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The adsorption properties of silica gel with grafted aminopropyl and guanidinoethanethiol  
(GET) groups were studied by the techniques of adsorption under static condit ions and gas 
chromatography. It was shown that molecules capable of forming hydrogen bonds  are 
adsorbed on all modified samples more weakly than on the initial silica gel. The grafting of 
GET radicals on the surface results in a noticiable increase in the dispersion in teract ion with 
adsorbed molecules. Calculation of the contributions of molecular groups to the constant  of 
adsorption eqt, ilibrit,m showed that the thermodynamic characteristics of adsorpt ion on 
aminosilochromes and aminosilicas with a polymeric layer of the modifying agent  have 
similar values. Such adsorbents can be used for investigation of polar compounds, including 
organic bases. 
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Inves t iga t ion  o f  the  surface propert ies  of  chemica l ly  
modif ied  sil icas { C M S )  by various t echn iques  inc luding  
adsorp t ion  and  gas c h r o m a t o g r a p h y  ( G C )  is necessary 
for d i rec ted  synthes is  of  these  materials.  1-3 

In the major i ty  o f  works  devoted  to s tudying inter-  
molecu la r  i n t e r ac t i ons  of  C M S  by adsorp t ion  me thods ,  
s i lochrome,  the  mos t  chemica l ly  and geometr ica l ly  uni-  
form variety of  the  a m o r p h o u s  porous silica, was used as 
the s tar t ing suppor t .  1,'1-7 However ,  sorbents  and cata-  
lysts of pract ica l  i m p o r t a n c e  general ly  were ob ta ined  by 
the  mod i f i ca t ion  of  si l ica gels whose advantages  are first 
of  all the h igh s t r eng th  of  part icles  and the  possibili ty of 
con t ro l l ing  the  surface  areas and  pore sizes over  a wide 
range. 1,3 

In this  work,  the surface  chemis t ry  of  silica gel and 
s amp le s  p r e p a r e d  f rom it by c h e m i c a l  g ra f t ing  of  
aminopropy l  and  g u a n i d i n o e t h a n e t h i o l  ( G E T )  groups 
was s tudied  by G C  aqd  adsorp t ion  me thods  unde r  static 
condi t ions .  The  effects o f  the  a m o u n t  and  nature  of  the 
grafted c o m p o u n d  on the  adsorp t ion  proper t ies  of  modi -  
fied r 'aaterials were invest igated.  The  m e t h o d  tbr  ca lcu-  
latiotl of  the  c o n t r i b u t i o n s  of  molecu la r  groups to ther -  
m o d y n a m i c  charac te r i s t i c s  of  adsorpt ion  (TCA) was used 
for quan t i t a t ive  eva lua t ion  of  the proper t ies  of  a m i n o -  
silicas. 

Experimental 

Silica gel KSK-I with panicles of 0.1--0.2 rnm in size 
(.Table 1) was used as the starting support (pilot plant of 
N l IN P. Gorky). Aminosilicagels with different concentrations 

of the grafted groups were obta ined  by modification of silica 
with ~,-aminopropyltriethoxysilane (APTES) in company 
"Biokhimmak'.  The samples wi th  the grafted guanidino- 
ethanethiol groups (samples 3 and 5) were synthesized by 
heterogeneous solvolysis of the  derivatives of 2 -amino-  
2-thiazaline; aminosilicas were used as their precursors (samples 
2 and 4, respectively). It should be noted that the GET group 
grafted to the silica surface was stable for a long time. in 
contrast to the homogeneous analog (guanidinoethanethiol).  7.8 

The concentration of the grafted amino groups on samples 
2 and 7 is close to a monolayer coverage, and the grafted layer 
of the polymeric type is formed o n  samples 4 and 8. 5,6 In order 
to study the effect of the surface properties of the starting 
supports on the characteristics of  the modified samples, the 
data obtained previously for $ -120  silochrome and amino- 
silochromes 5,6 were used in this work for a comparison. 

