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SILYLATION OF THE SILICA SURFACE
A REVIEW

P. Van Der Voort* and E. F. Vansant

University of Antwerpen (U.1.A.)
Department of Chemistry
Laboratory of Inorganic Chemistry
Universiteitsplein 1
B-2610 Wilrijk (Antwerpen), Belgium

ABSTRACT

Silylated silica surfaces have found many applications in the field
of analytical chemistry (HPLC, lon Exchange Chromatography, Size
Exclusion Chromatography, GC). synthetic chemistry (heterogeneous
catalysts, phase transfer catalysts), biochemistry’ (enzyme
immobilization, affinity chromatography) and industries (composites,
high-tech materials, semiconductor devices).

In all cases, the knowledge of their chemical composition and
surface characteristics is of great importance for tire understanding
and eventual improvement of their performance.

This review presents a general description of the silica surface
and a summary of the different modification techniques that have
been developped to silylate oxide surfaces. The chlorosrlylation of
the silica surface (in liquid and gaseous phase) and the modification
with aminosilanes are discussed in more detail, emphasizing the
analysis techniques and skills that enable researchers to get a more
profound insight into the reaction mechanisms and the nature and
concentration of the created surface groups.

2723
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Table 1

Surface Silanol Types with their 25i CP MAS NMR and I IIR
Peak Positions and Names

HO OH CH OH----CH
\ ! 1 1
= N (T
N.
o ‘o $ &N, 0 0'0 0 (
Geminal Isolated Vicinal
Si-NMR Q2 Q3 Q3
-94 ppm -100 ppm -100 ppm
FTIR 3743 cm1 3743 cm1 3660 cm1
free free bridged

1. The Surface of Silica - Quantification of the Silanol Types as a Function of
Temperature

The ultimate particles which make up the silicas can be regarded as polymers
of silicic acid, consisting of interlinked SiO4 tetrahedra. At the surface, the structure
terminates in either asiloxane group (sSi-O-Sis) with the oxygen on the surface, or
one of several forms ofsilanol groups (=Si-OH). The silanols can be divided into
isolated groups (orfree silanols), where the surface silicon atom has three bonds
into the bulk structure and the fourth bond attached to a single OH group, and
vicinal silanols (Or bridged silanols), where two single silanol groups, attached to
different silicon atoms, are close enough to hydrogen bond.

A third type of silanols, geminal silanols, consist of two hydroxyl groups, that
are attached to one silicon atom. The geminal silanols are too close to hydrogen
bond to each other,2 whereas the free hydroxyl groups are too far separated. These
different silanol types, together with their infrared and 25i NMR attributes are
shown in Table 1

Since silanols play an important role in all surface modifications, a thorough
understanding of the absolute number of silanols and the relative distribution of the
silanol types is very important. A very large number of publications has appeared on
the distribution of these various silanol types as a function of pretreatment
temperature of the silica. We have recently evaluated the most important of these
models: and have come to an average distribution of silanol types, shown in Figure
1.
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Silanol number (OH/nm2)

Substrate

Figure 1. Silanal type distribution as a function of pretreatnent terperature. Inveoo,

2. Sihdation of the Silica Surface: Modification Procedures

In the selection of a chemical modification procedure, two criteria have to be
considered.

(i) the aimed coating morphology ; and
(ii) the scale on which the modification has to be performed.

The coating morphology includes layer thickness (mono- or multi-layer), the
modification density' (molecules/nm2), the orientations of the surface molecules, and
the type of interaction of the coating layer with the surface (relative amount
physisorption/chcmisorption).

The procedures used for the chemical modification of silica will be discussed
using these criteria. This survey is restricted to the preparation of chemically
modified silicas, used as a base material in the above-cited applications. Procedures
are ordered according to the possibility to control the ultimately formed layer.
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Hydrogen bonding

RSi(OMe),
R
3H20 Hydrolysis I
HO - Si— O - YR 0 S e OH
| | |
3MeOH
RSI(OH) 0 0 0_
H H H H H H
2RSi(OH), \ \ ) \ /
Condensation O O O
A 2HYE Substrate
Bond formation A N
R R R
| | | R R R
HO — Si— O— Si— O— Si— OH i | i
I HO Si- O Si— o — Si— OH
OH OH OH
0 H
OH OH OH 1 |
H - O
Substrate Substrate

Figure 2. Mechanism of silane deposition in aqueous solvert.

Sol-gel

The incorporation of organofiinctional groups on the silica surface may be effected
during tire synthesis of the silica material. The addition of organofiinctional
alkoxysilanes to the TEOS (tetraethoxysilane) solution in the sol-gel process,
produces functionalized silica gels. This procedure does not allow a careful control
of the resultant surface morphology. Since the relative amounts of silane and TEOS
are die only variable parameters, neither layer thickness, nor modification density
can be precisely tuned. This results in an irreproducible functionalization of the
surface.

Aqueous Solvent

The preparation of organofiinctional silica gels on an industrial scale is
performed by liquid phase reaction. As a solvent, water, a water/ethanol or
water/acetone mixture is used. Chlorosilanes or alkoxysilanes are used for this type
of modification.
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In the aqueous solvent, the silanes undergo hydrolysis and condensation before
deposition on the surface3 (Figure 2). In contact with water, halogen or alkoxy
groups are hydrolyzed. The as-formed silanol groups go into hydrogen-bonding
interactions with neighbouring hydrolyzed silane molecules and with surface silanol
groups. Siloxane bonds are formed, with release of water. The coating molecules
are polymerized horizontally as well as vertically. Thus, a three-dimensional
polymeric silane network is formed on the silica surface.

The polymerization reactions are hard to control and a layer of unreproducible
thickness results. The control is ameliorated with the addition of a variable amount
of a polar organic solvent such as ethanol or acetone. Ethanol/water mixtures in a
70%/30% ratio are commonly used.

Covalent bond formation is not an immediate process. Silane coating layers
consist of phvsisorbed as well as chemisorbed molecules. Physisorbed molecules go
into condensation only slowly and chemical stabilization of the coating layer
requires a post-reaction curing step. In this step, the modified substrate is thermally
treated at temperatures generally in the 353 - 473 °K range.

Organic solvent

If modification with chlorosilanes or alkoxysilanes is performed in completely
dry conditions (dry organic solvent, dehydrated surface), hydrolysis is prevented.
Chemical bonding with the substrate should result from the direct condensation of
the chloro- or alkoxy groups with the surface silanols. From experiments using
methoxymethylsilanes, Blitz2 concluded that this direct condensation does not take
place. Post-reaction curing only results in evaporation of the adsorbed molecules.
Alkoxysilanes may only bond chemically to the silica surface if water is present at
the interface. Thus adsorbed silane molecules are hydrolyzed before reaction with
the surface. Hydrolysis, however also causes polymerization and, therefore, non-
monolayer coverages are obtained.

Another way to realize the direct condensation is by using ammonia as a
catalyst. Blitz and coworkers5 studied the reactions of methoxymethylsilanes with
silica in a dry toluene medium in the presence of ammonia. They found that high-
temperature post-reaction curing is unnecessary for silylation to occur on the silica
surfaces (either wet or dry) in the presence of ammonia. Monolayer or greater than
monolayer surface coverage is obtained when ammonia is present and is about 12
times the surface coverage obtained in the absence of ammonia. In Figures 3 a and
b. two possible mechanisms of ammonia catalysis are proposed.6



Figure 3. (2) Amine catalysis of silylation reaction, mechanism #1;
silylation reaction, mechanism #: .

OMe

Me + MeOH
Me*-cLoMe”™>H M O/\ "O/\
MeCT k N - H e0”s;
A + NH
6) 3
_J7
. H
Mg 0 m

M «V >n-H

MeO \ [/ H

°» +

+ MeOH
+NH,

APTS

Figure 4. Modifcation of silica gel with APTS.

(b) Amine catalysis of
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In the first mechanism (Figure 3a) the transition state involves the formation
ofa low-energetic six-membered ring. The second mechanism (Figure 3b) proceeds
by the formation of a pentacoordinate intermediate, after nucleophilic attack of the
ammonia at the silicon atom.

Aminosilanes contain the catalyzing amine function in the organic chain. The
reaction of aminosilanes with silica gel in dry conditions is therefore self-catalyzed.
They show direct condensation, even in completely dry conditions. Upon addition of
tire aminosilane to the silica substrate, the amine group may form hydrogen bonds or
proton transfer complexes with the surface silanols. This results in a very fast
adsorption, followed by direct condensation. This reaction mechanism of APTS (y-
aminopropyltriethoxysilane) with silica gel in dry conditions, is shown in Figure 4.
After liquid phase reaction, the filtered substrate is cured in order to consolidate the
modification layer.

Self-Assembled Monolayers

Among the liquid phase adsorption procedures. Self-Assembled Monolayers
(SAMs) take a special place. This type of monolayer originated as an extension of
Langmuir-Blodgett film technology. In this latter technique, highly ordered films of
large polar molecules are deposited on flat surfaces. Being obtained as insoluble
ordered floating films on the surface of a liquid. Langmuir-Blodgett monolayer films
are transferred onto solid supports, from the water-gas interface, by dipping or
immersion ofthe substrate (Figure 5).

In the formation of SAMs, the film-forming molecules order themselves by
chemical interaction with neighbouring molecules and with the substrate surface.
This technique Iras been applied for a large variety of modifier/substrate
combinations. Various sulphur compounds, such as alkanethiols and (di)sulfides
have been deposited on metals such as silver, copper and gold; isocyanides on
platinum and carboxylic acids on aluminum oxide and silver oxide.8
Alkyltrichlorosilanes have been deposited on gold, mica, aluminum, tin oxide and
silicon oxide. The latter combination is of interest here.

The main feature of the technique is the deposition of the coating molecules
from organic solvent onto a cleaned hydrated surface. As a solvent dicyclohexyl,
ethanol, n-hexadecane and n-heptane are used. In a typical synthesis procedure, the
silica is first cleaned to remove all trace organic compounds. This cleaning step
appears to be crucial in the formation of smooth, complete monolayers, especially on
metal surfaces. Cleaning is performed by boiling in nitric acid or
hydrogenperoxide/sulphuric acid (‘piranha’) solution. The cleaning step is followed
by a careful rinse with distilled water and drying in a stream of diy nitrogen.
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Figure 5. Langmuir-Blodgett film formation on a solid support by transfer of a film at liquid-
gas interface (a) to solid-gas (b) interface.

Figure 6. Schematic drawings of self-assembled monolayer (upper) and conventional
monolayer. Taken from ref 11, with permission.
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The silica may be rehydrated by exposure to air, with controlled humidity,
shortly before use. Whereas the modification of flat solid substrates involves an
immersion/retraction procedure, this is not possible for powdered substrates such as
silica gel. Therefore, these are stirred in the reagent solution, filtered or decanted
and rinsed with the pure solvent. Detailed descriptions of the reaction conditions
may be found in the literature.7910

The SAM is formed by using only the monolayer of surface water on the silica
gel. Since no excess water is present the polymerization reaction is strictly under
control. Additionally, the water is present at the place where the surface bond has to
be formed.

Thus-formed SAM's are densely packed, ordered films, attached to the surface
with chemical bonds. Alkyl chains are aligned paralel in a densely packed fashion.
The surface is fully covered, irrespective of the number of hydroxyl groups. Not all
silane molecules are covalently linked to the surface. Le Grange et al.9 evidenced
that on a dehydrated surface that was exposed to moisture, 1 in 5
octadecylchlorosilane molecules is bonded to the surface. Due to this dense structure
and full surface coverage, this type of layer is clearly different from other wet
modification methods. In Figure 6 the structure of a self-assembled monolayer is
compared to that of a conventional polymeric layer.

Wirth and Fatunmbill defined the bonding of trifunctional silanes as self-
assembly, when the bonding density of functional groups is made to be close-packed,
approximately 8 pmol/m2 (2.2 nm2chain). Conventional polymeric phases are no
more than 5 umol/m2 Because of their close packing, these phases are very well
suited for chromatographic separations, since all interference of surface hydroxyls is
excluded. In order to avoid over-crowding of the alkyl chains, but to retain the
advantages of molecular self-assembly, mixed phases of long and short chain alkyls
have been prepared. As one of such possible combinations, C3 chains have been
mixed with C]8.12

Vapour-Phase Reactions

Modification of silica gel with volatile or gaseous compounds is performed in
the vapour phase. Industrial-scale reactors and laboratory scale gas adsorption
apparatus have been used. In the industrial field, fluidized bed and fluid mill
reactors are of main importance.

For laboratory-scale modification, distinction lias to be made between static
and dynamic adsorption procedures. In a static procedure, the substrate is contacted
with a known volume of gas at a well-defined pressure. The modifying gas may be



2732 VAN DER VOORT AND VANSANT

stationary or circulating in a closed loop. Modification in a static gas adsorption
apparatus allows tire careiul control of all reaction parameters. Temperature and
pressure can be controlled and easily measured. Adsorption kinetics may be
determined by following the pressure as a function ofthe reaction time.

In the dynamic gas modification procedure, the reacting gas is passed through
the substrate and dissipated. Temperature and gas flow may be controlled, with the
limitation of pressure build-up at the substrate site. Relatively large amounts of gas
may be passed through the sample.

The main difference between the two procedures is the type of control of the
reaction mechanism. For static reactions, the reaction velocity is controlled
thermodynamically. In this case, the velocity' is mainly controlled by the equilibrium
constants for the reactions at a given pressure. In the dynamic regime, on the other
hand, a more intimate contact between reagent and substrate occurs. Moreover,
gaseous reaction products are captured constantly and the overall process is under
kinetic control. Detailed experiments on the difference in kinetics between the two
processes have been performed by Yongan.13

Hydrolysis and condensation behaviour are analogous to modification
procedures in dry organic solvent. However, controlled gas phase procedures allow
a better control of reaction conditions, leading to a more reproducible coating layer.
While the possibility to form true monolayered coatings from solution has been
doubted, 1413 gas phase modification is generally agreed to give monolayer
modification.

3. Modification of the Silica Surface with (Alkyl)Chlorosilanes

Strangely enough, a unified approach to the reactions of chlorosilanes with the
silica surface is lacking in the international literature. This is probably due to the
different reaction procedures that have been used and the different applications of
the modified silica surfaces.

The high vapour pressure of the (methyl)chlorosilanes allows for a vapour-
phase reaction. Moreover, these reactions are usually performed on amorphous
silica with a high surface area, which is very suitable for a detailed study of the
surface species by means of FTIR XPS and NMR

The higher order alkylchlorosilanes (C8and C18) have historically been treated
in the same way as organosilanes. The reaction inevitably occurs in the liquid phase
and is usually followed by a curing step. The extremely low surface of the silicon
wafers and the deposited Si02 layers used for self-assembled-monolayers does not
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Figure 7. Effectiveness, surface coverage and stoichiometry factor for the reaction of silica gel
with TCS. Reactions occured at 623 K for Ih.

allow a spectroscopic quantification of the surface species. A completely different
type of analysis technique is used here mainly to determine the quality (roughness
and uniformity), the adherence (parallel or at random) and the hydrophobicity of the
coated layer. Often used techniques are AFM (Atomic Force Microscopy),
ellipsometry and chromatography.

3.1. Vapour-Phase Reactions with (Methyl)Chlorosilanes

The reactions between (methyl)chlorosilanes and the surface of silica have
been investigated by many researchers, primarily because of the utility of these
reagents as coupling agents in polymer chemistry and as surface deactivating agents
in chromatography.

Few studies are devoted to the reaction of silica with trichlorosilane (TCS).
The earliest report, dealing specifically with the TCS modification of silica, is the
one of Chuiko et al.16 A silica, pretreated at 673 °K, was reacted with TCS vapour at
room temperature. The authors observed a complete disappearance of the free
hydroxyl groups, due to reaction (A).
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CI\ H /Cl
OH + 9 i =5 o & « HCl (A)
a XCi xcal

They claimed that under these conditions, a bimolecular reaction with two silanols
is not possible, due to steric reasons. The distance between 2 CI groups in
trichlorosilane is 0.33 nm, whereas the mean distance between 2 OH groups on a
silica surface, annealed at 673 °K. is considerably larger.

LowZT refined Chuiko's findings in 1981. He confirmed the statement that
bimolecular reactions are not likely to occur at high pretreatment temperatures, but
he suggested a secondary, (consecutive) reaction (B):

isi-0-Si-H st-o H

XCl X.

Si + HClI (B)

rsi-OH Si-0 Cl

= Si a h =z ©

/C1
ESf o ~0o ESi -O-Si-H

In the meantime, many articles were published on the reaction of
methylchlorosilanes with silica.  Especially the publications of Hair and co-
workers82 have gained widespread attention. Using infrared band integration of
the hydroxyl region, and putting the normalized data into the integrated form of the
rate equation, they found that all polyfunctional methylchlorosilanes followed a
reaction order of 1.6 at a reaction temperature of 573 °K. This means that 60% of
the silane reacts bifunctionally. The bimolecular reaction of trichlorosilane with
silica is presented as reaction (D):

S Si- OH d H HSi-0 H

+ Si Si +2Ha (D)

HSi-OH a Cl Si-0O " C!
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In addition to this reaction, they noticed a positive intercept in the fitting of the
experimental data by the rate equation, and ascribed this effect to an initial fast
reaction (E):

OH cl
) \
ESi-OH + Si — -*-rSi-cl o+ si 0B

Cl H

In his kinetic plots. Hair only considered a monomolecular reaction (A), and a
bimolecular reaction (D). He never mentioned the secondary reaction (B) or the side
reaction (C). Although his general conclusions on the stoichiometry of the reaction
may be correct, it is not excluded that other reactions than the two he mentioned are
involved.

Summarizing, the study of the chlorosilylation of the silica surface has given
rise to five possible reaction mechanisms, that are believed to occur simultaneously
or consecutively. In order to quantify all five mechanisms, the researcher needs at
least five independently measurable and quantifyable parameters. However, there
are often fewer independently measurable parameters than unknowns.  In these
cases, only semi-quantitative data can be obtained.

One possible way to optimize such a chemical modification, is to express the
experimental data in terms of effectiveness, surface coverage and stoichiometry.

2.1.2. Effectiveness, Surface Coverage and Stoichiometry23

In the case of a chemical modification of silica, the ratio of the number of
hydroxyl groups tmdergoing reaction (n Hn) to the total number of initial hydroxyl
groups (nouai) reflects the effectiveness factor N. If the specific surface area (sver) Of
the silica sample does not change during the reaction, the effectiveness factor can
also be expressed as a ratio of the number of silanols per nnf (oqn).

NOH(rj [mmol /g] a OH(r) #/nm2
nOH() [mmol/g] aOHa) #/nm2

However, using g as the only parameter in the optimization can often be
misleading, since the maximum degree of conversion is not only determined by the
number of reacting hydroxyl groups, but also by the mean cross-sectional area (Am)
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of the reacted group (steric hindrance effects). The surface coverage (9) is defined as
the ratio of the actual bonded species on the surface to the maximum number of
bonded species that is sterically possible.

