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SUMMARY

Three typical silicone monomers have been coated on Chromosorb G and W
supports and polymerized in gas chromatographic columns, using chemistry developed
for support-bonded polymers. IFractional silicone losses occurred in the polymeriza-
tion and heat-treatment steps, depending on monomer structure. The resulting
materials were comparable to regular gas-liquid chromatographic phases; they also
showed varying degrees of support-bonding.

INTRODUCTION

In our previous reports!:? (see ref. 2 for pertinent literature), we have described
two novel processes which produce polysiloxanes chemically bonded to the typical
silicic surfaces of chromatographic supports. One process uses highly volatile silicone
monomers, the other one monomers of low volatility. In both processes, the (final)
polymerization takes place in a heated fluidized bed. This polymerization is a time-
consuming step which requires suitable apparatus and is not easy to control.
Consequently, further development in this area was sure to involve the conditions for
polymerization since they determine, in large measure, success or failure in achieving
support-bonding as well as the desired chromatographic performance.

When this paper was in its final experimental stages, MAjors AND HOPPER?
presented an excellent study which provides a case-in-point. They used the basic
multi-step approach described in ref. 1, but conducted the critical polymerization in

" * Part of this research is a contnbutlon from the Experiment Station Chemical Labora-
toncs Journal Series No. 7087; supported by NSF Grant GPP 18616 and by the Environmental
Trace Substance Center, Columbia, Mo., U.S.A, This paper was presented at the Joint
SW-SE A.C.S, Conference, New Orleans, La., U.S.A,, in December, 1970.
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solution rather than in a fluidized bed. Their study is also remarkably complete:
each of the synthetic steps was followed by IR spectral analysis, the support-bonded
silicones were subsequently modified (by addition of polar substituents to vinyl
groups), and the resulting materials performed well in liquid chromatography.

We had initially chosen the fluidized bed polymerization for theoretical reasons,
yet had never established its particular characteristics as compared to other types of
polymerization. This study, therefore, presents the same chemical approach toward
the synthesis of chromatographic phases but uses a polymerization technique other
than the fluidized bed.

Of some consideration in the choice of this technique was the ‘‘typical”’
chromatographic laboratory, which appeared to be interested in using, but not in
synthesizing, a particular type of silicone, especially when the procedure called for
other than readily available laboratory apparatus. Perhaps the easiest route to
silicones polymerized on adsorbent particles is to fill a chromatographic column with
monomer-coated support, then saturate a suitable gas with water and blow it through
the column until polymerization is complete. The feasibility of such a simplified
“‘in situ’’ approach is investigated in this study. It should perhaps be mentioned that
the idea to form chromatographic phases 7n sifu is certainly not new and can be
found in several variations in the literature?-%, To further favor a simplified
approach, and to weigh against the quality of chromatography, only commercially
available monomers were used ;. and they were used ‘‘as-received’’.

~Thus, the basic approach was to polymerize, in the chromatographic column
1tself silicone monomers coated on suitable supports, and to establish the per-
formance of the resultmg columns in gas-liquid chromatography (GLC). A variation
of this procedure, designed to produce greater amounts of such phases, was to
replace the chromatographic column by a sultably larger tube.

~We also included two other variations in this study; first, a heat-treatment of
the monomer-coated support in ‘vacuum; and second, a heat-treatment of the poly-
merized phases in a nitrogen stream.

...~ The first treatment was designed to point out possible effects resulting from a
preferential coating of the outside of the porous. Chromosorb with the monomer.
Scanning electron microscopy of support-bonded phases polymer17ed in fluidized bed
had shown the polymer to. frequent predominantly the' peripheral regions of the
support particles?. :

The second. treatment was. 1ntended to simulate gas chromatography (GC)
column cond1t1on1ng and/or heat ~curing of silicones, in order to point out any differ-
ence these. treatments would engender in terms of chromatographic behavior or
polymer structure It should be noted, however, that this particular approach, 7.e
heat-treatment in a nitrogen stream, was selected because it could be expected to
define . possible polymer losses and should closely resemble regular GC procedures.
In contrad1st1nct10n the generally preferable method for heat-curing our types. of
>111cone phases utilizes a closed vial under vacuum. This latter treatment avoids
losses and increases, sometimes to a con51derable extent, the percentage of support—
bonded polymer ‘ '