The adsorption isotherms a t  77 K were determined by a 
static method on a Micromeritix 21000  (USA) analyzer for 

Table 1. Characteristics of samples  

Number of Sample C Ssp 
sample 

t Silica gel ( K S K - I )  80 
2 Aminosilica get 1.7 72 
3 G ET-sitica gel 75 
4 Aminosilica gel 7.3 60 
5 GET-silica gel 63 
6 Silochrome 98 
7 Aminosi lochrome 2.5 87 
S Aminosi lochrome 5.3 80 

C is the surface concentra t ion of the NH 2 groups 
per am2; Ssp is the specific surface area, m 2 g-I 

Translated from [zvestiya Akademii Na~lk. Seriya KJ, imicheskaya, No. 3. pp. 452--~,57. March. 1997. 
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measurement of porosity and specific surface area. The specific 
st:trace area of the samples (Ssp) was calculated from the N- 
adsorption isotherms with the BET method, suggesting that the 
area occupied by N 2 molecule in a monomoleeular layer on 
the adsorbent surface is equal to 16.2 ,Z2. 

Gas-chromatographic (GC) measurements were carried 
out on a Tsvet-100 chromatograph with a flame-ionization 
detector and N 2 as a carrier-gas. The columns used were 0.5 
and 1 m in length and 2.5 mm in inner diameter. Prior to the 
stqdy, all samples were heated for 20 h in an N 2 flow at 
180 ~ in the case of the starting silica and aminosilicas, and 
at 150 ~ in the case of GET-silicas. 

For all adsorbent samples, we determined the specific 
retention volumes per weight unit (I/~/mL g-I) and per unit of 
surface area (l<ffmL m -2) as well as the relative retention 
volumes Vre I (with respect to n-nonane). 

The values of specific retention volumes were calculated by 
the formula 

V~ = re. ,~'l(m" S,p), 

where t c is the adjusted time of adsorbate retention, 
to= tadsort, a, e - t 0 (hold-up, t 0, was determined with respect to 
methane; it was equal to 11--19 s): w is the space velocity of a 
carrier-gas, reduced to zero drop in the pressure in a column; 
m is the weight of an adsorbent in a column; Ssp is the specific 
surface area of an adsorbent. The V a vahtes are equal to Henry's 
constants of adsorption equilibrium expressed as mL m -2. The 
initial (the Henry region) differential molar heats of adsorption 
q (below heats of adsorption) were calculated from dependences 
of the specific volumes on reverse temperature; q = -~U, where 
:3U is the change in the differential molar inner energy during 
adsorption. The coefficients of selectivity for pyridine and iso- 
meric dimethylpyridines were also determined as the ratio of H a 
for two compot, nds eluted successively from the column. All 
thermodynamic characteristics of adsorption were obn~ined at 
the nearly zero coverage of the surface. 

The method to calculate the contributions or molecular 
groups to the constant of adsorption equilibrium was used for 
the quantitative evaluation of the properties of aminosilicas 
similarly to that employed in Ref. 9. 10. By using an additive 
scheme and taking into account that the molecular groups of 
the same type and the fragments of adsorbing molecules 
contribute equally to the constant of adsorption equilibrium on 
this adsorbent, the logarithm of the specific retention volume 
as a whole. In V a, can be represented as the sum of contribu- 
tions of the same type: 

In V a = V(tn [ca/)" n i, 

where Va, corresponds to the specific retention volume of the i 
group, n i is the number of groups of the same type in the 
adsorbed molecule. 

The contribution of each molecular group to adsorption 
(In Va,} was determined by taking the experimental values of I< a 
and calculating by the least squares method the system of 
linear equations ,.hat link In t(a with the number of the n, groups 
of the sante type�9 The 1, a values for n-alkanes (Cr--Ct0) as well 
as for the compounds presented in Table 2 were used for 
czHc,tlation. 

R e s u l t s  and D i s c u s s i o n  

As can be seen in Table l,  modif ica t ion of  the 
-:-APTES silica gel results in a decrease in the specific 

Vf fmL m -2 
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Fig. 1. The adsorption isotherms of  nitrogen at 77 K on 
samples 1--5 (numbering of samples is presented in Table l). 

surface area of  the samples: the  h ighe r  c o n c e n t r a t i o n  o f  
the grafted c o m p o u n d ,  the h igher  the decrease m e n -  
t ioned.  Similar changes  in S~p are also obse rved  t'or 
aminos i lochromes .  However ,  fo rma t ion  of the G E T  
groups on the surface has pract ical ly  no inf luence o n  the 
S~p values as compared  to the co r r e spond ing  a m i n o s i l i c a  
gels. 

