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Abstract 

The behavior of water at the modified silica interface 

was studied with Differential Scanning Calorimetry. A model 

for the interaction of water with the surface of silica was 

evolved to include the influence of the silica surface, the 

modification of the surface with hydrophobic and hydrophilic 

functional groups, and the presence of organic solvents. 

Initial studies involved the investigation of the melting 

behavior of water at the surface of unmodified silica. This 

was studied as a function of pore size, specific surface area, 

surface activity and specific pore volume. The perturbation 

of the water in the near surface region by interactions with 

the surface silanols and the curvature of the silica surface 

resulted in the observation of a melting peak was that was 

significantly different than the bulk water behavior. 

Changes to this peak were observed as a function of the 

modification of the silica surface with alkyl chains of 

varying chain length, and variations in the bonding density 

of these chains. As a consequence of the modification of the 

surface, the water was able to interact with only isolated 

silanol sites and this was reflected in a shift in the melting 

peaks. The deactivation of the silanol sites occurred both 

through the formation of the silyl ether linkage to the 
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modifier, and the blocking of the surface by the hydrophobic 

alkyl chains. 

The changes in the behavior of water at the modified 

silica interface in the presence of organic solvents were also 

investigated. It was found that the ability of the organic 

solvent to hydrogen bond to the silica surface and with water 

was the greatest contributor to the changes in the melting 

behavior of the water. 

The behavior of water at the silica interface modified 

with hydrophilic functional groups was investigated. It was 

found that the functional groups that could hydrogen bond with 

the water could also influence its melting behavior. As a 

consequence the layer of water affected by the surface was 

extended further away from the surface than was observed with 

unmodified silica. 



CHAPTER 1 

INTRODUCTION 

12 

The investigation of the interface between a solid and 

a liquid and the interactions that occur in this near surface 

region contribute greatly to the understanding of the 

chemistry of many fields where interfacial reactions are 

important. These include electrochemistryl,2, catalytic 

systems3,4, biochemical reactions at membrane surfacess,6, 

solid phase synthesis7, soil transportS, and separation 

science. 9
,lO Of particular interest for study will be the 

influence of the surface of modified silica on the behavior 

of water. Investigation of this system is especially important 

in the understanding of the interfacial interactions that 

govern the separation of species in reversed phase liquid 

chromatography. 

Separation science encompasses the techniques which 

utilize differences in the chemical and physical properties 

of an analyte of interest to separate it from an interfering 

matrix, or to separate a mixture of species into its 

individual components. In order to achieve this goal the 

separation system requires specific, homoenergetic reactions 

which will give high selectivity for the analyte of interest. 
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Rapid kinetics both for the primary interaction and mass 

transfer across the interface allow the separation to be 

accomplished in an efficient manner. 

Chromatography is the branch of separation science which 

utilizes the differences in the strength of interaction of 

analytes of interest between a flowing mobile phase and an 

immobilized stationary phase. These differences will result 

in a differential migration of species through the packed bed 

or column of the stationary phase. Species that interact more 

strongly with the stationary phase will retained in the system 

longer and eluted after those that interact more strongly with 

the mobile phase. 

Ideally if the interactions are homoenergetic and the 

kinetics are rapid, the separation should result in the 

elution of each analyte in a narrow band. In reality, the 

migration through the system is subject to other forces that 

cause the broadening of the band into a skewed gaussian peak. 

This can be the result of non uniform flow of the mobile phase 

due to the irregularities in the packing of the stationary 

phase, longitudinal diffusion in the mobile phase, resistance 

to mass transfer in the stationary and mobile phase, and poor 

instrumental design. The volume of mobile phase required to 

elute the analyte from the system is related to the strength 

of the interaction with the stationary phase. The broadening 
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of the peak is indicative of the kinetics or efficiency of the 

interaction between the analyte and the stationary phase, and 

the asynunetry of the band indicates that the analyte is 

interacting with a variety of sites with different energies 

of interactionll
• 

Chromatographic techniques are classified according to 

the mobile phase as either gas, liquid or supercri tical 

chromatography. The type of immobilized stationary phase which 

consists of a solid or liquid adsorbed or covalently bonded 

to a solid support offers a wide range of interactions ranging 

from very strong ionic to very weak hydrogen bonding and van 

der Waals forces. The functional group attached can vary 

depending on the type of surface desired (Table 1). Normal 

phase chromatography utilizes a polar surface with a nonpolar 

mobile phase. Ion exchange separations utilize ionic or 

ionizable R groups. Reversed phase chromatographic stationary 

phases are nonpolar with a polar mobile phase. 

The non polar stationary phases for Reversed Phase Liquid 

Chromatography (RPLC) are usually produced with alkyl 

modifiers. Octyl (C8) and octadecyl (C18) phases are used for 

a majority of RPLC 

usually consists of 

separations ll
• The polar mobile phase 

organic/aqueous mixtures of water, 

acetonitrile, methanol, tetrahydrofuran. 



Table I: Chromatographic Stationary Phases 

Normal Phase Liguid 
Stationary Phases: 

Mobile Phase: 

w 

Chromatography 
Silica (-SiOH) 
Cyanopropyl 
( -Si-CH2CH2CH2CN) 
Aminopropyl 
( -Si-CH2CH2CH2NH2 ) 

Hexane 
Heptane 

Reversed Phase Liguid Chromatography 
Stationary Phases: Octadecyl (-Si-C1eH37 ) 

Mobile Phase: 

Ion Exchange Liguid 
Stationary Phases: 

Mobile Phase: 

Octyl ( -Si-CeH17 ) 

Phenyl ( -Si-C6Hs) 

Water 
Methanol 
Acetonitrile 
Tetrahydrofuran 

Chromatography 
Benzenesulfonylethyl 
( -Si-CH2CH2-C6Hs-S03 -H+) 
Trimethylaminopropyl 
(-Si-CH2CH2CH2N+ (CH3) 3Cl-) 
Buffered aqueous solutions 

15 
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SILICA SURFACE STRUCTURE AND MODIFICATION 

Amorphous silica is widely used as an adsorbent in both 

gas and high performance liquid chromatography, the surfaces 

of modern fused silica capillary columns have the same 

chemical nature and RPLC pac kings use silica for the support 

of the stationary phase. This widespread popularity stems from 

the many useful properties of the silica. It has the 

mechanical strength to withstand high pressure conditions 

(>2000psi). In addition, chemical degradation and solubility 

are low between pH 1-8 at room temperature. It is available 

in small particle sizes «10um), with a narrow particle size 

distribution which allows for uniform packing of the particles 

in a bed or column. It provides a large surface area in a 

small volume due to the porus nature of the silica. The pore 

size distribution can be controlled yielding macroporus 

(>50nrn), mesoporus (2-50nm) and micorporus «2nm) silicas. The 

disadvantages of amorphous silica as a support for 

chromatographic stationary phases are the low reproducibilty 

of the surface and the heterogeneity of the interactions 

possible. 

Amorphous silica is the result of the condensation and 

polymerization of silicyclic acid to give the following 

material 

Si(OH)4 -- Si02x (OH)4(1_x) + 2x H20 (1) 
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The experimental conditions during the polymerization and 

condensation reactions, determines the properties of the 

material formed. The surface of amorphous silica is composed 

of six membered rings of SiO. Defect sites in the crystal 

lattice cause SiOH active sites to be formed 12 • There are 

many different silanol sites on the surface of silica (Figure 

1.1)13. Silanols can exist on the surface as isolated 

silanols, vicinal silanols, geminal silanols and siloxane 

linkages which are considered hydrophobic. It has also been 

postulated that some silanols sites are more reactive than 

others14,ls. The reactivity will depend on the water 

associated with the silanol, and the how the geometry of the 

surface allows for interaction of the silanols with each 

other. Adsorbed metals and other surface impurities also 

contribute to the heterogeneity of the surface. The most 

reactive sites are considered to be the vicinal silanols 16 • 

Snyder et al considered the reactive hydroxyl site to be two 

vicinal hydroxyl groups at an optimum separation of 3.1A, the 

ratio of reactive sites is considered to be about 70% of the 

total hydroxyl concentration17
• Geminal silanols can also be 

considered to be active sites for hydrogen bonding and are 

considered to be about 4% of the total hydroxyl 

concentration18 • The isolated silanols are considered to be 

less reactive but can still interact with basic compounds 19 • 
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FIGURE 1.1: Types of Silanol Sites on the Surface of Silica. 
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A variety of physical and chemical methods can be used 

to determine the surface concentration of silanols2o
,21. It 

is generally agreed that a fully hydroxilated surface contains 

about 8+1 um/m2 independent of the origin, type and structural 

characteristics of the silica (specific surface area, type of 

pores, size and distribution of pores, particle packing 

density, structure of silica skeleton), The surface 

concentration of silanols is considered to be a 

physicochemical constant22 ,23. 

The modification of the silica surface is performed with 

the goal of making the surface interactions more homogeneous, 

and improving the selectivity and efficiency of the 

interaction. The modification of the silica surface can be 

accomplished by adsorption of surface active species, the 

coating of a bulk film on the surface, or the covalent bonding 

of an organic moiety to the surface. The latter process offers 

a more stable and reproducible surface. The most popular 

surface modification technique involves the use of reactive 

silanes, which form an silane ether linkage to the surface ll 

(Figure 1.2). 

Both monomeric and polymeric phases can be produced. The 

polymeric phases are the result of polymerization of the 

silane in the presence of water, which then reacts with the 

surface. The advantages of bonding a polymeric phase are that 
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the reaction proceeds rapidly and can be complete in less than 

24hrs and a higher surface coverage is achieved. The 

limitations of this type of modification is the water on the 

surface is difficult to control and thus the coverages 

attained are irreproducible. The. limitations of bonding 

monomeric phases are that very long reaction times are needed 

(48 hours) to achieve reasonable bonding densities. The 

advantage of this method is that more reproducible surfaces 

are produced. 

R R R 
I I I 

+ HO-Si-O-Si-O-6i -OH 
I I I 

1) OH OH OH 

+ 

2) 

Figure 1.2: Modification of Silica Surface 
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THE MODIFIED SILICA INTERFACE STRUCTURE AND DYNAMICS 

An understanding of the interactions at the modified 

silica interface utilized as a stationary phase in RPLC is of 

great importance in the elucidation of the mechanisms of 

solute retention. An understanding of these processes that 

control the selectivity and efficiency of a separation will 

hopefully allow the manipulation of the interfacial properties 

to realize the full potential of the system. 

Many studies have been undertaken to characterize the nature 

of the possible interactions that occur in the interfacial 

region of the modified silica stationary phase, and the effect 

of these interactions on the chromatographic behavior of 

solutes. The characterization is complex becaus~ of the many 

contributions that need to be considered. Interactions are 

possible with the surface active sites of the porus silica 

support, the bonded phase, the solvent associated with the 

bonded phase, and the bulk solvent (Figure 1.3)15. 

The modification of the silica surface with alkyl silanes 

does not completely deactivate the silica surface. It has been 

estimated that of the 8+1 um/m2 of active silanol sites 

available on the surface of silica23 , that the maximum 

coverage attainable with the smallest modifier (trimethyl) is 

usually 60-70% of the predicted number of silanols present24. 
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This is due to the inaccessablilty of some of the pore 

volume to the bonding reagent, and the steric hindrance of the 

side groups which prevent further reaction. The residual 

silanols are accessible to some polar compounds and these 

secondary interactions have been implicated in the degradation 

of the separation of basic amines as evidenced by the 

asymmetry of the elution peak25 ,26,27. This problem has been 

addressed by using endcapping reagents such as 

trimethylchlorosilane both before and/or after the main 

bonding reaction. The goal is to block the residual silanol 

sites and improve the heterogeneity of the surface. These 

encapping experiments have shed some light on the chemistry 

of the silanols, for example it has been found that a pre

endcapped system gives a more homogeneous surface because the 

more active silanol sites are deactivated before the ensuing 

bonding of the longer chain alkyl silane and this gives a more 

evenly distributed bonding density28. 

The first model postulated by Halasz and Sebastian was 

of the alkyl chains extended away from the surface in a 

bristle configuration29
• Then the "blanket" model was 

proposed with the chains folded together on the surface3o
,31 

(Figure 1.4) 15. These static models have been evolved into 

more dynamic models of a surface which depend on the mobile 

phase composition and the temperature 32
• It has also been 



24 

postulated that there is a non uniform distribution of the 

attached groups, ie the hydrocarbon groups are clus·tered 

together, associated to form pseudo liquid droplets on the 

surface. 33 

Gas Chromatographic (GC) studies of unsol vated stationary 

phases of varying chain lengths have shown that the shorter 

chains (C6) have a bristle configuration and behave as a solid 

phase, longer chains (Cl6) are associated in a liquid-like 

phase with a blanket configuration, and intermediate chains 

(ClO) can be either extended or folded depending on the 

temperature 34
• 

Infrared Spectroscopy (IR) has been used to investigate 

chain conformation and it was found that by looking at the 

number of gauche bonds per chain that there is more folding 

in the dry state than in the solvated state35
,36. 

Fluorescence measurements have been used to study the 

stereochemical aspects of the bonded phase, including the 

surface homogeneity 37. It was found that the majority of 

bound chains exist in a high density region which led to the 

proposed microdroplet model 32
• 
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DROPLET lV10DEL 

BRUSH MODEL 

Figure 1.4: Schematic Representation of Bonded Hydrocarbon 

Molecular Conformations on the Silica Surface. 
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13C Nuclear Magnetic Resonance (NMR) studies have shown 

that the mobility of the chains increases with increasing 

solvent and increasing chain length38 • If the chain is 

labelled at certain positions with 13CNMR studies also show 

that the mobility of the chains increases with distance from 

the surface and increasing solvation of the chains 39 • 

Hansen and Callis, 40 and Morel and Serpinet41 ,42 have 

used Differential Scanning Calorimetry (DSC) to probe the 

bonded alkyl phase changes. It was not possible to obtain 

information about the unsolvated bonded alkyl chain behavior, 

because the bonding density is such that the chains do not 

interact enough to exhibit a concerted change in confirmation 

that can be measured by the DSC. The amount of modifier on the 

surface was increased by solvating the bonded materials with 

free n alkanes in a 1: 1 or greater ratio, and the phase 

transitions of this mixed phase were studied. It was found 

that the phase transitions of the bonded alkyl phases occur 

at a lower temperature than the unbonded material. Hansen also 

showed that the DSC can be used to study the effect of 

solvating the bonded phase with methanol. 

The interaction of the organic solvent component of 

mobile phase with the stationary phase has also been 

investigated. It has been found that there is an partitioning 

of organic solvent into the stationary phase from an 
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organic/aqueous mobile phase which in effect is an enrichment 

of the stationary phase with organic solvent This was shown 

to be dependent on the chromatographic strength of the 

solvent(MeOH< MeCN< THF < DIOXANE) 43,44. In addition it was 

found that when the solvent conditions are changed from 

organic to 100% aqueous, organic solvent remains trapped in 

the stationary phase. The solvent can be expelled if the 

column is heated, which was explained ;.by the reorientation of 

the chains from a folded position on the surface to an 

extended position, which allows the release of the solvent45
• 

This transition was shown to be a function of the bonded alkyl 

chain length and density and the type of organic conditioning 

solvent46
• 

Reversed Phase Liquid chromatography (RPLC) studies of 

linear hydrocarbons have shown that the retention increases 

as a function of the chain length of the bonded alkyl ligands 

and then reaches a plateau47
• The plateau was attributed to 

the inability of the bonded stationary phase to solvate 

molecules of lengths greater than the modifier groups. 

Retention has also been observed to increase with increasing 

surface coverage. This behavior was observed to plateau and 

then decrease as pore access becomes impeded. 

It has been found that there is a non linear change in 

retention as a function of the temperature of the system4B
• 
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This thermal transition has been investigated as a function 

of chain length, solvent conditions, and the polarity of 

substituted benzene solutes 15
• From these studies it was 

possible to estimate the distance from surface where the 

solute is retained, due to the fact that solute molecules 

experience the strongest relative interactions in the region 

of the stationary phase where the localized polarity most 

closely matches the polarity of the solute probe. Alcohols 

were found to associate most closely with the upper portion 

of the stationary phase, where the polar mobile phase has the 

greatest effect. Alkylbenznes were found to be associated most 

closely with the central part of the alkyl stationary phase, 

which is the region of lowest polarity. Alkylamines were found 

to be most strongly associated with the near surface region 

which is considered to be highly polar due to the effect of 

the highly polar residual silanols and the water associated 

with them. Based on the polarity requirements for the 

solvation of each type of solute, the width and asymmetry of 

the peaks which gives an indication of the heterogeneity of 

the interactions and the kinetics of the solute in the 

stationary phase, a polarity gradient model of the interface 

was established (Figure l.S). Further studies have resulted 

in modification of this model to include steric effects of the 

side groups of the alkyl silyl at the surface, retention of 
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each probe solute would be influenced most by changes in the 

region of the stationary phase where interactions are 

energetically most favorable. Golding49 synthesized a series 

of dihydro modifiers to study the effect of reducing the 

steric blocking of the surface by the dimethyl side groups. 

He was able to achieve higher coverage of the surface and 

showed that the resultant restricted access to surface had 

modified the polarity gradient. Palmerso modified the silica 

surface with t-butyl trichlorosilane as an encapping reagent, 

and found that this bulky reagent while blocking the surface 

silanols, also provided additional surface activity because 

the chlorine side groups have been replaced by hydroxy groups. 

This will also cause an alteration of the polarity gradient. 

It has been hypothesized that the changes observed in the 

behavior of solutes in this near surface region by altering 

the bonded phase density and functionality are due to the 

reorganization of the water rich layer in that is associated 

with the residual silanols. It has also been postulated that 

the structure of the water layer may be increased at lower 

temperatures, causing the greater exclusion of organic 

modifier and reduced mobility of all species in this region. 

The modified silica interface has been shown to be much 

more than the early static models have predicted. A variety 

of approaches have been used to investigate this complex 
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system and from these a more dynamic model has emerged. The 

interactions at the modified silica interface involve a 

complex synergy of residual silanols, bonded alkyl phase and 

solvent molecules. Static models are still preferred for ease 

of mathematical modelling, but it is clear that the modified 

silica interface is a complex heterogeneous entity that cannot 

be explained by simple models. 

