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ABSTRACT

Polymer coatings on porous silica, alumina and zirconia were prepared by covalent bonding of & copolymer of styrene and
vinylsilane on the oxidic surface with or without subsequent cross-linking of the immobilized polymeric layer. Polybutadiene and
polychloromethylstyrene were adsorbed on the surface of porous alumina without covalent bonding and were cross-linked after
deposition. Analysis of the pore structure of coated oxides by means of nitrogen adsorption, mercury porosimetry and inverse
size-exclusion chromatography revealed different polymer distributions across the modified surface and different changes of the
porosity of the initial oxides depending on the method of polymer immobilization. By covalent bonding of the copolymer of
styrene and vinylsilane to alumina and zirconia with subsequent cross-linking the modifying polymeric layer, highly hydrolytic
stable packings were synthesized and their applications in separations with aggressive eluents were demonstrated.

INTRODUCTION

Modified silica packings are the most common-
ly used stationary phases in HPLC [1}. Depend-
ing on the HPLC mode being applied, they differ
in the chemical nature of the modifying layer.
Among these, polymer-coated packings have
attracted considerable interest over the last de-
cade. Their synthesis [2,3], chromatographic
properties [4] and application to the separation
of biologically active compounds [5] have been
reviewed.
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One of the essential features in the coating
process is the spreading of the modifying poly-
mer across the modified surface and the change
in the porosity of the initial packing after modi-
fication. Figge et al. [6] investigated the porosity
of silicas coated with poly(n-octadecylmethyl-
siloxane) and polybutadiene by means of nitro-
gen adsorption and inverse size-exclusion chro-
matography and reported retaining the pore size
distribution of the initial matrix even at high
polymer loadings. The pore structural and chro-
matographic properties of silicas modified with
copolymers of styrene and vinylsilane have been
examined [7] and marked changes in the pore
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structure of the materials with pore sizes smaller
than 10 nm were observed. Later Hanson and
co-workers investigated the distribution of ad-
sorbed polybutadiene on the surface of non-
porous [8] and porous silicas [9,10] and detected
a non-homogeneous distribution of the polymer
across the modified surface.

In this work, the primary focus was on the
comparison of the porosities of polymer-coated
packings obtained by covalent bonding or by
adsorption of the polymers. The second aspect of
interest was to elucidate the effect of cross-
linking of the polymeric layer on the porosity of
the final packing. From polymer chemistry it is
well known that cross-linking can generate non-
porous (gel-like) or porous products depending
on the method used. The third aspect was to
examine the influence of the chemical nature of
the surface to be modified on the polymer
distribution and on the structure of the cross-
linked polymer layer. As supports silica, alumina
and zirconia were used.

EXPERIMENTAL

Chemicals and materials

LiChrospher Si 100, LiChrospher Si 300, Alox
T and Aluspher 100, all of particle diameter
d,=5 or 10 pm, were obtained from Merck
(Darmstadt, Germany). Experimental silica was
a gift from MZ Analysentechnik (Mainz, Ger-
many). Alusorb N 200 was obtained from La-
chema (Prague, Czech Republic). Alumina ASY
was obtained from Phase Separations (Deeside,
UK). Zirconia was a gift from Thermoxide
(Jekaterinburg, Russian Federation).

Polystyrene standards with molecular mass
ranging from 182 to 3340000 were purchased
from Polymer Laboratories (Church Stretton,
UK), Polymer Standards Service (Mainz, Ger-
many) and Merck.

All solvents employed for the synthesis were
of analytical-rcagent grade and were used with-
out additional purification. HPLC-grade solvents
for chromatographic measurements were ob-
tained from Merck.

3-Chioromethylstyrene and polybutadiene of
average molecular mass 5000 containing 20%
vinyl fragments and 80% cis- and trans-1,4-frag-
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ments were purchased from Aldrich-Chemie
(Steinheim, Germany).

Synthesis of polymers

A  copolymer of styrene and vinyl-
methyldiethoxysilane  (copolymer I) was
synthesized by radicai copolymerization. Both
monomers were subjected to reaction at a ratio
1:1. Dicumyl peroxide was added to the reaction
mixture as an initiator at a concentration of 1%
(w/w) of monomers. Polymerization was carried
out at 120°C under a nitrogen atmosphere for 6
h. The reaction mixture was then diluted with
toluene and the copolymer formed was precipi-
tated in dry methanol. The precipitation was
repeated twice after dissolving the polymer in
toluene and dropping the solution into methanol
under agitation. The polymer was then filtered
off through a glass frit and dried under vacuum
at 40°C. The ratio of styrene to silane units was
found to be 8:1 from elemental analysis. The
mean molecular mass of the copolymer was
determined to be 5500 using size-exclusion chro-
matography (SEC) with polystyrene standards.

