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SUMMARY

Crosslinked palymethylphenylsiloxanes that are suitable as adsorbents for
gassolid chromatography have bean prepared. These new materials are character-
ized and evaluated as chromatographic supporis. Their chromatographic properties
are compared to OV-17, a linear polymethylphenylsiloxane, often used as a liquid
phase in gas-fiquid chromatography. Scanning electron micrographs show that the
materials resemble agglomerates of tiny spheres. The materials have surface areas
around 5 m?/g and are thermally siable up to 350°. Small, polar compounds are
eluted very early in columns preparsd with these adsorbents in a manner similar to
macroporous polymers like the Porapaks Separations of chlorinated benzenes and
phenols at temperatures up to 270° are shown.

INTRODUCTION

Linear polysiloxanes, better known as silicones, are among the most popular
liguid phases for gas-liquid chromatography (GLC). Attempls to prepare Cross-
linked polysiloxanes for usc in gas—solid chromatography (GSC) have not been as
successful. Al-Taiar and co-workers! prepared a wide variety of crosslinked poly-
siloxanes by hydrolyzing organotrichlorosilanes and found that octadecyltrichloro-
silane, when hydrolyzed in the presence of small amounts of silicop tetrachloride,
gave suitable chromatographic adsorbents. Methyltrichlorosilane and phenyltsi-
chlorosilane and several other silanes did not vield suitable chromatographic ad-
sorbents. Guiflot and co-workers® prepared polyphenylsiloxane ladder polymers
that were stable to 420° and showed good chromatographic properties. The work
of Brown®* and others® indicates that crosslinked polysiloxanes, known as poiysilses-
quioxaaes, can have a varicty of structuses depending on reaction conditions. Hydro-
lysis of trihaloorganosilanes in strong bases or acids is considered o give highly
crosslinked metworks. [t is of imferest to note that crosslinked polysiloxames have
surfaces that resemble those of surface-modified silica gelsS, The former, however,
have a considerable amount of surface hydroxyl groups fermed during the reaction.
In the latter, the surface hydroxyls are utilized to attach organic groups via S-0 or

C-0 linkages.
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Polysilsesquioxanes are basically network polymers commonly prepared as
shovm by the following eguation:

R R
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RSiCl, + H,0 - (SiROH)0), s — =2 (LO-Si-O-Si-O-)network
200-300 Lo
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f |

R is usually methyl, phenyl, vinyl, octadecyl or cyanopropyl. The intermediate is
usually a low-molecular-weight oil. Herndndez” has evaluated methyl and phenyl
silsequioxanes, prepared using the two-step procedure shown, and found that the
materials were unsuitable as gas chromatographic adsorbents. These materizls,
however, showed mare promise as adsorbents for normal and reversed-phase liguid
chromatography. It should be mentioned that Brown, as mentioned above, has
sindied the hydrolysis products of organosilanes under many difierent conditions and
does not always postulate random networks for these matarials.

In tais study, we report the preparation and evaluation of methyl and phenyl
silsesquioxanes suitable for GSC. The synthetic procedure resembles the one used by
Unger and co-workers™?® to prepare porous silica and involves the hydrolysis of
mixtures of methyl- and phenyitrichlorosilane in aqueons ammonium hydroxide.

EXPERIMENTAL

Methyltrichlorosilane (MTCS) and phenylirichlorosilane (PTCS), purchased
from Aldrich (Milwaukee, Wisc., U.5.A.), were used as received. The polymers were
prepared by mixing 6.044 mole of MTCS and 0.044 mole of PTCS in a dropping
funne! equipped with a PTFE stopcock. The mixture was added dropwise to 2 well-
stirred soletion composed of 25 mi of concentrated ammoninm hydroxide (589%)
{(Malinckrodt, St. Louis, Mo., U.S.A.) and 175 ml of distilled water. The reaction is
carried out in a well-ventilated hood and controlled by varying the rate of addition
of the silanes. A white precipitate is formed as soon as the drop of silanes hits the
solution, and a cloud of NH,Cl forms on the surface of the solution. If the silapes are
added too rapidly, the cloud of NH,I rises in 2 spectacular manuer. Upon addition
of all of the reactant, the temperature of the solution increases from room tempera-
iure to about 55°. The reaction mixture is stirred for 30 min and is filiered, washed
with water and then acetone several times, and dried overnight at 120°. The product
is then crushed and sieved. The yield is 75%; based on RSiCly; — (RSiOy),.