ROLE OF WATER ON THE SURFACE OF MODIFIED SILICAS 

One aspect of the modified silica interface that is 

worthy of further investigation is the role of water in this 

system. The amount of water on the surface of silica will 

influence the reactivity of the surface for acid base, ionic 

and hydrogen bonding interactions. These interactions impact 

on RPLC in many ways. The ~ater on the surface first of all 

influences the bonding of the modifier to surface. It is the 

driving force in the polymerization reaction of the silanes, 

it may also play a role in the reactivity of the silanols on 

the surface. On the modified surface it is possible that the 

water affects the reactivity of the residual silanols as well 

as plays a role in the structuring of the interface. It has 

been inferred that the structuring of water in the near 

surface region plays a role in the selectivity of the surface, 

and the shape of the polarity gradient model. 
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POlatlty -

Figure l.5:Comparison of Proposed Polarity Gradient Models 

a)Schunk's original model for dimethyloctadeclysilane. 

b)Modification proposed by Golding for dihydrooctadecylsilane. 

c)Modification proposed by Palmer for trimethyl endcapped. 

d)Modification proposed by Palmer for tertbutyl endcapped. 
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The near surface region has been described as being 

highly polar, and the interaction of solutes in this region 

has been blamed for the band broadening observed in the 

separation of these species. The high polarity has been 

attributed in part to the surface silanols and in part to the 

water associated with these surface active groups. It is 

known that there at least two monolayers of water on the 

surface of silica and it is difficult to remove all of the 

water without causing condensation of the silanols into 

siloxanes and deactivation of the surface23 • Lochmuller and 

Marshal1 51 and EI-Hassan and Burke52 have noted shifts in the 

spectrum of bound probe molecules on the surface of silica and 

have attributed this to a layer of very structured water in 

the near surface region. NMR studies by Gilpin and Gangoda 

have found that the bonded phase are in a very rigid 

environment when solvated by water only53. The highly 

ordered interfacial region has been thought of as a monolayer 

of fatty acid or alcohol on a water surface54 • 

A method using RPLC in a totally aqueous environment has 

been used to separate & and b lactose55 where the strong 

hydrogen bonding species has an increased ability to interact 

with either the hydrated residual silanols on the silica 

surface or the higher water content associated with the 

hydrocarbon phase. Increase in the water in the stationary 
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phase would increase the retention of a polar compound. 

Inability of water to wet the hydrocarbon chains has been the 

reason why totally aqueous phases systems lower efficiency. 

There have been extensive studies of water on the surface 

of silica and these will be summarized in the introduction to 

Chapter Two of this dissertation. Of interest is the effect 

of modification of the surface on the properties of water on 

the surface. 

The goals of these studies will be first to investigate 

the potential of the Differential Scanning Calorimeter to 

study the interactions of the water with the silica surface. 

The effect of the various properties of silica such as the 

pore size and volume, the specific surface area, and the 

silanol activity on the behavior of water will be studied. 

The effect of modifying the interface on the behavior of water 

and how this is affected by the residual surface silanols, the 

density of the bonded alkyl chains, and the chain length will 

also be investigated. The presence of the organic components 

of the mobile phase on the behavior of water will be studied 

to investigate the effect of the hydrogen bonding ability of 

the solvent on the structuring of water in the near surface 

region. Finally the effect of having a functional group that 

can interact with the water, on the behavior of water in the 

near surface region will be studied. 



CHAPTER 2 

INVESTIGATION OF THE BEHAVIOR OF WATER ON THE 

SURFACE OF MODIFIED SILICA 

PROPERTIES OF WATER ON THE SURFACE OF SILICA 
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Before any attempt to characterize the behavior of water 

at the surface of modified silica can be made, the behavior 

of water at the surface of silica must be understood. The 

behavior of water at the surface of silica has been the 

subject of many investigations, and some of the more pertinent 

studies will be reviewed. Then the Differential Scanning 

Calorimetry studies of the melting behavior of water as a 

function of pore size, specific surface area, silanol activity 

and specific pore volume will be discussed. 

The discussion of the water on the surface of silica, 

starts with its removal and the effect that this will have on 

the activity of the surface. It has been found that heating 

silica under reduced pressure conditions results in the 

removal of several types of water. Physically adsorbed water 

starts to be removed as low as room temperature 300K (2SoC). 

For macroporus silicas this process should be complete at 393K 

(IOOOC), for highly porus silica, it is necessary to sometimes 

heat to 423K (ISOoC) and S73K (300°C) to remove all physically 

adsorbed water. Dehydroxilation of silica by condensation of 
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vicinal hydroxyl groups occurs almost simultaneously with or 

very soon after the removal of physically adsorbed water. 

Above 450K (177°C) dehydroxilation of vicinal groups is 

definitely occurring and by 773K (500°C) all vicinal groups 

are completely condensed. All of the dehydroxilation reactions 

mentioned to this point are reversible, ie, if the silica is 

exposed to a positive pressure of water vapor, the surface can 

be rehydroxilated. 

If the heating process is continued, above 873K (600°C) 

condensation is favored by the lateral mobility of the surface 

silanols and by 1473K (1200 oC) the surface is completely 

dehydroxilated. These results are usually obtained by thermal 

desorption measurements where the water or silanols are 

monitored by a combination of infrared spectroscopy56, mass 

spectrometry and thermogravimetric calorimetry23. 

The physical properties of water near the surface of 

porus materials has been studied as a function distance from 

the silica surface (TABLE II). Etzler et al57 have studied 

the density of water in silica materials and have found in 

narrow pores (140A at 25°C) the density of water is 966kg/m2, 

which is about 3% lower than the density of bulk water 

997kg/m2. The results of studying the effect of pore size and 

temperature of water in porus silicas by the same authors 

suggest that water associated with silica surfaces is modified 
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to distances of 30-50A from the surface. The viscosity of 

water has been measured near quartz and clay surfaces 58 and 

it has been found that the viscosity can be increased as much 

as twenty times that of bulk water (0.158 poise for surface 

water) due to association with these surfaces. Etzler et al59 

have measured the heat capacity of water in association with 

a variety of silica surfaces to be 1.25cal/g K which is 25% 

greater than bulk heat capacity (0.998 cal/g K). Metzik and 

co workers 60 have reported that the dielectric constant 

dramatically decreases for distances of less that 1-2um from 

the surface of mica. 

Table II COMPARISON OF PHYSICAL PROPERITES OF WATER ON THE 
SURFACE OF SILICA 

CHANGE FROM BULK 
3% lower 

PROPERTY 
Density 
Viscosity 
Heat Capacity 
Dielectric 

Constant 

20 times larger 
25% greater 

decreases 

DISTANCE FROM 
3-5nm 
100nm 
7nm 

<1000nm 

SURFACE 
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Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) is also used to study 

motion, orientation and structure of adsorbed molecules. with 

respect to the investigation of the structure of water 

molecules on the surface of silica, the broadening of NMR line 

shapes and the relaxation rates are the diagnostics used. The 

broadening of NMR lines can be used to study the strength of 

the adsorption of water molecules on the surface. Semon61 

used this method to show that the adsorption is more dependent 

on the number of surface hydroxyls than the surface area or 

porosity of the silica. He also showed that the first 5 to 100 

layers from the surface are more ordered than bulk water. 

Polnaszek and co-workers have studied the spin lattice 

relaxation rate of a nitroxide spin radical, amino-acyl-S1 

that was immobilized on the surface through a propyl amine 

linkage. this was used as a diagnostic of the translational 

diffusion coefficient of the water molecules close to the 

surface62
• The relative translational diffusion coefficient 

d was determined for water on the silica surface to be 2.1*10-

lOm2 /sec, compared to 1.8*10-12m2 /sec for bulk water. The 

authors concluded that although water mobility is attenuated 

near the surface, it is definitely not completely immobilized. 

The precise region sampled was not clear due to the 

uncertainty of the behavior of the propylamino linkage. 
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Pearon and Oerbyshire63 have investigated the NMR spin 

lattice and spin -spin relaxation processes of non freezable 

water as a function of surface pore size and surface area. The 

major conclusions drawn from this work are: 1. There is a 

layer of water adjacent to the silica surface that remains 

unfrozen on cooling. The thickness varies depending on pore 

size, increasing with increasing pore size. The water remains 

unfrozen even down to -196°C and seems to reach a constant 

value below -120°C. 2. There is a thermal hysteresis of NMR 

signal height, width and relaxation time, this was interpreted 

to be the result of an enhanced structural ordering of the 

liquid inside of the pores. 3. Water will freeze in pores 

greater than 30-120A leaving a thin unfrozen layer around the 

edges. 4 The rapid exchange of unfrozen water molecules both 

within pores and between pores.s. At high water content two 

distinct phases are observed. One corresponds to freezable and 

the other to a non freezable component. the exchange processes 

between these two liquid like phases is slower than occurs 

inside surface pores at much lower temperatures. 

Morariu and coworkers have used spin echo magnetic 

resonance techniques to measure the translational diffusional 

coefficients of water at the silica water interface. For 

coverage between 0.5 to 1 monolayer, the coefficients were 

between 3* 10-l0to s*10- lom2 /sec. Compared to the bulk water 
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value of 2.37*10-9 m2 /sec. It was estimated that the diffusion 

coefficient would not begin to approach the bulk water value 

until the water coverage had been increased to 15 

monolayers 64
• 

Electron Spin Resonance 

Electron Spin Resonance Spectroscopy (ESR) has been used 

to study the variations in the mobilities of solvent molecules 

near the surface of silica65 ,66,67,68. The behavior of 

nitroxide radicals as influenced by water has been studied. 

There are two main types of relaxation mechanisms for these 

species. The first involves spin rotational relaxation, which 

broadens the ESR line shape as the temperature is increased. 

Thus the line shape will be a diagnostic of the solvent 

viscosity. For example if the viscosity of the surface water 

decreases with respect to the bulk water, the ESR line width 

will decrease at high temperature and increase at low 

temperature. By studying the changes in the ESR line widths 

of the spectra of the probe molecules in the presence of 

increasing amounts of water on the surface, the following 

conclusions were obtained. The peaks broaden as the pore size 

increases, indicating that the mobility of the water molecules 

decreases when the pore size decreases. Three water layers 

have been hypothesized from these measurements. The first 2-3 
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layers on the surface are immobilized on the surface through 

interactions with the surface hydroxyls, this water does not 

seem to crystallize. An intermediate region which extends 2-

3nm from the surface where water does exhibit a phase 

transition similar to bulk water, but below the usual melting 

point of water. The effect is due to long range meniscus 

effects which induce variations even in the middle of the 

capillary itself. The region larger than 2-3nm exhibits bulk 

behavior. 

In addition, the reorientation motion of the water can 

be studied, by using the other relaxation mechanisms which 

involve spin lattice and longitudinal relaxation. The ESR 

spectra observed for the probe molecules solvated with water, 

correspond to the Brownian model, which describes the 

reorientation of the molecule as a series of infinitesimal 

changes in orientation due to high collision frequencies. The 

correlation times have been found to be changing in a non 

congruent manner, which is believed to be the result of the 

distortion of the sol vent probe from a spherical to a rod like 

shape due to the strong field produced by the surface 

hydroxyl. the limitation of ESR to the study of immobilized 

systems is due to the lack of theoretical understanding of the 

ESR phenomenon. which affects the correct interpretation of 

the spectra. There is also some lack of understanding of the 
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effect of the probe on the system, and the interphase effect 

on the probe. 

Nuclear Scattering 

Inelastic Nuclear Scattering has been used to study the 

oscillations of water molecules near the surface of silica69
• 

The advantage of this technique is that it measures the 

oscillations of water molecules as a function of the 

interactions of many molecules instead of just one. The 

disadvantage is that the scattering from the silica surface 

creates a very large background signal which makes 

measurements at low water coverages difficult. this technique 

has been used to study the adsorption of water on the surface 

of mesoporus (89A) and microporus (29A) silicas. The first 

water molecules adsorbed by double hydrogen bonding to the 

surface silanols. As the coverage increased cluster formation 

occurs. The behavior at low temperatures indicates that there 

are no phase transitions occurring. 

Quasielestic Nuclear Scattering (QES) was used in the 

same system to determine the translational and rotational 

diffusion behavior of adsorbed water70
• This work showed that 

two phases of sorbed water with different dynamics exist in 

monolayer and near monolayer films on the surface of silica. 

The authors proposed that the initial adsorption results in 
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the formation of immobilized water molecules that are 

associated with more than one surface silanol. Subsequent 

adsorption occurs onto the existing water molecules on the 

surface to form clusters of water. 

QES has also been used to study the diffusion rates, and 

Inelastic Nuclear scattering has been used to study the 

vibrational rotational and diffusional motion71
• The QES 

peaks reflect a decrease in the rate of diffusion, and the 

stability of the liquid state below 2S0K. Inelastic Nuclear 

data shows that an increase in the H-bonding in supercooled 

water even though there is no phase change to ice. The effects 

indicate that when water is close enough to the silica surface 

to cause a perturbation of the H bond network which develops 

in the bulk, retarded freezing may occur. An estimate of the 

range of the surface perturbation can be made, to be about 6nm 

from the surface. Beyond 6nm, only a modest perturbation of 

water structure occurs. This would correspond to approximately 

13 layers of water if we take the normal edge length of O.4Snm 

in the water tetrahedral structure as a crude estimate of 

layer thickness. 

Small Angle Nuclear Scattering (SANS) has been used to 

investigate water sorption in porus silica and ceria gels 72
• 

Evidence that volume filling process occurs in micropores 

where the density of the sorbate is appreciable less than the 
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bulk. This lower density is tentatively ascribed to a 

difference in the ordering of water molecules when they are 

confined in the micropores compared to that imposed by 

Hydrogen bonding in the bulk liquid. 

IR Spectroscopy 

Infrared Spectrometry (IR) has long been used to 

characterize the surface of silica and the species adsorbed 

to the surface. The information is usually obtained by looking 

at the SiOH stretching regions in which the different types 

of surface silanols can be distinguished. 

1Ype of Silanol Frequency 

isolated 374 9cm-1 

geminal 3742cm-1 

hydrogen bonded 3500-3700cm-1 

water (OH stretch) 

Silanols perturbed by water 

3000-4000cm-1 

3320cm-1 

The problem is that if water is present an the surface 

the silanol information will be swamped out by the OH water 

stretch between 3000 and 4000 cm-1 • 
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Direct absorption measurements can be supplemented by NIR 

reflectance spectroscopy. 

Bands of interest in NIR overtone region. 

SiOH (2v) 7300cm-l diminished in fue 

presence of water 

H-bonded OH of water(2v) 

Molecular water (v+d) 

7150cm-l increases with 

water 

5300cm-l 

The examination of these bands allows easy differentiation 

between water and surface hydroxyl groups. The interaction of 

adsorbed species with neighbors and surfaces results in band 

center shifts and changes in band shapes. The changes in band 

center can be used as a diagnostic for the structure of the 

adsorbate, while changes in band shape contains information 

about the rotational motion of the molecule. 

Zettlemoyer et al73 were the first to examine the 

behavior of water on silane treated silicas. These researchers 

looked at the adsorption and desorption of water vapor from 

silicas with a high surface density of hydroxyl groups and 

compared these to silicas with a low surface density of 

hydroxyl groups. The silicas were examined both before and 

after derivitazation with several organosilane reagents. On 

a silica surface with a high surface density of hydroxyl 
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groups, essentially each molecule of the first layer of water 

is doubly hydrogen bonded to two surface hydroxyls. On 

surfaces populated sparsely with hydroxyl groups water 

molecules cluster about water molecules already on the 

surface, even before each surface hydroxyl takes up a water 

molecule. For the highly hydroxilated silicas silanol groups 

were still available to interact with water even after 

extensive derivatization. In the low silanol density material, 

the surface was much more hydrophobic. The authors compared 

the peak frequencies for the derivatized silicas to bulk water 

behavior and concluded that the behavior of the water on the 

surface was much closer to ice that to water. The other 

important conclusion reached in this series of studies was 

that the water clustering and structuring seems favored in 

hydrophilic surfaces that have been derivatized to be mildly 

hydrophobic. The water molecules will tend to associate more 

strongly with other water molecules that are already on the 

surface than with silanol groups on the surface. That is 

clusters like those found in bulk water of 5-6 water molecules 

are more favored. Another important conclusion was that 

rotational behavior of water associated with surfaces is an 

irreversible complete reorientation, unlike the behavior in 

bulk liquid where rotational motion is modulated by the 

breaking and making of hydrogen bonds. More recently 



46 

Scott and Traiman1 have employed a combination of thermal 

treatment, infrared examination and chemical reactions to 

deduce that there are at least three layers of water on the 

surface of silica: 1) The surface silanols which lose water 

in a dehydroxilation reaction that results in the formation 

of siloxane groups. This process starts at 450°C and is 

complete at 1100oC. It is also irreversible. 2) The first 

layer of strongly H bonded water which is removed beginning 

at 200°C and appears complete at 650°C. this is reversible and 

not easily removed by drying agents. 3) The second layer of 

weakly adsorbed water that is lost completely by 120°C under 

low pressure conditions, The loss is centered around 100°C 

This type of water is removed by drying solvents. 4) The third 

layer of water is lost between room temperature and 70°C The 

maximum loss occurs at 40°C. This is also reversible and can 

be achieved with drying solvents. There be a fourth layer of 

water on the surface that is close to but not quite bulk like 

in its properties. 

Yamuchi and Kond074
, have tried to quantitate the 

surface density of water molecules per square nanometer in 

each layer by the use of FT-NIR. The conclusion was reached 

that the first layer closest to the surface has about 3 water 

molecules per square nanometer. The second layer has about 9 

water molecules per square nanometer and these interact with 
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both one silanol on the surface and three water molecules in 

the first layer. The water molecules in the third layer 

display bulk water properties. 

Zhdanov75 (1987) et al studied the dehydroxilation of 

the silica surface by observing the appropriate infrared 

frequencies and found that evacuation for 6 hours at ambient 

temperature removes molecularly adsorbed water almost 

entirely, the residual water does not exceed 0.007 of a 

monolayer. They also observed that dehydroxilation of silica 

occurs either simultaneously with or soon after the removal 

of molecular adsorbed water and that the reversible 

transformation of free and associated silanol groups proceeds 

vial conventional association-dissociation type 

transformations. When associated with the surface, the 3221-

3320cm-1 band of molecularly adsorbed water is shifted to 

lower frequencies with respect to that of liquid like water. 

These results appear to indicate that the water molecules in 

the surface pores are drawn together so as to provide the 

peculiar state that is intermediate to the liquid and solid 

one. 

Bolis et al (1991)76 described the surface of -silica as 

composed of hydroxilated patches (interacting adjacent SiOH 

group both vicinal and geminal, and isolated free hydroxyls) 

alternating with scarcely reactive patches of siloxane SiOSi 
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bridgesn On patches with adjacent silanols, water is adsorbed 

via two hydrogen bonds with an enthalpy of adsorption higher 

than 44KJ/mol. Whereas in the dehydroxilated regions water is 

adsorbed via one hydrogen bond with an enthalpy of adsorption 

of water lower than 44KJ/mol. The measure of the enthalpy of 

adsorption of water as a function of coverage allows the 

identification of different processes occurring at the surface 

of silica. High enthalpy of adsorption at very low coverage 

> 90KJ/mol corresponding to dissociative adsorption of water. 