9 =— =Am.aexp 2
max

Effectiveness and surface coverage are only indices for the amount of silanols
that have reacted. Depending on the functionality of the modifier, various reaction
mechanisms can take place.

A third parameter has to be introduced, yielding information on the different
kinds of surface species. A factorf reflecting the stoichiometry of the reaction, can
be defined as:

noHfrl a OHm
f=o—— ©)]

n modifiei(r) a modifier(r)

For a monomolecular reaction, fis 1 For a completely bimolecular reaction, where
2 silanol molecules react with one molecule of modifier, f = 2.

Let us now apply these general formulae to the chemisorption of
trichlorosilane on silica. Assuming that the reaction oftrichlorosilane with silica gel
only causes monodentate (reaction (A)) and bidentate (reactions (B) and (D))
species, the general formulae for effectiveness, surface coverage and stoichiometry
can be rewritten in function of OHkr) (number of reacted silanols, quantified by FTIR
spectroscopy2325 and ClI on the surface.

Since in the reaction (A), 1 silane linkage includes 2 CI groups and for a
bidentate species, 2 silane links include 1 CI group, one can write:

Cl 2MS+BS 2-BS
OH(r) ~ MS+2BS “ 1+BS 4)

where BS stands for the percentage of bidentate species and MS for the percentage
of monodentate species. The monodentate species can be substituted in Equation
(4), following the initial assumption that MS + BS = 1
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Rewriting Equation (4) as a function of BS, one obtains:

BS - OH(r) ©)

I +-° -
OH(r)

Formula (3) for the stoichiometiy factor can then be actualized for the TCS
chemisorption as:

OH(n)

(6)
r oH(1
=8 «ox + BS« 2W

When optimizing the surface modification, the first important factor to
consider is the effectiveness. The pretreatment temperature of the silica, the reaction
temperature and reaction time must be controlled to yield an effectiveness of 1
Remaining hydroxyl groups on the surface of silica gel are highly undesirable, since
they would cause uncontrollable side-effects in the following reaction steps.

Of all conditions, yielding an O of 1, those must be chosen which produce the
highest amount of reactive chlorine groups. This means that the surface coverage
must be as high as possible, and that the stoichiometry must approach unity.

Figure 7 shows the three parameters as a function of the pretreatment
temperature of the silica. All reactions occurred at 623 °K for 1 h. The surface
coverage curve is decreasing as a function of pretreatment temperature. A maximal
surface coverage is only possible at pretreatment temperatures below 673 °K.
However, as can be inferred from the figure, this situation is never achieved.
Therefore, it is recommendable to study the effectiveness curve. An effectiveness of
1 a very important condition to avoid unreacted silanol groups, only occurs at
pretreatment temperatures of 973 °K or higher. Based on these two curves, a
pretreatment temperature of 973 °K seems to be the best choice: it is the lowest
temperature (highest amount of readable silanols) at which complete silylation
occurs.

The stoichiometry curve can be subdivided into three regions. In the
temperature region between 473 °K and 673 °K. bimolecular and/or secondary
reactions are stoically possible. The stoichiometry factor of 1.6, found by Hair2L for
the reaction of silica, pretreated at 573 °K, with methyltrichlorosilane. is reflected in
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Figure 8. The ratio Cl over OH (reacted) for the reaction ofKieselgel 60 (pretreated at 973 K)
with TCS (at 623 K) as a function of reaction time.

these experiments. Equation (6) proves to be a very useful formula for a relatively
fast evaluation of the stoichiometry factor, provided that the initial condition (MS +
BS = 1) is fulfilled. The question whether these secondary' species originate front
bintolecular or secondary reactions, cannot be solved by this curve. In the
temperature region 673 °K-873 °K. the silanols are too far separated to be involved
in secondary or bimolecular reactions. In this region the stoichiometry factor is
obviously 1

In the pretreatment region above 873 °K, the silanol loading on the surface is
very low (cfr. Figure 1) and the formation,of bidentate species is excluded for steric
reasons.Z3 In this temperature region, f has no longer a physical meaning, since the
condition MS+BS=1 is no longer fulfilled, and side reactions (C) and (E) have to be
considered.

Figure 8 shows the ratio CI/OH, for the reaction on Kieselgel 60 (pretreated at
973 °K) with TCS at 623 °K at different reaction times. During the first 5 minutes
of the reaction, this ratio is close to 1, meaning that 1 OH is replaced by 1 CI group.
It seems very unlikely that this value is due to a combination of primary and
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secondary reactions.”3 Therefore, this value is most probably caused by the reaction
(E). This reaction indeed yields a CI/OH value of 1 So, Figure 8 confirms Hair's
statement that reaction (E) should be considered as afast initial reaction.

Reaction with Strained Siloxane Bridges

The above does not mean that reaction (C) with the siloxane bridges does not
occur. On the contrary, it is possible to present a number of arguments that suggest
a reaction with strained siloxane bridges at high pretreatment temperature of the
silica. Not only the concentration of the siloxane bridges increases with rising
pretreatment temperatures, they also show an enhanced reactivity. It is assumed
that with higher degassing temperatures, the remaining isolated hydroxyls are
progressively removed and that various types of structural changes must occur,
giving rise to the so-called strained siloxane bridges, which exhibit an enhanced
activity. Morrow stated that site is assumed to be an unsymmetrical siloxane
bridge, containing an electron deficient silicon atom, which can act as a Lewis acid
centre.

A relatively easy way to check the existence of a reaction with strained
siloxane bridges is to replace and/or block all surface hydroxyl groups by a reaction
with hexamethyldisilazane. In this way, we were able to prove that reaction with
strained siloxane bridges occurs at reaction temperatures > 623 °K and pretreatment
temperatures > 973 °K.23

3.2 Liquid-Phase Reaction with Alkylchlorosilanes (C8- Cis)

The formation of monolayers by self-assembly of organochlorosilanes on
various surfaces2/3) and organosullur compounds on gold3L® is well established.
The durability of the self-assembled monolayer is highly dependent on the
effectiveness of the anchoring to the surface. On gold, the attachment to the surface
is due to an interaction of sulphur end groups with the gold surface. However, the
nature of the attachment of the organochlorosilane with the surface is ill-defined.3*®

Octadecyltrichlorosilane (CigH37SiCl3, henceforth denoted OTS) is the most
common organosilane used for the formation of self-assembled monolayers and,
when reacted with silica surface, finds extensive use as a bonded phase in liquid
chromatography applications.3 A common mechanism proposed for attachment of
the chlorosilane to the surface®37 involves the hydrolysis of the chlorosilane groups
with water which is already on the surface ofthe substrate.
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The silanols which are formed then condense with the surface hydroxyls
groups to form stable linkages to the substrate. In practice, a curing process is
usually required to condense adjacent silanols attached to the organosilane to form a
cross-linked 'mat' on the surface. Part of the difficulty in determining the nature of
the attachment to the surface arises from the lack of direct spectral evidence, due to
the low surface areas of the substrates.

In 1992 Tripp and Hair’8 unified the two chlorosilane approaches by reacting
OTS with a high surface area amorphous silica gel, in order to probe
spectroscopically the different surface species. Using a home-made in situ liquid
infrared cell, they derived following conclusions:

1 OTS does not react with degassed silica at room temperature. The
infrared band of the free hydroxyls shifts to 3690 cm'1 but does not
change in intensity. This indicates that the chlorosilane is
physisorbed (H-bridged) on the silica surface. Subsequent degassing
removes all adsorbed species.

This conclusion is not surprising. Also, (methyl)chlorosilanes do not
react with the silica surface at room temperature.  Reaction
temperatures > 473 °K are required to achieve noticeable reaction.
The boiling point of octadecyltrichlorosilane is 433 °K. It would be
very interesting to see what happens at reflux temperature.

2. OTS does react slightly with ‘wet' silica at room temperature,
containing multilayers of water on the surface. The broad band at
3650 c¢cm'l decreases slightly, and a band at 3350 cm'l arises,
attributed to trisilanols.340 Tripp and Hair3 state that the first layer
of water is strongly bonded to the surface and does not participate in
the hydrolysis ofthe chlorosilane headgroup ofthe OTS molecule.

Subsequent layers wuuld be less strongly bonded to the surface and
would be able to participate in direct hydrolysis ofthe OTS.

Since the hydrolysis and adsorption of the OTS occurs with the subsequent
layers of water, an optimum level is necessary to form robust films: too little water
results in the formation of an incomplete monolayer, whereas a thick water layer
causes a polymerization of the OTS with the water, resulting in a very poor
adherence to the silica surface.
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Not only octadecyltrichlorosilane is unreactive towards dry silica at room
temperature. This is also the case for the chlorosilanes and the methylchlorosilanes.
It was stated earlier that the vapour phase reaction occurs at elevated temperatures
(> 473 °K). This high-temperature constraint limits potential gas phase silanizing
agents to those which have a high thermal stability and sufficient vapour pressure.

In practice, the common method for silanization of silica is to mix a
chlorosilane Math a hydrated silica in a suitable organic solvent. A common
mechanism reported for this reaction is that the chlorosilane is first hydrolyzed by
the water and this is followed by the condensation with the surface hydroxyl groups
to form a strong Si-O-Si surface bond.

If the starting silane contains a trichlorosilyl headgroup, then further
condensation between adjacent silanes can occur, yielding a two-dimensional
polysiloxane network. The occurrence of the first step, the hydrolysis of the
chlorosilane to a silanol by the surface water is amply supported by the
literature. 33134

At either the solid/gas or solid/liquid interface the chlorosilane does not adsorb
onto a completely dehydrated silica and is hydrolyzed to the silanol with the surface
water ofa hydrated silica.

However, Tripp and Hair2 have shown that the second critical step (i.e.
condensation of the silanol with the surface hydroxyls groups) does not occur. At
the solid/gas interface, the silanol adsorbs on the surface but does not undergo
condensation or polymerization, whereas at the solid/liquid interface, the silanol
polymerizes in solution and adsorbs on the surface.

In neither case there is a strong Sis-0-Si bond formed with the substrate. It is
the absence of Sis-0-Si surface linkages that is responsible for the general lack of
robustness of silanized surfaces prepared from solution.

In a subsequent publication, Tripp and Hair43 describe a new method to
chemically bind chlorosilanes to the surface under mild reaction conditions. In fact,
there are two possible ways for a base-catalyzed chemisorption of chlorosilanes on
silica.

One possible strategy is to use a base to promote the reaction of chlorosilanes
with the surface silanols.

In essence, this reaction proceeds by a one-stage nucleophilic mechanism
through the formation of a pentacoordinate silicon intermediate (reaction (F)).
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RjSIiCl + Nu "o .R 3)

The Si-Cl bond is lengthened in the intermediate and is susceptible to attack by a
second nucleophile:"4

x Si-R + =Si-OH *Si - OSIR3 + HC1 + Nu (G)

An alternative mechanism for the base-promoted reaction of silanes with silica
has been described by Blitz et al.4 In this mechanism, the base attacks directly to
the surface silanols. The bonded amine renders the silanol more nucleophilic winch
then attacks the silicon atom of an approaching silane, giving rise to a
pentacoordinate intermediate.

N(EY),
H 4
N(Et). 6-
-V -
H
N(EY) dq NEy CN CH3 HIL
H3C 2 7 /6 s T e
+a 36iCH3 u a cl 3

In both mechanisms a pentacoordinate intermediate is postulated. The main
difference is that the pentacoordinate intermediate is formed by attachment of the
amine to the chlorosilane in one case and by attachment to a surface Si-O group in
the other. The main problem associated with base-catalized silanization is that it is
very difficult to prevent polymerization of the silane in solution.  Rapid
polymerization of the chlorosilane occurs in solution unless extreme precautions are
taken to exclude contact with residual water.
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Thus, in a typical base-promoted silanization on silica, it is more likely that
both polymerization and surface reaction occur to some extent. Both mechanisms
can account for polymerization. The intermediate formed by attachment of the
amine to the chlorosilane could react with nucleophiles (i.e.. molecular water) other
than the surface silanols. In the mechanism described by Blitz et al., the
chlorosilane (either attached or in solution) could be hydrolyzed to the trisilanol by
molecular water and the trisilanol offers an additional source of silanols for base
attachment and subsequent polymerization. Polymerization often results in a thick
silane layer on the surface that in many cases, is undesirable.

Polymerization is not possible in the complete absence of water or when
reactions are carried out using monochlorosilanes. However, trichlorosilanes are
attractive because it is possible to increase the strength of the adsorbed silane layer
through cross-linking between adjacent molecules. The other approach, the
exclusion of trace quantities of water, especially in solution, is extremely difficult
and cost!}.

In 1993. Tripp and Hair43described a method to promote the direct reaction of
the chlorosilyl headgroup with the surface hydroxyls groups, using a nitrogen-
containing base (triethylamine). In this method, polymerization is avoided because
the base and chlorosilane are not added simultaneously but subsequentially in a two-
step process.

4. Modification of the silica surface with Aminosilanes

For a fundamental understanding of the processes occurring dining the
modification, a distinction has to be made between processes taking place in the
reaction step and in the post-reaction curing.

In the reaction phase, three types of interaction of the aminosilane molecule (in
this case APTS, y-aminopropyltriethoxysilane; (CHsCftOfiSi-CHoCHIQUNH.)
with the silica surface have been reported447 (Figure 9). The amine may enter into a
hydrogen bonding interaction with a surface hydroxyl group. The basic amine may
abstract a proton from a silanol group and form an ionic bond. This type of
interaction is much more stable than the first one. The hydrogen-bonded molecules
may self-catalyze the condensation of the silicon side of the silane molecule. Thus, a
covalent siloxane bond is formed.

In order to determine the extent of all three of the interaction types in the reaction
phase, a leaching test was performed on a non-cured sample.484 Upon stirring
in ethanol, the weakly bonded silane molecules desorb and the amount is
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Figure 9. Surface - aminosilane interactions in the loading step, (a) hydrogen bonding, (b)
proton transfer, (c) condensation to siloxane.

Figure 10. Ethanol leaching curves of uncured modified silica; () APTS, (b) n-butylamine.
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Figure 11. Silane loading on dried mesoporous silica gel as a function of reaction time.
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Figure 12. Total surface coverage of APTS modified silica gel, with variable pretreatment
temperature.
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measured quantitatively by means of a colour reaction with salicylic aldehyde.8
Phvsisorbed molecules desorb, while ionic and covalently bound molecules are stable
towards tills ethanol leaching. In Figure 10, the relative percentages of silane lost
from the surface is displayed as a function of leaching time.

From the APTS leaching curve (curve a), we obtain a relative amount of about
10% of the coating which is only physically bonded to the surface before curing.

In order to distinguish the ionic bonding from the covalent attachment, the
same test was performed using n-butylamine (curve b). The amine group interaction
of butylamine is similar to APTS, but there is no silicon atom present to form
covalent linkages. 22% of the butylamine appears to be stable towards the ethanol
leaching. Therefore, it was concluded that 22% of the coating is in ionic interaction
with the surface, 10% is hydrogen bonded and 68% is covalently bonded after 2h of
reaction at room temperature.

The course of the aminosilanc deposition during the reaction phase was
measured using free sampling analysis. After certain reaction times, samples are
taken from the reaction mixture, which are then frozen to stop the reaction. After
melting and separation, the amount of reacted silane is measured.

The reaction profiles of APTS and AEAPTS (N-p-aminoethyl-y-aininopropyl-
trimethoxysilane; (CFI30)3SiCH2CH2CH2NHCFI2CH2NH2) are displayed in Figure
11. Both compounds reach an equilibrium adsorption within 1 min of reaction. This
reflects the quick adsorption of the amine group, forming hydrogen bonds with the
surface silanol groups.

For the AEAPTS, earning two amine groups, a two-step adsorption is found.
This indicates that an amine group of the organic chain remains free in the first step
and is able to adsorb an additional layer of silane molecules. Since secondary amines
are better acceptors for hydrogen bonds, it will be the primary amine function at the
end of the organic chain that remains free. Upon adsorption of the secondary layer,
an equilibrium situation is again reached.

For the monofunctional silane, the first equilibrium is followed by an
additional adsorption, which does not have a step-wise profile. The equilibrium
situation is related to the localized adsorption of silane molecules on tire surface
hydroxyl groups, thus forming a monolayer coating on the surface.

In order to study the effect of substrate related parameters, the pretreatment
temperature of the silica substrate may be varied. In Figure 12, the total coverage,
expressed as number of APTS molecules per nm2, is displayed as a function of the
pretreatment temperature.
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The total coverage is a measure for both chemically and physically adsorbed
silane species. The degree of surface hydration and hydroxylation, as well as the
specific surface of the silica, varies with varying pretreatment temperature. In the
low temperature region (< 473 °K) a decrease of surface loading with increasing
temperature is observed. If surface water is present, surface adsorbed molecules
hydrolyze and condense with other silane molecules. Thus, a multilayer coating is
obtained.

At higher pretreatment temperatures, a constant loading is observed. While the
degree of hydroxylation decreases in this temperature region, the specific surface
area remains constant. Therefore, the total coverage is controlled by the specific
surface area of the silica, rather than by the hydroxyl group content. Silane
molecules are deposited on the silica surface with each molecule covering 0.5 ran2
The previously mentioned course of APTS deposition, may be interpreted as a
silanol group specific initial deposition, reaching equilibrium, followed by a filling
of the free space on the silica surface. Non-specifically adsorbed molecules will
desorb quickly in the curing phase.

For silica pretreated at 1073 °K, an increased surface coverage is observed.
This may be due either to the structure of the coating layer, involving multilayer
formation or to a change in the molecular orientation at the surface, or to the
different porous structure of the 1073 °K pretreated silica. None of these hypotheses
can be excluded on the basis of these data. The participation of strained siloxane
groupsAl is another possible explanation. It has been previously reported that those
siloxanes may enter into physical and chemical interactions with silanes®53 and
ammonia.54% Here it appears that aminosilanes are also able to react with strained
siloxane bridges.% It has been generally accepted that the majority of the silane-to-
surface siloxane bonds are formed in the curing phase. Above, we have
demonstrated that already in the reaction phase 68% of the APTS molecules have
formed at least one chemical bond with the surface. The formation of covalent
bonds in the curing phase has been probed by a similar ethanol leaching test.

In Figure 13 the stability towards ethanol leaching is plotted as a function of
curing time. Curves for both APTS and APDMS (y-aminopropyl-
diethoxymethylsilane; (CHjCHaOjiC"SIC*CACTTM-L) are displayed. It can be
seen that the APTS reaches its maximal stability within 3h of curing. Only 2% of
the coating remains merely physisorbed. For the APDMS. maximal stability is
reached after a much longer time. APDMS needs 20h of curing before maximal
stability is reached. The difference in condensation behaviour is clearly due to the
different number of ethoxy groups in the silane molecule. The higher number of
ethoxy groups ofthe APTS molecule causes a much faster stabilization.
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Figure 13. Amount of physisorbed silane molecules per g of modified silica as a function of
curing time in vacuum.