The radical polymerization of 3-chloro-
methylstyrene was performed in toluene solution
at 110°C for 6 h. Dicumyl peroxide was used as
an initiator at a concentration of 2.5% (w/w) of
monomers. After the polymerization, poly-
chloromethylstyrene was precipitated in metha-
nol and purified as described above. The mean
molecular mass was 4500 as determined by SEC.

Preparation of coated oxides by covalent
bonding and by adsorption of polymers
Deposition of copolymer 1 on the oxidic
surface was carried out by the following pro-
cedure. A weighed amount of the oxide was
placed in a three-necked flask equipped with a
stirrer and Dean-Stark separator and 100 ml of
toluene per 10 g of oxide were added. The
suspension was heated under reflux until no
further water was liberated, then a solution of
copolymer in toluene was added {(ca. 0.2 mg of
the copolymer 1 per square metre of specific
surface area of silica). The suspension was
heated under reflux for 5 h and the hot suspen-
sion was filtered off, washed twice with hot
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toluene and dried under vacuum at 60°C. The
amount of bonded copolymer was assessed by
means of elemental analysis and from thermo-
gravimetric measurements (Tables I and III).

The chloromethylation of the immobilized
polystyrene was performed according to the
conventional procedure by reaction of the coated
packing with a mixture of thionyl chloride,
dimethoxymethane and zinc chloride in dichlo-
rocthane at room temperature. Cross-linking
of the chloromethylated polymer was then car-
ried out by boiling the suspension of the corre-
sponding material in dichloroethane or toluene
in the presence of zinc chloride as a catalyst.
With dichloroethane as a solvent cross-linking
occurred, whereas in toluene the cross-linking
was additionally accompanied by arylation of the
polymeric layer. In the latter instance the degree
of cross-linking was lower, but the resulting
carbon content was higher compared with the
procedure using dichloroethane.

Adsorption of polybutadiene was performed
according to Schomburg er al. [11]. A 10-g
amount of oxide was weighed into a chamfered
flask. A solution of 0.8 g of polybutadiene and
40 mg of dicumyl peroxide in 50 ml of n-pentane
was added to the oxide and the solvent was
evaporated by means of a Rotavapor. The sub-
sequent cross-linking was performed at 120°C.
The modified oxide was suspended in hot
toluene by means of ultrasonic treatment and
then filtered off. This procedure was repeated
three times. The filtered oxide was then dried
under vacuum at 60°C. The same procedure was
used for immobilization of polychloromethyl-
styrene. No cross-linking initiator was used in
this instance because cross-linking of polychloro-
methylstyrene took place due to the self-con-
denzation of chloromethyl phenyl groups by
heating the material up to 150°C.

Thermal analysis

Thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) were conducted
with a Model 2100 TGA-Analyser (DuPont,
Wilmington, DE, USA). The temperature was
increased to 1000°C at a rate of 20°C/min under
a dry nitrogen or air atmosphere.

Electron spectroscopy for chemical analysis
(ESCA) A

ESCA measurements were performed with a
Contron (Munich, Germany) ESCA analyser at
the Institute of Organo-Element Compounds,
Moscow, according to the standard procedure.

Mercury porosimetry

Mercury porosimetry was conducted on a
Carlo Erba (Milan, Italy) porosimeter with a
maximum pressure of about 2500 bar. The pore
size distribution was calculated on the basis of
the Washburn equation using the standard soft-
ware supplied by Carlo Erba.

Low-temperature nitrogen adsorption

The nitrogen adsorption isotherms of native
and polymer-coated oxides were measured at 77
K with an ASAP 2400 system from Micro-
meritics (Norcross, GA, USA). The BET
specific surface area, the specific pore volume
and pore size distribution were calculated by
means of the standard software implemented in
the ASAP 2400 system.

Chromatographic experiments

The coated oxides were packed into columns
of 250 X 4 mm 1.D. or 125 X 4 mm [.D. (Merck)
using a 5% (w/w) suspension of cyclohexanol-
toluene (1:1, v/v). Methanol was used as a
displacing solvent. Chromatographic experi-
ments were performed using an HPLC system
consisting of an L-6200 pump, an L-4250 vari-
able-wavelength detector and a D-2500 integra-
tor (ali from Merck).