Testing of the produced materlals was. to include general chromatographlc
Jerformance [height equivalent to a theoretical plate (HETP), test mixtures], amount
f surface-bondmg [exhaustrve extraction), and structure and molecular size distribu-
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tion of extractable polymer (IR spectral analysis and gel permeation chromato-
graphy (GPC)8). ' ;

’ Our objectives were to show the feasibility of such a simplified approach with
three model systems, and to characterize the resulting polymers to some extent. The
choice of the three model systems reflects three major considerations. Iirst, non-
volatile monomers! wvs. volatile monomers?; viz. C;3H,4,SiCly vs. (CH,),SiCl,, with
C,H,(CH,)SiCl, being processed both ways. Second, ‘‘hard-to-process’’ vs. ‘‘easy-to-
process’’ monomers (as judged from the fluidized bed polymerization); wiz.
C¢H;(CH,)SiCl, wvs. C,gH,4,SiCl,, with (CH,),SiCl, occupying a medium position.
Third, the formal similarity of some phases to commercial available ones; wiz,
[(CH,)oSi0], to DC-200, SE-30, OV-1, OV-101; [CaH4(CH,)SiOl, to OV-17, etc.

, The following series of experiments is designed with the primary objective of
defining differences between various approaches and materials, rather than obtaining
the best performing phase from each monomer. A scheme of these experiments is
shown in Tig. 1.

EXPERIMENTAL

Treatment of the solid supports
About 450 g of Chromosorb G, r1oo-120 mesh, ‘‘non-acid washed”, (Johns-
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Fig. 1. Experimental scheme.
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Manville) are covered with concentrated HCl and gently refluxed for 24 h, changing
the HCI once at approximately 12 h. The Chromosorb is then washed with distilled
water to neutrality; after decanting, most residual water is removed by several rinses
with anhydrous acetone followed by drying in vacuum at 65°. The same procedure
is used for 250 g of Chromosorb W, 100-120 mesh, ‘‘non-acid washed’’.-

. For the ‘‘initial reactions’’?, 100.00 g of the acid-washed Chromosorb G (50.00 g
of Chromosorb W) are poured into 40 ml of dimethyldichlorosilane (DMCS) in enough
toluene to cover the Chromosorb. The mixture is refluxed overnight (although 4 h
would be considered sufficient). The excess DMCS and the toluene are removed byv
rotary evaporatlon at 65

T reatment of tke monomers ‘

The amount of monomer used is calculated to give a polysﬂoxane load of 5%
for Chromosorb G and of 109, for Chromosorb W ; defining percent load as 100 times
the weight of the polymer divided by the weight of the Chromosorb - polymer.:

Octadecyltrichlorosilane is treated as a non-volatile monomer!, dimethyl-
dichlorosilane is treated as a volatile monomer2, and phenylmethyldichlorosilane is
treated both ways. All three monomers had been purchased from Aldrich Chemical
Company, Mllwaukee Wisc., U.S.A,

.~ The volatile monomers are partially hydrolyzed? prior to coating on to the solid
support as follows: To a magnetically stirred solution of the chlorosilane in 50 ml
of acetonitrile, the solution of water in 30 ml of acetonitrile is added dropwise at
room temperature. Four molar equivalents of chlorosilane are used for three molar
‘equivalents of water. To preserve this ratio, the acetonitrile is dried before use and the
partial hydrolysis is carried out .under exclusion of atmospheric moisture. After the
addition of chlorosilane is completed more acetonitrile is added (enough to cover
the Chromosorb to be added later) and the solution allowed to stand for 30 min.

The Chromosorb is then added to the acetonitrile solution of the monomer or
partm]ly hydrolyzed monomer. The acetonitrile is removed by careful evaporation
in vacuum at 65° leavmg the dried material ready for polymerlzatmn

Polymemzatzon
- The wvarious batches of Chromosorb coated with the monomers or partially
hydrolyzed monomers are used in the following manner:

() Two GLC glass columns (Microtek MT-220, 80 cm X 4 mm 1.D. ) are filled
with the coated support. One column is packed in a similar manner to regular columns
for GC. The other one is packed with only 3 g of the coated Chromosorb destined
to be exhaustively extracted subsequent to polymerization.

