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Silica gels containing imidazole groups or hexyl groups whose compositions are well controlled have been
prepared. The imidazole group in the gel was quaternized with C,HoBr, C¢H 3Br or C, ,H, s Br to obtain gels
that are charged and have an alkyl chain. Their binding affinities for methyl orange in water were then

investigated.

We aimed to clarify the relation between the structure of the gel and its binding behaviour for small
molecules in water. So the binding affinities of the unquaternized and quaternized gels were compared for
methyl orange in water at various temperatures and we obtained the thermodynamic parameters for this
binding. It was found that in silica gel the alkyl chain that is bound chemically to the charged site is very

efficient for binding the dye in water.
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INTRODUCTION

A great many investigations on thin-layer chromato-
graphy (t.L.c.) have been made and t.l.c. has been used in
many fields because it has selectivity of detection reagents.
For example, it is used for the separation of drugs and
poisons!-2, antibiotics®, metal ions**, detergents® and
synthetic food dyes’. So it is very interesting to introduce
various functional groups into silica gel, because there is a
good possibility of preparing a stationary silica phase of
t.l.c. which has an affinity for some chemical.

Here, the binding affinities of silica gels for methyl
orange in water, closely related to t.l.c., were investigated
at various temperatures. It is interesting to study the
relation between the structure of silica gel and its dye
binding behaviour. According to published reports® 11, it
is strongly suggested that hydrophobic interaction is one
of the most important interactions in dye binding.

A silica gel that has imidazole or hexyl groups in it is
synthesized from trimethoxyorganosilanes containing
these groups and tetramethoxysilane, and the
compositions of the gel are satisfactorily controlled. The
imidazole group of the gel was quaternized with alkyl
bromide (C,HyBr, C¢H, ;Br, C,,H,;Br). Thus un-
quaternized and quaternized gels whose hydrophobicities
are different from each other were obtained. One type of
gel is uncharged and has hydrophobicity corresponding
to its content of hexyl groups. Another type of gel is
charged because the imidazole group in it is quaternized
with C,HyBr and has hydrophobicity corresponding to
its content of hexyl groups. The third type of gel is charged
because the imidazole group in it is quaternized with
C,HyBr, C¢H, 3Br or C,,H,sBr and does not have hexyl
groups, which are not bound to the charged site.
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From the binding affinity of the gel and the
thermodynamic parameters of dye binding, it is suggested
that in silica gel the alkyl chain that is bound chemically to
the charged site is very efficient for binding the dye in
water.

EXPERIMENTAL

Materials

Organosilanes were supplied by Chisso Corporation,
methyl orange was purchased from Eastman Kodak
Company and other materials were purchased from
Kanto Chemical Corporation.

Syntheses of gels

The compositions of the gels are shown in Figure . Toa
mixture of pure water (14 ml), ethanol (100 ml) and 28%
aqueous ammonia (10ml), a mixture of N-
(trimethoxysilylpropyl)imidazole (10 ml), tetramethoxy-
silane, hexyltrimethoxysilane (if needed) and methanol
(35ml) was added and stirred for 24 h at room
temperature. The reaction mixture was evaporated to
remove any alcohol and aqueous ammonia. The gel was
washed several times with diethyl ether and dried for 24 h
in vacuo at 60°C.

Quaternization

The gel and alkyl bromide were carefully degassed and
stood for 5 days at 70°C. After cooling, the gel was washed
with diethyl ether and dried. The scheme is shown in
Figure 2. In Figure 2 gel 1 is quaternized with alkyl
bromide (C,H,, ., Br). The quaternized gel is indicated as
In (n=4, 6 or 12). Similarly the gels synthesized by
quaternizing gels 1I(1) and II(2) with C,HgBr are
indicated as 114(1) and 114(2) respectively.
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Figure 1 The scheme for the preparation of gels from methoxysilanes
and their ratios
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Figure 2 The scheme for the quaternization of gels with alkyl bromide
(C,H;,+,Br)

Binding experiment

Equilibrium data were obtained by an equilibrium
technique'2. About 20 mg of the gel and 5 ml of methyl
orange aqueous solution (buffered to pH 7.0 with 0.1 M
Tris—-HCI) were put into a cellulose casing and 10ml of the
same solution was put into the test tube. The test tube that
contained the solution and the cellulose casing was gently
shaken in a water bath incubator at 15, 25, 35 or 45°C.
Equilibration was attained after 60 h. At equilibrium the
dye concentration external to the cellulose casing, which
is called the free dye concentration F, was determined by
an absorbance measurement using a Shimadzu Type 240
spectrophotometer. To exclude the amount of dye bound
on the cellulose casing, blank tests were done. In the blank
tests, the relationship between the dye bound on the
cellulose casing and the free dye concentration F was
obtained.