Enthalpy of interaction in the range of 50-90 KJ/mol 

corresponding to molecular adsorption via two hydrogen bonds. 

Enthalpy of interaction approaching the latent enthalpy of the 

liquefaction of water for the vapor phase (44KJ/mol) 

corresponding to the edification of mul tilayers of physisorbed 

water. Enthalpy of interaction below the enthalpy of 

liquefaction of water corresponding to the weak interaction 

of molecular water via only one hydrogen bond. When both 

hydrophilic and hydrophobic sites are present, adsorption 

clearly begins on the most active binding sites, where water 

can be bound via two hydrogen bonds to adjacent silanols. When 

all these sites are filled, adsorption will occur 

simultaneously on both hydrophilic (isolated silanols) and 

hydrophobic sites (siloxanes). The enthalpy of interaction 

will be an average of the enthalpy for addition of mul tilayers 
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on the hydrophilic sites. 

The dependance of the enthalpy of adsorption upon 

coverage indicates that when hydrophilic sites are present, 

there is some heterogeneity in the strength of the adsorption 

site. It is on hydrophobic surfaces only that the enthalpy of 

adsorption does not vary wi th coverage. All hydrophilic 

silicas exhibit an enthalpy of interaction with water that 

decreases from 90KJ/mol to SOKJ/mol when progressively more 

water molecules are bonded via two hydrogen bonds. Surface 

heterogeneity is due to different OH arrangements which 

implies different strengths of hydrogen bond. This is confined 

to the first water layer, multilayer adsorption mainly 

occurring with an enthalpy of interaction close to the latent 

energy of liquefaction. If the surface is substantially 

hydrophilic, the enthalpy of adsorption at coverages exceeding 

the first layer falls close to this value an no further 

variation occurs. 

In summary many researchers have studied the 

behavior of water at the surface of silica. The behavior of 

the water on the surface has been found to be dependent on the 

underlying surface morphology of the silica, both the surface 

active groups and the geometry of the surface. The silanol 

sites of importance are the geminal and vicinal silanols, 

which can provide more than one hydrogen bonding site in close 
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proximity to a water molecule these are believed to be found 

in patches on the surface. There are also isolated silanol 

groups that can only provide one hydrogen bonding site to the 

water molecule. These are the end group in a series of 

siloxane linkages which are very hydrophobic and do not 

interact with water. The distribution of surface silanols is 

greatly dependent on the manufacturing process and the 

consequent treatment of the material. The behavior of water 

has also been found to be dependent on the surface morphology 

of the silica ie, the curvature of the surface as measured by 

the pore size. Some silanols deep within the pore structure 

may not be accessible to water molecules, while silanols on 

the outer surface of the silica are very accessible. The 

distribution of the silanols, and whether or not the water 

molecules can interact with more than one silanol or only with 

isolated silanols is still open to question. At least three 

layers of water may be present. In the very near surface 

region, the water that is most closely associated with the 

surface hydroxyl groups is very tightly held and each water 

molecule can be associated with more than one silanol, about 

two thirds of the surface water is believed to be associated 

in this manner. Further away from the surface, the water is 

more loosely held and is believed to be preferentially 

associated with water molecules already on the surface rather 
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than isolated silanols. The third layer is bulk water and 

shows bulk water behavior. The thickness of these layers is 

still open to debate and it may vary depending on the 

properties of the silica and the sensitivity of the technique 

used to probe the surface. 

The goals of this chapter will be to study the behavior 

of water on the surface of silicas of varying properties. The 

effect of silica pore size, specific pore volume, specific 

surface area, and silanol activity will be investigated. 

Differential Scanning Calorimetry will be used to study the 

melting behavior of water as a diagnostic of the interaction 

of water with the silica surface. 
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The silicas used were from Analytichem International (a 

subsidiary of Varian, Harbor City, California) Lot #138 (60A, 

8um, 433m2/g) which shall be designated microporus silica A. 

From Davidson Chemical division of Grace. (Baltimore MD), 

Davisil grade 215HPOX1821 lot#l (150A, 15um, 266m2/g) which 

shall be designated mesoporus silica B, and from Shandon 

Southern Products Ltd. (Cheshire, England) Hypersil WP300 

Batch #85-1-08 (300A, 10um, 39m2/g) which shall be designated 

macroporus silica C. The silicas were received acid washed 

from the manufacturer, dried overnight in a vacuum oven at 

120°C, and stored in a desiccator. The properties of these 

silica materials are summarized in TABLE III. 

The pore size, particle size are provided by the 

manufacturer. The specific surface areas are measured by 

nitrogen adsorption if not provided by the manufacturer. The 

specific pore volume was measured by the method of Fisher and 

Mottlau77
, where silica samples between 0.5-1.0g are weighed 

in a small erlenmeyer flask and titrated with ethanol with 

stirring. By dropwise addition of liquid, the pore volume of 

the sample is gradually filled and the endpoint is indicated 

by the sticking of the silica particles. The precision of the 

method is about 20% and the reproducibility is 10%. 
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Table III Properties of Silicas 

" 
SILICA PORE PARTICLE SPECIFIC SPECIFIC 
SOURCE SIZE SIZE SURFACE PORE 

AREA VOLUME 
(A) (urn) (m2 / g) (cc/g) 

A=ANALYTICHEM 60 8 433 2.15 
B=DAVISIL 150 15 266 2.19 
C=HYPERSIL 300 10 39 1.38 

DIFFERENTIAL SCANNING CALORIMETRY 

One technique that can be used to study the modified 

silica interface is the Differential Scanning Calorimeter 

(DSC). The DSC consists of a matched pair of platinum iridium 

ovens (sample and reference) enclosed in an aluminum block 

(Figure 2.1). Each oven has individual platinum heaters and 

temperature sensors and these are electron beam welded into 

the base of the oven. The material and construction of the 

oven are carefully chosen to ensure a small thermal mass and 

rapid thermal conductivity. An electronic loop connects the 

two ovens and maintains both at the same temperature as a 

heating program is applied. Heat is being transferred at a 

constant rate from the ovens to the purge gas of high thermal 

conductivity and thence to the aluminum block which is a 
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usually cooled or at room temperature to provide a large 

temperature sink. This arrangement provides a stable thermal 

background so that small changes in heat provided to the ovens 

by the heaters can be detected78
• 

When a sample undergoes a phase change (for example 

melting, crystallization, or sublimation) or a chemical 

reaction (for example oxidation, or dehydration) that involves 

the absorption or release of heat, the power changes that 

occur for the ovens can be recorded and are directly related 

to the heat lost or gained by the sample. 

A DSe scan of a hypothetical sample is shown in Figure 

2.2. This shows three of the more common transitions that are 

observed with the DSe. The glass transition (T/G) occurs when 

an amorphous glassy solid goes from a brittle state, to a more 

plastic state. It is a second order transition, or a 

discontinuous change in specific heat, which is represented 

by a shift in the Dse baseline. The onset temperature is the 

glass transition temperature, and the magnitude of the shift 

is the change in specific heat. 

Upon further heating, an amorphous sample can 

crystallize. This shows up as an exothermic transition, which 

is represented by a downward peak in the Dse scan. The onset 

temperature is the temperature of crystallization, the area 

under the peak is the enthalpy of crystallization. 
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When the sample is heated to the melting temperature, an 

endothermic transition is observed. This is represented by a 

positive peak in the Dse scan. The onset temperature is the 

melting point, the area under the peak is the enthalpy of 

melting. 

All Dse measurements were carried out with a Perkin Elmer 

Dse 7, controlled by a TAe 7/3 interface and a 3700 data 

station. Data was collected and analyzed with the Delta Series 

Dse 7 software. The DSC instrument was unless otherwise 

specified run under subambient temperature conditions with 

liquid nitrogen cooling. The sample chamber was purged with 

dry Helium at 20cc/min, and the sample handling dry box was 

purged with dry nitrogen at 20psi. The DSe was calibrated with 

Indium (mp= 156.6 °e 28.45J/g), and N-Heptane (mp=-90.56°e 

l40.l6J/g). 

The silica samples were dried overnight in a vacuum oven 

at 120°C. Samples were prepared using a Mettler AE240 

semimicro balance. All samples were sealed in Perkin Elmer Dse 

volatile sample pans (PE N002l9-0062) and allowed to 

equilibrate overnight before analysis. Both cooling and 

heating curves were recorded at a scan rate of 10°C/min unless 

otherwise noted. The temperature range scanned was from 25 to 

-50°C and from -50 to 25°C. For most of the cooling curves 

very complex freezing behavior was observed. The freezing 
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behavior exhibited supercooling before freezing, and the 

temperature at which the water froze was not very 

reproducible. For these reasons the freezing curves are not 

usually used to obtain useful information on the thermal 

behavior of samples, and all of the thermal behavior 

discussed, will be based on the melting behavior of water. 
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RESULTS AND DISCUSSION 

The water molecule, which contains two hydrogen bonds and 

one oxygen in a non linear arrangement is ideally suited to 

engage in hydrogen bonding. It can act both as a donar and an 

acceptor of hydrogens. In the crystal structure of ice 1h or 

hexagonal ice which exists at atmospheric pressures and above 

-SOoC, each water molecule in the crystal is hydrogen bonded 

to four nearest neighbors, with tetrahedral symmetry. 

The melting of ice 1h to form liquid water does not fully 

destroy this extended hydrogen bonding network, in fact it is 

believed that the majority of hydrogen bonds survive the 

trauma of melting. During melting rigidity is replaced by 

fluidity, and molecules are much freer to diffuse about and 

change their orientation. The density increases by 9% and the 

mean separation between nearest neighbors increases by 0.1A. 

It is believed that the about 10% of the hydrogen bonds 

rupture upon melting, and there is 

tetrahedral hydrogen bond order well 

transition. 79 

a persistence of 

beyond the melting 

Figure 2.3 shows the behavior that might be expected from 

the melting of water on the surface of silica. The bulk water 

will not be affected by the silica surface, and will melt at 

the temperature close to OoC with an enthalpy close to 332J/g, 

(peak a). These are the literature values for the solid liquid 
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transition of ice IH.BD For this set of experimental 

conditions the onset of the bulk water melt was observed to 

occur at -1.0±0.5 DC with an enthalpy of melting of 323+9 Jig. 

These experimentally measured values of the melting of bulk 

water samples will be used as a standard of comparison for all 

other measurements of water obtained in this study. If the 

water in the near surface region is perturbed by association 

with the surface in such a way that the water molecules cannot 

attain the fully extended hydrogen bonding structure of bulk 

ice, the water is expected to freeze and melt at a lower 

temperature (peak b) than bulk water. The enthalpy of melting 

of this type of water is expected to be less than 323J/g 

because there are less hydrogen bonds to be broken for the 

water to melt. If the water associated with the surface can 

form the extended hydrogen bonding of bulk ice, and is also 

hydrogen bonded with the silanols on the surface, this type 

of water is expected to melt at a higher temperature (peak c) 

than bulk water. According to Bolis76
, the association of 

water via one hydrogen bond to a silanol on the surface would 

resul t in an enthalpy of adsorption lower than the latent 

enthalpy of liquefaction of water from the vapor phase, while 

the association of a water molecule with two silanol groups 

via two hydrogen bonds would result in an enthalpy of 

adsorption greater than latent enthalpy. 
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Thus it can be assumed that the Si-OH--HOH hydrogen bond is 

weaker than the HOH--HOH hydrogen bond, but association with 

more than one silanol group on the surface would hold the 

water to the surface more strongly. 

A comparison of the melting behavior of bulk water, 

unperturbed by interactions at the silica surface, and water 

on the surface of the three silicas under study is shown in 

Figure 2.4. Bulk water behavior is observed for all three 

silicas by the melting peak at around 0 DC (peak a). In 

addition to the bulk water peak, another small peak (peak b) 

is observed at a lower temperature for 60A microporus and lS0A 

mesoporus silica, and as a shoulder (peak c) on the higher 

temperature side the bulk water melt of the 300A macroporus 

silica. This peak is representative of the water interacting 

with the silica surface, and the differences in the behavior 

are due to the variation in properites of the silicas. 

In order to understand the behavior of the water on all 

three silica surfaces the water silica ratio was varied from 

very small amounts (O.25gwater/g silica) where only the 

surface water peak is observed, to well past the point where 

bulk water behavior is established. Representative curves for 

the trends for the 60A microporus silica are shown in FIGURE 

2.5. TABLE IV shows the figures of merit that can be obtained 

for the behavior or water at the three silica surfaces. 
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FIGURE 2.4:COMPARISON OF THE BEHAVIOR OF WATER ON SILICA 
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Figure 2.5: Representative DSC Scans of water on 60A 

Microporus Silica as A Function of Sample Size 



Table IV COMPARISON OF THE BEHAVIOR OF WATER ON SILICA 

SILICA 

LAYERS OF NON 

60A 
(MICRO) 

FREEZING WATER 2 
(.±,2 layers) 

LAYERS OF FREEZING 
SURFACE WATER 5 
(.±,2 layers) 

ENTHALPY OF MELTING 
OF SURFACE WATER 160.4 
(Jig ±5 Jig) 

MOLES OF HYDROGEN BONDS 
BROKEN 7.7*10-3 

ENTROPY CALCULATED 11.5 
SURFACE WATER (J/MOL K) 

ENTHALPY OF MELTING 
OF BULK WATER 325.9 
(Jig ±5J/g) 

MOLES OF HYDROGEN BONDS 
BROKEN 15.6* 10-3 

ENTROPY CALCULATED 21.6 
BULK WATER (J/MOL K) 

ONSET TEMPERATURE 
SURFACE WATER PEAK -21.2 
(oC ±loC) 

ONSET TEMPERATURE 
BULK WATER PEAK -1.5 
(oC ±l0C) 

WIDTH SURFACE 
WATER PEAK (oC ±l°C) 20 

WIDTH BULK 
WATER PEAK (oC ±l°C) 10 

150A 
(MESO) 

2 

13 

241.2 

16.5 

309.7 

14.8*10-3 

20.6 

-10.2 

-2.1 

15 

10 

300A 
(MACRO) 

2 

64 

159.6 

10.5 

315.7 

15.1*10-3 

21.0 

1.9 

-2.1 

10 

10 

-
65 
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The onset temperature for the surface water peak on 60 

A microporus silica is at -21.2°C, on the IS0A mesoporus 

silica it is -10.2°C, and the on the 300A macroporus silica it 

is a shoulder on the high temperature side of the bulk water 

peak with an onset temperature of 1.9°C. Except for the very 

broad peaks at low water/silica ratios, and overlapping peaks 

where the onset temperature is difficult to determine, the 

onset temperatures do not vary more than + SoC for a variety 

of sample sizes and for samples analyzed over several months. 

Since the onset temperature is always the most widely varying 

parameter of the DSC experiment these results seem fairly 

consistent. The onset temperature or the temperature at which 

these water samples melt is indicative of the ability of the 

water in the near surface region to freeze in the fully 

hydrogen bonded configuration of bulk water ice. If the water 

does cannot attain the extended hydrogen bonded structure that 

is favored by bulk water ice it will not melt at close to 0 

°c, but at a lower temperature. It seems likely that the water 

is constrained on one side by the interactions with the 

surface silanols, and at the other by the narrowness of the 

pores. This will cause it not to freeze completely, and 

thus melt at a lower temperature. 

Thus it can be seen that 60A microporus silica which has 

the highest surface area/silanol activity, has the greatest 
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effect on the freezing and melting of water. That is the water 

on this surface is most perturbed and thus shows the lowest 

melting point (Figure 2.6). For the lS0A mesoporus silica 

which has a smaller surface area, and activity the water is 

not as constrained as for the 60A silica and can achieve 

hydrogen bonding closer to that of bulk water ice, thus is 

freezes and melts at a higher temperature than the water on 

the 60A silica but below that of bulk water (Figure 2.7). For 

300A macroporus silica with the lowest surface area and 

activity, the surface water melts as a shoulder on the higher 

temperature side of the bulk water peak. This is indicative 

that the water on this surface can achieve a hydrogen bonding 

structure very close to bulk water ice, but is still perturbed 

by the surface as indicated by the small shift in the peak 

(Figure 2.8). 

The onset temperatures for the bulk water peak on each 

silica vary from -2.1 °c to -1.5 °C. These values fall within 

2 °c of the experimentally determined value of the onset 

temperature of bulk water which is within the variation of 

temperatures expected in this experiment. 
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Figure 2.6: Conceptual Model for the Interaction of Water with 

the Surface of 60A Microporus Silica 
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Figure 2.7: Conceptual Model of the Interaction of water with 

150A Mesoporus Silica. 
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By varying the water/silica ratios it was possible to 

obtain information on just the surface water behavior. From 

this it was possible to calculate the enthalpy of melting of 

surface water on each silica. This data is tabulated in TABLE 

IV. As can be seen the enthalpy of melting for the surface 

water peaks are all smaller than that for bulk water. This 

is consistent for the melting of water ice with less hydrogen 

bonding than bulk water, or associated with just one hydrogen 

bond to the surface. 

The enthalpy of melting of the bulk water in these 

samples can now also be calculated by taking into account how 

much water is associated with the surface water peak vs the 

bulk water peak. These values are also shown in Table IV, and 

are close to the experimentally determined value of 322.2J/g. 

The enthalpy of melting for the various forms of water ice can 

be estimated from the phase diagram of waterS1
, the highest 

value for ice I can be estimated as 334J/g, and the lowest 

value for ice III can be estimated as 311J/g. The values 

obtained for the bulk water on silica well wi thin these 

parameters, and the slight variations are within experimental 

error. 

The entropy associated with the phase change (melting) 

can also be calculated by dividing the enthalpy of the phase 

change by the temperature of the phase change. The values 
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obtained are also shown in Table IV. The values for the 

entropy change for the bulk water peak are all close to 22 

(J/mol K). The entropy change for the surface water melt was 

approximately one half of that of the bulk water melt, except 

for the case of the 150A silica where it was about 80% of the 

bulk value. 

A estimate of the number of layers of surface water on 

each silica can be made by using the surface area of the 

silicas and assuming that each water molecule will occupy 

0.lnm2
• One can estimate how many water molecules would form 

a monolayer on surface. Then the peak area and enthalpy of 

melting of the surface species can then be used to obtain the 

number of water molecules in the layer, and the number of 

layers of water can than be calculated. This is only an 

estimate since this does not take into account the 

heterogeneity of the surface which would preclude forming a 

smooth monolayer on the surface. The average number of layers 

of surface water on the 60A microporus silica is 5, the 

average number of layers on the 150A mesoporus silica is 13. 