The adsorpt ion isotherms o f  n i t rogen on m o d i f i e d  
silicas in the whole  range of  presst tres s tudied are pos i -  
t ioned  lower than  those for the  s tar t ing support  (F ig .  1). 
Consequen t ly ,  d i sp lacement  and shielding of  the su r face  
hydroxyl groups of  the s tar t ing silica gel lead to  a 
decrease in the  in te rmolecu la r  in teract ion d u r i n g  N 2 
adsorpt ion on these surfaces. The  increase in the  a m o u n t  
of  the aminopropyl  groups on  s amp l e  4 also resul ts  in a 
decrease in ni t rogen adsorpt ion.  

The adsorpt ion  isotherms o f  N 2 on the G E T  s a m p l e s  
coincide  or are posi t ioned h ighe r  than  those on  co r r e -  
sponding  aminosi l ica  gels. 

The results o f  study of  the surface proper t ies  o f  the  
samples  by G C  are presented  in Tables 2 and 3 a n d  in 
Figs. 2--4.  Chromatograph ic  peaks  for all test  adso r -  
bates on the modif ied samples  are symmetr ica l ,  unl ike  
those  for the starting support .  Hence ,  the p r e s e n c e  of  
different  funct ional  groups does  not  affect negat ive ly  the 
uniformity of  the materials obta ined .  For example ,  Fig. 2 
demons t ra tes  ch roma tog rams  o f  the  c o m p o u n d s  with 
the func t iona l  groups,  i nc lud ing  organic  b a s e s ,  on 
aminosi l ica  g e l  These data indicate  the u n i f o r m i t y  of  
the materials obtained.  Examina t ion  of  d e p e n d e n c e s  of  
Ig I,~ a on the n u m b e r  of  the ca rbon  a toms in the  n - a l k a n e  
molecule  shows that when the  surface coverages  are 
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T~,ble 2. The values of relative retention volumes I/re I (n-nonane is the standard) and specific retention volumes 
Va I'mL m -?) at 403 K on the starting and modified samples t--8 

Sample" V~e I I. a 

Benzene Toluene Chloro- Diethyl 2-Methyl- Acetonitnie Nitromethane Pyr'idine n-Nonane 
benzene ether propan-2-ol 

1 0.85 1.95 1.58 8.80 23 7.74 3.56 80 0.18 
2 0,45 0.98 1.25 1.35 9.09 2.17 1.59 21.7 0.28 
3 0,32 0.69 0.89 0,90 6.08 1.36 0.93 I3,54 0.40 
4 0,29 0,54 0.81 0,15 0.70 0,34 0.41 0.88 0.24 
5 0.23 0.42 -- 0. tl 0.75 0.31 0.30 1.29 0.80 
6 0.31 0.67 0.64 2.75 6,83 t.69 0.69 25.30 0.28 
7 0.32 0.73 1.04 0.53 3.30 0.82 0.75 6.20 0.37 
8 0.28 0.55 0.83 0.15 0.71 0.28 0.39 0.87 0.23 

* Numbering of samples is presented in Table 1. 
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Fig. 2, Chromatograms for separation of heterocyclic com- 
pounds on aminosilica gel (sample 4. Table l): 
a) pyridine (/), 2,6-dimethylpyridine (2), 3,5-dimethylpyridine 
13), 3,4-dimethylpyridine (4) (TcoJumn = 419 K, w(N2)= 
0.52 mL s-I); b) dioxane (1) and morpholine (2 r) (T~o)um, = 
425 K, w(N 2) = 0.124 mL s t). Column 1 rex2.5 ram. 

close to zero,  saturated hydrocarbons,  whose adsorption 
is only due to dispersion interact ion with the surface of  
any compos i t ion ,  are retained most weakly on the start- 
ing silica gel (Fig. _q). In t roduct ion  of  the aminopropy[ 
groups leads to an increase in the V~ values of  n-alkanes. 
Stronger  dispersion in teract ion with unsaturated hydro- 
carbons is obse~ 'ed  on the samples with the grafted 
G E T  groups. The  cont r ibut ion  of  the CI-I~ groups to the 
IgVn value is enhanced  on the G E T  silica gels as c o m -  
pared to aminosi l icas  (0.29 and 0.25, respectively). 