Figure 14. Flip mechanism for APTS reaction in dry conditions, (&) physisorption, (b)
condensation, (c) main structure after curing.

Concerning the amine side of the molecule, valuable information can be drawn
from 13C solid state NMR spectra. The results have been reported elsewhere,%but it
is worthwhile to recapitulate the conclusions. From the position of the peak due to
the p*C atom of the propyl chain, information on the mobility of the aminopropyl
chain may be obtained. It appeared that upon curing, the amine group relinquishes
its interaction with the silica surface.

Therefore, the aminosilane molecule turns from the original amine-down
position in the reaction phase towards an amine-up position after condensation. This
is called the flip-mechanism (Figure 14).
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SUMMARY

In this review, we have discussed the silylation of silica with various silanes,
including chlorosilanes, organosilanes and aminosilanes, both in the liquid phase
and in the gas phase. In every case, the reaction mechanism involved is more
complex than is often believed. Many reactions can occur simultaneously and the
resulting surface layer depends largely on the synthesis conditions.

Special attention should be given to the role of water in the synthesis
procedure. Water can occur as physisorbed molecules on the substrate prior to
modification, but it may be involved in the reaction mixture itself or even as
humidity during the post-reaction curing step. In every case, the water molecules
have an enormous impact on the modification reactions, causing a polymerization of
the silane molecules, resulting in a thick but irreproducible and irregular surface
layer.

Since in these modification reactions, there are often more unknowns than
independently measurable values, the parameters that facilitate the optimization ofa
modification, such as effectiveness, surface coverage and stoichiometry, have been
introduced and exemplified.
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REACTIONS OF ETHOXYSILANES WITH
SILICA: A SOLID-STATE NMR STUDY
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ABSTRACT

Ethoxysilanes are of growing interest in the fields of
immobilized catalysts and chromatography. In spite of this, the
reactions of ethoxysilanes with silica surfaces are still not fully
explored.  This contribution demonstrates that besides the
reaction temperature and the degree of dryness of the silica
surface, the solvent plays a crucial role during the silanization
step: Optimal surface coverage can, for example, be obtained
either without solvent or with hydrocarbons like iso-octane or
pentane under mild reaction conditions. Hereby, 13C and 28i
solid-state NMR spectroscopy serves as a powerful analytical
method. The modified silica can be successfully applied for the
purification of bifunctional phosphines and their carbonylnickel
complexes.

INTRODUCTION
Alkoxvsilane reagents are important for a variety of chemical
applications: In the form of bifunctional phosphine linkers they can be used in

order to immobilize catalysts on inorganic supports,I' most often on silica.8
The other application lies in the field of silanized silica for chromatography.924
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The most powerful method in order to characterize silane modified
silica is solid-state NMR spectroscopy.3711'29 Using Magic Angle Spinning
(MAS,2529) and Cross Polarization (CP,2529) the surface species can be detected
without any difficulties arising from the bulk material.

The advantages of alkoxysilanes as compared to chlorosilanes, are that no
acidic byproducts are formed upon reaction with silica, which could destroy
sensitive transition metal complexes when they are immobilized on silica or
chromatographed. Furthermore, due to addition reactions of alkoxysilanes to
surface siloxane groups, there is no need for "endcapping” in a further step.3

However, in contrast to the reactions of chlorosilanes, comparatively few
studies deal with the reactions of ethoxysilanes with silica
surfaces.45111315222131  Triethoxysilanes are most interesting, because they
should provide a strong bonding to the support via up to three siloxane bonds.

Up to now, the dependence of the number of siloxane bonds formed on the
reaction temperature and the degree of dryness of the silica used has been
primarily studied. In the following, we want to shed some light on the
influence of the solvent used for the silanization procedure.

EXPERIMENTAL SECTION

a) Solid-State NM R Spectroscopy

All the spectra were recorded on a BRUKER MSL 300 NMR
spectrometer, equipped with a 7 mm broadband double bearing MAS
probehead and Zr02 rotors. The modified silica was loosely filled into the
rotors under air. Cross polarization (CP) and Magic Angle Spinning (MAS)
with a rotational speed of 4 kHz was applied for all the spectra shown. The
contact times were 5 ms (13C), 1 ms (3P) or 6 ms (28i), if not stated otherwise,
and the relaxation delays 4 s ("C, 3IP), and 10 s (29Si).

For all measurements, 500 to 1000 transients gave satisfactory signal to
noise ratios. All spectra were recorded at room temperature (298 K). The 13C,
2Si, and 3P NMR spectra were referenced with respect to external solid
adamantane, [(CH3)3Si]4Si. and NH4H2P 04, respectively. For the exponential
multiplication, line broadening factors of 40 Hz (13C) and 60 Hz (29Si, 3IP)
were applied.
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b) Preparation of the Silica

The silica was dried in a vacuum of about 10'2Pa for 12 h either at 600 °C
(Si02(600)) or 25 °C (Si0225)) prior to use. All the experiments were carried
out with Merck silica 40 (specific surface area: 750 nr/g; average pore size: 40
A; particle size 0.063 - 0.2 mm). All solvents used were rigorously dried by
standard procedures.

c¢) Silanization Procedures

All the silanization reactions were carried out following this scheme: 1g
of silica was suspended in about 50 mL of the indicated solvent. Then 1mL of
the ethoxysilane was added and the reaction mixture stirred for 12 h at the
temperature given in the text. Finally the supernatant solution was decanted
and the silica was washed three times with pentane, before it was dried in
vacuo for about 4 h.

RESULTS
1. 13C CP/MAS Spectra

All the studies presented here were carried out with trimethylethoxysilane
(1), vinyltriethoxysilane (2), and 3-chloropropyltriethoxysilane (3). The silica
was dried in vacuo at 600 °C (SiO2600)) or at 25 °C (Si0225)), in order to
condense surface silanol groups or to remove adsorbed water.8 When pure
(CH2=CH)SIi(OEt)3 (2) is reacted with both types of silica, the 13 CP/MAS
spectra of the materials shown in Fig. 1result

The 13 NMR signals at 16.6 ppm and 58.4 ppm stem from the methyl
and methylene groups of residual silane- or surface-bound ethoxy groups.3d
The resonances at 129.7 and 135.1 ppm, with their rotational sidebands and.
therefore, larger CSA (Chemical Shift Anisotropy,2529) can be attributed to the
CH2and CH carbon atoms, respectively.® This assignment is in accord with
the halfwidths of the vinyl carbon signals. The CH group gives a broader 13C
resonance, because it is less mobile than the CH2 group, which can rotate about
the Si-CH axis.

While, in the case of rigorously dried silica (Fig. 1 B), a large amount of
ethoxy groups is retained on the surface, silicas containing more Si-OH groups
lead to a lower ratio of EtO groups to vinyl groups (Fig. 1 A). The analogous
observation is made, when CI(CH2)3Si(OEt)3(3) is reacted with silica. Again.



2756 BEHRINGER AND BLUMEL

Figure 1. 75.5 MHz. 13C CP/MAS spectra of vinyltriethoxysilane (2) after reaction with
Si0225) (A) and SiO2600) (B). Details see text and Experimental Section.

the resonances of ethoxy groups (17.0 and 58.3 ppm) are visible besides those
of the CI1CH2 (45.8 ppm). CH2Si (8.8 ppm), and CH2CH2CH2 (25.8 ppm)
signals.

2. The Influence of Reaction Time

When SiO2(600) is treated with an excess of pure 2 for 12 h at 60 °C, after
washing and drying, a material results, whose 2Si CP/MAS spectrum is
displayed in Fig. 2 A. Adding again an excess of 2 and stirring the slurry for
three more days at 60 °C, leads to the 20Si CP/MAS spectrum shown in Fig. 2
B. While the signal intensities of the HO-Si03 and Si04 29Si resonances at
-102 and -110 ppm are somewhat sensitive to changes of the contact time, as
described in ref.,13 the signal intensities within the silane region were not
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Figure 2. 59.6 MHz 268i CP/MAS spectra of SiO2(600) after reaction with
vmyltriethoxysilane (2) for 12 h (A) and for 3 days (B). a, b, and c denote silane species
with 1,2, and 3 siloxane bonds. Details see text and Experimental Section.

altered within the range of contact times from 5to 12 ms. Both spectra of Fig.
2 are recorded with a contact time of 6 ms and the same batch of silica is
employed. Therefore, a rough estimate of quantities should be feasible. While
the silanol signal is shrinking somewhat with prolonged heating of the
material, the overall signal intensity in the silane region remains roughly
unchanged. The assignment ofthe resonances a, b, and c (Fig. 2) at -65.7,
-71.6, and -79.8 ppm is made in analogy for example to refs.:1213225 The more
siloxane bridges to the support are formed, the lower is the resonance
frequency. The resonance at -65.7 ppm corresponds to (CH2=CH)Si(0Et)2-0-
{SiO; } exclusively, while cross-linking might take place in the case of the other
two resonances with more than one siloxane group.

When silica Si02(25) is applied for the same reactions, the intensities of
the silane signals b and c are greater, while the sum of the silane signal
intensities is somewhat lower than in the case of SiO2600). The analogous
trends are observed in all the above reactions, when the chloropropylsilane 3 is
used instead of 2. The silane signals corresponding to a, b, and ¢ have the
chemical shifts -51.5, -58.7, and -65.7 ppm. When all the materials described
in this paragraph are treated with an excess of Me3Si(OEt) at 80 °C in toluene
for 12 h, the 20Si CP/MAS spectra do not even show traces of surface bound 1.
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Figure 3. 59.6 MHz Z5i CP/MAS spectra of SiC>2(600) after reaction with
vinyltriethoxysilane (2) in the solvents indicated. Details see text and Experimental
Section.

3. The Influence of the Solvent

In order to study the influence of the solvent, silica SiO2(600) can be
reacted with 2 and 3 under identical reaction conditions (80 °C, 12 h) but using
different solvents, namely CC14, /.so-octane, toluene, and triglyme In analogous
runs at 25 °C, ether, acetone, and pentane is applied.

Three representative 20Si CP/MAS spectra of the materials are displayed
in Fig. 3. Since the silane signal intensities are not very sensitive to the CP
parameters used, a rough quantitative judgment might be allowed. In the case
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of the solvents ether, acetone, and triglyme, no silane signals could be detected
in the 2Si CP/MAS spectra (Fig. 3, top trace). CC14 gave a spectrum
analogous to the one when toluene was applied (Fig. 3, middle spectrum), while
pentane resulted in comparable silane signal intensity, but with a ratio of about
1: 1 of species a and b. z.w-Octane leads to maximal silane signal intensity
and the nearly exclusive presence of species a bound by one siloxane bridge to
the support. The surface coverage, however, does not reach the one found
when silica is treated with 2 without any solvent (Fig. 2). The results of the
reactions of 3 with SiO2(600) parallel closely the ones found for 2. When the
materials described in this and the previous paragraph are treated with triglyme
at 80 °C or with acetone at 25 °C for 12 h, the overall surface coverage with
silanes does not change.

4. Chromatographic Purification of  Phosphines and their Nickel
Complexes

Bifunctional phosphines, like PhZ2P(CeH4)SiMe2SiOEt (4) and
Ph2P(C6H4)Si(OEYs (5) and their carbonylnickel complexes,33 are difficult to
purify. Most often they do not crystallize and due to their weight, they cannot
be sublimed. Ordinary chromatography does not help here, because 4 and 5 are
immobilized on silica. Silane modified silica, however, is suitable for the
purification of these species. = While commercial Me2SiCI2- modified silica
leads to major loss of phosphines, optimal results have been obtained with the
silica modified with 1 and described in Ref. 31.

For example, when 4 is applied to a column packed with Me3Si-0-
(Si02}/pentane. all pentane-soluble impurities can be removed by elution with
this solvent. Due to strong adsorption of 4 on the stationary phase, it does not
migrate with pentane. The adsorption can be seen in the 3P CP/MAS spectrum
after drying the column material.

The narrow linewidth and the NMR behavior are indicative of merely
adsorbed phosphine.334 The phosphines and nickel complexes can be eluted as
a narrow band by applying a solvent mixture of pentane and THF in the ratio 8
1 2. The purity of the nickel complexes can. for example, be checked by 6LNi
NMR spectroscopy.3 Strongly colored orange-brown impurities stay on the
column, while the phosphines and their complexes are eluted as colorless oils.
There is usually only minimal loss of the substrates and the absence of
phosphine species on the stationary phase can again be checked by 3IP CP/MAS
spectroscopy.
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DISCUSSION

1. Addition or Condensation Reactions?

Figure 1 shows that in the case of rigorously dried silica SiO2(600), more
ethoxy groups are retained than with Si02(25). This rough quantitative
interpretation should be allowed regarding the high mobility of all the groups
present2021.24 and, keeping in mind, that both spectra have been recorded under
identical conditions and they display the same species. Therefore, these results
with the triethoxysilanes 2 and 3 follow the trend already observed for the
monoethoxysilane 1.3l However, the results for 2 and 3 are not that clearcut.
For example, the ratio of vinyl to ethoxy groups as found in spectrum 1B is
about 1:2 which means that on average one ethoxy group of originally three is
lost during the immobilization.  Therefore, the addition reaction of the
triethoxysilane group to surface siloxane groups3L33 is not the only reaction
taking place here. There must be either a condensation reaction with residual
surface silanol groups or some cross-linking between adjacent surface bound
silanes.

On the other hand, in the case of Si02(25), there are more OEt- groups
present than there should be, according to the corresponding 29Si CP/MAS
spectrum. This again, corroborates the assumption of addition reactions taking
place.3L%

These results, however, mean that there is always a variable amount of
ethoxy groups present and, that determinations of surface coverages by
elemental analysis are not very reliable without the knowledge of the ethoxy-
group ratio, as determined by 13C CP/MAS spectroscopy.

2. The Reaction Time and Temperature

When silane modified silica is heated for a prolonged period of time with
additional ethoxysilane present, the surface coverage with silane does not
increase substantially, which can be seen in Fig. 2. This means that the
ethoxysilanes already cover the silica surface with maximal density, even if
they are bound by only one siloxane bond to silica. The already surface-bound
vinylsilane groups, due to sterical reasons, prevent the attack of further silane
reagent. This assumption is further corroborated by the finding, that no traces
of Me3Si groups can be found on the surface, when the material of spectrum 2
A is treated with 1. This means that a) no endcapping is necessary or possible
when alkoxysilane reagents are used to modify silica and b) that
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monoethoxysilanes should lead to the same dense surface coverage as
triethoxysilanes. However, prolonged heating in the case of the latter leads to
the formation of additional siloxane bonds, which might make the bonding to
the support stronger and enhance the lifetime of chromatographic materials or
immobilized catalysts.

The formation of more than one siloxane bond to the support is facilitated
when the amount of surface silanol groups is increased. This means that in
contrast to the formation of the first siloxane bond, where the addition reaction
to surface siloxane groups seems to be preferred,3'38 the formation of one or
two more siloxane bridges needs - probably due to steric reasons - adjacent
silanol groups. This assumption is corroborated, for example, by the signal
intensity of the surface silanol signals, which diminishes on going from
spectrum 2A to 2B.

3. Which solvent should be chosen?

The above results and Fig. 3 show, that given one type of silica, the
solvent applied plays a crucial role regarding the surface coverage with silanes
and the number of siloxane bonds formed. While polar solvents lead to
minimal coverages, if at all, the unpolar solvents pentane and iso-octane give
large signals in the silane regions of the 20Si CP/MAS spectra (Fig. 3).
However, maximal signal intensities are obtained without any solvent (Fig. 2).
We interpret these findings as being the results of strong adsorption of the
solvents on the silica surface.37 The stronger the adsorption on the surface, the
denser is the shielding towards attacking ethoxysilane reagents. However, once
siloxane bridges are formed, they are not broken by polar solvents, since the
surface coverage stays the same after treatment with polar solvents (results, 3.).

This assumption of strong adsorption of polar solvents on the silica
surface is corroborated by the linewidth reduction of suspension NMR signals,
when phosphine moieties are detached from the support by polar solvents.38

The above results also demonstrate, that regarding the surface coverages,
aromatic solvents like toluene, which are commonly used for the silanization
procedures, are not optimal. The surface coverages are greater when
hydrocarbons like ;so-octane or pentane are used. These two solvents are
indicative of an influence of solvent viscosity on the number of siloxane bridges
formed. The less viscous pentane probably allows greater mobility of the
surface-bound silane and. therefore, sterically facilitates the formation of
further siloxane bonds.
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4. Chromatography of Bifunctional Phosphines

Chapter 4 of the Results section shows, that silica modified with
alkoxysilane reagents can be applied for the successful chromatographic
purification of bifunctional phosphines and their complexes. Although the
procedure described is not a real reverse phase chromatography, it is still very
useful, simple and effective.

As in the case of 1, the ethoxysilane groups of 4 and 5 do not remove the
silanes already bound to the support via siloxane bonds. Since no acidic
byproducts are formed during the silanization step with ethoxysilane reagents,
no phosphonium salts are formed on the stationary phase.

CONCLUSIONS

In this contribution, it is demonstrated by solid-state NMR spectroscopy,
that during the silanization of silica with ethoxysilanes a) the solvent applied
determines the surface coverage and number of siloxane bonds formed, and b)
that the number of siloxane bonds formed is further dependent on the reaction
time and temperature, and of the degree of dryness of the silica. Silica
modified with trimethylethoxysilane can be applied for the purification of
bifunctional phosphines and their nickel complexes.
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ABSTRACT

Adsorption-desorption isotherms were measured for selected
chromatographic silica gels with chemically bonded octyl groups.
The standard sorption characterization of these packings
provided the BET specific surface area, the total pore volume and
the pore size distribution. Advanced numerical methods based
on the density functional theory and the regularization method
were used to calculate the pore volume and the adsorption energy
distributions. The surface and structural properties of the silicas
with chemically bonded octyl phases were compared to those of
the original silica gels. The surface coverage of octyl groups
occurred to be similar for all samples studied After the octyl
groups were bonded, the porous structure of the silica gels was
not altered significantly, resulting in similar adsorption behavior
of both unmodified and modified silica gels at pressures close to
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the saturation pressure. However, the adsorption properties in
low pressure region were changed significantly. Namely, all
modified silicas exhibited very low adsorption and similar shape
of adsorption isotherms at low pressures. Therefore, their
adsorption energy distributions resembled each other and did not
feature the higher energy sites present on the surface of
unmodified silicas. The low pressure adsorption behavior
indicates that essentially all higher energy sites on the silica
surface reacted in the course of the chemical modification.