Infrared (IR) spectra of the products were gbtained using KBr discs. Surface
analyses were performed by the Micromeritics Company, Atlanta, Ga., U.S5.A.
Stainfess-s'eel tubes (I m ¢ 1/8 in. 1.D.) were used to prepare the columns for GC. A
Yarian Acrograph A-90-P3 chromatograph equipped with a thermal conductivity
detector was used in this stucy.



. .~ A partial characterization of the adsorbents that were pmpared was caccied
out using IR spectroscopy. Fig. I shows IR specira obtained for solids prepared from
MTCS, PTCS and from a 50:50 (mole %) mixture of MTCS and PTCS. A careful
comparison of these spectra with those repartad for linear polysiloxanes QV-17 (50%
methyl-50%, phenyl) and SE-52 (959 methyl-5% phenyl}'® reveals that there
is very little difference between the solids that were obtained in this work and their
linear counterparts. The most important difference is the broad $i-OH band seen in
all of our samples. All of the materials presented very strong absorption bands at
10001130 cn—* characteristic of the Si~O-Si asymmetric stretching vibration.
Silsesguioxanes show a somewhat broader band than linear polysiloxanes in the
1000-1150 cm~* region. The Si-methyl (775 and 1265 cm ) and the Si-phenyl {690,
732, 1428, 1599 cm ') absorptions, as well as the broad Si-OH (3100-3600 cm 1Y)
bands, are easily identified fram these specira. The Si-OH absorption bands remained
anchanged after heating the KBr discs for several hours at 80°. Althoungh the materials
have both polar (3i-OH) and non-polar groups (Si-methyl and Si-phenyl), their
most striking property appears to be that of water repellency as is common for the
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Fig_ 1. IR spectra of adsorbents prepared from (&) 100%, methyltrichlorosilzne, (b) Sé:-Sﬂ (mole 30
methyltrichlorosiizne and pheaylirichlorosilane and {c) 1009 phenyitrichloresilane.
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majority of silicone oils. Although silsesquioxanes having structures known as cubic
octamers and dodecamers have been studicd by IR, the differences in IR spectra
batween these compounds and linear and cyclic siloxanes are such that kand over-
lap!® does not allow us to give any structural details of the materials that were
obtamed.

Fig. 2A and B show scanning electron micrographs that are typical of the
materials that were obtained. The irregularly shaped particles are agglomerates of
spheres having diameters less than 1 gm. These materials have a structure that re-
sembles that of the materials prepared by the in situy polymerization of peolyols and
isocyanates to give polyurethanes!?-13, Basically, the materials appear to have inter-
connecting macropores between bunches of little spheres. In somme areas the tiny
spheres are very irregular and appear to be of varying sizes.

The properties of four of the adsorbents prepared are Iisted in Table I. Three
of the adsorbents were prepared by dissolving MTCS and PTCS in different amounis
of monane and then hydrolyzing the mixture as described in the experimental section.
The packed densities and the surface areas are similar to those of the Chromosorbs A
and T produced by Johns-Manville (Denver, Colo., 11.5.A.). Kiselev'* has prepared

(A)
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(B)

Fig. 2. Scanning eclectron micrographs of adsorbent 4 at magnifications of (A} x 1000 arnd (B}
X 3000.

silica gels from silicate solutions by precipitation using strong acids. Maternials ob-
tained by precipitation from strong acids or bases are generally classified as inhomo-
genously porous by Kiselev. He describes his materials as being chalky and contain-
ing many, strongly-adsorbing, fine pores which makes the materials unsuitable as
GC adsorbents. As will be shown Iater by the chromatographic data, our materials do
not appear to fit this classification.

TABLE}

PROPERTIES OF ADSORBENTS PREPARED FROM EQUIMOLAR AMOUNTS OF MTCS
AND PTCS

Adsorbent MTCSIPTCS Norane Packed density Surface area
(ml) (mi} (giml) (mig)

i 547 0 0.4 5.2

2 5i7 2 o3 4.1

3 57 b 0.2 4.7

4 5i7 10 0.2 6.6
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Fig. 3. Weight loss versus temperaturs curve for adsorbent 4 in air (8.8 mg sample).

The performance of columns prepared from OV-17 and adsorbents 1 and 4
{see Table I} is shown in Figs. 4-6. OV-17 was chosen to compare our materials to a
linear polymethylphenylsiloxane that contained squimolar amouvants of methyl and
pheny! gronps. Supelcoport $0-100 mesh (Smpelco, Beliefonte, Pa., U.5.A.) coaigd
with 3% of OV-17 was utilized for this purpose. Our materials were sieved to give
particles between 120 and 180 um. The columas were packed using conventional
techpiques.

