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REACTION OF SILICA GEL WITH 
TRIMETHYLSILYL DONORS UNDER 

HPLC BONDED PHASE PACKINGS 
CONDITIONS USEFUL FOR END-CAPPING 

KENNETH D. MC MURTREY 
Department of Chemistry 

University o f  Soutlierii Mississippi 
Hattiesburg, Mississippi 39406-5043 

Several trimethylsilyl (TMS) donors including bis-N,0-tri- 
methylsilylacetamide (BSA), bis-N,0-trimethylsilyltrifluoro- 
acetamide (BSTFA), hexamethyldisilane (HMDS), trimethylchloro- 
silane (TMCS) with and without pyridine, 2-trimethylsiloxypent-2- 
en-4-one (TMSOP), trimethylsilyldimethylamine (TMSDMA , and 
trimethylsilglimidazole (TMSIM) were reacted with 60 B silica. 
TMSIM at 60 C with reaction times of one hour or less gave 
coverage of silica gel equivalent t o  that provided by refluxing 
TMCS and pyridine in toluene for 67 hrs. Reactivity of the TPlS 
donors studied may be ranked in the following order: 
TMSDMA > BSTFA > BSA > TMCS > TMSOP > HMDS. 
the reagent of choice for end-capping of alkyl bonded HPLC phases. 

TMSIM > 
TMSIM appears to be 

INTRODWXION 

Reversed phase liquid chromatography packings are usually 
produced by bonding reactive silanes to silica gel particles. The 
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chemistry of this process involves reaction of silanol groups at 
the surface of the silica gel particles with chloro or alkoxy 

substituted silanes, producing a Si-0-Si-C linkage from the 
inorganic silica to the organic moiety. Subsequently, the packing 
material is frequently "end-capped" by reaction with a 

trimethylsilyl donor. 
is the end-capping reagent chosen. TMCS has been used alone or 
with a base (usually pyridine) which apparently functions as an 
acid scavenger or as a catalyst. 

In most cases trimethylchlorosilane (TMCS) 

The goal of end-capping is to removc: as many residual 
silanols as possible. 
the 7 to 8 pmole/g of surface silanol groups present in totally 
hydrated silica react under conditions normally employed (1). 
Some of these unreacted silanols are available for interactions 
with solute molecules which can lead to nonideal behavior with 
attendant diminished efficiencies, particularly for basic 
analytes. 

It is well known that no more than half of 

A s  mentioned above, the usual reagent used in end-capping is 
trimethylchlorosilane, which is employed almost to the exclusion 
of other TMS donors. Many potential TMS donors exist. The 

practice of gas chromatography has led to the development of a 
number of reagents for preparation of TMS derivatives of 
substances which have low volatility because of polar functional 
groups (alcohols, phenols, etc.). These reagents possess a 
variety of characteristics. For example, the byproducts of 

reaction of some donors are acidic (e.g., TMCS produces HC1 during 
reaction), some are basic (trimethylsilylimidazole (TMSIM) and 
trimethylsilyldimethylamine (TMSDMA) give imidazole and 
dimethylamine, respectively), while others are neutral (bis-N,O- 
trimethylsilylacetamide (BSA) and bis-N,O-trimethylsilyltrifluoro- 
acetamide (BSTFA) produce acetamide and trifluoroacetamide, 
respectively). TMS donors also differ markedly in reactivity. 
Although reactivity also depends on the substance being 

derivatized, in general the following order prevails (2 ) :  
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TRIMETHYLSILYL DONORS 3377 

TMSIM > BSTFA) > BSA > TMSDMA > TMCS (with base) > hexamethyl- 
disilane (HMDS) . 
It is surprising that so few of the potential TMS donors have been 
used to end-cap HPLC stationary phases, and that a study of their 
relative reactivities does not appear to have been made. 

In this paper we describe stationary HPLC phases which were 
prepared by reacting a number of TMS donors with silica gel under 
conditions appropriate for end-capping of HPLC packings. 

