the solvated 
c 
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stationary phase when a solute molecule is transfered 

between the two phases. 

For ~G the change in free energy caused by the v 

reduction in free volume on transfering a solute between 

153 

the two phases will roughly cancel each other. The solute's 

surface area will remain constant, therefore the increase 

in entropy of the mobile phase as the solute moves into the 

solvated stationary phase will be cancelled by the decrease 

in entropy of the stationary phase. This analysis does 

not take into consideration the decrease in entropy of the 

solute molecule itself on association in the solvated sta-

tionary phase which can be considerable [108J. 

The change in free energy of interaction ~G. of the 
1 

solute between the mobile and solvated stationary phases 

is dependent on the presence of the bonded hydrocarbon and 

the enriched solvation layer. The solute has the possi

bility of undergoing effective dispersive interactions with 

the bonded hydrocarbon and 'non-polar' solvation layer. 

Comparing solute dispersive interactions with the mobile 

phase to the solvated stationary phase, there is a chemical 

driving force for solute association with the solvated sta

tionary phase. This driving force is the decrease in free 

energy of interaction G. in the solvated stationary 
lSP 

phase. The bonded hydrocarbon and its associated solvent 

molecules presents a 'non-polar' environment for the solute 
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to interact'with, thus maximizing the number of dispersive 

interactions available with the solute. The greater the 

number of dispersive interactions available to the solute 

in the solvated stationary phase as compared to the mobile 

phase, will contribute to a net decrease in the free energy 

of interaction. This results in a -~G., where ~G. = G. 
1 1 lSP 

G. lmp For solute retention, ~Gtotal must be negative. 

This means a more stable solute-solvated stationary phase 

interaction. In the preceeding analysis one finds ~Gc 

slightly negative, ~Gv essentially equal to zero, and ~Gi 

having a negative value. This meets the criteria for reten-

tion with a net decrease in free energy on association of 

the solute with the solvated stationary phase. The inter-

molecular interactions of main interest in the above 

discussion were dispersive interactions. The same reason-

ing could be applied to any of the mentioned intermolecular 

interactions. Dispersive interactions were of prominence 

because of the use of a homol~gous series of n-alkanols a~ 

probes. 

The qualitative discussion of solute interactions 

with the mobile and solvated stationary phases can be ex-

pressed in a more quantitative manner. At equilibrium the 

change in free energy ~G can be related to the thermo-

dynamic distribution coefficient KD, 

~G = -RTlnKD (A-3) 



KD is the ratio of the activities of the solute in the 

solvated stationary phase to that in the mobile phase, 

K = A. IA. 
D lSP lmp 

(A-4) • 

From Equation A-4 one can expand and include the concen-

tration distribution coefficient K, 

= y. c. Iy. c. 
lSP lSP lmp lmp 

= (y. Iy. )K 
lSP lmp 

(A-5) 

where Yisp and Yimp are the activity coefficients of the 

solute in the solvated stationary phase and mobile phase, 

respectively. C. and C. are the solute concentrations 
lSP lmp 

in the solvated stationary phase and mobile phase. Under 

conditions of infinite dilution for the solute y. = 
lSP 

Yimp = 1 and Equation A-5 can be approximated by, 

(A-G). 

With conditions of infinite dilution where the presence of 

the solute does not perturb the system, Equation A-3 can 

be rewritten as, 

~G = -RT InK (A-7). 

One now has a relationship expressing the concentration 

distribution coefficient to the change in free energy 

during the separation process. The distribution coeffi-

cient can be further expressed in terms obtainable from a 
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chromatographic experiment, namely k' the retention factor 

which is the ratio of moles of solute in the stationary 

phase to that in the mobile phase 

K = e. Ie. = k' (V IV ) lSP lmp m s (A-8) . 
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Vm and Vs are the volumes of the mobile and solvated 

stationary phases, respectively. K can be related to solute 

retention through the General Elution equation, 

= V + KV m s (A-g) 

Vr lS the retention volume of the solute. From Equations 

A-8 and A-9, solute retention is not only a function of k', 

but also dependent on the volume ratio V IV. The retention m s 

factor k', 

k' = (t - t )/t roo (A-lO) 

where tr is the retention time of the solute and to is the 

elution time for a non-retained component, is the most often 

determined parameter in chromatographic experiments. Sub-

stituting A-8 into A-7 and rearranging, one obtains, 

6G = -RTln(k' Ie ) (A-II) 

where e the phase ratio is equal to Vs/Vm. In Equation 

A-II, one now has a way of obtaining thermodynamic informa-

tion about the separation process. Further refinements of 



A-II are needed before these goals can be realized. Com

bining Equation A-I with A-II and rearranging, 

Ink' = -~H/RT + ~S/R + InS (A-12). 

A plot of Ink' versus liT yields a straight line whose 

slope is -~H/R with an intercept of ~S/R + InS, a plot of 

this type is known as a Van't Hoff plot. The enthalpy ~H, 

is the change in energy involved in transfering the solute 

from the mobile phase to the stationary phase. The magni

tude of ~H gives one an idea of the type of mechanism 

involved in the retention process. For example, large ~H 

values can usually be related to an adsorption process, 

whereas low ~H values can be linked to a partition process. 

A change in ~H with increasing temperature can be correla

ted to a change in mechanism for retention of the solute. 

The determination of ~H is therefore of great importance. 

Using ~H one can tell if the separation mechanism for a 

solute changes with temperature and the type of mechanism 

the solute is experiencing. ~H is related to the inter

molecular interactions which were discussed earlier. One 

now has a method for measuring and commenting on the 

importance of these different types of interactions. 

From the intercept of Equation A-12, one could 

calculate the change in entropy ~S, if a value for the 

phase ratio is known. My work has directly impacted on 
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the measurement of the phase ratio and we have developed 

a method for determining this value. Before my work, the 

more common method for determining the change in the en-

tropy 68, had involved a'method using selectivity (a). 

The selectivity is the ratio of distribution coefficients 

for two solutes, 

a = K IK = k' Ik' 2 1 2 1 (A-13). 

The selectivity is independent of the phase ratio and can 

be related to the change in free energy through Equation 

A-14. 

66G 2_
1 

= -RTlna (A-14) 

Making appropriate SUbstitutions into Equation A-14, one 

obtains, 

where 2 refers to the longest retained solute. Plotting 

InS versus liT, the slope is -66H 2_1 /R and the intercept 

is 6682_1/R. Using Equation A-15, one can obtain infor

mation about the change in enthalpy and entropy between 

two solutes. A discontinuity in the change in enthalpy 

between two solutes (66H2_1), on increasing temperature, 

is related to a change in the retention mechanism for the 

solutes. The change in entropy between two solutes 668 2_1 , 
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gives one an idea if the entropy is decreasing or increasing 

between solutes. A drawback in this method is the lack of 

absolute entropy values. With the knowledge of the phase 

ratio an absolute value for the entropy can be calculated. 

From Equations A-I through A-IS the chromatographer now has 

the capability of quantitating the extent of intermolecular 

interactions between the solute and the mobile and solvated 

stationary phases. 

The contribution of the phase ratio to the change 

in free energy for a system can be investigated. The 

relationship between the phase ratio and AG is expressed 

in Equation A-16, 

InS = AG/RT + Ink' 

or InS = AH/RT - AS/R + Ink' 

(A-16) 

(A-17). 

Experimental evidence showed no relationship between InS 

and liT. This result was inconclusive in my opinion, as 

explained in Chapter 4. More research needs to be done 

with a mobile phase composition that has not already over

come the intermolecular interactions amongst the chains 

themselves before a final conclusion can be drawn. 

Also of importance is the effect of organic 

modifier and concentration of organic modifier in the 

mobile phase on the separation mechanism. The organic 

modifier can influence retention and the phase ratio. The 
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relationship between retention and percent organic modifier 

concentration in the mobile phase is seen in Equation A-18 

[87J, 

Ink' = Ae-B%ORG (A-18) 

where A and B are constants. Taking the natural logarithm 

of both sides of A-18 one obtains, 

Ink' = InA - B%ORG (A-19). 

Plotting Ink' versus percent organic modifier in the mobile 

phase %ORG, should yield a straight line whose slope is -B. 

A change in retention mechanism with increasing percent 

organic modifier in the mobile phase would produce a break 

in the slope of the line. This change in mechanism will 

most likely be due to the 'opening' of the bonded hydro

carbon moiety by solvation with the organic modifier. The 

solvation of the bonded hydrocarbon will produce a 'brush

like' structure on the surface with a concommitant change 

in the retention mechanism. This process was discussed in 

Chapter 5. 

Substituting for k' into Equation A-19, 

Ins = lnA/K - B' %ORG (A-20). 

One finds a linear relationship between InS and percent 

organic modifier in the mobile phase. From plotting InS 



versus %ORG, a better understanding of the solvated mecha

nism for the bonded hydrocarbon moiety and the substrate 

surface during stationary phase formation can be obtained. 

Results from A-20 are described and seen in Chapter 3. 

From thermodynamic measurements involving the 

adsorption or partitioning of a solute between a mobile 

phase and a solvated stationary phase, one can garner a 

better understanding of the processes involved and the 

energetics of the system. This knowledge can lead to a 

greater fundamental understanding of the retention process 

involved in the separation mechanism. 
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APPENDIX B 

Kinetics 

The kinetics or efficiency of a column is measured 

by the band spreading of the solute peak corrected for 

the retention time of the solute. The more efficient a 

column, the larger the number of theoretical plates (N) it 

contains. N can be related to the variance of the peak and 

the square of the retention time of the solute by Equation 

B-1, 

(B-1). 

The standard deviation of a peak (0) is equal to one-fourth 

the width of the base of the peak, i.e. 40 = Wb . Substi

tuting into Equation B-1, one obtains an expression of more 

meaning to a chromatographer, 

(B-2). 

The width at the base of a gaussian peak is easier to obtain 

experimentally than the variance of a peak. But there are 

some problems with this technique such as sloping base-line 

and non-symmetrical peak shapes which makes this method less 

than ideal in these cases. The method for determining N is, 

2 2 N = S.S4(tr /Wi ) (B-3) 
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where W~ represents the width of the peak at half-height. 