RESULTS

Modified silica packings

The coating of porous silicas by covalent
bonding of the copolymer of styrene and vinyl-
methyldiethoxysilane led to packings with coat-
ing densitics ranging from 2.8 to 12 umol of
monomer units per square metre of specific
surface area (Table I). The coating density
increased with increase in the pore diameter of
the parent silica. The observed changes in the
coating density reflect the better accessibility of
large pores for the polymer coils bonded to the
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surface. These observations agreed with our
previous results [7] and those of other workers
[12,13] who also used the same method for
polymer immobilization.

The distribution of elements at the surface of
LiChrospher Si 300 determined by means of
ESCA shows that the content of silicon atoms at
the surface layer decreased from 35% for native
silica to 20% for the cross-linked packing after
the modification (see Table 1I). Complete shield-
ing of the silica surface was not reported for
either a conventional *“brush-type” RP packing
(26.9%) or a highly polymer-loaded non-porous

TABLE II
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packing, Monospher (7.9%) [8]. Taking the
amount of silicon in the polymer chain into
account, one can assume the same degree of
shielding of the surface by the copolymer as
found by ESCA for common RP packings.

The polymer content of composites calculated
from elemental analysis agreed fairly well with
the polymer content assessed from thermal anal-
ysis (TGA) (Table I). The thermal decomposi-
tion of the immobilized and cross-linked polymer
layer occurred to equal extents (Fig. 1A), but
the thermal decomposition curve for the packing
with non-cross-linked layer (curve 1 in Fig. 1A)

DISTRIBUTION OF CARBON, OXYGEN AND SILICON ATOMS IN THE SURFACE LAYER OF LICHROSPHER 51
300 COATED WITH COPOLYMER OF STYRENE AND VINYLMETHYLDIETHOXYSILANE

LiChrospher Si 300 Amount of C 0 Si
copolymer (atom%) (atom%) (atom%)
(mg/g)
Native - 14.6 50.4 35.1
Coated with copolymer 92 323 375 30.2
Coated with chloromethylated 109 47.5 284 22.4
copolymer
Coated with cross-linked 109 50.5 27.7 21.0
copolymer
2
B
M
1
L oo

P B e m om = e @ w
Tewperskrs (C) Tempershes (°C)

Fig. 1. (A) Thermogravimetric and (B) differential thermogravimetric analysis of silica LiChrospher Si 300 (1, 2) and alumina
Aluspher 100 (3, 4) coated with covalent bonded copolymer of styrene and vinylsilane (1, 3) and subjected to additional

cross-linking (2, 4).
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was steeper than that for the packing with the
cross-linked layer (curve 2 in Fig. 1A). The mass
loss was in all instances independent of the probe
type and the atmosphere in which the decompo-
sition was carried out.

DTA indicated a difference between the pack-
ings bearing the non-cross-linked and the cross-
linked polymeric film (Fig. 1B). The DTA curve
under a nitrogen atmosphere for the non-cross-
linked packing showed a less pronounced endo-
thermic peak at 362°C and two other exo- and
endothermic peaks at 481 and 571°C, respective-
ly. For the cross-linked packing the same was
observed, but the first peak at 362°C was much
more pronounced. It is highly probable that the
first endothermic effect is connected with the
destruction of the polymeric network and bonds
at the oxidic surface, which is in agreement with
the small mass loss of 1% (w/w) up to 400°C
(Fig. 1A).

The specific surface area of the 100 A pore
size silica decreased by about 20% after coating
with the copolymer I (see Table I). The decrease
for the wide-pore supports was only 5%. In all
instances the cross-linking of the polymeric layer
caused an increase in the specific surface area by
a factor of about two. This increase was probably

A. Kurganov et al. | J. Chromatogr. A 660 (1994) 97-111

due to the formation of small pores in the
polymer layer, as described carlier by Davankov
and Tsyurupa [14] for bulk polystyrene which
was intensively cross-linked in the dissolved
state.

The specific pore volume of the native 100 A
pore size silica decreased by about 26% after the
modification. The changes in V, for wide-pore
silicas were within the accuracy of the measure-
ment. Cross-linking of the polymer layer did not
cause any significant changes in the specific pore
volume of the packings.