Chemicals: TMS donors were purchased from Petrarch Systems 
(Bristol, PA), other materials were purchased from commercial 
suppliers. Silica gel marketed for thin layer chromatography 
(Analtech, Newark, DE) which had been separated into narrow 
particle size fractions by a process described elswhere (3) was 
used in this study. 
dp = 7f2 um with a nominal pore size of 60 1 and surface area of 
455 m /g determined using the method of Sears ( 4 ) .  
was maintained at 150 OC for at least 12 hrs and cooled in a 
vacuum dessicator at reduced pressures prior to bonding reactions. 

The silica is irregular shaped particles of 

2 The silica gel 

Reaction Conditions: Most bonding reaction mixtures 
consisted of silica (2.0 g) and TMS donor in &-fold excess 
(calculated assuming 8 pmole/g of silanol groups). 
were maintained at 60 OC for one hour in 5 inch culture tubes and 
the silicas obtained in this way were washed 5 times with 
methanol. Tubes containing TMS donors which did not produce 
gaseous byproducts were sealed using teflon-faced screw caps. 
There was no appreciable increase in pressure inside the sealed 
tubes during reaction. 
(TMCS and TMSDMA, for example) were reacted with silica in culture 
tubes which were equipped with drying tubes containing anhydrous 
calcium sulfate. 
of dry toluene before reaction. 

The mixtures 

TMS donors which produce gaseous products 

TMSOP, which is a solid, was dissolved in 5.0 ml 
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Reaction between TMSIM and silica was studied using 
modifications of the above conditions. In one series of 
reactions, mixtures (2.0 g silica, 4.72 ml TMSIM) were maintained 
at 60 OC for 15, 30 min, 24, 48, and 96 hours to study the effect 
of time. 
of silica and TMSIM was heated at 100 or 195 OC for one hour. 
addition, a larger scale reaction consisting of 20.0 g of silica 
gel and 47.2 m l  of TMSIM was refluxed at 220 OC for one hour. 

In a subsequent series of reactions, the above mixture 
In 

A reference coated silica gel was prepared according to 
conditions which have been reported to give "the highest possible 
coverage" of Zipax silica gel by TMS groups "provided reactions 
times of more than 48 hrs are employed (5)." 
20.0 g of silica, 50 m l  of TMCS, and 100 ml of toluene were 
refluxed for 67 hours. 
vacuum filtration, washed with 200 ml each toluene, methylene 
chloride, methanol, 1:l methanol:water, water, and acetone and air 
dried. 

In this reaction 

The resulting material was collected by 

Table 1 

Capacity Factor Coverage 
2 Donor A NMA DMA Bz To1 %C %H pmole/m 

HMDSa 0.73 1.05 1.41 1.27 1.62 ---- ---- ---- 
B S A ~  1.34 2.45 3.72 3.55 5.09 ---- ---- ---- 
BSTFA~ 1.36 2.50 3.79 3.62 5.17 3.29 1.14 2.15 

TMSDMAa 1.34 2.57 4.01 3.81 5.56 3.03 0.97 1.97 

TMSOPb 1.08 1.83 2.54 2.46 3.34 2.62 1.12 1.69 

TMcsa 1.09 1.82 2.57 2.50 4.03 2.22 0.97 1.42 
1.06 1.76 2.54 2.44 3.38 ---- ---- ---- a TMCS/Py . 

TMCS/Imid .a 1.35 2.76 4.51 4.23 6.45 4.07 1.26 2.71 

TMCS/Py/tol.' 1.48 2.90 4.65 4.40 6.57 4.70 1.38 3.17 
TMS IMa 1.48 2.97 4.80 4.54 6.86 4.50 1.39 3.02 

i 6 0  OC, 1 hour 

'refluxed 67 hours 
in 5.0 ml toluene, 60 OC, 1 hour 
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TRIMETHYLSILYL DONORS 3379 

Packing of HPLC Columns: Silica samples (ca. 2.0 g) were 
slurried in methanol and packed with downward flow into 4.6 x 150 
mm stainless steel columns using acetone as a packing fluid at 
8500 psi. 
them from acetone. 