(2) Two GLC glass columns are filled with each of the phases as above One
‘end of each column is closed, and a vacuum of approximately 10-2 Torr applled
‘The-column 'is sealed under vacuum and heat-treated for 45 min at 200° for
CISI-I:,,SlCla, 100° for C H5(CI-I,,)81C12, and 150° for pre-polymerized (CH,),SiCl,. It 1s
then cooled slowly to room temperature before breaking the seal.

-~ The'four GLC columns from above (C-1 and C-2) are connected toa mu1t1ple*<er
with suitable valves, and water-saturated N, is passed through at room temperature
at a rate of 0.5—I ml/min per gram of Chromosorb. .

(3) The rest of the coated Chromosorb is placed m a U-shaped glass tube
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50 % 2.8 cm 1.D,, and is polymerized at room temperature with water-saturated
air or nitrogen at approximately 0.5~1 ml/min per gram of Chromosorb.

Most polymerizations are complete within 2o h as indicated by the absence of
HCI in the effluent gas.

Heat-treatment
The bulk of t

(- >
One part is used d1re tly for testmg,

and then tested. The heat-treatment ic performed in a ca, 36 X 2.5 cm 1.D. Pyrex
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Fig, 2. Temperature profile of heat-treatment,
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,,xtractzon About 3 g of each of the po]ymul/cd materials (mcludmg heat-
treated ones) were extracted exhaustively in a Goldfish (IExtractor FFisher Scientific
Co., St. Louis, Mo., U.S.A.) with benzene for 16 h. ’lable I indicates the e‘ctractable
amounts as the difference between columns 3 and 4, the ° kotymer loads (%) Before”
and “After extraction’’. Some of the extracted polymers were analy/,ed by GPC to
obtain their molecular size distribution.

Column efficiency and performance. Unextracted chromatographic materials,
of both the heat-treated and non-heat-treated varieties, were used to pack
8ocm X 4 mm I.D. glass columns. These Microtek columns (together with those
used from a polymerization i# situ, see C-1 and C-2 above) were conditioned for 2 h at
100°, followed by 2 h at 150° and 16 h at 250°, at a N, flow rate of 15-20 ml/min.
These columns were to be used to: (a) chromatograph a 19, solution of hexadecane
pentane at 152°and a Nzﬂnw rate of 33 ml/min to determine the HETPat a common
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flow rate. Note that these values are not HETP minima, Table I lists the partition

3 7, €, 1 A H
io % for hexadecane. IFor calculation of the latter values, the 12—-14-sec time intervals

between m]ectlon and appearance of the solvent pentane, which is assumed to be
unretarded, were measured with a stopwatch for accuracy. HETP and % values
represent averages from at least three 1n]ect10ns, (b) clnomatograph a mixture