The mean pore diameter of silicas determined
by the nitrogen adserption technique diminished
only slightly after the coating with the copoly-
mer, but dropped sharply after the cross-linking
{Table I). The mean pore diameter according to
Wheeler and the maximum of the pore size
distribution coincided well for native and coated
non-cross-linked packings. For the cross-linked
packings the deviation of these values was up to
50%.

As a representative example, the pore size
distributions of LiChrospher Si 300 (sample No.
7 in Table 1) and its polymer-coated derivatives
are shown in Fig. 2. The position of the peak
maximum of the pore size distribution curve did

10

Pore Diameter (A)

Fig. 2. Pore size distribution of silica LiChrospher Si 300, (W) native, (A) modified with covalent bonded copolymer I and (O,
V) modified with cross-linked covalently bonded copolymer I determined from nitrogen adsorption isotherm.
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not change after the coating with the copolymer
and moved slightly to lower values after the
cross-linking, independently of the method used
(compare curves 3 and 4 in Fig. 2).

The parameters determined by means of mer-
cury porosimetry coincided fairly well with those
obtained from nitrogen adsorption measure-
ments for native silicas or packings coated with
non-cross-linked polymer (Table I). However,
the mean pore diameter and the specific surface
area of the cross-linked packings derived from
mercury porosimetry differed significantly from
the corresponding values obtained from nitrogen
adsorption measurements.

The third method used for the evaluation of
the pore structure parameters was inverse size-
exclusion chromatography (ISEC). The specific
pore volume assessed by this method is related
to the volume of packing in the column. To
recalculate this value per gram of packing in the
column, it was assumed that the specific density
of the pore walls of all silicas is equal to the true
density of quartz (2.2 g/ml). This assumption
seems to be reasonable. Stegeman et al. [15]
determined the specific density of walls for one
sample of silica and found an identical value.
The density of polymer-coated packings was
assumed to be a linear function of their composi-
tion. The calculated values are given in Table I.
The specific pore volume of the 100 A pore size
silica determined by ISEC coincided reasonably
well with those determined by nitrogen adsorp-
tion. The specific pore volume of wide-pore
packings markedly exceeded the values calcu-
lated from nitrogen adsorption. This difference is
probably caused by uncertainties in the determi-
nation of ¥, for wide-pore packings, as pointed
by Stegeman et al. [15]. In this case one cannot
clearly discriminate between the size-exclusion
and hydrodynamic mechanism of separation.
Within a series of silicas and their coated deriva-
tives a decrease in the specific pore volume is
observed (Table I). The subsequent cross-linking
slightly increased the specific pore volume or did
not change it at all.

The pore size distribution from ISEC data was
calculated according to the Knox method [16].
For non-modified silicas the calculated pore
diameter was in good agreement with the value
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determined from nitrogen adsorption. In all
instances coating with the polymer caused a
marked decrease in the mean pore diameter
(Table I). The pore diameter of coated silica
packings determined by ISEC did not coincide
with those calculated from nitrogen adsorption
and from mercury porosimetry. Inspection of the
SEC calibration graph reveals that the plot for
the packing with a cross-linked polymeric layer
lies between those for the native and coated
non-cross-linked silica (Fig. 3A). Another inter-
esting feature of Fig. 3A is that the calibration
graphs are of almost the same shape. Similar
changes were observed for the silica with 100 A
pore diameter, with the only difference that the
calibration graphs for the packings coated with a
non-cross-linked and with a cross-linked poly-
meric layer were very close to each other (Fig.
3B). This seems to be an indication that native
and modified packings have approximately the
same width of the pore size distribution, which is
shifted for coated packings to smaller mean pore
diameters. The latter is evidenced by the diminu-
tion of the size exclusion limit.

Madified alumina and zirconia packings

The coating procedure for aluminas and zir-
conia was essentially the same as that applied to
the silicas. The results are given in Table III.
The coating density of the packings based on
Aluspher 100, Alumina ASY and Alox T was
comparable to the value obtained for LiChro-
spher Si 100. Alusorb N 200 gave a lower coating
density, probably owing to its broader pore size
distribution (not shown). The latter extended to
the lower pore size and the main part of these
small pores remained unmodified in the coating
procedure.