INTRODUCTION

Porous silicas are widely applied in liquid chromatography due to their
remarkable surface properties and high mechanical, thermal and chemical
stability.13 The surface of unmodified silica is polar and therefore bare silica
is suitable for normal phase (NP) liquid chromatography (LC) separations.
However, the presence of surface silanol groups allows us to chemically bond
organic ligands, which change the polarity of the surface. Chemically bonded
stationary phases (CBP) found wide application in reverse phase (RP) liquid
chromatography.24 The introduction of specific interaction sites in
hydrophobic ligands allows us to obtain CBP useful in separations of polar
compounds, such as drugs, antibiotics and peptides.” 8 Chirally selective CBPs,
for example immobilized cyclodextrines, proteins or Pirkle-type phases,2 911
were also applied. However, many RP LC separations can be performed using
standard C8 or C]8 alkyl bonded stationary phases, which are much easier to
synthesize and usually more thermally and chemically stable.

The chromatographic properties of CBPs depend not only on the type of
ligands attached to the surface, but also on the properties of the silica used for
their synthesis.2 Hence, the surface and structural properties of the silica need
to be known in order to obtain well-defined CBPs in a reproducible way. Our
recent paperl2 reported extensive sorption studies of several commercially
available chromatographic silica gels. Adsorption-desorption measurements in
a wide pressure range were used to evaluate the specific surface area, the pore
size distribution and the adsorption energy distribution for the silicas under
study. The specific surface area is required to meaningfully compare different
stationary phases with the same bonded groups on the basis of the surface
coverage of the ligands.4 The knowledge of the pore width and the pore size
distribution for silica gels allows one to choose a brand of silica best suited for a
given application as CBP support for chemically bonded phases.
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Table 1

Surface Coverage of Octyl Groups

Silica Manufacturer Percentage of  Surface Coverage
Carbon (pmol/m2)
Hypersil Alltech, IL, USA 2.52 3.9
LiChrospher EM Science, NJ, USA 2.68 4.1
Partisphere Whatman, Inc., NJ, USA 3.21 35
SG-7/G Polymer Institute 14.84 34
Bratislava, Slovakia
Silasorb Lachema. Brno, Czech 8.76 3.6
Republic
Vydac Supelco, PA, USA 3.98 41

The current paper is a continuation of the previous work,I” Several
commercially available silica gels were modified by the chemical bonding of
octyl (C8) ligands. Subsequently, the properties of the octyl CBPs and the
original silica gels were studied by means of nitrogen adsorption, elemental
analysis and high resolution thermal gravimetry.

The obtained data were used to compare the surface and structural
properties of the synthesized CBPs with one another and with the original silica
gels.

MATERIALS

The silica gels used in the current study are listed in Table 1. The octyl
phases were synthesized according to the following procedure. The silica gel
was dried in a glass reactor for 12 hours under vacuum (0.01 Pa) at 458 K.
Then, octvldimethylchlorosilane and dry morpholine were added and the
reaction mixture was kept at 388 K for 12 hours.

Subsequently, the silica with bonded stationary phases was washed with
toluene, methanol and hexane , and dried under vacuum at ambient
temperature.  The octyldimethylchlorosilane was purchased from Pertrach
System (Levitton, PA. USA) and morpholine was obtained from E. Merck.



2770 BEREZNITSKI ET AL.

METHODS

Sorption and Thermogravimetric Measurements

Nitrogen adsorption-desorption isotherms were measured on an ASAP
2010 volumetric sorption instrument from Micromeritics (Norcross, GA, USA).
The purity of nitrogen was 99.99 %. Before the measurements, samples were
degassed for 2 hours in the degas port of the adsorption apparatus at 473 K
under the vacuum of about 104 Torr. The measurements were performed for a
wide range of relative pressures, usually from 10'5in the case of bare silicas
and 103for octyl stationary phases.

Thermogravimetric measurements were performed under quasi-isothermal
conditions in a nitrogen atmosphere on a high resolution thermogravimetric
analyzer TGA 2950 from TA Instruments, Inc. (New Castle, DE, USA). The
elemental analysis was carried out by Huffman Laboratories (Golden, CO,
USA).

Characterization Methods

Most of the characterization methods used in the study were described in
details elsewhere.12 Several standard methods1314 were employed in order to
calculate the specific surface area, the total pore volume and the pore size
distribution for the samples studied. The specific surface area of the samples
was evaluated from the standard BET method. The micropore volume was
calculated from the t-plot method. The Barrett-Joynder-Halendra (BJH)
method was employed to obtain the pore size distributions, total pore volumes
and average pore sizes from adsorption and desorption data. Advanced
numerical procedures based on the regularization methodl5 were used to
calculate the adsorption energy and the pore volume distributions. The local
isotherms for pores of different sizes were obtained on the basis of the density’
functional theory.1617 In order to evaluate the adsorption energy distributions,
the Fowler-Guggenheim adsorption isotherm was used as a local isotherm in
the integral equation for the total amount adsorbed. The number of nearest
neighbors and their interaction energy (divided by the Boltzmann constant)
were set to 4 and 95 K, respectively. In most of our calculations, the
regularization parameter y was set to 0.1 for silicas and 0.01 for bonded
stationary phases. Further details of the methods employed in the study can be
found in our previous paper12and references therein.
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Figure 1. Thermogravimetric weight loss curves for unnodified Vydac and Wdac with
chemically bonded octyl phese.

RESULTS AND DISCUSSION

Shown in Table 1, are percentages of carbon in octyl CBPs and the surface
coverages of octyl groups. The latter were calculated on the basis of the BET
specific surface area and the percentage of carbon in the samplesi8 The octyl
group surface coverage for the samples was in the range from 3.4 to 4.1
mmol/m2 and tended to be higher for the samples of low surface areas. The
above values of the surface coverage indicate that an appreciable amount of
unreacted silanol groups is still present on the surface.19

In order to obtain information about thermal stability of the synthesized
CBPs. high resolution thermoanalytical measurements were carried out. The
samples were heated up to 1273 K in nitrogen atmosphere and the weight loss
was recorded. As it is shown in Figure |, after physically sorbed water was
removed, there was a small step on the weight loss curves for unmodified
silicas related to decomposition of surface silanols. In the case of silicas with
bonded octyl groups, the physically adsorbed water and solvents left from the
synthetic procedure were removed at the temperature below 373 K and the
weight loss curve leveled. Then, in the temperature interval from 573 to 1023
K, there appeared a considerable weight loss, which can be attributed to the
degradation of the chemically bonded stationary phase. The percentage of the
weight loss for this step is in a good agreement with a weight percentage of the
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Figure 2. Adsorption-desorption isotherms for the chemically bonded phases and
unmodified silicas.
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and unmodified silicas.
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Table 2

BET Specific Surface Area and BJH Desorption Total Pore VVolume
(1.7 to 300 nm)

Silica BET Surface Area BJH Total Pore Volume
(m2g) (cc/g)

Original C8Phase Original C8Phase
Hypersil 56 47 0.42 0.50
LiChrospher 57 67 0.61 0.71
Partisphere 81 58 0.72 0.59
SG-7/G 464 268 1.86 1.24
Silasorb 234 162 0.86 0.57
Vydac 86 64 0.49 0.47

bonded octyl groups in the samples. It can be seen in Figure 1, that the
temperature of 473 K is suitable for the outgassing procedure before adsorption
measurements, since it is high enough to remove physically adsorbed species,
but yet below the temperature of the degradation of the CBP.

Shown in Figures 2 and 3, are adsorption isotherms for the silicas with
CBP and the unmodified silicas. It can be noticed that the adsorption behavior
at high relative pressure (in the range from about 0.5 to 1 p/p0) does not change
significantly after the octyl groups were introduced, which indicates that the
porous structures of the samples were not altered appreciably in the course of
the modification. All isotherms are of the type IV (or intermediate between Il
and 1V) according to the IUPAC classification22l and exhibit adsorption-
desorption hysteresis loops . In the case of Hypersil, LiChrospher, Partisphere
and Vydac (both modified and unmodified), the hysteresis loop occurs at
relative pressures from about 0.85 to 0.95 and most closely resembles type HI
according to the IUPAC classification.20 2L SG-7/G and Silasorb exhibit
hysteresis loops intermediate between type HI and H2 for pressures from 0.75
to 0.95. The low pressure parts of the adsorption isotherms are shown in
Figure 3. For all Cxbonded phases, the adsorption at relative pressures up to
about 0.002 was very small, which was not the case for the original silica
samples. Moreover, the shape of low pressure parts of the isotherms for CBPs
was almost identical, which indicates, that their surface properties are similar.
The values of the BET specific surface area and the BJH pore volume
(calculated from the desorption data) are listed in Table 2. The average pore
size data obtained from the BJH method (adsorption and desorption) are shown
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Table 3

BJH Adsorption and Desorption Pore Diameter

Silica BJH Adsorption Average BJH Desorption Average
Pore Diameter (nm) Pore Diameter (nm)

Original C8Phase Original C8Phase
Hypersil 33 38 29 32
LiChrospher 57 36 39 32
Partisphere 37 34 30 31
SG-7/G 16 14 16 13
Silasorb 14 1 12 9
Vydac 26 23 23 21

in Table 3. It needs to be remarked, that the samples of the CBPs used for the
sorption measurements were very small and one might expect an error in
weighing the samples. Moreover, in the range of pressures very close to the
saturation pressure (above 0.95 relative pressure), the adsorption on the walls of
the glass tube with adsorbent may noticeably increase the gas uptake, which
introduces some error, especially for very small samples. However, the errors
are not expected to influence the shape of the isotherms (except for pressures
very close to the saturation pressure), the pore size distribution functions and
the adsorption energy distribution functions.

It can be expected, that the introduction of the octyl groups on the silica
surface would decrease the total pore volume, the average pore diameter and
the specific surface area of the samples, provided the only process in the course
of the modification is just chemical bonding between the surface silanol groups
and ligands. The reason is that the bonded groups would occupy some space in
the porous structure, decreasing the pore diameter and hence the volume of
pores, or maybe even block some of them and make them inaccessible to
nitrogen adsorption. Moreover, the presence of CBP increases the mass of the
sample, so even if the surface area or the pore volume are not altered, the
specific surface area and the specific pore volume will decrease. Our
measurements show that indeed such trends can be observed, especially for
samples of higher surface area (SG-7/G. Silasorb). where the decrease in the
specific surface area and the pore volume was quite pronounced. However, in
the case of the samples of the lowest surface area, the opposite tendency could
be noticed. The specific surface, the average pore diameter, the pore volume of
Hypersil and the pore volume of LiChrospher increased after the octyl groups
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Figure 4. Comparison of the differential pore volume distributions dbtained by means
of the BJH method (fromadsorption and desorption data) and the DFT software.

were bonded. It is not clear if these results arise from the experimental error
or they are caused by minor structural changes of the silica samples in the
course of their modification. Further studies are required in order to find out
the reason of these unexpected findings.

The pore size distributions (PSD) for the samples under study were
calculated by using BJH method (adsorption and desorption) and the DFT
software supplied by Micromeritics, Inc. Shown in Figure 4, are differential
PSD for Silasorb and Silasorb-based octyl stationary phase obtained by means
of these methods. The overall shape of the PSD functions for a given sample
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is similar, but there is a difference in the location of the peak corresponding to
the maximum on PSDs. Namely, the peaks from the DFT calculations lie
between these from the BJH adsorption and the BJH desorption. However, all
three methods consistently show no considerable differences between PSDs for
the original silica gel and the octyl CBP. It can be seen that in order to trace
the changes of porous structures of the samples, the results from one of these
methods need to be compared between one another.

In the current paper, the DFT software was used to provide the PSDs for
the samples under study. The DFT program is best suited to slitlike pores with
graphite type surfaces. The pores in silica gels are rather irregular in shape and
their surface has different properties than the surface of graphite. However,
PSDs are calculated from high pressure parts of isotherms, for which the
surface is covered by at least a monolayer of the adsorbate and the surface
properties are not that important, as in the submonolayer region. Secondly, the
studied silicas have fairly wide pores, for which the effect of the geometry
should be somewhat smaller. Finally, the comparative analysis of the
unmodified and the modified samples is performed. Therefore, the DFT
software was used to carry out the required PSD calculations, since it is
numerically the most advanced method available now.

The incremental pore size distribution functions are shown in Figure 5.
The PSDs for both octyl CBPs and the corresponding original silicas are of the
same shape and lie in the same pore size range, which indicates that the porous
structures of the samples were essentially unchanged in the course of the
modification. All samples are mostly mesoporous (mesopores are pores with
the widths between 2 and 50 nm according to the IUPAC
recommendations202l), but some of them (Hypersil, LiChrospher, Partisphere
and Vydac) also possess appreciable fractions of small macropores (the widths
above 50 nm). The PSDs show little or no evidence of the presence of
micropores, which is in agreement with the micropore volumes obtained from
the t-plot method.

The bonding of octyl groups to the silica surface is likely to decrease the
pore size diameter. However, taking into account the size of the bonded
ligand, the decrease is not expected to exceed 1 nm. The sizes of most pores
present in the samples are above 10 nm, which is much higher than the
expected decrease. Therefore, the latter decrease may be difficult to infer from
the pore size distribution functions. This actually seems to be the case, since
the distributions for some of the CBPs (Hypersil, LiChrospher, Silasorb) are
slightly shifted towards small pore sizes with respect to the distributions for the
unmodified silica gels, but this tendency is not well pronounced.
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Figure 5. Incremental pore volume distributions for the chemically bonded phases and
unmodified silicas.
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The adsorption energy distributions (AEDs) for both the CBPs and the
unmodified silicas are shown in Figure 6. In order to obtain the AED
functions, the inversion of the integral equation for the total amount adsorbed
needs to be performed.12 In the case of the CBPs, the inversion procedure
occurred to be stable even for small values of the regularization parameter (y).
The latter parameter indicates the degree of smoothing of the input data, which
is introduced in order to obtain numerically stable solution for the AED. In
Figure 7, shown are adsorption energy distributions for Silasorb and Silasorb-
based CBP, calculated for different values of y. The distribution for the CBP
does not exhibit negative (nonphysical) solutions for y as low as 10'4. In the
case of the silica gel, the negative solutions are present to some extent even for
the regularization parameter equal to 10"L The numerical stability of the
solutions for the octyl CBPs allows obtaining physically meaningful adsorption
energy distribution functions, with several (two to four; three in case of the
Silasorb-based CBP) coalesced but yet distinct peaks, appearing for similar
adsorption energy values for most CBP under study. However, their presence
or absence seems to be dependent on the number of points on the isotherms in
the submonolayer range of pressures. Further studies are needed to assess, if
these peaks correspond to some adsorption sites on the surface of CBPs or are
just the computational artefact. Because of the reasons mentioned above, the
values of the regularization parameter used in the current study were chosen to
be rather high and equal to 0.1 for the unmodified silicas and 0.01 for the octyl
CBPs. For some unmodified silicas, their AEDs exhibit small negative parts
(see Figure 7), which are nonphysical and therefore not shown in Figure 6.

The AED functions for unmodified silica gels cover the range from about
4 to 15 kJ/mol. The presence of small populations of higher energy sites (15-
20 kJ/mol) is evidenced for Hypersil and LiChrospher. Previous
thermogravimetric studies2 showed that these gels contain relatively high
amount of physically adsorbed water. The latter finding can be caused by the
presence of these higher adsorption energy sites. However, these high energy
tails may just be artefacts arising from the fact that too few isotherm data points
were available for the calculations. Hence, the definite solution of that
problem requires further studies. The distributions for bare silicas show the
presence of two or more broad peaks. One of them is well pronounced and
appears for about 6 kJ/mol, whereas the other peak, which corresponds to the
adsorption energy of about 11-13 kJ/mol, is broader and maybe coalesced with
other peaks. Because of that, the distributions show no considerable decrease
in the range of 10-12 kJ/mol and then decline rapidly in the energy interval of
about 13 to 15 kJ/mol. The adsorption energy distribution for SG-7/G is
somewhat distinct from the others, as it exhibits a rather steep decrease in
population of the adsorption energy sites in the range from 10 to 16 kJ/ mol.
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Figure 7. Comparison of the adsorption energy distributions calculated for different
values of the regularization parameter.

The adsorption energy distributions for the octyl CBPs differ significantly
from those for the unmodified silicas. The former are essentially the same for
all CBPs samples studied and lie in the adsorption energy range from 3 to 10
kJ/mol. They exhibit two more or less distinct peaks corresponding to energies
of 5 and about 8 kJ/mol. There is no evidence of the high energy sites (10-15
kJ/mol), which are present on the surface of the unmodified silicas. The
distributions for both unmodified and modified samples show low energy peaks
for very similar values of adsorption energies, that is 5-6 kJ/mol. It can be best
seen in Figure 7, where the same regularization parameters were applied for
both compared samples.
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In Figure 6, the lowest energy peaks for silicas and the corresponding
CBPs are somewhat shifted with respect to one another, most likely because of
the different values of the regularization parameter used in the calculations.

As it was mentioned before, the surface coverages of octyl groups indicate
that a considerable amount of unreacted silanol groups is still present on the
surface of the CBPs. It is not likely that the octyl groups are able to shield the
remaining silanols so effectively that the latter are not exposed to the nitrogen
adsorption. Moreover, the similar shape of the low energy parts of the AEDs
for both modified and unmodified silicas suggests that the low energy peaks
may correspond to the adsorption sites on the unshielded silica surface.
Therefore, the absence of the high energy sites on the surface of the CBPs
arises presumably from the fact that these sites reacted in the course of the
derivatization. The high energy sites can probably be identified with isolated
silanols, as other silanols can be involved with hydrogen bonding between one
another or with water molecules, which is likely to lower their accessibility
and/or their interaction energy with nitrogen molecules used for the adsorption
study. Other groups present on the surface of silica , such as siloxanes, are not
expected to interact strongly with the adsorbate.

Since low energy peaks on the adsorption energy distributions for the
CBPs seem to correspond to the peaks present on the AEDs for the unmodified
silicas, the same groups on the silica surface may be responsible for their
presence. But, adsorption energies of interactions of nitrogen molecules with
octyl ligands are still unidentified. However, they may just be similar to the
energy of one or even both of the low energy peaks, which seem to have their
counterparts in the distribution functions for unmodified silicas. This is
another problem, which would need to be addressed in further studies.