contamlng polar COITIpOllIlClS such as rlClClS, pll@l’lOlS and alcohols,
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TABLE I
Monomer No. Process Polymer HETP k Chwromatography of
load (%)® (mwm)e (ave- polar compounds
rvage )<
- Before After
extrac- extrac-
tionw tion®
C,sH;,8iCl1, G-A-1 Column 0.664 11.8¢ Good
, 2  Vacuum 0.621 13.1¢ Good—-bleeds sllghtly
3 Tube . 5.66 3.97 o.594 12,04 Good
4  Heat 5.52 4.67 o.774 13.04 Good -
CyHy(CH,)SiCl, G-B-1  Column 1.64 34.5 Fair/poor
" 2 Vacuum 0.57 33.6 Good
3 Tube 4.68 —0.49 0.42 43.3 Good
4 Heat 3.55 2.99 0.41 35.6 Good
CyHy(CH,)SiCl,, G-C-1 Column 0.73 13.5 Very good
pre-poly- 2 Vacuum o.80 27.0 Good
merized 3 Tube 4.26 o 0.78 11.5 Good .
‘ 4 Heat 1.10 0.39 0.79 13.4 Good
{CH,),SiCl,, G-D-1  Column 0.59 21.7 Good/very good
pre-poly- 2 Vacuum 1.17 26.3 Good/fair
merized 3 Tube 2.13 0.29 0.48 21.3 Good
: 4 Heat 1.70 0.30 0.50 20.5 Good
C,sH 4, SiCl, W-A-1 Column 0.654 9.94 Good
2 Vacuum 0.634 10,64 Good
3 Tube 10,02 8.16 0.824¢ 10.44 Good
4 Heat 9.80 7.70 0.644 10,34 Good
CyHs(CH,)SiCl, W-B-1  Column 0.70 17.3 Good
- 2. Vacuum 0.62 16.6 Good
3 Tube 8.69 —0.09 060 - 17.8 Good
4 Heat 6.20 5.04 0.52 18.5 Good
CsH(CH,)SiCl,;, W-C-1 - Column 0.61 8.7 Good/very good .
_pre-poly- 2 Vacuum 0.69 26.6 Fair-bleeds badly
‘merized 3 Tube 10.77 0.07 0.58 9.0 Good
s 4 Heat 2.53 1.60 .77 8.9 Good
(CH,),SiCl,; W-D-1 = Column _1.08 6.6 Poor-bleeds
‘pre-poly- : 2 Vacuum 4.47 7.3 Very poor-bleeds
merized 3 . Tube 1.82 — 0,006 0.59 - 6.0 Poor-bleeds
o ' 4 Heat 1.36 0.48 0.87 © 7.0 Poor-bleeds

a Polymer load bcforc extraction, calculated from C analysis.
" b Polymer load after extraction, calculated from ¢ less the amount of extractable polymer.
"¢ All HETP values are measured on non-extracted materials using 1% hexadecane in
pentane at ca, 33 ml/min,” N, and 152° exccpt where indicated by 49,
d Same as ¢ but measured at 215°,
. e Theoretical = 5,0% (G) or 10. o% (W),

M olecular wezglzt dzstmbutzon jJroﬁles by gel permeation chromatogmj)hy Some
of the polymers extracted by benzene were analyzed for molecular weight distribution
(MWD) using a Waters Associates Inc. Model zoo Gel Permeation Chromatograph
equipped with a set of four Styragel columns with nominal exclusion porosities of
10%, 105 10% and 10%® A. The chromatograph is operated at ambient temperature,
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Fig. 3. Molecular weight distribution of polyoctadecylsiloxane from in site and fluidized bed
polymerizations, :

a 1 ml/min tetrahydrofuran (THF) flow, and an injection time of 120 sec. A differen-
tial refractometer serves as detector, whose signal amplification is adjusted to
accommodate the large difference in response between the dimethylsiloxanes and the
phenylmethylsiloxanes, as well as different amounts of polymer. Consequently, the
various gel permeation chromatograms are comparable to each other only in terms
of molecular size distribution (abscissa), but not in terms of signal amplitudes or
polymer amounts (ordinate). :

Excess solvent (benzene) was removed from the silicone extracts to give a
volume of 1—4 ml, containing 15-60 mg of polymer. The samples were then diluted
with THT to a final volume of 5 ml and a suitable amount, usually 5-10 mg of
polymer, applied to the GPC column. This procedure was used because some samples

J. Chromatogr., 60 (1971) 329—3.44
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Fig. 4. Molecular weight distribution of non-pre-polymerized polyphenylmethylsiloxane.

could not be dissolved in the eluent THF, once benzene has been completely removed.
The rising contour of the benzene peak concludes the GPC curves as seen in the left
,s1des of, l‘lgs 3—7; it does not interfere with the MWD analysis.

. The Styragel column set had prev1ously been calibrated with narrow-distribu-
tion polystyrene standards. The number and weight-average molecular sizes for the
various silicone samples are calculated from manual peak height measurements and
a computer program using the polystyrene. calibration data. Irom prev1ous charac-
terization data on broad-distribution polydlmethylsﬂoxane fluids, a conversion factor
(Q = 34) was used to express the molecular size data of polydlmethylsﬂoxanes in
terms of molecular weight.

