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ABSTRACT 

Three alkyldihydrochlorosilanes were synthesized; 

ethyldihydrochlorosilane, octyldihydrochlorosilane and 

octadecyldihydrosilane. Ethyldihydrochlorosilane was 

produced by the reaction of ethylsilane with mercuric 

chloride and the other two chlorosilanes were produced by 

the reaction of the alkyl Grignard reagent with 

dichlorosilane. Each alkyldihydrochlorosilane was reacted 

with porous silica in an attempt to discover the extent of 

reaction or the highest surface concentration of bonded 

groups attainable. 

The reaction between these 

alkydihydrochlorosilanes and porous silica was compared to 

the reaction between silica and the analogous 

alkyldimethylchlorosilane. The rate of reaction of both 

type of chlorosilane was found to be essentially the same. 

The maximum surface concentration of bonded surface groups 

attainable by alkyldihydrochlorosilanes was found to be 

approximately 1.3 #moles/m2 greater than that attainable 

by alkyldimethylchlorosilanes. This increased surface 

coverage seemed to depend very little on the chain length 

of the 

xiii 



alkyl group and was attributed to the decrease in steric 

hindrance of the bonding silicon atom of the silane. 

xiv 

Surface bound silyl hydrides could be oxidized 

selectively and sequentially to form silane silanols. 

Surface silanes also appeared to reduce chloroplatinic 

acid, but were not observed to add efficiently to olefins. 

The chromatographic properties of silica modified with 

alkyldihydrochlorosilanes were compared to those of 

equivalent silicas modified with 

alkyldimethylchlorosilanes and alkyltrichlorosilanes 

before and after the surface silanes were oxidized. Both 

normal and reversed-phase liquid chromatographic studies 

were conducted. In general, it was found that 

alkyldihydrochlorosilanes yielded the most polar modified 

silicas. This greater surface polarity was attributed to 

an increase in the activity of water in the near surface 

region of the bonded phase. 



CHAPTER 1 

INTRODUCTION 

Many practical problems in chemistry can only be 

understood via investigations of interfacial phenomena. 

When a solid with desirable bulk properties has 

undesirable or unacceptable surface properties, a 

reasonable solution can often be the tailoring of 

surfaces to yield interfaces with properties that better 

conform to some predetermined set of criteria. Some 

general areas in which such examples can be found include 

heterogeneous catalysis(l), electrochemistry(2,3), 

separations (extractions and chromatography) (4,5), 

solid-phase synthesis (6), chemical sensors (7), corrosion 

prevention, and any other area in which an interface can 

play a significant role in the process of interest. 

• One way to tailor interfacial properties is 

through the use of a surface modifying agent. Usually 

the application of a surface modifying agent has one or 

both of two objectives. First, the surface modifier is 

intended to impart a new set of properties to the 

interface that better conform to the designs of the 

experimentalist. Secondly, and just as important" the 

surface modifier acts as a probe of the structure and 
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reactivity of the surface. Ideally, this new information 

is used to design a better surface modifier and the two 

steps become interactive. 

Silanes (molecular silicon compounds) have been 

used to modify the surfaces of adsorbents ·(9), 

semiconductor electrodes (2,3), and glasses (10). Of the 

uses of silanes as surface modifiers, by far the most 

widespread is the production of bonded phase adsorbents 

for chromatography, which is a method for the rapid and 

convenient se~aration of complex mixtures. This is also 

the area in which most of the research on the nature of 

these bonded layers has been done. 

When used in the production of chromatographic 

adsorbents, silane surface modifiers are most commonly 

applied to highly porous silica particles. These silica 

particles can be thought of as three dimensional 

condensation polymers of silicic acid and are always 

amorphous because of the constraint that the synthetic 

process produce a highly porous product with a high 

specific surface area. The surfaces of these silica 

particles are populated with hydroxyl groups that will be 

mostly referred to as silanols. The silane is bound to 

the surface by the formation of a siloxane linkage in 

which the silane replaces the proton of the surface 

hydroxyl group. The immobilization of bonded layers at 

2 

............... - ----------------------------------------



the surface of porous silica has been a very important 

advance in making liquid chromatography the powerful 

technique it is today. 

Chromatography is the most broadly applied and 

fastest growing method in analytical chemistry (4). It is 

also one of the most heavily researched. Liquid 

chromatography is the fastes~ growing part of 

chromatography and the large majority of liquid 

chromatography uses silane modified silicas as the 

separation medium (4). 

Although the general usefulness of silane modified 

silicas is obvious by their popularity alone, enough 

limitations remain that much research is still done to 

find alternate materials (11,12). The main limitations of 

silica are: 1) the vulnerability of the bonded phase and 

the silica to hydrolysis, limiting its usefulness to the 

range of pH 3 - 8 (13), and 2) the residual activity of 

the unmodified portions of the silica surface due to 

incomplete reaction of the silane with the available 

surface hydroxyls (14,15). 

Two families of alkylsilanes have traditionally 

been used to modify the surface of porous silica. Each 

class has advantages and, depending on the application of 

the adsorbent in question, one type or the other can be 

the modifier of choice (16). Monofunctional modifiers of 
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the general formula R(CH3)2SiX (where X is some easily 

hydrolyzed group) have the advantages of greater 

reproducibility, reduced silanol activity after bonding, 

and conformation to the original topography of the silica, 

because the bonding molecule deactivates surface sites 

without the possibility of creating new ones (17,18). 

Bonded phases produced from monofunctional modifiers have 

been called monomeric phases. Polyfunctional modifiers 

often of the general formula RSiX3 have the advantages of 

bonding a higher number of groups to the surface, shorter 

reaction time, and increased stability of the bonded layer 

towards hydrolysis (19,20). Bonded phases produced from 

polyfunctional modifiers have been called polymeric 

phases. 

One of the causes of the variable features of 

polymeric phases is the tendency of polyfunctional 

reagents to react with trace amounts of water present in 

the solvent or extracted from the silica and then to 

polymerize in solution before bonding to the surface 

hydroxyls in ways that mayor may not conform to the 

original surface (19,20). It is for this reason that many 

researchers have preferred monofunctional modifiers. 

Although the use of the terms, "monomeric" and "polymeric" 

will be used throughout this work consistent with the 

definitions given above, polymeric bonded phases often 
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consist largely of oriented bonded groups that have 

reacted with the surface with a minimum degree of 

crosslinking. The term "polymeric" is used to emphasize 

the possibility that crosslinking can occur rather than 

implying that it is the distinguishing mark of the 

structure of the bonded phase. 

The goal of this research was to develop a new 

family of surface modifiers of the general structure 

RH2SiCl that had the possibility of combining some of the 

advantages listed for the two classes of surface modifiers 

described. This new family of surface modifiers was 

expected to react with surface silanols in a manner 

analogous to other monochlorosilanes, but with increased 

reactivity because of the reduction in steric hindrance by 

the replacement of the traditional methyl groups on the 

bonding silicon atom with hydrogens. This increase in 

reactivity was expected to lead to bonded silicas with 

decreased residual silanol activity. 

Since silyl hydrides (Si-H groups) have been 

described to undergo a variety of reactions under mild 

conditions, there was the possibility that after bonding 

these silyl hydrides might be further modified in various 

ways yielding new surface properties that might enhance 

the stability or the utility of these bonded phases. Some 

of these possibilities were investigated in this work. 
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Silyl hydrides can be selectively oxidized to Si-OH 

groups, giving these materials a structure similar to that 

expected for bonded phases produced from the reaction 

between silica and polyfunctional modifiers. This could 

allow these materials to serve as models for polymeric 

phases providing a baseline for studying the effect of the 

degree of actual polymerization on column performance. 

The possibility of characterizing bonded phases before and 

after the oxidation of immobilized silyl hydrides afforded 

the opportunity of studying the influence of these silane 

silanols on chromatographic behavior in a way that would 

isolate them as the only variable in the experiment. That 

is a feature which is entirely unique to this group of 

surface modifiers. 

Silica Surface Structure and Modification 

Many researchers have bonded 

alkyldimethylsilyl-groups to silica with the result that 

the number of groups bonded was limited to about half the • 
calculated number of silanols present, the calculation 

being based on the surface area, as measured by the 

nitrogen BET method and by assuming 4 - 5 silanols per nm2 

(6.6 - 8.3 ~moles/m2). The best coverage is attained with 

trimethylchlorosilane, which implies that the limitation 

is steric hindrance. Calculation of the surface required 
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for each trimethylsilyl group based on its density or the 

density of tetramethylsilane, yields a value of about 35 

A2, in agreement with the usually reported values of 

coverage by trimethylchlorosilane which lie between 60 and 

70% of the predicted number of silanols present (21,22). 

This implies that, if the size of the groups filling the 

valencies of the bonding silicon atom could be reduced, 

the coverage attainable by such a molecule would increase 

relative to its predecessors. 

Figure 1A is a two-dimensional view of sil~ca, 

approximately to scale, where the fourth bond to each 

silicon atom is directed into or out of the page. The 

large, solid circle shows the projected surface area (35 

A2, a minimum estimate) occupied by a bound trimethylsilyl 

group. The distance between neighboring silanol groups of 

5.4 A is certainly an upper limit, but, as can be seen in 

the diagram, the bound R(CH3)2Si- group is large enough to 

hinder sterically the bonding of another silane 

(represented by the broken circle) to any neighboring 

silanol. Shown in figure 1B is the increased freedom 

obtained by replacing the bulky methyl groups with 

hydrogens. 

The dimensions and configuration of Figure 1 are a 

simple and idealized form of the model of the surface 

structure of amorphous silica developed by Boksanyi, 
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Liardon, and Kovats (21). Their model allowed for random 

deviations from the hexagonal structure shown such that 

20% of the silanols present at the surface of a silica 

from which all physically adsorbed water had been removed 

are the result of defects in the illustrated structure. 

These silanols originating at defect sites would be in the 

form of geminal or vicinal hydroxyl groups. 

Although the formation of such defects might be 

required because of local geometries, they can be thought 

of as the result of hydrolysis of siloxane linkages at the 

surface. Silica has been described as a living polymer 

(13) and depending on such factors as exposure to water, 

acids, bases, or other reagents along with the dehydration 

history, the silica surface might be in different stages 

of hydrolysis with varying concentrations of the listed 

defects (21,23). Many researchers have reported the 

continuing elimination of water from the surface of silica 

as the temperature of dehydration is increased far beyond 

the boiling temperatur.e of water (24). Some authors have 

reported the condensation of surface hydroxyls under 

dehydration conditions not capable of removing all of the 

physically adsorbed water (25). 
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OH OH 

Si Si 
o Si 0 0 Si 

"-5.4A~ 

Figure 1. 'IWo Dimensional Schematic Representation of an 
Idealized silica surface am the Size of Bonded 
Groups. 

(A) Shows the approximate size of 
trimethylsilyl groups am the maximum distance 
between neighboring silanels. Borxled 
trimethylsilyl groups are represented by lcu:ge 
solid circle. '!he lcu:ge broken circle 
represents the location of a trimethylsilyl 
group reacting with a neighboring silanel. si 
shows original location of silanel. (B) Shows 
the approximate size of the horxled silanes 
~(CH3)2Si- versus RH2Si-. 
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It is this variation in the surface hydration of 

silica that allows for variability in the surface coverage 

by monochlorosilanes. The fully hydroxylated surface 

allows for the greatest coverages by providing silanols at 

closer intervals so that the bonding silane can assume the 

most efficient packing arrangement dictated by its own 

steric restrictions. 

Chromatoaraphic Theory 

In the chromatographic experiment a fluid called 

the mobile phase is forced through some medium called the 

stationary phase. A solute which is dissolved in the 

mobile phase is transported through the stationary phase 

at a rate dependent on the equilibrium distribution of the 

analyte established between the two phases. Martin and 

Synge described the relationship between this equilibrium 

distribution and the volume of mobile phase required to 

elute a solute through a given medium for liquid-liquid 

chromatography (26). 

equation 1 

Vr is the volume of mobile phase required to elute one 

half of the solute from the column containing the 

stationary phase, Vm is the volume of mobile phase which 

participates in the formation of the equilibrium 

distribution between the mobile and stationary phases, Vs 
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is the volume of the liquid stationary phase and K is the 

concentration equilibrium constant that describes the 

distribution. 

K = Cs/Cm equation 2 

Cs is the concentration of solute in the stationary phase 

and Cm is the concentration of solute in the mobile phase. 

The standard measure of retention in 

chromatography is the capacity factor which is given by 

equation 3. 

k' = (Vr - Vm)/Vm equation 3 

The capacity factor is proportional to the distribution 

coefficient (K) and the proportionality constant is the 

ratio of the volume of the two phases. 

k' = K(Vs/Vm) equation 4 

Equation 4 is obtained by the rearrangement of equations 1 

and 3. 

The capacity factor is the retention parameter of 

choice because it can be obtained from measurements of 

retention volumes alone and because it is often impossible 

to determine the volume of the stationary phase. This is 

especially true of bonded phases since these are not true 

liquids and often do not even resemble liquids. There is 

also evidence that the "volume" of these phases changes 

from one solute to another (27). Since the capacity 

factor is proportional to the distribution coefficient, it 
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increases with the strength of the interaction of the 

solute with the stationary phase. For two solutes in a 

given mobile phase, the solute with the stronger 

interaction with the stationary phase will always have the 

larger capacity factor. Therefore the capacity factor can 

be used to compare the strength of the interactions for 

different solutes on a given surface. Another parameter 

used to report and compare the performance of 

chromatographic systems is the selectivity factor or 

relative retention factor, a. It is simply the ratio of 

the capacity factors for two solutes in the same system. 

a = k'2/k'l equation 5 

This parameter can be used interpretively in a similar way 

to the capacity factor. The advantage is that its 

magnitude can be considered to be adjusted by an internal 

standard and is a way of eliminating experimental 

variables which are hard to control. 

Temperature Dependence of the Capacity Factor 

Since the capacity factor is proportional to the 

equilibrium constant that describes the distribution of 

the solute between the stationary phase and the mobile 

phase, the temperature dependence of the capacity factor 

is the same as the distribution ratio K. The temperature 
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dependence of equilibrium constants is given by equation 

6. 

In K = - ~H/RT + ~S/R equation 6 

substituting for K according to equation 4 and rearranging 

gives equation 7. 

In k' = - ~H/RT + ~S/R + In (Vs/Vm) equation 7 

According to equation 7, a plot of ln k' versus lIT should 

yield a straight line of slope - ~H/R and intercept ~S/R + 

ln (Vs/Vm). This kind of plot is called a van't Hoff plot 

and is used in other applications of thermodynamics. 

No attempt will be made in this study to place any 

significance on the absolute value of the thermodynamic 

parameters that might be extracted from such a plot. The 

volume of the stationary phase cannot be known with any 

precision and the question as to whether the concept of 

volume is appropriate in the systems used in this study is 

not determined. No reference or standard state is given 

and the concentrations would be assumed to be equal to the 

activities. Since the absolute value of both Hand S 

would depend on the choice of definitions and the 

correctness of the assumptions listed, only a relative 

significance will be given to the van't Hoff plots drawn 

in this study. The only requirement for the validity of 

the comparisons made will be that any assumptions be 

equally true for the systems under comparison. 
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As long as the activity coefficients, enthalpy, 

entropy, and the phase ratio involved in the partitioning 

process are not functions of temperature, the van't Hoff 

plots should be linear. Any deviation from linearity in 

the plot of the log of the capacity factor versus 

reciprocal temperature would signal a temperature 

dependence in the partitioning process itself. In this 

study it is the deviation from linearity in the van't Hoff 

plot that will be compared for different systems. 

Column Efficiency 

In their original article Martin and Synge also 

included a model for the objective evaluation ~f column 

performance (26). This became known as the plate model of 

chromatographic efficiency and was derived from analogies 

between chromatographic separation and fractional 

distillation. A higher column efficiency is manifested in 

this model by a higher plate count. The concept of a 

plate is taken from models used to evaluate separation 

efficiency of distillation columns. The result of column 

efficiency is the inclusion of the solute in a smaller 

volume of mobile phase as it elutes from the column. This 

is an important parameter in describing the separating 

power of a column for a given selectivity. 
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The formalism which will be used to evaluate 

column efficiency in this study is illustrated in Figure 

2. The plate count of the column for a given solute is 

evaluated according to equation 8. 

N = 5.54(Vr /Vw)2 equation 8 

N is the column plate count, Vr is the volume of mobile 

phase required to elute one half of the solute (assuming 

symmetry in the elution profile), and Vw is volume of 

mobile phase represented by the distance between points at 

half heights of the elution profile. This model assumes 

that the peaks are gaussian in shape. The width of the 

elution profile at half height was chosen as the width 

parameter in order to minimize contributions due to 

asymmetries in the elution profile. 
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CHAPTER 2 

SYNTHESIS OF SURFACE MODIFIERS 

This chapter describes the synthesis of 

ethyldihydrochlorosilane (C2HSSiH2Cl, EDHCS), 

octyldihydrochlorosilane (CsH17SiH2Cl, ODHCS), and 

octadecyldihydrochlorosilane (C1SH37SiH2Cl, ODDHCS) and 

also describes an attempted synthesis of methylbromosilane 

which produced methylbromide instead. The experimental 

method used for each synthesis along with infra-red 

absorption, proton nuclear magnetic resonance, and mass 

spectral data are given when available. 

Background 

The synthesis of a few alkyldihydrochlorosilanes 

has been reported in the literature, but since these 

compounds are not widely used and are therefore not 

commercially available, they were synthesized. 

Stock and Somieski (2S) first reported the 

synthesis of methyldihydrochlorosilane by the reaction of 

methyl silane with HCl over an aluminum chloride catalyst 

(2S). Dolgov, Voronkov, and Borisov reported the partial 

disproportionation of ethyldichlorosilane over aluminum 

chloride to yield ethyldihydrochlorosilane and 
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ethyltrichlorosilane (29). Bailey and others experienced 

somewhat better success by using mild organic bases such 

as nitriles and cyanamides to catalyze the 

disproportionation of ethyldichlorosilane at temperatures 

below its boiling point at atmospheric pressure (30,31). 