The layers seem to increase as a function of the silica water 

ratio for the 300A macroporus silica from 64 to over 100. 

These values are comparable to the 5-20 layers seen in the 

literature. 

The layer of surface water observed in these experiments 
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may not be the layer closest to the surface. As noted in the 

literature10,lB,63,B2, the layer closest to the surface although 

it shows increased hydrogen bonding structure, does not show 

signs of a phase transition to ice even at temperatures as low 

as -196 DC. Thus this layer cannot be observed with the OSC. 

Nakamura et al B3 used the following method to estimate the 

layers of non freezing water. The theoretical enthalpies of 

melting of the water that would be expected from the size of 

sample used were calculated and the sum of the all of the 

experimentally observed peaks were subtracted from this curve. 

The plot of experimental vs theoretical values of the enthalpy 

of melting of water on the surface of the microporus 60A 

silica is shown in Figure 2.9. The lower curve represents the 

sum of the experimentally determined peaks. The upper curve 

represents the theoretical values calculated using 322J/g as 

the theoretical enthalpy. The difference between these curves 

is well above the difference expected from the error 

associated with these measurements. Approximately 2 layers of 

non freezing water can be estimated using this method. A note 

of caution about the accuracy of this method, is that it does 

not take into account that the enthalpy of melting of the 

surface water peak that does melt is much lower than the 

enthalpy of melting of bulk water. This could probably account 

for the difference observed. 



COMPARISON BETWEEN THEORETICAL AND 
MEASURED VALUES OF DELTA H 

4000~----------------------------------~ 

3500 -1---- ----------------,,,,r..----1 

::t: 3000 
< 
~ 2500 
I":il J:l 
J:l2000+------------r~---------4 

11500 

~ 1000 

74 

1500 2000 2500 3000 3500 4000 
TIIEORETICAL DELTA H 

FIGURE 2.9: COMPARISON OF THEORETICAL AND EXPERIMENTAL 

ENTHALPIES FOR 60A MICROPORUS SILICA 



75 

An important question is how small an amount of water on 

silica can be seen by the DSC. Of course the ability to 

observe a peak will depend on how spread out it is over the 

baseline. A very broad 50J peak spread over a 30 DC range will 

be very difficult to detect compared to a very narrow (a few 

DC wide) peak. The most interesting information is to be 

gained from the very small amount of water on silica, this is 

usually represented by a very broad peak, dependent not only 

on the amount of water present but also the amount of silica. 

The smallest amount of water seen was a 0.4 7mg sample of water 

on a 1.67mg sample of 60A silica (0.28gwater/gsilica) which 

gave a peak area of 67.45J spread over a temperature range of 

approximately 40 DC. For another sample of 0.26mg of water on 

1.70mg of silicaA (0 .15g water/g silica) no peak was observed. 

This is probably due to the fact that this peak was broad 

enough to be indistinguishable from the baseline. Thus in this 

case any sample less than about 0.25g water/g silica or any 

peak of less than about 60J will be very difficult to detect. 

By assuming that the surface area of the silica is 433m2 /g and 

that each water molecule will occupy 0.1nm2 , one can estimate 

how many water molecules would form a monolayer on surface, 

and then the number of layers of water for the 0.28g water/g 

silica A sample to be approximately 2 layers. This is only an 

estimate since this does not take into account the 
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heterogeneity of the surface which would preclude fonning a 

smooth monolayer on the surface. 

The number of moles of hydrogen bonds that are broken 

during the melting of the various forms of water ice on the 

surface of silica can be estimated from the fact that the 

breaking of one mole of hydrogen bonds in water ice is 

20.9kJ/molB4
• These values are tablulated in Table IV. It can 

be seen that 50% of the hydrogen bonds are broken in the 

melting of the surface water compared to the bulk water melt 

in the 60A and 300A silicas, while about 75% of the hydrogen 

bonds are broken in the melting of the surface water compared 

to bulk water. It has been suggested that the melting of water 

involves the cooperative relaxation of hydrogen bonds in a 

cluster of 20 or so molecules B4
• Since each water molecule can 

hydrogen bond to 4 other water molecules, this involves the 

breaking of about 80 hydrogen bonds, which would result in an 

enthalpy change of 2. 8*10-1BJ. It is obvious that the DSC 

cannot probe the behavior of water on the surface of silica 

at this level. The smallest number that can be probed can be 

estimated to be about 2.9*10-3 moles of hydrogen bonds. 

The peak width of the surface water peak also varies from 

silica to silica. The peaks for the 60A silica are -20°C 

wide, the peaks for the 150A silica are -15°C wide, and 

width of the shoulder on the 300A silica is -10°C wide. This 
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is probably an indication of the distribution of pore sizes 

and surface active groups for each silica. 

Most manufacturers will designate the pore size of a 

silica sample as a single value, but in reality there is a 

distribution of pore sizes and the designation is a median 

value. The pore size distribution of the microporus silicas 

was given by the manufacturer to be from 40A to aOA with a 

median value of 60A. The mesoporus silica ranged from 100A to 

200A with a median value of 150A, and the macroporus silica 

varied from 200A to 400A with a median value of 300A. The 

range for the microporus silica is 40A, for the mesoporus 

silica is 100A and for the macroporus silica is 200A. There 

seems to be an inverse correlation to the peak width of the 

surface water peak (Table IV), indicating that the width of 

the peak may be due more to the influence of the range of 

surface active sites than to the peak width. If one assumes 

that the pore size distribution is gaussian then 95.5% of the 

pores will fall within the ranges described above. The 

contribution of very narrow pores to the signal observed with 

the macroporus silica, and large pores to the microporus 

silica is less than 5% and would be small enough to be 

indistinguishable from the baseline. There is an overlap of 

the pores for the 60a microporus silica and 150A mesoporus 

silica in the range of aO-90A. This range can be considered 
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to be less than 5% of the gaussian pore distribution of the 

60A silica and less than 2% of the lS0A silica. Between the 

lS0a silica and the 300A silica there is an overlap in the 210 

to 220A range. These pores contribute less than 0.5% to the 

pore size distribution of both silicas. 

It would be interesting to examine the overlap of the 

actual surface water peaks for each silica to see if there is 

a correlation between the peak width and the pore size 

distribution. The 60a microporus silica has a peak width of 

20°C ranging from about -25°C to -5°C. The lS0A mesoporus 

silica has a peak width of 15°C ranging from -15 to Ooc, and 

the 300A macroporus silica has a peak width of 100C ranging 

from 0 to 10°C. The only significant overlap is between the 

60A and the lS0A peaks. This is depicted in Figure 2.10. The 

shaded area represents -33% of the peak area of the 60A peak 

and -18% of the peak area of the lS0A peak. There seems to be 

no real correlation between the peak width and the pore size 

distribution, unless the pore size distribution is not 

guassian. This is possible but we were not able to determine 

the appropriate pore size distribution function. 
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Of course there are also instrumental contributions to 

peak broadening. Ideally if there are no temperature gradients 

a pure sample should all melt at the melting point with a very 

sharp peak, because all of the molecules are theoretically 

experiencing the same environment. In reality since the DSC 

operates on a feedback loop, there will be a difference 

between the temperature displayed and the actual temperature 

of the sample and reference ovens. In addi tion, if the 

scanning rate is very high there may be a temperature gradient 

between the heating element and the sample, and within the 

sample itself. All of these factors contribute to instrumental 

peak broadening. A few authors have also found that changing 

the scan rate will alter the observed behavior of the melting 

behavior of water iceBs
,B6. In order to determine whether 

changing the scan rate will alter the melting behavior of 

water ice on silica, and what portion of the peak broadening 

is due to instrumental conditions, several silica/water 

samples were scanned at varying scan rates. There were no 

changes in the peak shapes or location, when the scan rate was 

varied from 0.2 to 25°C/min. The only changes observed were 

the expected narrowing of the peaks as the scan rate was 

decreased (Figure 2.11). The bulk water peaks became about 

five times as narrow and the surface water peaks became about 

twice as narrow when the scan rate was decreased. 
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Figure 2.11: Results of the variation of the Scan Rate on the 

Width of The Water Melting Peaks 



82 

An interesting question is which one of the properties 

of silica affects the water more, the surface area, the pore 

structure, or the surface activity. It is instructive to look 

at the effect of these parameters on the peak area of the 

surface and bulk water peaks. 

If one compares the peak area to the percent pore volume 

filled FIGURE 2.12, the trend for the surface water peak is 

increased to a maximum and then either plateau or slowly 

decrease. The trend for the bulk water peaks is to slowly 

increase to a plateau. The points where these curves cross is 

the point at which the amount of water on the surface has been 

increased to where bulk water behavior begins to be observed. 

For the microporus silica, this corresponds to -50% of the 

pore volume being filled. The mesoporus silica shows this 

behavior at -75% and the macroporus silica at -90%. Actually 

for the macroporus silica, the crossover of the curves 

represents the point at which the shoulder representing the 

surface water peak is no longer distinguishable from the bulk 

water peak. 
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FIGURE 2.12 : PEAK AREA VS PORE VOLUME FOR 60A MICROPORUS SILICA 
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The effect of the surface area of the silica on the peak area, 

normalized for the amount of water in each sample is shown in 

FIGURE 2.13. The surface water peaks slowly decrease, and the 

bulk water peak decreases rapidly at first and then plateaus. 

For the microporus silica, the point at which bulk water 

behavior becomes constant is O. 6m2/mg of water or 1. 7mg 1m2
• 

For the mesoporus silica this value is O.2m2/mg or 4.5mg/m2• 

For the macroporus silica, the point where the surface water 

shoulder becomes indistinguishable from the bulk occurs at 

O.09m2/mg or 11mg/m2 of water. 

The effect of the silanol activity on the behavior of 

water will be postponed until a later chapter where the 

removal of silanol groups by bonding an organic modifier to 

the surface will be used as a diagnostic of changes in the 

surface activity. 
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Figure 2.13 PEAK AREA VS SURFACE AREA FOR GOA MICROPORUS 

SILICA 
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Conclusions 

These experiments have shown that the DSC can be used to 

study the behavior of water at the surface of silica. Besides 

the bulk water behavior, a peak is observed that is diagnostic 

of water interacting with the surface of silica. The water ice 

mel t is shifted to a lower temperature because the interaction 

of the water with the silica surface (due both to the hydrogen 

bonding to the silanol groups and to the constraints imposed 

by the narrow pore) prevent the water in the near surface 

region from achieving the extended hydrogen bonded structure 

of bulk water ice. The extent of the shift will be dependent 

on the pore size and the silanol activity. This was seen for 

both the microporus and mesoporus silicas. In addition if the 

water on the surface can achieve the hydrogen bonded structure 

of bulk ice, yet still has some hydrogen bonding to the 

surface, the peak will be shifted to slightly higher than the 

bulk water melt, actually appearing as a shoulder on the high 

temperature size of the bulk water peak. This behavior was 

observed for water on the macroporus silica (Figure 2.8). The 

peak width was shown to be slightly dependent on scan rate, 

but there are also contributions from the pore size 

distribution and silanol heterogeneity to the peak width. 

The enthalpy of melting of the surface water was found 

to be about half that of bulk water, and the number of layers 
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of surface water was estimated to be between 8-15, which is 

comparable to the literature values. There may be a layer of 

non freezing water at the very near surface region which 

cannot be observed with the Dse. 

The effect of pore volume and surface area on the peak 

area were investigated and it was found that bulk water 

behavior begins to appear when the peak volume is 50 percent 

full for microporus silica, 75 percent full for the mesoporus 

silica, and 90 percent full for the macroporus silica. The 

amount of water 1m2 needed to observe bulk water behavior is 

1.7mg for the microporus silica, 4. 5mg for the mesoporus 

silica, and 11mg for the macroporus silica. The effect of the 

silanol activity will be discussed when the effect of bonding 

density is discussed. 

The properties of water in the near surface region 

elucidated in these experiments will be used as a background 

for comparison for the behavior of water on the surface of 

modified silicas. 
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Figure 2.14: Comparison of the Models of The Interaction of 

water with the Surface of Silicas of Varying Pore Size. 



CHAPTER 3 

INVESTIGATION OF THE BEHAVIOR OF WATER ON 

THE SURFACE OF MODIFIED SILICA 

89 

The goals of this chapter are to investigate the 

effect of chemically modifying the surface of silica on the 

behavior of water in the near surface region. Chemical 

modification is the means by which a functional group is 

covalently bonded to the surface as a result of a chemical 

reaction between the surface species and an appropriate 

reactant. This is distinctly different from the physical 

adsorption of the species as a film on the surface. Although 

the latter is of historical importance as the way in which 

surface modification was originally accomplished87
, covalent 

attachment of the functional group to the surface has proved 

to be a more stable and reproducible form of surface 

modification. 

Initially the chemical modification of silica was 

performed to improve the surface characteristics of silica for 

industrial applications 88
• It was then utilized as a means of 

deactivating the surface active groups to prevent tailing and 

sample decomposition in gas chromatography 89. The potential 

utility of tailoring the polarity of the surface by attaching 

the appropriate functional groups to the silica for both gas 

and liquid chromatography was soon recognized and has been 
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actively pursued. These investigations have led to the 

development of many useful reactions for the modification of 

the silica surface. The goals of most surface modification is 

to provide an attachment with high thermal and chemical 

stability, uniform high bonding density, and to have readily 

accessible functional groups that provide the appropriate 

modification of the surface polarity9o,9. 

It has been found that the most appropriate functional 

group to attach to the surface are n-alkyl, aryl and alkylaryl 

groups, these basic groups can carry substituents of various 

functionality or have heteroatoms in place of carbon atoms to 

provide a wide range of possible interactions available from 

the modifier. The hydrocarbon R can be attached to the silica 

surface through an ester linkage Si-O-R, an amine linkage si

NH-R, or a silyl ether linkage Si-O-Si-R. Ideally the surface 

modifier should have a bridging atom, with a good leaving 

group and the functional group of interest. The most popular 

of these modifiers have been the silanes which react according 

to the schemes in FIGURE 3.1. 

This study will use the monomeric silane reaction to 

modify the surface of silica with trimethyl, octyldimethyl and 

octadecyldimethyl groups which are the most popular and well 

characterized stationary phases used in reversed phase liquid 

chromatography. The effect of bonding density and chain length 
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studied. 

The investigation of the effect of bonding density will 

give information on how the surface activity (silanol groups 

on the surface) affects the behavior of water. The 

derivatization of the silanol will replace the hydrogen 

bonding or hydrophilic silanol group with a nonhydrogen 

bonding or hydrophobic entity, effectively reducing the 

surface activity. 

By varying the alkyl chain length of the modifier, 

the effect of sterically blocking the surface will be 

investigated. The longer the chain length, the greater the 

possibility that. the modifier is capable of not only 

eliminating a surface silanol by reaction, but by impeding the 

access of the water to the surface by placing a hydrophobic 

group in the way. 
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EXPERIMENTAL 

Reagents 
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Octadecyldimethylchlorosilane (lot #5688), octyldimethyl 

-chlorosilane (lot #81-1037-3), and trimethylchlorosilane (lot 

#100-700) were obtained from Petrarch (Bristol, Connecticut) 

and used without further purification. Analytical reagent 

grade toluene was obtained from EM Science (Gibstown, New 

Jersey), filtered, and then distilled and stored under dry 

argon just before use. HPLC grade isopropyl alcohol and 

methanol were obtained from Baker (Phillipsburg, New Jersey). 

Water was deionized, and distilled twice, the second 

distillation was from basic potassium permanganate solution. 

All solvents brought into contact wi~h silica particles were 

filtered using a 0.45um PTFE membrane filters from Millipore 

( Bedford, MA). 

Silica 

The silicas used were from Analytichem International 

(Harbor City, California) Lot #138 (60A, 8um, 433m2 /g), and 

from Shandon Southern Products Ltd. (Cheshire, England) 

Hypersil WP300 Batch #85-1-08 (300A, 10um, 39m2 /g). The 

silicas were received acid washed from the manufacturer, dried 

overnight in a vacuum oven at 120°C, and stored in a 

dessicator. 
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Silica Modification and Determination of Bonding Density 

There are many procedures that have been developed for 

the modification of silica with organosilanes. Most of these 

schemes contain the follow steps in conunon91 ,49. Acid washing 

of the silica to remove metal cations. Pre-drying of the 

silica at temperatures of between 110 to 150°C to remove 

excess water. Refluxing the silica in a pre dried polarizable 

solvent such as toluene. Use of an acid scavenger or degassing 

the mixture with an inert gas to remove the hydrochloric acid 

produced during the reaction. A five fold excess of silanizing 

reagent, and long reaction times of the order of 24-48 hours, 

are the conditions used to achieve maximal coverage of the 

silica surface which has been estimated to be about one half 

of the total s ilanols present (8+1 um/m2) 22 • 

The aims of this experiment are to gain insight into the 

changes in the behavior of water as the surface is gradually 

deactivated, and thus maximal derivitization is not the goal 

here, but a series of increasing bonding densities starting 

with very low coverages and proceeding until no more changes 

in the behavior of water are observed as a function of bonding 

density. 

One recommended way to reduce the surface coverage is 

to carry out the reaction at room temperature1S
• One can also 

use a five fold excess of reagent, and remove aliquots of the 
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reaction mixture at prescribed times or use a limited amount 

of reagent, and a fixed reaction time. Both methods were 

investigated and it was found that the most consistent and 

controllable low bonding densities were obtained from the 

latter method, where a limited amount of reagent was used and 

the reaction time kept uniform. The preliminary experiments 

also showed that the bonding density increased slowly as a 

function of reaction time at reaction times of 6 hours or 

less, and increasing the reaction time to 24 hours did not 

change the bonding density that much (FIGURE 3.2). 

The apparatus in FIGURE 3.3 was used for the synthesis 

of low bonding density materials. A less than stoichiometric 

amount of silane in toluene was mixed with the silica and 

placed in a pear shaped flask. The apparatus was purged with 

dry argon through a capillary suspended at the bottom of the 
\ 

flask, which removes the HCL produced by the reaction, while 

gently stirring the mixture. The reaction was allowed to run 

for 6 hours. The silica was then vacuum filtered using a 

0.45um PTFE filter (Millipore, Bedford, MA), and the silica 

was then washed with ten 10 ml portions of dry, filtered 

toluene, five 10 ml portions of filtered isopropanol, and of 

filtered methanol. The silica was then transferred to a 4 dram 

vial and dried in a vacuum oven at 120°C at reduced pressure 

(- 0.1mmHg ) for 24 hours, and then stored in a dessicator. 
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Figure 3.3: Bonding apparatus 
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The percent carbon on the derivatized surface was 

obtained by combustion analysis with a Perkin Elmer Elemental 

Analyzer model #2400, using 3,5-Dibenzoic acid as a standard. 