.-~ An analogous conversion factor is unknown for the other two polymers Assum-
mg the same stralght -chain siloxane backbone for dlmethyl- and phenylmethyl-
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‘Tig. 5. Molecular weight distribution of fluidized bed polymerized polyphenylmethylsiloxanc.

silicones, Q values of 50-60 may be estimated for the latter. Molecular weight abscissae
based on Q = 54 are therefore included in I7igs. 4-6 for a rough orientation.

No such estimate appears justified for polyoctadecylsiloxane, especially since
this polymer is possibly highly branched. The molecular size data for all three
polymers appear in Table II, and the corresponding gel permeation chromatograms
are shown in Figs. 3-7, including a commercial phase and some phases prepared by
fluidized-bed polymerization, for purpose of comparison.

Infraved analysis of polymer fractions. Selected samples were rerun about five
months after the initial GPC analysis to deteimine reproducibility and possible
-ageing effects as well as to obtain fractions for subsequent IR analysis. These
materials were selected on the basis of their essentially bimodal molecular distribution
and 5-15-ml eluent fractions were taken as indicated in the fiures by the designation
“IR”. The eluent THF was evaporated under dry nitrogen and the IR spectra

J. Chromatogr., 60 (1971) 320344
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Fig. 6. Molecular weight distribution of pre-polymerized polyphcnylmethylsiloxane.

obtained from methylene chloride-cast films using a Perkin-Elmer Model 221 IR
spectrophotometer equipped with sodium chloride optics.

RESULTS

Phase losses and supporti-bonded fmctions

Table I summarises the various measurements performed on the polymerized
materlals ‘the designations correspond to thosé introduced in the flow-chart (Fig. 1).
The. thlrd column, ‘“Polymer load (%), Before extraction’’, is derived from carbon
combustlon analysis. These values should reach a theoretical 5 and 109, for phases
on Chromosorb G and W, respectively; with a small amount added as a contrlbutlon
from the ‘‘initial reaction’’ with DMCS.

Low values in this category indicate losses of 5111con compounds in the polymer—
ization step. (lines 3, ‘“tube’’) and losses in the aggregated polymerlzatmn and heat-
treatment steps (lines 4, ‘‘heat’’). The polymers listed in lines 1, “‘column”’, and lines 2,

““vacuum’’, have not been similarly ana1y7ed however, they are most likely to resem-
ble those listed in lines 3. :

- Values in the next column, “Polvmer load (% ) after e.xtmctwn . represent the
dlfference between the 'above mentioned, or1g1na1 polyrner loads and the amount of
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Tig. 7. Molecular weight distribution of polydimethylsiloxane.

extractable polymer. They indicate the amount of support-bonded polymer, a value
which would be especially significant if such materials were destined to be used in
liquid chromatography. Small negative values in this column are due to the contribu-
tion of the “initial reaction’’ to an extractable polymer.

TFrom the data listed in these two columns, the following trends can be observed:
virtually no losses occur from the octadecyl phase in polymeri7ation and heat-
treatment. The two phenylmethy!l phases lose only negligible amounts in the polymer-
ization, but the pre-polymerized one is decimated in the subsequent heat-treatment.
This is most likely due to the predommance of a cyclic tetra- or penta-siloxane
(Fig. 6). The dimethyl phase, which is the most volatile of the three materials, suffers
severe losses during polymerization.

J. Chromatogr. 60 (1971) 320-344
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Tig. 8. Chromatogram of #n-hydrocarbons. Column: ca. 5% by wt. polyoctadcecylsiloxane on
100-120 mesh Chromosorb G, 0.5 m x 4 mm [.D, Pyrex glass (Perkin-1Zlimer 8oo, flame ionization
detection). Initial temperature, 30°, programmed at 16°/ min up to 410° N, flow rate, 13 ml/min,
The injection mixture contained ca. 4 pg of cach hydrocarbon except Cy,.

Heat-treatment generally causes some polymer losses, a process which could be
expected to occur in high-temperature GC conditioning, and could possibly have been
averted in this synthetic procedure by curing in a closed system. As an additional
effect, heat-treatment in most cases increases the relative amount of support-bonded
polymer significantly.

