
SUMMAR.Y 

Alkaline hydrolysis of bonded silia gel high-per&ormance liquid cbromato- 
graphic phases, followed by trimethylsilylation wilih trimethylsiIyiimidazo!e &ZXLS to 
compounds with gas chromatographic characteristics sficient to identify the nature 
of bonded chains, First results in the attempt to quantitate this approach are described. 

INTEtODtJCT’ION 

Recently we contriiuted to the analysis of trace metals in silica gel1 and to 
the determination of particle size, total pore volume and mean pore ii&. In the 
present paper we introduce a possibfe means of ascertaining the nature of side-chains 
bonded to silica gel. This is based on alkaline hydrolysis of the silica gel m&$x, 
derivatintion into the trimethylsiiyl derivatives of the hydrolysis products and cap& 
lary gas chromatographic (cc) analysis of the resuIting mixture. 

Trimethylsilylation of acid&& sodium silicate solutio~~s has already been 
described by several authors. Lent23 was probably the fisst. His procedure is as 
follows: hexametbyklisilazane (HMDS; 5 mi), isopropanol(7.5 ml), concentrated HCI 
(3.8 ml) and water (3.1 ml) are mixed for 1 h. After cooling to 20”, two drops of 
acid&d silicate soh&ion (CQ. 2.3 mg ofSiQ3 ape added and the mixture is stirred for 
1 h. Dodecamethylpentasiloxane is added as internal standard. AfIer four washings 
with 30 mI of water, the organic phase is shaken for 34 days with Amberlyst 15. 
The f&red solution is analysed by GC. G6tz and Masson follow practically the 
same procedure but with a mixture of HMDS and tsimethy&Iorosi (TICS). 
A summary of what has been done in the field was recently given by Garz6 ep aL5. 
In their study, an improved procedure is as follows: bi&rimethyl!silyl)acetamide (BSX; 
3.5 ml) acidified with gaseous HCl and HMDS (5 ml) are stirred for 20 min with 
acetone (10 ml). Two drops of acid&d silicate (again cu. 2.3 mg of SiQa are added 
with stirring for 15 min at 15”. The solution is allowed to come to room temperature 
and kept for 34 h. Water is added, and dodecamethylpentasiloxane as internal 
standard. The or&c layer is fusther washed thsee times with water. The organic 



hyer is analysed by capillary CX 0~1 a 16 m x 025 mm I-D_ OV-1 eolrrmn! from 
iI9 to 3QW at lOo/min_ 

These three xnetbods give more or less amflogo~~s pro&s e by a 
relatively largfznumber of peaks__Some oft were identi&d by capillary Gc-mass 
qzctrometry 06, others by comparison with reference compounds. They include 
the monomer ftc&a@imetbylsilyioxy~e~, the dimcr, trimer and tetramer, aud 
several cyclic and branched derivative!s_ 

Am2iysf.s of w-etiable s-i&a gel phases 
100 mg of silica gel is stirred with 2 ml of 2 NKOH for 2 hat room temperature_ 

To 25 ~1 of the homogenous mixture is added 75 ~1 of tfimethylsilylimidale 
(TRIM). The vigorous reaction is over after 14 min and the upper layer cam be 
~a&~& ‘directly by capillasy Gc at 110” OQ a 5 m x 0.5 mm L.D_ glass capillary 

wIulnIl statically coated” with SE-30. 

Andysis of zmiieert&le siIica gel plzzes (ODS) 
lOOmgofthephaseissuspen~in20mlofTHFand2mlof2NKOHis 

added. The solution is refiuxed for 1 h. 100 ~1 of the organic layer atd 100~1 of 
m 3re mixed_ Tlxe rez~tion is completed by heating to SO” for 30 min. The solvent 
and excess TSIM are removed by vacuum evaporation. The residue is dissolved in 
SO ~1 of THF. The GC analysis is performed at 210” on a 5 m x 0.5 mm I.D. glass 
capillazz staticzzlly cuated with SE-30. 

Trimethuxzy-ocZadecyZsihe_ 40 ml of dry methanol (freshly distilled over CaO) 
and 4 ml of trichloro-cctadccylsilane arc stirred in a two-necked &sk with a r&xx 
cooler_ We stirring, :Mg is added in smaIl amounts until the vigorous reaction 
subsides. The mixture is refluxed for 2 h. 