CONCLUSIONS

Samples of silicas with octyl bonded phases were analyzed by sorption
measurements, high resolution thermogravimetry and elemental analysis. The
latter technique allowed us to obtain the percentage of carbon in octyl bonded
phases. High resolution thermogravimetry was employed to assess the thermal
stability of the silicas and the CBPs studied. Nitrogen adsorption
measurements provided the specific surface area, the pore volume distribution
and the adsorption energy distribution for the samples. The surface and
structural properties of octyl CBPs were compared with each other and with
properties of corresponding unmodified silica gels. It was shown that although
the coverage of C8 groups varied by about 15% from one sample to another,
the surface properties of the octyl CBPs were quite similar, which can be seen
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from the low pressure adsorption behavior and the adsorption energy
distributions. Unmodified silicas possess considerable fraction of adsorption
sites of the adsorption energy between 10 and 15 kJ/mol. After octyl groups
were bonded, these sites were no longer evidenced, which can be explained by
assuming that most of them reacted in the course of the octyl group bonding.
Owing to the absence of high energy adsorption sites, the adsorbed amount for
octyl CBPs in low pressure region is much lower than in the case of unmodified
silicas. However, the high pressure behavior of both modified and unmodified
gels of the same type is similar, which indicates, that the porous structure of
gels is not altered significantly in the course of the chemical bonding of octyl
ligands.
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ABSTRACT

The purity of alkylnitrile compounds has been investigated
using gas chromatography (GC), gas chromatography-mass
spectrometry  (GC-MS) and high performance liquid
chromatography (HPLC). The investigation was carried out to
supplement earlier reported work using the alkylnitrile
compounds, hexanenitrile and valeronitrile, as mobile phase
additives in HPLC. GC impurity profiling and GC-MS
experiments showed the presence of low level nitrogenous
impurities in the alkylnitrile compounds. Analytical
interrogation and chemical isolation were employed to identify
the impurities as alkylamines. Tri-n-butylamine (TBA) and di-n-
pentylamine (DPA) impurities were found in batches of
hexanenitrile and valeronitrile respectively and it was found that
it was the amine impurities, at very low levels, which caused the
observed chromatographic improvements for basic solutes when
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using the alkylnitrile compounds as mobile phase additives in
reversed-phase HPLC. The amines themselves were
subsequently used at extremely low levels (ppm) in the mobile
phase and were found to be very effective in their action.

INTRODUCTION

The chromatography of basic solutes has always presented problems on
silica-based reverse phase columns because of the residual silanol groups
resident on the silica substrate.15 It is well known that silanol groups cause
undesired secondary retention processes and distorted peak shapes.268 Many
techniques are employed to overcome these problems e g. use of specialised
base-deactivated column packings and polymer coated phases.91l amine
additives1214and ion suppression.2

In an earlier investigation using aliphatic compounds as mobile phase
additives to influence the retention characteristics of solutes on reverse phase
media, we reported the successful use of alkylnitrile compounds to improve the
chromatography of basic solutes.1516 Our recent studies have shed further light
on this area and the results are reported here. Di-n-pentylamine (DPA)
impurities were found in batches of valeronitrile at very low levels using a
chemical isolation procedure and GC-MS analysis. Similarily, tri-n-butylamine
(TBA) was found in batches of hexanenitrile. Both DPA and TBA were shown
to be effective mobile phase additives in that only very low quantities (ppm)
were required to bring about good chromatography for some basic solutes.

This paper describes these recent findings which show that our initial
explanation for the observed chromatographic effects needs to be revised.

EXPERIMENTAL

Materials

HPLC

A Hewlett-Packard 1090M HPLC system (Stockport, UK) was used. Data
were collected and reduced using the Waters 860 Expert Ease data system
(Millipore, Watford, UK). HPLC grade solvents (Romil Chemicals,
Loughborough, UK) and purified water were used for the investigations. All
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Figure 1 GC Impurity profile chromatograms of two valeronitrile batches. [Column

DB 624, 30mx0.32mm, carrier gas:helium at 2.5 mLmin'*, split flow 50mLmin4;
Program: KTCmm1 from 40° to 240°C,injection: 1.0 ,uL at 200°C, Detection: FID at
250°C],

chemicals were of analytical grade (Aldrich, Gillingham, UK).
Chromatographic separations were performed on Spherisorb C8, 3 pm, 3 cm x
4.6 mm I D. columns (Phase Separations, Deeside, UK) thermostatted at 40°C.
The flow-rate was 1.0 mLmm1land UV detection set at 254 nm. The injection
volume was 1.0 pL.

Mobile phases were prepared from methanol-water (50:50 w/w) and the
additive and degassed with helium before use. The test solutes aniline, N-
methylaniline, and N, N-dimethylaniline were prepared in methanol at 0.5
mgem"3 concentration. All separations were carried out in isocratic mode.

GC and GC-MS
A Hewlett-Packard 5890 gas chromatograph (Stockport, UK) was used for

the GC experiments. A DB-624, 30m x 0.32mm, 1.8 pm film capillary column
(J&W Scientific. Folsom, USA) was used. Dichloromethane was used as the
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Figure 2. GC Impurity profile chromatograms of two hexanenitrile batches.
Conditions as in Figure 1, except program: 10°Cmin 1from 50° to 200°C]

sample diluent. GC-MS was performed using a Hewlett-Packard 5890 GC
coupled to a VG Trio-2 single quadrupole mass spectrometer (Altringham,
UK).

METHODS

Isolation of Impurities from and Purification of Alkylnitrile Compounds

Hexanenitrile and valeronitrile were purified individually by washing the
compound with 2M HC1 three times. The organic phase was then washed with
ag. NaHCO03three times to neutralise residual acid followed by three washings
of ag. NaCl until neutral. The organic phase was dried over anhydrous MgS04
and filtered to give the purified compound. The acidic aqueous washings from
the purification procedure were then adjusted to pH 12 with ag. NaOH and then
another extraction with dichloromethane performed. This dichloromethane
extract was analysed by GC.
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Figure 3. GC Chromatograms showing the presence of Impurity C in
hexanenitrile and its dichloromethane extract. [Conditions as in Figure 1],

RESULTS AND DISCUSSION

The chromatography of basic solutes has always been problematical on
silica-based reverse phase columns because of the residual silanol groups
resident on the silica substrate.5 It is well known that silanol groups cause
undesired secondary retention processes and give rise to distorted peak
shapes.268

Many techniques are employed to overcome these problems e.g. use of
specialised base-deactivated column packings and polymer coated phases, 91
amine additives1214 and ion suppression.2 In our earlier work we suggested the
use of the alkylnitrile additives, hexanenitrile and valeronitrile, for use as
mobile phase additives as an additional approach for the reverse phase
chromatography ofbasic solutes.1516

Our subsequent investigations have revealed that the chemical purity of
the alkylnitrile additives employed is in question. Impurities, in some cases at
trace levels, in the additives have been found to be responsible for our initial
findings as described in the following sections.
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Figure 4. GC Chromatograms comparing parent and purified hexanenitrile. [Conditions
as in Figure 1j,

GC and GC-MS Investigation of Alkylnitrile Compounds

In the course of our earlier investigations into the use of valeronitrile as a
mobile phase additive the chemical purity of the valeronitrile was determined to
supplement the study.  Valeronitrile was found to have high chemical purity
(> 99.8% by area) using GC impurity profiling. Figure 1 shows the impurity
profiles of two valeronitrile batches.

In our subsequent investigations into the use of hexanenitrile, its purity
was determined similarly by GC impurity profiling. Hexanenitrile was found to
be considerably less pure (98.0% by area for two batches) than valeronitrile as
shown by the GC chromatograms in Figure 2. Some impurities (A, B and C)
in hexanenitrile were deemed significant. To identify the impurities GC-MS
was employed. Results showed that Impurities A and B had molecular masses
of 114 and 128 respectively but were not identified. More importantly, MS
data for Impurity C showed that its molecular mass was 185 and its molecular
formula to be Ci2H27N. It was likely that Impurity C could be an amine,
possibly di-n-hexvlamine (DHA) or more probably tri-n-butylamine (TBA).
Impurity C was found in both batches (1.2% by area). The presence of a
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Figure 5. GC Chromatograms comparing valeronitrile with its dichloromethane extract,
[conditions as in Figure 1],

nitrogen containing compound prompted further investigation. Work was
performed to isolate any possible nitrogen impurities from the hexanenitrile
and to purify it using an acid washing and extraction procedure (see Methods).
Using the acid washing procedure any nitrogen containing impurities were
converted to their respective HC1 salts and could be removed from the
hexanenitrile. ~ The acid washings were neutralised, rendered basic and
extracted with dichloromethane. The nitrogenous impurities (in their non-
protonated form) were isolated in the dichloromethane extract. The extract was
subsequently analysed by GC and GC-MS. The GC chromatogram of the
extract was compared with the hexanenitrile impurity profile (Figure 3). The
main component of the extract was found to correspond to Impurity' C.
Impurity C was confirmed as tri-n-butylamine from its mass spectrum and by
use of an authentic specimen as a GC retention marker. No other significant
impurities found in the extract were identified as amines. Figure 4 shows a
comparison of the parent and the purified hexanenitrile. The level of TBA was
found to be 0.03% (by area) in the purified material thus showing that the
purity of the hexanenitrile had been upgraded significantly.
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M inutes

Figure 6. HPLC Chromatograms showing tire effect of purified valeronitrile in the
clrromatography of aniline solutes in a methanol-water mobile phase.

1 = Aniline, 2 = N-methylaniline, 3 = N, N-dimethylaniline [conditions: Column: 3p
Spherisorb Cs, 30mm x 4.6mm ID, thermostatted at 40°C, Flow rate: 1cm3 min'l
methanol-water (50:50 ww) plus additive].

The presence of amine in hexanenitrile was a cause for concern in light of
the HPLC mobile phase additive investigations so the purity of valeronitrile was
re-examined. Valeronitrile was subjected to the same acid washing and
extraction procedure as hexanenitrile. The extract was analysed using GC and
GC-MS with chemical ionization (ammonia gas) employed to maximise
detection of nitrogen compounds. Three significant components (D, E and F)
were identified in the extract using GC analysis (Figure 5). Using GC-MS
components D, E and F were found to have the same molecular mass (157) and
molecular formula, CJOH2N. The components were isomers and had identical
fragmentation patterns. MS could not distinguish the isomers but they were
tentatively assigned as di-n-pentylamine isomers. Using an authentic mixture
of di-n-pentylamines the components (impurities) D, E and F were identified as
bis-2-methylbutylamine, pentyl-2-methylbutylamine and di-N-n-pentylamine
respectively. The retention of these compounds was compared with the GC
chromatogram of the parent valeronitrile from which the extract was derived.
The presence of di-n-pentylamines could not be detected in the parent
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Figure !.. HPLC Chromatograms showing the effect of purified hexanenitrile on the
chromatography of aniline solutes in a methanol-water mobile phase. [Peak
identification and conditions as in Figure 6].

valeronitrile under the method conditions used. The levels of di-n-
pentylamines in the parent valeronitrile were thus exceedingly small (limit of
detection ( 0.02% by area), however, a trace of impurity D (0.04% by area)
could be determined in one valeronitrile batch.

HPLC - Use of Purified Valeronitrile and Hexanenitrile

HPLC chromatograms were obtained using purified and untreated
valeronitrile and hexanenitrile as mobile phase additives and the results
compared. It was found that substantial quantities of the valeronitrile (> 4%
w/w) and hexanenitrile (2.0% w/w) were required to bring about the
chromatographic improvements (Figures 6 and 7 respectively). Previous
work1516 had indicated that only small quantities of valeronitrile (ca. 0.2%
w/w) and hexanenitrile (ca. 0.05% w/w) were needed to improve the peak
shapes of basic materials. It is clear that the purified additives are very much
less effective at reducing peak tailing and that the previously observed
chromatographic improvements should be attributed to the presence ofamines
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Figure 8. HPLC Chromatograms showing the use of tri-n-butylamine (TBA) as an
additive in a methanol-water mobile phase.[Peak identification and condiitons as in
Figure 6].

in the mobile phase. In our previous work, the action of the alkylnitrile
compounds was attributed to the possible adsorption of the alkylnitrile
molecules effectively covering the surface of the reverse phase preventing
solute-silanol interactions.16 Since it was not possible to totally eliminate TBA
from hexanenitrile the observed chromatographic improvements in Figure 7 are
probably due to the presence of this small quantity of amine in hexanenitrile
rather than from the effect of hexanenitrile itself.

HPLC - Use of Amines as Additives

TBA and DPA were used separately as mobile phase additives for the
reverse phase chromatography of the aniline test solutes. DPA was used as a
mixture of three isomeric di-pentylamines (available commercially). It was
found that only very low levels (ppm) of TBA and DPA in the mobile phase
were required to bring about good peak shapes for aniline solutes (Figures 8
and 9 respectively). Removal of the amine from the mobile phase returned the
chromatography to its previous state.
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Figure 9. HPLC Chromatograms showing the use of di-n-pentylamines (DPA) as
additives in a methanol-water mobile phase. [Peak identification and conditions as in
Figure 6]

The efficacy of both DPA and TBA is high because of the properties of the
compounds i.e. high basicity and low aqueous solubility.  Literature pKa

\alues for DPA (water) and TBA (in aqueous ethanol) are 11.2 and 9.9
respectively.l7 These values are in reasonable agreement with calculated pKa
data of 12.0 for DPA and 10.1 for TBA (programme: PALLAS v.11,
Compudrug Chem. Ltd). Both amines are strongly basic and depending on the
apparent pH of the mobile phase (approximate neutrality) could be ionized i.e.
will have a high affinity for silanol groups on the silica substrate. Owing to the
lipophilicity of the compounds, molecules of DPA and TBA will also have a
strong affinity for the reverse phase which will augment their retention and
contribute to their efficacy as additives. Wehrli et al. showed in a study on the
effect of amines on the dissolution of silica that there was an order of
"aggressivity" of the amine toward silica.18 It was shown that the type of alkyl
substituent on the amine affected the rate of column deterioration i.e. propyl
substitution was found to be less aggressive than ethyl substitution and so forth.
It follows that TBA and DPA should be even less severe towards silica-based
packings and because of the low concentration required may offer an advantage
over other commonly employed amines.
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Origin of Impurities

The origin of the impurities is not clear, but it is possible that the
impurities could be formed from large-scale production of nitrile compounds
from an ammoxidation reaction using ammonia in the presence of an alkyl
reagent such as an alcohol.1920 Proprietary information regarding the synthesis
for both valeronitrile or hexanenitrile could not be obtained. Information on
potential impurities in valeronitrile was obtained but no details were given for
expected amine contamination. No information could be obtained regarding
potential impurities in hexanenitrile. The work reported here and previously
reported work, was undertaken using the highest quality chemicals that could
be commercially purchased and accepted in good faith. This work has shown
that for some studies it may be necessary to further purify chemicals in-house or
consider the effect of impurities (if known) on study results.

CONCLUSION

It has been shown that the observed chromatographic improvements in the
peak shapes for aniline solutes, when using valeronitrile and hexanenitrile as
mobile phase additives, can be attributed to the presence of low level amine
impurities in the additives and not to the adsorption of the alkylnitrile
compounds on to the reverse phase. DPA impurities were found in batches of
valeronitrile at very low levels using a chemical isolation procedure and GC-
MS analysis. TBA was found in batches of hexanenitrile using GC-MS
analysis. Both DPA and TBA were shown to be effective mobile phase
additives in that very low quantities were required to bring about good
chromatography for some basic solutes.
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ABSTRACT

The horizontal polymerization of trichlorosilanes on silica is
discussed with regard to its use in chromatographic separations
to reduce silanol activity and improve hydrolytic stability. It is
shown that the use of C, spacers, which were previously
demonstrated to provide very low silanol activity, are resistant to
a pH 10 solution for at least 36 hr. It is also shown that the
adsorptivity of water by silica gel is an important factor in
achieving dense horizontal polymerization.

INTRODUCTION

Two imposing problems exist for presently available silica-based reversed
phase chromatographic columns. First, unreacted surface silanols can
deprotonate to form a negatively charged surface, causing strong adsorption of
organic cations. This strong adsorption gives rise to peak tailing. Mobile
phase additives, such as trifluoroacetic acid, amines, or phosphate ions, can
reduce adsorption to these negatively charged sites on the surface.1
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A better way to minimize such adsorption has been to use silica gel that
has a high initial concentration of hydroxyl groups because the resulting
hydrogen bonding among the silanols reduces their acidity.23 Peak tailing is
especially a problem in pharmaceutical applications because the pervasive
amine functionality is positively charged at neutral pH. The second problem
with available columns is that organosilane monolayers hydrolyze at pH
extremes. Low pH, often needed to achieve efficient separations, causes
degradation of commercial columns, which leads to added costs and down-
time. The stability of silica-based columns is even worse at high pH, limiting
typical applications to pH 8 and below.4 At high pH, the silica substrate is
attacked rather than the organosilane monolayer, ultimately resulting in bed
collapse. Peak tailing is exacerbated by hydrolytic instability because
hydrolysis exposes more surface silanols. There is a great demand for
hydrolytically stable stationary phases having minimal silanol activity.

The majority of bonded chromatographic phases are “monomeric” phases,
where a chlorodimethylorganosilane is covalently bonded to silica with 1:1
attachment of reagent to surface silanol. The straightforwardness of the reaction
makes for a reproducible phase. However, most of the surface silanols remain
unreacted, and some of these deprotonate to cause tailing. A technique called end-
capping is often used to react some of the remaining silanols with a stoically
smaller reagent, such as chlorotrimethylsilane. Endcapping reduces tailing of
organic cations, but the improvement is temporary because the trimethylsiloxane
groups hydrolyze readily. One variation has been devised to improve hydrolytic
stability: larger sidegroups, such as isopropyl and isobutyl, replace the two methyl
groups in the chlorodimethyloctadecylsilane reagent.56

Two factors might contribute to the higher stability. First, the bulky groups
could stoically hinder attack at the siloxane bond. Second, the bulky groups could
impede diffusion of the silicon moiety away from the site, allowing the siloxane
bond to form again. These “stoically protected” phases are commercially available
and are bonded to Zorbax-RX-sil, providing not only high stability but inherently
lower silanol activity due to the lower acidity of Zorbax-RX-sil. As with any silica-
based stationary phase, these cannot be used at excessively high pH.

If the use of silica could be avoided, high pH could be used routinely in liquid
chromatography. This would allow separation of species that are only soluble or
only separable at high pH, and would also open up a new area for HPLC:
biotechnology. Presendy, polymeric resins are used for purification in biotechnology
because a base wash is required to remove irreversibly adsorbed proteins or cellular
materials from the column. Copolymers of polystyrene and divinylbenzene provide
hydrophobicity comparable to that of Cj8 monolayers, but offer virtually unlimited
stability at high pH. However, polymeric resins are quite compressible, degrading
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analytical separation efficiency and compromising resolution. A much less
compressible stationary phase for use at high pH employs zirconia in place of
silica.7 Unlike silica, zirconia is not attacked by strong base. A thin polymer
film, such as butadiene, provides a stable stationary phase covering the stable
substrate. The one difficulty with zirconia is that its high surface charge gives
rise to strong peak tailing of charged analytes such as proteins.8

There is not yet another substrate that satisfactorily replaces silica gel, and
many research efforts are underway, using a variety of bonding schemes, to
improve the performance of silica-based stationary phases. One alternative
approach is the "polymeric” phase, where trichlorosilanes are mixed with a small
amoimt of water and allowed to bond to the silica gel.9 These polymeric phases are
made of pure Qg, and have a bonding density of typically 5 pmol/mf.