This allowed the lower boiling monochlorosilane to be 

distilled from the mixture as it was produced thus driving 

the reaction toward completion and giving yields a little 

higher than those predicted by equilibrium values. 

Anderson and Hendifar reported the synthesis of 

n-heptylchlorosilane and n-heptylbromosilane by the 

reaction of n-heptylsilane with mercuric chloride and 

mercuric bromide respectively in ethyl ether as the 

solvent (32). Of the three methods, Anderson and Hendifar 

reported the best yields and the lowest amount of the 

dichlorosilane as an impurity. 

A common method used in the preparation of 

alkyldichlorosilanes (29), alkyltrichlorosilanes (32) and 

alkylsilanes (33) is the reaction of the alkylmagnesium 

chloride with the appropriate tri-, tetra- or 

monochlorosilane. For the purposes of this study, it was 

very important to minimize impurities in the form of di

and trichlorosilanes. For this reason and because of the 

ready availability of dichlorosilane (SiH2C12), the method 

of preparation chosen for the synthesis of 
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octy1dihydroch10rosi1ane was the reaction of 

octy1magnesium chloride with dich10rosilane. Because of 

the success of the preparation of octyldihydrochlorosilane 

the same method was used for the synthesis of 

octadecyldihydrochlorosilane. 

The reaction of ethylmagnesium chloride with 

dich10rosilane was also used in an attempted synthesis of 

ethyldihydrochlorosilane (b.p. 43"C) but the product did 

not distill away from the ethyl ether (b.p. 3S"C) and the 

unreacted dichlorosilane (b.p. SOC). The use of higher 

boiling ethers was not indicated because this would not 

alleviate the problem of separation of 

ethyldihydrochlorosilane from dich1orosilane. 

Dich10rosi1ane was also very difficult to separate from 

ethyl ether. Difficulty in separating the lower boiling 

silanes from ethyl ether has been reported by other 

workers (33). Because the reaction between n-heptylsilane 

and mercuric chloride had been shown to proceed at near 

room temperature, there was hope that the reaction between 

ethyl silane and mercuric chloride might proceed at the low 

temperatures required to maintain ethylsi1ane (b.p. -19"C) 

in solution. 

The success of the reaction between ethylsilane 

and mercuric chloride in the preparation of 

ethyldihydrochlorosilane and the reported similarity in 
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the reactivity of mercuric bromide recommended this as the 

method of choice for the preparation of methylbromosilane. 

However the reaction of methylsilane with mercuric bromide 

produced primarily methyl bromide and a silane or silanes 

of undetermined structure. This unsuccessful attempt at 

the synthesis of methylbromosilane is included because 

this result was not predicted by the literature (32). 

Experimental 

Reagents 

Analytical reagent grade toluene, mercuric 

chloride and mercuric bromide were obtained from Fisher 

Scientific (Fair Lawn, NJ); ethyltrichlorosilane, 

methyltrichlorosilane and dichlorosilane from Petrarch 

(Bristol, PA); l-chlorooctadecane, glyme and lithium 

aluminum hydride from Aldrich (Milwaukee, WI); 

Grignard-grade magnesium turnings from Mallinckrodt 

(Paris, KY); anhydrous diethyl ether and iodine from J. T. 

Baker (Phillipsburg, NJ); and l-chlorooctane from Eastman 

(Rochester, NY). Glyme was distilled from lithium 

aluminum hydride before use, the mercuric chloride and 

mercuric bromide were vacuum dried in a desiccator at room 

temperature and all other reagents were used without 

further treatment. 

20 
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Synthesis of Octyldihydrochlorosilane 

Twelve grams of Grignard-grade magnesium turnings 

and 100 ml of anhydrous ethyl ether were added to a three 

necked flask fitted with an addition funnel, a reflux 

condenser and a rubber septum. The apparatus was flushed 

with argon and kept under a slight positive pressure of 

argon by means of a one way mineral oil bubbler and the 

mixture was stirred with a magnetic stir-bar. The 

addition funnel was charged with SO ml of anhydrous ethyl 

ether and 40.3 g of 1-chlorooctane. After several 

additions of a few milliliters each of the 1-chlorooctane 

solution there was no sign of reaction. Six g of magnesium 

turnings were etched by adding approximately so mg of 

iodine and heating the turnings in a corked vessel for 

five minutes over a bunsen burner flame. After cooling, 

these were added to the' reaction mixture and after 

addition of a few more ml of the chlorooctane reflux began 

and the chlorooctane was added at a rate required to 

maintain reflux over the period of an hour. 

A three necked flask was charged with 200 ml of 

ethyl ether and fitted with a rubber septum and a reflux 

condenser which was maintained at -2S0C. The ether was 

cooled with a dry ice/methanol bath and 32.6 g of 

dichlorosilane was added to the flask as a vapor and 

condensed and dissolved in the stirred ether over the 
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course of about an hour. The dichlorosilane was added 

from a pressure cylinder through a polyethylene tube 

fitted to a large stainless steel needle which was pushed 

through the septum. The rate of the delivery and the 

amount delivered were monitored by means of a top loading 

balance upon which the cylinder rested. The solution was 

warmed to room temperature and the octylmagnesium chloride 

solution was added to the dichlorosilane solution over the 

course of an hour and a half at a rate to maintain reflux. 

The solution was added through a r:;tainless steel tube 

which connected the two flasks by forcing it through with 

positive argon pressure. The resulting solution was 

suction filtered in a glove bag under argon. Most of the 

ether was distilled from the filtrate at room pressure. 

The remaining ether and the purified product were 

fractionally distilled at reduce pressure through a 15 cm 

Vigreux column. A small amount of a lower boiling 

fraction was collected as the temperature at the top of 

the column rose quickly from 48°C to 60.S0C. 

Approximately 20 goof octyldihydrochlorosilane were 

distilled at 60.5°C and 4 Torr. The proposed structure 

was consistent with the data obtained from transmission 

infrared spectrophotometry with a Perkin-Elmer (Norwalk, 

CT) Model 983 IR spectrophotometer, from proton NMR 
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spectrometry with a Varian (Sunnyvale, CAl Model T-60 NMR 

spectrometer. 

Synthesis of octadecyldihydrochlorosilane 

sixteen grams of magnesium turnings etched in the 

previously described manner were added to a reaction 

vessel with 250 ml of ether. A solution of 72 g of 

l-chlorooctadecane and 38 ml of ether were added slowly 

with reflux and allowed to cool. Upon cooling the entire 

solution formed a gelatinous mass which did not liquify 

upon heating. One hundred milliliters of toluene were 

added and the gelatinous mixture dissolved. The integrity 

of the Grignard reagent was checked by dissolving 1.2 ml 

of the solution in ethanol and sequentially titrating with 

standard sulfuric acid and standard silver nitrate. A 

small portion of the Grignard reagent was also allowed to 

react with dry ice and was acidified and extracted with 

ether and the ether was evaporated leaving a waxy residue. 

The IR spectrum of the wax was then obtained. The 

presence of the carbonyl confirmed the integrity of the 

Grignard reagent. 

Thirty five grams of dichlorosilane was condensed 

and dissolved in a solution of 150 ms of ether and 150 ml 

of toluene. The octadecylmagnesium chloride solution was 

then added with reflux and the resulting slurry was 
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refluxed for two hours. The slurry was then transferred 

under argon atmosphere into glass culture tubes and 

centrifuged. The clear supernatant was decanted and the 

precipitate was then washed with an equal volume of 

toluene and all the decantates were combined. The ether 

and most of the toluene were distilled from the mixture at 

room pressure and the remaining toluene and the product 

were fractionally distilled at reduced pressure. 

Approximately 5 g of a low boiling fraction were distilled 

at 0.5 Torr from 100·-140·C. Then about 1 g of distillate 

was collected from 128·C to 142·C and 0.3 Torr and was 

combined with 26 g of the desired product which dis~illed 

at 142°C and 0.3 Torr. The structure was confirmed with 

transmission infrared spectrophotometry, proton NMR 

spectrometry and by gas chromatography-mass spectrometry 

with a Hewlett-Packard (Palo Alto, CAl Model 5990A gas 

chromatograph-mass spectrometer. 

Synthesis of Ethyldihydrochlorosilane • 
Thirty one grams of lithium aluminum hydride was 

suspended in 500 ml of glyme. One hour was required for 

the addition of approximately 180 g of 

ethyltrichlorosilane while refluxing. Solvent and other 

impurities were collected in a trap maintained at O°C and 

ethylsilane (b.p. -19°C) was collected in a condenser 
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cooled with a dry ice-isopropanol slurry. The ethylsilane 

was redistilled at atmospheric pressure and approximately 

1 ml of liquid remained at room temperature. The 

ethylsilane was then transferred under vacuum to a 

cylinder cooled in a liquid nitrogen bath. After 

verifying the production of ethylsilane by gas 

chromatography-mass spectrometry, the procedure was 

repeated with 135 g of ethyltrichlorosilane and another 36 

g of ethylsilane was added to the cylinder. 

sixty two grams of ethylsilane was cond~nsed and 

dissolved in 500 ml of glyme which was cooled in a dry 

ice-isopropanol slurry. The solution was stirred with an 

overhead stirrer (the mercuric chloride was too heavy for 

a magnetic stirrer) for three hours during the addition of 

270 9 of mercuric chloride from a powder addition funnel. 

During the reaction time the vessel warmed from -50°C to 

-20°C. The solution was warmed to room temp and allowed 

to reflux for an additional three hours. During the last 

hour the reflux temperature of the mixture was steady at 

40°C. Approximately 125 g of crude product distilled 

before the reflux temperature at the bottom and the top of 

the distillation column equalized. This crude product was 

fractionally distilled and 54 g of 

ethyldihydrochlorosilane was distilled at 38°-40°C. The 

identity of ethyldihydrochlorosilane was confirmed by 
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transmission infrared spectrophotometry and gas 

chromatography-mass spectrometry. 

Attempted Synthesis of Methyldihydrobromosilane 

Thirty grams of lithium aluminum hydride was 

suspended in 500 ml of glyme and 80 9 of 

methyltrichlorosilane was added during about 40 minutes of 

gentle reflux. As the gaseous methylsilane was formed, it 

was condensed and dissolved in 500 ml of glyme which was 

cooled with a dry ice-isopropanol slurry. The powder 

addition funnel would not deliver the mercuric bromide, so 

it was added in four 50 9 lots at half hour intervals. 

The mixture was warmed to room temperature and refluxed 

for three hours. The low boiling products were distilled 

and about 100 ml were collected. During reflux and during 

the distillation a gaseous product seemed to continuously 

evolve. If this gas was allowed to accumulate at in the 

exit side of the mineral oil bubbler, it would 

periodically spontaneously ignite in the air producing a 

loud pop and leaving a white powder. This crude product 

was fractionally distilled through a 20 cm column packed 

with glass helices and 30 g of low boiling product was 

collected from 23°C to 35°C. Upon investigation with gas 

chromatography-mass spectrometry, this mixture appeared to 

be primarily methyl bromide. After a several days 
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storage, the teflon-lined caps of the storage bottles 

ruptured and a white crystalline solid formed at the 

cracks. 

Interpretation of spectral Data 

Figure 3 is the infrared absorption spectrum of 

ethyldihydrochlorosilane. Table 1 is a list of the peak 

positions measured and compared to the peak positions 

measured by Rudakova, Tulyakova, and Pentin (34) along 

with some of the spectral interpretation which they gave. 

This also serves as the basis for the interpretation given 

for the infrared spectra of octyldihydrochlorosilane and 

octadecyldihydrochlorosilane. It is worth noting that the 

average deviation in peak position from the previously 

reported value is 3 cm-1 which is quite reasonable for a 

spectrum with a 5 cm-1 resolution. One important 

exception is the broad peak at 1077 cm-1 which did not 

appear in the reference and is probably due to an si-o 

stretch. Since the sample was briefly exposed to air, the 

presence of si-o could be due to hydrolysis of si-Cl or 

the oxidation of Si-H or both. Several absorptions which 

are very important for the purposes of this study are the 

si-Cl stretch at 509 cm-1 , the si-c stretch at 682 cm-1 , 

the SiH2 bending vibrations at 850 cm-1 and 947 cm-1 , the 
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Si-H stretch at 2178 cm-1 and the C-H stretching 

vibrations from 2800 cm-1 to 3000 cm-1 • 

An important parameter in the characterization of 

the silane modified silicas in this study is the ratio of 

the integrated intensities of the Si-H/C-H absorptions. 

The relatively low value of 0.95 in this case is a further 

indipation of oxidation of some of the Si-H groups upon 

loading the sample. There is also the possibility that 

some C-H containing impurity contributed to this low 

Si-H/C-H intensity. The most likely impurity would be 

glyme, but there was no evidence for this in the infrared 

spectrum. positions corresponding to ion fragments 

containing an additional chlorine atom. since the 

intensity of these "ghost" peaks would increase if Si-H 

containing compounds were injected after chlorosilanes and 

would decrease if only alkylsilanes were repeatedly 

injected, it was concluded that the origin of these 

chlorosilane ion fragments was from reaction of the 

alkylsilane with metal chlorides at the hot walls of the 

ionization chamber. A possible reaction would be one 

analogous to that used in the synthesis of 

ethyldihydrochlorosilane. 

MCl2 + RSiH = M + RsicI + HCI 

Figure 4 is the infrared spectrum of 

octadecyldihydrochlorosilane and Table 3 is a list of some 

28 



of the more important absorptions. The absorptions 

indicating important structural features are the si-Cl 

stretch at 514 cm-1 , the Si-c stretch at 671 cm-1 , the 

SiH2 bending vibrations at 948 cm-1 and 854 cm-1 , and the 

Si-H stretch at 2175 cm-1 • The other major spectral 

features are typical of compounds containing long 

hydrocarbon chains. The Si-H/C-H intensity ratio for this 

sample was 0.3. 

Figure 5 is the proton NMR spectrum of 

octadecyldihydrochlorosilane. The CH2 resonances are 

unresolved and in the usual place at 1.2 ppm down field 

from TMS. The resonance at 0.8 ppm is probably due to 

both the CH3 and the Si-CH2 protons. The resonance at 4.5 

ppm is from the SiH2 protons which is reasonable 

considering that the SiH3 protons in alkylsilanes yield a 

resonance at 3.4 ppm and the protons in dichlorosilanes 

give rise to a resonance at about 5 ppm. The splitting 

pattern is the triplet expected for protons coupled to 

adjacent methylene protons. The integrated intensity of 

the Si-H2 resonance was only 70 % of that expected based 

on the intensity of the C-H resonances and assuming 

integral intensity for the Si-H protons. This h~s been 

observed to be true for other silane compounds, but could 

also be partly due to the presence of some octadecane in 

the sample • 
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Table 4 is a li~t of the prominent peaks from the 

mass spectrum of octadecyldihydrochlorosilane and the 

probable ion fragments from which they arose. The pattern 

is very typical of linear hydrocarbons with the exception 

of the large peak at mass 59 which probably arises from 

the C2H5SiH2 or the C2H4SiH3 ion fragment and the peak at 

mass 283 which is probably due to the C18H37SiH2 ion 

fragment. The peak at mass 99 is more intense than would 

be expected from a c7H15 ion fragment and perhaps arises 

partly from a C5H9SiH2 fragment that is stabilized by some 

means such as cyclization. There is no peak from the 

molecular ion. 

Figure 6 is the infrared spectrum of 

octyldihydrochlorosilane and the important structural 

absorptions occur at the same frequencies as just 

explained for octadecyldihydrochlorosilane. These 

assignments are given in Table 3. Figure 7 is the proton 

NMR spectrum of octyldihydrochlorosilane and is 

essentially the same as the spectrum of 

octadecyldihydrochlorosilane except for the intensity of 

the methylene resonances and the appearance of a weak 

triplet at 3.4 ppm down field from TMS which is from the 

SiH3 protons of an octylsilane impurity. 