Tkc solution is filtcrcd on a glass filter to rcmovc excess Mg and MgClt, and 
is then extracted with isooctane-cthyl acetate-water (1: 1: 1). The organic layer is 
isolated and the solvent removed on a rotavapor. Analysis with capillaq GC shows 
a nearly pure product_ (Nuclear maguetic resonanaz : d : 3.6 = CH#-Si / 8 : 1.25 = 
-CR,- / d : 0.9 = Si-CH&Ht 18 : -0.5 = Si-CHr; MS : M+- m/z = 374, peak 
mfi = 342 loss of methanol). 

~~(t~t~~~yZ~~~uct~~~~e_ 100 mg of trimethoxyoctadecylsilane is 
dissolved in IO ml of tetrahydrofuran m and 10 ml of 2 N KOH. The solution is 
refluxed for 2 h. The organic tayer is isolated and aheated with 1 ml of TSR& the 
solution is refluxed for 1 b_ 

The reaction mixture is evaporated on a rotavapor and the residue is shaken 
with me_ Tri(trimethylsilytoxy)o&adeeylsilane and other products dissolve. A 
more polar solvent dissolves the residual precipitate but this does not contain ffie 
desired componnd, 

i?zu$&kn_ Preparative GC is carried out on 8 0V-1 glass capillary column, 
50 m x f mm I-D., at 240” on a Varian 1400 microcatbzo meter gas cbromatograph. 
10 Pl of the sample containing CCL 3 mg of product is iiljected nqe&edly. Only- 10% 
of the injected material can be co&cted, the rest is not chromatographed. 



Comeiv~bIy silica gel znd derivatised silica ge?s could be aaalysed in the same 
way after alMine hy&o&sis. Considerable eqnimmtatim in our laboratory Ied to 
the conclusion that hydrolysis of 100 mg of silica gel or dexivatised phase (except the 
important octadecyl silica gel phases) in 2 ml of 2 N KOEE is complete after 2 h at 
room tempfxaure_ For trinle~yls~y~ion, the following proceduE, &bough rnucb 
simper, gives largery the same results as the &st two desakci above. 

TMCS (5 ml) and isopropanol (7.5 ml) are mixed for 15 min at mom tern- 
per&me. 100 ~1 of the hydrolysate (ca 10 mg of SiO3 is added. After 2 h stirring, 
this mixture is washed twice with 10 ml of water and the upper organic layer is 
evaporatea under a nitrogen stream. The residue is &solved in 100~1 of ethyl 
acetate and analysed by capillary GC. Cbromatograms for silica gel (A) and for 
phenylsilica gel (‘ES) (8% pIienyi) are shown in Fig. 1. Most of the early peaks could 
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be identicd by capillary GGMS in the electron impact (EE) and chemical Mnization 
(cr) modes, and the results are presented inTabIe I. As indicated, the use of isqxo- 
pazxoi introd~~~~ isopropyloxy groups in many corn~m~S~ and thus mxdksslfjr cam- 
plicates the CIlromatogtarns. The presence of &se koprc.@y~oxy groups was also 
nxx~tio3xd by Addisonf- 

IIlENymcATIoN OF THE PEAKS IN FiGS_ IA AND IB 
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SurprisingIy, some compounds with a free siJ.anoI function CouId be chro- 
matographed norrnaIIy_ This was also found reqeatexily later with other de&at&d 
mixtures. The pe&s with very high molecular s-eight could not be analysed on our 
instrmnent (Fiigan 3200 qualrupok MS). The silyiated trimer already has mo1. wt. 
of 828! Some of the peaks (A, B, C and D) do contain phenyl and the approach there- 
fore Iooks promising_ 

There are too many peaks, however, and under sEghtIy diGrent conditions, 
the number of peaks can be much larger. This is the case when using only rOp1 of 
hydrolysate instead of 100 ~1 in the derivatization step. 

The unknown peaks with moi. wt. 428 and 458 are aIs0 often kirger- Changing 
the concentration of silica ei in the hydrolysis step does not have much e&ct. 

We developed the following procedure leading practically exclusiveIy to the 
monomer or tetra(trimethyIsilyIo;ry)siIane when working with silica gel._ To 2.5 fl of 
the hydFolysate of 100 mg of silica gel in 2 ml of 2 N KOH is added 75 ~1 of TSIM. 
The vigorous reaction leads quickly to two liquid layers. The upper layer is analysed 
as such by capi&xy GC. 