A mixture of water, methanol (1), acetone (2), and »#-propanol (3) (th= numbers
in parcatheses identify the compounds on the chromatograms) was used to test the
polarity of the columns at a temperatoie of 110 4 2° and 2 helium flow-rate of 25
mifmin. OV-17 did not separate this test mixture, while adsorhents 1 and 4 did as is
shown in Figs. 52 and 6a, respectively. Adsorbent 1 separates all four components,
while adsorbent 4 does not distinguish beteeen water and methanol at this tem-
perature. The same is true for adsorbents 2 and 3 lsted in Table L. Both materials, 1
and 4, perform in & manner similar to that of poroas polymers such as the Porapaks,
which have beenr used extensively with small polar molecules that tend to tail severely
in many chromatographic systems'¥, These adsorbents can be considered non-polar
although TR spectroscopy indicates that the materials have silanol grouvps. Under
the conditions specified, the column prefiared from adsorbent I gave a2 height
eauivalent to a theoretical plate (HETP) of i4 mm for n-propanol, while the column
prepared from adsorbent 4 gave 3 HETP of 7 mm. A porous terpolviner prepared
from methylmethacrylaie, 2-hydroxyethylmeihacrylate and ethylenedimethacrylate
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Fig. 4. (@) Chromatogram of chlorobenzene (4), I,2-dichlorobenzeae (5) and 1,24 tichlorobenzene
(6) on OVY-17 at 110°. (b) Chromategram of chlorobenzene (4), bromobenzene (7) and pitrobenzeae
{8) on OV-1T7 at 110°.
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Fig. 5. (a) Chromatogram of water, methanol (1), acetone (2) and s-propanol (3) on adsorbent 1 at
110°. (b) Chiromatogram of chlorobenzene (4), 1,2-dichlovabenzens (5) and 1.2 4-tichlorobenzene
(6) on adsoshent I ar 235°,
Fig. 6. (a) Chromatogram of methanaol (1), acssone (2) and r-praopanal (3) on adsorhert 4 at 110°. (b)
Chromatogram of chlorobemene (4), 1,2-dichlarobenzene (5) aad 1,2.4-trichlorobemens (6) oa
adsorbent 4 af 735°. (¢} Chromatogram of chlorobenzene (4), bromobenzane (7) and nitrobanzene (8)
oo adsochent 4 at 235~ ’
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gave an HETP of 3 mm for n-propanol at 175° at a carrier flow of 25 ml/min when
used as an adsorbent for GSCY. Comparec to this acrylic terpolymer, the materials

repartsd here pesform adequately.
A series of aromatic compounds was also used to evaluate forther the nature

of these materials. Chlorobernzene (4), 1,2-dichlorobenzene (5), and 1,2.4-trichloro-
benzene (§) were first separated on the OV-17 column (Fig. 4a) at 110° using a carrier
flow of 25 mi/min. These chlorobenzenss were also scparated on adsorbents I and 4
at 235 4- 5° using a carrier flow of 20 ml/min, as is shown in Figs. 5b and 6D,
respectively. An HETP of 3 mm was obtained for 1,2, 4-trichlorobenzene on OV-17,
and an HETP value of 5 mm was obtained for boih adsorbents | and 4 with this same
compourd. The resolution Factors between 1,2-dichlorobenzene and 1,2,4-trichloro-
benzenewere 3.7, 1.5and 1,3 forCV-17, for adsorbents 1 and 4, respectively. Both HETP
values and resolution factors indicats that the performance of our materials is almost
as good as that of a commercial material used in conventional GLC. The polarity of
our maierials is very close to thai of OV-17 when used at temperatures about 100°
“higher. This fact is also brought out in the separation of chlorobenzene (4), bromo-
benzene (7), and nitrobenzene (8) as shown for OV-17 in Fig. 4b and in Fig. 6c for
adsorbent 4. By proper selection of temperature and How-rata, it was almost possible
to superimpose the chromatograms showing the latter scparations.

Slight differences can be seen in the performance of the four adsorbents
shown in Table 1. By hydrolyzing the mixture of trichlorosilanes in the absence of
nopane and in varying amounts of nonane, we feit that the porosity of the material
would be changed. However, presently we can not separate the effect of the solvent
on the geomestric pature of the materials or of the effect on chemical structure.