Table 5 is a comparison of the mass spectrum 

obtained from the product of the reaction between 
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methylsilane and mercuric bromide and the mass spectrum of 

methylbromide. The conclusion that the reaction product 

is methylbromide is unavoidable. The reaction which was 

expected to occur was the following: 

CH3SiH3 + HgBr2 = CH3siH2Br + Hg + HBr • 

If HBr were to split the Si-c bond, methane and 

bromosilane would be expected to be the predominant 

products rather than silane and methyl bromide as appears 

to be the case here. Metallic mercury was formed but there 

was no evidence of a build up of molecular bromine. This 

is presented as an interesting anomaly that might be worth 

exploring. 
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TABLE 1 

INFRARED ABSORPTIONS OF ETHYLDIHYDROCHLOROSILANE 

MEASURED LITERATURE 
FREQUENCIES FREQUENCIES 

(cm-1 ) (cm-1 ) DESCRIPTION 

2960 2960 CH3 stretch 

2877 2879 CH3 stretch 

2178 2174 Si-H stretch 

1459 1465 CH3 bend 

1406 1412 CH2 bend 

1381 1384 CH3 bend 

1229 1236 CH2 bend 

1077 Si-o stretch 

1022 1025 C-C stretch 

1009 1012 C-C stretch 

975 978 CH3 bend 

947 950 SiH2 bend 

850 854 SiH2 bend 

770 770 SiH2 bend 

742 744 SiH2 bend 

682 682 si-c stretch 

655 653 CH2 bend 

560 567 SiH2 bend 

535 529 SiH2 bend 

509 509 siCl stretch 
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TABLE 2 

MASS SPECTRUM OF ETHYLDIHYDROCHLOROSlLANE 

RELATIVE PLAUSIBLE ION 
MAS~UCHARGE ABYHDAHCfj FRAGMEiNT 

27 9 C2H3+ 

28 10 C2H4+ 

29 15 C2H5+ 

58 10 C2H4SiH2+ 

59 15 C2H5SiH2+ 

64 92 

65 100 SiH235C1+ 

66 32 

67 37 SiH237C1+ 

92 45 C2H4SiH35C1+ 

93 69 C2H5SiH35C1+ 

94 37 C2H5SiH235C1+, 

C2H4SiH37C1+ 

'95 31 C2H5SiH37C1+ 

96 11 C2H5SiH237C1+ 
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TABLE 3 

SELECTED INFRARED ABSORPTIONS OF 
ALKYLDIHYDROCHLOROSILANES 

FREOUENCIES ASSIGNMENT 

octadecyl- octyl-

2925 2926 C-H stretch 

2850 2856 C-H stretch 

2175 2177 SI-H stretch 

1465 1465 CH2 bend 

950 948 SiH2 bend 

850 864 SiH2 bend 

721 722 (CH2)4 bend 

671 673 si-c stretch 

514 514 si-Cl stretch 

._ .. _ ... __ ._-------------------------------------
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Peak Assigrnnents: 013' SiOl - 0.8 ppm; 012 -
1.2 ppm; SiH2cl - 4.5 ppm. 
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TABLE 4 

MASS SPECTRUM OF OCTADECYLDIHYDROCHLOROSILANE 
(selected peaks) 

MASS/CHARGE 

27.05 

29.05 

31.05 

41.05 

43.07 

57.05 

59.05 

71.15 

85.15 

99.15 

113.15 

127.15 

141.2 

155.2 

169.2 

183.2 

197.2 

211.2 

225.3 

239.3 

253.3 

283.4 

RELATIVE PLAUSIBLE 
ABUNDANCE ION FRAGMENT 

3.5 C2H3+ 

10.1 C2Hs+" 

4.7 SiH3+ 

26 C3H5+ 

37 C3H7+ 

27 C4H9+ 

100 C2H5SiH2+' C2H4SiH3+ 

15.7 C5H11+ 

13.13 C6H13+ 

31 C7H15+ 

9.3 C8H17+ 

2.1 C9H19+ 

0.96 C10H2T" 

0.57 C11H23+ 

0.88 C12H25+ 

0.71 C13H27+ 

0.71 C14H29+ 

0.94 C15H31+ 

1.16 C16H33+ 

0.81 C17H35+ 

0.72 C18H37+ 

0.34 C18H37SiH2+ 
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Peak Assigrnnents: Ql3' siQl - 0.8 ppm; Ql2 - 1.2 ppm; 
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TABLE 5 

MASS SPECTRA OF METHYL BROMIDE AND OF THE PRODUCT OF 
THE REACTION BETWEEN METHYL SILANE AND MERCURIC CHLORIDE 

MASS/CHARGE RELATIVE ABUNDANCES ION FRAGMENTS 

CH3Br product 

15 10 9 CH3+ 

79 21 17 79Br+ 

81 16 14 81Br+ 

93 23 23 CH279Br+ 

94 100 100 CH379Br+ 

95 17 18 CH281Br+ 

96 100 98 CH381Br+ 

------- ------ -- .-----------------------~-------
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CHAPTER 3 

SURFACE MODIFICATION OF SILICA 

The focus of this part of this study was to 

address three questions. First, how much could the 

surface coverage achieved by a chlorosilane be increased 

by reducing the size of the pendant groups on the bonding 

silicon atom? Second, what would be the effect of chain 

length of the bonded alkyl group on this increase? Third, 

in what ways could immobilized silyl hydrides be modified 

in order to exploit the possible versatility of this new 

type of surface modifier. 

Experimental 

Reagents 

Analytical reagent grade methanol, isopropanol, 

tetrahydrofuran, acetone, dichloromethane, toluene, 90% 

formic acid, and spectral grade carbon tetrachloride were 

obtained from Fisher Scientific (Fair Lawn, NJ); 

dimethylchlorosilane, ethyldimethylchlorosilane, 

octyldimethylchlorosilane, octadecyldimethylchlorosilane, 

octadecyltrichlorosilane, allyltrichlorosilane, and 

t-butyltrichlorosilane from Petrarch (Bristol, PA); 

42 

42 



lithium aluminum hydride, trimethylchlorosilane, l-hexene, 

1,3-butadiene, 1,4-dioxane, and glyme from Aldrich 

(Milwaukee, WI); acetophenone, and 30% hydrogen peroxide 

from Mallinckrodt (Paris, KY); diethyl ether, concentrated 

hydrochloric acid, glacial acetic acid, concentrated 

ammonium hydroxide, ammonium acetate, and iodine from J. 

T. Baker (Phillipsburg, NJ); and dibutyltin diacetate and 

chloroplatinic acid from Alpha Products (Danvers, MA). 

All solvents brought into contact with silica particles 

were filtered using 0.45-~m membrane filter~, obtained 

from Millipore (Bedford, MA). When dry glyme, 

tetrahydrofuran, dioxane, or ether was needed, it was 

distilled from lithium aluminum hydride and stored under 

nitrogen. All other chemicals were used without further 

purification. 

Silica 

The silica used in this study was obtained from 

Lochmuller (Duke University, Durham, NC) and is part of a 

single batch (Id. No. RR-129-7A) donated by Whatman 

Chemical Separation (Clifton, NJ) that has been used by 

Lochmuller and others in surface modification studies. 

This silica had been acid-washed and was stored in a 

closed container inside a desiccator after it was 

received. For all but the first three surface 
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modification reactions it was used without further 

treatment after it was observed that drying or acid 

washing the silica seemed to produce only null or 

deleterious effects. The manufacturer reports a mean 

particle size of 7.53 ~m, an average pore diameter of 96 

A, a nitrogen BET surface area of 323 m2/g, an 

intraparticular pore volume of 0.777 ml/g, and a bulk 

density of 0.39 g/ml. 

Silica Modification 

Unless specified otherwise, all the following 

reaction conditions were used for the surface modification 

of any silica sample. The reaction between chlorosilanes 

and silica particles was carried out in approximately 10% 

(v/v) solution of the chlorosilane in toluene, in a volume 

calculated to contain at least a five-fold excess of the 

silylating agent for the number of surface hydroxyls 

present. The number of surface hydroxyls calculated to be 

present was based on the weight of the sample, the 

reported surface area, and the assumption of 4-5 silanols 

per nm2 (6.6 - 8.3 ~moles/m2). The silica samples were 

refluxed under dry nitrogen purge for 48 to 50 hours. 

Each sample was then washed at least ten times with 30 ml 

of toluene and then ten times with 30 ml of methanol. The 
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samples were dried overnight at 120aC under reduced 

pressure (ca. 0.1 Torr). 

Analytical and Spectral Characterizations 

The percentage of carbon in each sample was 

determined by combustion analysis, using a Perkin-Elmer 

(Norwald, CT) Model 240C elemental analyzer. All samples 

were washed and dried as described above before elemental 

analysis. Transmission infrared spectra of bonded silicas 

were obtained as mulls with carbon tetrachloride in 

capillary cells with sodium chloride or potassium bromide 

windows using a Perkin-Elmer Model 983 IR 

spectrophotometer. Intensities of absorption bands were 

determined from absorbance spectra by digitally 

integrating the area bounded by the peak of interest and a 

baseline assumed to be linear between limits picked by 

inspection. The cross-polarization magic-angle spinning 

(CPHAS) 29si NMR spectrum of silica modified with 

octadecyldihydrochlorosilane was graciously provided by 

the Regional NMR Facility (Ft. Collins, CO). 

Selection of Reaction Conditions 

"There are many hundreds of papers proposing 

preferred methods of bonding ligands to the silica matrix, 

but surprisingly not one has systematically examined the 

many variables which may affect this process" (35). One 
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of the reasons for the lack of systematic studies is 

stated by Jones in the abstract of the above quoted paper. 

"A full factorial study involving most of the possible 

variables would require in excess of two million 

individual experiments" (35). 

In trying to find a literature preferred method 

for the bonding of silanes to silica, it was found that a 

priori reasoning was much more utilized in the generation 

of methodologies than experimentation. There seemed to be 

a consensus on several steps commonly used in 

silica-silane reactions and among these were acid washing 

of the silica, pre-drying of the silica at 110aC to lSOaC, 

refluxing the silica in a polarizable solvent such as 

toluene, use of an acid scavenger or degassing the mixture 

with an inert gas, use of a large excess of (usually 

S-fold) of silanizing reagent, pre-drying of the solvent, 

and 2-24 hour reaction times. Since optimum conditions 

depend on the silanizing agent used as well as the 

specific surface characteristics of the particular silica 

used, a brief study was conducted to determine an 

effective approach in a reasonable amount of time. 

The efficacy of drying the toluene was 

. investigated by distilling toluene from calcium hydride 

and from octadecyldimethylchlorosilane or by refluxing 

toluene with calcium hydride or the chlorosilane. The 
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water content of the treated and untreated toluene was 

determined by gas chromatography using a porapak Q column 

and a thermal conductivity detector. Since none of the 

treatments succeeded in reducing the water content of the 

toluene by more than 80%, future drying of this solvent 

was abandoned. The use of an acid scavenger was avoided 

because of concern about catalyzing the reaction between 

silyl hydrides and water, HCl, or surface hydroxyls. 

Although the validity of this concern was never fully 

verified, there was evidence of much oxidation of silyl 

hydrides in a mixture of aniline, 1-propanol, and 

ethylchlorosilane. The reaction of 

alkyldihydrochlorosilanes as monomers was the most desired 

mechanism and the use of an amine catalyst added an 

undesired unknown. 

The acid washing and drying of silica was 

abandoned because of the results contained in Table 6. 

With a reaction time of 8 to 14 hours each step seemed to 

incrementally reduce the amount of silane bound to the 

silica. The silica was acid washed by sonicating with 6 M 

HCl and then rinsing with distilled water until the 

washings were basic to bromocresol green (ca. pH 5.5). The 

silica was dried overnight at 120aC under reduced pressure 

(ca. 0.1 Torr). These mild and traditional pretreatments 

have not been associated with such a reduction in the 
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TABLE 6 

EFFECT OF PRETREATMENT ON SURFACE COVERAGE 
BY OCTADECYLDIMETHYLSILYL GROUPS 

REACTION SURFACE COVERAGE 
PRETREATMENT TIME (h) (~moles/m2 ) 

acid wash, 14 1.24 
vacuum dry ( 12 0 C) 

vacuum dry ( 12 0 C) 14 1.73 

none 8 2.50 

none 10 2.64 
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number of surface bound groups (35-38). Since a 

significant reduction in surface reactivity seems 

unlikely, this decrease might be attributed to an apparent 

decrease in available surface area. Amorphous silica has 

been described as a living polymer (13) and perhaps some 

reorganization of the pore structure occurred which was 

catalyzed by an acid and driven by vacuum drying. 

However, this seems unlikely at these mild conditions. 

Whatever the mechanism, these results recommended the 

simpler approach. Thereafter, the silica was used without 

further pretreatment. 

Surface Coverage: Alkyldimethvlchlorosilanes vs. 
Alkyldihydrochlorosilanes 

The first comparison to be made between 

R(CH3)2SiCl and RH2SiCl modifiers was surface 

concentration of bonded alkylsilyl groups each would yield 

at a given silica surface. Each coverage is reported as 

micromoles per square meter and is calculated from the 

carbon content of the sample obtained from combustion 

analysis. The manufacturer's reported surface area of 323 

m2/g was used in the following formula: 

XC12.01/n) (102.) ______ __ equation 9 
{1 - [X(12.01/n) (MW - 1.008)]}323 

in which X is the measured mass fraction of carbon, n is 
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the number of carbons in each bonded group, and MW is the 

calculated formula weight of the a1ky1si1y1 radical. 

Figure 8 shows the coverage of 

octadecy1dimethy1ch1orosi1ane and 

octadecy1dihydroch1orosi1ane versus reaction time under 

the conditions described in the experimental section. As 

is indicated by the plot, the extent of bonding by each 

type of modifier seems to be roughly equivalent at short 

reaction times, but the reaction between silica and 

octadecy1dimethy1ch1orosi1ane levels off faster than the 

reaction between octadecy1dihydroch1orosi1ane and silica 

after about 10 hours. The latter does not reach a plateau 

until at least 32 h of reaction time. In order to compare 

the full extent to which each modifier could be bonded, 

reaction times of at least 32 h and usually 50 h were 

employed. 

Although the curves appear to level off, the 

surface coverage often did not reach a true plateau in 

which the measured values oscillated about a mean value. 

An additional-investment of reaction time was often 

rewarded with an incremental increase in surface coverage. 

It is very important to note that the shape of the kinetic 

curves shown did not change if the sample was periodically 

removed and washed, and the reaction was continued after 

the addition of fresh reagent. 
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Figure 9 shows the maximum coverage attained with 

chlorosilanes as a function of chain length of the alkyl 

group R- for the two types of modifiers, R(CH3)2SiCl and 

RSiH2Cl. In all. cases, the RSiH2Cl modifier yielded 

higher coverages that the dimethyl analogue. However it 

is interesting to note that the two curves generated by 

the respective classes of modifiers seem to be parallel. 

This indicates that, regardless of the length of the 

hydrocarbon chain filling the fourth valency of the 

bonding silicon atom, the increase in coverage available 

by replacing the two methyl groups with hydrogens is 

constant. Table 7 is a list of the differences in 

coverages given by each pair of the different types of 

modifiers of equal chain length. This is a surprising 

result, especially in the case of 

ethyldimethylchlorosilane and ethyldihydrochlorosilane and 

seems to indicate that the steric effects of different 

groups bonded to the silicon atom are simply additive. 

As the chain length of the alkylsilane is 

increased, the surface area occupied by bonded groups also 

increases. This has been observed by other workers and 

does not depend on the presence of small pores (21,35-38). 

This effect seems to level off between chain lengths of 

4-6 methylene groups where the flexibility of the chain 

begins to allow for efficient packing. At this point 
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(greater than 6 methylene units) it might be expected that 

the steric factors preventing further reaction would be 

dominated by the long hydrocarbon chain and that the 

reduction in the size of the other groups on the bonding 

silicon atom would have less effect with long chain 

modifiers. 

Although Table 7 does indicate that sort of trend, 

it is very slight. It would be interesting to see how this 

effect (increased coverage by alkyldihydrochlorosilanes) 

would depend on the type of silica used. Some interesting 

variables to investigate would include pore size and 

dehydration. Although neither methyldihydrochlorosilane 

or chlorosilane (SiH3Cl) were synthesized and bonded to 

silica in this study, the data in figure 9 show that they 

should yield coverages of at least 6.6 ~moles/m2 and 7.4 

~moles/m2 respectively. These hypothetical surface 

coverages lie within the low to mid range of the estimated 

concentrations of surface hydroxyls present on amorphous 

silica. 

Bonding of Polymeric Phases 

Three types of trichlorosilanes were bonded to 

silica in this study and the results are summarized in 

Table 8. Silica modified with octadecyltrichlorosilane was 

used in chromatographic comparisons with bonded phases 
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prepared from alkyldihydrosilanes in which all the silyl 

hydrides had later been oxidized to silanol groups. 

Tert-butyltrichlorosilane was bonded to compare the steric 

hindrance of the t-butyl group to that of the 

trimethylsilyl group. Allyltrichlorosilane was used to 

study the reaction between silyl hydrides in solution and 

surface bound olefins. 

Bonding of Octadecyltrichlorosilane 

Two different samples of silica were reacted with 

octadecyltrichlorosilane. The first was refluxed in a 10% 

silane/toluene solution with a five-fold excess of 

octadecyltrichlorosilane for two hours and was then washed 

and dried. The resulting silica contained 24% carbon for 

a surface coverage of 5.1-5.3 ~moles/m2. This coverage 

was significantly greater than that achieved by 

octadecyldimethylchlorosilane or 

octadecyldihydrochlorosilane after 50 h of reaction time 

and suggested that an appreciable amount of polymerization 

had occurred. 

In order to produce a silica with a carbon content 

and structure which was more analogous to the monomeric 

phases already made, a second silica sample was refluxed 

for l6 h in a 2% silane/toluene solution with 

approximately 8 ~moles of silane per square meter of 
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TABLE 7 

INCREASE IN SURFACE COVERAGE 
BY REPLACING METHYL GROUPS WITH HYDROGENS 

H - coverage by RSiH2Cl 

M - coverage by RSi(CH3)2C1 

R GROUP 

ethyl

octyl

octadecyl-

H - M (~moles/m2) 

1.4 

1.4 

1.2 
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TABLE 8 

SURFACE COVERAGE BY POLYFUNCTIONAL MODIFIERS 

MOLE RATIO REACTION SURFACE COVERAGE 
SURFACE MODIFIER silane/silanol TIME (h) (pmoles/m2 ) 

octadecyltrichlorosilane 5 2 5.2 

octadecyltrichlorosilane 1.1 16 3.5 

allyltrichlorosilane (1)* 1.3 33 5.0 

allyltrichlorosilane (2)* 13 10 6.7 

t-butyltrichlorosilane 1.2 50 1.8 

t-butyltrichlorosilane 1.2 50 1.8 

t-butyltrichlorosilane 20 50 3.5 

*Numbers 1 and 2 are sequential reactions on the same sample. 

lTI 
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silica or about a 10% excess. The resulting silica 

contained 18.4 % C or 3.5-3.6 ~moles/m2 of octadecyl 

groups indicating that slightly less than half of the 

available chlorosilane had reacted. This level of coverage 

was also in the range between that of 

octadecyldimethylchlorosilane and 

octadecyldihydrochlorosilane. 