The modification of alumina by means of
covalent bonding of copolymer I caused the
same changes in the pore structure as discussed
for silicas. The cross-linking of the adsorbed
polymer layer generated a bimodal pore size
distribution (Fig. 4). The nitrogen adsorption
isotherm exhibited two distinct steps in the
desorption branch in the range of the capillary
condensation (0.4 <p/p, <0.9). Corresponding-
ly, the pore size distribution curve showed two
maxima (Fig. 4). One was identical with the
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Fig. 3. SEC calibration graphs for (A) silica LiChrospher Si 300 and (B) silica LiChrospher Si 100: O = coated with cross-linked
covalently bonded copolymer 1; O = coated with covalently bonded copolymer I; A = native. M.W. = Molecular mass.

maximum of the pore size distribution curve of
the unmodified alumina. The second maximum
occurred at slightly lower values of about 40—60

The SEC calibration graphs for polymer-modi-
fied aluminas are shown in Fig. 5SA. In accord-
ance with the decrease in d,, the exclusion limit
of the polymer-modified aluminas also decreased
as compared with the native oxide. However, in
the low-molecular-mass range there was a slight
difference in fractionation ability as compared
with the parent material. The calibration graphs
for native alumina and for the polymer-coated
packing are very close to each other in this
molecular mass range (Fig. 5).

Cross-linking of the polymeric layer decreased
the exclusion limit much further and the cali-
bration graph exhibited an extremely small slope
in the range of the size-exclusion distribution
coefficient, K, between 0 and 0.6. However, the
pore size distribution from such a type of cali-
bration graph cannot be calculated by ISEC
owing to the lack of an appropriate fitting
function.

The TGA experiments revealed that there is
no significant difference in the thermal stability
of the polymer layer deposited on the alumina
surface compared with silicas. Unexpectedly, an
enhanced thermal stability was observed for

aluminas with a cross-linked polymer layer in a
nitrogen atmosphere (Fig. 1A, curve 4). As is
scen from the slightly sloping curve, the mass
loss was minor up to 800°C for this packing (Fig.
1A, curve 3). ,

Contrary to the method of covalent bonding,
the polymer load for Aluspher 100 modified by
the adsorption of polybutadiene and polychloro-
methylstyrene is not limited. It is simply adjusted
by the amount of the polymer employed for
modification (Table III). The progressive in-
crease in the polymer content was accompanied
by a strong decrease in the specific surface area
and the specific pore volume determined by
nitrogen adsorption (Table III). The mean pore
diameter and the pore size distribution of the
modified packings were exactly the same as for
the starting alumina (Fig. 6).

The ISEC method demonstrated distinct
changes in the pore size distribution after modi-
fication. The SEC calibration graph for the
polybutadiene-coated packing was different to
that for the native alumina and major alterations
were observed in the low-molecular mass range
(Fig. 5). The exclusion limit of alumina was only
slightly changed after the modification. Hence
SEC clearly proved the appearance of small
pores in the structure of coated packing.

The available sample of zirconia exhibited an
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TABLE III

CHARACTERISTIC PARAMETERS: SPECIFIC SURFACE AREA (a,), SPECIFIC PORE VYOLUME (V,) AND PORE
DIAMETER (d,) FOR DIFFERENT OXIDES COATED WITH POLYMERS®

No. Orxide Type of coating Polymer Coating Low-temperature Inverse size-exclusion
procedure content  density nitrogen adsorption chromatography
{mg/g) (xmol/m?) -
b
a, v, dﬁl v, :;lik ‘:z,z
(m'/g) (ml/g} (A) mli/g (A) m'/g
1  Alumina Native - - 155 0.50 130 0.55 146 151
2 Aluspher 100 PS¢ 43 2.8 140 0.43 122 0.37 64 231
98"
3 Cross-linked PS* 61¢ 3.0 175 0.43 9 0.3 - -
93"
4 Cross-linked P§* 54% 31 184 0.46 100 0.40 - -
5 Polybutadiene” 80¢ 12.3 108 035 128 0.37 48 308
6 Chloromethyl-PS 70f 3.0 135 0.41 122 - - -
7 Chloromethyl-PS 162* 8.3 86 0.27 124 - - -
8 Alumina Native - - 75 0.24 131 - - -
9 Alox T Coated with PS 52¢ 7.0 102 Q.29 114 - - -
10 Alumina Native B - 226 0.29 52 - - -
11 Alusorb N 200 Coated with PS 40¢ 1.7 214 0.26 47 - - -
12 Alumina ASY Coated with PS* 66¢ 4.0 172 0.28 65 - - -
13 Zirconia Native - - 17 0.07 157
14 Coated with PS 7.7 4.1 9 0.02 89

* All values are normalized for 1 g of modified oxide.
* Calculated according to Wheeler, 4, =4V, /a,.