Similar resuks were obtained for chloropropylsilica gel, phenylsilica gel, 
Cyi3iIOpropykika & nitrophenykiilica gel and ~OpFO&S&= gel- %ro@y 
siiyhted (s!kac&ati) and octade@sika gel phases are not wetted by 2 It’ KOH. 
Adding THF and &I&g solves this problem- W&&out THF the waxy octadecyI- 
siIicic acid or other inmediates are inso!ubie in the system and the trim&y& 
s&&ion is erratic. With dioIsi&a gel and some anion-exchanging silica gels, mr&ipEe 
peak GC patterns were obtained_ 
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Fg. 2. Expcrirnen %al dctaik as for Fig. 1_ Ali traces are isotherm& except (e). whkh is programmed 
as shown, 

Chromatograms for most of the bonded silica gel phases mentioned above 
are reproduced in Fig. 2. The important peaks were again identi&d by capillary 
GC-MS analysis in the CI and E6 modes. The results are listed in Table LI. 

Most results were as expected. The amino function in amiimpropylsilica gel is 
not trimethyisilylated. In chloropropylsilica gel, the halogen is hydsolysed and then 
substituted by a trimethylsilyloxy group. 

TABLE 11 

IDENI-IFKATION OF PEAKS IN RG. 2a-g 

@?- Peak m/l value Assigned stwcmre 

2a 1 384 Tet?a@-kne~y~yrozcy) SfIaRe 
2b L 384 Tetra(triineffiylsilyIoxy) dane 

2 372 Tri(trimehykilyI~xy) pttenylsiie 
2c t 384 Tetra(&isn&yIsilyloxy) silane 

2 363 (3xyaaopropyl) tri(trirnethyrsiiyIo~) sihe 
2d 1 384 Tetra(tsimethylsZy!oxy) si!ane 

2 353 (3-AGno_oropY) tri(trimethykiIyIfxy) s&e 
2e 1 384 TeQa(t&ncthyldykxy) silane 

2 395 (N-Ace@-3-znhopmpyi) tri(trimethyWy!oxy) silane 
2f 1 384 Tetra@rdsby~y~oxy~ sihe 

2 426 Tri(~~y~y~o~y~3~~e~y~~l~mpyi) sihe 
(d&Q)ssi-C~OSi~ 

2g 1 548 Tri(trimethyIsilyIoxy) ocFakcyisiIane 



KOV&S -ICES FOR PEAKS SPECIFIC FOR D- PHASES 

As to the mechazLism and chemistry behind these resdts, it is dear t&at the 
hydro@sis depdymerizes the investigati materials to the mono&c species at least 
padye However, whereas dimeric and even high silicic acids can be run through GC 
(ii derivatized form) it is not impsobabk #at dimers with a longish side-chain are 
Ginply not volatife and are therefare not seen, Hydrofysis of silica gel goes to CQm- 
p&&n, but the other materi& are more st.ericaEy hindered_ 

Appmzntly, when a kss active or diSkrent trimetbylsily~tion -gent than 
TSIM is used, the polycondcm&ion of Glicic acid and ffie silylation are compting- 

l2G.s &ads to compk reamion nGxtmes_ With TRIM the silylatian is fast enough to 
avoid~p&cundmsatio~ of Se silicic acid. This expkmatioo covers &e facts so far 
kmmm or conddcred 

T-&e next step is obvkx&y the qmntitatioz& cf t&e qmm&ive resuk with 
diScrent &adecylsili~ j@s ooiitaining 8,13 and 27% bonded materid (themo- 
gravimetric maiysis) the GC patterns followed the trend and they were moreover 
repmduciile. To establish the response f&r for octadecyk@imethy~y~o~~e 
thk compound had to be ~tksized, Following indications in the l&era&“* and 
after some diEculti=, &is was successfhlly achieved by me%bmolysing ti?chloro- 
octadecyisilme (with Mg as HCl trapper) md subjecting the trime%hoxyoctadecyX- 
silane to the hydr+sis and TSIM derivatizing pmcedure descrii iai this paw. 
PuScation was cmied out by pnzparative se& GC followed by reved-ph 
high-Monnance liquid chromatography to remove 0%I b&xxi. Tke respo~ factm 
wasmeasuredintfieusual~ay~~~~~d~~ouli~ooO.64. 
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