Bonding of Allyltrichlorosilane 

The same approach as described above was followed 

in bonding allyltrichlorosilane to silica. A sample of 

silica was refluxed for 33 hours in a 1% silane/toluene 

solution which contained 10 ~moles of silane per square 

meter of silica. The resulting silica contained 5.1% 

carbon or 5.03 ~moles/m2 of bonded allyl groups indicating 

that about half of the chlorosilane originally present 

reacted. Half of the silica was removed and left in the 

silane/toluene solution and an excess of 100 ~moles silane 

per square meter of remaining silica was added and reflux 

was continued for an additional 10 h. This final silica 

contained 6.57% carbon or 6.7 ~moles/m2 of bonded allyl 

groups. This modest increase in surface coverage under 

such rigorous conditions for a trichlorosilane suggested 

that the availability of reactive silanol groups had been 

greatly restricted by the first treatment. These results 
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suggested that an effective and reproducible way to bond 

trichlorosilanes to silica is by long reaction with a 

dilute solution of silane containing roughly twice the 

amount of silane desired at the surface. 

Bonding of t-Butyltrichlorosilane 

Two samples of silica were allowed to react with 

1% t-butyltrichlorosilane/toluene solutions containing 

approximately 9 ~moles of silane per square meter of 

silica surface. The slurries were refluxed for 50 hand 

the resulting modified silicas contained 2.54% and 2.69% 

carbon respectively or approximately 1.8 ~moles/m2. The 

reaction of only 20% of the silane available in solution 

was more reminiscent of a monochlorosilane than a 

trichlorosilane and indicated a large reduction in the 

extent of reaction of the trichlorosilane due to the 

steric hindrance of the t-butyl group. Since 

t-butyltrichlorosilane seemed to yield surface coverages 

similar to a monochlorosilane, a third sample of silica 

was refluxed for 50 h in a 20% silane/toluene solution 

containing 150 ~moles of silane per square meter of 

silica surface. This last silica sample contained 4.9% 

carbon or 3.5 ~moles/m2 of bound t-butyl groups which is 

the same as the coverage achieved by 

ethyldimethylchlorosilane under the same reaction 
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conditions. This significant reduction in the achievable 

surface coverage of this trichlorosilane because of steric 

hindrance from the t-butyl group is strong supportive 

evidence that the relatively slow reaction and low surface 

coverages exhibited by alkyldimethylchlorosilanes is due 

in some measure to the steric hindrance of the methyl 

groups on the bonding silicon atom. 

Chemical Reactivity of Immobilized Silyl Hydrides 

To verify that the potentially unstable silyl 

hydrides had remained intact during the bonding process, 

the IR spectrum of each sample was taken. The intensity 

of the Si-H stretch, which after bonding was at 2155 cm-1 , 

was compared to that of the C-H stretches between 3000 

cm-1 and 2800 cm-1 • For fresh samples, the relative 

intensities of these two bands were usually within 10% of 

the expected value, assuming that no change in 

absorptivity occurred upon bonding to the surface. 

Table 9 summariz~s some of the results for silica 

modified with octadecyldihydrochlorosilane and 

octyldihydrochlorosilane. The intensity of the Si-H 

stretch is slightly less in each case than the intensity 

of the Si-H stretch in the chlorosilane. This result 

could arise from two sources. Each of the chlorosilane 

preparations contained a slight impurity of the 
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alkylsilane which would tend to increase the measured 

Si-H/C-H intensity ratio. since the chlorosilane would 

preferentially bond to the surface, the Si-H/C-H intensity 

ratio of the bonded silane would tend to decrease. There 

. is also the possibility of the reaction of the silyl 

hydrides with silanols, or water which is near the surface 

or in solution. The reaction between silyl hydrides and 

water to produce hydrogen and a silanol is 

thermodynamically favorable and is readily catalyzed by 

base, it is also catalyzed to a lesser extent by acid. It 

cannot be concluded that the reaction between hydroxy 

groups in the system did not occur, but it can be 

concluded that it probably involved less than 10% of the 

bonded groups. Lork and Unger repo.rted that 

alkyldimethylhydrosilanes react with silica leaving some 

bonded groups, but that the reactivity of these silanes 

was much reduced from that of chlorosilanes (18). 

Air oxidation of Silyl Hydrides 

Figure 10 is the IR spectrum from 4000 cm-1 to 

2000 cm-1 of an octadecyldihydrosilyl-bonded silica which 

had been exposed to air for six months. The integrated 

area of the absorption peak at 2155 cm-1 is approximately 

22% of the combined area of the peaks at 2920 cm-1 and 

2850 cm-1 indicating that about 27% of the Si-H groups 
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originally present had been oxidized to Si-OH groups. 

Figure 11 is the CPMAS (cross polarization magic angle 

spinning) 29Si NMR spectrum of the same sample. The peaks 

at -15 ppm and -30 ppm were assigned to the signals 

arising from -OSiH2R and -OSiHOHR groups, respectively. 

If it can be assumed that the area measurements of these 

peaks a.re quantitative, this spectrum indicates that 29% 

of the Si-H groups originally present had been oxidized, 

which is in good agreement with the IR results. This 

agreement between these two techniques increased 

confidence that oxidation of these immobilized silyl 

hydrides could be followed with the IR technique. 

In other 29Si NMR studies of surface bound 

alkylsilanes the signal arising from -OSi(OH)2R or 

-o2SiOHR groups has been observed near -48 ppm. As can be 

seen in Figure 11, there is no good evidence of this 

signal in the spectrum of the partially oxidized 

octadecyldihydrosilyl-bonded silica. This indicated that 

the oxidation of the first hydride of -OSiH2R is easier 

than the oxidation of the second and that under certain 

reaction conditions it would be possible to oxidize them 

step-wise. This possibility was never rigorously 

explored, but it is consistent with the observation that 

the versatile reducing agent, polymethylhydrosiloxane, is 

relatively stable in air and water (39) • 
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Most of the above silica sample was slurry packed 

into a 100 x 2.1 mm column and was heated to 61aC for a 

few hours while 20% methanol/water was pumped through it. 

A waxy substance eluted from the column soon after the 

heat treatment began and continued for about an hour. 

Carbon analysis of the silica following removal from the 

column revealed that the carbon content of the silica had 

been reduced from 20% to 18%. Figure 12 is a comparison of 

the IR spectrum of the silica just before and immediately 

following treatment with the heated methanol/water 

mixture. The Si-H/C-H intensity ratio of the treated 

silica (0.14) indicated that 52% of the silyl hydrides had 

been oxidized to silanols. An interesting feature of 

these spectra is that although the intensity of the Si-H 

stretch at 2155 cm-1 is only slightly reduced in the 

spectrum of the treated silica the intensity of the siH2 

bending vibration at 960 cm-1 is much reduced. This 

gives further support to the step-wise mechanism of the 

oxidation of these immobilized silyl hydrides and also 

illustrates a straight forward method for following it. 

The initial approach at selectively oxidizing the 

immobilized silyl hydrides was to dry pack the silica 

particles into a stainless steel tube and heat the tube 

under a flow of oxygen. Figure 13 is the transmission 

infrared spectrum of an octadecyldihydrosilyl-bonded 
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silica heated to 130aC under oxygen for 16 hours. This 

spectrum was collected by pressing a few milligrams of dry 

silica between salt plates. The scattering of light by 

the particles is the cause of the sloping baseline. The 

silica taken from the reaction tube was dingy brown 

indicating some oxidation of the bonded hydrocarbon 

chains. The IR spectrum indicated that at least half of 

the originally present Si-H groups were sti~l intact and 

the use of oxygen as a selective oxidizing agent in this 

application was abandoned. 

Tin Catalyzed oxidation of Immobilized Silanes 

Much literature has been published on the use of 

silanes as reducing agents. Many references cite the use 

of alkyltin oxides or acetates as a useful catalyst in 

these reductions (39,40). The role given to the silane in 

the oxidation process is the formation of tin hydrides 

which then reduces the compound of interest. The tin 

catalyst acts therefore as a hydrogen shuttle between the 

silane and the oxidizing agent. According to Lipowitz 

(39), tin hydride can be formed quantitatively from 

dibutyltin diacetate and polymethylhydrosiloxane in a 

protic solvent such as ethanol. Since the reaction 

between dibutyltin diacetate had been described to be 

reasonably fast, quantitative, and to proceed at low 

temperatures, it seemed a good candidate in this case. 
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TABLE 9 

STABILITY OF SILYL HYDRIDES 
DURING REACTION WITH SILICA 

SURFACE MODIFIER INTENSITY RATIO (Si-H/C-H) 

octadecyldihydrochlorosilane 

octyldihydrochlorosilane 

chlorosilane bonded silica 

0.30 

0.62 

0.28 

0.59 
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An octyldihydrosilyl-bonded silica with a surface 

coverage of 4.2 ~moles/m2 was divided into several 

aliquots of 0.1 g each. To each was added 1 ml of 

dibutyltin diacetate, 1 ml of methanol and 1 ml of 

oxidizing agent. The oxidizing agents used were acetone, 

acetophenone, and ammonium acetate. Each slurry was shaken 

every day and allowed to stand for five days. The extent 

of the oxidation was measured by the infrared technique 

described in the experimental section and the results are 

tabulated in Table 10. These data indicated that a charged 

or protic species was more effective at promoting 

oxidation than were neutral aprotic ones. It is also 

possible that the more highly oxidized acetate was simply 

a more effective oxidizing agent. This explanation seems 

unlikely however since such a large excess of the tin 

catalyst was added and has been described as reacting 

quantitatively with silyl hydrides. 

Two more aliquots of the octyldihydrosilyl-bonded 

silica were oxidized by similar slurries with ammonium 

acetate as the oxidizing agent in one and 30% hydrogen 

peroxide as the oxidizing agent in the other. Ten 

milliliters of methanol was added to each slurry because 

it was needed to bring about solution of the hydrogen 

peroxide, water, and dibutyltin diacetate. After several 

hours of reflux the extent of oxidation of was measured 
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and the results are also included in Table 10. These data 

indicated that hydrogen peroxide was at least equally as 

effective at promoting oxidation as ammonium acetate. 

They also indicated that the heat of reflux increased the 

rate of the reaction such that four hours at reflux 

temperature was equivalent to 5 days at room temperature 

without constant stirring. 

A 0.35 g sample of octadecyldihydrosilyl-bonded 

silica was put in a vessel with 20 ml of methanol, 2 ml 

dibutyltin diacetate, and 4 ml 30% hydrogen peroxide. 

After 15 hours, 80% of the silyl hydrides had been 

oxidized and after 240 hours the oxidation had only 

proceeded to 90%. These data, summarized in Table 11, 

combined with those in Table 10 seemed to show that 

oxidation catalyzed in this manner could not be pushed 

very far beyond the 90% level. The most probable 

explanation for this is that these silyl hydrides are so 

sterically restricted that they are not available to a 

molecule the size of dibutyltin diacetate. 

The inaccessibility of these silyl hydrides could 

be attributed to micro-irregularities in the pore 

structure of the very complex silica surface. However, 

close inspection of the infrared spectrum of these 

oxidized bonded phases reveals that such a simple 

explanation is not fully satisfying. Figure 14 is a 
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TABLE 10 

OXIDATION OF OCTYLDIHYDROSILYL-BONDED PHASES 
USING DIBUTYLTIN DIACETATE CATALYST 

REACTION REACTION FRACTION Si-H 
OXIDANT TIME TEMPERATURE REMAINING 

acetone 5 days ambient 0.44 

acetophenone 5 days ambient 0.50 

acetate 5 days ambient 0.10 

acetate 4 hours reflux 0.11 

H2 02 7 hours reflux 0.12 



TABLE 11 

OXIDATION OF OCTADECYLDIHYDROSILYL-BONDED PHASES 
AND ETHYLDIHYDROSILYL-BONDED PHASES USING 

DIBUTYLTIN DIACETATE OR IODINE 

dbtda = dibutyltin diacetate 

TYPE OF REACTION FRACTION Si-H 
BONDED PHASE OXIDANT TIME REMAINING 

octadecyl- H202/dbtda/ 15 hours 0.23 
formate/methanol 

octadecyl- H202/dbtda/ 10 days 0.10 
formate/methanol 

octadecyl- I2/pyridine/methanol 0.5 hours 0.27 

octadecyl- I2/pyridine/methanol 28 hours 0.04 

ethyl- I2Pyridine/methanol 20 hours 0.05 
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Figure 14. Transmission Infrared Spect,ra of 
Octyldibydrosilyl-Bomed Silica Before and 
After OXidation with Dibutyltin Oiacetate as 
catalyst. 

(a) before; (b) after 
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comparison of the spectra of the octyldihydrosilyl-bonded 

silica discussed in Table 10 taken before and after 

oxidation. As can be seen by inspecting the band at 2160 

cm-1 , oxidation of this sample is not yet complete; but 

looking in the region of 960 cm-l reveals the absence of 

any evidence of SiH2 bending vibrations. The absence of 

SiH2 groups on the surface indicates that the oxidation of 

the first Si-H is complete and that all the bound silanes 

have been at least half way oxidized. 

It is possible that many bound groups are in an 

appropriate 'configuration to allow condensation of the 

newly formed silano1s with surface si1ano1s or with 

si1anols of neighboring groups forming an additional 

siloxane bridge. It is probably the combination of the 

microporous structure of the silica and the loss of free 

rotation about the original si10xane bond with the surface 

that renders the last 5-10% of the bonded si1yl hydrides 

unavailable for reaction. 

oxidation of Immobilized Sily1 Hydrides with Iodine 

Anderson and Hendifar showed that si1anes react 

readily with iodine in solution to produce iodosilanes 

(32). Mckusker and Reilly have reported that ethyl silane 

reacted explosively with bromine and that they were unable 

to impose precautionary measures that could reliably 

75 



prevent explosions (41). These data recommended the 

probable reaction between immobilized silanes and 

halogens. 

A 0.12 g sample of octadecyldihydrosilyl-bonded 

silica which contained 3.7 ~moles/m2 of bonded silane or 

approximately 0.22 total millimoles of Si-H groups was 

suspended in 10 ml of 75% methanol/water. Then 0.4 

millimoles of iodine and 1.5 millimoles of pyridine were 

added to the slurry. It was expected that the iodine 

would react according to the ~ollowing equations. 

Si-H + I2 = Si-I + HI 

Si-I + H20 = SiOH + HI 

= + 

The pyridine was added as an acid scavenger to prevent the 

acid catalyzed hydrolysis of the surface-ligand siloxane 

bonds. After 0.5 h of reaction 73% of the si-H groups had 

been oxidized and after 28 h of reaction 96% of the Si-H 

groups had been oxidized. A 0.4 g sample of 

ethyldihydrosilyl-bonded silica containing 5.2 ~moles/m2 

or about 0.6 millimoles of Si-H was oxidized by suspending 

in 20 ml of 80% methanol/water which contained 3.2 

millimoles of iodine and 7.2 millimoles of pyridine. 

After 20 h of reaction with this large excess of iodine 

the oxidation was found to be 95% complete. 
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These data, also summarized in Table 11, indicated 

that the iodine reaction was much faster than the 

dibutyltin diacetate reaction, but that it still seemed to 

level off near 95% completion. This reaction is probably 

stopped by steric hindrance similar to that noted for the 

dibutyltin diacetate catalyzed reaction. 

stability of the Bonded Groups During oxidation 

After each oxidation was carried out, the 

integrity of the bonded phase was checked by carbon 

analysis. These data are summarized in Table 12. 

Although no clear pattern emerges, it does appear that the 

hydrolysis of bonded groups was less pronounced in the 

more heavily buffered systems. with the exceptions of the 

oxidation with hot methanol/water and the oxidation by 

dibutyltin diacetate with ammonium acetate under reflux, 

the loss of bonded phase was less than 10% and was usually 

less than 5%. 

The data from the dibutyltin diacetate reactions 

seems the least reliable because the carbon content of 

some of the bonded phases seems to increase. The carbon 

content of the bonded silicas oxidized by hydrogen 

peroxide and by room temperature ammonium acetate seemed 

to increase; while the carbon content of a silica oxidized 

by hydrogen peroxide with a formate buffer seemed to 
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decrease. While the decrease in carbon content of an 

oxidized sample can be easily rationalized, the increase 

in carbon content can not. One possibility is the 

formation of acetoxy or methoxy silanes upon oxidation, 

but this seems unlikely in the presence of 5% to 20% 

water. Another possibility is adsorbed carbon containing 

contaminants. The samples were washed ten times with 

toluene and ten times with methanol. A repeat of the 

carbon analysis produced the same results. 

Addition of Silanes to Olefins 

The ability to form silicon carbon bonds at a 

surface would greatly enhance the utility and versatility 

of silanes as surface modifiers. Since the original 

announcement by Speier, Webster, and Barnes of the use of 

chloroplatinic acid to catalyze the reaction between 

olefins and silyl hydrides (42), few more effective 

catalysts have been found for this reaction (43). The 

reaction has been shown to proceed rapidly at low 

temperatures and in the presence of as little as 10-8 

moles of catalyst per mole of reactant. The reaction was 

also compatible with a variety of functional groups. 

In this study, the reaction between carbon-carbon 

double bonds and surface bound silyl hydrides was 

attempted using chloroplatinic acid as the catalyst. For 
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each reaction 1 - 20 mg of chloroplatinic acid was added 

along with the solvent, which in some cases was the olefin 

itself. Reaction times varied from 10 minutes to 10 days. 

Solvents included ether, glyme, dioxane, tetrahydrofuran, 

isopropanol and glyme. In some cases the solvent was 

carefully dried and in some cases oxygen was carefully 

excluded. Olefins studied were 1,3-butadiene, 

l-octadecene, and 1-hexene. The surface bound silanes 

which were used as reactants were prepared by reaction 

between silica and ethyldihydrochlorosilane or 

dimethylchlorosilane. The reaction between surface bound 

allyl groups and t-butylsilane was also studied. None of 

the results was very satisfactory but they are summarized 

in Table 13, Table 14, and Table 15. 