Analysis of a polymeric CJ8 phase using quantitative 2Si NMR dispelled the
notion of “vertical polymerization”: there is an average 1:1 attachment between
reagent and surface silanol.10 These still differ from the monomeric phases, despite
their common 1:1 attachment because there is frequent covalent bonding to nearest
neighbors. The resulting nearest neighbor spacing is much closer than that for
monomeric phases, offering unique shape selectivity that can be especially
valuable for PAH analysis, distinguishing species based on nonplanarity.ll

Polymeric phases have improved hydrolytic stability, presumably owing to the
multiple bonding. The procedure for synthesis is likely to cause significant
oligomerization before attachment to the surface, making the organization on the
molecular scale unknown. These phases have been commercially available for years
but are believed to be less reproducible than monomeric phases, possibly a
consequence of oligomerization before bonding.

A newer innovation that also uses trifimctional reagents is made by reacting a
triijunctional hydrosilane, such as HSi(OCH2CH33 with silica gel to form a
hydrosilane surface. The desired functional group is subsequently linked to theSi-H
surface through a reagent having a terminal carbon-carbon double bond.22 The
functional group is attached by a direct Si-C bond, which is much more
hydrolytically stable than the Si-O-Si bond formed in the conventional monomeric
phases. The initial layer of Si-H groups forms a dense monolayer, thus protecting
the silica substrate and lowering the silanol activity.13

The absence of sidegroups on the ligand allows the same denser bonding that
is believed to give the polymeric phases their unique selectivity. One would expect
these hydrosilane phases to be more reproducible than the polymeric phases because
the olefin reaction involves no danger of oligomerization before bonding.
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silica substrate

Figure 1 Space-filling model of a cross-section of the horizontally polymerized Cig/C3
monolayer. The dense polymerization of trifunctional silanes in two-dimensions is
designed to form a solid barrier immediately above the silica substrate, with little
covalent attachment to the silica substrate. The mixing of Clg groups and short spacers
gives a liquid-like density of functional groups to perform cliromatographically as
monomeric phases. The Cis chains are drawn in their all-trans conformations only for
artistic convenience.

We have devised a bonding scheme for organosilanes on silica that also
uses trifunctional silanes.111141 The bonding scheme is illustrated in Figure 1,
where the process of “horizontal polymerization” , or "self-assembly” is used to
make mixed monolayers. 29Si NMR spectroscopy has revealed that the
trifunctional reagents are bonded to one another, with only an occasional
covalent bond to the surface.10 The oriented copolymer covering the surface is
intended to provide a steric barrier between the mobile phase and the silica
substrate. This dense barrier would reduce surface charge by impeding the
exchange of protons between the unreacted silanols and the mobile phase. The
surface concentration of octadecyl (C]8) or other functional groups is adjustable
by varying the reagent ratio.

There are two features that distinguish horizontally polymerized phases from
the polymeric phase described earlier. First, the synthesis of the horizontally
polymerized phase uses the water intrinsically adsorbed to silica gel, as illustrated in
Figure 2. Consequently, no oligomerization occurs until the reagents have reached
the surface. The use of a reproducible amount of adsorbed water provides a
reproducible stationary phase. Second, a mixture of trifunctional silanes is used,
providing a steric barrier with controllable coverage of the functional group .
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Figure 2. The oriented polymerization reaction. A monolayer of water adsorbed to the
silica gel rapidly hydrolyzes the trichlorosilanes. The resulting trisilanols are adsorbed
and oriented at the heptane/silica interface, and subsequently polymerize to form the
dense monolayer.

The self-assembly of pure trichlorosilanes on silica surfaces has been
studied by other groups with the goals of controlling the wetting properties of
surfaces,1617 enhancing resolution in lithography,1819 electrochemical
sensing,02/ molecular electronics,2324 preparing membrane mimetics2 and
biocompatible surfaces.26 Our work represents the first use of the concept of
applying the solid bonding density of self-assembly to make chromatographic
stationary phases.

Previous Studies

Trifimctional silanes tend to be more susceptible to base hydrolysis than are
monomeric silanes. This is because the silicon atom is a better electrophile when
bonded to three oxygens compared to one, accelerating reaction with the bases,
which are nucleophilic. This is the same reason that silica gel itself dissolves at
high pH. Analogously, at low pH, trifimctional silanes are expected to be less
susceptible to hydrolysis (per Si-0 bond) because acids are electrophilic.

In stability studies of the Ci&C3 horizontally polymerized phase, the
retention time of benzo(a)pyrene was found to be constant at pH 2 over an
observation period of one week.15 This was not surprising given that the functional
groups are the inherently acid-stable trifunctional silanes. However, the phase was
also stable to a mobile phase at pH 10 over the observation period of 36 horns, again
using benzo(a)pyrene as the probe.15 The hydrolytic stability of a monomeric Ci8,
made on the same silica gel, Whatman Partisil, was poorer at both pH extremes.
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Figure 3. Chromatogram of aniline after 36 hr. exposure of stationary phase to pH 10
solution. The retention time is 0.75 min. and the asymmetry factor is only 1.2. A
column length of 15 cmand flow rate of 2 mL/min. were used.

Separation Performance

The horizontally polymerized C)s/Cs phase gave a chromatogram similar to
that of a conventional Qg phase for a mixture of benzo(a)pyrene,
hexanophenone and uracil; however, aniline was retained inordinately long.1s
The phase thus improved the hydrolytic stability but increased the silanol
activity. This behavior indicates that the Cs spacers did not form an adequately
dense barrier over the silica substrate. A careful consideration of the steric
interactions involved in creating an oriented, two-dimensional polymerization
reveal that the Cs spacers cannot be accommodated by the short Si-O-Si
distances linking the reagents together. However, a network of Q groups is
capable of forming a dense, two-dimensional methylsiloxane polymer.27
Experimental measurements confirm this expectation. 28i NMR spectra
revealed that a Cig/Ci monolayer is comprised primarily of the alkylsiloxane
groups covalently bonded to other reagent groups through all three oxygen
atoms, with little attachment to the silica surface, while the C18/C3s monolayer is
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Figure 4. 251 NMR spectra and chromatograms of aniline for horizontally polymerized
cisici phase obtained upon pretreatment with @) 55% humidity and b) so% humidity.

comprised primarily of the alkylsiloxanc groups covalently bonded through
only two oxygen atoms, with occasional attachment to the silica surface.2' The
NMR spectra thus reveal that the Ci&C] monolayer is a two-dimensional
network while the Ci§C3 monolayer is comprised of long chains packed close
to one another. Since the reagents are bonded to one another, it would be
possible for the small methyl groups to be oriented toward the surface.

Contact angle studies of Ci monolayers on flat plates indicate that the
methyl groups are oriented away from the surface: the contact angle is 78° for
both the methylsiloxane monolayer on silicaZl and the methylthiol monolayer
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on gold, 5 where the latter is known to have the methyl groups point away from
the surface. The research thus shows that Q is a significantly better spacer
group than c~ for achieving maximum bonding density.

Finally, for the chromatographic test, aniline elutes early with little
tailing, and a baseline separation of a mixture of cytochrome c genetic variants
(bovine, equine, canine), was demonstrated using the Cis/Ci phase/' These
studies indicate exceptionally low silanol activity for the CiXC; phase.

Stability Of The C18C, Phase

While the hydrolytic stability of the C]8/C3 phase is excellent, the
hydrolytic stability of the Cjg/Ci phase has not previously been tested.
Hydrolytic stability of the CigC] phase is a concern because the shorter spacer
group might be more prone to hydrolysis, particularly at defects, due to less
steric hindrance. On the other hand, one might argue that the C18Ci phase
should be more stable due to its denser bonding. Over the course of our studies,
we have not observed any unusual degradation of the Ci8Ci phases.

For a freshly prepared C]8Ci phase, we reported a short retention time
and a low asymmetry value for the zone profile of aniline at neutral pH.2L If
this phase degraded, the exposed silica would partially deprotonate, retaining
aniline more strongly and giving rise to tailing. We exposed this stationary
phase to a solution of triethylamine in 85% acetonitrile/water at 30°C for 36
hours, the same harsh conditions and exposure time applied to the CJ8/C3
horizontally polymerized phase

Figure 3 shows the chromatogram for aniline, where its zone maintains its
short retention time and low asymmetry. These data alleviate concerns about
the stability of methyl spacers.

Applicability to other Silica Gels

While impressively low silanol activity was demonstrated for the Ci8C]
horizontally polymerized phase, this phase was made on Zorbax-300RX-sil,
and it is not been established that horizontal polymerization works well with
other silica gels. Initial experiments with a variety of other silica gels did not
yield acceptable stationary phases. It is possible that these early problems were
caused by different water adsorptivities of different silica gels.
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The Zorbax-RX-sil had been exposed to 55% humidity for depositing the
reagent water on the surface because this was the humidity reported to work
well for self-assembled monolayers of C]8 on silicon wafers.2

Recently it is has been shown that the density of self-assembled C]8
monolayers on flat silica surfaces varies with the amount of reagent water
available for the trichlorosilanes.33L For chromatographic surfaces, we varied
the amount of adsorbed water by varying the relative humidity to which the
bare silica was exposed, then measured the 29Si NMR spectra and the
chromatographic behavior. The same conditions for cross-polarization were
used as previously reported.10

The spectral intensities for the resonances due to the reagent silicon atoms
can be compared to one another because their relaxation times are
comparable.1' Figure 4 shows the 2S5i NMR spectra of a Qg/Ci phase on SMR22,
a silica gel available from Davison, Inc., where a) 55% humidity was used, and b)
90% humidity was used.

The NMR spectrum in part a) shows weak cross-linking for the lower
humidity: the predominant peak, at -58 ppm. owes to reagent silicon atoms having a
terminal OH group. The spectrum in part b) reveals extensive cross-linking for the
higher humidity: the predominant peak, at -68 ppm, owes to reagent silicon atoms
bonded through all three oxygens to other silicon atoms. A fully cross-linked
network would have a peak only at -68 ppm, so room still remains for improvement
in the synthesis of horizontally polymerized monolayers. The stronger overall signal
in the silicon NMR spectrum for case b also indicates a higher coverage of reagent
silicon atoms, consistent with the denser monolayer.

The chromatograms, shown to the right of the NMR spectra, reflect these
stmctural differences: for case b, aniline elutes earlier and with a much narrower
peak. The humidity required for good horizontal polymerization on SMR22 thus
differs markedly from that for Zorbax-RX: 55% vs. 90%. The likely reason Zorbax-
RX is so adsorptive toward water is that it has a very high concentration of surface
hydroxyl groups.2

The ability to vary surface water concentration to control the quality of
horizontal polymerization suggests that horizontal polymerization can be used
with virtually any silica gel, provided that the humidity is appropriately
adjusted to obtain the appropriate water coverage. We are currently
investigating the quantitative amount of water needed for different silicas to
determine whether or not there is a requisite amount of water that is a constant.
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Application to Capillary Electrophoresis

Strong adsorption due to surface silanol activity is also a major problem in
capillary electrophoresis, particularly for proteins that are strongly positively
charged. Horizontal polymerization has been shown to provide a surface coating
that has virtually no charge, as indicated by the absence of detectable electro-osmotic
flow and the elution of very surface-active proteins.2 A mixture of allyl groups and
Ci groups were used in the horizontal polymerization, followed by copolymerization
of the allyl groups with polyacrylamide to make the surface hydrophilic. This
demonstrates the use of functional groups other than Qg in horizontal
polymerization, as well as applicability of horizontal polymerization to another
area of separation science.

Future Studies

Horizontal polymerization has thus far been demonstrated for C18 and allyl
functional groups. The bonding scheme may find valuable application for
separations requiring shorter alkyl chains, such as Ca4, to minimize the
denaturing of proteins. Other reactions of allyl groups for controlling the
chemical functionality of the monolayer are also attractive, such as amino and
other ion exchanging groups. Also, hydrophilic groups such as diols can be
dispersed among the spacers to moderate the hydrophobicity of the surface. Finally,
there is much more to be learn about the process of two-dimensional polymerization,
and physical studies of this process may ultimately lead to chromatographic
stationary phases stable toward very high pH.
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DERIVATIVES AND ALIPHATIC ALCOHOLS
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ABSTRACT

A thermodynamic equation is used to analyze the retention
behavior of phenolic solutes at low modifier concentrations on
alkenyl and diol chemically modified silica packings. These
materials were prepared by attaching alkenyl and diol ligands
with four, six, eight and ten carbon atoms to the surface of
LiChrosorb Si-60 silica. The thermodynamic analysis of the
capacity ratios of various phenolic solutes measured at different
concentrations of simple aliphatic alkohols (used as modifiers) in
n-hexane have provided information about solute and solvent
interactions with the alkenyl and diol modified silicas. This
analysis shows that the solute-alcohol competitive interaction for
the alkenyl bonded phases changes significantly with chain
length, whereas this effect is not observed for the diol phases.
Also, the influence of polarity and geometric structure of
functional groups on solute retention have been examined.
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INTRODUCTION

For many years chromatography has been used successfully to study
molecular interactions at both gas-solid and liquid-solid interfaces. Knowledge
of these interactions is necessary not only for developing retention theory but
first of all it is needed for understanding the mechanisms of chromatographic
separations and for designing and optimizing these separations. Fundamental
studies of the role of molecular interactions in tsolute retention accelerated
considerably development of optimization methods for chromatographic
separations (e.g., see works13 and references therein).

While retention mechanisms at the gas-solid interfaces are relatively
simple because they are controlled almost solely by solute-solid interactions,
they are much more complex at liquid-solid interfaces.45 Even in the simplest
case of liquid chromatography, where a single component mobile phase is used,
a solute's retention is controlled by at least four different types of interactions,
i.e., solute-solvent, solvent-solvent, solute-solid and solvent-solid interactions.
The molecular picture is even more complex for binary solvent mixtures, which
are frequently used in carrying out liquid chromatography separations.6” In
this latter case, the number of types of interactions controlling a solute retention
increases at least up to eight. This number is higher for LC with chemically
bonded phases, where the solute and solvent molecules can interact with
bonded ligands and with unreacted surface groups of the solid support. In
addition, one should consider that solute-solvent and solvent-solvent
interactions in the stationary phase differ from those in the mobile phase
because they are under the influence of the forces acting between solid and
surface molecules.8 Although the unified statistico-thermodvnamical
description of LC with mixed-mobile phases910 automatically incorporates all
types of molecular interactions, the final expressions resulting from this
description are complicated and their practical utility is limited. Therefore,
simple models are frequently used to represent solute retention in LSC systems
(see papers1116 and references therein). Usually, solute retention in normal-
phase systems is represented by the displacement (competitive sorption)
models,1112 whereas for reversed phase systems, it is represented by the
partition models.8131417,18

In the current paper, a simple thermodynamic equation, which is based on
a displacement model, is employed to analyze the dependencies of the capacity
ratios of phenolic derivatives on the modifier concentration. These
dependencies were measured at low concentrations of simple aliphatic alcohols
(used as modifier’s) on alkenyl and diol modified silica surfaces and. at present,
they are unique in the chromatographic literature. Up to now, these types of
measurements have been reported only for selected alcohol-hydrocarbon mobile
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phases on unmodified silicas.1920 Analysis of the measured capacity ratios by
means of the above mentioned thermodynamic equation provides information
about solute-alcohol competitive interactions for alkenyl and diol bonded
phases and permits comparison of chromatographic properties of these phases.

EXPERIMENTAL

Reagents

The HPLC grade solvents were obtained from the Fisher Scientific
Company (Fairlawn, N.J.) and the reagent grade compounds used as test
substances were from the Aldrich Chemical Company (Milwaukee, WI). Water
used for preparation of chromatographic packings was purified using a Milli-Q
reagent water system from Millipore Model Continental Water Systems (El
Paso, TX). The 1,3-butadiene, 1,5-hexadiene, 1,7-octadiene, 1,9-decadiene and
triethoxysilane, also purchased from Aldrich, were used without further
purification. The synthesis of alkenyltriethoxysilane was carried out as follows:
about 20 mL of a given diene was placed in a 52cm x 11mm i.d. stainless steel
reactor tube which was flushed with a stream of diy nitrogen gas and placed in
a dewar containing dry ice and acetone. Next, 10 mL of triethoxysilane were
added to the reactor, followed by 10 drops of a 1% solution of H2PtCI6 in 2-
propanol. The reactor was sealed, removed from the dry ice-acetone,and
allowed to warm. The reactor was placed in an oven and heated for 12 hours at
383K. After the reaction was completed, the tube was again placed in dry ice-
acetone and allowed to cool for 1 hr. The reactor was opened and its contents
were transferred to a 50mL round bottom flask and vacuum distilled. The
identity of the silane product was verified by FTIR.

Chromatographic Packings

The chromatographic packings were prepared in-house by the following
procedures. Four grams of LiChrosorb Si-60 silica (E. Merck, Cherry Hill,
N.J.; specific surface area 550 m2g) were preconditioned with dionized water
and dried overnight in an oven at 383K. The dry silica was placed in a reaction
vessel with 100 mL of 1-propanol and allowed to stand for 6 hours. Half of the
1-propanol was removed and 10 mL of a given alkenyltriethoxysilane and 10
drops of n-butylamine were added to the reaction vessel. The mixture was
refluxed for 24 hr using a stream of dry nitrogen for stirring. Excess solvent
was removed using a sintered glass filter under vacuum.
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The modified silica was washed several times with methanol and
diethylether, and dried overnight in an oven at 383K. This procedure was used
to attach 3-butenyl. 5-hexenyl, 7-octenyl and 9-decenyl ligands to silica.

Two grams of a given alkenyl modified silica were stirred with 75 mL of
persuccinic acid for 24 hr at 323K; this acid was prepared by reacting succinic
anhydride with hydrogen peroxide according to literature procedures.2L2 The
modified silica was washed several times with methanol and then diethylether
and dried overnight in an oven at 383K. By stirring alkenyl modified silica
with persuccinic acid, the terminal double bond in the alkenyl ligand was
converted to a diol group; this conversion was confirmed using diffusive
reflectance FTIR and CP/MASIX solid state NMR.2L By this procedure, the
alkenyl bonded phases were converted to suitable phases with dihydroxyalkyl
(diol) ligands, i.e., the 3-butenyl, 5-hexenyl, 7-octenyl and 9-decenyl ligands on
the silica surface gave, respectively, 3,4-dihydroxybutyl, 5,6-dihydroxyhexyl,
7,8-dihvdroxyoctyl and 9,10-dihydroxydecyl bonded ligands.

The alkenyl and diol modified silicas were packed into 25cm x 1.8mm i.d.
stainless steel columns by using a dynamic packing procedure. One gram of
each packing material was stirred with 30mL of isopropanol in the solvent
reservoir and was pressurized into the empty column using methanol as the
delivery solvent. The packing procedure was continued for an hour using a
Haskel (Burbank, CA) Model DSTV-52C air-driven fluid pump.