This technique will be independent of base-line fluctua

tions and peak symmetry because these problems should 

have little influence on the peak width at half-height. 

A more meaningful way of expressing column effi

ciency is through normalizing this value such that all 

columns can be compared to the other. To accomplish this 

a term H.E.T.P. or H has been defined as, 

H = LIN (B-4) 

where H is the 'height equivalent to a theoretical plate', 

L is the column length, and N is the same as discussed 

above. Now columns can be compared as to their efficien

cies independent of their lengths. From Equation B-4, 

one can see that the more efficient the column, i.e., 

the larger N, the smaller H will be. Therefore to 

increase the efficiency of a column, i.e., decrease the 

band spreading of a solute, one wants H as small as possi

ble. H can be expressed in terms of the peak variance by 

using a relation similar to B-1 and substituting into 

Equation B-4, 

H = (J2/L (B-S). 

From the peak variance one can obtain information 

about the individual contributions of the chromatographic 

system to the overall band spreading of a solute as it 
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migrates through the system. Total peak variance can be 

related to the following. parameters, 

(B-6) 

2 where 0INJ. is the contribution of the injector to the band 
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2 spreading of a solute peak, 0eOL. is the contribution of the 

column to band spreading, o~ET. is the contribution of the 

detector to band spreading, and oiUB. is the contribution to 

band spreading of a solute peak from the connecting tubing 

and fittings. 

The goai of the chromatographer is to limit all other 

variances to less than 10% of the column's variance. This 

is easy enough to accomplish through proper design of the 

detector, injector, and using zero dead volume fittings with 

the minimum length of tubing connecting all these components. 

If we assume the variance criteria for the other 

components in the liquid chromatography have been met through 

proper design, then the column remains as the major source 

for band spreading of the solute peak. The column depen

dence of peak variance can be described by the Giddings 

Equation [144J, which is, 

H = 1 + B + e ~ + e 
(l!A + l!e~ ) ~ s sm~ (B-7) 

where ~ is the linear velocity of the mobile phase in cm/sec. 
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The first term of Equation B-7 is known as the 

coupling term. It mathematically couples the flow of the 

solute through the column with the diffusion of the solute 

between parallel flow streams in the parabolic flow profile. 

These are two methods through which the solute can change 

its position in the flow profile as it migrates through 

a column. A is the Eddy diffusion term which is related to 

flow inequalities in a column or to the flow tortuousity in 

the column. The Eddy diffusion can be related to certain 

column parameters as seen in Equation B-8, 

A = 2 dp (B-8) 

where y is a constant dependent on the packing geometry in 

the column and dp is the diameter of silica particles packed 

in the column. em is the mass transfer of the solute in 

the mobile phase. em can be expressed as, 

= f(k') dp2 
Dm 

where k' is the retention factor, dp is the particle 

(B-9) 

diameter and Dm is the diffusion coefficient of the solute 

in the mobile phase. From equations B-8 and B-9 one can 

see that the smaller the particle diameter the smaller the 

A and em terms. Also the larger the diffusion coefficient 

of the solute in the mobile phase, the smaller em. Particle 

diameter is especially important in em because of the mass 

transfer's dependence on the square of the particle diameter. 



The mass transfer of a solute in the mobile phase 

is of greater importance to the efficiency of a column in 

liquid chromatography as compared to gas chromatography 

because of the 10 4 difference in diffusion coefficients. 

That is the diffusion coefficient of a solute in a gas is 

-2 2/ . .. . . 10 cm sec, whlle the dlffuslon coefflclent for the same 

-6 2 solute in a liquid will be ~10 cm /sec. From Equation B-7 

improvements in the efficiency of a column warrant the use 

of as small a particle diameter as possible and as large a 

diffusion coefficient of the solute in the mobile phase as 

possible. 

The second term in Equation B-7 is the longitudinal 

diffusion term, B. The longitudinal diffusion of a solute 

can be expressed as, 

B = 2D 
m 

(B-10) 

where Dm is the diffusion coefficient of the solute in the 

mobile phase. The B term plays no effective role in Equa

tion B-7 for liquid chromatography because of the extremely 

small diffusion coefficients of solutes in liquids. In 

gas chromatography, this term does have a role because of 

the larger solute diffusion coefficient in gases. 

The third term in Equation B-7 is the mass transfer 

of the solute in the stationary phase, Cs . Solute mass 

transfer in the stationary phase can be expressed by, 
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df2 (B-ll) 
n;-

where df is the film thickness of the stationary phase and 

Ds is the diffusion coefficient of the solute in the sta

tionary phase. To increase the efficiency of a column for 

retained solutes, Equation B-ll dictates the use of a small 

film thickness for the stationary phase and a solute whose 

diffusion coefficient in the stationary phase is as large 

as possible. The C terms are of equal importance when s 

comparing liquid to gas chromatography. 

The final term in Equation B-7 comes into play 

when discussing packed beds for liquid chromatography. 

This term C ,is the mass transfer of the solute in the sm 

stagnant mobile phase in the pores of the silica particles. 
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This term arises because of the trapping of the mobile phase 

in the pores of the particle, the solute must then diffuse 

through this stagnant layer before it can interact with the 

stationary phase and diffuse back through this layer before 

the solute can re-enter the mobile phase. The stagnant 

mobile phase mass transfer term is expressed as, 

= f(k') 0 dp2 (B-12) 
n;-

where 0 is a constant dependent on pore and particle geometry, 

the other terms have been explained earlier. Once again the 

increase in column efficiency for the Csm term will depend 



on a decrease in particle size and on pore geometry, and 

on an increase in the solute diffusion coefficient in the 

mobile phase. 

A quick review of the methods for improving column 

efficiency as related to Equation B-7 seems appropriate at 

this point. The particular methods discussed were: (a) 

use of as small a particle size as possible in the column, 

(b) the film thickness of the stationary phase should be 

kept to a minimum, (c) the diffusion coefficients of the 

solute in the stationary and mobile phases should be as 

large as possible for the solvents used, and (d) the de-

crease in the stagnant mobile phase should be addressed 

through particle geometry, i.e., spherical compared to 

random particle shapes and pore structures. 

For open tubular columns Equation B-7 reduces to, 

H = Bill (B-13). 

Only considering liquid microtubular chromatography, 

Equation B-13 can be further refined to, 

H = C 11 + C )J m s (B-14). 

Cm and Cs are exactly the same as discussed above in 

Equations B-9 and B-ll, except that in B-9 dp2 must now 

be replaced with dr2 where r is the column radius, 

Cm = f (k' ) (B-15). 
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From B-14 using B-ll and B-15, one can now see 

that improvements in column efficiency for an open tubular 

column are dependent on decreased column radius and film 

thickness of the stationary phase. As mentioned in 

Chapter 5, C could play an importa~t role in column sm 

efficiency for gel structures. 
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APPENDIX C 

Appendix C contains the retention time data for the 

solutes used in the experiments conducted in Chapters 2-4. 

Also listed with the retention times are the selectivities 

and elution times for a non-retained solute (t ) for the 
o 

particular solvent conditions investigated for the column. 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 2S.SoC 

Solvent: Methanol O%/Water 100% 

Column: RP-8 4.6 rom x 100 mm 

Solute: 
Methanol 

121.5 

121.2 

119.6 

121.2 

119.9 

X= 120.7 

S= .864 

11=95% 
120.7 + .99 

RSD%= .75% 

Range: 
121.69-
119.71 

k'= .200 

Ink' = -1. 61 

Solute: 
Ethanol 

165.9 

166.9 

166.9 

166.8 

165.2 

X= 166.3 

S= .764 

11=95% 
166.3 + .88 

RSD%= .46% 

Range: 
167.18-
165.42 

k'= .787 

1nk'= -.239 

Solute Solute: 
n-Propano1 n-Butano1 

319.5 886.3 

319.5 888.2 

322.9 885.2 

319.9 

X= 320.5 X= 886.6 

S= 1.64 S= 1.43 

11=95% 11=95% 
320.5 + 2.28 886.6 + 2.63 

RSD% = .51% 

Range: 
322.78-
3.8.22 

k'= 2.77 

1nk'= 1.02 

RSD%= .16% 

Range: 
889.23-
883.97 

k'=10.07 

1nk'= 2.31 
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c.c.= .99989 y=3.62x-272.64 tR corrected= 77.61 sec 

a=3.62 

t =105.21 sec 
o 

t =-{-275.64} = 105.21 sec. 
o (3.62-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 20%/Water 80% 

Column: RP-8 4.6 mm x 100 mm 

Solute: 
Ethanol 

121. 0 

121.1 

119.4 

120.1 

120.6 

X= 120.4 

S= .702 

jJ=95% 
120.4 + .81 

RSD%= .58% 

Range: 
121.21-
119.59 

k'= .366 

Ink' = - 1. 01 

Solute: 
n-Propanol 

173.8 

172.6 

172.6 

173.7 

173.5 

X= 173.2 

S= .594 

jJ=95% 
173.2 + .68 

RSD%= .34% 

Range: 
173.88-
172.52 

k'= 1.14 

Ink'= .134 

Solute: 
n-Butanol 

342.7 

346.1 

342.8 

341.8 

345.9 

X= 343.9 

S= 1. 99 

jJ=95 96 
343.9 + 2.29 

RSD 96= .58% 

Range: 
346.19-
341.61 

k'= 3.66 

Ink' = 1. 30 

Solute: 
n-Pentanol 

883.1 

888.4 

881. 9 

X= 884.5 

S= 3.46 

jJ=95% 
884.5 + 6.35 

RSD%= .39% 

Range: 
890.85-

878.15 

k'= 11.61 

Ink'= 2.45 
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c.c.= .999992 y=3.18x-208.28 tR corrected= 67.94 sec 

a= 3.18 

t =-(-208.28) = 95.54 sec 
o (3.18-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 40%/Water 60% 