The percentage of silanes remaining after reaction 

was computed by comparing the Si-H/C-H intensity ratio of 

the infrared spectrum of the treated sample with that of 

the same sample before treatment. The percentage of bound 

olefins remaining after reaction was determined in a 

similar way from the infrared spectrum by comparing the 

intensity of the olefinic C-H stretches between 3100 cm-1 

and 3040 cm-1 to the intensity of the aliphatic C-H 

stretches between 3000 cm-1 and 2800 cm-1 • The carbon 

content of each sample was also obtained by combustion 

analysis and the percent yield of each reaction was 
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calculated by assuming that the measured incre~se in 

carbon content was all due to the addition of olefin to 

the fixed silyl hydride. A reaction blank was also 

included. An ethyldimethylsilyl-bonded silica which 

contained no silyl hydrides was suspended in a dioxane 

solution of chloroplatinic acid and octadecene. No 

increase or decrease in the carbon content of the 

ethyldimethylsilyl-bonded silica was observed (Table 15). 

The best spectroscopic evidence that silicon 

carbon bonds formed with surface bound silanes is found in 

Figure 15. These are infrared spectra of an 

ethyldihydrosilyl-bonded silica before and after reaction 

with 1,3-butadiene in ether with chloroplatinic acid. 

Note that the intensity of the Si-H stretch is reduced 

after reaction and that at 3062 cm-1 a new band 

characteristic of an olefinic C-H stretch has appeared. 

The possibility of the appearance of this band was 

anticipated because of the use of a difunctional olefin. 
. . . . In sp~te of all the potent~ally ~mportant 

variations in reaction conditions, the following general 

statements were true about all the samples. Any olefin 

addition probably occurred in the first few minutes. The 

fraction of Si-H groups remaining on the surface after 

reaction was less than fifteen percent. The fraction of 
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TABLE 12 

STABILITY OF SILOXANE LINKAGES DURING 
OXIDATION OF SILYL HYDRIDES 

dbtda = dibutyltin diacetate 

CARBON CARBON 
CONTENT CONTENT 

TYPE OF BEFORE BEFORE 
BONDED PHASE OXIDANT OXIDATION(%) OXIDATION(%) 

ethyl- I2/pyridine/methanol 3.6 3.7 

octadecyl- I2/pyridine/methanol 19.4 18.4 

octadecyl- formate/dbtda/methanol 20.6 19.0 

octadecyl- methanol/H2o/60IC 20 18 

octyl- formate/dbtda/methanol 10.9 10.0 

octyl- acetate/dbtda/methanol 10.9 11. 7 

octyl- H202/dbtda/methanol 10.9 11.5 

octyl- acetone/dbtda/methanol 10.9 10.5 
0 

octyl- acetate/dbtda/methanol 10.9 9.6 



TABLE 13 

REACTION BETWEEN ETHYLDIHYDROSILYL-BONDED SILICA 
AND 1,3-BUTADIENE USING CHLOROPLATINIC ACID CATALYST 

SURFACE CONCENTRATION OF 
BONDED GROUPS (pmoles/m2 ) 

3.7 

3.7 

2.7 

SOLVENT 

isopropanol 

ether 

ether 

FRACTION REACTIVE 
% YIELD GROUPS REMAINING 

8 3.8 

6.5 2.8 

11 5 

OJ 

'" 
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TABLE 14 

REACTION BETWEEN DIMETHYLHYDROSILYL-BONDED SILICA 
AND 1-HEXENE USING CHLOROPLATINIC ACID CATALYST 

REACTION FRACTION REACTIVE 
SOLVENT TIME lh) % YIELD GROUPS REMAINING 

1-hexene 0.2 12 13 

1-hexene 4 10 2.3 

glyme 0.7 9 2.8 

glyme 4 7 1.5 

glyme 20 13 1 



· TABLE 15 

REACTION BETWEEN OLEFINS AND SURFACE BOUND SILANES 
UNDER ANHYDROUS AND ANOXIC CONDITIONS 

REACTIONS UNDER ANOXIC CONDITIONS 

SURFAC~ MODIFIER REACTANT iYIELD 

dimethylchlorosilane hexene/ 6 
ether 

dimethylchlorosilane hexene/ 5 
glyme 

allyltrichlorosilane t-butylsilane/ 18 
ether 

REACTIONS UNDER AhiHYDROUS CONDITIONS 

dimethylchlorosilane octadecene/ 3 
dioxane 

dimethylchlorosilane octadecene/ 2.4 
glyme 

dimethylchlorosilane octadecene/ 2.8 
THF 

ethyldimethylctilorosilane octadecene/ 0.0 
dioxane 

FRACTION REACTIVE 
GROUPS REMAINING 

0.014 

0.01 

21 

(X) 

"'" 
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reacted with olefins producing a silicon-carbon bond was less 

than fifteen percent. The longer the sample was exposed to 

the catalyst, the fewer Si-H groups there were remaining on 

the surface (see Table 14). After reaction, and washing of 

the silica, each sample was slightly di~colored brown or grey. 

Some workers have claimed that the silane addition to 

olefins only occurs at the surface of colloidal platinum 

(43). The silane is proposed to reduce the chloroplatinic 

acid forming colloidal platinum which is then catalytically 

active. The use of this model would certainly predict a low 

yield for the reactions described above and would be 

consistent with the observation of what appeared to be 

reduced platinum adsorbed to the silica. As the reduced 

platinum nucleated in the pores, it is reasonable that very 

few olefin additions might occur before the particle became 

too large to move or to interact intimately with the immobile 

silyl hydrides. 

However, the low yield does not prove this mechanism. 

The yields are large enough that most of the successful 

reactions had to occur inside the pores. This is true because 

only about 001% of the available surface can be on the outside 

of the silica particles. In all cases the immobilized silyl 

hydrides were linked directly with the surface. This would 

tend to minimize mobility and maximize the effect of any 

unfavorable steric factors. It is interesting to note that 



the yields observed were as good as other workers have 

obtained with metal center mediated addition reactions at 

surfaces such as grignard reactions with bound chlorosilanes 

(44,45). 
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Speier contends that the catalytically active species 

is a silylplatinum hydride in which a platinum center is 

inserted into the silicon-hydrogen bond (46). This species 

then complexes an olefin and upon collision with another silyl 

hydride the addition takes place. This model would also 

predict low yields for reactions between olef~ns and bound 

silanes. It also predicts that the yield should increase if 

the silane were in excess and in free solution and the olefin 

were the bound species. To test this idea, silica was reacted 

with allyltrichlorosilane as described in the polymeric 

modifications section of this chapter. This modified silica 

was allowed to react with t-butylsilane and chloroplatinic 

acid in deoxygenated ether. The tabulated results are in 

Table 15. The increase in carbon content indicated that as 

many as 18% of the immobilized allyl groups had reacted with a 

t-butylsilyl group. 

This slight increase in apparent yield in this one 

case does not vindicate Speier in the debate nor does it 

indicate this variation of the reaction to be a significant 

improvement. The very slight intensity of the Si-H stretch 

suggested that at least part of this increase could simply 
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have been from direct reaction between the t-butylsilane and 

surface silanols. No reaction blank was carried out to check 

this possibility. 

There was also the puzzling fact that only 21% of the 

bound allyl groups remained after reaction. This percentage 

when combined with the 18% which might have reacted with silyl 

hydrides does not account for all the original allyl groups 

even if each t-butylsilane group had reacted with three allyl 

groups. This was similar to the eradication of the bound 

silyl ~ydrides without the expected addition of ole fins in the 

series of reactions discussed earlier in this section. No 

further studies were carried out to explore possible side 

reactions which were occurring, even though the exploration of 

these side reactions might elucidate a means by which the poor 

yields observed might be improved to an acceptable level. 



CHAPTER 4 

CHROMATOGRAPHIC SURFACE CHARACTERIZATION 

The structure of the solvated bonded phase and its 

impact on mechanisms of separations in reversed-phase 

liquid chromatography has been studied a great deal by 

many workers for many years (4). These stationary phases 

are now described as pseudo liquids (47-49), which are 

mixtures of the bonded moieties and the various mobile 

phase components which partition themselves into the 

stationary phase to a degree controlled by their 

concentrations in the bulk mobile phase and their 

reversed-phase solvent strengths (50-52). The 

selectivities of these bonded phases arise from solvation 

interactions between the solutes and the various 

components of the stationary phases, namely the bonded 

moieties (53), the imbibed solvent molecules (47-49) and 

the residual surface hydroxyls that remain after the 

bonding process (14,15,54,55). 

Although many workers have studied these silica 

based adsorbents, and much has been written on the role of 

various surface features in determining the final 

selectivities, it has been very difficult to rank the 
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relative importance of the various factors because they 

are all interactive and it is difficult to design 

experiments which isolate specific variables. It is 

difficult to compare studies by different authors because 

of this uncertainty about the relative importance of all 

these variables. The surface properties of silica varies 

depending on the method of preparation and the history of 

treatment it receives (23). The properties of bonded 

phases depend on the silica used, the pretreatment of the 

silica, the structure of the bonding silane and possibly a 

large number of variable reaction conditions (23). 

Workers studying the differences between monomeric 

and polymeric phases have discussed such things as extra 

silanols, polymers in space, and self asso·ciation of 

bonded chains to explain differences in chromatographic 

behavior. Part of the problem in these discussions is the 

inability of the researcher to have independent 

information on the structure of the bonded "polymeric" 

phase. Some of the fundamental questions which are not 

fully answered include the following. What is the 

difference between a silanol originally on the surface and 

one generated by a trifunctional surface modifier? How 

much of the deactivation of surface silanols by monomeric 

modifiers is because of steric factors and not because of 

direct deactivation by a monochlorosilane? How much of 

90 



the increased polarity of "polymeric" phases is due the 

greater silanol activity, and how much is due to reduced 

hydrocarbon activity because of factors such as self 

association? How available are the silanols immediately 

adjacent to a bound hydrocarbon chain for interaction with 

solutes? 

One of the goals of this research was to develop a 

family of surface modifiers that would combine the 

reproducibility and reduced polarity attainable with 

monofunctional modifiers with the stability and higher 

carbon load attainable with polyfunctional modifiers. 

Early wor]e in this study showed that 

alkyldihydrochlorosilanes react with the silica surface as 

monomers in as reproducible a manner as 

alkyldimethylchlorosilanes. It was also shown that the 

surface coverages attained by these surface modifiers was 

significantly increased over that attained by the more 

traditional monochlorosilanes. The question whether these 

higher surface coverages led to lower residual silanol 

activity required a chromatographic study. It has also 

been shown that most of the silyl hydrides immobilized on 

the surface can be selectively oxidized leaving the 

bonded hydrocarbon intact. The chemical reactivity of 

hydrosilanes allowed the chromatographic characterization 

of the bonded phase in the reduced form. Then the silyl 
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hydrides could be oxidized to silanes and the 

chromatographic characterization could be repeated. This 

offers a unique and interesting way to study the role of 

silanols in chromatography. 

Experimental 

Reagents 

Methanol, hexane (isomeric mixture), toluene, and 

benzene, all analytical-reagent grade, were obtained from 

Fisher Scientific (Fair Lawn, NJ); dibromomethane, 

n-heptane, phenol, phenethyl alcohol, 3-phenyl-l-propanol, 

4-phenyl-l-butanol, 5-phenyl-l-pentanol, I-phenylpropane, 

I-phenylpentane, and I-phenylheptane from Aldrich 

(Milwaukee, WI); acetophenone, methylbenzoate, anisole, 

aniline, and ethylbenzene from Mallinckrodt (paris, KY); 

and benzylamine from J. T. Baker (Phillipsburg, NJ). All 

solvents brought into contact with silica particles were 

filtered using O.45-~m membrane filters, obtained from 

Millipore (Bedford, MA). All other chemicals were used 

without further purification. 

Chromatography 

Samples of bonded silica were packed as a 

density-balanced slurry of dibromomethane and methanol, of 

dibromomethane and hexane, or of dibromomethane and 
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heptane depending on the mobile phase intended for use. 

The density of the modified silica was either measured by 

weighing the amount of solvent displaced from a calibrated 

volumetric flask by a weighed amount of silica or 

calculated. To calculate the density of modified silica 

the measured density of 2.1 g/ml was used for the 

unmodified silica. A specific volume of 1.65 ml/g was 

assumed for short chain bonded phases, 1.42 ml/g for 

octyl-bonded phases and 1.25 ml/g for octadecyl-bonded 

phases. The density of the modified silica was computed 

as a weighted average of the densities of the silica and 

the bonded phase. The weighting factor was the calculated 

volume fraction of each phase. A slurry of the desired 

density was prepared by mixing the weighed amounts of the 

respective solvents calculated to be required by assuming 

ideal mixing. Approximately 0.35 9 of silica were 

suspended in 4 ml of density-balanced solvent and 

sonicated for a few minutes. The slurry was then added 

to a 250 x 4.6 mm stainless-steel packing bomb, coupled by 

a few em of wide bore connective tubing to a 100 x 2.1 rom 

stainless-steel column which was fitted with a 2 ~m 

stainless-steel frit in the outlet end. The packing bomb 

was then connected to a pneumatically driven pump and 

methanol, hexane or heptane was pumped for a few minutes a 

6000 p.s.i. 
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Chromatographic experiments were carried out with 

an IBM Instruments (Danbury, ct) Model 9533 ternary 

solvent gradient liquid chromatograph. The elution of 

UV-absorbing solutes was monitored with an IBM Instruments 

Model 9522 fixed-wavelength UV absorbance detector at 254 

nm. The elution of non-absorbing solutes was monitored 

with a Micromeritics (Norcross, GA) Model 771 

refractive-index detector. The retention times of solutes 

were measured with a Linear Instruments (Irvine CA) Model 

261/MM strip-chart recorde~. Flow-rates were measured by 

noting the time required to collect a given volume in a 

precision buret. 

Extra-column volumes were measured by replacing the 

column with a zero-dead-volume union. Maximum void 

volumes were measured as the elution volume of pentane 

with heptane or hexane as the mobile phase. Capacity 

factors were calculated using the maximum void volume thus 

measured and corrected for extra-column volume. 

A 20 ~l injection loop was nsed for all sample 

injections. UV-absorbinq solutes were injected as 40-100 

ppm solutions made up in the mobile phase being used and 

non-absorbing solutes were injected as 0.1% to 1% 

solutions made up in the mobile phase being used. 

Methanol/water mobile phase was mixed one liter at 

a time ~y weighing appropriate amounts on a top loading 
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balance to the nearest 0.02%. Heptane and hexane mobile 

phases were saturated with water before use by sonicating 

I liter of the solvent with 0.1 I of water fer 1 h then 

allowing the cloudy emulsion to settle for one day before 

filtering the solvent immediately before use. Columns were 

equilibrated with methanol/water mobile phases by pumping 

at least 50 column volumes of mixed solvent over the 

course of at least 30 minutes. Columns were 

"equilibrated" with water saturated hexane or heptane by 

pumping 0.1 ml/minute for at least 16 h. 

NOrmal Phase Characterizations; 
A Direct Measure of Silanol Actiyity 

The purpose of this study was to get, as reliably 

as possible, a direct measure of the chromatographic 

activity of s!lanols at or near the silica surface after 

completion of the bonding process. Sadek and Carr had 

recently proposed the use of a "silanophilic probes" 

characterized by them (56). These were cyclic tetraaza 

compounds, nitrogen analogues of crown ethers. While the 

conclusion reached in his study was that this compound was 

an effective silanophile because of the ability of the 

cyclic amine to complex the silanol, it seemed 

unreasonable to expect such a large molecule to assume a 

geometrically specific configuration adaptive to the 

spatially restricted environment of a fully modified 
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silica surface. Others have used the effect of the 

addition of linear amines to the polar mobile phase as a 

gauge of silanol activity (15,57). This seems like a 

reasonable approach but has the unwanted feature of adding 

one more variable to a system which already contains many 

convolved variables. As already discussed, retention in 

reversed-phase chromatography is influenced by many 

factors and the object of this experimental design was to 

isolate the variable silanol activity as much as possible. 

The method chosen was to measure the retention of 

polar solutes using hexane or heptane as the mobile phase. 

The reasoning was that, due to the structural similarity 

of the mobile phase and the bonded phase, no retentive 

mechanism would be attributable to the bonded groups since 

the same interactions would be available to solutes in 

both phases. In this way, any retention observed could be 

directly attributed to the activity of silanols or water 

near the surface. 

The main drawback of this approach is the large 

effect that the degree of hydration has on the observed 

retention. Another problem is that trace impurities that 

are polar compounds are concentrated at the polar surface 

and the retention of polar solutes is thereby affected. 

Since the purpose of the experiment was to compare one 

bonded phase to another, these errors were minimized by 
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first saturating the mobile phase with water and by using 

the same batch of mobile phase for all columns being 

compared. Long equilibration times (at least 10 h) were 

used before the collection of retention data. The 

uncertainty of the data in any given comparison is about 

10% relative, but the variation in the data between 

comparison sets can be 100% or more in some cases. It is 

very important that variations between different data sets 

be interpreted very cautiously. 

A fortunate consequence for this approach was that 

the greater the deactivation or the less polar the surface 

was, the smaller the amount of variation there was in the 

normal phase retention data. This effect was probably due 

to the fact that with fewer si1ano1s and more bonded 

hydrocarbon at the surface, the ability of the surface to 

adsorb a given amount of water was reduced. This turned 

out to be an advantage because most of the modified 

silicas under study were bonded to the fullest extent 

possible. 