RESULTS AND DISCUSSION

Syntheses of gels

The results of elemental analyses are shown in Table 1.
If all the methoxy groups of the organosilanes react
completely and the organosilanes change into the
substances indicated in equations (1), (2) and (3):

N| =:/N--c3»-|6— Si— (0),5)5 1)
CeHz—Si—(0,2)3 v
Si— (0,5, 3
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the percentages of each element in the gel can be
calculated, and these values are shown in parentheses in
Table 1. In Table 1 the values from elemental analyses are
not completely coincident with the calculated values, but
the maximum differences are 2.3% in gel 11(2) (carbon),
1.409%; in gel I (hydrogen), 3.43% in gel II(2) (O +Si) and
1.40% in gel 11(2) (nitrogen).

The yields of the gels are about 100%;,. Gels I, II(1) and
II(2) were synthesized three times and the differences in
the values from elemental analyses (in Table 1) are small.
So, these facts indicate that the compositions of the gel can
be controlled to a good extent.

The elemental analyses of the quaternized gels are
shown in Table 2.

Binding experiments

In the binding of methyl orange in water, the dye is
bound on both the gel and the cellulose casing. So it is
necessary to exclude the amount of dye bound on the
latter. Figure 3 shows the results of blank tests. In Figure 3
there is a relation:

where F is the initial dye concentration (mol1~?), F is the
free dye concentration (the dye concentration external to
the cellulose casing at equilibrium) (mol 17*) and a is a
constant. From equation (4) the amount of dye bound on
the cellulose casing is proportional to the free dye
concentration in this region. It is thought that this relation

Table 1 The percentages of elements in unquaternized gels™®

Element (%)

Gel C H O+Si N

I (10.26) (1.28) (84.47) (3.99)
10.66 2.61 83.71 3.02
10.18 251 84.63 2.68
10.32 2.68 84.19 2.81

11(1) (14.59) (2.09) (79.59) (3.78)
14.31 295 79.44 3,20
12.95 2.84 81.49 272
14.00 292 79.87 3.21

11(2) (18.49) (2.82) (75.10) (3.59)
18.51 345 75.06 3.60
16.24 3.4 78.53 219
18.84 3.14 74.52 3.50

¢ Gels were prepared three times

> The values in parentheses are calculated on the assumption that all the
methoxy groups react completely and organosilanes exist as in
equations (1), (2) and (3)

Table 2 The percentages of elements in quaternized gels

Element (%) Content
of Br~
Gel* C H O+Si+Br™ N (mmol g~ 1)®
14 12.55 3.01 81.35 3.09 1.67
16 12.84 3.03 81.18 295 1.33
112 20.39 4.39 72.83 2.39 1.26
114(1) 15.70 3.29 77.59 342 1.39
114(2) 19.22 3.38 74.30 3.10 1.27

%The number following the Roman numeral(s) indicates the number of
carbon atoms of alkyl bromide used for quaternization
By the Volhard method
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Figure 3 Results of the blank tests. Relationships between F and
(F,— F)for the binding of methyl orange by the cellulose casing in 0.1 M

Tris~-HCI buffer, pH 7.0: (A) 15°C, (0) 25°C, (0) 35°C, (@) 45°C. Fy is
the initial dye concentration; F is the free dye concentration

is also true in the presence of the gel. So the amount of dye
bound on the cellulose casing is equal to 15aF /1000 (mol)
and the dye bound on the gel is given by:

(Fo—F—aF)x15/1000 (mol) (5

To facilitate comparison of the gels, the extent of
binding has been expressed in terms of a common unit of
weight of 10° g of gel (indicated with R).