Column: RP-8 

Solute: 
n-Propano1 

135.6 

134.8 

135.6 

133.5 

136.1 

X= 135.1 

S= 1. 02 

4.6 rnrn x 100 rnrn 

Solute: 
n-Butano1 

196.9 

195.1 

196.3 

196.6 

196.0 

X= 196.2 

S= .69 

Solute: 
n-Pentano1 

352.5 

346.9 

345.5 

X= 348.3 

S= 3.70 

Solute: 
n-Hexano1 

714.6 

716.8 

698.2 

X= 709.9 

S= 10.16 

~=95% ~=95% ~=95% ~=95% 
135.1 + 1.17 196.2 + .80 

RSD%= .75% 

Range: 
136.27-
133.93 

k'= .717 

1nk'= -.333 

RSD%= .35% 

Range: 
196.98-
195.38 

k'= 1.69 

1nk'= .526 

348.3 + 6.79 709.9 + 18.65 

RSD%= 1.06% 

Range: 
355.09-

341.51 

k'= 4.12 

knk'= 1.42 

RSD%= 1.43% 

Range: 
728.55-

691. 25 

k'= 9.90 

1nk'= 2.29 
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c.c.= .99994 y=2.40x-126.30 tR corrected= 62.61 sec 

a= 2.40 

t =-(-126.30) = 90.21 
o (2.40-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 60%/Water 40% 

Column: RP-8 

Solute: 
n-Butanol 

130.2 

129.5 

127.2 

128.3 

130.3 

X= 129.1 

S= 1. 33 

=95% 
129.1 +' 1.53 

RSD%= 1.03% 

Range: 
130.63-
127.57 

k'= .772 

Ink' = -.259 

4.6 mm x 100 mm 

Solute: 
n-Pentanol 

160.5,161.9 

162.0 

161.4 

162.5 

160.1 

X= 161.4 

S= .930 

=95% 
161.4 +' .93 

RSD%= .58% 

Range: 
162.33-
160.47 

k'= 1.34 

Ink'= .289 

Solute: 
n-Hexanol 

220.8 

218.9 

220.4 

219.5 

X= 21.9.9 

S= .860 

=95% 
219.9 +' 1.20 

RSD%= .39% 

Range: 
221.10-
218.70 

k'= 2.36 

Ink'= .857 

Solute: 
n-Heptanol 

319.4 

321.0 

322.1 

319.8 

X= 320.6 

S= 1.22 

=95% 
320.6 +' 1.70 

RSD%= .38% 

Range: 
322.30-
318.90 

k'= 4.11 

Ink'= 1.41 

c.c.= .99991 y = 1 • 7 5x - 6 3 • 6 7 tR corrected= 57.29 sec 

= 1.75 

t o =84.89 sec t =-(-63.67) = 84.89 sec 
o (1.75) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 80%/Water 20% 

Column: RP-8 

Solute: 
n-Decanol 

210.0 

211.5 

207.9 

209.9 

207.4 

X= 209.3 

S= 1.68 

jJ=95% 
209.3 + 1.93 

RSD%= .80% 

Range: 
211.23-
207.37 

k'= 3.01 

knk' = 1.10 

c.c.= .99992 

a= 1.71 

to = 72.90 sec 

4.6 rnrn x 100 rnrn 

Solute: 
n-Dodecanol 

305.4 

303.4 

303.9 

303.3 

302.0 

X= 303.6 

S= 1.23 . 

jJ=95% 
303.6 +1.41 

RSD%= .41% 

Range: 
305.01-
302.19 

k'= 5.09 

1nk'= 1.63 

y=l. 7lx-51. 76 

Solute: Solute: 
n-Tetradecanol n-Hexadecanol 

471.0 

469.3 

473.3 

468.3 

468.9 

X= 470.16 

S= 2.02 

jJ=95% 
470.2 + 2.32 

RSD%= .43% 

Range: 
472.48-
476.84 

k'= 8.77 

1nk'= 2.17 

753.0 

747.4 

750.0 

X= 750.1 

S= 2.80 

jJ=95% 
750.1 + 5.14 

RSD%= .37% 

Range: 
755.24-
744.96 

k'= 14.95 

lnk'= 2.70 

tR corrected= 45.30 sec 

t =-(-51.76) = 72.90 sec 
o (1. 71) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol O%/Water 100% 

Column: RP-18 

Solute: 
Methanol 

109.0 

108.5 

111.5 

108.5 

110.5 

X= 109.6 

S= 1. 34 

jJ=95% _ 
109.6 + 1.54 

RSD%= 1.22% 

Range: 
111.14-
108.06 

k'= .221 

Ink' = -1.51 

c.c.= .9999 

a= 4.06 

1.00 ml/min 

flow rate 

4.6 mm x 100 mm 

Solute: 
Ethanol 

158.5,158.0 

162.0,162.0 

162.5,159.0 

162.3 

159.2 

X= 160.4 

S= 1. 92 

jJ=95% _ 
160.4 + 1.57 

RSD%= 1.20% 

Range: 
161.97-
158.83 

k'= .977 

Ink'= -.024 

y=4.06x-290.04 

to = 94.78 sec 

Solute: 
n-Propanol 

351.5,354.5 

354.5,357.5 

355.5 

357.0 

350.7 

X= 354.5 

S= 2.57 

jJ=95% _ 
354.5 + 2.27 

RSD%= .72% 

Range: 
356.79-
352.21 

k'= 3.87 

Ink'= 1.35 

Solute: 
n-Butanol 

1146.6,1114.0 

1135.8,1108.5 

1143.0,1120.0 

1144.8,1119.5 

1144.8,1148.4 

X= 1150.9 

S= 14.27 

jJ=95% _ 
1150.9 + 11.65 

RSD%= 1. 24% 

Range: 
1162.55-
1139.25 

k'= 15.72 

Ink'= 2.75 

tR corrected= 67.18 sec 

t =-(-290.04) = 94.78 sec 
o (4.06.:-rJ 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 20%/Water 80% 

Column: RP-18 

Solute: 
Ethanol 

116.9 

115.1 

112.5 

113.6 

X= 114.5 

S= 1.91 

1l=95% 
114.5 + 2.65 

RSD%= 1.76% 

Range: 
117.15-
111.85 

k'= .403 

Ink'= -.909 

4.6 mm x 100 mm 

Solute: 
n-Propano1 

182.9 

180.6 

181. 5 

180.6 

X= 181.4 

S= 1.09 

1l=95% 
181.4 + 1.51 

RSD%= .60% 

Range: 
182.91-
179.89 

k'= 1.48 

1nk'= .394 

Solute: 
n-Butano1 

403.9 

403.6 

400.0 

399.1 

X= 401.7 

S= 2.46 

1l=95% 
401.7 + 3.41 

RSD%= .61% 

Range: 
405.11-
398.29 

k'= 5.04 

1nk'= 1.62 

Solute: 
n-Pentano1 

1166.4 

1179.0 

1175.4 

1184.4 

X= 1176.3 

S= 7.57 

1l=95% 
1176.3 + 10.52 

RSD%= .64% 

Range: 
1186.82-
1165.78 

k'= 17.54 

1nk'= 2.86 

c.c.= .9999 y=3.48x-222.08 tR corrected=61.95 sec 

ex= 3.48 

.993 m1/min 

flow rate to = 89.55 sec t =-(-222.08) = 89.55 sec 
o (3.48-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 40%/Water 60% 

Column: RP-18 4.6 mm x 100 mm 

-------------------------------------------------------------
Solute: 
n-Propano1 

l3l.5 

l29.0 

l28.8 

l33.4 

X= l30.7 

S= 2.l9 

1l=95% 
l30.7 + 3.05 

RSD%= 1.68% 

Range: 
l33.75-
l27.65 

k'= .880 

lnk' = - .128 

c.c.= .99995 

ex= 2.59 

l. 003 m1/min 

flow rate 

Solute: 
n-Butano1 

206.5 

203.5 

202.3 

206.4 

X= 204.7 

S= 2.11 

1l=95% 
204.7 + 2.93 

RSD%= 1.03% 

Range: 
207.63-
201.70 

k'= 2.23 

1nk'= .801 

y=2.59x-131.10 

Solute: 
n-Pentano1 

403.5 

402.5 

402.8 

403.6 

X= 403.1 

S= .535 

1l=95% 
403.1 + .74 

RSD%= .13% 

Range: 
403.84-
402.36 

k'= 5.85 

1nk'= 1.77 

Solute: 
n-Hexano1 

901.0 

911.5 

918.5 

917.6 

X= 912.2 

S= 8.06 

1l=95% 
912.2 + 11.20 

RSD%= .88% 

Range: 
923.40-
901.00 

k'= 15.13 

1nk'= 2.72 

tR corrected=54.85 sec 

t =-(-131.10) = 82.45 sec 
o <2.59-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 60%/Water 40% 

Column: RP-18 4.6 mrn x 100 mrn 

Solute: Solute: Solute: Solute: Solute: 
n-Butano1 n-Pentano1 n-Hexano1 n-Heptano1 n-Octano1 

126.8 171.8 253.5 413.9 720.1 

130.2 173.2 254.2 413.2 716.0 

123.6 165.6 249.6 409.6 712.1 

125.6 168.1 258.6 416.6 708.9 

125.0 166.5 251.0 408.5 715.0 

X= 126.2 X= 169.0 X= 253.4 X= 412.4 X= 714.4 

S= 2.49 S= 3.32 S= 3.46 S= 3.30 S= 4.21 

1l=95% 1l=95% 1l=95% 1l=95% 1l=95% 
126.2+2.87 169.0+3.82 253.4+3.98 412.4+3.30 714.+4.84 

RSD%=1.97% RSD%=1.96% RSD%=1. 37% RSD%=.80% RSD%=.59% 

Range: Range: Range: Range: Range: 
129.07- 172.82- 257.38- 416.19- 719.24-
123.33 165.18 249.42 408.61 709.56 

k'= .538 k' = 1.84 k' :: 3.54 k'= 6.74 k'= 12.81 

1nk'=-.619 1nk'=.612 1nk'=1.26 1nk'=1.91 1nk'=2.55 

c.c.= .99998 y=1.90x-69.59 tR corrected=49.72 sec 

a= 1.90 

.990 m1/min 

flow rate to = 77.32 sec t =-(-69.59) = 77.32 sec 
o (1.90-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 80%/Water 20% 