The coverage was calculated using the following formula 

COVERAGE (um/m2) = ______ ~X~(1~0~6~)~/~(~1=2~.~0=1~n~) ______ __ 

{I - [X(MW-1.008)/(12.01n)]} SA 

Where 

x is the mass fraction of carbon 

n is the number of carbons in each bonded group 

MW is the formula weight of the alkylsilyl radical 

SA is the surface area of the silica 

Table VBonding Density on Microporus 
Silica (60A, 8um, 433m2/g, 2.15cc/g) 

BONDING DENSITY (UM/M2) 
TMCS C8 C18 

0.58 
1.12 
1.69 
2.00 
2.44 
3.12 

0.38 
0.74 
1.22 
1.40 
1.71 
2.28 

0.66 
0.91 
1.48 
1.61 
1.76 
1.91 
2.73 



The 

Table VI Bonding Densi ty on Macroporus 
Silica (300A, 10UM, 39 UM/M2, 1.38CC/G) 

two 

M 5H± 

BONDING DENSITY (UM/M2) 
TMCS C8 C18 

1.47 
1.74 
2.13 
2.14 
2.39 
3.97 

silicas 

0.39 
0.69 
1.39 
1.56 
1.83 
2.13 

were 

0.36 
1.07 
1.19 
1.33 
2.80 

both derivitized 

trimethychlorosilane, octyldimethylchlorosilane, 
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with 

and 

octadecyldimethychlorosilane. In addition reaction blanks 

where no silane reagent was added to the silica were also put 

through the whole reaction process. The coverages obtained for 

the materials synthesized are shown in Table V (60A micorporus 

silica) and Table VI (300A macroporus silica). 
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DSC ANALYSIS 

All DSC measurements were carried out with a Perkin 

Elmer DSC 7, controlled by a TAC 7/3 interface and a 3700 data 

station. Data was collected and analyzed with th~ Delta Series 

DSC 7 software. 

The DSC instrument was unless otherwise specified run 

under subambient temperature conditions with liquid nitrogen 

cooling. The sample chamber was purged with dry Helium at 

20cc/min, and the sample handling dry box was purged with dry 

nitrogen at 20psi. The DSC was calibrated with Indium (mp= 

156.6 DC 28.45J/g), and N-Heptane (mp=-90.56DC l40.l6J/g). 

Samples were prepared using a Mettler AE240 semimicro 

balance. All samples were sealed in Perkin Elmer DSC volatile 

sample pans (PE N002l9-0062) and allowed to equilibrate 

overnight before analysis. Both cooling and heating curves 

were recorded at a scan rate of 10DC/min unless otherwise 

noted. The temperature range scanned was from 25 to -50 DC and 

from -50 to 25 DC. For most of the cooling curves very complex 

freezing behavior was observed. Supercooling occurred, and the 

temperature at which the water froze was not very 

reproducible. For these reasons the freezing curves are not 

usually used, and all of the thermal behavior discussed will 

be based on the melting behavior of water. 
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Results and Discussion 

The discussion of the effect of surface modification 

will first focus on the behavior of water on the modified 

microporus (Analytichem 60A, Bum, 433m2/g, 2.1Scc/g) silica. 

The unmodified silica showed the presence of a bulk wat~r peak 

at -l.SoC, and a surface water peak at -21.2 °C. For purposes 

of comparison the silica water ratio in the following three 

figures are all approximately 19 of water per 19 of modified 

silica. 

The bonding of the trimethylchlorosilane to the surface 

of silica was the shortest chain studied. The effect of 

increasing the bonding density of the trimethyl group on the 

behavior of water is shown in FIGURE 3.4. At very low bonding 

densities (0.SB-1.12um/m2=-10% of Bum/m2), the behavior of 

water is very similar to the behavior on the unmodified 

surface. There is a bulk water peak at -0.4 °c, and a surface 

water peak at -19.7 °C. As the bonding density is increased up 

to 2.44um/m2 (-30% of Bum/m2) the behavior does not seem to 

change very much. As the bonding density is increased to 

3.12um/m2(-40% of Bum/m2) a bulk water peak is observed, along 

with a shoulder on the higher temperature side of the bulk 

water peak. This shoulder is similar to the peak observed for 

water on the macroporus silica (300A, 10um, 39m2/g, 1.3Bcc/g). 
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The results of immobilization of a octyldimethyl group on 

the surface of the micorporus silica are shown in FIGURE 3.5. 

At bonding densities of 0.74 um/m2 (-10% of 8 um/m2
) and less, 

a bulk water peak at -0.5 °c and a surface water peak at -21.0 

°e are observed. When the bonding density is increased to um/m2 

1.71um/m2 (-20% of 8um/m2
) both peaks are still present, but 

the surface water peak is much closer to the baseline. When 

the bonding density has been increased to 2.28um/m2 (-30 % of 

8um/m2
), the only peak observed is that of the bulk water 

peak. 

One now looks at the behavior of water on the 

octadecyldimethyl modified microporus silica (FIGURE 3.6). At 

low bonding densities 0.66-0.91um/m (-10% of 8um/m2
) with a 

bulk water peak at -0.3 0e and a surface water peak at -20.3 °c 

are observed. Between 1.48-1.61 um/m2 (-10 and 20% of 8um/m2
) 

only the bulk water peak is observed. The surface water peak 

may be present, but is probably not distinguishable from the 

baseline. When the bonding density is increased to 1.76um/m2 

(>20% of 8um/m2
) a bulk water peak is observed in addition to 

a shoulder on the high temperature side of the bulk water 

peak. When the bonding density is increased to 2.73um/rn2 (-30% 

of 8um/m2
), only the bulk water peak is observed. 
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Figure 3.5 Effect of Bonding Density of Octyl on the Behavior 

of water on 60A Microporus Silica 
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Figure 3.6: Effect of Octadecyl Modification on the Behavior 

of water on 60a Microporus Silica 
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The effect of bonding density of the three modifiers on 

the behavior of water on the macroporus silica (300A pore, 

10um particle size, 39 m2 /g specific surface area, 1.3Scc/g 

specific pore volume) summarized in FIGURE 3.7. The short 

chain modifier (trimethy) can be bonded up to 3.79um/m2 (-50% 

of Sum/m2), and the behavior is still the same as that for the 

unmodified silica ie. a shoulder is observed at the high 

temperature side of the bulk water peak. The medium chain 

modifier (octyldimethyl) still shows similar behavior to the 

unmodified silica up to a bonding density of 1.S3um/m2 (-20% 

of Sum/m2), although the magnitude of the shoulder has been 

diminished. In contrast the long chain modifier 

(octadecyldimethyl) shows that the shoulder has disappeared 

even at very low bonding densities of 1.0 6um/m2 ( -10 % of 

Sum/m2) , and only bulk water behavior is observed with no 

shoulder present. 

From these studies it can be seen qualitatively that 

increasing the bonding density, or decreasing the surface 

activity results in the behavior of water going from that of 

a surface water peak that cannot attain the extensive hydrogen 

bonding network of bulk water to a surface water peak that can 

attain the bulk water behavior but is still perturbed by the 

surface. The most logical explanation for this behavior is 

that as the silanols on the surface are deactivated. 
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Thus if one looks at the behavior on the surface of the 

unmodified silicas, it is possible to speculate that the 

microporus silica, has a higher silanol activity then the 

macroporus silica. This is not too unreasonable since the 

surface areas, which rely somewhat on the adsorption of N2 on 

the surface active sites reflect a much higher surface area 

for the GOA microporus silica 433m2 /g than for the 300A 

macroporus silica 39 m2 /g. Thus one can speculate as to the 

nature of the interaction of the water with the silanols and 

how this is affected by the deactivation with surface 

modifiers. 

For the GOA microporus silica with very high surface 

area, the combination of the high surface activity and the 

curvature of the surface would make it possible for more than 

one silanol at a time to hydrogen bond with water. This water 

will be very tightly held, and would not be able to interact 

with other water molecules to freeze. The water in the layers 

beyond this layer of very tightly bound, non freezing water 

would also be somewhat constrained but less tightly held. This 

water will be able to freeze, but at a much lower temperature 

than bulk water, and would therefore melt at a lower 

temperature than bulk water. In the 300A mesoporus silica 

where the slightly lower silanol activity and surface 

curvature allow for maybe only a few silanols at a time to 
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interact with the water, the water in the near surface region 

is slightly less constrained. There is probably still a layer 

of non freezing water, but the layer beyond that would be able 

to freeze and melt at a higher temperature than the water on 

the very active microporus surface, but below that of bulk 

water. For the macroporus silica, with low surface area, 

surface activity and the low surface curvature the possibility 

of the water being able to hydrogen bond with more then one 

silanol is very small. Thus the water on this surface can 

behave like bulk water, but a small number of hydrogen bonds 

with isolated silanols on the surface have to be broken before 

the water in the very first layer can melt. This is the source 

of the shoulder on the higher temperature side of the bulk 

water peak. This hypothesis is supported by the results of the 

bonding experiments, where as the surface is deactivated, it 

becomes possible for the water to interact with only the 

isolated silanols. Thus the behavior of water goes from the 

pre peak which represents the interaction of water with more 

than one silanol, to the shoulder on the higher temperature 

end of the bulk water peak which represents the interaction of 

water with isolated silanols. 

A comparison of the relative amounts of each modifier on 

the surface needed to change the behavior of water is a way to 

study the effect of chain length. On the GOA microporus 
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silica, only 20% of 8um/m2 of the octadecyldimethyl group is 

needed to reach the point where the water is interacting with 

the isolated silanols. For the octyldimethyl groups the 

interaction with the isolated silanols is never observed. For 

the trimethyl groups 40% of 8um/m2 coverage is needed to 

obtain interactions with isolated silanols. Thus the shorter 

the chain the more modifier is needed to block the access of 

the water molecules to the silanols. For the very long chains, 

the chains have a tendency to fold and kink, thereby 

sterically limiting the access of the water to the silanols. 

The. reasons that the interaction with the isolated silanols 

was not observed with the intermediate octyldimethyl chains 

are twofold. Firstly the range in which the behavior is 

observed in the octadecyldimethyl case is very small and the 

bonding densities necessary to observe this behavior in the 

octyldimethyl case may not have been studied. Secondly the 

bonding densities could have been too low to observe this 

behavior. The maximum bonding density studied for 

octyldimethyl was 30% of 8um/m2 and this could have been the 

region similar to the octadecyldimethyl case between 10-20% of 

8um/m2 where the surface water peak observed at lower 

temperatures than the bulk water peak was too broadened to be 

discernable from the baseline. Thus the interaction of the 

water on the octyldimethyl phase with isolated silanols could 
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be occurring at bonding densities greater than 30% of 8um/m2
• 

This is consistent with the behavior observed for the other 

two modifiers, and with the behavior of octyldimethyl observed 

in the literature39
, where the octyl chain behaves more like 

the trimethylgroup then the octadecyl group. This has been 

attributed to the inability of the octyl chain to fold and 

kink like the octadecyl chain. 

A pictorial ~omparison of the way in which the various 

chain lengths can sterically block the surface is shown in 

Figure 3.8. The octadecyl chain can be seen to fold over, 

blocking the surface and the unreacted silanols. The octyl 

chain is shown in a rigid conformation, thus allowing water 

molecules to probe the surface. In a similar manner the 

trimethyl group can only block the surface at the point of 

attachment to the surface. 

The properties of water on the surface of the modified 

60A microporus silica are shown in Table VII. The values are 

in reasonable agreement with those obtained for water on the 

surface of unmodified silica. The onset temperatures of all 

three peaks are usually within 1 °c of the onset temperature 

of the peaks observed on the unmodified material. Similarly 

the peak widths are within SoC of the peak widths observed on 

the unmodified silica. 

For the cases where only bulk water behavior is observed, 
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The enthalpy of melting of the bulk water peak is wi thin 

0.5J/g of the bulk water value (322.6J/g). The enthalpy of 

melting of the surface water peak on the modified microporus 

silica averaged 157.9J/g whereas on the unmodified silica the 

enthalpy of melting was averaged to be 160.4J/g. It is 

interesting to note that the enthalpy of melting of the bulk 

water peak observed on the octadecyldimethyl modified silica 

with bonding densities between 1.48-1.61um/m2 (10-20% of 

8um/m2) is usually just slightly less than the bulk water 

value. This supports the hypothesis that the surface water 

peak has been broadened until it has blended into the 

baseline, and the contribution of the enthalpy of melting of 

the surface water peak serves to lower the value of the 

calculated enthalpy of bulk water. The entropy of the phase 

change of both peaks was calculated, and did not change much 

from the entropy calculated for water on the unmodified 

silica. The number of moles of hydrogen bonds broken, also 

were very close to the values obtained for the unmodified 

silica. 

The estimated number of layers of the surface water peak 

on the modified silica is about one half that of the number of 

layers of water observed on the unmodified silica. This is 

probably due to the water being expelled from the near surface 

region by the hydrophobic modifier. The estimated number of 
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layers of nonfreezing water are also about half that observed 

on the unmodified silica. 

The percent pore volume filled at which the bulk water 

behavior begins to appear can be estimated from the crossover 

point of the surface and bulk water peak areas vs the percent 

pore volume filled. This at the same level as in the 

unmodified microporus silica where -50 percent of the pore 

needs to be filled before bulk water behavior begins to 

appear. The crossover point on the plots of peak areas vs 

surface area yield a value of about 2mg of water per square 

meter which are similar to that of the unmodified silica. 

The properties of water on the surface of the modified 

300A macroporus silica are shown in Table VIII. The onset 

temperature for the bulk water melt for all modifications was 

within O. 5°C of the bulk water peak. For the surface water 

peak the onset temperature varied over a 1. 5°C range, but 

since in most cases the surface water peak was a shoulder on 

the bulk water peak, the onset temperature was difficult to 

determine accurately. The peak width decreased as the chain 

length of the modifier was increased for both the bulk and 

surface water melts. The number of layers of surface water was 

calculated to decrease as the length of the modifier chain and 

the bonding density increased. 
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Table VII Properties of Water on Modified Microporus 
Silica (60A, Sum, 433m2/g, 2.15cc/g) 

LAYERS ENTHALPY 

(JIG) 

SURFACE WATER 

UNMODIFIED 8 160.43 
SILICA 

TMCS 3.8 157.93 

C8 4.1 159.05 

C18 4.6 156.82 

BULK WATER 

UNMODIFIED 
SILICA 322.61 

TMCS 322.33 

C8 322.87 

C1S 322.83 

UA 

ENTROPY MOLES OF 
HYDROGEN 

(J/MOL K) BONDS 

21.6 7.7*10-3 

21.3 7.5*10-3 

21.3 7.6*10-3 

21.4 7.5*10-3 

11.5 15.4* 10-3 

11.2 15.4*,10-3 

11.4 15.4*10-3 

11.2 15.4*10-3 

eM 

-21.2 20 

-19.7 21 

-21.0 22 

-20.2 20 

-1.5 10 

-0.4 6 

-0.5 5 

-1.5 5 



114 

Table VIII Properties of Water on Modified Macroporus Silica 
(300A, 10um, 39m2 /g, 1.38cc/g) 

LAYERS ENTHALPY 
(JIg) 

... 
ENTROPY 
(J/mol K) 

MOLESOF 
HYDROGEN 
BONDS 

ONSET T WIDTH 
(oC) (oC) 

----------------------------------------------------------------------
SURFACE WATER 

UNMODIFIED 
SILICA 64 159.6 10.5 7.6*10-3 1.9 10 

TMCS 17 258.0 16.9 12.3*10-3 2.6 4 

C8 10 303.9 19.8 14.5*10-3 3.3 4 

C18 10 314.2 20.6 15.0*10-5 1.4 4 

BULK WATER 

UNMODIFIED 
SILICA 315.7 21.0 15.1*10-3 -2.1 10 

TMCS 318.8 21.2 15.2*10-3 -2.0 10 

C8 314.5 20.9 15.0*10-3 -1.6 10 

C18 317.4 21.1 15.2* 10-3 -1.7 8 
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The enthalpy of melting of the bulk water peak did not 

change much compared to the unmodified silica. The enthalpy of 

melting of the surface water peak gradually increased from the 

unmodified silica value up to the a value that was close to 

the enthalpy of melting of the bulk water. The same increase 

from surface water to bulk water properties was seen in the 

calculated entropy and the number of moles hydrogen bonds 

broken during melting. 

The changes observed in the properties of the surface 

water peak as the length and bonding density of the modifier 

are increased, is indicative of the ability of the water in 

the near surface region to exhibit bulk water properties when 

the interactions with the surface silanols are blocked. 

An interesting question is whether the DSC can probe the 

water molecules that wOuld exist in the near surface region 

between the modifier chains. If one assumes that the distance 

between the silanol groups on the surface is 5.4A, and that if 

20% of the surface is modified there would be 5 silanols 

between every octadecyl chain. There would be a space of 78A 

area, and 20A high (length of the octadecyl chain) between 

adjacent chains. This would be estimated to hold 96 water 

molecules. This number would be much less than the lowest 

number of water molecules that the DSC can probe. 



Figure 1 WATER AT THE SURFACE OF 
C18 MODIFIED SILICA 

Figure 2 WATER AT THE SURFACE OF 
C8 MODIFIED SILICA. 

Figure 3 WATER AT THE SURFACE OF 
TMCS MODIFIED SILICA. 
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Figure 3.8: Model of Chain Deactivation of the Silica Surface. 
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Conclusions 

The modification of the two silica samples of varying 

properties with alkyl modifiers of varying chain length has 

given insight into several factors that affect the behavior of 

water on silica. 

The most important conclusion was the confirmation of the 

importance of the silanol activity on the behavior of water

that was postulated at the end of the second chapter. It was 

observed that as the bonding density was increased, which 

meant the comcommitant decrease in silanol activity, that the 

behavior of water changed from behavior observed on the 

microporus silica to the behavior observed on the macroporus 

silica. This is consistent with the hypothesis that the water 

melting peak observed at the melting temperature below that of 

bulk water was water that was associated with more than one 

silanol on the surface, which in conjunction with the 

curvature of the surface, prevented the water in the near 

surface region from achieving the extended hydrogen bonding 

structure of bulk water. This also confirms that the shoulder 

on the high temperature side of the bulk water melt is due to 

the interaction of water with isolated silanols, which does 

not preclude the formation of bulk water ice, but does hold 

the water to the surface. 