Water (100 ml) was pumped through the columns to free 

Evaluation of HPLC Columns: Columns were evaluated using 
five solutes: aniline, N-methylaniline, N,N-dimethylaniline, 
benzene, and toluene. 
in 40% CH3CN were used at a flow rate of 1.0 ml/min. 
nitrate was used as a void volume marker for determination of 
capacity factors. 
Laboratories (Knoxville, TN) . 

Mobile phases consisting of 0.05 M NH4H2P04 
Sodium 

Elemental analyses were performed by Galbraith 

Hydrolysis of Packings: Water at 60 OC was pumped through 
selected HPLC columns at a flow of 2 mllmin. 
evaluated from time to time using the conditions described above. 

Columns were 

RESULTS AND DISCUSSION 

Capacity factors for aniline ( A ) ,  N-methylaniline (NMA), N,N- 
dimethylaniline (DMA), benzene (Bz), and toluene (Tol); the % 

carbon and hydrogen loading; and coverage of bonded packings 
synthesized using several TMS donors are given in Table 1. 
A s  may be seen, the reagents used differ markedly in their 
reactivities. Under comparable conditions (60 OC, ambient 
pressure, 1 hr) it is evident that TMSIM is considerably more 
powerful as a TMS donor than any other of the reagents tested. 

The reaction of TMSIM with silica gel at 60 OC appears to be 
very rapid. A series of reactions conducted using reaction times 
from 15 minutes to 96 hours indicated that coverage of the silica 
(as evidenced by capacity factors of the five test solutes) was 
constant for all columns prepared. 
repetition of the experiments leading to the data in Table 1 at 
times of 15 min or less would give even more dramatic evidence of 

the relative reactivity of TMSIM compared to the other TMS donors. 

It seems probable that 
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3380 MC MURTREY 

The of reactivity of the TMS donors tested with silica gel 
may be ranked as follows: 

TMSIM > TMSDMA > BSTFA > BSA > TMCS > TMSOP > HMDS 

Reactivity of TMCS can be modified by addition of a base to the 
reaction mixture. 
pyridine is efficient, however, under the more mild conditions and 
short reaction times employed, addition of pyridine did not 
increase the reaction with silanols. A mixture of TMCS and 
imidazole, in contrast, provided coverage which was nearly as 
complete as TMSIM itself. 
reacts to generate TMSIM in situ. 

At high temperatures over long reaction times 

It seems likely that TMCS and imidazole 

Inspection of the data in Table 1 also suggests that the 
relationship between the capacity factor of a solute and % carbon 
bonded to the silica gel is subject to some variation. 
relationship between capacity factor of toluene and X C for a 
number of bonded phases is illustrated in Figure 1. 
phases used to construct this figure were all alkylsilyl 
derivatized silica. 
and X C is clear, it is also clear that other factors are 
operating. This is not surprising since retention of a solute 
must depend on the microenvironment at the surface of the 
stationary phase particle. 
during bonding reactions should be proportional to the number of 
sterically accessible silanols present at the surface of the 
unreacted silica. 
alkyl donor with a silanol may be different from the steric 
requirements for solute interaction with a bonded phase during 
chromatography some variation should be expected. 
however, that retention does follow % C as a general trend. This 
trend is followed whether the bonded phase contains TMS, n-butyl, 
octyl, octadecyl groups, or mixtures of more than one of these 
species (end-capped material). 