In our opin ion ,  these results are evidence of  the 
possibility o f  penet ra t ion  of  the adsorbate molecules  to 
the grafted layer and hence ,  for the presence o f a d d i -  
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Fig. 3. Dependence of IgV a on  the number of the carbon 
atoms n in the molecules of n-alkanes on samples 1--5 at 
403 K (numbering of samples see Table I). 

tional "side" interactions wi th  grafted radicals of  various 
composit ions;  this is in a g o o d  agreement  with the 
results of  previous studies o f  C M S .  1,6 

The l(,eT values are the m o s t  convenient  character is-  
tic for the evaluation of  t i l e  contr ibut ion of  specific 
interaction to adsorption. It is seen from the data pre- 
sented in Table 2 that the mod i f i ca t i on  of  the surface 
leads to a sharp increase in Vre I of  the compounds  with 
the active functional groups.  Thus ,  on going from the 
starting silica gel to n i t r o g e n - c o n t a i n i n g  samples,  V,.e! 
values for pyridine drop by a factor  of  ~4 and later by a 
factor of  t00 with increasing c o n c e n t r a t i o n  o f  the grafted 
aminopropyl  groups. 

It is seen from the adso rp t i on  values for molecules  
with electron density loca l i zed  at any atoms or bonds 
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Fig. 4. Dependence of lgVg on reverse temperature (I/T) on 
aminosilica (I--4, sample 4, Table I) and GET-silica (l"--4", 
sample 5, Table 1) for diethyl ether (1. 1'), 2-methylpropan- 
2-ol (2, 2"), pyridine (3. 3"), and n-nonane (4. 4"). 

that in the case of grafting GET groups, it is necessary to 
take into account not only the nature of a modifying 
agent but also the concentration of the grafted amino 
groups on the surface of the precursor of aminosilica gel 
(monolayer or "polymer" coverage). A decrease in Vre I 
for the molecules capable of dipole-dipole interaction 
and of the formation of strong hydrogen bonds is ob- 
served on going from sample 2 (monolayer coverage) to 
the corresponding GET silica gel (Table 2). However, 
the heats of adsorption and the I/a values for diethyl 
ether, 2-methylpropan-2-ol, and pyridine change slightly 
when the GET groups appear on the surface (the I~ 
values for some adsorbates on samples 2 and 3, respec- 
tively, are equal to: 0.38 and 0.35 (Et20); 2.56 and 2.38 
(ButOH); 5.8l and 5.44 (Py)) (Table 3). This can be 

Table 3. The heats of adsorption q on modified 
samples* 2--5, 8 

Adsorbate q/kJ mol -I 
2 3 4 5 8 

n-Heptane 33 37 34 29 34 
n-Nonane 39 48 40 37 45 
Diethyl ether 57 58 29 32 35 
2- Methylpropan-2-ot 70 69 52 47 59 
Pyridine 68 71 44 45 40 

" Numbering of samples is presemed in Table t. 

explained by the fact that the increase in the dispersion 
component is compensated by the decrease in the con-  
tribution of specific interactions. As was established 
previously by IR spectroscopy, 6 the silanol groups ac- 
cessible to adsorption remain on the surface of silochrome 
containing the amount of the grafted aminopropyl radi- 
cals close to a monolayer (sample 7). Therefore, a 
decrease in the contribution of specific interactions on 
sample 3 can be ascribed to the formation of "arch" 
structure of the grafted layer, because the polar G E T  
groups can normally interact with the surface residual 
silanol groups, thereby decreasing the accessibility of 
both SiOH and GET groups to adsorption. 

In order to evaluate the effect of the nature of  a 
modifying agent on the adsorption properties of the 
polymer-type samples 4 and 5 with high concentratiota 
of aminopropyl groups and nearly equal Ssp values, let 
us consider tile temperature dependence of Vg for some 
compounds, it is seen in Fig. 4 that introduction of 
GET groups results in a sharp increase in the adsorption 
of all the compounds studied, which seems to be due to 
the increase in the length and polarizability of grafted 
groups. However, on the GET silica gel as compared to 
the corresponding aminosilica, the sequence of e lut ion 
of pyridine with respect to n -nonane  changes, and the 
straight line for 2-methylpropan-2-ol is positioned closer 
to the corresponding straight line for this hydrocarbon. 
The higher accessibility of the G E T  groups seems to 
play the main rote in this case. This determines the 
relative increase in adsorption of  an organic base and 
alcohol capable of forming strong hydrogen bonds. The 
results obtained are in good agreement with the data of 
Ref. 7 devoted to a comparative investigation of amino-  
and GET silochromes. 