Column: RP-18 4.6 mm x 100 mm 

Solute: Solute: Solute: 
n-Hexanol n-Heptanol n-Octanol 

123.1 139.6 179.6 

121. 6 144.6 176.6 

119.7 136.2 173.0 

117.9 134.9 170.7 

123.1 142.9 175.6 

X= 121.1 X= 139.6 X= 175.1 

S= 2.26 S= 4.17 S= 3.41 

1l=95% 1l=95% 1l=95% 
121.1+2.60 139.6+4.79 175.1+3.92 

RSD%=1.87% RSD%=2.99% RSD%=1. 95% 

Range: Range: Range: 
123.70- 144.39- 179.02-
118.50 134.81 171.18 

k' = .882 k' = 1. 25 k'= 1.97 

Ink'=-.126 knk'=.227 Ink'=.678 

Solute: 
n-Nonanol 

232.4 

233.1 

232.7 

231.4 

235.6 

X= 233.0 

S= 1.56 

1l=95% 
233.0+1.79 

RSD%=.67% 

Range: 
234.79-
231.21 

k'= 3.13 

Ink' =1.14 

Solute: 
n-Decanol 

311.1 

313.2 

312.4 

316.6 

X= 313.3 

S= 2.35 

1l=95% 
313.3+3.26 

RSD%=.75% 

Range: 
316.53-
310.04 

k' = 4.75 

Ink' =1.56 

c.c.= .9979 y=1.54x-41.73 tR corrected=49.68 sec 

ex= 1.54 

.986 ml/min 

flow rate- to = 77.28 sec t =-(-41.73) = 77.28 sec 
o (1.54-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 100%/Water 0% 

Column: RP-18 4.6 rnrn x 100 rnrn 

Solute: Solute: Solute: Solute: 
n-Dodecanol n-Tetradecano1 n-Hexadeccmol n-Octadecanol 

107.1 

107.2 

107.8 

108.0 

107.6 

X= 107.5 

S= .385 

lJ=95% 
107.5+.44 

RSD%=.36% 

Range: 
107.94-
107.14 

k'= .703 

Ink'=-.352 

C.c.= .99999 

a= 1. 46 

1.00 m1/min 

flow rate 

139.6 

139.7 

139.8 

140.0 

139.6 

X= 139.7 

S= .167 

lJ=95% 
139.7+.19 

RSD%=.12% 

Range: 
139.89-
139.51 

k' = 1.39 

Ink'=.329 

y=1.46x-34.27 

to = 74.51 sec 

169.1 211.6 

169.2 211.7 

169.3 211.8 

169.0 212.5 

169.1 211.8 

X= 169.1 X= 211. 9 

S= .114 S= .356 

lJ=95% lJ=95% 
169.1+.13 211. 9+.41 

RSD%=.07% RSD%=.17% 

Range: Range: 
169.23- 212.31-
168.97 211.49 

k'= 2.02 k'= 2.93 

Ink'=.701 Ink' =1. 07 

tR corrected=46.91 

t =-(-34.27) = 74.51 sec 
o (1.46-1) 

sec 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 20%/Water 80% 

Column: RP-18 

Solute: 
n-Butano1 

208.4,208.4 

207.9 

207.9 

208.1 

208.6 

X= 208.2 

s= .293 

p=95% 
208.2 +' .293 

RSD%= .14% 

Range: 
208.49-
207.91 

k'= 1.66 

1nk'= .507 

c.c.= 1. 00 

1.002 m1/min 

flow rate 

4.6 mm x 100 mm 

Solute: 
n-Pentano1 

434.1 

430.0 

429.1 

433.5 

433.2 

X= 432.0 

S= 2.26 

1l=95% 
432.0 +' 2.60 

RSD%= .52% 

Range: 
434.6-
429.4 

k'= 4.96 

Ink' = 1. 60 

y=2.99x-189.53 

a=2.99 

Solute: 
n-Hexano1 

1103.6 

1097.1 

1099.5 

X= 1100.1 

S= 3.29 

1l=95% 
1100.1 + 6.04 

RSD%= .30% 

Range: 
1106.14-
1094.06 

k'= 14.80 

1nk'= 2.69 

tR corrected=67.88 sec 

t =-(-189.53) = 95.48 sec 
o (2.99-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 40%/Water 60% 

Column: RP-18 4.6 mm x 100 mm 

Solute: Solute: Solute: Solute: 
n-Pentanol n-Hexanol n-Heptanol n-Octanol 

172.2 260.4 426.8 755.5 

171. 5 258.8 427.5 747.7 

173.3 258.0 430.3 768.9 

173.3 256.2 430.8 766.1 

173.7 255.0 427.0 

X= 172.8 X= 257.7 X= 428.5 X= 762.1 

S= .92 S= 2.13 S= 1. 91 S= 6.46 

~=95% ~=95% ~=95% ~=95% 
172.8 + 1.06 257.7 + 2.45 428.5 + 2.20 762.1 + 8.89 

RSD%= .53% 

Range: 
173.86-
171.74 

k'= 1.59 

Ink'= .462 

RSD%= .83% 

Range: 
260.15-
255.25 

k'= 3.10 

Ink'= 1.13 

RSD%= .45% 

Range: 
430.70-
426.30 

k'- 6.14 

Ink'= 1.82 

RSD%= .85% 

Range: 
772.03-
753.07 

k'= 12.09 

Ink'= 2.49 
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c.c.= .99997 y=1.97x-81.21 tR corrected=56.12 sec 

a=1.97 

.997 ml/min 

flow rate t =83.72 sec o t =-(-81.21) = 83.72 sec 
o (1.97-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 60%/Water 40% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Hexano1 

144.1 

143.6 

144.1 

142.6 

144.9 

X= 143.9 

S= .84 

1l=95% 
143.9+.97 

RSD%= .58% 

Range: 
144.87-
142.93 

k'= 1.80 

1nk'= .590 

Solute: 
n-Hepatono1 

185.3 

185.9 

185.1 

185.5 

186.2 

X= 185.6 

S= .45 

1l=95% 
185.6+.52 

RSD%= .24% 

Range: 
186.12-
185.08 

k'= 2.81 

1nk'= 1.03 

Solute: 
n-Octano1 

248.9 

252.4 

248.5 

249.2 

250.5 

X= 249.9 

S= 1.59 

1l=95% 
249.9+1.83 

RSD%= .64% 

Range: 
251. 73-
248.07 

k'= 4.36 

1nk'= 1.47 

Solute: 
n-Nonano1 

353.2 

352.6 

349 .. 3 

346.0 

349.8 

X= 350.2 

S= 2.89 

1l=95% 
350.2+3.32 

RSD%= .83 96 

Range: 
353.82-
346.88 

k'= 6.78 

1nk'= 1.91 

Solute: 
n-Decano1 

530.9 

529.1 

525.9 

X= 528.6 

S= 2.53 

1l=95% 
528.6+3.60 

RSD%= .48% 

Range: 
532.2-
525.0 

k'= 11.08 

1nk'= 2.41 

c.c. = .999995 y=1.55x-38.12 tR corrected=41.47 sec 

a=1.55 

1.01 m1/min 

flow rate t =-C-38.12) = 69.07 sec 
o (1.55-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 80%/Water 20% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Octano1 

150.7 

149.6 

149.3 

148.9 

149.9 

X= 149.7 

S= .68 

1l=95% 
149.7+.78 

RSD%= .45% 

Range: 
150.48-
148.92 

k'= 2.50 

1nk'= .916 

Solute 
n-Nonano1 

180.9 

181.6 

179.1 

181.4 

180.7 

X= 180.7 

S= .99 

1l=95% 
180.7+1.14 

RSD%= .55% 

Range: 
181.84-
179.56 

k'= 3.39 

1nk'= .122 

Solute: 
n-Decano1 

227.1 

230.6 

230.7 

228.6 

230.8 

X= 229.6 

S= 1.65 

1l=95% 
229.6+1.90 

RSD%= .72% 

Range: 
231.50-
227.70 

k' = 4.79 

1nk'= 1.57 

Solute: 
n-Undecano1 

302.3 

303.4 

302.7 

301. 7 

303.8 

X= 302.8 

S= .84 

1l=95% 
302.8+.97 

RSD%= .28 96 

Range: 
303.77-
301.83 

k' = 6.89 

1nk'= 2.08 

Solute: 
n-Dodecano1 

402.8 

404.0 

405.8 

X= 404.2 

S= 1. 51 

1l=95% 
404.2+2.77 

RSD%= .37% 

Range: 
406.97-
401. 43 

k' = 9.79 

1nk'= 2.28 

c.c.= .9997 y=1.43x-26.87 tR corrected=34.89 

a=1.43 

1.008 m1/min 

flow rate t = 62.49 sec 
o 

t =-(-26.87) = 62.49 sec 
o (1.43-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: THF 20%/Water 80% 

Column: RP-18 

Solute: 
n-Butano1 

163.7 

166.0 

160.4 

X= 163.4 

S= 2.81 

11=95% 
163.4 + 5.16 

RSD%= 1. 72% 

Range: 
168.56-
158.24 

k'= 1.94 

1nk'= .663 

4.6 mm x 100 mm 

Solute: 
n-Petano1 

325.7 

326.3 

325.3 

323.4 

322.4 

X= 324.7 

S= 1.81 

11=95% 
324.7 + 2.08 

RSD%= .56% 

Range: 
326.78-
322.62 

k'= 5.43 

1nk'= 1.69 

Solute: 
n-Hexano1 

775.5 

776.5 

776.9 

X= 776.3 

S= .72 

11=95% 
776.3 

RSD%= .09% 

Range: 
777.62-
774.98 

k'= 15.22 

1nk'= 2.72 

186 

c.c.= 1.00 y= 2.80x-132.78 tR corrected=46.17 sec 

Cl= 2.80 

.991 m1/min 

flow rate to = 73.77 sec t =-(-132.78) = 73.77 sec 
o (2.80-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: THF 40%/Water 60% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Pentanol 