Gas chromatographic performance

In general, the GC performance of most of the described phases is similar to
that which one would expect of well-conditioned, corresponding commercial silicones
coated on highly deactivated supports. Very little tailing is noticeable, and heat-treat-
ment does not further improve GLC performance. The vacuum heat-treatment of
the monomer-coated supports, on the other hand, proves definitely detrimental,
possibly by causing the monomer to rearrange. ‘

"The polymer17at1on in situ, in the GC column ltself seems to be shghtly better
than the: other approaches-in terms of peak tailing, but the advantage is not very
pronounced. This effect may originate from ‘some monomer transferring to the
column wall, reacting with surface silanol groups -and possibly polymerizing there.

~With some exceptions, a good: concurrence of results can be obtained from
Chromosorb G and W; in chromatogmphlc performance as well as in relatwe
polymer loads. : : '

‘Except as noted in Table I, column bleed is comparable to hlgh-performance
GLC phases. TFig. 8 shows the bleed from a smgle column GC, usmg a G A~4 sample
Wthh had been prev1ously conditioned at 400° for 1 h

j.u.Cqumatogr., 60 (1971) 329-—344
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TABLIE 11

A, = number-average molecular size; A, = weight-average molecular size; M, == number-
average molecular weight; A, = wecight-average molecular weight,

Monomer No. " Process Fig, No. A, M0 Auw .7

In situ polymevization

C a4, SiCl, G-A-2 Vacuum 3 149 424
G-A-3 Tube 3 164 549
G-A-4 Heat 3 131 281
CyHg4(CH,)SICl, G-B-2 Vacuum 4 52 2,800 83 4,500
G-B-3 Tube 4 60 3,200 103 5,600
G-B-4-  Heat 4 71 3,800 160 8,600
C,Hy(CH,)SiCl, G-C-2 Vacuum 6 31 1,700 43 2,300
(pre-polymerized) G-C-3 Tube 6 28 1,500 34 1,800
G-C-4 Heat 6 93 5,000 650 35,100
(CH ,4),SiCl, G-D-z  Vacuum 7 108 3,700 343 11,700"
(pre-polymerized) G-1D-3  Tube 7 65 2,200 I14 3,900
, G-D-4. Heat 7 147 5,000 620 21,000
Fliidized bed polymervization
CsH,.SiCl, Non-heat-treated 3 68 179
_ ; Heat-treated, N 3 223 398
CH,(CH,)SICl, Non-heat-treated 5
' Heat treated
under vacuum 5 58 3,100 86 4,600
(CH,),SiCl, o Non-heat-treated 7 158 5,400 285 9,700
' Heat-treated, Ny 7 95 3,200 342 11,600

t Molecular weights for polyphenylmethylsiloxanes are estimated by using a factor Q=54
for converting molecular size to molecular weight data.

Polymer structure :

Polyoctadecylsiloxane. TFig. 3 shows the molecular size distribution of the ex-
tractable polymer fractions, both from #n situ and fluidized bed polymerizations.
‘The elution volume of the main peak corresponds to that of a linear hydrocarbon
molecular weight of 3,000-4,000; the actual molecular weight of the trifunctional
silicone is in all likelihood considerably higher. The IR spectra of this main fraction
are consistent with a (probably highly branched) polyoctadecylsiloxane.

Omitted in Fig. 3 is a small fraction of high molecular weight (> 1,000,000,
as judged from a molecular size of about 500,000 A) which shows up in the heat-
treated material obtained by fluidized bed polymerization. Its IR spectrum shows
only methylene and the 720 wavenumber absorption due to ~CH,— rocking in long
alkane chains, as well as some atypical siloxane absorption at 1000—-1100 wavenum-
bers. No particular structure could be assigned.