© P§ = polystyrene.

? Cross-linked in dichlorocthane (sec Experimental).
¢ Cross-linked in toluene (see Experimental).

/ Coated according to Figge ef al. [6].

* Calculated from elemental analysis.

* Derived from TGA experiments.

extremely low specific pore volume. The specific
surface area of zirconia of 17 m®/g clearly
indicated that the sample was porous. Coating of
zirconia with the polymer affected only slightly
the shape of its pore size distribution. However,
the values of a,, V, and d, of the modified
packing were reduced to half the initial values.

Chromatographic characterization

SEC was performed to evaluate the changes in
pore structure parameters after the coating of
the oxides with polymers. The results of these
investigations are presented in Tables I and III
and have already been discussed in context with
the results of low-temperature nitrogen adsorp-
tion and mercury porosimetry. From the chro-

matographic point of view, the modification by
means of covalent bonding diminished the exclu-
sion limit and did not significantly change the
molecular mass of the solutes enabling them to
penetrate the pores of the packing. The selectivi-
ty [i.e., the derivative d(log M,)/dV] of the
packing remained nearly unaffected, while the
calibration graphs of the modified and the native
silicas are almost parallel to each other (Fig. 3).
The cross-linking of the polymeric layer moved
the calibration graph of the packing closer to
those of native silica, thus increasing the exclu-
sion limit.

The modification of oxides by means of ad-
sorption of polybutadiene decreased only slightly
the exclusion limit, but diminished strongly the
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Fig. 4. Low-temperature nitrogen adsorption isotherm and calculated pore size distribution of alumina Aluspher 100 coated with
cross-linked covalent bonded copolymer I: O = adsorption; C = desorption. ¢¢ = ml.
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Fig. 5. (A) SEC calibration graphs and (B} calculated pore size distribution for alumina Aluspher 100 and its derivatives. (A)
A = native; [J=coated with covalently bonded cross-linked capolymer I; O = coated with covalently bonded copolymer I;
+ = coated with adsorbed polybutadiene. {B) 1= Native; 2= coated with adsorbed polybutadiene. M.W. = Molecular mass.
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Fig. 6. Pore size distribution of alumina Aluspher 100 modified with adsorbed polychloromethylstyrene determined from
low-temperature nitrogen adsorption: C = native; 0 ="7% loading; A = 16.2% loading.

molecular mass, enabling molecules to penetrate
all pores of the packing. The calibration graph
for the coated packing was therefore much
steeper than that for the native material (Fig. 5).
As a consequence, the selectivity of the modified
packing was markedly decreased because its
fractionation range became wider.

The impact of cross-linking of the polymeric
layer of the packings on the selectivity of separa-
tion in the RP mode of chromatography is
demonstrated in Fig. 7. There is actually no large
difference between the two sorbents in the
separation of basic compounds. Good efficiency
and peak symmetry were observed for amines on
both cross-linked and non-cross-linked coated
silicas, reflecting the good shielding of the silica
surface by the polymeric layer. It should be
emphasized that no end-capping of the poly-
styrene-modified silica was carried out and no
addition of any other basic or salt compounds to
the eluent was required. The separation were
performed with a simple water—acetonitrile
€luent.

Basic compounds were also eluted with
symmetrical peaks on alumina and zirconia
modified by covalent bonding of copolymer I,
indicating no specific surface-solute interaction

(Fig. 8). As the chemical stability of alumina or
zirconia towards strong alkali or strong acid
eluents is much higher than that of silica, separa-
tions can be carried out with acidic and alkaline
eluents which are not compatible with meodified
silicas (Fig. 9).

DISCUSSION

The modification of porous silicas and
aluminas by means of adsorption of different
types of cross-linkable polymers has been inten-
sively investigated by Schomburg [3,4]. Coatings
with covalently bonded pre-synthesized reactive
copolymers have been studied in the chiral
ligand-exchange chromatography of enantiomers
[17] and in the reversed-phase [18] and ion-
exchange chromatography [19] of proteins and
peptides. Whereas the main focus of the previous
investigations was on the assessment of the
chromatographic performance, in this work we
addressed the problem of the distribution of
polymers in the pores of modified oxides.