134.4 

133.5 

134.3 

133.6 

134.1 

X= 134.0 

s= .41 

lJ=95% 
134.0 + .47 

RSD%= .31% 

Range: 
134.70-
133.53 

k'= 3.23 

1nk'= 1.17 

c.c.= .99999 

ex= 1.49 

.984 ml/min 

flow rate 

Solute: Solute: Solute: 
n-Hexanol n-Heptanol n-Octanol 

173.3 234.8 307.5 

175.7 233.5 306.8 

173.7 235.4 308.7 

174.2 233.5 308.0 

173.5 232.7 307.4 

X= 174.1 X= 234.0 X= 307.7 

s= .965 s= 1.09 s= .712 

lJ=95% lJ=95% lJ=95% 
174.1 + 1.11 234.0 + 1.25 307.7 + .82 

RSD%= .55% 

Range: 
175.25-
172.99 

k'= 4.81 

Ink'= 1.57 

RSD%= .47% 

Range: 
235.25-
237.75 

k'= 7.21 

Ink'= 1.98 

RSD%= .23% 

Range: 
308.52-
306.88 

k'= 10.14 

Ink'= 2.32 

y=1.49x-26.06 tR corrected= 25.14 sec 

t =53.19 sec 
o 

t =-(-26.06) = 53.19 sec 
o (1.49-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 2S.SoC 

Solvent: THF 60%/Water 40% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Octanol 

118.3 

118.4 

1:1,8.4 

118.4 

119.2 

X= 118.S 

S= .37 

)J=9S% 
118.S+.43 

RSD%=.311'0 

Range: 
118.93-
118.0'1 

k'= 2.47 

Ink'=.906 

c.c.= .997 

a= 1.14 

Solute: Solute: 
n-Nonanol n-Decanol 

127.2 136.1 

126.4 138.4 

127.8 13S.8 

125.4 139.0 

124.7 139.6 . 

X= 126.3 X= 137.8 

S= 1.27 S= 1.73 

)J=9S% )J=9S% 
126.3+1.46 137.8+1.99 

RSD%=1. 0% RSD%=1. 26% 

Range: Range: 
127.76- 139.79-
124.84 13S.81 

k' = 2.77 k' = 3.21 

Ink' =1. 02 Ink' =1.17 

y=1.14x-7.63 

Solute: Solute: 
n-Undecanol n-Dodecanol 

lS0.S 162.4 

lSl.S 162.3 

lS0.8 164.0 

lS0.9 164.6 

149.8 164.0 

X= lS0.7 X163.S 

S= .62 S= 1. 04 

)J=9S96 )J=9S% 
lS0.7+.71 163.S+1.20 

RSD%=.41% RSD%=.64% 

Range: Range: 
lSl.41- 164.70-
149.99 162.30 

k'= 3.71 k'= 4.19 

Ink'=1.31 Ink'=1.43 

tR corrected=26.16 sec 

.974 ml/min 

flow rate t =-(-7.63) = S4.S0 sec 
o (1.14-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 2S.SoC 

Solvent: THF 80%/Water 20% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Decano1 

89.S 

98.3 

90.2 

89. Lf 

89.8 

X= 89.8 

S= .40 

]J=9S% 
89.8+.46 

RSD%=.44% 

Range: 
90.26-
89.34 

k'= 1.63 

1nk'=.487 

c.c.= .9994 

a= 1.09 

Solute: 
n-Dodecano1 

93.2 

93.4 

93.2 

92.0 

93.3 

X= 93.0 

S= .58 

]J=9S% 
93.0+.67 

RSD%=.62% 

Range: 
93.67-
92.33 

k'= 1.76 

1nk'=.566 

Solute: 
n-Tetradecanol 

96.1 

97.1 

96.0 

97.1 

98.0 

X= 96.9 

S= .86 

]J=95% 
96.9+.99 

RSD%=.89% 

Range: 
97.89-
95.91 

k'= 1.93 

1nk'=.656 

y=1.09x-4.68 

Solute: 
n-Hexadecano1 

100.S 

101.8 

101. 0 

100.3 

100.8 

X= 100.9 

S= .58 

]J=95% 
100.9+.67 

RSD%=.S7% 

Range: 
101.57-
100.23 

k'= 2.10 

1nk'=.740 

Solute: 
n-Octadecano1 

10S.1 

10S.3 

10S.0 

10S.1 

10S.S 

X= 10S.2 

S= .20 

]J=9S% 
105.2+.23 

RSD%=.19%· 

Range: 
105.43-
104.97 

k'= 2.28 

1nk'=.823 

tR corrected=23.68 sec 

.974 m1/min 

flow rate t =52.02 sec 
o 

t =-(-4.68) = 52.02 sec 
o (1.09-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.0 o C 

Solvent: Methanol 60%/Water 40% 

Column: RP-18 4.6 rom x 100 rom 

Solute: Solute: Solute: Solute: Solute: 
n-Butano1 n-Pentano1 n-Hexano1 n-Heptano1 n-Octano1 

127,126 169,170 252,252 408,410 716 

127,127 169,170 252,251 410 719 

126,127 169,169 251 409 717 

126,127 170,168 252 408 720 

126,126 170,169 253 411 719 

X= 126.5 X= 169.3 X= 251.9 X= 409.3 X= 718.2 

S= .527 S= .675 S= .690 S= 1. 21 S= 1.64 

jl=95% jl=95% jl=95% jl=95% jl=95% 
126.5+.39 169.3+.48 251.9+.64 409.3+1.27 718.2+2.04 

RSD%=.42% RSD%=.40% RSD%=.27% RSD%=.30% RSD~6=. 23% 

Range: Range: Range: Range: . Range: 
126.89- 169.78- 252.54- 410.57- 720.24-
126.11 168.82 251.26 408.03 716.16 

k' :: .733 k' = 1.52 k'= 2.95 k'= 5.69 k' = 11.05 

1nk'=-.257 1nk'=.417 1nk'=1.08 1nk' =1. 74 1nk'=2.40 

c.c.=.99997 y=1.94x-77.15 tR corrected=57.55 sec 

a=1.94 S.D. = .0093 

.982 m1/min 

flow rate t =-(-77.15) = 81.99 sec 
o (1.94-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 54%/Water 42%/THF 4% 

Column: RP-18 4.6 mm x 100 nun 

Solute: Solute: Solute: Solute: Solute: 
n-Butanol n-Pentanol n-Hexanol n-Heptanol n-Octanol 

120,120 160,160 237,238 380,382 660 

120,120 160,158 236,237 382 660 

121,120 159,160 237,237 382 661 

121,121 160,161 237 382 660 

121,121 160,161 237 382 661 

X= 120.5 X= 159.9 X= 237.0 X= 381. 7 X= 660.4 

S= .527 S= .876 S= .535 S= .816 S= .548 

1l=95% 1l=95% 1l=95% 1l=95% 1l=95% 
120.5+.38 159.9+.63 237.0+.45 381.7+.86 660.4+.68 

RSD%=.44% RSD%=.55% RSD%=.23% RSD%=.21% RSD%=.08% 

Range: Range: Range: Range: Range: 
120.88- 160.53- 237.45- 382.56- 661. 08-
120.12 159.27 236.55 380.84 659.72 

k' = .826 k'= 1.57 k'= 3.03 k'= 5.78 J.-' -, - 11.06 

Ink'=-.192 Ink'=.453 Ink' =1.11 Ink' =1. 75 Ink'=2.40 

c.c.= .99999 y=1.91x-70.27 

S.D.= .0073 

tR corrected= 52.73 sec 

ex= 1.91 

.990 ml/min 

flow rate t =76.97 sec 
o 

t =-(-70.27) = 76.97 sec 
o (1.91-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 46%/Water 44%/THF 10% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Butanol 

115,116 

116,115 

115,116 

115,116 

115,116 

X= 115.5 

S= .527 

1l=95% 
115.5+.38 

RSD 96= .46% 

Range: 
115.88-
115.12 

k'= .777 

Ink'=-.252 

Solute: 
n-Pentanol 

150,150 

150,150 

150,150 

151,151 

151,151 

X= 150.4 

S= .516 

1l=95% 
150.4+.37 

RSD%= .34% 

Range: 
150.77-
150.03 

k'= 1.46 

Ink'=.375 

Solute: 
n-Hexanol 

215,214 

214,215 

215,215 

215,215 

216,215 

X= 214.9 

S= .568 

1l=95% 
214.9+.41 

RSD%= .26% 

Range: 
215.31-
214.49 

k'= 2.71 

Ink'=.996 

Solute: 
n-Heptanol 

338,341 

339,340 

338,338 

339,339 

339 

X= 339.0 

S= 1. 00 

1l=95% 
339.0+.77 

RSD%= .29 96 

Range: 
339.77-
338.23 

1'= 5.12 

Ink' =1. 63 

Solute: 
n-Octanol 

569 

570 

569 

568 

569 

X= 569.0 

S= .707 

1l=95% 
569.0+.88 

RSD%= .12% 

Range: 
569.88-
568.12 

k'= 9.58 

Ink'=2.26 

c.c.= .99997 y=1.88x-66.04 tR corrected= 51.49 sec 

a= 1.88 S.D.= .01 

1. 001 ml/min 

flow rate t =75.47 sec 
o 

S.D.= 2.23 sec 

t =-(-66.04) = 75.47 sec 
o (1.88-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 40%/Water 45%/THF 15% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Pentanol 

143,142 

144,142 

143,145 

145,144 

144,144 

143,143 

142,144 

144,144 

143,144 

145,144 

X= 143.6 

S= .940 

1l=95% 
143.6+.41 

RSD%= .65% 

Range: 
144.01= 
143.19 

Solute: 
n-Hexanol 

197,196 

198,198 

197,198 

197,196 

197,198 

X= 197.2 

S= .789 

1l=95% 
197.2+.56 

RSD%= .40 96 

Range: 
197.76-
196.64 

Solute: 
n-Heptanol 

295,294 

293,294 

293,295 

294,296 

296,295 

X= 294.5 

S= 1. 08 

1l=95% 
294.5+.77 

RSD%= .37% 

Range: 
295.27-
293.73 

Solute: 
n-Octanol 

465 

467 

465 

465 

465 

X= 465.4 

S= .894 

Jl=95% 
465.4+1.11 

RSD%= .19% 

Range: 
466.51-
464.29 

Solute: 
n-Nonanol 

763 

764 

769 

767 

X= 765.8 

S= 2.75 

1l=95% 
765.8+4.37 

RSD%= .36 96 

Range: 
770.17-
761. 43 
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k'= 1.58 k'= 2.74 k'= 4.84 k'= 8.53 k'= 15.02 