The solute probes chosen for this study were 

anisole, methy1benzoate and acetophenone. These probes 

were chosen first of all for the presence of slightly 

polar hydrogen bond accepting groups which would be 

expected to interact with si1ano1 groups under the 

experimental conditions described. They were also chosen 
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for their UV-absorbinq characteristics which would allow 

easy detection at very low concentrations. This feature 

was important in order to minimize the effect of the 

solute on its own retention. Coincidentally these were 

the same probes used by Ericsson and Blomberg as solute 

probes in heptane mobile phase to characterize 

octadecylsilyl-bonded silicas on thin layer chromatography 

plates (58). In some of the first experiments of this 

study, spectral grade n-hexane was used without further 

treatment. Then water saturated analytical-reagent grade 

hexanes were used, but to reduce the possible variation 

between batches due to changes in the amount of benzene 

and in isomeric composition, n-heptane was then used. 

Steric Hindrance and Surface Deactivation 

In order to investigate the extent to which the 

deactivation of silica by alkyldimethylchlorosilanes can 

be attributed to steric exclusion of the solutes from 

existing silanols by the pendant methyl grou~s, a 

comparison was made between silica samples that had been 

modified by either octadecyldihydrochlorosilane or 

octadecyldimethylchlorosilane in such a way that the 

coverage by each modifier was approximately the same. 

This was accomplished by stopping the bonding process 

early (8 h for octadecyldihydrochlorosilane and 10 h for 
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octaaecyldimethylchlorosilane). The coverage on the 

octadecyldihydrosilyl-bonded silica was 2.54 ~moles/m2 and 

the coverage on the octadecyldimethylsilyl-bonded silica 

was 2.64 ~moles/m2. The retention of anisole and 

methylbenzoate in a mobile phase of n-hexane was used to 

measure the residual silanol activity. The resulting 

capacity factors are listed in Table 16. The retention of 

both solutes by the octadecyldihydrosilyl-bonded silica 

was roughly twice that of the 

octadecyldimethylsilyl~bonded silica. This shows that 

even though essentially the same number of silanols was 

present after bonding, those next to a silicon atom with 

pendant hydrogens instead of methyl groups were much more 

available for adsorption by a solute or perhaps for 

further reaction with a silylating reagent. 

The retention of these two solutes by an 

octadecyltrichlorosilyl-bonded silica was also measured 

and the resulting capacity factors are also included in 

Table 16. The surface concentration of bound octadecyl 

groups was 5.1 ~moles/m2. Since this was a trifunctional 

silane, it was very likely that the number of silanols 

present at the surface after bonding was at least equal to 

the number of silanols present before bonding. It was very 

surprising therefore to find that the residual activity of 

silanols at this surface was least of the three bonded 

99 



phases in this comparison. The most likely explanation of 

this is that, because of steric hindrance, and possible 

consumption by lateral condensation to siloxane 

structures, these silanols were not available for strong 

interactions with the hydrogen bond accepting groups of 

the two solutes used. Ericsson and Blomberg found that 

the retention of these same solutes by 

octadecylsilyl-bonded silicas decreased as the surface 

coverage by the surface modifier increased. This was true 

whether the modifier was a monochlorosilane or a 

trichlorosilane. They also found that in some instances 

when identical reaction conditions were used, the residual 

activity of silanols was the same for silicas modified by 

monochlorosilanes or trichlorosilanes respectively (58). 

These data along ~ith the data in this study 

provide strong support for the idea that steric exclusion 

from existing silanols is an important factor in surface 

deactivation. To determine which type of modifier would 

leave silica with the least amount of residual activity, a 

chromatographic comparison was made between silica samples 

that had been reacted for at least 50 h with the 

particular chlorosilane so that in each case near maximum 

coverage had been reached. These results are summarized 

as capacity factors in Table 17, Table 18, and Table 19. 
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In each table an alkyldihydrosilyl-bonded silica is 

compared to alkyldimethylsilyl-bonded silicas~ 

Table 17 shows that the silanol activity of an 

octadecyldimethylsilyl-bonded silica with a surface 

coverages of 2.9 #moles/m2 is roughly equivalent to the 

silanol activity of an octadecyldihydrosilyl-bonded phase 

with a surface coverage of 4.0 #moles/m2• 

Octyldimethylsilyl-bonded phases with surface 

coverages of 2.8 #moles/m2 exhibited significantly greater 

silanol activity than octyldihydrosilyl-bonded silica with 

a surface coverage of 4.2 #moles/m2• However, an 

octyldimethylsilyl-bonded silica with a surface coverage 

of 3.5 #moles/m2 was roughly equivalent in silanol 

activity to the octyldihydrosilyl-bonded silica while an 

octyldimethylsilyl-bonded silica with a surface coverage 

of 3.7 #moles/m2 showed a markedly reduced silanol 

activity. These octyldimethylsilyl-bonded silicas with 

such high surface coverages (3.5 #moles/m2 and 3.7 

#moles/m2) were synthesized by reacting large excesses of 

octyldimethylchlorosilane with silica for as much as 100 

h. 

Finally, an ethyldihydrosilyl-bonded silica with a 

surface coverage of 5.1 #moles/m2 showed more silanol 

activity than an ethyldimethylsilyl-bonded silica with a 

surface coverage of only 3.5 #moles/m2• These results 
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TABLE 16 

CAPACITY FACTORS FOR SOLUTES IN HEXANE 
ON OCTAOECYL-BONOEO SILICAS 

OOOHCS - octadecyldihydrochlorosilane 
OOOMCS = octadecyldimethylchlorosilane 

OOTCS = octadecyltrichlorosilane 

SURFACE 
SURFACE COVERAGE k' 

MODIFIER (J,£moles/m2) anisole methyl 

OOOHCS 2.5 8.5 

OOOMCS 2.6 4.1 

OOTCS 5.1 1.6 
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49 
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TABLE 17 

CAPACITY FACTORS FOR SOLUTES IN HEXANE ON 
OCTAOECYL-BONOEO SILICAS AT MAXIMUM COVERAGES 

SURFACE 
MOOIFIER 

OOOHCS 

OOOMCS 

OOOMCS 

OOOHCS = octadecyldihydrochlorosilane 
OOOMCS = octadecyldimethylchlorosilane 

SURFACE 
COVERAGE k' k' k' 

(J,£moles/m2) ANISOLE METHYL BENZOATE ACETOPHENONE 

4.0 0.22 0.97 2.8 

2.9 0 .• 25 0.96 2.4 

2.8 0.26 0.15 4.2 
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SURFACE 
MODIFIER 

ODHCS 

ODMCS 

'ODMCS 

ODMCS 

TABLE 18 

CAPACITY FACTORS FOR SOLUTES IN HEXANE 
ON OCTYL-BONDED SILICAS 

ODHCS = octyldihydrochlorosilane 
ODMCS = octyldihydrochlorosilane 

SURFACE 
COVERAGE k' k' k' 

(#moles/m2) ANISOLE METHYL BENZOATE ACETOPHENONE 

4.2 0.58 2.5 8.0 

3.7 0.27 1.6 4.3 

3.5 0.54 2.8 8.4 

2.8 1.1 6.3 19 

104 



SURFACE 
MODIFIER 

EDHCS 

EDHCS 

EDMCS 

none 

SURFACE 
COVERAGE 

TABLE 19 

CAPACITY FACTORS FOR SOLUTES IN HEPTANE 
ON ETHYL-BONDED PHASES 

EDHCS = ethyldihydrochlorosilane 
EDMCS = ethyldimethylchlorosilane 

OXIDIZED 
AFTER kl kl 

("moles/m2 ) BONDING* ANISOLE METHYL BENZOATE 

5.1 no 1.3 7.6 

5.1 yes 1.8 11 

3.5 0.63 3.7 

0.0 8.3 66 

*Si-H oxidized to Si-OH 

kl 
ACETOPHENONE 

21 

34 

8.8 

220 

..... 
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seem to be inconsistent, especially when we consider that 

the increase in surface coverage by using an 

alkyldihydrochlorosilane instead of an 

alkyldimethylchlorosilane was greater for the short chain 

modifiers than it was for the long chain modifiers. It 

would be reasonable to expect that the relative 

deactivation of the surface by the short chain modifiers 

would be the approximately the same as for the long chain 

modifiers. 

This observation could be attributed to three 

possible factors. Since the surface coverage of long chain 

modifiers was limited by the presence of the long 

hydrocarbon chain, the accessibility of underlying 

silano1s to the solutes used might also be limited by 

these long hydrocarbon chains. Therefore as the si.ze of 

the chain decreases the accessibility of the silano1s 

increases. At some point between a chain length of eight 

carbons and a chain length of 2 carbons the steric 

hindrance from the pendant methyl groups becomes more 

important than the steric hindrance from the bonded alkyl 

group. It is also possible that the si1y1 hydrides of 

ethy1dihydrosi1yl-bonded phases are more susceptible to 

oxidation than the sily1 hydrides of 

octyldihydrosi1yl-bonded phases. During equilibration with 

the mobile phase, possibly more of them were oxidized 
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forming a more polar surface than the surface coverage 

would indicate. A third possibility is that the surface 

coverage by ethyldihydrochlorosilane is not limited by 

steric factors alone. Many researchers have shown a 

relationship between surface coverage by chlorosilanes and 

reaction temperature (21,38). with the exception of 

ethyldihydrochlorosilane, which has a boiling point of 

43·C, all the surface modifiers used in this portion of 

this study have boiling points near or above the boiling 

point of toluene (b.p. 110·C). It is quite possible that 

the surface coverage of this small chlorosilane was 

reduced because of a self limiting reaction temperature. 

This possibility was not investigated. 

The Silanol Activity of Oxidized Silyl Hydrides 

It was important to know how the oxidation of the 

surface bound silyl hydrides would affect the silanol 

activity of an alkyldihydrosilyl-bonded phases. An 

accurate measure of this effect would address the question 

of silanol activity introduced by hydrolysis of 

polyfunctional silanes. Each of the 

alkyldihydrosilyl-bonded phases just mentioned in the 

previous section was at least 90% oxidized by treatment by 

with iodine or with dibutyltin diacetate. The retention 

of the same solutes in hexane or heptane mobile phases was 
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compared to the retention of these solutes by the 

alkyldimethylsilyl-bonded silicas to which the unoxidized 

alkyldihydrosilyl-bonded silicas were compared. The 

results are summarized as capacity factors in Table 19, 

Table 20 and Table 21. 

The surprising result in all three cases is that 

the increase in silanol activity upon oxidation of the 

silyl hydrides was so slight. In the case of the oxidized 

octadecyldihydrosilyl-bonded the increase in silanol 

activity is so slight that in cannot be called 

significant. octyldihydrosilyl-bonded silica appears to 

decease in silanol activity upon oxidation. This is 

probably an erroneous result. Ethyldihydrosilyl-bonded 

silica does appear to increase in silanol activity upon 

oxidation but the increase is not the two or three fold 

increase in silanol activity which might be expected. 

Upon reaction with the surface, each bonded group 

deactivates one silanol group. Upon oxidation each 

alkyldihydrosilyl group can generate as many as two 

silanols. In the event that the geometry of neighboring 

silanols is favorable one of these newly created silanols 

could react with it forming another siloxane bond with the 

surface. Reaction of the second silanol with the surface 

seems unlikely. Since it is unreasonable to assume that 

the geometry for these additional siloxane linkages would 
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SURFACE 
MODIFIER 

ODDRCS 

ODDMCS 

ODDRCS 

ODDMCS 

TABLE 20 

EFFECT OF OXIDATION ON THE RETENTION OF SOLUTES IN HEPTANE 
BY OCTADECYLDIHYDROSILYL-BONDED PHASES 

ODDHCS = octadecyldihydrochlorosilane 
ODDMCS = octadecyldimethylchlorosilane 

S 
SURFACE OXIDIZED 

COVERAGE AFTER k' k' k' 
(I'moles/m2) BONDING* ANISOLE METHYL BENZOATE ACETOPHENONE 

4.0 no 2.8 9.4 33 

2.9 3.2 12 40 

3.7 yes 1.1 4.7 16 

2.9 0.9 4.6 14 

*Si-R oxidized to si-OR 

• ..... 
o 
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SURFACE 
MODIFIER 

ODHCS 

ODMCS 

ODHCS 

ODMCS 

TABLE 21 

EFFECT OF OXIDATION ON THE RETENTION OF SOLUTES IN HEXANE 
BY OCTYLDIHYDROSILYL-BONDED PHASES 

ODHCS = octyldihydrochlorosilane 
ODMCS = octyldimethylchlorosilane 

SURFACE OXIDIZED 
COVERAGE AFTER k' k' 

(",moles/m2 ) BONDING* ANISOLE METHYL BENZOATE 

4.2 no 1.6 6.3 

2.8 2.4 12 

3.9 yes 0.58 2.5 

2.8 1.1 6.3 

*Si-H oxidized to Si-OH 

k' 
ACETOPHENONE 

19 

34 

8 

19 

I-' 
I-' 
o 



be favorable in all cases, a lower limit and an upper 

limit can be set for the total number of silanols present 

after oxidation. The lower limit is the total number of 

silanols that was present on the original surface, and the 

upper limit is approximately 50% more than were present on 

the original silica surface (based on the assumption of 

4.5 silanols/nm2 and the surface coverage of 

alkyldihydrosilanes). 

The retention of anisole, methylbenzoate, and 

acetophenone by unmodified silica was measured using 

n-heptane as mobile phase and was compared to the 

retention of these solutes by oxidized 

ethyldihydrosilyl-bonded silica. The capacity factors of 

these solutes on silica are 5-8 times as great as the 

modified silica and are listed in Table 21. These data 

together with the data in the previous tables show that 

the silanols formed upon oxidation of silyl hydrides are 

much less active in retentive interactions than the 

silanols that were originally on the silica surface. 

Either the newly formed silanols are chemically very 

different from the silanols they replaced, or they are 

simply not as available for retentive interactions. Their 

reduced activity is probably due to both reasons. 

In summary, the measurement of the retention of 

polar solutes in nonpolar mobile phases has shown that 

steric hindrance due to the presence of bonded groups is 
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an important part of the deactivation of silica surfaces 

by alkylchlorosilanes. It has also been shown that, at 

least for the normal phase experiment, the activity of 

silanols formed by oxidation of immobilized silyl hydrides 

or perhaps by hydrolysis of polyfunctional silanes are 

much less active than silanols originally present on the 

silica surface. 

Reyerse Phase Characterizations; 
The Role of Silanols in Retention Mechanisms 

It was possible t9 investigate the role of 

silanols in reversed-phase liquid chromatography in a 

novel manner by studying the reversed-phase behavior of 

reduced and oxidized alkyldihydrosilyl-bonded silicas and 

comparing it to the behavior of alkyldimethylsilyl-bonded 

silicas. In recent work Gorse (27) and Schunk (59) had 

shown that various solutes find their most favorable 

interactions in different regions of the stationary phase. 

Schunk proposed that a polarity excursion is experienced 

by the sorbed solute molecule that is greatest in the 

near-surface region of silanols and adsorbed water. The 

localized polarity experienced by the solute reaches a 

minimum near the center region of the stationary phase" 

and then increases to that of the bulk mobile phase as the 

solute molecule moves up through the solvated layer from 

the sil~ca surface. Figure 16 illustrates this idea and 

is reprinted with permission. Schunk further proposed 
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that solute molecules experience the strongest retentive 

interactions in the region of the stationary phase where 

the localized polarity most closely matches the polarity 

of the solute probe. 

Solutes such as alcohols would be retained mostly 

by interactions in the upper regions of the stationary 

phase. Low-polarity solutes, such as alkylbenzenes, 

interact most energetically with the central region of the 

stationary phase, where the polarity is a minimum. 

Solutes such as alkylamines and arylamines have strong 

hydrogen bond accepting groups which can also be charged 

at the neutral to slightly acidic pH of methanol/water 

mobile phases as well as a lipophilic functionality. Such 

a molecule is expected to experience the most retentive 

interactions in the near surface region of the stationary 

phase where the strong interaction with silanols and 

adsorbed water and the lipophilic interactions with the 

bonded hydrocarbon chains can be accommodated 

simultaneously. The retention of each solute would be 

influenced most by changes in the region of the 

stationary phase where its interactions are energetically 

most favorable. By measuring the retention of a wide 

variety of solute probes in methanol/water mobile phases, 

the effect of the structure of the bonded silane on the 

polarity profile described and illustrated could be 

examined. 
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Reversed Phase Behavior of Octyl-Bonded Phases 

Table 22 is a list of capacity factors of a 

variety of solutes in 20% methanol water using three 

octyldimethylsilyl-bonded silicas of different coverages 

and an oxidized octyldihydrosilyl-bonded silica. There 

are several general trends in the data set that are worth 

pointing out. considering only the 

octyldimethylsilyl-bonded silicas, as the surface coverage 

increases the retention of all solutes also increases. 

with only a 30% increase in surface coverage, the 

retention of some solutes increased more than 100%. 