Characterization of Modified Silicas

Summmarized in Table 1 are the surface coverages (i.e., % carbon) for
the alkenyl and diol bonded phases determined by combustion analysis using a
Leco Corporation (St. Joseph, MI) Model CS-244 Carbon Analyzer. The
levels of coverage for the alkenyl bonded phases are greater than those for the
corresponding diol phases. In addition, the alkenyl and diol phases were
characterized by diffuse reflectance infrared spectroscopy and solid state
CP/MASIXC NMR spectrometry.2l The diffusive reflectance infrared spectra
for the modified silicas with alkenyl bonded ligands had the 3080 cm'l band
(also present in the IR spectra for synthesized alkenyltriethoxysilanes), which
results from the =C-H stretch. When the double bond in alkenyl bonded
ligands was converted to the diol group, this band disappeared. However, the
-OH stretch band was not observed because of the background interferences.
The unreacted surface silanol groups gave a broad -OH stretch band, which
obscured the band for the ligand hydroxyls.
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Table 1

Surface Coverages of Chemically Modified Lichrosorb Si-60 Silicas

Bonded Ligand Code Total % C
3-butenyl A4C 4.99
3,4-dihydroxybutyl D4C 1.89
5-hexenyl A6C 6.07
5,6-dihydroxyhexyl D6C 4.39
7-octenyl A8C 8.39
7,8-dihydroxyoctyl D8C 6.60
9-decenyl Al0C 9.59
9.10-dihydroxydecyl D10C 8.06

The solid state CP/MAS 13C NMR spectra for alkenyl modified silicas had
resonances at 112 PPM and 138 PPM, which are characteristic for =C-H and
=CFL groups. Two additional resonances at 125 and 132 PPM were observed
because of migration of the double bond from the terminal to the 2nd and 3rd
positions. A similar effect has been observed during isomerization of 1-pentene
adsorbed on silica.2 After conversion of the alkenyl ligands to dihydroxyalkyl
(diol) bonded ligands the above mentioned resonances either disappeared
completely or their intensities were reduced significantly. Appearance of two
new resonances between 68 and 78 PPM confirmed the presence of -C-OH
groups4 and showed that hydrolysis of the epoxy groups to diols took place
during the chemical conversion of the alkenyl ligands. Other experimental
details including the IR and NMR spectra with band assignments for alkenyl
and diol modified silicas are reported elsewhere.2L

Chromatographic Measurements

All retention data were recorded and processed on an IBM Instruments
Model 9000 data system. Column temperature was maintained at 298K in a
water bath using a Fisher Model 730 controller (Pittsburgh, PA). All columns
were preconditioned using the procedure reported by Gilpin and Sisco."5 Before
each change in the mobile phase composition, each chromatographic column
was conditioned with 500mL of n-hexane and 200mL of the weakest mobile
phase and, before the first solute injection, it was additionally equilibrated with
at least 100OmL of the mobile phase of a selected composition. The retention
measurements were performed for the mobile phase compositions changing
from low to higher concentrations of the polar modifier. Simple
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aliphatic alcohols, i.e., methanol, ethanol, 1-propanol, 2-propanol, 2-butanol
and t-butanol. were used as modifiers. The capacity factors of phenol and its
o-. m- and p-derivatives with fluoro, chloro, bromo. iodo. hydroxy, nitro and
cyano groups were measured at different concentrations of a given aliphatic
alcohol in n-hexane. i.e.. 0 8. 1.2, 1.6, 2.0, 2.5 and 3.0 v/v% of the modifier in
n-hexane. In the case of the methanol-hexane mobile phase the highest
concentration was equal to 2.0% modifier because of the low solubility of
methanol in n-hexane. The flow rate of the mobile phase was equal ImL/min.
The void volume for each column was evaluated using n-pentane. Each solute
was injected separately. The reported values of the capacity ratio, k's, are
averages from at least duplicate injections.

RESULTS AND DISCUSSION

The chromatographic systems studied in this paper can be considered to
be normal-phase because the modified silica surfaces contained polar groups
(unreacted silanols and alkenyl or diol ligands) and the hexane-based mobile
phases contained only small amounts of aliphatic alcohols used as modifiers. In
these systems, the competitive interactions between solute and modifier
molecules for active surface groups should dominate over the non-specific
interactions characteristic for solute retention on alkyl bonded phases.8 The
competitive interactions of solute (s) and alcohol (a) molecules with the specific
surface groups can be represented by a displacement mechanism,11,12 which is
described gquantitatively by the following equilibrium constant, Ks : %6

@)

where a“ and a“(a=a.l) are respectively activities of solute and alcohol

(modifier) in the a-phase. the superscripts a and 1 refer, respectively, to the
stationary' (surface) and mobile (bulk) phases, and r is the ratio of molecular
areas occupied by the solute and alcohol molecules in the surface phase. Since
the solute concentrations in both phases are infinitely dilute and the modifier
concentrations are low, the activity' coefficients can be approximated by
concentration-independent constants and included in the Ksaconstant; then
equation (1) can be rewritten as follows:

@)
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Here K*a is the modified constant Ksa which includes the solute and modifier

activity coefficients, x*“ and x*“ (a = a, 1) are. respectively, the solute and

modifier mole fractions in the ot-phase. The solute capacity factor can be
defined as follows:6

for xl-—»0
or XS » (3)

where @@ is the phase ratio. Combination of equations (2) and (3) allows to

express k'sby means of the mole fractions of modifier in both phases:
(4)

Since, in the systems studied here, the specific interactions of solute and
modifier molecules with the active surface groups are similar, the solute-
modifier ratio r of molecular areas can be approximated by unity. Then
equation (4) simplifies as follows:

(5)

While the mole fraction of modifier (in the current case, alcohol) in the
mobile phase. xa. is known, its mole fraction in the surface phase is unknown.
If chromatographic measurements are carried out at sufficiently high
concentrations of the polar solvent (e.g., xa>0.1-0.2), its mole fraction in the

surface phase can be approximated by unity and then equation (4) reduces to
the well-known Snyder-Soczewinski relationship:11,122

(6)

Since the retention measurements presented in the experimental section
were carried out at low concentrations of modifier, equation (6) cannot be used
for analyzing these data. In this region the surface composition xa changes
with the mobile phase composition. Low concentrations of modifier in the
mobile phase permit the modifier-solvent composition in the surface phase to
be represented by an ideal displacement model;1¥28 then

o - + * (7)
Xa Ka\1 Xa|1|§/X}J; Kah 3!
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where K*h is the modifier-solvent equilibrium constant (K*h denotes the

constant for the alcohol-hexane liquid mixture). Replacing x” in equation (5)
by equation (7). one can obtain:

LS @KEK ) g K xD) ®

Since xj, is small (below 0.03), the mole fraction xj, can be replaced by unity

because xj, + xj, = 1for xj. -> 0. Then, equation (8) simplifies as follows:

vi- - » *» O " Xa w

where K*h =K*aK*h. Equation (9) shows that, in the region of low

concentrations of modifier, the reciprocal of the capacity ratio is linearly
dependent on the modifier’s concentration.

It is noteworthy that the same type of dependence of the capacity ratio on
the modifier concentration has been predicted by Scott and Kucera,19 who
defined ks as the ratio of total forces acting on the solute in thé stationary phase
to the total forces acting on the solute in the mobile phase. In contrast to their
probabilistic description, equation (9) is based on a displacement model, which
assumes competitive interactions between solute, modifier and solvent
molecules for active sites on the solid surface. This model is commonly
accepted for describing the physical adsorption of multicomponent non-
electrolytic liquid mixtures on solid surfaces.5 In the current paper equation (9)
will be used to analyze the measured dependences of the capacity ratio on the
modifier concentration.

Capacity ratios were measured for 22 phenolic solutes (i.e.. phenol, o-. m-
and p-fluorophenols, o-. m- and p-chlorophenols. o-. m- and p-bromophenols.
0-. m- and p-iodophenols, o-, m- and p-cresols, o-, m- and p-nitrophcnols. and
o- m- and p-cyanophenols). in six alcohol/n-hcxanc mobile phases (i.e..
methanol, ethanol. 1-propanol, 2-propanol, 2-butanol and t-butanol) and nine
silicas (i.e.. unmodified Lichrosorb Si-60, four modified silicas with C4. C6,
and C8 and CIO alkenyl ligands and four modified silicas with C4. C6, C8.
CIO dihvdroxyalkyl ligands). For each chromatographic system, the capacity
ratio was measured as a function of the modifier’s concentration up to 3 v/v%
in the mobile phase. These data were plotted according to equation (9) (i.e., the
reciprocal of the capacity factor against the mole fraction of modifier in the
mobile phase) giving 1188 linear plots. Analysis of these plots showed that
equation (9) is a good representation for the capacity ratios measured at the
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Figure 1 Reciprocal of the capacity ratio plotted as a function of the mole fraction of
modifier in the mobile phase for phenol chromatographed in 2-butanol/n-hexane on
various alkenyl and diol bonded phases.

low modifier concentrations. For the majority of the systems studied the values
of the correlation coefficient were at least 0.99 or better. For the purpose of

illustration Figure 1 contains the linear plots of 1/ks' vs. x! f°r phenol

chromatographed in the 2-butanol/n-hexane mobile phase on the columns
packed with modified silicas.

According to Snyder6 the phase ratio <> to a first approximation, is a

fundamental property of the solid phase and is independent of the nature of the
solvent. Thus, the intercept and the slope of the linear relationship given by
equation (9) are respectively proportional to the equilibrium constants

K*is = I/K*h and K*s=1/K*a. These constants are proportional to the

differences in the sorption energies of solute, solvent and modifier as follows:

exp (10)

and

exp (V)
RT
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Here eh. ss and ea denote, respectively, the sorption energies of n-hexane,
solute and modifier molecules, R and T have their usual meaning. Since es is
considerably greater than Sh, the difference eh - ss is a relatively large

negative number and the constant K#s is very small. Thus, the quantity
1/ K [cf., equation (9)] is succeptable to a large error; in some cases even a

negative value of 1/ <> is obtained, which has no physical meaning

according to equation (9). It is noteworthy that negative values of the intercept
also have been reported by Scott and Kucera,19 who tried to interpret them in

terms of their retention model. The constant Khs characterizes competitive

interactions between molecules of solute and nonpolar solvent (in the current
case, n-hexane) for active surface groups but the solvent plays a less significant
role in the retention mechanism in comparison to the modifier, which
influences strongly the solute-surface interactions. Therefore, the values of

I/(j)K*h are not discussed in this paper, whereas the analysis of the values of

1/ g>K*a. which characterize the competitive interactions between solute and

modifier molecules for active surface groups, is emphasized. These interactions
control the solute retention in the chromatographic systems studied. As

mentioned above, the slope, 1/4>K*a, is proportional to the equilibrium

constant Kas which, through equation (11), is associated with the solute and

modifier sorption energies. While the difference between the sorption
energies of n-hexane and solute is a large negative number, the difference
between the sorption energies of alcohol and solute is considerably smaller but
still negative. If sa - es tends to zero, the exponential energy term (<1) tends

to unity. The observed values of K*s/ §> are greater than unity because ( is a

small number and the pre-exponential entropy factor in the Kas/ § - constant
can be greater than unity.

The quantity Kas/ $ characterizes the competitive interactions of solute
and modifier molecules with the active surface groups and ligands. Analysis of
the values of Kas/ § obtained for all systems studied has provided information

about the influence of the solute, modifier and ligand on the retention process.
Based on these values it was possible to distinguish two groups of solutes: the
first group contains halophenols and cresols, the other one contains nitro- and

cyanophenols. The values of Kas/> for halophenols and cresols
chromatographed in the same system usually varied up to 10%; higher
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Figure 2. Dependencies of Kas on the number of carbon atoms in the modifier for

halophenols chromatographed in various alcohol/n-hexane mobile phases on the diol
bonded phases. Modifiers: methanol, ethanol, 1-propanol and 2-butanol.

variations were observed for the ortho-derivatives of phenol phases
chromatographed in the methanol/n-hexane and ethanol/n-hexane mobile
phases. These variations show a regular tendency and can be associated with
the size and position of the halogen atom in phenol (this problem will be
discussed later).

In order to study the effect of the mobile phase on solute retention, the
average value “as = KaS/ $was calculated by taking into account the values

of Kas/# for halophenols and cresols. Figures 2 and 3 show, respectively, the
dependencies of Kas on the number of carbon atoms in the modifier (alcohol)

for the dihydroxyalkyl and alkenyl bonded phases. In both cases an increase in
the Kas _value denotes an increase in the adsorption energy of the alcohol since

the solute is fixed. Thus, for all bonded phases, the interaction energy between
modifier and surface groups and ligands increased in direction from methanol
to butanol. In the case of the alkenyl bonded phases this energy increase was
about 2.5 times stronger than that observed for the dihydroxyalkyl phases. For
the alkenyl phases, the increase in the Kas -values associated with addition of

the methylene group to the alcohol molecule are not additive and decrease with
increasing number of carbon atoms. However, these increases are more regular
for the dihydroxyalkyl phases. The increasing dependencies of Kas vs. nc

shown in Figures 2 and 3 are expected because the adsorption energies of



2822 GILPIN ET AL.

Figure 3. Dependencies as in Figure 2 for the alkenyl bonded phases

organics usually increase with their molecular weights. It is more difficult to
explain the differences in these dependencies for alkenyl and dihydroxyalkyl
bonded phases. For example, the difference in ~as for methanol and 2-butanol

on the decenyl phase is about 35, whereas this difference for the dihydroxydecyl
phase is about 15. The higher values of kss for alcohols on the alkenyl phases
in comparison to those on the dihydroxyalkyl phases may be due to additional
interactions from polar and nonpolar parts of the alcohol molecule with the
bonded phase, i.e.. specific interaction of the hydroxyl group of an alcohol with

the unreacted silanol group and additional nonspecific interactions of the
alcohol nonpolar chain with the alkenyl ligand.

In the case of the dihydroxyalkyl bonded phases, these additional
interactions are small because of the polar terminal diol groups. Thus, the
alcohol chain effect for diol phases is smaller in comparison to that for alkenyl
phases and therefore the differences between the Kas vs- nc -curves for the
DC4. DC8 and DC10 phases are not significant. These curves can be
approximated by one line because the Kas -values representing averages for

various halophenols and cresols contain about 10% error. Because the Kas -

values for alkenyl phases are considerably greater than those for diol phases,
the Kas -curves shown in Figure 3 for these phases change systematically from

the AC4 to AC 10 columns.
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Figure 4. Dependencies of Kas on the number of carbon atoms in the dihydroxyalkyl

(diol) bonded ligands for halophenols chromatographed in various alcohol/n-hexane
mobile phases. Points at nc =0 denote the Kas -values for unmodified silica

Figures 4 and 5 are interesting because they illustrate the effect of the
surface ligand length on the kss -value. These figures show distinctly different

behavior of the alkenyl and diol phases. For all modifiers the values of ~as did

not change significantly with increasing length of the diol ligands (see Figure
4). Generally, the values of Kas on unmodified silical were greater than those
on the diol phases. A comparison of the kss -values for the diol phases shows
that they are similar for all phases studied except for the DC6 phase, where a
small minimum was observed. The similar values of Kas indicate that the

differences between the modifier and solute adsorption energies were similar
for the diol bonded phases, which is not surprising if one considers that, for
these systems, the hydrogen bonding between the hydroxyls of the modifier and
solute, and the diol groups is relatively strong. It is more difficult to explain
why the DC6 phase was significantly different compared to the other diol
phases. In contrast to the effect shown in Figure 4, the Kas vs- nc -curves

presented in Figure 5 for the alkenyl phases increases with increasing length of
the alkenyl ligands. The values of Kas f°r unmodified silica and the AC4

phase are analogous and a rapid increase in kss was observed for the AC6
phase. For the AC8 and AC 10 phases, an increase in k35 was observed, but it

was significantly smaller than that for the AC6 phase. An increase in the Kas -
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Figure 5. Dependencies as in Figure 4 for the alkenyl bonded ligands

value with increasing length of the alkenyl ligand shows that the absolute
difference in the modifier and solute adsorption energies decrease. For longer
ligands, the solute-ligand interaction can be weakened by the presence of other
groups in the solute (e.g., halogen atom) which create an unfavorable steric
situation. This weakening of solute-ligand interactions can explain a decrease
of the absolute difference in the modifier and solute adsorption energies with
increasing length of alkenyl ligands.

For both types of bonded phases, the C6-ligands showed a special
behavior. The interactions of modifier molecules with the C6-diol ligands were
weakest in comparison to the other diol phases, whereas these interactions with
the hexenyl ligands were greater and comparable to those with octenyl and
decenyl ligands. Perhaps the steric and orientational effects for solute and
modifier molecules in the C6 phases are optimal.

In the case of the nitro- and cyanophenols, the retention was more
complex because physicochemical properties of nitro and cyano groups differ
considerably from those for halogens.6  These groups are composed,
respectively, from three and two atoms, and are capable of strong interactions
with the surface groups and ligands. According to Snyder,6 the solute
localization on silica surfaces is considerably stronger for solutes with a cyano
group than for solutes with a nitro group. Also, for these solutes, the isomeric
effects associated with the o-, m- and p- positions of functional groups are
strong. Thus, for nitro- and cyanophenols, the values of Kas cannot be

averaged because they show a strong dependence on chemical nature of the
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functional group and dependence on its position in the solute. Generally, the
values of k35S for cyano- and nitrophenols were up to twice time smaller than

the corresponding values for halophenols. For a given chromatographic system,
the adsorption energies of nitro- and cyanophenols are higher than those for
halophenols. However, their Kas -dependencies on the number of carbon

atoms in the modifiers and the surface ligands are analogous to those observed
for halophenols.

It is noteworthy that the values of k3 f°r p-cyanophenol on various
modified silicas were lower than the corresponding values of Kas f°r m- and o-

derivatives. This result means that, for these systems, the adsorption energies
of p-cyanophenol are greater than those for o- and m- cyanophenols. This is
not surprising because the para-position of hydroxy and cyano groups in a
solute facilitates interactions of both these groups with the modified silica
surface. The para-effect seems to be characteristic for bi-functional solutes with
relatively polar groups. However, the isomeric effect for halophenols is smaller
because the difference is the Kas -values for o-, m- and p- derivatives do not

exceed 10-15%. For these solutes this effect seems to be controlled by steric
factors.