1nk'= .458 1nk'= 1.01 1nk'= 1.58 1nk'= 2.14 1nk'= 2.71 

c.c.= .99998 y=1.76x-54.70 tR corrected=46.31 sec 

a= 1.76 

.997 m1/min 

flow rate 

S.D.= .006 

t =71. 60 sec 
o 

S.D.=1.82 sec 

t =-(-54.70) = 71.60 sec 
o (1.76-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Methanol 40%/Water 45%/THF 15% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Pentano1 

134,134 

135,136 

137,134 

136,135 

136,136 

133,135 

134,135 

133,135 

133,135 

X= 134.8 

S= 1.11 

lJ=95% 
134.8+.48 

RSD%= .82% 

Range: 
135.28-
134.32 

Solute: 
n-Hexano1 

181,180 

180,181 

180,182 

182,179 

181,180 

X= 180.6 

S= .966 

lJ=95% 
180.6+.70 

RSD%= .53% 

Range: 
181.30-
179.80 

Solute: 
n-Heptano1 

295,260 

299,260 

260,260 

259,260 

258,260 

X= 259.5 

S= .707 

lJ=95% 
259.+.51 

RSD%= .27% 

Range: 
300.01-
285.99 

Solute: 
n-Octano1 

394,393 

396 

393 

394 

392 

X= 393.7 

S= 1.37 

lJ=95% 
393.7+1.43 

RSD%= .35% 

Range: 
395.13-
392.27 

Solute: 
n-Nonano1 

617,622 

614 

626 

621 

626 

X= 621.0 

S= 4.82 

lJ=95% 
621.0+5.05 

RSD%= .79% 

Range: 
626.05-
615.95 
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k'= 1.39 k'= 2.38 k'= 4.08 k'= 6.98 k'= 11.89 

Ink'= .330 Ink'= .867 Ink'= 1.41 Ink'= 1.94 Ink'= 2.48 

c.c.= .999996 

a.= 1.70 

.996 ml/min 

flow rate 

y=1.70x-47.93 

S.D.= .003 

t = 68.47 sec 
o 

S.D.= .90 sec 

tR corrected=46.31 sec 

t =-C-47.93) = 68.47 sec 
o (1.70-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 45.5°C 

Solvent: Methanol 40%/Water 45%/THF 15% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Hexano1 

177,177 

178,177 

177,179 

178,178 

178,178 

178,178 

177,177 

178,179 

176,177 

178,177 

X= 177.6 

S= .754 

ll= 95% 
177.6+.33 

RSD%= .42% 

Range: 
177.93-
177.27 

Solute: 
n-Heptano1 

241.242 

242,242 

239,240 

240,241 

240,242 

X= 240.9 

S= 1.10 

1l=95% 
240.9+.79 

RSD%= .46% 

Range: 
241.69-
240.11 

Solute: 
n-Octano1 

346,345 

348,345 

344 

347 

348 

X= 346.1 

S= 1.57 

1l=95% 
346.1+1.46 

RSD%= .45% 

Range: 
347.56-
344.64 

Solute: 
n-Nonano1 

519 

518 

520 

521 

517 

X= 519.0 

S= 1. 58 

1l=95% 
519.0+1.96 

RSD%= .30% 

Range: 
520.96-
517.04 

Solute: 
n-Decano1 

795 

797 

794 

X= 795.3 

S= 1.53 

1l=95% 
795.3+3.80 

RSD%= .19~5 

Range: 
799.10-
791. 50 
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k'= 2.31 k'= 3.68 k'= 5.95 k'= 9.69 k'= 15.65 

Ink'= .839 Ink'= 1.30 Ink'= 1.78 Ink'= 2.27 Ink'= 2.75 

c.c.= .99996 y=l. 62x-45. 40 

a= 1.62 S.D.= .01 

.991 ml/min 

flow rate t = 72.87 sec 
o 

S.D.= 3.52 sec 

tR corrected; 46.31 

t =-C-45.40) = 72.87 sec 
o (1.62-1) 

198 



Retention Time for the Solutes in Seconds. 

Column Temperature: 55.0o C 

Solvent: Methanol 40%/Water 45%/THF 15% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Hexanol 

160,160 

163 

161,163 

162 

161,160 

161 

164,162 

161 

163,160 

159 

x = 161.3 

S= 1.45 

11=95% 
161.3+.80 

RSD%= .90% 

Range: 
162.10-
160.50 

Solute: 
n-Heptanol 

215,214 

215 

215 

215 

215 

X= 214.8 

S= .41 

11=95% 
214.8+.43 

RSD%= .19% 

Range: 
215.23-
214.37 

Solute: 
n-Octanol 

298,298 

298 

298 

297 

299 

X= 298.0 

S= .63 

11=95% 
298.0+.66 

RSD%= .21% 

Range: 
298.66-
297.34 

Solute: 
n-Nonanol 

431 

432 

430 

430 

431 

X= 430.8 

S= .84 

11=95% 
430.8+1.04 

RSD 96= .19% 

Range: 
431.84= 
429.76 

Solute: 
n-Decanol 

638 

639 

639 

639 

X= 638.8 

S= .50 

11=95% 
638.8+.80 

RSD%= .08% 

Range: 
639.60-
368.00 
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200 

k'= 1.96 k'= 3.12 k'= 4.91 k'= 7.78 k'= 12.27 

1nk'= .674 1nk'= 1.14 1nk'= 1.59 1nk'= 2.05 1nk'= 2.51 

c.c.= .999992 y=1. 58x-3 9.51 tR corrected= 46.31 sec 

ex= 1. 58 S.D.= .004 

1.00 m./min 

flow rate t = 
0 

68.71 sec t =-(-39.51) 
o (1.58-1) 

= 68.71 sec 

S. D. = 1.32 sec 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 40%/Water 60% 

Column: RP-18 4.6 mm x 100 mm 
----------------------------------------------------------
Solute: 
n-Butanol 

132,129 

132 

132,132 

130 

129,130 

132 

131,131 

132 

131,131 

130 

X= 130.9 

S= 1.10 

J.I=95% 
130.9+.61 

RSD%= .84% 

Range: 
131.51-
130.29 

Solute: 
n-Pentano1 

173,175 

174,174 

175,173 

175,174 

173,174 

X= 174.0 

S= .82 

J.I=95% 
174.0+.58 

RSD%= .47% 

Range: 
174.58-
173.42 

Solute: 
n-Hexano1 

265,261 

265,262 

265,263 

264,264 

261 

X= 263.3 

S= 1.66 

J.I=95% 
262.3+1.28 

RSD%= .63% 

Range: 
264.58-
262.02 

Solute: 
n-Heptano1 

436,436 

435 

435 

435 

434 

X= 435.2 

S= .75 

J.I=95% 
435.2+.79 

RSD%= .17% 

Range: 
435.99-
434.41 

Solute: 
n-Octanol 

767 

769 

776 

778 

774 

X= 772.8 

S= 4.66 

J.I=95 96 
772.8+5.79 

RSD%= .60% 

Range: 
778.59-
767.01 
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k'= .785 k'- 1.51 k'= 3.00 k'= 5.88 k'= 11.53 

1nk'=-.241 1nk'=.410 Ink' =1.10 Ink' =1. 77 1nk'=2.44 

c.c.=.99997 y=1.96x-80.75 tR corrected=59.77 sec 

a= 1. 96 S.D.= .01 

.993 m1/min 

flow rate t =83.94 sec 
o 

S.D.=.69 sec 

t =-(-80.75) = 83.94 sec 
o (1.96) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 35%/Water 61%/THF 4% 

Column: RP-18 4.6 mm x 100 mm 

Solute: Solute: 
n-Pentanol n-Hexanol 

173,175 261,261 

173,172 

172,173 

173,172 

171,174 

172,175 

X= 173.1 

S= 1.38 

]1=95% 
173.1+.88 

RSD%= .80% 

Range: 
173.98-
172.22 

258,257 

262,263 

263,260 

259,257 

X= 260.1 

S= 2.28 

]1=95% 
260.1+1.63 

RSD%= .88% 

Range: 
261.73-
258.47 

Solute: 
n-Heptanol 

432,432 

426,422 

427,423 

431 

431 

X= 428.0 

S= 4.07 

]1=95% 
428.0+3.40 

RSD%= .95% 

Range: 
431.4-
424.6 

Solute: 
n-Octanol 

753 

755 

756 

755 

X= 754.8 

S= 1.26 

]1=95% 
754.8+2.00 

RSD%= .17% 

Range: 
756.80-
752.80 

Solute: 
n-Nonanol 

J.384 

1391 

X= 1387.5 

S= 4.95 

203 

]1=95% 
1387.5+44.45 

RSD%= .36 96 

Range: 
1431.95-
1343.05 
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k'= 1.65 k'= 3.19 k'= 6.18 k'=11.98 k'=23.23 

1nk'= .489 1nk'= 1.16 1nk'= 1.82 1nk'= 2.48 1nk'= 3.15 

c.c. = .9999994 y= 1. 94x-7 5.64 tR corrected=56.26 sec 

0.= 1.94 S.D.= .002 

.988 m1/min 

flow rate to= 80.55 sec 

S.D.=.69 sec 

t =-(-75.64) = 80.55 sec 
o (1.94-1) 



Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 28%/Water 62%/THF 10% 

Column: RP-18 4.6 mm x 100 mm 

Solute: 
n-Pentano1 

173,172 

173 

170,173 

171 

171,173 

173 

172,173 

171 

Solute: 
n-Hexano1 

260,259 

258,259 

260 

259 

174,175 258 

174 

X= 172.5 

S= 1.36 

11=95% 
172.5+.75 

RSD%= .79% 

Range: 
173.25-
171.75 

X= 259.0 

S= .816 

11=95% 
259.0+.76 

RSD%= .32% 

Range: 
259.76-
258.24 

Solute: 
n-Heptanol 

424 

424 

422 

423 

X= 423.3 

S= .957 

11=95% 
423.3+1.52 

RSD%= .23% 

Range: 
424.82-
421.78 

Solute: 
n-Octano1 

730 

731 

731 

728 

X= 730.0 

S= 1. 41 

11=95% 
730.0+2.25 

RSD%= .19% 

Range: 
732.25-
727.75 

Solute: 
n-Nonano1 

1313 

1309 

X= 1311.0 

S= 2.83 

205 

11=95% 
1311.0+25.41 

RSD%= .22% 

Range: 
1336.41-
1285.59 



k'= 1.93 k'= 3.65 k'= 6.90 k'= 12.97 k'= 24.48 

Ink'= .659 Ink'= 1.29 Ink'= 1.93 Ink'= 2.56 Ink'= 3.20 

c.c. = .999996 y= 1.89x-66.35 tR corrected= 50.50 

= 1.89 S.D.= .004 

.984 ml/min 

flow rate t o =74.89 sec 

S.D.= 1.78 sec 

t =-(-66.35) = 74.89 sec 
o <1.89-1) 
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Retention Time for the Solutes in Seconds. 