Comparing the octyldihydrosilyl-bonded silica with the 

octyldimethylsilyl-bonded silicas, the most general and 

significant pattern is that with the exception of one 

solute, all solutes are more retained by the 

octyldimethylsilyl-bonded silicas. The one exception is 

phenol on the silica with the lowest surface concentration 

of bonded groups. It is difficult to rationalize the 

results using the polarity excursion model proposed above 

which was formulated using data "from octadecyl-bonded 

phases. The simplest way to rationalize the results in 

Table 22 is by assuming that the increase in retention 011 

going from an octyldihydrosilyl-bonded phase to 

octyldimethylsilyl-bonded phases is due to the greater 

exclusion of water by the latter. This pattern which was 
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local polarity 

Figure 16. Schematic Representation of the IDealized 
Polarity Pn:posed for solvated Octadecyl-Bon:led 
Rlases. 
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TABLE 22 

CAPACITY FACTORS FOR SOLUTES IN 20% METHANOL/WATER 
ON OCTYL-BONDED PHASES 

ODHCS = octyldihydrochlorosilane 
ODNCS = octyldimethylchlorosilane 

SURFACE MODIFIER--> ODHCS* ODNCS ODNCS ODNCS 
SURFACE COVERAGE@--> 3.9 2.8 305 3.7 
SILANOL ACTIVITY --> medium high medium low 

SOLUTE ~ ~ ~ ~ 

aniline 3.3 3.5 4.7 4.8 
phenol 3.9 3.5 6.7 6.9 
benzylamine 8.5 10.4 16 16 
acetophenone 13.9 17 26 26 
benzaldehyde 8.9 10 16 16 
anisole 18.5 28 33 37 
N,N-dimethylaniline 31 46 62 61 
methyl benzo~te 31 44 67 69 
benzyl alcohol 3.7 3.8 7.0 7.3 
phenethyl alcohol 7.2 7.7 14 16 
3-phenyl,1-propanol 17 20 37 39 
4-phenyl,1-butanol 40 48 96 102 
5-phenyl,1-pentanol 113 137 257 295 
benzene 15 19 25 25 
toluene 42 76 78 

*Si-H oxidized to Si-OH @(J.£moles/m2) ..... 
..... 
0\ 
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true for all octyl- bonded phases was also true with few 

exceptions for the octadecyl- bonded phases. 

The activity as measured in the normal phase 

experiment discussed earlier is also listed in each table 

as low, medium, and high activity. In Table 22, the 

measured silanol activity is not a good indicator of the 

reversed-phase strength of these sorbents. In the normal 

phase measurement of silanol activity, the ability of 

these sorbents to retain polar solutes in hexane mobile 

phase was measured. Each of the three solutes used 

contained a phenyl group for detectability, but which also 

made any steric restrictions existing at the surface more 

important because of the rigidity of this group. It is 

reasonable that while the bonded hydrocarbon chains 

prevented anisole, methylbenzoate and acetophenone from 

interacting strongly with surface silanols, these silanol 

groups might still interact strongly with water which in 

the reversed phase experiment is the major component of 

the mobile phase. 

While the retention of most of the solutes listed 

in Table 22 did not correlate well with the measured 

silanol activity, there were two trends which seemed to 

correlate very well with the measured silanol activity. 

These were the selectivity of the sorbent for aniline over 

phenol and the selectivity for N,N-dimethylaniline over 

methylbenzoate. These parameters are listed separately 
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with the measured silanol activity in Table 23. Both are 

aryl amines and have often been used as probes of silanol 

activity (13,59). It is interestinq to note that the order 

of elution for aniline and phenol reverses as the silanol 

activity of the bonded silica decreases with increasinq 

surface coveraqe. 

Reversed Phase Behavior of octadecyl-Bonded Phases 

Table 24 is a list of capacity factors for solutes 

in 40% methanol/water mobile phases on three bonded silica 

sorbents; an octadecyldimethylsilyl-bonded silica with a 

surface coveraqe of 2.64 ~moles/m2, an 

octadecyldihydrosilyl-bonded silica with a surface 

coverage of 2.54 ~moles/m2 and a bonded silica which was 

modified with octadecy~trichlorosilane to yield a surface 

coverage of 5.1 ~moles/m2. The 

octadecyldihydrosilyl-bonded silica had not been oxidized 

in this case. The silanol activities measured in normal 

phase experiments is listed as low, medium and hiqh. This 

pair of bonded phases, the octadecyldimethylsilyl-bonded 

silica and the octadecyldihydrosilyl-bonded silica, was 

particularly interestinq because the surface coveraqe of 

each was approximately the same and the normal phase 

measurement of the relative silanol activity of each 

showed a siqnificantly less activity for the 

octyldimethylsilyl-bonded phase. The retention of 
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Table 23 

CORRELATION OF SILANOL ACTIVITY AND SELECTIVITY FOR AMINES 
IN 20% METHANOL/WATER ON OCTYL-BONDED PHASES 

ODRCS = octyldihydrochlorosilane 
ODMCS = octyldimethylchlorosilane 

SURFACE SELECTIVITY SELECTIVITY 
SURFACE COVERAGE SILAliOL ANILINE/ DIMETHYLANILINE/ 

MODIFIER (I'moles/m2) ACTIVITY PHENOL METHYL BENZOATE 

ODRCS· 3.9 medium 0.85 0.99 

ODMCS 2.8 high 1.0 1.05 

ODMCS 3.5 medium 0.70 0.93 

ODMCS 3.7 low 0.70 0.89 

·Si-R oxidized to Si-OR 

.... .... 
\0 
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TABLE 24 

CAPACITY FACTORS FOR SOLUTES IN 40% METHANOL/WATER 
ON OCTADECYL-BONDED PHASES 

SURFACE MODIFIER --> ODDHCS ODDMCS ODTCS 
SURFACE COVERAGE (~moles/m2) --> 2.5 2.6 5.1 
SILANOL ACTIVITY --> high medium low 

SOLUTES k.!. k.!. k.!. 

aniline 2.8 2.4 2 

phenol 2.7 2.6 2.2 

benzyl amine 5.5 5.4 4.9 

benzaldehyde 5.0 5.1 4.9 

benzyl alcohol 2.9 2.9 2.3 

phenethyl alcohol 4.8 5.1 4.4 

3-phenyl,1-propanol 9.7 11 9.6 

4-phenyl,1-butanol 20 23 20 

5-phenyl,1-pentanol 44 61 49 

benzene 9.6 12 13 

toluene 23 30 32 

ethylbenzene 48 69 74 
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reversed phase solutes can be summarized as follows. 

Solutes of highest polarity such as phenol and aniline are 

more retained more strongly by the octyldihydrosilyl 

bonded silica. Solutes of intermediate polarity such as 

the phenylalkyl alcohols are retained by both phases about 

the same and solutes of lowest polarity such as the 

alkylbenzenes are retained more strongly by the 

octyldimethylsilyl-bonded phase. 

In these two bonded phases, the distance between 

the bonded hydrocarbon chains is about the same and most 

of the differences observed between the two sorbents can 

reasonably be attributed to the relative availability of 

silanol groups. The effect of silanol activity on the 

retention of solutes is greatest for aniline and also for 

solutes of lowest polarity. Also, as in the previous 

case, as silanol activity is decreased, the elution order 

of phenol and aniline reverses with aniline being more 

strongly retained by the bonded phase in which the 

silanols are most available for interaction. The ability 

of these silanols to adsorb a greater amount of water is 

also illustrated in the retention of low polarity solutes 

which are most strongly retained by the sorbent with the 

lower silanol activity. 

These results can be explained using the polarity 

profile model proposed by Schunk. As observed, solutes 

retained mostly in the upper regions of the stationary 
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phase, such as the alcohols, should experience the least 

difference between the two stationary phases. Also as 

observed, solutes interacting with the highest energy in 

the near-surface region of the stationary phase, such the 

basic solutes, should experience a difference between the 

two stationary phases g reflecting the greater polarity of 

the octadecy1dihydrosi1y1-bonded silica. Low-polarity 

solutes, such as the a1ky1benzenes, interact most 

energetically with the central region of the stationary 

phase, where the polarity is a minimum. The decreased 

retention of these solutes by the 

octadecy1dihydroei1y1-bonded silica indicates that the 

absence of methyl groups on the bonding silicon atom 
I 

allows si1ano1 groups on the surface to have a greater 

influence on the polarity of the central region of the 

stationary phase. Thus, residual si1anols seem to serve as 

high-energy adsorption sites for basic solutes and affect 

the retention of other solutes by influencing the polarity 

of other regions in the stationary phase through 

hydrogen-bonding interactions with the more polar 

components of mixed mobile phases. 

The retention of these same solutes was also 

measured on a "polymeric;' bonded phases. The distance 

between bonded groups is certainly less than for the two 

bonded phases just discussed and interestingly the 

measured si1anol activity was also less. In comparing the 
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retention behavior of this sorbent to that of the 

octadecyldihydrosilyl-bonded silica, the same general 

statements apply as for the comparison between the two 

IImonomeric" phases. Solutes of highest polarity are more 

strongly retained by the octadecyldihydrosilyl-bonded 

silica. Solutes of intermediate polarity are retained 

about the same on both phases, and solutes of lowest 

polarity are retained most strongly by the silica modified 

with octadecyltrichlorosilane. The selectivity of the 

polymeric bonded phase for phenol over a~iline is more 

similar to the octadecyldimethylsilyl-bonded silica than 

the octadecyldihydrosilyl-bonded silica. In fact, the 

most polar solutes are less strongly retained by this 

polymeric phase than by the octadecyldimethylsilyl-bonded 

phase and the least polar solutes are most strongly 

retained by the polymeric phase. This is an interesting 

result considering that the polymeric bonded phase is 

presumably more similar in structure to the 

octadecyldihydrosilyl-bonded phase than the 

octadecyldimethylsilyl-bonded phase. These data indicate 

that in this case the polymeric bonded layer is a well 

oriented film and whcltever polymerization occurred during 

the bonding process was rather effective in making the 

extra silanol groups formed by hydrolysis of this 

trichlorosilane unavailable for strong interactions with 
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polar functional groups of probe solutes and less able to 

sorb water into the stationary phase. 

Since the structure of the bonded phase is 

difficult if not impossible to determine after the fact, 

the degree of polymerization cannot be known. Since the 

reaction between silanols or water and chlorosilanes is 

faster and more energetic for trichlorosilanes than 

monochlorosilanes, it is also possible that 

polymerization was minimal and that the availability of 

s~lanols was reduced by the close packing of bonded 

hydrocarbon chains. It appeared therefore, that the 

bonding of alkyldihydrochlorosilanes as monochlorosilanes 

would maximize the availability of the silanols formed 

upon oxidation of the bound silyl hydrides. To 

investigate this possibility, it is appropriate to 

consider the reversed-phase chromatographic behavior of an 

octadecyldihydrosilyl-bonded silica for which the 

reaction between the silica and 

octadecyldihydrochlorosilane was allowed to proceed as far 

as possible. 

Effect of oxidation on the Reversed-Phase Behavior of 
Octadecyldihydrosilyl-Bonded Phases 

Table 25 is a list of capacity factors for 

aniline, phenol and benzene on three bonded silicas using 

20% methanol/water as the mobile phase. The unoxidized 

and oxidized octadecyldihydrosilyl-bonded silicas are 
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actually the same sample before and after treatment. The 

relative silanol activities of the respective sorbents is 

listed as low, medium and high. In this data set, there 

is not a correlation between the selectivity of sorbents 

for aniline over phenol and the measured silanol activity 

except for silicas modified with the same modifier. The 

most important feature of this data set is the significant 

increase in the retention of aniline by the 

octadecyldihydrosilyl-bonded silica upon oxidation. It 

is interesting that the retention of polar solutes in 

nonpolar mobile phases is not as sensitive to the presence 

these silanols as the retention of aniline in water-rich 

mobile phases. This suggests perhaps that the solutes do 

not interact directly with these silanols but with the 

water layer that is adsorbed to the surface because of 

their presence. 

Table 26 is a list of capacity factors for a 

variety of solutes on an oxidized 

octadecyldihydrosilyl-bonded silica and an 

octadecyldimethylsilyl-bonded silica with 20% 

methanol/water as the mobile phase. In each case a large 

excess of the monochlorosilane had been reacted with the 

silica for at least 50 h to assure that the reaction had 

proceeded as far as possible. As with all other 

reversed-phase comparisons of alkyldimethylsilyl-bonded 

silicas with alkyldihydrosilyl-bonded silicas in this 

125 



SURFACE 
MODIFIER 

ODDRCS 

ODDRCS 

ODDMCS 

ODDMCS 

TABLE 25 

CAPACITY FACTORS FOR ANILINE, PHENOL AND BENZENE 
IN 20% METHANOL/WATER ON OCTADECYL-BONDED PHASES 

SURFACE 
COVERAGE 

(I'moles/m2 ) 

4.0 

3.7 

3.1 

2.8 

ODDRCS = octadecyldihydrochlorosilane 
ODDMCS = octadecyldimethylchlorosilane 

OXIDIZED 
AFTER SILANOL k' 

BONDING* ACTIVITY ANILINE 

no medium 5.4 

yes medium 7.3 

low 5.7 

high 5.7 

k' 
PHENOL 

5.4 

5.0 

6.9 

6.1 

*si-R oxidized to Si-OR 

k' 
BENZENE 

27 

26 

33 

29 

I-' 

'" 0\ 
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TABLE 26 

CAPACITY FACTORS FOR SOLUTES USING 20% METHANOL/WATER 
AS MOBILE PHASE AND OXIDIZED OCTADECYLDIHYDROSILYL-BONDED 

SILICA OR OCTADECYLDIMETHYLSILYL-BONDED SILICA 

ODDHCS = octadecyldihydrochlorosilane 
ODDMCS = octadecyldimethylchlorosilane 

SURFACE MODIFIER --> ODDHCS· ODDMCS 
SURFACE COVERAGE (~moles/m2) --> 3.7 3.1 
SILANOL ACTIVITY --> higher lower 

SOLUTES k.!. K!. 

aniline 7.3 5.7 

phenol 5.0 6.9 

benzyl amine 13 17 

benzaldehyde 13 18 

acetophenone 21 28 

anisole 33 44 

N,N-dimethylaniline 79 88 

methyl benzoate 52 74 

benzyl alcohol 5.9 7.7 

phenethyl alcohol 12 16 
0 

3-phenyl,1-propanol 32 41 

4-phenyl,1-butanol 77 108 

5-phenol,1-pentanol 214 318 

benzene 26 33 

·Si-H oxidized to Si-OH 
" 



study, with one exception, all solutes were more strongly 

retained by the octadecyldimethylsilyl-bonded silica. Also 

the familiar pattern of the reversal of elution order for 

phenol and aniline was also present with aniline being 

more strongly retained by the bonded phase exhibiting the 

most silanol activity. The capacity factors of all 

solutes on the octadecyldimethylsilyl-bonded silica are 

approximately 40% larger than those for the same solutes 

on the octadecyldihydrosilyl-bonded silica. The one 

exception to this trend was the capacity factor for 

N,N-dimethylaniline which was only 10% larger on the 

octadecyldimethylsilyl-bonded silica. This was consistent 

with the behavior of aniline on the same sorbents. All 

-these data seemed to indicate that the main difference 

between these two stationary phases was a greater amount 

of water included in the near surface region of the 

octadecyldihydrosilyl-bonded silica. Indeed it can be 

concluded that this was the case generally for all 

comparisons made between alkyldihydrosilyl-bonded phases 

and alkyldimethylsilyl-bonded phases. 

Temperature Dependence of the Partitioning Process 

The temperature dependence of the capacity factor 

was discussed in chapter one and it was shown t~at any 

deviation from linearity of a plot of the log of the 

capacity factor versus reciprocal temperature was a signal 
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of a temperature dependent retention mechanism. This 

means that the retention mechanism itself is changing as a 

function of temperature. Te.mperature dependent retention 

mechanisms have been reported for different types of 

bonded phases. Blevins reported nonlinear van't Hoff 

·plots for phenylhexyl bonded phases using linear alcohols 

as solutes in methanol/water mobile phases (60). El Hassan 

reported nonlinear van't Hoff plots for a crown ether 

bonded phases using a variety of solutes in both 

tetrahydrofuran/water and dichloromethane mobile phases 

(61). Schunk reported nonlinear van't Hoff plots for two 

octadecyl bonded phases using a variety of solutes in 

methanol/water, acetonitrile water, and 

tetrahydrofuran/water mobile phases (59). Torrellas 

reported results similar to those of Schunk for an 

octadecyl bonded phase using the same solutes and 

ethanol/water mobile phases (62). 

El Hassan, Schunk, and Torrellas attributed the 

temperature dependence of the retention mechanism to a 

conformation ch~nge in the bonded groups. Torrellas 

emphasized the probable reorganization of the solvent 

structure of the stationary phase in interpretlng the 

retention data. Schunk also discussed the reorganization 

of the solvent and invoked an excursion in the local 

'polarity of regions of the stationary phase from the near 

surface region to the bulk mobile phase. This model was 
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discussed briefly at the beginning of this section in this 

chapter. 

One interesting feature which all these studies 

had in common was that the apparent deviation from 

linearity occurred in the temperature region between lS"C 

and 3S"C. It is hard to imagine what specific 

reorientation such a wide variety of bonded ligands would 

undergo at the same temperatnre in so many different 

solvation environments. However, there is a feature that 

all these different bonded phases share, that is the water 

rich layer near the silica surface which is bounded by 

solid silica on one side and by an organic-rich 

liquid-like layer on the other. It is p'ossible that the 

solvent reorganization that is taking place is related to 

this unique feature. One possibility is that the 

structure of this water layer is increased at lower 

temperatures causing greater exclusion of the organic 

modifier and reduced mobility of all species in this 

region. 

The effect of this reorganization of the solvent 

structure in the near surface region could be a decrease 

in mass transfer kinetics and a change in the retention of 

solutes which are favorably adsorbed in this region of the 

stationary phase. The two columns refel~red to in Table 26 

seemed to differ in two ways. There seeimed to be more 

water included in the near surface region of the oxidized 
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octadecyldihydrosilyl-bonded silica and the bonded groups 

of this stationary phase were packed closer together than 

the column modified with octadecyldimethylchlorosilane. 

Van't Hoff plots were generated for each column from 4°C 

to 60·C using three solutes (aniline, phenol, and benzene) 

in a 20% methanol/water mobile phase. The six van't Hoff 

plots are included in Figure 17, Figure 18, and Figure 19. 

Each of these figures contains the van't Hoff plots 

obtained for the same solute on each column. The solute 

for Figure 17 is aniline, for Figure 18 is phenol, and for 

Figure 19 is benzene. 