The pore size distribution of alumina Aluspher
100 determined by means of low-temperature
nitrogen adsorption was not changed after the
coating with polychloromethylstyrene (Fig. 6) or
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Fig. 7. Separation of a mixture of basic. compounds on (A)
silica LiChrospher Si 300 coated with covalently bonded
copolymer and (B) silica LiChrospher Si 100 coated with
cross-linked covalent bonded copolymer. (A) d, =10 um;
column, 125 %4 mm 1.D.; flow-rate, 0.5 ml/min; eluent,
acetonitrile-water (1:1). (B) d,=10 pm; column, 125 x 4
mm L.D.; fiow-rate, 0.25 ml/min; eluent, acetonitrile—water
(6:4). Analytes; 1=pyridine; 2=o-toluidine; 3=N-
methylaniline; 4 = N,N-dimethylaniline; 5 = 2-ethylaniline.
Retention times (min) indicated at the peaks.

polybutadiene (not shown), in spite of a strong
decrease in the specific pore volume and specific
surface area (Table III). Since the same results
have been observed earlier for other oxides
coated with other polymers [6,9,10], it secems
that the preservation of the pore size distribution
of the native material after modificstion by the
adsorption method is a fairly general phenom-
enon.

The preservation of the pore size distribution
of the parent oxide after modification with a
polymer cannot be expected assuming the com-
mon model of modification where the polymer is
deposited on the surface of pores. Another
model has been suggested [10] in which the pores
are not coated, but simply filled with the poly-
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Fig. 8. Chromatographic separations on alumina Aluspher
100 coated with covalent bonded cross-linked copolymer I.
Column, 125 %4 mm 1LD.; d, =10 pm; flow-rate, 0.5 ml/
min; eluent, acetonitrile—water (1:3). (A) Separation of a
mixture of barbiturates: 1 = barbitole; 2 = allo-barbitole; 3 =
luminale; 4 = prominale. (B) Separation of a mixture of (1)
2,6-dimethypyridine and (2} pyndine., (C) Separation of a
mixture of basic compounds: 1= N-methylaniline; 2=
pyridine; 3= aniline; 4=N,N-dimethylaniline; S5=o-
toluidine; 6 = 2-ethylaniline. Retention times (min) indicated
at the peaks.

mer. However, this model is not yet able to
explain the preservation of pore size distribution.
This phenomenon can be explained by the model
of Lecourtier ez al. [20], in which the polymer is
deposited mainly on the outer surface of the
particles. This model is strongly supported by
scanning electron micrographs of Aluspher 100
coated with polybutadiene, where the presence
of polymer agglomerates on the other surface of
particles was detected. The micrographs demon-
strate the same picture as was reported earlier
for polybutadiene-coated LiChrospher Si 300 [9].
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Fig. 9. Chromatographic separations on zirconia coated with
cross-linked covalent bonded copolymer I. Column, 150X 6
mm 1LD.; d,=10-20 um. (A) Eluent, acetonitrile-0.1 M
HNOQ, (1:9); flow-rate, 0.5 ml/min. Analytes: 1= pyridine;
2 =dipyridyl; 3 =2,6-dimethylpyridine; 4 = phenanthroline;
5 = acridine. (B) Eluent, acetonitrile-water (1:5); flow-rate,
1.0 ml/min. Analytes: 1 = 2-aminopyridine; 2 = pyridine; 3 =
aniline; 4 = p-nitroaniline. (C) Eluent, methanol-0.13 M
NaOH (1:1); flow-rate, 1.0 ml/min. Analytes: 1= 2-amino-
pyridine; 2 = aniline; 3 = p-nitroaniline.

The pore size characteristics of packings modi-
fied by the adsorption method obtained by ISEC
were in contradiction with the results from
nitrogen adsorption measurements and provide
evidence for the formation of small pores in the
polymer layer. As a result, the pore size dis-
tribution of polybutadiene-coated Aluspher 100
calculated from SEC data shifted to smaller pore
diameters (Fig. 5B). According to the method of
synthesis applied, the polybutadiene layer should
have a gel-like structure, which normally dem-
onstrates no porosity when in the dry state [21].
The polymeric layer swells under SEC conditions
and generates small pores, which shift the pore
size distribution of composite packiags to lower
diameters compared with the native oxide.
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The properties of the packings modified by
means of covalent bonding of copolymer I sup-
ported the common model of modification as-
suming the deposition of modifier on the surface
of pores. For silicas and aluminas with a mean
pore diameter of 100 A, an addition to the
normal decrease in the specific pore volume and
the specific surface area was observed owing to
the blocking of small pores by the bounded
polymer (Tables I and III). Wide-pore oxides of
pore diameter =300 A modified by this method
show little change in their porosity after the
modification, and small pores were absent in the
structure of these materials (Fig. 2). The de-
crease in the mean pore diameter for modified
packings from SEC data was found to be more
pronounced than was determined from nitrogen
adsorption measurements (Tables I and III).
This is strong evidence for the swelling of the
polymeric layer under SEC conditions.