On the silica with high surface activity, the bonding 
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density had to be increased to over 30 percent of the fully 

hydroxilated surface with the trimethy modifier to result in 

marked changes in the behavior of the surface water whereas 

with the octadecyl modifier only 20 percent need be modified. 

Similarly on the low surface activity material the 

deactivation with -50 percent of the fully hydroxilated 

surface with the trimethyl modifier did not completely remove 

the influence of the surface on the water, while at bonding 

densities of only -15 percent of the fully hydroxilated 

surface with C1B resulted in the disappearance of the surface 

water peak. This reflects the importance of the chain length 

on the deactivation of the surface, the longer chain can 

sterically hinder access to the surface in addition to being 

hydrophobic and repelling the water from the silanols. 

The deactivation probably occurs first on the most active 

silanol sites, which have been identified in the literature as 

the vicinal silanols. Some active silanol sites probably still 

exist on the surface of the modified material since the 

modifier already on the surface would tend to sterically 

hinder the reactions of neighboring silanols. Another 

consideration is whether the modification of the surface is 

homogeneous, or whether the modifier chains are clustered in 

patches on the surface. The water behavior on the microporus 

silica with high silanol activity, reflects the gradual 
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isolation of silanols that are still accessible to water, 

surrounded by alkyl chains. Whether or not this is occurring 

in clusters or homogeneously over the surface will depend on 

the initial distribution of the silanol sites which at this 

time is unknown. 

The enthalpy of melting, onset temperature and width of 

the peaks for both surface and bulk water were close to the 

values obtained for water on the unmodified surface or in the 

pure form. The changes observed were in the types of peaks 

observed and in number of layers of water of in the near 

surface region which were reduced by about half. 

These studies have shown that water does interact very 

strongly with the silica surface, and that there are several 

layer of waters with properties differing from bulk water in 

the near surface region. The water persists even when the 

surface of the silica has been modified, because of the 

presence of residual silanols. Thus the interaction of solutes 

with the stationary phase in RPLC will be influenced by a 

layer of immobilized water on the surface. This is especially 

important for solutes that are retained in the region closest 

to the surface. The interactions that are occurring are 

probably with the layer of water and not directly with the 

silanols, and the very viscous nature of the water layer would 

contribute greatly to slower kinetics and hence broader peaks. 
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Chapter 4 

STUDIES OF THE BEHAVIOR OF WATER ON THE SURFACE OF MODIFIED 

SILICA IN THE PRESENCE OF ORGANIC SOLVENTS 

The model for the behavior of water on the surface of 

silica that has been developed so far has dealt with the 

effect of the properties of the silica such as the silanol 

activity and the pore size on the behavior of water. It has 

been demonstrated that the water in the near surface region is 

also affected by the modification of the surface with alkyl 

chains, dependent on the bonding density and the chain length. 

Another factor controlling the behavior of the stationary 

phase is the type of organic solvent used as a mobile phase 

modifier. The intermolecular interactions of Van der Waals 

forces (1-3 kcal/mol), dipole-induced dipole (1-4 kcal/mol), 

dipole-dipole(3-8 kcal/mol) and specific hydrogen bonding (5-

10 kcal/mol) are the forces which control the solvation of 

hydrocarbon bonded silica by the organic solvent/water mobile 

phases most commonly used in HPLC. Because of the nonpolar 

nature of saturated hydrocarbon molecules as bonded species, 

the solvation interactions between the organic solvent and 

these groups are relatively weak van der waal and dipole 

induced dipole forces. All of the forces may playa role in 

the solvent- solvent, solvent-solute and solvent-silica 

surface interactions. 
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The ability of the sol vent to hydrogen bond with the 

water will affect the interactions of the water at 'the 

modified silica interface. Methanol is a dipolar solvent with 

good hydrogen bond donating capability whereas acetonitrile 

weak has hydrogen bond accepting ability. Tetrahydrofuran has 

the ability to be a structuring solvent when associated with 

water (Figure 4.1). 

Several workers have 

chemically modified silica 

investigated the solvation of 

by the organic solvent water 

solutions used as mobile phases43 ,44, and found that a positive 

surface excess of organic solvent exists on alkyl modified 

material. The composition of the stationary phase solvation 

layer was measured by flushing an equilibrated column with a 

strong solvent and quantitating the collected components. It 

has been found that there is an partitioning of organic 

solvent into the stationary phase from an organic/aqueous 

mobile phase which in effect is an enrichment of the 

stationary phase with organic solvent This was shown to be 

dependent on the chromatographic strength of the solvent(MeOH< 

ACN< THF < DIOXANE)43. In addition it was found that when the 

solvent conditions are changed from organic to 100 percent 

aqueous, organic solvent remains trapped in the stationary 

phase. The solvent can be expelled if the column is heated, 

which was explained by the reorientation of the chains from a 



123 

folded position on the surface to an extended position, which 

allows the release of the solventS3
• This transition was shown 

to be a function of the bonded alkyl chain length and density 

and the type of organic conditioning solvent46
• 

Schunk demonstrated the unique properties of THF in 

organizing the stationary phase solvent molecules • At low 

percent THF the thermal behavior as measured by diagnostic 

chromatography resembles that of MeOH with enhanced surface 

reactions for polar solutes such as aniline. As the percent of 

THF in the mobile phase is increased, the retention of polar 

solutes is preferentially enhanced accompanying the change in 

conformation of the octadecyl phase. The enhancement in 

enthalpy and degradation in entropy of retention was 

attributed to the ability of THF to structure the water in the 

near surface region. Palmerso has found that at low percentage 

of ACN almost no water is incorporated into the stationary 

phase because of low energy dispersion solvation forces. For 

low percent MEOH almost as much water as MEOH is incorporated 

because of the dipole hydrogen bonding interactions. The 

conclusion was that thermal transition behavior of ACN/water 

solvated systems is dominated by thermodynamics of transition 

of lipid chains. The thermal transition behavior of MEOH/water 

solvated phases is dominated by the thermodynamics of the 

change in solvation of the system. It has been found that the 
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entropic contribution to retention is more important in 

methanol than in acetonitrile. 

The goals of this study will be to investigate how the 

ability of the organic phase modifier to hydrogen bond with 

water governs the behavior of the solution at the modified 

silica interface. In particular what effect does this have on 

the melting behavior of water on both the bare and modified 

silica surfaces. 



Experimental 

Silicas 
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The silicas used were from Analytichem International 

(Harbor City, California) . Lot #138 (60A, 8um, 433m2 /g), and 

from Shandon Southern Products Ltd. (Cheshire, England) 

Hypersil WP300 Batch #85-1-08 (300A, 10um, 39m2 /g). The 

silicas were received acid washed from the manufacturer, dried 

overnight in a vacuum oven at 120°C, and stored in a 

dessicator. The silicas were modified with the following 

reagents, octadecyldimethylchlorosilane (lot #5688), 

octyldimethyl-chlorosilane (lot #81-1037-3), and 

trimethylchlorosilane (lot #100-700) obtained from Petrarch 

(Bristol, Connecticut) and used without further purification. 

The modification procedure was described in Chapter 3. The 

following bonded phases were used for the study of the effect 

of organic mobile phase modifiers. On the anlaytichem 

micropore silica (60a, 433m2 /g, 8um), 1.69um/m2 trimethyl, 

1.71um/m octyl, 1.61um/m octadecyl. On the Shandon macroporus 

silica (300a, 39m2 /g, 10um), 1. 72um/m2 trimethyl, 1.56um/m2 

octyl, 1.33um/m2 octadecyl. 
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REAGENTS 

Analytical reagent grade toluene was obtained from EM 

Science (Gibstown, New Jersey), filtered, and then distilled 

and stored under dry argon just before use. HPLC grade 

isopropyl alcohol, methanol tetrahydrofuran and acetonitrile 

were obtained from Baker (Phillipsburg, New Jersey). Doubly 

distilled deionized water was filtered before use as noted 

below. All solvents brought into contact with silica particles 

were filtered using a 0.45um PTFE membrane filters from 

Millipore (Bedford, MA). 

DSC 

All DSC measurements were carried out with a Perkin Elmer 

DSC 7, controlled by a TAC 713 interface and a 3700 data 

station. Data was collected and analyzed with the Delta Series 

DSC 7 software. 

The DSC instrument was unless otherwise specified run 

under subambient temperature conditions with liquid nitrogen 

cooling. The sample chamber was purged with dry Helium at 

20cc/min, and the sample handling dry box was purged with dry 

nitrogen at 20psi. The DSC was calibrated with Indium (mp= 

156.6 °c 28.45J/g), and N-Heptane (mp=-90.56°C 140.16J/g). 

The silica samples were dried overnight in a vacuum oven 

at 120°C. Samples were prepared using a Mettler AE240 
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semimicro balance. All samples were sealed in Perkin Elmer DSC 

volatile sample pans (PE N00219-0062) and allowed to 

equilibrate overnight before analysis. Both cooling and 

heating curves were recorded at a scan rate of 10°C/min for 

acetonitrile in the temperature range of -100 to 25 °c, and 

for tetrahydrofuran from -150 to 250°C. Methanol/water 

samples were run at 1°C/min, the temperature range scanned 

was from 25 to -150°C and from -150 to 25°C. For most of the 

cooling curves very complex freezing behavior was observed. 

The freezing behavior exhibited supercooling before freezing, 

and the temperature at which the water froze was not very 

reproducible. For these reasons the freezing curves are not 

usually used to obtain useful information on the thermal 

behavior of samples, and all of the thermal behavior 

discussed, will be based on the melting behavior. 



Results and Discussion 

Methanol water Mixtures 
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Analysis of the HPLC grade methanol yields a peak with an 

onset temperature of - 105°C and an enthalpy of melting around 

85 J/g. When mixtures of methanol and water were analyzed the 

bulk methanol peak was observed to have an onset temperature 

around -105°C and an enthalpy of melting around 8SJ/g. The 

bulk water peak was found to have an onset temperature 

dependent on the percentage of methanol in the sample (Figure 

4.2). At 30 percent methanol, the onset of melting for water 

was observed at around -50°C, at 50 percent methanol the onset 

temperature was observed around -80°C, and at 70 percent 

methanol the onset temperature was observed to occur around -

100°C. The enthalpies of melting of the water peak was also 

observed to decrease as the percent methanol was increased, at 

30 percent methanol the enthalpy was 122J/g, at 50 percent 

methanol the enthalpy was 97J/g, and at 70 percent methanol 

the enthalpy was 74J/g. This is consistent with melting 

behavior of methanol water mixtures observed previously 

(Figure 4.3)13, where a continuous decrease in melting points 

was observed with increasing percentage of methanol. This is 

not surprising since methanol is such a good hydrogen bond 

donator that it would be expected the methanol water solvent 

would be reasonably homogeneously mixed. 
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The methanol would thus play an integral part in any hydrogen 

bond network formed when the temperature is lowered. Since the 

melting point and enthalpy of methanol are lower than that of 

water, the ability of methanol to form an extended hydrogen 

bond network is less than that of water. Thus the enthalpy of 

melting and the onset of melting of the water in the methanol 

water mixtures would decrease as the percentage of methanol is 

increased. 

The behavior of the methanol water mixtures on the 

surface of bare and modified silicas will be considered as a 

function of each methanol water mixture in about a 19 of 

mixture to 19 of silica ratio. It should be noted that the 

methanol/water mixtures in contact with the silica had to be 

run at very slow scan rates to observe any transitions, and 

that the background noise was high enough that small peaks 

could not be differentiated form the background and this also 

made it difficult to determine the onset temperatures 

accurately. 

For the 30 percent methanol, 70 percent water mixture, no 

extreme changes in onset temperature could be observed when 

the mixture was in contact with both microporus (60A) and 

macroporus (300A) modified silicas. The onset temperature of 

the methanol peak was observed at around -10SoC, and the onset 

'tempel:ature of the water peak was observed around SOoC. For 
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the microporus (60A) silica, the relative size the methanol 

peak was tripled and the size of the water peak was doubled as 

the silica was derivitized with increasing chain lengths. For 

the macroporus silica (300A) the enthalpy of melting of the 

methanol was fairly constant at around 14BJ/g, and the 

enthalpy of melting of the water was around 122J/g as the 

silica was modified with increasing chain length. 

For the 50 percent methanol/water mixture, the onset 

temperatures for the methanol were around -105°C and the onset 

temperatures of the water melt were around -BOoC. The enthalpy 

of melting of the methanol was around BOJ/g for the microporus 

silica, and around 160J/g for the macroporus silica. The water 

peaks were very small and it was very difficult to integrate 

for the area under the peaks. 

For the 70 percent methanol/30 percent water mixtures, 

the onset temperature of the methanol peaks were all around -

10SoC, and the enthalpy of melting for the methanol were all 

between 7S-90J/g. The water peak appeared as a small shoulder 

on the positive side of the methanol peak. 

Overall not much information about the behavior of the 

methanol water on the surface of modified silica could be 

gained form these experiments. The necessity of using very 

slow scan rates to be able to even see the bulk solvent peaks 

resulted in a very noisy baseline. Any surface water peaks 
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that may have been present could not be distinguished form the 

noise, and the calculation of the peak areas for the bulk 

water peaks was subject to significant error. More information 

might be possible if the optimum scan rate for the methanol 

water mixtures on the modified silica surfaces could be 

determined. It was observed that the methanol does have a 

significant effect on the melting behavior of water, dependant 

on the percentage of methanol in the mixture. This is due to 

the ability of methanol to hydrogen bond strongly with the 

water and be well incorporated into the water ice lattice. 

Acetonitrile Water Mixtures 

For the HPLC grade acetonitrile, the onset of melting was 

observed to be -45.5°C, with an enthalpy of melting of 202J/g. 

When acetonitrile water mixtures were analyzed, the onset 

temperature for acetonitrile did not change appreciably and 

for the 70 percent and 50 percent acetonitrile samples, 

neither did the enthalpy of melting. For the 30 percent 

acetonitrile mixture the enthalpy of melting was found to be 

about 70J/g. For the water peaks for all three mixtures, the 

onset temperature was around -11°C and the enthalpy of melting 

was around 300J/g. The onset temperature for water was 

slightly lower than that of the bulk value, and the enthalpy 



134 

of melting was slightly higher. This is consistent with the 

idea that the ability of the acetonitrile to hydrogen bond 

wi th the water will control the melting behavior of the 

mixture. Acetonitrile is a weak hydrogen bond acceptor and 

thus will have only a very slight effect on the melting 

behavior of water ice. 

For the 30 percent acetonitrile, 70 percent water 

mixture, the acetonitrile melts at -46.5 0C, with an enthalpy 

of melting of 65J/g. water melts at -l.SoC with an enthalpy of 

melting of 3l0J/g. When the mixture is analyzed in contact 

with the surface of the microporus 60A silica, three peaks can 

be observed; a very small acetonitrile peak at around -45°C, 

a surface water peak at -30°C, and a bulk water peak at -10°C 

(Figure 4.4). As the silica is modified, and as the chain 

length of the modifier increases from trimethyl to octadecyl, 

the amount of acetonitrile in the sample is kept approximately 

the same but the peak becomes about 50 times larger. At the 

same time, the surface water peak becomes about 30 times 

smaller. The bulk water peak doubles in size, and is split 

into two peaks on the octyl and octadecyl phases. There is a 

peak at -IOoC and one at 60°C. 

For the 50 percent acetonitrile/water mixture the 

acetonitrile melts at -46.7°C with an enthalpy of 206J/g , and 

the water melts at -ll.loC with an enthalpy of melting of 
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300J/g. When the mixture is in contact with the surface of the 

microporus silica, three peaks are observed; the acetonitrile 

peak at -45°C, a surface water peak at -300°C, and a bulk water 

peak at -10°C. As the silica is derivitized the acetonitrile 

peak becomes about 5 times larger, while the surface water 

peak disappears when the silica is derivitized. There is not 

much change observed for the bulk water peak. 

With a 70 percent acetonitrile, 30 percent water mixture, 

the acetonitrile melts at -46.2°C, with an enthalpy of melting 

of 202J/g, while the water melts at -10.9°C, with an enthalpy 

of melting of 290J/g. When in contact with the surface of 60A 

microporus silica (Figure 4.5) , there is a surface 

acetonitrile peak at -73°C, a bulk acetonitrile peak at -46°C, 

and a bulk water peak at -11°C. As the silica is modified with 

alkyl chains of increasing length, the only significant change 

observed is the decrease in size of the surface acetonitrile 

peak. 

At high percent acetonitrile, the presence of the surface 

acetonitrile indicates that the acetonitrile is affected 

surface of silica. As the percentage of acetonitrile is 

decreased and the percentage of water is increased, the water 

begins to compete with acetonitrile for the surface 

interaction. This is indicated by the disappearance of the 

surface acetonitrile peak and the appearance of the surface 
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water peak. When the silica is modified with alkyl chains it 

is interesting to note that although the surface water peak at 

--30°C disappears in a similar manner to when just water is 

present on the surface, the acetonitrile peak becomes larger. 

This may be indicative of the displacement of the 

acetonitrile from the surface by the modification. Another 

interesting point is that a peak at _6°C also appears when the 

percent water is high, and the surface of the silica is 

derivitized. This peak is similar to the shoulder on the high 

temperature side of the bulk water peak that appears when only 

water is present on the surface, but in the presence of the 

acetonitrile, the peak is much more sharply defined. 
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Tetrahydrofuran Water Mixtures 

Analysis of the reagent grade tetrahydrofuran (THF) gives 

a melting peak at -110°C with an enthalpy of melting of 

l28J/g. A mixture of 70 percent THF/30 percent water gives a 

THF melt at -110°C, with an enthalpy of melting of 77J/g, and 

a water melt at -3.50C with an enthalpy of melting of 366J/g. 

A 50 percent THF/water mixture gives a THF peak at -110°C with 

an enthalpy of 52J/g, and a water peak at -2.5°C with an 

enthalpy of melting of 354J/g. For the 30 percent THF/70 

percent water mixture the THF melt occurs at -111°C with an 

enthalpy of 10J/g and the water melt occurs at 2.50@C with an 

enthalpy of 345J/g. 

When the 70 percentTHF/30percent water is placed in 

contact with the surface of 60A silica, three peaks are 

observed. A surface THF melt at -137°C, a bulk THF melt at -

110°C and a bulk water melt at -3.5°C (Figure 4.6). When the 

silica is derivitized with alkyl chains of increasing length, 

the size of the surface THF peak gradually decreases, while 

the bulk THF and water peaks do not change appreciably. The 

onset temperatures also do not change. 