CONCLUSIONS

Analysis of the retention data for phenolic solutes which contain halo,
hydroxy, nitro and cyano groups chromatographed at low concentrations of an
aliphatic alcohol (methanol, ethanol, propanol or butanol) in n-hexane on the
alkenyl and dihydroxyalkyl (diol) bonded phases have shown that the molecular
interactions in these phases are different. This analysis, performed on the basis
of a displacement model for solute retention, which takes additionally into
account the alcohol composition in the stationary phase, has shown that the
differences in the alcohol and solute adsorption energies are analogous
betweem the unmodified silica and diol bonded phases. However, for alkenyl
phases the difference decreases with increasing length of the bonded ligands.
Although, for both types of bonded phases, the adsorption energies of alcohols
increase with the number of carbon atoms in their chain, this effect is stronger
for alkenyl ligands. The structure and polarity of functional groups in the solute
mainly affect the magnitude of the interaction energies of solute and modifier
with the bonded phase. For example, these energies are greater for phenol
solutes with cyano and nitro groups than for halophenols. For cyano and
nitrophenols. the positional isomeric effect is stronger than for halophenols.
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ABSTRACT

The effects of pH and ionic strength of the mobile phase, as
well as the concentration of organic modifiers, on the retention
and elution order of zwitterionic and neutral compounds related
to imidazolinone herbicides was studied by using polymeric
alkylamide stationary phases. It is shown that retention of these
compounds on alkylamide phases is governed by a mixed lon-
exchange and partition-displacement mechanism. After
adjusting pH, ionic strength and composition of the eluent, these
phases allow a simultaneous separation of nonpolar and ionic
compounds.
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5-Methylpyridinedicarboxylic Acid 5-Melhylpyridinedicarboxylic Acid
(MPDC) Dimethyl Ester (MPDC.DME)

5-Ethylpyridinedicarboxylic Acid 5-Ethyl-2-(4-isopropy!-4-methyl-5-0x0-2-
(EPDC) imidazolin-2-yl) nicotinic acid

(Imazetaphyr)

Figure 1. Structures of the solutes studied.

INTRODUCTION

Chemically bonded phases, containing a ligand with an internal polar
group, appeared to be promising for separation of basic compounds under
reversed phase conditions.2.2 Among this type of packing materials the
alkylamide phases, which contain an internal amide functional group, become
very popular because they exhibit a combination of specific and non-specific
interactions with respect to the solutes of various polarities.s

These phases are usually synthesized by a two-step process, in which
initial aminopropyl phase is prepared and subsequently reacted with a suitable
alkanoyl chloride.2r10 This synthesis pathway gives phases which, in addition
to alkylamide ligands and residual silanols, contain unreacted aminopropyl
ligands. It is suspected that unreacted aminopropyl ligands increase the
structural stability of the stationary phase and change significantly its sorption
affinity to solvent molecules.ss

O’Gara et al.n synthesized an octylcarbamate phase by using
monofunctional bonding chemistry. The carbamate functional group was
incorporated into an octyldimethylchlorosilane compound and than the entire
ligand was directly attached to the silica surface. This synthesis pathway gives
bonded phases without residual aminogroups. A comparative study of
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Monomer Type:

Polymer Type:

Figure 2. Schematic representation of alkylamide ligands in monomeric and polymeric
bonded phases.

alkylamide phases prepared, according to both pathways, would allow the
estimation of the effect of residual aminopropyl groups on the retention
mechanism of basic solutes.

The current work is focused on the effects of pH and ionic strength of
the mobile phase, as well as the role of organic modifiers, on the retention of
zwitterionic and neutral compounds related to imidazolinone herbicides. This
work is a continuation of the studies reported previously.sa

EXPERIMENTAL

The retention measurements at different pH, ionic strength (concentration
of phosphate buffer) and various compositions of the hydro-organic eluent
were carried out at 35°C by using flow rate of 1 mL/min. Acetonitrile and
methanol were used as organic modifiers. Chromatographic measurements
were performed by using the 15 cm, 4.6 mm ID. column packed with
polymeric dodecylamide phase bonded to 5 p Eka Nobel Kromasil silica. This
column denoted as AA-PC-12 was described previously.s For the comparative
purposes, the following 15 cm x 4.6 mm columns packed with the
conventional alkyl phase were also used: Kromasil C-s from Eka Nobel and
Inertsil C-s prepared at Kent State University.ss Organic solvents were
obtained from Baxter.
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Figure 3. A comparison of the capacity factor k' vs pH and % acetonitrile for 5-
ethylpyridinedicarboxylic acid on conventional alkyl and alkylamide columns.

Deionized water was purified using a Millipore Milli-Q system. Aldrich
and American Cyanamid were sources of the chromatographic solutes (see
Figure 1).

The Hewlett-Packard HP 1050 and a modular liquid chromatograph with
a Spectra Physics SP8800 pump, a LKB Model 2125 column oven, a variable
wavelength UV detector (ABI 785A) and a Hewlett-Packard 1050 autosampler
were used in the current study. Data were acquired and processed using a
Hewlett Packard 3350 Laboratory Data System.
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%Acetonitrile (at pH 2.3)

Figure 4. A comparison of the capacity factor K vs pH and % acetonitrile for 5
methylpyridinedicarboxylic acid and its dimethyl ester on the AA-PC-12 column.

RESULTS AND DISCUSSION

Separation of the imidazolinones and their very polar impurities, such as
pyridine based acids under reversed phase conditions, is difficult since these
zwitterionic compounds tend to interact strongly with the uncovered surface of
silica. Organic acids, especially those with the carboxylic group in the a
position to the ring nitrogen, are substances difficult to analyze due to their
poor peak shape, irreversible adsorption or complete lack of retention. Even
when an ion pairing reagent is added, in order to improve their peak shape
and to modify the retention mechanism, the pyridine diacids are practically
unretained under conditions suitable for separation of imidazolinones (-20%
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Figure 5. Dependence of k' VEISUS phosphate buffer concentration (pH = 2.8) for
MPDC and MPDC.DME at two different concentrations of methanol on the AA-PC-
12 column.

of organic modifier). The monomeric and polymeric alkylamide packings are
chemically bonded phases in which alkyl chains contain an internal amide
group (see Figure 2). The retention of polar, ionic and zwitterionic compounds
on alkylamide phases occurs according to a mixed ion-exchange and partition-
displacement mechanism.s4 The dependencies of the capacity ratio on pH and
the acetonitrile concentration for a very polar compound EPDC on the
conventional alkyl bonded columns and a polymeric dodecylamide column are
compared in Figure 3. As can be seen in this figure, the ionic type of
interactions plays a substantial role in the retention mechanism.
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raM of Phosphoric Buffer

Figure 6. Dependence of k’ versus phosphate buffer concentration (pH = 2.8) for
MPDC and MPDC.DME at two different concentrations of acetonitrile on theAA-PC-
12 column.

In the case of the alkyl column, the retention of EPDC decreases with the
degree of acid ionization, while on the polymeric alkylamide column EPDC is
retained longer at higher pH values. Also, the effect of the acetonitrile
concentration on the retention of EPDC on alkyl and alkylamide columns is
different. Over the entrie region of acetonitrile concentrations, EPDC is
retained longer on the alkylamide column and after an initial significant
decrease, the retention volume remains practically unchanged wup to 20%
acetonitrile.
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Figure 7. Dependence of k’ versus phosphate buffer concentration (pH = 2.8) for
EPDC and Imazethapyr at two different concentrations of methanol on the AA-PC-12
column.

Retention behavior of two compounds of different polarity on the
polymeric dodecvlamide phase AA-PC-12 is compared in Figure 4. The
capacity factors of ionic 5-methylpyridine dicarboxylic acid (MPDC) and its
analogue, i.e., neutral dimethyl ester (MPDC.DME), are plotted versus pH of
the mobile phase and acetonitrile content. As can be seen, the retention of a
neutral compound does not depend on pH and decreases faster with increasing
acetonitrile concentration than the retention of the ionic component.

In Figures 5-8 the capacity factors of MPDC-MPDC.DME and EPDC-
Imazethapyr pairs on the AA-PC-12 column are plotted against the
concentration of phosphate buffer for different kinds and levels of organic
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Figure 8. Dependence of k’ versus phosphate buffer concentration (pH = 2.8) for
EPDC, Triacid and Imazethapyr at two different concentrations of acetonitrile on the
AA-PC-12 column.

modifiers in the mobile phase. These plots demonstrate that the retention of
diacids is controlled by the ionic strength of the mobile phase, whereas the
retention of neutral (MPDC.DME) or a less polar (Imazethapyr) compound is
controlled by the nature and level of the organic solvent. For both solvents
(acetonitrile and methanol) used, each combination of solvent and phosphoric
acid concentrations may lead to an inverted elution order of polar and non-
polar compounds. In addition, shown in Figure s is the dependence of the
capacity factor k’ on the concentration of phosphoric acid for 2,3,5-pyridine-

tricarboxylic acid.
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50 mM 100 mM 200 mM

Figure o. A comparison of the elution order and peak shape for 5-ethyl-
pyridmedicarboxylic acid (EPDC) and Imazethapyr at different concentrations of
phosphate buffer (pH = 2.8) and 30% acetonitrile on the AA-PC-12 column.
Conditions: 35 °C, 1mL/min, 254 nm. Small peak in each panel refers to EPDC.

Methanol Acetonitrile 2-Propanol

EPDC- small peak Imazethapyr - big peak

Figure 10. A comparison of the elution order and peak shape for 5-ethyl-
pyridinedicarboxylic acid (EPDC) and Imazethapyr chromatographed in the mobile
phase containing 100 mM of phosphate buffer (pH = 2.8) and 30% organic modifier
on the AA-PC-12 column. Conditions: 35 °C, 1mL/min, 254 nm. Small peak in each
panel refers to EPDC.
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Kromasil C-s

AA-PC-12

0O.DO B.GO

A-mMPDC, B-MPDC.DME, C -EPDC, D - Imazethapyr

Figure 11. A comparison of separation of the MPDC (A) - MPDC.DME (B) and EPDC
(C) - Imazethapyr (D) pairs on the 15 cm Kromasil C-8 and AA-PC-12 columns with
30% acetonitrile and 70% 100 m M phosphate buffer at pH = 2.8. Conditions: 35 °C, 1
ml,/min. 254 nm.

As can be seen, this very polar compound shows the highest retention on
the AA-PC-12 column. However, it was eluted at the dead time on the
conventional alkyl column with 40% acetonitrile. Exemplary chromatograms,
shown in Figures 9 and 10, illustrate the reversed elution order where pyridine
diacids elute after their nonpolar derivatives (methyl esters and/or pyridine
imidazolinones). A comparison of selected chromatograms obtained on the
AA-PC-12 column with those on the conventional RP Kromasil C-s column is
presented in Figure 11.
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For 30% of acetonitrile in the mobile phase both diacids are virtually
unretained, whereas their retention on the AA-PC-12 column is comparable to
that of neutral components.

CONCLUSIONS

Comparative studies of retention of ionic and neutral compounds on the
polymeric dodecylamide phase have shown that the specific interactions sites in
this phase have a significant influence on the solute retention and selectivity .
Since the retention of multifunctional organic acids is governed by a mixed ion-
exchange and partition-displacement mechanism, while the retention of
neutral compounds is governed by the latter mechanism only, the effective
optimization of chromatographic conditions for simultaneous separation of
ionic and non-polar compounds is possible.
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ABSTRACT

The chemical modification method based on the silanization
of an oxide surface to a hydride intermediate followed by
hydrosilation with an organic molecule containing a terminal
olefin is reviewed. The resulting bonded organic moiety is
attached to the surface via a direct Si-C bond which leads to high
stability. The method has been more extensively applied to silica
surfaces for the production of stationary phases in HPLC but it
can also be used on other oxides such as alumina, zirconia,
titania and thoria. More recent applications have been in the
modification of the inner wall of fused silica capillaries for
HPCE. The bonded moieties possess high stability and useful
applications have been developed for the separation of proteins
and peptides under a variety of buffer conditions. The same
procedure for modifying the inner wall of a fused silica capillary
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has also been extended to etched surfaces for wuse in
electrochromatography (CEC). This type of CEC has been
shown to be applicable to the separation of macromolecules as
well as small solutes.

INTRODUCTION

Chemically bonded stationary phases for high performance liquid
chromatography have been an essential component of this method for nearly
twenty-five years. Since the majority of phases for HPLC consist of silica as the
support material, the bonding of various organic moieties to the substrate is
based on the chemistry of the silanols at the surface." A number of possible
reactions can and have been used for the attachment of organic ligands to
silica, which ultimately lead to a range of surface properties varying from
hydrophobic to hydrophilic and ionic. A summary of these reaction schemes is
given in Figure 1

The first reaction, generally referred to as esterification, involves bonding
of an alcohol to the silanol. Because of its simplicity, it was the first method
used for making chemically bonded stationary phases for HPLC.2 However, the
Si-O-C linkage which is formed in this reaction is hydrolytically unstable and
therefore not suitable for any aqueous mobile phases. This bonding method
was quickly supplanted by the second reaction type usually referred to as
organosilanization. It is still today the method of choice for producing a wide
variety of silica-based chemically bonded stationary phases for HPLC.

As shown in Figure 1 there are two general approaches to
organosilanization. The first (a) involves the use of an organosilane reagent
with a single reactive group (X). X is usually chlorine, methoxy or ethoxy.
This process results in a monomeric stationary phase, i.e. one where each
organic moiety is bonded to a single silanol on the surface. The second
approach (b) involves the use of an organosilane with three reactive groups. In
this case, bonding not only occurs to the surface of silica but there is extensive
cross-linking between adjacent organosilane moieties resulting in what is
usually referred to as a polymeric phase. It should be noted that the so-called

“self-assembled monolayer phases” also are based on the principle of
organosilanization.s

The third approach is a two-step process which involves chlorination of
the silica surface with thionyl chloride followed by attachment of the organic
moiety through either a Grignard reagent or organolithium compound.s4 The
main advantage to this method is that the product isbonded to the surface
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REACTION TYPE REACTION SURFACE
LINKAGES
ESTERIFICATION Si-OHe R-OH Si-OR+HD Si-o-c
ORGANO- i _Qip* F 0. QiR Si-O-Si-C
SILANIZATION a).Si-OH + X-SIR"R >Si-0O s(;sm + HX
1
b).Si-OH+X3-Si-R —»Si-0O-Si-R ¢ 3HX
Y=SiorH oYy
CHLORINATION ) Toere
FOLLOWED BY Si-OH+SOCI -> Si-CleS02+HC
REACTION OF a). Si - Cl + BrMgR —Si - R + MgCIBr si-C
GRIGNARD REAGENTS
AND ORGANOLITHIUM . . .
COMPOUNDS b).Si-Cl+L-R -> Si-R+ M
1 1 1
0 0 0
-Si-OH -Si-0-Si-H
1 i i
a). TES a). O 0l 01 a). Si—IH
i monolayer
SILANIZATION -Si-OH - -Si-O-Si-H y
0 0 0

-Si-OH -Si-0-Si-H

0 0 0
1 1 1
Ctalyst

b). HYDROSILATION b).Si-H+ CH2=CH-R -> Si-CH2- CH2-R b). Si-C

Figure 1 Chemical reactions used to modify silica surfaces

through a direct silicon-carbon linkage which is hydrolytically more stable than
the Si-O-Si-C structure which is formed during organosilanization. The
principal drawback to this approach is the scrupulously dry conditions which
must be maintained during the synthesis. The chlorinated surface can be easily
hydrolyzed back to silanols.

An alternative procedure for achieving the same or similar material to that
produced by the chlorination/organometallic process is shown by the last
reaction type cited in Figure 1. Inthis method, the silanols on the surface are
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Column Volumes

Figure 2 Relative loss of retention for C8colunms as a function of colurm volurmes of
mobile phese. A = hydrosilation product; B = high coverage conventional
organasilanization product; C = low coverage conventional organosilanization product.
(Reprinted with permission fromref. 9)

first converted to hydrides and these sites are then reacted with a terminal
olefin in the presence of a suitable catalyst to produce the final bonded material.
There are two ways in which the silanols can be replaced by hydrides. One
approach involves reducing the silanols with lithium aluminum hydride.s This
process can be visualized as a direct replacement for surface silanols since each
hydride that is formed requires an Si-OH group. The second approach involves
silanization of the surfaces with an appropriate reagent such as triethoxysilane
(TES) as shown in Figure 1

Under carefully controlled conditions a monolayer is formed on the
surface so that the final result should be complete replacement of hydroxide
groups by hydrides. This appears to be the case since the physical properties
such as pore size and surface area of the hydride intermediate are the same as
the starting silica.s  After the hydride surface is formed, the organic moiety is
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cm
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Figure 3. Spectral characterization of hydride intermediate on silica. A = DRIFT
spectrun;, B =251 CP-MAS NIMIR spectrum

attached via hydrosilationze as shown in the second step of this sequence in
Figure 1 Because there is a single point of attachment for the organic moiety,
it should more closely resemble the monomeric phases produced in
organosilanization reaction “a)”, or those produced by the two-step
chlorination/organometallic reaction sequence. In fact, chromatographic tests
with a standard polycyclic aromatic hydrocarbon mixture show that these
phases behave like densely coated monomeric materials.e The stability of the
material produced by this process is significantly greater than similar phases
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|-0-AGE(whlte) -*-7-0D -»-literature

Figure 5. Comparison of retention data for phenols on various diol colunts. AGE =
diol fromhydrasilation of ally] glycidyl ether on hydride intermediate; 7-OD =diol from
hydrosilation of 7-octene~l,2-diol on hydride interediate; literature = Merck diol.
Solutes: 23; 4-bromophenal, 24; 3-chlorophenal, 25; 4-chlorophenal, 26; 4-fluorophenal,
27; 2-napthal, 28; 3-nitrophenoal, 29; 4-nitrophenoal, 30; phenal, 31; 4-phenylphenal.
(Reprinted with permission fromref. 19)

which are made by conventional organosilanization.s Figure 2 shows the log k”’
value of a test probe as a function of columns volumes of an aggressive mobile
phase containing trifluoroacetic acid for the hydride-based material (A) and

Figure 4 (left). Spectral characterization of diol product mede by hydrosilation of 7-
octene-1,2-diol on hydride intermediate. A = DRIFT spectrunt B = Z5i CP-MAS NMR
spectrunt C = 13C CP-MAS NMR spectrum
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Figure 6. Gradient separation of typical commercial tetracycline mixture on nono-ol
colunmn mede from hydrasilation of 1-octene-8-ol on hydride intermediate.  Solvent A -
10:90 MeCN/0.02M NAICX, (pH=2.5) and solvent B 50:.50 MeCN/0.02M NaCl104
(pH=25). Gradient: O-1 min, 100%A; 1-5 min, linear increase to 100%B. Solutes: a)
4-epitetracycline; b) 4-epianhydrotetracycline; ¢) anhydrotetracycline; 3) tetracycline; 5)
chlorotetracycline.

conventional phases with high (B) and low (C) surface coverage. Clearly, the
hydride-based material exhibits less of a decrease in k’ than either of the
conventional phases. Similar results are obtained at high pH so that it can be
concluded the silicon-carbon linkage leads to the higher stability observed.

POROUS OXIDE MATERIALS
Silica
The synthetic scheme for the silanization/hydrosilation process descri