Table 3 shows the heats of adsorption on all modi-  
fied samples. Aaa increase in the concentration of  the 
aminopropyl groups leads to a significant decrease in the 
q values for diethyl ether, pyridine, and 2-methylpropan- 
2-ol, confirming once more the complete substitution 
and shielding of the surface SiOH groups during the 
formation of the polymer-type coverage. However, un- 
like V~ and Vre I, the difference in the q values for 
samples 4 and 5 is slightly noticeable. Thus, with the aid 
of GC one can follow the effect of the amotmt and 
chemical structure of a modifying agent on the change 
in the nature of intermolecular interactions in the CMS- 
based systems. 

Aminosilicas are of the most interest for the study 
and analysis of various organic compounds by the GC 
method due to the uniformity of their surface as well as 
to .the easy production, commercial availability, non-  
volatility, and high thermal stability (to 200~ of the 
grafted phase. Therefore, it is expedient to consider in 
more detail a comparison of the adsorption properties of 
silica gels and silochromes modified with APTES as well 
as those of the starting supports. 

The In V~u values calculated on  the basis of an addi- 
tive scheme with the use of Henry ' s  constants of ad- 
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Table 4. The contributions of the molecular groups (as Inl~,) to InV a vahle at 403 K for the starting samples and 
aminosilicas 

O6paaeu --Me --C[-I 2 -  =CH-- =C-- --CI --O-- =C--OH - -CN --NO 2 =N 

Silica gels 

1 -2.8849 0 .5685  -0.3162 3.3929 -3.0957 5 .0652  10 .047  3.1887 2.4117 4.22 
2 -2.6440 0.5741 -0.3313 3.0131 -2.4008 3 . 1 7 4 8  8 .8721  2.1530 1 . 8 3 8 8  3.4167 
4 -2.7623 0 .5848  -0.4447 2 .9408 -2.3666 1 .0026  6 .5021  0.2787 0 . 4 5 3 5  0.6673 

Silachromes 

6 -2.7646 0 .6056  -0.4108 3 .1454 -2.8104 4 . 0 4 3 6  8 . 7 2 5 7  1.9881 1.1039 -- 
7 -2.6575 0 .6171 -0.3534 3.0381 -2.2387 2 . 4 2 0 0  8 . 1 1 2 2  1.4535 1.3481 -- 
8 -2.7809 0 .5831 -0.458 2.9514 -2.3214 0 . 9 5 3 5  6 .5101  0.0734 0 . 3 6 9 6  0.7301 

�9 Numbering of samples is presented in Table l. 

sorption equilibrium (V a) are presented in Table 4. 
The contributions of hydrocarbon fragments ( - -CH 3, 
- -CH?-- ,  and - - C H  =) are slightly dependent on the 
support or the amount  of the grafted amino groups. 
However, the contribution of the functional groups to 
adsorption and the Vre I values of polar compounds are 
much higher for tile starting silica gel as compared to 
silichrome. A significant decrease in the contributions of 
the functional groups on going from the starting samples 
to modified samples and with increasing concentration 
of the grafted radicals. A comparison of the data of 
Tables 2 and 4 clearly shows that the above drop in the 
values of retention of the molecules capable of forming 
the hydrogen bond with the silanol groups is solely due 
to the decrease in the influence of the polar groups, 
because the contributions of the hydrocarbon groups 
change slightly. A decrease in ln V~, of the functional 
group manifests to a considerably lesser extent for 

vaexP/m L m-2 
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Fig. 5. Correlation between the calculated and experimental 
t,i~ vah,es at 403 K on aminosilica (sample 4, Table 1) for 
diethyl ether ([), n-hexane ~ ,  benzene (3), n-heptane (4), 
acetonitrile (Yl. nitromethane (6). toluene (7), n-octane (63. 
2-methylpropan-2-ol t9), chlorobenzene (10), pyridine (11), 
n-nonat:e (12). and n-decane (13). 

aminosilicas with a coverage close to a monolayer (from 
1.7 to 2.3 NH 2 groups per  nm 2) than that for the 
samples with a grafted "polymeric" film. Hence, the high 
concentration of the free silanol groups remaining on 
the surface of samples 2 and 7 after modification affects 
substantially both the Vre I and In Vai values of  the polar 
groups of molecules. Relatively low change in the con- 
tribution of the hydroxyl group to adsorption in the case 
of 2-methylpropan-2-ol seems to be due to the capabil- 
ity of a such group to form a strong hydrogen bond with 
both acidic silanol and basic amino groups. 