The 

The bonded 

Although the general relationship between k' 

The percent of carbon incorporated 

Since steric requirements for reaction of an 

It is clear, 
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0 
P e r c e n t  C a r b o n  

Figure 1. Variation of k' of toluene with percent carbon for TMS (a), 
n-butyldimethylsilyl (-0-), n-octyldimethylsilyl (-+-), and 
n-octadecyldimethylsilyl (+) bonded phase columns. 
phase of 0.05 
for all determinat$~&.~ The solid line is the linear least 
squares best fit. 
through the origin. 

Mobile 
NH H PO in 40 ,% aqueous acetonitrile used 

Actual best line would be a curve passing 

As shown in Figure 2 ,  an increase in temperature of reaction 
from 60 OC to 195 OC was accompanied by an increase in both 
capacity factors for all solutes and the percent carbon bonded to 
the silica gel. Further reaction temperature increase to 220 OC, 

in contrast, provided no further increase in percent carbon but 
gave a decrease in capacity factor for all solutes studied. 
decrease could arise from at least two possible sources. First, 
the rather extreme reaction conditions could be acting to modify 
the surface of the silica gel by dehydration or loss of T'MSOH 
groups. 
may be present in such concentration that steric interactions 
between them affect the interaction of solute molecules with the 
stationary phase. 

This 

A second possibility is that the trimethylsilyl groups 

If the latter possibility is operating, 
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o n  n ! : : : : : : : : : l : : : : : : : : :  
-5 0 100 150 

Temper  a t  ur e 

200 250 

F i g u r e  2. V a r i a t i o n  o f  K '  of  test  s u b s t a n c e s  and % carbon i n c o r p o r a t e d  
on TMS bonded phase packings s y n t h e s i z e d  by r e a c t i n g  TMSIM 
w i t h  s i l i ca  g e l  a t  d i f f e r e n t  tempera tures .  Capac i ty  f a c t o r s  
f o r  a n i l i n e  (-a-) , N-methylaniline (+) , N ,N-dimethylani l ine 
(-0-), benzene (-x-), and t o l u e n e  (+) were determined u s i n g  
c o n d i t i o n s  as i n  F i g u r e  1. P e r c e n t  carbon (+) w a s  measured 
by e l e m e n t a l  a n a l y s i s .  

c o n t r o l l e d  h y d r o l y s i s  o f  some o f  t h e  TMS groups a t  t h e  s u r f a c e  of 

the s i l ica  should  l e a d  t o  i n c r e a s e s  i n  k 'va lues .  Columns exposed 

t o  c o n t r o l l e d  h y d r o l y s i s  a t  60 OC showed no ev idence  of  a n  

i n c r e a s e  i n  k '  v a l u e s  f o r  t h e  test  subs tances .  Furthermore,  it 

was determined t h a t  r e f l u x i n g  s i l ica  g e l  d r i e d  a t  150 OC o v e r n i g h t  
w i t h  TMSIM produces c o n s i d e r a b l e  amounts of t r i m e t h y l s i l y l  

a l c o h o l ,  t h e  product  expected i f  dehydra t ion  is  o c c u r r i n g .  The 

observed d e c r e a s e  i n  k '  v a l u e s  f o r  TMS bonded phases  prepared a t  

h igh  tempera tures  a p p e a r s  t o  a r i se  from changes i n  t h e  si l ica g e l  

induced by t h e  e n e r g e t i c  c o n d i t i o n s  employed. 
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CONCLUSION 

The results presented above indicate that TMSIM is much more 
effective as an end-capping reagent than the frequently employed 
TMCS or TMCS with pyridine. Indeed, TMSIM at a temperature of 60 
C with a reaction time of less than one hour gives comparable 
coverage of silanols as TMCS and pyridine in refluxing toluene 
after 67 hours of reaction. Furthermore, no hydrogen chloride 
fumes are produced when TMSIM is used and the products of the 
reaction are easily removed by washing with organic solvents. 
While TMSIM is more expensive than TMCS it may be generated 
situ by a mixture of TMCS and imidazole to give essentially 
equivalent coverage to that provided by the preformed reagent. 
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