Inspection of the three figures reveals that the 

similarity in the plots is more striking than any of the 

differences. Perhaps the single significant difference is 

found in Figure 17, which is the van't Hoff plots for 

aniline. At low temperatures, or in the upper right 

handcorner of the plots, there is a slight positive 

deviation from linearity in the plot obtained for the 

octyldihydrosilyl-bonded phase, and a slight negative 

deviation in the plot obtained for the 

octyldimethylsilyl-bonded phase. The similarities in the 

behavior of these two columns implies that the difference 

in the packing densities of these two bonded phases (3.9 

~moles/m2 versus 3.1 ~moles/m2) is not enough to effect a 

difference in the way that the bonded hydrocarbon chains 
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influence the organization of the solvent included in the 

stationary phase. Indeed, the only observable difference 

between the two columns, the shapes of the aniline van't 

Hoff plots, suggests that any difference in the 

organization of the solvent included in the stationary 

phase between these two columns is in the near surface 

region. This is also tho location of the main structural 

,diffal.·~,~1CC bett~'~an the bonded ligandz. This observation 

is consistent with the rest of the data in indicating that 

the presence of methyl groups or hydroxy groups on the 

bonding silicon atom has a larger effect on retention 

mechanisms of small molecules than small differences in 

packing density of the bonded groups. 

Effect of Temperature on Column Efficiency 

The efficiency of these two columns was evaluated 

according to the formalism outlined in chapter 1 at each 

temperature of the above study and for each solute. The 

results are plotted in Figure 20 for the oxidized 

octadecyldihydrosi1yl-bonded silica and in Figure 21 for 

the octadecyldimethylsilyl-bonded silica. While the 

scatter in the data of Figure 21 makes it hard to draw 

clear conclusions, there does appear to be a reduction in 

the efficiency or the plate count for aniline. The 

scatter in the data is much less in Figure 20 and a 

general decrease in column efficiency is observed at low 
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temperatures. This general decrease in column efficiency 

is consistent with a decrease in the mobility of species 

sorbed by the stationary phase. This was also observed by 

Schunk (59). 

An increase in the rigidity of the adsorbed water 

layer or in the near surface region of the stationary 

phase would also generally decrease the conformational 

freedom of the hydrocarbon chains. It is generally 

accepted that when hydrocarbon chains are immobilized at a 

surface, liquid-like conformational mobility is observed 

only in carbon-carbon bonds more than 4-6 methylene groups 

away from the surface. An increase in the rigidity of 

adsorbed layers near the surface would effectively 

reason, bonded group conformation cannot be considered 

independent of solvent structure in the near surface 

region any more than their effect on retention can be 

considered independently. 

Hydrolytic stability of Bonded Phases 

One of the most important original goals of this 

research was to develop a family of surface modifiers that 

could be bonded to a surface as monochlorosilanes and then 

later stabilized toward hydrolysis. The simplest way 

these phases could be stabilized toward hydrolysis was to 

oxidize the silyl hydrides to silanols. The hydrolytic 

stability of an oxidized octyldihydrosilyl-bonded phase 
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was compared to that of an octyldimethylsilyl-bonded phase 

in acidic mobile phases, and the hydrolytic stability of 

an oxidized octadecyldihydrosilyl-bonded phase was 

compared to that of an octadecyldimethylsilyl-bonded phase 

in basic mobile phases. 

The acidic mobile phase used was 0.1 M 

trifluoroacetic acid in 50% methanol/water and the basic 

mobile phase used was 1.5 x 10-4 M ROH in 50% 

methanol/water. In each case the degradation was carried 

out by pumping the acidic or basic mobile phase through 

the column and the column was placed in a temperature bath 

regulated at 60 o e. The pH range of stability for silica 

based bonded phases is listed as being from pH 3 to pH 8 

(12). The concentrations of acid or base were chosen, in 

each case, to be approximately 2 pH units outside this 

stable range. The high temperature was intended to 

increase reaction kinetics and the high percentage of 

methanol was intended to provide wetability with the 

surface and to afford the solvent strength to remove the 

hydrolyzed fragments of stationary phase. The progress of 

degradation was monitored by periodically measuring the 

retention of 1-phenylheptane. The results of the acid 

hydrolysis of the octyldihydrosilyl-bonded phase and the 

octyldimethylsilyl-bonded phase are shown in Figure 22. 

The results of the basic hydrolysis of the 

octadecyl~ihydrosilyl-bonded phase and the 
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octadecyldimethylsilyl-bonded phase are shown in Figure 

23. 

Figure 22 is a plot of the log of the capacity 

factor for l-phenylheptane vs. time. As can be seen from 

the plot, after a rapid decrease in the retention of the 

test solute, the degradation of the oxidized 

octyldihydrosilyl-bonded phase slowed and almost stopped 

while the degradation of the octyldimethylsilyl-bonded 

phases continued with little sign of slowing down when the 

experiment was stopped after 3 days. The initial rapid 

decrease in the retentiveness of the 

octyldihydrosilyl-bonded phase is at'tributed to the 

hydrolysis of those bonded groups which were not fully 

oxidized and were therefore more susceptible to hydrolysis 

of the siloxane bond or bonds fixing them to the surface. 

Carbon analysis of the bonded silicas (summarized 

in Table 27) after three days of exposure to acidic mobile 

phase showed a 23% reduction in the amount of bonded phase 

fixed to the surface of the octyldihydrosilyl-bonded 

silica and an 85% reduction in the amount of bonded phase 

fixed to the surface of the octyldimethylsilyl-bonded 

silica. The capacity factor for l-phenylheptane on the 

octyldihydrosilyl-bonded silica was reduced only to 66% of 

its original value while the capacity factor for 

l-phenylheptane on the octyldimethylsilyl-bonded silica 

was reduced by a factor of 150. These data illustrate the 
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greater stability of the oxidized alkyldihydrosilyl-bonded 

phases toward acid hydrolysis. 

Figure 23 is a plot of the capacity factor 

l-phenylheptane vs. time for the alkaline extraction. The 

decrease in retention of the test solute during most of 

the experiment was more or less constant throughout the 

experiment, and the rate of the decrease in retention was 
J 

approximately the sa~e for both types of bonded phases. A 

rapid initial a~uline in the retentiveness of the oxidized 

octadecyldihydrosilyl-bonded silica is also evident which 

is similar to the early acid degradation of the oxidized 

octyldihydrosilyl-bonded phase. This rapid initial 

decline in the retentiveness is attributed to the 

hydrolysis of the bonded groups which had not been fully 

oxidized. It is the special vulnerability of unoxidized 

alkyldihydrosilyl-bonded phases toward hydrolysis that 

made it difficult to oxidize them without 'some loss of the 

bonded phase during oxidation. 

The fact that the rate of degradation was the same 

for each type of bonded phase indicated that perhaps the 

mechanism of degradation might be the same for both. 

After each bonded phase had been exposed to the basic 

mobile phase for five days, carbon analysis of each 

(summarized in Table 27) yielded the surprising result 

that the carbon content had increased. The increase was 
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TABLE 27 

CARBON CONTENT OF SILICAS AFTER 
ACID OR BASE HYDROLYSIS OF BONDED PHASES 

ODHCS = octyldihydrochlorosilane 
ODMCS = octyldimethylchlorosilane 

ODDHCS = octadecyldihydrochlorosilane 
OOOMCS = octadecyldimethylchlorosilane 

TFA = trifluoroacetic acid 

HYDROLYSIS SURFACE CARBON CONTENT 
CATALYST MODIFIER BEFORE EXPOSURE 

0.1 M TFA ODHCS* 10.0% 

0.1 M TFA ODMCS 11.3% 

1.5 x 10-4 M ROH ODDHCS* 18% 

1.5 x 10-4 M ROH OOOMCS 16.8% 

*Si-H oxidized to Si-OH 

CARBON CONTENT 
AFTER ExpoSURE 

7.7% 

1.8% 

19.8% 

17.8% 

I-' 

"" "" 



8% for the octadecyldihydrosilyl-bonded silica and was 6% 

for the octadecyldimethylsilyl-bonded silica. This 

increase in carbon 

contant accompanied about a 40% reduction in the capacity 

factor for 1-phenylheptane. The logical conclusion is 

that an important mechanism for the basic degradation of 

bonded silicas is the dissolution of the silica matrix 

itself. It also implies that siloxane bonds in which the 

silicon atoms are also bonded to carbon atoms are more 

susceptible to acid attack and less susceptible to base 

attack than the amorphous silica matrix. 

Summary 

At the end of the chromatographic studies, 

several important conclusions could be drawn. Part of the 

surface deactivation of silica by 

alkyldimethylchlorosilanes is due to steric factors. The 

bonding of alkyldihydrochlorosilanes as monomers maximizes 

the availability of the silanols formed when the 

immobilized silyl hydrides are oxidized when compared to 

the availability of silanols produced by the hydrolysis of 

trichlorosilanes. Large molecules with polar functional 

groups do not necessarily interact directly with silanol 

groups on the surface, but with the water layers adsorbed 

to them. The silanol groups at the surface of the silica 

support impose enough polarity on octadecyl-~onded phases 
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to significantly reduce the retention of a wide variety 

of solute types. The polarity excursion model used by 

Schunk to describe octadecyl-bonded phases is not very 

appropriate for octyl-bonded phases. siloxane bonds in 

which the silicon atoms are also bonded to alkyl groups 

are more susceptible to attack by acids and less 

susceptible to attack by bases than siloxane linkages in 

the amorphous silica matrix. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

Although this work cannot be called comprehensive, 

many of the objectives set out at the beginning of the 

research were accomplished. A new approach to the surface 

modification of porous silica was developed and the 

possibilities of this new approach were explored. These 

explorations were conducted in a manner intended to 

determine what advantages might accrue from this approach 

and which of the many alternatives offered by the use of 

alkyldihydrochlorosilanes showed promise and were 

d~serving of further study. 

The most important stated objective was the 

development of a family of surface modifiers which 

combined the advantages of both monomeric modifiers 

(usually monochlorosilanes) and polyfunctional modifiers 

(often trichlorosilanes). This objective was at least 

partially realizeJ j in that this new family of surface 

. modifiers did combine the reproducibility of monomeric 

modifiers with the increased stability of polymeric 

phases. However, it was also true that some of the 

disadvantages of both of the traditional types of 

modifiers were also combined in this new family of surface 

modifiers. For instance, the long reaction time required 

for monofunctional modifiers was combined with the 
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increased silanol activity attributed to some polymeric 

phases. Also, trichlorosilanes must be stored under 

carefully controlled conditions or freshly distilled 

before use to insure their integrity. This is also the 

case for alkyldihydrochlorosilanes. 

Ethyldihydrochlorosilane, 

octyldihydrochlorosilane, and 

octadecyldihydrochlorosilane, were successfully 

synthesized and bonded to the surface of porous silica. 

These monochlorosilanes were shown to react with the 

hydroxylated surface as monomers with no significant 

polymerization or crosslinking occurring during the 

bonding process. The silyl hydrides were also shown to 

remain mostly intact during the reaction with the surface 

and during brief chromatographic experiments carried out 

under mild conditions. 

It was also shown that use of an 

alkyldihydrochlorosilane instead of the corresponding 

alkyldimethylchlorosilane could increase the surface 

coverage by approximately 1.3 ~moles/m2 which represents 

about 20% of the silanols at the surface. This, was only 

demonstrated on one batch of silica, and should be 

investigated on other silicas. Two variables that would 

be very interesting to investigate are the pore structure 

and the pretreatment history of the silica. Nonporous 

particles as well as particles with larger pores (300 A) 
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should be tried. Sample pretreatment procedures which 

should be varied include dehydration temperature and the 

dehydration-rehydration procedures introduced by Kohler 

and co-workers (13). These experiments would probe 

whether the increase in surface coverage by 

alkyldihydrochlorosilanes is dependent on the presence of 

particular surface features such as vicinal or geminal 

silanols. 

One disadvantage unique to 

alkyldihydrochlorosilanes was the low boiling point of the 

short chain members of the family. 

Ethyldihydrochlorosilane boils at 43-C at one atmosphere 

and methyldihydrochlorosilane boils at 7-C at one 

atmosphere. Under the reaction conditions used in this 

study, the reaction temperatures or the concentration of 

the chlorosilane was limited to lower values than for 

analogous alkyldihydrosilanes. This possibly lowered the 

coverage realized by ethyldihydrochlorosilane and made the 

use of methyldihydrochlorosilane impractical. It would be 

useful to examine the possibility of increasing the 

coverage attained by these short chain modifiers by using 

different reaction conditions such as a heated gas phase 

reactor or by increasing the boiling point by substituting 

the chlorine of the chlorosilane. 

Dimethylaminoalkyldimethylsilanes have recently been shown 

to be more effective surface modifiers than the 
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traditional chlorosilanes (18). If the dimethylamine 

could be shown to be compatible with the silyl hydrides 

under reaction conditions, this could be a useful 

alternative. The obvious concern would be the base 

catalysis of the reaction between hydroxy groups and silyl 

hydrides. 

It was also shown that steric hindrance near the 

bonding silicon atom can significantly restrict the 

surface reactivity of the chlorosilane. Thus the 

reactivity of monochlorosilanes could be increased by 

replacing the bulky methyl groups on the bonding silicon 

atom with hydrogens. Also, the reactivity 

trichlorosilanes were shown to be sensitive to steric 

hindrance of methyl groups bound to the alpha carbon of 

the alkyltrichlorosilane. 

The oxidation of surface bound silyl hydrides 

could be catalyzed by dibutyltin diacetate or could be 

accomplished by direct reaction with a solution of iodine. 

These immobilized silanes will probably participate in any 

reaction which has shown to be truly homogeneous in 

solution. The reactivity of the immobilized silanes 

seemed to be less than that reported for similar species 

in solution and this reduced reactivity is probably wholly 

due to steric hindrance. Surface bound dihydrosilanes 

could be oxidized sequentially to the hydroxyhydrosilane 

and then completely oxidized. This was consistent with 
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the observed reactivity of silanes with oxidizing agents: 

SiB4 > SiB3 > SiB2 > SiB. In all cases however, after 

reaction of a silane modified silica with an oxidizing 

agent, the presence of some silyl hydrides was still 

detectable. 

The addition of silyl hydrides to ole fins as 

catalyzed by chloroplatinic acid was also investigated. 

It was found that although the immobilized silane or 

olefin might be almost completely removed from the sample, 

the intended addition reaction could usually account for 

no more than 10% of this removal. This observation is 

inconsistent with earlier reports of high yields with no 

report of competing side reactions (42). Although the 

limited success of this reaction was similar to that 

reported for the reaction of grignard reagents with 

surface chlorosilanes (44,45), results were also 

supportive of the postulate that the reaction is catalyzed 

exclusively at the surface of colloidal metal particles 

(43). The efficacy of this reaction should be 

investigated for bound groups with reduced steric 

restrictions such as reactive groups tended at the end of 

long hydrocarbon chains and those bound to nonporous 

particles. 

steric factors have also been shown to be 

important in the surface deactivation by 

alkyldimethylchlorosilanes. The pendant methyl groups 
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help reduce the polarity of the near surface region of 

these bonded phases probably by excluding water. Aniline 

seems to be most strongly retained by interacting 

simultaneously with hydrocarbon chains and silanol groups, 

much like a surfactant at an interface. 

Alkyldimethylsilanes seem to inhibit this favorable 

interaction. These stUdies have also indicated that 

molecules with polar functional groups do not necessarily 

interact directly with silanols, but can interact with the 

water layers adsorbed by the surface silanols. It was 

also shown that the retention of solutes that would not be 

expected to have favorable interactions with silanols or 

water can be strongly affected by the activity of silanols 

near the surface. This also is probably due to an 

increase in the amount of adsorbed water in the stationary 

phase as a result of increased silanol activity. Most of 

the results of the reversed- phase chromatographic studies 

of octadecyl-bonded phases were readily explained using 

the polarity excursion model of Schunk (59). • However, the 

results of the reversed-phase chromatographic studies of 

octyl-bonded phases were not consistent with this model 

and indicated that the polarity profile described for 

octadecyl bonded phases is not well developed in 

octyl-bonded phases. 

Alkyldihydrochlorosilanes can serve as models for 

polymeric phases since they react with porous silica as 
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monochlorosilanes, and the final structure of the 

oxidized hydrosilane is the same as the hydrolyzed 

trichlorosilane. By using these oxidized monomeric phases 

as a starting point, the effect of varying degrees of 

polymerization on retention and selectivity could be 

examined. By reacting trichlorosilanes in very anhydrous 

conditions, the effect of kinetics on the ability of 

surface modifiers to deactivate the surface could be 

examined. In this study it was shown that bonded phases 

formed by the reaction of trichlorosilanes could have 

reduced silanol activ~ty compared to oxidized 

alkyldihydrosilyl-bonded phases. Indeed, the reaction of 

alkyldihydrochlorosilanes as monochlorosilanes followed by 

oxidation of the silyl hydrides seemed to maximize the 

availability'of the silanols introduced by these surface 

modifiers relative to the silanols introduced by the 

hydrolysis of trichlorosilanes. 

The most general attribute of 

alkyldihydrosilyl-bonded phases was the increased activity 

of silanols in the near surface region. The effect of this 

activity was that polar solutes were retained more and 

non-polar solutes were retained less by these phases than 

phases formed by the reaction of 

alkyldimethylchlorosilanes or alkyltrichlorosilanes. This 

compression of the range of selectivities afforded by 

bonded stationary phases is another example of the way in 
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which the disadvantages as well as the advantages of both 

trichlorosilanes and monochlorosilanes were combined in 

the properties of alkyldihydrochlorosilanes. 

In summary, the best uses of 

alkyldihydrochlorosilanes is in the study of the structure 

of bonded phases, especially polymeric phases, as a way of 

isolating some of the many variables which affect the 

selectivity of bonded phases. The use of hydrosilanes in 

general should be studied as a way to provide convenient 

step-wise surface modification schemes. 
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