For the 50 percent THF/water mixture, in contact with the 

surface of 60A silica, three peaks are also observed. A 

surface THF peak at -133°C, a bulk THF peak at -111°C, and a 

bulk water at -0.50oC. When the silica is derivitized with 
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alkyl chains of increasing chain length, the surface THF peak 

disappears with the trimethyl modification. The bulk THF peak 

becomes smaller and disappears as the chain length is 

increased. A surface water peak appears around -17.5 0C, on the 

trimethy modified surface and continues to increase in size as 

the chain length is increased. 

For the 30 percent THF/70 percent water mixture on 60a 

silica (Figure 4.7), there is no THF peak observable at -

111°C, but there are three peaks around the bulk water melt. 

A surface water peak at -20°C, peak of unknown origin at -

2.5 0C, and a bulk water peak at 3°C. The surface water peak 

gradually decreases in size and finally disappears as the 

chain length of the alkyl modifier is increased. The peak of 

unknown origin gradually increases in size and merges with the 

bulk water peak to form a doublet as the chain length is 

increased. The bulk water peak gradually decreases in size 

until it is about the same size as the peak of unknown origin. 

The THF also interacts with the surface to produce a 

surface water peak when THF is present in percentages greater 

than 50. As the silica is modified, the surface 

tetrahydrofuran slowly decreases as the surface active sites 

are removed. In addition, the bulk THF peak also decreases in 

size, while the surface water peak increases in size. This is 

indicative of the replacement of the THF on the surface by 
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water as the surface is modified with chains of increasing 

chain length. This is probably due to the smaller water 

molecule having easier access to the modified surface. 

Interestingly at very small percentages of THF, no THF peak is 

observed, but there is a small unidentified peak that melts at 

a temperature just below the melting of the bulk water. It 

could be that the samples were shock cooled and the THF 

molecules froze as part of the water lattice, of that another 

layer of water/THF is formed when the surface is derivatized. 
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CONCLUSIONS 

In conclusion, these preliminary studies have shown that 

a great deal of information is available on the interaction of 

the organic solvent/ water mixtures on the surface of modified 

silica. The behavior of methanol/water, acetonitrile/water and 

tetrahydrofuran/water has been studies, and a qualitative 

picture of the effect of the organic modifier on the behavior 

of water has emerged. More quantitative results would have to 

be the result of a more in depth study that investigated very 

small amounts of solution on the surface. This would give the 

ability to calculate more accurately the enthalpy of melting 

and the number of layers of each species on the surface. 

What this study has shown is that the various organic 

solvents affect the behavior to a degree that depends of the 

ability of the solvent to hydrogen bond with water. Methanol, 

with its ability as a good hydrogen bond donator has the 

greatest effect on the melting behavior of water. The behavior 

on the surface of modified silicas is still open to further 

investigation if the problems with the noisy background can be 

overcome. Acetoni trile although only a weak hydrogen bond 

acceptor can compete effectively with water for the surface 

active sites, at least for very high percentages of 

acetonitrile. The presence of acetonitrile in the near surface 
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region, seems to enhance the behavior of some of the surface 

water species. This is also worthy of further study. 

Tetrahydrofuran has been seen as a structuring solvent and 

indeed it may be responsible for the shift in melting point of 

the surface water peak. This also needs to be investigated 

further. 
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Chapter 5 

STUDIES OF THE BEHAVIOR OF WATER ON THE SURFACE OF SILICA 

MODIFIED WITH HYDROPHILIC FUNCTIONAL GROUPS 

The goals of this chapter are to investigate the behavior 

of water on the surface of silica that has been modified with 

functional groups that can hydrogen bond with the water. In 

addition the counterion present, and the pH of the solution 

will be varied to investigate the effect of these parameters 

on the behavior of water. 

It has been demonstrated that the behavior water 

associated with the surface of silica is significantly altered 

by proproquinity with the surface. The model of the 

interaction of the water with the surface of silica that has 

been developed shows that the surface silanols and the 

curvature of the silica surface prevent the water in the near 

surface region from achieving the extended hydrogen bonding 

network found in bulk water ice. This causes the freezing and 

the melting of the surface water peak to be lower than that of 

the bulk water. The investigation of the modification of the 

surface of silica with alkyl chains has shown the ways in 

which the silanol activity can be reduced. The silanol 

activity can be removed by the formation of a covalent bond 

with the modifier, or by the steric blocking of the surface by 

the hydrocarbon chain. The behavior of the water with the 
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surface changes from interaction with groups of silanols to 

interaction with isolated silanols. This leads to a shift in 

the onset of the surface water peak. 

An interesting question is what will be the changes in 

the behavior of water when the silica surface is modified with 

functional groups that are capable of hydrogen bonding with 

water. Thus even though the surface active silanol has been 

removed by covalently bonding a group to the surface, an 

additional hydrogen bonding capabability that is extended away 

from the surface is provided by the functional group. The non 

polar alkyl and alkyl aryl groups used to produce reversed 

phase surfaces are not expected to hydrogen bond with water. 

This has been demonstrated when octadecyl, octyl, and 

trimethyl groups are bonded to the surface. The water melting 

peak that is indicative of interactions of water to the 

surface is attenuated. In this chapter the effect of bonding 

a phenyl group (PH) to the surface will also be investigated. 

The polar modifiers such as cyanopropyl(CN), aminopropyl(NH2)' 

would be expected to hydrogen bond with water, indeed hydrogen 

bonding is the main mechanism proposed for the interaction of 

species with these stationary phases. In addition the effect 

of ion exchange phases such as benzenesulfonylethyl (strong 

cation exchanger SCX), trimethylaminopropyl (strong anion 

exchanger SAX), and carboxylethyl (CBA) on the behavior of 



148 

water in the near surface region will also be investigated. 

The counter ion present in the system should also affect 

the behavior of water with the ion exchange groups. Potassium 

ions have been shown to prevent the interaction of water with 

silica surfaces by competing with the water for surface active 

sites64
, this results in an increase in homogeneity of the 

surface due to the deactivation of residual silanols. The 

relatively small sphere of hydration of the potassium ions 

breaks up the rigid hydrated environment around the silica 

surface and this mechanism increases the fluid nature of the 

surface. This will be investigated by observing the behavior 

of water on the cation exchange stationary phases as a 

function of the presence of potassium compared to the ammonium 

ion. The effect of the counterion on the behavior of water for 

the anion exchange phase will be studied by the investigation 

of the effect of the chloride vs the acetate ion on the 

behavior of water. Another factor that can affect the behavior 

of the water with the function groups is the pH of the 

solution. If the bonded phase manufacturing process is not 

carefully controlled it has been found that cyano can 

hydrolyze to amide and then to carboxylic acid in a highly 

non-reproducible reaction. Changing the pH of the solution 

should give indications of whether the water is interacting 

with the carboxylic acid group or the cyano group. 
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Experimental 

Modified Silica 

The modified silicas were obtained from Analytichem 

International (Harbor City, California) as Bond Elut 

reparative phases and used without further treatment. The 

silica had a mean pore size of 60A, a mean particle size of 

40um and an average surface area of 550um/m2
• The modifiers 

used were non-polar phenyl (PH), polar cyanopropyl(CN) and 

aminopropyl(NH2 ), and ion exchangers Benzenesulfonylethyl 

(SCx-strong cation exchanger), Trimethylaminopropyl (SAX

strong anion exchanger) and carboxyethyl (CBA). The properties 

of the functional group modified phases are summarized in 

Table IX. 

Solutions 

The following solutions were prepared using doubly 

distilled, deionized, filtered water. Potassium chloride 

0.017M (Malinkrodt, St Louis Mo.), ammonium chloride 0.Ol9M, 

and potassium acetate 0.016M (Aldrich, Milwaukee, Wis.) pH 4 

acetate buffer (Baker, Phillipsburg, NJ), pH 7 tris/nitric 

acid buffer, and pH 10 ammonia/ammonium chloride buffer 

(Fisher Sci, Fairlawn, NJ). 
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DSC 

All DSC measurements were carried out with a Perkin Elmer 

DSC 7, controlled by a TAC 713 interface and a 3700 data 

station. Data was collected and analyzed with the Delta Series 

DSC 7 software. The DSC instrument was unless otherwise 

specified run under subambient temperature conditions with 

liquid nitrogen cooling. The sample chamber was purged with 

dry Helium at 20cc/min, and the sample handling dry box was 

purged with dry nitrogen at 20psi. The DSC was calibrated with 

Indium (mp= 156.6 °c 28.45J/g), and N-Heptane (mp=-90.56°C 

140.16J/g). 

The silica samples were dried overnight in a vacuum oven 

at 120°C. Samples were prepared using a Mettler AE240 

semimicro balance. All samples were sealed in Perkin Elmer DSC 

volatile sample pans (PE N00219-0062) and allowed to 

equilibrate overnight before analysis. Both cooling and 

heating curves were recorded at a scan rate of 10 °C/min 

unless otherwise noted. The temperature range scanned was from 

25 to -50°C and from -50 to 25°C. For most of the cooling 

curves very complex freezing behavior was observed. The 

freezing behavior exhibited supercooling before freezing, and 

the temperature at which the water froze was not very 

reproducible. For these reasons the freezing curves are not 

used to obtain information on the thermal behavior of samples. 



Table IX: properties of Functional Group Modified 
Silicas 

PARTICLE SIZE 
PORE SIZE 
SURFACE AREA 

Sorbent 
Description Structure 

PH=phenyl 

40um 
60A 
550m2 /g 

CN=cyanopropyl Si- (CH2) 3-CN 

NH2=aminoproyl Si- (CH2) 3-NH2 

SCX=benzene-
sulfonylethyl Si- (CH2) 2C6H4-S03 -H+ 

CBA=carboxy-

Bonding 
Density msa 
2.32um/m2 

2.14um/m2 

2.05um/m2 9.8 

2.41um/m2 

ethyl Si- (CH2) 2COOH 2 .2 Oum/m2 4.8 

SAX=Trimethyl- 2.35um/m2 

aminopropyl si- (CH2) 3N+ (CH3) 3Cl-
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Results and Discussion 

The comparison of the behavior of water on the silica 

surfaces bonded to the various functional groups is shown in 

FIGURE 5.1. The silica solvent ratio is as close to 19 solvent 

per g silica as possible. It can be seen that the functional 

groups that can hydrogen bond to water(CN, NH2 , SCX, SAX, CBA) 

do influence the water in the near surface region. This is 

demonstrated by the presence of water peak that is affected by 

the surface at -32.73(2.41) °c in addition to the bulk water 

peak at -1.49(O.84)oC. Whereas the phenyl group which is 

expected not to hydrogen bond with water only demonstrates the 

bulk water peak. The melting peak at the lower temperature 

than the bulk water melt is similar to the water peak observed 

on the surface of unbonded silicas and has been attributed to 

the abili ty of the hydrogen bonding of the water to the 

surface and the curvature of the surface to prevent the water 

from freezing completely and thus melting at a lower 

temperature. The bonding densities of the functional groups on 

the silicas are all high enough to rule out the possibility 

that the effect is due to the presence of residual silanol on 

the surface, in fact the bonded phases were endcapped by the 

manufacturer to deactivate many residual silanols on the 

surface. Thus the effect is probably due to the hydrogen 

bonding of the water with the functional group (Figure 5.2). 
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FIGURE 5.1 Comparison of the Behavior of Water on Silica 

Modified with Hydrogen Bonding vs Non Hydrogen Bonding Groups. 



Figure 1 WATER AT 
MODIFIED SILICA 

Figure 2 WATER AT 
MODIFIED SILICA 
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SURFACE OF PHENYL 

SURFACE OF cooa 

Figure 5.2: Comparison of The Interaction of Water on a Phenyl 

vs a Carboxylic Acid Phase. The water can interact with the 

carboxylic acid, but not with the phenyl. 
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The properties of water on the functional group 

derivatized silicas are shown in Table X. It is interesting to 

note that the onset temperature is lower than that observed 

for the unbonded silicas, even the narrow 60A pore silica that 

is similar to the ones derivitized to obtain the functional 

group phases. This is probably due to the effect of the 

functional groups being attached to the surface by a spacer 

arm and thus extending the hydrogen bonding group away from 

the surface. For C18 this is 35A for C8 this is 20A. The 

effect of extending the H-bonding away from the surface is the 

same as making the effective pore diameter smaller, this has 

been seen to lower the melting point of the surface water by 

reducing the extent of hydrogen bonding of the water. This 

effect was not observed with the alkyl bonded silicas because 

the surface water peaks were being affected by the residual 

silanols and thus the effective pore diameter had not been 

changed from that of the unbonded silicas. The onset 

temperature for the bulk water peak on the functional group 

derivitized silicas was not significantly different from the 

onset temperature observed for the bulk water, neither were 

the peak widths of both peaks significantly different from 

other peaks observed. 



!rable X: 
Modified 

SILICA 

PH 
CN 
CBA 
NH2 
SAX 
SCX 

SILICA 

PH 
CN 
CBA 
NH2 
SAX 
SCX 

Properties of Water on Functional 
Silicas. 

SURFACE 

ENTHALPY 
(JIg) 

159.0 
157.0 
157.7 
160.9 
162.5 

WATER 

ENTROPY 
(J/rnol K) 

11.9 
11.9 
11.9 
11.9 
12.0 

AM 

MOLES ONSET T 
HYDROGEN ( DC) 
BONDS 

7.6*10-3 -32 
7.5*10-3 -35 
7.5*10-3 -35 
7.7*10-3 -30 
7.8*10-3 -30 

BULK WATER 

ENTHALPY ENTROPY 
(JIg) (J/rnol K) 

350.7 
321.5 
322.8 
323.7 
322.6 
324.1 

23.2 
21.3 
21.3 
21.4 
21.5 
21.5 

MOLES ONSET T 
HYDROGEN ( °C) 
BONDS 

16.8*10-3 

15.4*10-3 

15.4*10-3 

15.5*10-3 

15.4*10-3 

15.5*10-3 

-1.4 
-1.4 
-0.5 
-1.0 
-2.7 
-1.8 

Group 

WIDTH 
( DC) 

25 
25 
25 
25 
25 

10 
10 
10 
10 
10 
10 
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The average enthalpy of melting of the surface water 

peaks is 159.4J/g which is reasonably close to the values 

observed for the other surface water peaks. The enthalpy of 

melting for the bulk water peaks was consistent with previous 

resul ts obtained. The entropy of the phase change and the 

moles of hydrogen bonds broken are also consistent with values 

obtained for unmodified silica. The number of layers 

estimated for the surface water peaks is approximately 3 

layers. This is slightly smaller than the number of layers 

observed for the silicas bonded with alkyl groups which is in 

accordance with the water layer being extended away from the 

surface by the bonded phases. The ability of the various 

functional groups to interact with (hydrogen bond) with water 

was expected to be SAX > AMINO> eYANO = eBA > PHENYL> sex. 

The experimentally observed ability of the functional groups 

to affect the behavior of water was found to be SAX > AMINO > 

eYANO > eBA > sex> PHENYL. 

A comparison of the effect of the cation on the cation 

exchange phase (SeX) is shown in FIGURE 5.3. It can be seen 

that there is not much difference in the onset temperatures 

and the widths of both the surface water and bulk water peaks. 

The properties of the surface water peaks are tabulated in 

TABLE XI. It can be seen that the calculated enthalpy of 

melting for the surface water peak is highest for the surface 
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wi th K+>H+>NH 4 +. The order for the estimated layers of water 

for this peak is reversed where NH/>H+>K+. This is consistent 

with the prediction that the very small potassium ion can 

compete successfully with a proton for hydrogen bonding sites 

on the surface. Gorse92 has shown that there are a large 

number of potassium molecules solvated in the stationary 

phase. These ions affect water structure in the near surface 

region by ion exchange with protons on the residual silanols 

at the silica surface, which results in an increase in 

homogeneity of the surface due to the deactivation of residual 

silanols. The relatively small sphere of hydration of the 

potassium ions breaks up the rigid hydrated environment around 

the silica surface and this mechanism increases the fluid 

nature of the surface. This is in contrast to the larger 

ammonium ion which cannot compete with the proton for hydrogen 

bonding sites. Thus the water on the surface with potassium is 

more bulk like in its properties than water on the surface 

with ammonium ion. 

The effect of the anion on the anion exchange resin (SAX) 

is shown in FIGURE 5.4 and the effect on the properties of 

water is shown in TABLE XI. Again there is not much change in 

the onset temperature and the width of the peaks but the 

enthalpy of melting of the surface peak and the layers of 

water associated with this peak are indicative of the effect 
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of the anion on the behavior of water. The enthalpy of melting 

increases from AC- to Cl- whereas the estimated number of 

layers increases from Cl- to AC-. This is indicative of the 

ability of the acetate ion to have a more deleterious effect 

on the ability of water to hydrogen bond with the surface 

ctive groups. Thus the water behaves closer to bulk water with 

acetate than with chloride. 

Table XI : Effect of Ions on The Behavior of Water on Ion 
Exchange Phases. 

ENTHALPY ENTROPY MOLES ONSET T WIDTH 
(J/g) (J/rnol K) HYDROGEN (oC) (oC) 

BONDS 
--------------------------------------------------------------
CATION EXCHANGE PHASE = SCX 

SURFACE WATER 
H2O 162.5 12.2 7.7*10-3 -33 25 
RAc 297.4 22.5 14.2*10-3 -35 25 
NH.CI 125.0 9.4 5.8*10-3 -33 25 

BULK WATER 
H2O 322.6 21.4 15.4*10-3 -1.7 10 
RAc 303.3 20.1 14.5*10-3 -1.4 10 
NH.CI 338.2 22.5 16.2*10-3 -1.8 25 

ANION EXCHANGE PHASE = SAX 

SURFACE WATER 

H2O 160.9 12.1 7.7*10-3 -33 25 
RAC 220.9 16.6 10.6*10-3 -33 25 
KCI 211.8 16.0 10.1*10-3 -33 25 

BULK WATER 

H2O 322.6 21.5 15.4*10-3 -2.7 10 
RAC 303.3 20.2 14.5*10-3 -2.3 10 
KCl 261.3 17.4 12.5*10-3 -1.9 10 
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The Cation Exchange Phase (SCX). 
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Figure 5.4: Effect of Anion on The Behavior of Water on an 

Anion Exchange Phase (SAX). 



162 

A comparison of the effect of pH on the behavior of water 

on the cyano phase is shown in FIGURE 5.5, and the properties 

are summarized in Table XII. The carboxylic acid phase is 

shown in FIGURE 5.6, with properties summarized in Table XIII, 

and the amine phase is shown in FIGURE 5. 7 and Table XIV. 