Adso-bents 5, 6 and 7 wera prapared to investigata the effact of varying the
concentration of phenyl groups on the sclectivity of these materials. Table IT shows
the conditions utilized to prepase these materials.

TABLE
ADSCRBENTS PREPARED FROM MTCS AND PTCS USING A CONSTANT AMOUNT OF
NONANE

Adsorbent PTCS/MTCS (maoles} PTCS + MTCS {mi) Norane (mi)

5 23110 10 10
6 0.7/1.0 10 10
7 0.3/1.0 10 10

~ Fig. 7A, B and C compare the chromatographic behaviour of adsorbents 5,
6 and 7, respectively. A test mixture of water, methanol (1), acetone (2), and n-
propanol (3) was atilized to determine the polarity of these materials at 100° and at a
carrier flow of 235 mifmin. The three materials are slightly different, but all behave
zbout the same toward these highly polar compounds. At this temperature, con-
siderable tailing is observed, but at higher temperatures adsorbeats 5, 6 and 7 behave
like adsorbents 1-—4. A mixture of acetone (4), phenol (35), Z-methylphenol {6), 3-
bromophenol (7), and 4-methoxyphenol (8) were separated at 270° with adsorbents
5 and 6, and at 245° with’ adsorbent 7, as shown in Fig. 7D, E and F. Adsorbent 7,
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Fig. 7. A, B and C, Chromatograms of water, methanol (1), acstone (2} and mpropanel (3) on ad-
sorbeats 5, & and 7, respectively at 100°, {See Tzble IT for composition of the adsorbents ) D, Eand
F, Chromatograms of acetaze (4), phenol (5), 2-methylphenol (6), 3-bromopheaol (7) and 4-methoxy-
pheaol (8) on adsorbents §, 6 and 7, respectively. Chromatograms D and E were taken at 270° and
chromateogram F was taken at 245°,

which coatains the Ieast pheayl groups, barely distingnishes the five components
{Fig. 7F) at a lower temperature. Adsorbents 5 and 6 separate the phenol mixture
very nicely, as shown in Fig. 71D and E, respectively. In the linear polymethyl-
phenylsiloxanes used as liquid phases for GLC an increase in the phenyl content
produces 2 more polar phase. In our materials, the same appears to be tiue for
adsorbents 6 and 7, which have less than 30 mole percent of phenyi groups. At the
highest mole ratio of phenyl to methyl groups, the trend seems to reverse somewhat
and thus material 5 does not appear as polar as 6. Hernandez’ has observed that the
smaller methyl groups produce tighter neitworks. It is possible that a greater amount
of the bulkier phenyl group gives a network with slightly different properties.

All of the adsorbents were also evaluated with hydrecarbon mixtures. These
materials did not separate well the linear alkanes and performed adequately with
benzene, tolusne, and xylene. Adsorbent 4, for example, gave and HETP of 7 mm
with benzene at a column temperature of 120° using a carrier fliow of 25 ml/min.
This HETP value compares favorably with those obtained by Di Corcia et al.'? who
obtained a value of 5 mm for benzene using graphitized carbon black modified with
2,4,5,.7-tetranitrofluorenone at 187° using a carxier flow of 11.7 ml/min and Onuska
et al.'® who obtained using Chromosorb P coated with caesium chloride a value of
10 mm for benzene at 230° with a carrier low of 49 mi/min. In general, the materials
that we prepared seem to scparate polar or moderately polar compounds betier
than non-polar compounds.
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CONCLUSIONS

In summiary, we have prepared crosslinked polymethylphenylsiloxanes that
are useful as adsorbepts for GSC. These materials behave almost like their finear
counterpart does in GLC. The reaction that we used to produce these materials is both
straighiforward and reproducible. Kiselev and Yashin'® suggest that solid chromato-
graphic supports nead to satisfy the following six requirements: (1) the materials most
be free from micropores and their macropores need to communicate via large holes,
{2) the specific surface area should be in the range of 1 to 10 m?/g, (3) the matenials
must be chemically inert, (4) they must absorb weakly and unspecifically, (5} they
should be thermally stable up to 350°, and (6) the particles should be smooth, of small
size and of good mechagical sirength. There is no doubt that these requirements are
difficuli to meet and presently there is no ideal adsorbenis for GSC. Qur maiterials
seem to satisfy nearly all of the requirements mentioned. We are currently in the
process of deiermining the pore structure and evaluating the materials with different
families of compounds. Finaily, we feel that the materials reported here have a good
poiential as supports for GSC. Some questions relating to the chemical structure of
these materials as well as others require further study.
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