Column Temperature: 25.5°C 

Solvent: Acetonitrile 22%/Water 63%/THF 15% 

Column: RP-18 4.6 mm x 100 mm 
----------------------------------------------------------
Solute: 
n-Pentano1 

172,171 

172 

169,174 

175 

173,171 

173 

172,171 

172 

169,172 

X= 171.9 

S= 1.66 

\1=95% 
171.9+96 

RSD%= .96% 

Range: 
172.86-
170.94 

Solute: 
n-Hexano1 

251,253 

252,253 

252,252 

253,253 

254 

X= 252.6 

S= .88 

\1=95% 
252.6+.68 

RSD%= .35% 

Range: 
253.28-
251.92 

Solute: 
n-Heptano1 

405 

403 

404 

405 

403 

X= 404.0 

S= 1.00 

\1=95% 
404.0+1.24 

RSD%= .25% 

Range: 
405.24-
402.76 

Solute: 
n-Octano1 

690 

694 

695 

688 

694 

X= 692.2 

S= 3.03 

\1=95% 
692.2+3.77 

RSD%= .44% 

Range: 
695.97-
688.43 

Solute: 
n-Nonano1 

1228 

1229 

1223 

X= 1226.7 

S= 3.22 

\1=95% 
1226.7+'1.98 

RSD%= .26% 

Range: 
1234.68-
1218.72 



k'= 1.75 k'= 3.26 k'= 6.09 k'=11.47 k'=21.45 

1nk'= .562 1nk'= 1.18 1nk'= 1.81 Ink'= 2.44 1nk'= 3.07 

c.c.= .99998 

a= 1.87 

.983 m1/min 

flow rate 

y=l. 87x-68. 08 

S.D.= .008 

t o =77.98 sec 

S.D.= 3.28 sec 

tR corrected=53.56 sec 

t =-(-68.08) = 77.98 sec 
o (1.87-1) 

208 



REFERENCES 

1. Sornorjai, G. A., Surf. Sci., 89(1979) 496. 

2. Albert Vannice, M., Wang, S-Y., Moon, S. H., J. 
Catalysis, 71(1981) 152. 

3. Molinari, H., Montanari, F., Tundo, P., J. C. S. 
Chern. Comm., (1977) 639. 

4. Tundo, P., J. C. S. Chern. Comm., (1977) 641. 

5. Adzic, R. R., Hofman, M. I., Drazic, D. M., J. E1ec. 
Chern., 110(1980) 361. 

6. Adzic, R. R., O'Grady, W. E., Srinivas, S., Surf. Sci., 
94(1980) L191. 

7. Debrodt, H., Heus1er, K. E., E1ectrochirn. Acta, 
25(1980) 545. 

8. Czerwinski, A., Sobkowski, J., E1ectrochirn. Acta, 
25(1980) 1313. 

9. Rehak, V., Srno1kova, E., Chrornatographia, 9(1976) 219. 

10. Gurkin, M., Amer. Lab., 9(1977) 29. 

11. Majors, R. E., Amer. Lab., 7(1975) 13. 

12. Shack1ette, L. ·W., Eckhardt, H., Chance, R. R., Miller, 
G. G., Ivory, D. M., Baughman, R. H., J. Chern. Phys., 
73(1980) 4098. 

13. Bianchi, D., Gass, J. L., Pajonk, G., Teichner, S. J., 
J. Vac. Sci. Tech., 17(1980) 104. 

14. Bianchi, D., Pajonk, G., Teichner, S. J., J. Vac. Sci. 
Tech., 17(1980) 145. 

15. Chaba1, Y. J., Sievers, A. J., Phys. Rev. Lett., 
44(1980) 944. 

209 



16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

Low, M. J. D., Parodi, G. A., App1. Spectros., 
34(1980) 76. 

Coudurier, G., C1aude1, B., Faure, L., J. Catalysis, 
71(1981) 213. 

Kise1ev, A. V., Lygin, V. J., Infrared Spectra of 
Surface Compounds, Wi1ey-Interscience, New York, 
(1975). 

210 

Hair, M. L., Infrared spectrosco)y in Surface Chemistry, 
Marcel Dekker, New York, (1967 . 

Little, L. H., Infrared Spectra of Adsorbed Species, 
Academic Press, London, (1966). 

Harvey, D. T., Linton, R. W., Anal. Chern., 53(1981) 
1684. 

Baker, J. M., Johnson, R. W., Pollak, R. A., J. Vac. 
Sci. Tech., 16(1979) 1534. 

Anderson, S. L. T., Jaras, S., J. Catalysis, 64(1980) 
51. 

Breitschafter, M. J., Umbach, E., Menzel, D., Surf. 
Sci., 109(1981) 493. 

Moses, P. R., Murray, R. W., J. E1ectroana1. Chern., 
77(1977) 393. 

Lenhard, J. R., Murray, R. W., J. E1ectroana1. Chern., 
78(1977) 195. 

Itaya, K., Bard, A. J., Anal. Chern., 50(1978) 1487. 

Armstrong, N. R., Lin, A. W. C., Fuj'ihara, M., 
Kuwana, T., Anal. Chern., 49(1977) 1228. 

Lee, M. L., Vassi1aros, D. L., Phillips, L. V., 
Hercules, D. M., Azumaya, H., Jorgenson, J. W., 
Maskarinec, M. P., Novotny, M., Anal. Lett., 
12(1979) 191. 

Ko, E. I., ,Madix, R. J., Surf. Sci., 109(1981) 221. 

Koshikawa, T., von dem Hagen, T., Bauer, E., Surf. 
Sci., 109(1981) 301. 



32. Pena, J. L., Surf. Sci., 109(1981) L550. 

33. Ford, G. W., Weber, W. H., Surf. Sci., 110(1981) 
L587. 

34. Pettinger, B., Wenning, U., Chern. Phys. Letts., 
56(1978) 253. 

35. Fleischmann, M., Hendra, P. J., Mcquillan, A. J., 
Chern. Phys. Letts., 26(1974) 163. 

36. Creighton, J. A., Albrecht, M. G., Hester, R. E., 
Matthew, J. A. D., Chern. Phys. Letts., 55(1978) 55. 

37. Albrecht, M. G., Evans, J. F., Creighton, J. A., 
Surf. Sci., 75(1978) L777. 

38. Otto, A., Surf. Sci., 75(1978) L392. 

39. Albrecht, M. G., Creighton, J. A., J. Amer. Chern. Soc., 
99(1977) 5215. 

40. Jea&unarie, D. L., Van Duyne, R. P., J. E1ectroanal. 
Chern., 84(1977) 1. 

41. Paul, R. L., Mcquillan, A. J., Bendra, P. J., 
Fleischmann, M., J. E1ectroana1. Chern., 66(1975) 248. 

42. Hendra, P. J., Turner, I. D. M., Loader, E. J., 
Stacey, M., J. Phys. Chern., 78(1974) 300. 

43. Hendra, P. J., Horder, J. R., Loader, E. J., J. 
Chern. Soc., (A), (1971) 1766. 

44. Moses, P. R., Wier, L., Murray, R. W., Anal. Chern., 
47(1975) 1882. 

45. Evans, J. F., Kuwana, T., Henne, M. T., Royer, G. P., 
J. E1ectroana1. Chern., 80(1977) 409. 

46. Merz, A., Bard, A. J., J. Amer. Chern. Soc., 100(1978) 
3222. 

47. Yacyrych, A. M., Kuwana, T., Anal. Chern., 50(1978) 640. 

48. Lenhard, J. R., Murray, R. W., J. Amer. Chern. Soc., 
100(1978) 7870. 

211 



49. Riddoch, F., Wallace, A., Wilson, J. I. B., Solar 
Cells, 1(1979) 99. 

5G. Harrison, R., Jenkins, G., Hill, R., Solar Cells, 
1(1979) 55. 

51. Burton, L. C., Solar Cells, 1(1980) 159. 

52. Clark, A. H., Solar Cells, 9(1980) 213. 

53. Umana, M., Rolison, D. R., Nowak, R., Daum, P., 
Murray, R. W., Surf. Sci., 101(1980) 295. 

54. Yoneyama, H., Murao, Y., Tamura, H., J. Electroanal. 
Chern., 108(1980) 87. 

55. Armstrong, N. R., Shepard, V. R., J. Electroanal. 
Chern., 115(1980) 253. 

56.- Elliott, C. M., Murray, R. W., Anal. Chern., 48(1976) 
1247. 

57. Takahashi, K., Ogino, Y., Fuel, 60(1981) 975. 

58. Struck, R. T., Zielke, C. W., Fuel, 60(1981) 795. 

59. Buchanan, A. C., Dworkin, A. S., Smith, G. P., 
Buchanan, M. V., Olerich, G., Fuel, 60(1981) 694. 

60. Nomura, M., Terao, K., Kikkawa, S., Fuel, 60(1981) 
699. 

61. Martin, A. J. P., Synge, R. L. M., Biochem. J., 
35(1941) 1358. 

62. Snyder, L. R. , Poppe, H. , J. Chromatogr., 184(1980) 
363. 

63. Howard, G. A. , Martin, A. J. P. , Biochem. J. , 
46(1950) 532. 

64. Abel, E. W. , Pollard, F. H. , Uden, P. C. , Nickless, 
G. , J. Chromatogr., 22(1966) 23. 

65. Stewart, H. N. M., Perry, S. G., J. Chromatogr., 
37(1968) 97. 

66. Kirkland, J. J., J. Chromatogr. Sci., 9(1971) 206. 

67. Majors, R. E., Anal. Chern., 44(1972) 1722. 

212 



68. Sinanoglu, 0., Advan. Chern. Phys., 12(1967) 283. 

69. Sinanoglu, 0., in B. Pullman (Editor), Molecular 
Associations in Biology, Academic Press, New York 
(1968) pp. 427-445. 