‘ In contrast, the small peak of low molecular weight has an elution volume and
IR spectrum almost identical to that of the low molecular weight fraction of the
vacuum-treated dimethyl phase. It is a polydlmethylsﬂoxane with ‘an average
molecular’ welght of 1,800 and owes 11:s existencequite- apparently to the DMCS
employed in; the ‘initial. reactlon : '
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Polyphenylmethylsiloxane. The molecular size distribution of these phases is
shown in Figs. 4 and 6. The directly polymerized phase (no prepolymerization in
solution) has a bimodal profile (Fig. 4). The smaller peak of lower molecular weight
represents most probably a tetra- or penta-cyclic phenylmethylsiloxane. The IR
spectrum includes a strong peak at 1080 wavenumbers indicative of a cyclic siloxane;
hydroxyl absorptlon is ‘completely absent.

. The main peaks of G-B-3 and -4 appear in approximately the same molecular

weight. range as OV-17, a commercially available polyphenylmethylsiloxane. Their
IR spectra are almost identical to that of OV-17. One noticeable difference is the
presence of hydroxyl groups in G-B-3 which are absent or at least greatly reduced in
the heat-treated material G-B-4. The heat-treatment thus apparently furthers the
condensation of silanol groups, as could be expected.
" - Included in Fig. 4 is a modified G-B-3 material, designated G-B-3- HV This
phase had been polymerized in a tube as described earlier, but was then dried in
vacuum at 100°, and heat-treated in a v1a1 (closed under high vacuum) at 300°
for 18 h.

A phase polymer17ed in a fluidized bed was afforded a similar heat-treatment
in vacuum. Fig. 5 shows that this polymerization, in contrast to the above, did not
appreciably change the apparent molecular weight distribution. It did, however,
decrease the fraction of extractable polymer. Incidentally, a similar heated phase
showed excellent GLC performance, especially with highly polar compounds such as
the N-trifluoroacetyl-n-butyl ester derivatives of amino acids®.

, Polyj)kenylmetkylszloxane, pre-polymerized. The pre-polymerized phenyl-
methylsiloxane shown in Fig. 6 possesses a MWD 51gn1ﬁcant1y different from that of
the. d1rectly polymenzed phase described above. The cyclic siloxane is predominant,
causing. the severe losses of phase in the heat-treatment under a nitrogen stream
(Table.I, W-C-4 and G-C-4 as compared to W-C-3 and G-C-3). A small fraction of the
cyclic material rearranges to an assumedly linear polymer of higher molecular weight,
as indicated by the IR spectra of the total extractable material (= material not
fractionated by GPC).

- Polydimethylsiloxane, This phase is shown in Fig. 7; a variety of dlstnbutlon
proﬁles can.be observed. Heat-treatment broadens the MWD, both for fluidized bed
and i»n situ polymerized phases, an effect which is not necessarily desirable.

All' IR spectra are consistent with: linear polydimethylsiloxanes. The higher
molecular. weight fractions (4,000 for. G-D-3 and 12,000 for G-D-2) are identical. The
lower molecular we1ght peaks, 700 (or 8 dimethylsiloxane groups) for G-D-3 and
1,800 (25 such groups) for G-D-2,show significant amounts of trimethylsiloxy terminal
groups in their IR spectra. These groups most likely originated from small amounts
of trlmethylchlorosﬂane present in the commercially available DMCS.

- No.ageing effects were noticed by GPC. (ﬁve months after the initial analysm)
for- any of the -three types of polyrner

DXSCUSSION

In thls study, we have used the chemlstry deve]oped in our earlier attempts
to produce support-bonded silicones!:2, However, our primary ob]ectwe was to demon-
.strate the feas1b111ty of polymenzmg silicones on supports in a 51mple manner,
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regardless of whether the resulting materials turned out to be support-bonded or
not. It appears that only small additional benefits can be reaped from the presence
of support-bonding in pure silicones when used for GC (as opposed to, say, liquid
chromatography); but the possibility to produce, in this manner, types of silicone
liquid phases which cannot be commercially obtained may prove worthy of some
consideration.

It appeared certain from the onset of this study that it should be possible to
polymerize silicones by passing water-saturated gas through monomer-coated
supports. The significant point, however, was whether the resulting materials would
prove fit for chromatographic service. After all, considerable problems and critical
precautions can be associated with even the regular coating techniques for difficult
types of analysis. This fact underlines the importance of evenly distributed polymer
layers for good chromatographic performance.