The cross-linking of the immobilized copoly-
mer causes a strong increase in the specific
surface area determined by nitrogen adsorption
(Table I) whereas the specific pore volume was
found to be changed only slightly. The pore size
distribution determined from the nitrogen ad-
sorption isotherm reveals the formation of small
pores in the polymer film after the cross-linking
and in the case of Aluspher 100 even a bimodal
mesopore structure was found (Fig. 4).

The SEC measurements provided clear evi-
dence that the cross-linking of the bonded co-
polymer I decreased the swelling ability of the
polymeric layer because the exclusion limit of
the modified wide-pore packings was increased
after the cross-linking (Fig. 3A). For LiChro-
spher Si 100 the changes (Fig. 3B) were small
and for Aluspher 100 even a progressive de-
crease in the molecular mass exclusion limit after
cross-linking was detected (Fig. 5). The molecu-
lar mass fractionation range of Aluspher 100
coated with a cross-linked polymer layer was
between 1000 and 300 only. Nevertheless, it was
not decreased to the level of low-molecular mass
compounds (e.g., benzene, toluene) as took
place for Aluspher 100 modified with adsorbed
polybutadiene (Fig. 5). The shape of the SEC
curve observed for Aluspher 100 modified with a
cross-linked polystyrene layer is a challenge for
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theoretical considerations in SEC because ac-
cording to model used even for the packing
having pores of a single size only the fractiona-
tion range should be at least 1.5 log M, [22].
Nevertheless, SEC calibration graphs with a very
narrow fractionation range have been reported
for different types of packings [23,24] and eluci-
dation of their pore structures needs additional
investigations.

The modification of oxides other than silica by
covalent bonding of copolymer I containing
reactive silane groups leads to the formation of
surface Si—O-E bonds, the hydrolytic stability of
which decreases in the order E=8i> AI>Ti>
Zr |25). Because the hydrolytic stability even of
Si-Q0-Si bonds is not sufficient in many applica-
tions, it is essential to cross-link the polymeric
film as the ultimate step in the synthesis of
coated oxides. The chromatographic separations
with coated aluminas or zirconia clearly demon-
strate that not only the oxide was stable against
aggressive eluents, but also the polymer layer.
The separation of basic compounds on these
packings can be easily performed with neutral,
basic or acid eluents, as the packings are stabie
towards hydrolysis (Fig. 9). It is interesting that
alumina coated with polystyrene demonstrates a
different selectivity towards amines compared
with polystyrene-coated silica (Figs. 7 and 8),
but there was no evidence for any decrease in
column performance due to the kinetic hin-
drance in spite of the different pore structures of
composites synthesized from silica or alumina.

CONCLUSIONS

Two different methods of polymer coating of
oxides have been discussed, namely modification
by adsorption of cross-linkable polymers and by
covalent bonding of pre-synthesized reactive
copolymers. Examination of the pore structure
characteristics of the packings by means of
low-temperature nitrogen adsorption, mercury
porosimetry and inverse size-exclusion chroma-
tography revealed two different modes of poly-
mer distribution on the surface of the oxides.
Cross-linking of the immobilized polymeric layer
produced additional porosity which can be de-
tected by means of SEC or nitrogen adsorption
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measurements, but has little impact on the
separations by means of adsorption chromatog-
raphy. Good chromatographic analytical-scale
separations can be achieved with both types of
coated packings. Examples of separations on
packings with covalent bonded polymeric layer
have been presented.

Coating by means of covalent bonding with
subsequent cross-linking of the immobilized
polymeric layer can be applied to oxides other
than silica. The changes in the porosity of the
parent oxide after deposition of the polymer was
found to be the same as observed for silica
packings. The chemical nature of the surface to
be modified strongly influenced the changes in
the composite porosity in the cross-linking step
and different pore structures were detected for
alumina and silica meodified with cross-linked
polystyrene. The chromatographic separations
on the coated aluminas and zirconia demonstrate
excellent chemical stability of these packings
towards aggressive eluents.
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