In spite of differences in t he  properties of the starting 
supports, the tbrmation of  a dense uniform layer of a 
modifying agent allows aminosil icas with very close 
surface properties to be obtained;  both the Vrc t and q 
values presented in Tables 2 and 3 and the contributions 
of the molecular groups to the constant of adsorption 
equilibrium confirm this fact (Table 4). As follows from 
Fig. 5, which presents both the V a values calculated on 
the basis of an additive scheme  and experimental values 
for 13 compounds obtained on sample 4, the contribu- 
tions of the molecular groups to Henry 's  constant of 
adsorption equilibrium reflect adequately the extent of 
their participation in the adsorpt ion process. 

Thus, the contributions o f  the molecular groups and 
fragments to the constant of  adsorption equilibrium can 
serve as a very informative quantitative characteristic of 
intermolecular interactions and  adsorption properties of 
the materials under study. 

These results made it possible to use aminositica gel 
and aminosilochrome with a dense grafted layer (more 
than 5 NH 2groups per nm 2) for the study of the ad- 
sorption of a series of organic bases and the effect of 
chemical structure of heterocycles on the retention val- 
ues by the example of i somer ic  dimethylpyridines 
(DMPy). Table 5 presents t he  V~ values and the heats of 
adsorption of these compounds  on samples 4 and 8. 
Introduction of the methyl groups to the pyridine mol- 
ecule results in a significant increase in these thermody- 
namic characteristics of adsorption. An increase in E~ 
and q correlates with an increase in the dipole moment 
rather than with the basicity o f  the compounds. Consid- 
erably lesser V a and q values for 2,6-DM Py as compared 
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Table 5. The values of V a (mL m -2) at 419 K, q lkJ  tool - I )  
and coefficients of selectivity ct" at 419 K on aminosilica get 
~4), aminosilochrome (8), and Chromosorb-103 {Chr-103, 
463 K) 

Adso~ate pK= ~/D 4 8 Chr-103 

V a q c~ V a q c~ u 

Pyridine 5.23 2 0.15 44 0.11 40 
t.47 1.91 l.Y3I 

2,6-DMPy 6.72 1.78 0.22 49 0.21 46 
2.14 2.05 2.04 

3,5-DMPy 6.15 1.,~5 0.47 54 0.43 51 
t.23 1.23 1.26 

3.4-DMPy 6.46 2.58 0.5S 57 0.53 54 

* The c, values were determined as the ratio of the V a vakms 
tbr two elutions oF compounds nearest in time. 

to 3 ,5 - i somer  are due  to sh ie ld ing  of  he te roa tom with ct- 
methyl  radicals. The  da ta  p resen ted  in Table 5 again 
emphas ize  the p rox imi ty  of  the  adsorp t ion  propert ies  of  
the  samples  wi th  the  dense  aminopropy l  coverage even 
relative to s t rongly po la r  and  react ive  organic  bases. 

The  data  of  Tab le  5 show tha t  with  respect  to selec- 
tivity of  the  sepa ra t ion  of  n i t r o g e n - c o n t a i n i n g  he te ro-  
cycles, aminos i l i cas  wi th  a dense  layer of  a modifying 
agent  are not  infer ior  to  the  po lymer ic  sorbent  C h r o m o -  
sorb-103,  one of  the  best  so rben ts  for the analysis of  
a m i n o  c o m p o u n d s .  T h e  results al low us to conc lude  tha t  
the  lb rma t ion  o f  the  dense  s t ruc tu re  of  the grafted layer 
on the surface of  sil ica makes  it possible to obta in  
uni form sorbents  with  r ep roduc ib le  proper t ies  even when  
silica gel tha t  is in fact unst,  i table to gas ch roma tog raphy  
of  polar  c o m p o u n d s  is used as the  s tar t ing support .  
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