In contrast to the polymerization in a fluidized bed!:2 polymerization in sifu
occurs on particles fixed in a specific position. IFurthermore, the direction of flow of
water-saturated gas establishes conditions for polymerization (notably the concen-
trations of H,O and HCl in the gas), which vary along different longitudinal positions
in the column, and the influence of varying local flow through channels due to clusters
or striae of support particles is also involved.

Not only could the evenness of coating be questioned, but there was also to be
considered the nature of the synthesized polymers, 7.e. their molecular weight
distribution, residual silanol groups, etc. It was with these questions in mind that
the HETP and % measurements as well as the GPC and the subsequent IR studies
were conducted. The HETP values are influenced by the evenness of otherwise
similar polymer layers, while the % values, at comparable loads, should indicate any
gross structural change in the polymer. The latter case, for instance, may have occur-
red with the G-C-2 and W-C-2 phases (Table I) in the vacuum heat-treatment.

From a GC viewpoint, the three model phases generally performed well. They

were definitely comparable to the performance expected of corresponding conven-
tional materials. Heat-treatment increased the average molecular weight and the
amount of support-bonding; it did not change significantly general GLC performance.
One should expect, though, that the resulting reduction in silanol groups could make
the difference in critical types of analysis.
» The conditions of heat-treatment (300° under a flow of nitrogen) were definitely
too harsh for the phenylmethyl and dimethyl phases and resulted in severe silicone
losses. In these cases, heat-treatment in a closed s‘ystem (or the conventional ‘‘no-flow
conditioning’’) should be preferable. I'ig. 4, for instance, includes for comparison a
phenylmethyl phase thus treated.

IFrom a synthetic viewpoint, the volatility of the monomer (and of polymer
fractions of low molecular weight) plays a significant role. Exactly the same condi-
tions were, of course, used in the polymerization of all three monomers, and
apparently they suited octadecyltrichlorosilane well but caused severe losses of the
more volatile materials. A practical application of the described procedures for the
phenylmethyl and especially the dimethyl phases would therefore require their prior
modification. '

. Several other considerations emerged from this study ; obvious ones, perhaps, yet
easy to overlook. First, the correlation between the MWD of a polymer, and its
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performance in chromatographic separations, is a generally neglected, yet quite
interesting sub]ect Certainly silicones can be expected to change considerably in
their MWD between the time when they are coated on to GLC supports and the
time when the column is finally discarded. And it is obvious that, among other
effects, the polymer’s MWD can be expected to influence the solute diffusion rate
and consequently the mass transfer resistance term in the Van Deemter equation.

"GPC is the obvious method of choice for establishing the MWD of experimental
polymers as they are formed in our experiments, but one point should be noted. In
our special case, GPC is of necessity confined to the non-support-bonded polymer
fraction which can be extracted from the particles. We must hope, therefore, that the
extractable portions are fairly representative of the total silicone phases characterized
by the  GC tests. With this limitation, GPC can be considered to be a method well
suited for defining differences between polymers of similar chemical structure but
different history, and it clearly reflects the changes wrought by time and temperature
ina chromatographlc environment, and also the conditions chosen for polymerization.

- - The second. point to be made concerns the reduction in molecular weight
brought about by small amounts of monofunctional monomers, and the branching
introduced by trifunctionality, together with its various chromatographic conse-
quences. A demonstration was provided in this study by the IR spectra of low
molecular - weight fractions .of polyd1methv151lo~:anes which showed mgmhcqnt
amounts of trlmethylsﬂoxy groups. : : :

Third, there is the need to avert the formatlon of cyclic sxlo*canes or at least
to take the necessary precautlons to avoid the loss in critical steps of on- support
polymenzatlons such as the i#n sifu synthesis described in this paper. This aspect is,
of course, quite different from the requirements of ‘‘regular’’ silicone chemistry.

- Finally, an overall comparison of the two methods of on-support polymeriza-
tion,‘in sttu -vs. the fluidized bed!.2, would seem to'give preference to the latter in
terms of ﬂexibility and support-bonding. The fluidized bed also appears to hold a
slight. advantage in terms of chromatographic performance. The in situ approach,
however, is sunpler and deﬁmtely one to consider under favorable circumstances..
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