In the aggregation of anion dye molecules on
polycation, when the concentration of dye in the solution
is low, the dye molecules are bound individually to the
charged sites of the polymer. When the concentration of
dye is high, the dye molecules are sometimes bound to the
charged sites lying one upon another; this is called
stacking'!'!13715, So at low concentrations of free dye the
relationship between 1/F and 1/R was investigated to
eliminate stacking. Typical examples of these
relationships are shown in Figures 4, 5 and 6. In these
figures the relationships show good linearities. The values
of the first binding constant K, (equal to nK, where K and
n represent the intrinsic binding constant and the number
of binding sites per 10° g of gel, respectively) for the
binding of methyl orange by the gels can be obtained from
the slope of the linear relationship!'®, The binding
affinities can be compared quantitatively in terms of the
first binding constant K,. The values of K, are shown in
Table 3. In Table 3 the dye binding affinities are
(2)>11I(1)>1, [14(2)>114(1)>14, 112>16>14. For the
same type of gel an increase in their carbon content causes
an increase in the dye binding affinities. The binding
affinities of 112 and 16 are very large and these affinities are
larger than those of 114(2) and 114(1).
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The first binding constant for the binding of methyi
orange in 0.1 M Tris—acetate buffer (pH 7.0) by polyion
complexes consisting of a piperidinium polycation and
polyanion (PAS complex) and crosslinked poly(vinyl-
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Figure 4 Relationships between 1/F and 1/R for the binding of methy!
orange by gel II(2) in 0.1 M Tris-HCI buffer, pH 7.0. Symbols as for
Figure 3
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Figure 5 Relationships between 1/F and 1/R for the binding of methyl
orange by gel I14(2) in 0.1 M Tris—HC] buffer, pH 7.0. Symbols as for
Figure 3
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Figure 6 Relationships between 1/F and 1/R for the binding of methyl
orange by gel 112 in 0.1 M Tris—HCI buffer, pH 7.0. Symbols as for
Figure 3

pyrrolidone) (crosslinked PVP) were reported. The first
binding constants are:

for PAS complex!? (11.8-23.5) x 10* (25°C)
for crosslinked PVP'? 4.55 x 10* (15°C)

3.86 x 10* (25°C)

3.25 x 10*(35°C)

Comparing these data with Table 3, the binding affinities
of gels I, 14 and II(1) are smaller than those of crosslinked
PVP and PAS complex, but those of the other gels are
comparable.

Thermodynamic parameters for the binding can be
obtained from the first binding constants and their
temperature dependences® and are listed in Table 4. In
Table 4 the contributions of AS°® to AF° are II(2) > II(1) > 1,
114(2)>114(1)> 14, 112>16>14. These orders are the
same as those of the carbon contents in the gels (shown in
Tables 1 and 2). In Table 4 the contribution of AH® to AF°
for the charged gel is larger than that for the uncharged
gel: 14>1, 114(1) > 11(1), 114(2) > I1(2). Thus it is clear that
the negatively charged sulphonate groups of the dye used
are attracted to the charged site of the gel. These facts
suggest that hydrophobic interaction and electrostatic
interaction play an important role in dye binding and that
the hydrophobic interaction increases according to the
carbon content in the gel.

It was reported that a polysoap whose polymer chain is
flexible and whose pendant alkyl groups are not bound to
the charged site has a good binding affinity'®. But these
gels are crosslinked and rigid, so the dye binding affinities
of 114(1) and I14(2) are smaller than those of 16 and 112,

It is suggested that both the alkyl chain bound
chemically to the charged site and the alkyl chain not
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Table 3 First binding constants for binding of methyl orange in water
by gels at various temperatures

K, (x10%)

Gel 15°C 25°C 35°C 45°C
I 0934 0.776 0.625 0.522
14 112 0.753 0.669
16 222 174 149 109
112 253 20.1 18.7 154
11(1) 2.66 227 220
114(1) 120 109 8.93 6.00
11(2) 6.78 6.20 5.99
114(2) 159 153 127 104

Calculated from R values computed for 10° g of gel. Measurements in
0.1 M Tris-HCl buffer, pH 7.0

Table 4 Thermodynamic parameters for binding of methyl orange in

water by gels

AF° AH® AS°
Gel (cal mol™1) (cal mol™") (eu)
I —5310 —2340 9.97
14 —5420 —2920 8.39
16 - 7160 —3980 10.7
112 —7240 — 2590 15.6
II(1) — 5960 ~1040 16.5
114(1) — 6880 —1990 16.4
11(2) — 6560 ~926 189
114(2) - 6970 —1100 19.7

Measurements at 25°C in 0.1 M Tris-HCI buffer, pH 7.0

bound to the charged site in the gel are efficient for the
hydrophobic interaction between the gel and the dye and
that the binding affinity of the former is larger than that of
the latter.
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