There is a difference in the onset temperatures of bulk water 

as the pH is changed and this is observed in the buffer 

mixtures without interaction with the silicas. This is 

probably due to the ability of the pH buffers to affect the 

hydrogen bonding capabilities of the water. The greatest 

difference is seen in the behavior of the pH 4 buffer, which 

is an acetate buffer. It would be interesting to investigate 

in future work whether the observed behavior is more dependent 

on the hydrogen ion concentration, or the ionic species used 

to maintain the buffer. Comparing the behavior of the water on 

the different functional groups as a function of the pH, the 

onset temperature of the surface water peaks remain fairly 

consistent, while the onset temperatures for bulk water are 

consistent with those observed for the buffers. On the amine 

surface, the peak shapes and widths of the bulk water peak are 

affected, showing a series of overlapping peaks which is 

indicative of a great variety of interactions occurring. The 

effect of changing the pH on the enthalpy of melting of the 

surface water peak is shown in FIGURE 5.8. It can be seen that 
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the enthalpy of melting on the amine surface is always higher, 

than that of the cyano and carboxylic acid phases. Whereas the 

cyano and carboxylic acid phases are fairly similar in 

behavior. The estimated number of layers associated with the 

surface water peak also follows the same trends. This is 

consistent with the amine surface having a lesser ability to 

hydrogen bond with, and affect the behavior of water, and with 

the cyano and carboxylic acid phases having a greater ability 

to hydrogen bond with water. The similarity of the behavior of 

water between the cyano and carboxylic acid phases raises the 

possibility that the cyano phase has been hydrolyzed to a 

carboxylic acid. 



Table XII: Effect of pH on the Behavior of Water on 
Cyano Modified Silica 

BUFFER 

pH 4 
pH 6(H20) 
pH 7 
pH10 

SURFACE WATER 

ENTHALPY ENTROPY MOLES ONSET T WIDTH 
(Jig) (J/rnol K) HYDROGEN (oC) (Q 

137.2 
159.0 
91.6 
206.6 

10.4 
11.9 
6.9 
15.4 

BONDS 

6.6*10-3 

7.6*10-3 

4.4*10-3 

9.9*10-3 

-35 
-32 
-35 
-32 

20 
25 
25 
25 

========================================================== 

BUFFER 

pH 4 
pH 6(H20) 
pH 7 
pH10 

BULK WATER 

ENTHALPY ENTROPY MOLES ONSET T WIDTH 
(Jig) (J/rnol K) HYDROGEN (oC) (oC) 

BONDS 

322.6 
215.9 
265.2 

21.4 
14.7 
17.8 

15.4*10-3 

10.3*10-3 

12.7*10-3 

-1.4 
-9.3 
-4.5 

10 
10 
10 
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Table XIII Effect of pH on The Behavior of Water 
Carboxylic Acid Modified Silica 

BUFFER 

pH 4 
pH 6(H20) 
pH 7 
pH10 

SURFACE WATER 

ENTHALPY ENTROPY 
(Jig) (J/rnol K) 

145.2 
157.0 
105.1 
196.8 

10.9 
11.9 
8.0 
14.9 

MOLES ONSET T WIDTH 
HYDROGEN (oC) (Q 
BONDS 

6.9*10-3 

7.5*10-3 

5.0*10-3 

9.4*10-3 

-34 
-35 
-36 
-35 

20 
25 
2) 

25 

========================================================== 

BUFFER 

pH 4 
pH 6(H20) 
pH 7 
pH10 

BULK WATER 

ENTHALPY ENTROPY 
(Jig) (J/rnol K) 

322.6 
215.9 
265.2 

10.64 
14.7 
17.8 

MOLES ONSET T WIDTH 
HYDROGEN ( °c ) ( °c ) 
BONDS 

15.4*10-3 

10.3*10-3 

12.7*10-3 

-0.5 
-9.0 
-4.1 

10 
10 
10 
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Table XIV Effect of pH on The Behavior of Water on 
Amine Modified Silica 

BUFFER 

pH 4 
pH 6(H20) 
pH 7 
pH10 

SURFACE WATER 

ENTHALPY ENTROPY 
(JIg) (J/rnol K) 

173.8 
157.2 
136.5 
216.4 

13.4 
11.9 
10.3 
16.4 

MOLES ONSET T WIDTH 
HYDROGEN ( °C) ( °C) 
BONDS 

8.3*10-3 

7.5*10-3 

6.5*10-3 

10.3*10-3 

-35 
-35 
-35 
-35 

20 
25 
25 
25 

========================================================== 

BUFFER 

pH 4 
pH 6(H20) 
pH 7 
pH10 

BULK WATER 

ENTHALPY ENTROPY 
(JIg) (J/rnol K) 

322.6 
215.9 
265.2 

21.4 
l4 .8 
17.8 

MOLES ONSET T WIDTH 
HYDROGEN (oC ) (oC ) 
BONDS 

15.4*10-3 

10.3*10-3 

12.7*10-3 

-1.0 
-9.6 
-5.1 

10 
10 
10 
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Figure 5.8: Comparison of the Effect of pH on the Behavior of 

Water on Cyano, Carboxylic Acid and Amine Phases. 
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Conclusions 

Thus the model of the behavior of water on the surface of 

silica has been extended to include the effect of hydrogen 

bonding functional modifier groups (Figure 5.9). The ability 

of these groups to affect the behavior of water when the 

surface silanol have been deactivated has been demonstrated, 

and it seems that the water layer has been extended away from 

the surface at least by the length of the modifier. 

It has also been demonstrated that the counter ion on an 

ion exchange phase can affect the hydrogen bonding of the 

water to the surface, in some cases the ion such as potassium 

can serve to break up the rigid structure of water in the near 

surface region. 

The pH of the solution also can affect the behavior of 

water on phases that have some acid/base character. It has 

been shown to alter the behavior of water on cyano, carboxylic 

acid and amine phases. The behavior of water on the cyano and 

carboxylic acid phases is very similar, implying that the 

cyano phase could have been hydrolyzed to a carboxylic acid. 

The differences in the behavior of water observed as a 

function of counterion and pH for these preliminary studies 

suggests that it would be useful in future work to investigate 

the properties of water on silica as a function of the ions 

present in solution and the pH • 
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The modification of the stationary phase wi th ionic 

species is possible, because of the ability of these species 

to interact with residual silanols93
• Potassium has been 

found to be a highly effective exchanger for protons on the 

residual silanols as evidenced by its high exchange capacity 

(K+ > Na+ > Li+ > H+ ) and this has been used to reduce the 

band broadening of amine species which are believed to 

interact with residual silanols. 

Mills and Moriaru have shown by the use of NMR that 

adsorbed cations can significantly affect the solvated 

structure of the solid liquid interface at the silica surface, 

depending on the cation used. Potassium ions have a low charge 

density and were found to be particularly effective in 

exchanging with protons on the surface silanols and to cause 

the structured layer of water near the surface to behave more 

like a liquid. 

Cation-Modified reversed phases have been shown to be 

effective stationary phases for the liquid chromatographic 

separation of sugars and other compounds 94 ,95,96. Potassium 

cations were shown to be the most effective ions used to 

separate & and B glucose, whereas the proton modified phase 

could only effectively retain sugars. Potassium has been 

observed to decrease retention relative to lithium, for 

solutes such as caffeine, acetanilide, and phenacetin, while 
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for phenol and substituted phenols the retention was 

increased. In addition, the potassium provided better 

efficiency (higher plate count). Potassium was found to cause 

the least amount of water to be held in the resin relative to 

H+ /Li + /Na+ /Mg2+ and Ca2+. When the amount of water strongly 

associated with each ion was accounted for, the amount of free 

water was greatest for the potassium modified phase. 

Both chemically modified and bare silica surfaces have 

been shown to have significantly higher exchange capacities 

for potassium than for hydrogen, lithium, sodium and calcium 

ions 1
• This has been explained by Mills and others as a 

function of the sphere of hydration which is relatively small 

for potassium cations because of their lower charge density 

compared to smaller cations, Potassium cations have also been 

shown to reduce the viscosity of electrolyte solutions when 

highly polar solvents are used97
• These properties of 

potassium allow an increased penetration into the porus 

structure of the silica and also provide a surface which is 

less structured in terms of tightly bound water molecules. 

Weber93 found that a smaller amount of water in the 

stationary phase when potassium was used relative to other 

cations with higher charge density. When all of the bound vs 

free water is accounted for by using the radii of the closest 

approach for ions accounted for by Oebye Huckel, it was seen 
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that the potassium system has the most free water available ie 

although the total volume of stationary phase is lower the 

amount of free water is higher. 

Gorse92 has shown that there are a large number of 

potassium molecules solvated in the stationary phase. These 

ions affect water structure in the near surface region by ion 

exchange with protons on the residual silanols at the silica 

surface, which results in an increase in homogeneity of the 

surface due to the deactivation of residual silanols. The 

relatively small sphere of hydration of the potassium ions 

breaks up the rigid hydrated environment around the silica 

surface and this mechanism increases the fluid nature of the 

surface. One would thus expect the mass transfer to the 

stationary phase to be more efficient, leading to less band 

broadening. Phenol was more retained when Immol of KC is used 

as mobile phase as opposed to acetic acid or pure water. Non 

polar benzene was not significantly affected by the change in 

mobile phase because this species is retained in the upper 

regions of the hydrocarbon chains, whereas the changes in 

phenol retention are caused by changes in polar interactions 

with the residual silanols. The total volume of stationary 

phase was found to decrease when saturated with potassium 

ions. Potassium causes less water to be imbibed in the 

solvated layer than hydrogen ions do. Another possibility is 
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that small pores that are inaccessible to the more structured 

solvents are opened up by the potassium modified mobile phase. 

Wiggins 98 studied the thermal coefficient of selectivity 

of potassium vs sodium for water confined to pores of silica 

gel. Highly solvated ions such as Na+ and Li+ tend to be 

excluded from pores because of the ability to structure the 

sol vent while ions of the structure breaking type K+ are 

selected into the pores. 

Pedschel and Furchbar99 found that the interaction of 

water with the surface is prevented by the presence of ions 

which tends to compete with the surface for water 

Thus indications are that the presence of potassium would 

render the water in the near surface region more bulk like in 

its properties because of the ability of the small potassium 

ion to interfere with the hydrogen bonding both of the water 

molecules to the surface and to other water molecules. 

Theoretically the surface of silica should have a pKaof 

7.1 +0.5 100
• However large differences in surface pH have been 

reported in the literaturelol
• This may imply the existence 

of silano! groups differing in acidity and one can easily 

imagine the existence of a broad range of hydrogen bonded 

vicinal silanols on the silica surface having differing bond 

lengths that could be responsible for the varying acidity 
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observed. It has been shown that the strength of hydrogen 

bonding to the silanols depends on the pH14
, and it would be 

very interesting to study the effect of varying the pH of the 

ability of water to hydrogen bond with the surface • 

..... oA'"'r 
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Figure 5.9: Conceptual Model of The Interaction of water with 

Modified Silicas. 
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CHAPTER 6 

The goals of this study were to investigate the potential 

of the Differential Scanning Calorimeter to monitor changes in 

the behavior of water at the modified silica interface. The 

effect of the pore size, specific pore volume, specific 

surface area, and the silanol activity of amorphous silica on 

the behavior of water were studied. This information was used 

as a background to study how the modification of the silica 

surface with alkyl chains changed the behavior of water in the 

near surface region. The impact of varying the density of the 

modifier, and the chain length were studied. Preliminary 

studies of the ability of organic solvents to alter the 

behavior of water in the near surface region of both modified 

and unmodified silicas were performed. Finally the changes in 

the behavior of water when the surface of silica was modified 

with hydrophilic functional groups was investigated. 

These experiments have shown that the DSC can be used to 

study the behavior of water at the surface of silica. In 

addition to the melting of bulk water ice, a melting peak was 

observed at lower temperatures which could be used to probe 

the behavior of water in the near surface region of the 

silica. The water ice melt was shifted to a lower temperature 
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because the interaction of the water with the silica surface 

(due both to the hydrogen bonding to the silanol groups and to 

the constraints imposed by the narrow pore) prevent the water 

in the near surface region from achieving the extended 

hydrogen bonded structure of bulk water ice. This surface 

modified ice would melt at a lower temperature and have a 

smaller energy penalty because less hydrogen bonds need to be 
, 

broken to achieve melting. The extent of the shift was found 

to be dependent on the pore size and the silanol activity. The 

water on the surface of a silica with low silanol activity and 

pore curvature can achieve the hydrogen bonded structure of 

bulk ice, and yet still have some hydrogen bonding to the 

surface. This peak was observed to be shifted to slightly 

higher than the bulk water melt. Contributions to the peak 

width were found to include instrumental effects, the scan 

rate, and the distribution of silanols and pore sizes on the 

surface. 

The enthalpy of melting of the surface water was found to 

be about half that of bulk water, and the number of layers of 

surface water was estimated to be between 8-15, which is 

comparable to the values found in the literature. Calculations 

have shown that there may be a layer of non freezing water at 

the very near surface region which interacts so strongly with 

the surface, that no freezing or melting transition can be 
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observed with the ose. 

The modification of the silica samples with alkyl 

modifiers of varying chain length has given insight into 

several factors that affect the behavior of water on silica. 

The most important conclusion was the confirmation of the 

importance of the silanol activity on the behavior of water. 

It was observed that as the bonding density was increased 

which would be accompanied by a comcommi tant decrease in 

silanol activity, that the behavior of water changed from 

behavior observed for water that was associated with more than 

one silanol on the surface, to the interaction of water with 

isolated silanols. This resulted in shifts in the onset 

temperature of the surface water peak to higher temperatures, 

and increases in the enthalpy of melting. The number of layers 

of water on the surface was also reduced. 

The importance of the chain length on the deactivation of 

the surface was investigated. Short chain modifiers can only 

deactivate one silanol at a time. Longer chain modifiers can 

deactivate the surface both chemically by bonding to the 

surface, and physically by sterically blocking the surface. 

This was demonstrated by the higher bonding density of the 

shorter chain modifiers needed to observe changes in the 

behavior of water 

Of interest for future studies is the investigation of 
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the distribution of silanols on the surface, and which type of 

silanol reacts more favorably with the alkyl modifier. This 

will give insight into the type of silanol that governs the 

behavior of water on the surface, and also if the distribution 

of the modifier on the surface is homogenous or in patches on 

the surface. A useful technique for this purpose would be 

Diffuse Reflectance Infrared Spectrometry. If a 

environmentally controlled chamber were used it would be 

possible to observe the surface of silica with very small 

amounts of water on the surface. The different types of 

silanols adsorb at different wavelengths, and if these can be 

monitored it may be possible to distinguish which silanol 

sites are interacting with the modifier, and the water. 

Investigation of the effect of organic solvent on the 

behavior of water on the surface of silica has shown is that 

the behavior is affected to a degree that depends of the 

ability of the solvent to hydrogen bond with water. Methanol, 

with its ability as a good hydrogen bond donator has the 

greatest effect on the melting behavior of water. The behavior 

on the surface of modified silicas is still open to further 

investigation if the problems with the noisy background can be 

overcome. Acetoni trile although only a weak hydrogen bond 

acceptor can compete effectively with water for the surface 

active sites, at least for very high percentages of 
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acetonitrile. The presence of acetonitrile in the near surface 

region, seems to enhance the immobilization of some of the 

surface water species. Tetrahydrofuran has been seen as a 

structuring solvent and indeed it may be responsible for the 

shift in melting point of the surface water peak. These are 

also worthy of further investigation. 

The model of the behavior of water on the surface of 

silica has also been extended to include the effect of 

hydrogen bonding functional modifier groups. The ability of 

these groups to provide an addition source of hydrogen bonding 

to water when the surface silanols have been deactivated has 

been demonstrated, and it seem that the water layer has been 

extended away from the surface at least by the length of the 

modifier. 

It has also been demonstrated that the counter ion on an 

ion exchange phase can affect the hydrogen bonding of the 

water to the surface, in some cases the ion such as potassium 

can serve to break up the rigid structure of water in the near 

surface region. 

The pH of the solution also can affect the behavior of 

water on phases that have some acid/base character. It has 

been shown to alter the behavior of water on cyano, carboxylic 

acid and amine phases. The similarity between the behavior of 

water on the cyano and carboxylic acid phases implies that the 
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cyano phase could have been hydrolyzed to a carboxylic acid. 

The differences in the behavior of water observed as a 

function of counter ion and pH for these preliminary studies 

suggests that it would be useful to perform a more detailed 

investigation of the changes of the behavior of water on 

silica as a function of the ions present in solution and the 

pH in future work. 

These studies have shown that water does interact very 

strongly with the silica surface, and that there are several 

layer of waters with properties differing from bulk water in 

the near surface region. The water persists even when the 

surface of the silica has been modified, because of the 

presence of residual silanols. The effect of the organic 

component of the mobile phase and the ability to hydrogen bond 

to water have been shown to be important in determining the 

behavior of water in the near surface region of modified 

silica. In addition the effect of the ion exchange and normal 

phase functional groups on the water on the surface has been 

studied and this has led to further insights into other 

factors such as pH and ionic strength and size of counter ion 

that need to be investigated further. 

There have been several recent attempts to understand, 

and model the behavior of water on the surface of porus 

materials. Etzler59 has proposed that the water in the near 
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surface region of silica is similar to water in the 

supercooled region or under negative pressure. It may also be 

conceivable that the water in the porus environment has a 

crystal structure that is similar to water ice formed under 

high pressures. These ices all have a more compact hydrogen 

bonding structure than that of ice 1H because of the 

constraints of high pressureBO .Most recently it has been 

postulated that the melting behavior can be ascribed to 

surface melting102
,lo3. These recent studies all lead to the 

conclusion that interactions of the silica surface with water 

is worthy of further study. 

Thus the interaction of solutes with the stationary 

phase in RPLC will be influenced by a layer of immobilized 

water on the surface. This is especially important for solutes 

that are retained in the region closest to the surface. The 

interactions that are occurring are probably with the layer of 

water and not directly with the silanols, and the very viscous 

nature of the water layer would contribute greatly to slower 

kinetics and hence broader peaks. 

The further investigation of the properties of water on 

the surface of modified silica would be greatly enhanced by 

the use of other techniques. The use of Diffuse Reflectance 

Infra Red Spectroscopy to study the silanols on the surface 

would be useful in elucidating changes in silanol activity, as 
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would Si29 NMR. In addition the DSC can be also used to study 

other parts of the modified silica interface, such as the 

phase transitions of the alkyl modifiers under favorable 

conditions, and the adsorption and desorption of solute 

molecules on the surface. 

The study of water at other interfaces is also of 

importance. The water at the surface of membrane and 

surfactant systems could play a major role in the transport 

properties of these systems. The information gained by 

studying water on silica can be used as a basis of comparison 

to model the behavior of other more complex systems. 
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