70. Sinanoglu, 0., Chern. Phys. Lett., 1(1967) 340. 

71. Horvath, C., Melander, W., Molnar, I., J. Chrornatogr., 
125(1976) 129. 

72. Horvath, C., Melander, W. Molnar, I., Anal. Chern., 
49(1977) 142. 

73. Horvath, C., Melander, W., Amer. Lab., 10(1978) 17. 

74. Karger, B. L., Gant, J. R., Hartkopf, A., Weiner, 
P. H., J. Chrornatogr., 128(1976) 65. 

75. Burke, M. F., Blevins, D. D., Hruby, V. J., Anal. 
Chern., 52(1980) 420. 

76. Scott, R. P. W., Kucera, P., J. Chrornatogr., 142(1977) 
213. 

77. Knox, J. H., Pryde, A., J. Chrornatogr., 112(1975) 171. 

78. Kikta, E. J., Grushka, E., Anal. Chern., 48(1976) 1098. 

79. Tilly-Melin, A., Askernark, Y., Wah1und, K. G., 
Schill, G., Anal. Chern., 51(1979) 976. 

80. Westerlund, D., Theodorsen, A., J. Chrornato~, 144 
(1977) 27. 

81. Karger, B. L., McCormick, R. M., Ana:L:._Chern., 52(1980) 
2249. 

82. Slatts, E. H., Markovski, W., Fekete, J., Poppe, H., 
J. Chrornatogr., 207(1981) 299. 

83. Berendsen, G. E., DeGalan, L., J. Chrornatogr., 196 
(1980) 21. 

84. Colin, H., Guiochon, G., J. Chrornatogr. Sci., 18(1980) 
54. 

85. Gilpin, R. K., Burke, M. F., Anal. Chern., 45(1973) 
1383. 

86. Arkles, B., Chern. Tech., (1977) 766. 

213 



87. Nahum, A., Horvath, C., J. Chromatogr., 203(1981) 53. 

88. Pesek, J. J., Graham, J. A., Anal. Chern., 49(1977) 
133. 

89. Majors, R. E., J. Chromatogr. Sci., 18(1980) 488. 

90. Karger, B. L., Synder, L. R., Horvath, C., An 
Introduction to Separation Science, Wiley-,-New 
Y or k , ( 19 7 3 ) . 

91. Melander, W., Stoveken, J., Horvath, C., J. 
Chromatogr., 199(1980) 35. --

92. Sander, L. C., Field, L. R., Anal. Chern., 52(1980) 
2009. 

93. Berendsen, G. E., Schoenrnakers, P. J., DeGalan, L., 
Bigh, G., Varga-Puchony, Z., Inczedy, J., J. Liquid 
Chromatogr., 11(1980) 1669. 

94. Stetzenbach, K. J., Ph.D. Dissertation, University 
of Arizona, 1980. 

214 

95. Unger, K. K., Porous Silica, Elsevier, The Netherlands, 
(1979), p. 7. 

96. Iler, R. K., The Chemistry of Silica, Wiley, New York, 
(1979), p. 624. 

97. Zwier, T. A., Burke, M. F., manuscript in preparation. 

98. LochrnUller, C. H., Wilder, D. R., J. Chromatogr. Sci., 
17(1979) 574. 

99. Ruckert, H., Samuelson, 0., Acta Chern. Scand., 
11(1975) 303. 

100. Yonker, C. R., Zwier, T. A., Burke, M. F., accepted 
for publication in J. Chromatogr., Chapter 2. 

101. Soczewinski, E., Waksmundzka-Hajnos, M., J. Liquid 
Chromatogr., 3(1980) 1625. 

102. Bakalyar, S. R., McIlwrick, R., Roggendorf, E., J. 
Chromatogr., 158(1978) 233. 

103. Tanaka, N., Goodell, H., Karger, B.L., J. 
Chromatogr., 158(1978) 233. 



104. McCormick, R. M., Karger, B. L., ~ Chromatogr., 
199(1980) 259. 

105. Yonker, C. R., Zwier, T. A., Burke, M. F., accepted 
for publication in ~ Chromatogr., Chapter 3. 

106. Skoog, D. A., West, D. M., Fundamentals of Analytical 
Chemistry, 3rd Edition, Holt, Rlnefiart, and 
Winston, New York, (1976). 

107. Kowalczyk, J. S., Herbut, G., ~ Chromatogr., 196 
(1980) 11. 

108. Chmie1owiec, J., Sawatzky, H., J. Chromatogr. Sci., 
17(1979) 245. --

109. Morel, D., Serpinet, J., ~ Chromatogr., 200(1980) 
95. 

110. Huheey, J. E., Inorganic Chemistry: Principles of 
Structure and Reactivity, Harper and Row, New 
York, (1972) p. 192. 

Ill. Snyder, L. R., Principles of Adsorption Chromatog
raphY, Marcel Dekker, New York, (1968). 

112. Pryde, A., Darby, F. J., ~ Chromatogr., 115(1975) 
107. 

113. Hirata, Y., Novotny, M., Tsuda, T., Ishii, D., 
Anal. Chern., 51(1979) 1807. 

114. A1einikov, N. N., Soko1ov, D. N., Korsoonsky, 
B. L., Dubovitsky, F. I., ~ Chromatogr., 89(1974) 
365. 

115. Jequier, W., Robin, J., Chromatographia, 4(1971) 59. 

116. P1zak, Z., Douse.k, F. P., Janasta, J., J. Chromatogr., 
147(1978) 137. 

117. Patze1ova, V., Janasta, J., Dousek, F. P., ~ 
Chromatogr., 148(1978) 53. 

118. Zwier, T. A., Burke, M. F., Anal. Chern., 53(1981) 
812. 

119. Leitch, R. E., DeStefano, J. J., J. Chromatogr. 
Sci., 11(1973) 105. --

120. DeStefano, J. J., Beache11, H. C., J. Chromatogr. 
Sci., 10(1972) 654. 

215 



121. DeStefano, J. J., Beachell, H. C., ~ Chrornatogr. 
Sci., 10(1972) 481. 

122. Wolf, J. P., Anal. Chern., 45(1973) 1248. 

123. Henry, R. A., Schmit, J. A., Dieckman, J. F., 
~ Chrornatogr. Sci., 9(1971) 513. 

124. Kirkland, J. J., ~ Chrornatogr. Sci., 7(1969) 361. 

125. Huber, J. F. K., Kolder, F. F. M., Miller, J. M., 
Anal. Chern., 44(1971) 105. 

126. Little, J. N., Horgan, D. F., Bornbaugh, K. J., 
~ Chrornatogr. Sci., 8(1970) 625. 

127. Kennedy, G. J., Knox, J. H., J. Chrornatogr. Sci., 
10(1972) 549. --

128. Kirkland, J. J., ~ Chrornatogr. Sci., 10(1972) 593. 

129. Ishii, D., Asai, K., Hibi, K., Jonokuchi, T., Nagaya, 
M., ~ Chrornatogr., 144(1977) 157. 

130. Tusda, T., Novotny, M., Anal. Chern., 50(1978) 271. 

131. Tusda, T., Novotny, M., Anal. Chern., 50(1978) 632. 

132. Tusda, T., Hibi, K., Nakanishi, T., Takeuchi, T., 
Ishii, D., ~ Chrornatogr., 158(1978) 227. 

133. Scott, R. P. W., Kucera, P. J., !L:.. Chrorna1;ogr., 
125(1976) 251. 

134. Scott, R. P. W., Analyst, 103(1978) 37. 

135. Knox, J. H., Gilbert, M. T., ~ Chrornatogr., 186 
(1979) 405. 

136. Scott, R. P. W., Kucera, P. J., ~ Chrornatogr., 
169(1979) 51. 

137. Hirata, Y., Novotny, M., J. Chrornatogr., 186(1979) 
521. 

138. Shoup, R. D., Colloid and Interface Science Volume 
III, Edited by Milton Kerker, Academic Press, 
New York, (1976) p. 63. 

216 



139. 

140. 

141. 

142. 

143. 

144. 

145. 

146. 

147. 

148. 

149. 

Mober, P. K ~\, Kirk-Othmer Encyclopedia of Chemical 
Techno10gy\, 2nd Ed., Volume 18, Amorphous Silica, 
Interscience, (1969) p. 61. 

Carmen, P. C., Trans. Faraday Soc., 36(1940) 964. 

Dupont Company Literature on Ludox HS-40% Colloidal 
Silica. 

Kise1ev, R. A., ~ Chromatogr., 195(1980) 205. 

Gilpin, R. K., Korpi, J. A., Janicki, G. A., 
Anal. Chern., 47(1975) 1498. 

Giddings, J. C., Dynamics of Chromatography, Marcel 
Dekker, New York, (1965) p. 52. 

Davis, J. A., James, R. 0., Leckie, J. 0., J. 
Colloid Surface Sci., 63(1978) 480. 

Guoy, G., ~ Chern. Phys., 29(1903) 145. 

Chapman, D. L., Phil. Mag., 25(1913) 475. 
. 

Stern, 0., Z. E1ektrochem., 30(1924) 508. 

Ahmed, S. A., Oxides and Oxide Films Volume I, 
Edited by J. W. Digg1e, Marcel Dekker, New York 
(1972) p. 334. 

i 

150. Synder, L. R., G1ajch, J. L., J. Chromatogr., 
214(1981) 1. 

151. Synder, L. R., G1ajch, J. L., J. Chromatogr., 
214(1981) 21. 

152. Mizutani, T., Mizutani, A., J. Non-Cryst., 30(1978) 
23. 

217 


