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An electronic state in halogenated silica gel was quantum chemically investigated to eluci- 
date the mechanism of the enhancement of acidity. A semi-empirical SCF-MO calculation was 
carried out by using the parametrization of CNDO type proposed by Hiijer and Mesa [A& 
Chem. &and. 26, 3723 (1972)]. (OH)&GO-Si(OH)~X (X = OH, F, Cl, and Br) (I) was used 
as a model of halogenated silica. Electron density of hydrogen and covalent bonding energy 
(-@OH Co) of a hydroxyl group was calculated for (I) and also the compounds which were coordi- 
nated by ammonia (II). The above quantities decreased in the order X = OH > F > Br 2 Cl, 
and this trend was consistent with the experimental acidity trend and more clear in (II) than 
(I). Bond orders between hydrogen and halogen, and EHX co showed the presence of a bonding 
interaction between hydrogen and halogen. The extent of the interaction in (II) increased in 
the order OH s F < Br < Cl. These results indicated that the bonding interaction between 
the hydrogen of the OH group and halogen was essential to the enhancement of acidity by 
halogenat)ion of silica gel. 

INTRODUCTION 

Silica gel shows very weak acidity, but 
partial exchange of hydroxy groups on a 
silica surface with halogen remarkably 
enhances acidity. Chapman (1) proposed a 
mechanism for the generation of the strong 
acidity in which an electron shift in the 
neighboring atoms, induced by the large 
electronegativity of fluorine, contributed to 
weakening the OH bond and to an increase 
in the surface acidity. 

0 

We had investigated the acidity of 
halogenated silica gels which were prepared 
by treatment with ammonium halides 

(NHIX, X = F, Cl, Br, I). Figure 1 shows 
the regional acidity in a given region of 
acid strength (2). If we define an average 
acid strength by an equation : 

WpK,i 
pl?, = ___ 

Zni ’ 
(5) 

where ni is the number of acid sites 
(mmole/g) with acid strength of pK,i, the 
following values for px. are obtained; 
-3 (OH), 1.1 (F), 0.58 (I), -0.95 (Br), 
-1.8 (Cl). This order of the acid strength 
is not consistent with that expected from 
the electronegativities of the halogens. 
This result suggested that the most im- 
portant factor for enhancement of acidity is 
a direct interaction between halogen atoms 
and hydrogen atoms of silanol groups (5). 
In this work, a semi-empirical SCF-MO 
calculation has been carried out to elucidate 
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FIG. 1. Regional acidity of halogenated silica gels. 
Each point shows the number of acid sites (mmole/g) 
with an acid strength in the region which is given 
above abscissa. 

the mechanism of the enhancement of 
acidity in halogenated silica gel. 

METHOD OF CALCULATION 

Nonempirical SCF-MO method is de- 
sirable in principle, but as the order of 
approximation in modeling of silica gel 
is very high, as mentioned later, a semi- 
empirical SCF-MO method, CNDO type, 
is suitable for the present cases. The CNDO 
method is only applicable to molecules 
containing first and second row atoms (4), 
but recently Hiijer and Meza (5) proposed 
parameters necessary for calculation of 

molecules containing third row atoms by 
the CNDO method. This modified CNDO 
method gives satisfactory results for bind- 
ing energies, dipole moments and ionization 
potentials of many molecules. In this work, 
we used the modified CNDO method. 

RESULTS 

‘Applicability of the filodijied CNDO Method 
for Silanol Compounds 

For the purpose of examining the applica- 
bility of the CNDO method, MO calcula- 
tions were carried out with p-X-phenyl 
dimethyl silanols (X = H, F, Cl, Br). 

Atom configurations in the silanol molecules 
were determined from the data compiled by 
Sutton (6). 

Electron density at the hydrogen atom 
on a silanol group (PH), bond order of the 
OH bond (QOH) and two more indices 
@OH, EonCo )-defined by Eq. (2) were 
calculated. 

ZAZB 
ssnBt + PltnA8hABB1) +- 

RAB 

AB stands for OH. 
EOH is an index which manifests the 

contribution of the OH pair to total 

-5 :::i‘--------:: 
I: : Cl- k3l I 0.0 0.1 0.2 

(7 

FIG. 2. Indices of silanols. 
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I 1 calculated results are shown in Fig. 3. 
qNn stands for the bond order between the 
N atom .of NH, and the H atom of an OH 
group. 

That the coordination of ammonia to the 
H atom of an OH group results in the 
considerable decrease in the covalent bond- 
ing energy of the OH group, was reflected 
in qOOHt qNH, EOHCo and also EOH in this case. 

From the above results, we think that 
the CNDO method modified by Hiijer 
and Meza is useful for the investigation of 
the acid nature of silanol compounds and 
that EoH~O is the most appropriate index 
to estimate the acid strength. 

Acidity of Halogenated Silica Gel 

FIG. 3. Indices of silanols coordinated by NH,. 

electron energy. EoH~O is the last term in 
Eq. (2) and can be regarded as a measure 
of the covalent bonding energy of OH 
bond (7). As shown in Fig. 2, the calculated 
indices (PH, qOH, EoH~O) other than EOH 
decreased with increasing Hammett (r 
constant. These correlations of PH, qoH 
and EoH co with u were consistent with the 
experimental results that pK, of these 
silanols decreased linearly with increasing 
u of the substituent groups (8). 

Next, similar indices were calculated for 
a complex in which an ammonia molecule 
coordinated to the silanol group. The 
complex can be regarded as a model of a 
silanol compound in a basic solvent. The 

A surface OH group of silica gel is in- 
fluenced by all other atoms in the gigantic 
molecule, but it is impossible to take up 
all atoms in a CNDO calculation. As the 
aim of this work is an investigation of 
interaction between adjacent silanol groups, 
we think the essential feature of the inter- 
action could be inferred by the calculation 
for a small part of silica gel. Models in 
Fig. 4 were adopted for the purpose. The 
relative configuration of silicon and oxygen 
atoms was determined from the crystal 
structure of a-quartz (Rsi-o = 1.61 b, 
/Si-0-Si = 142’, LO-Si-0 = 110”). In- 
ternuclear distances between silicon and 
substituent X, were 1.61 d for 0, 1.59 d for 
F, 2.01 d for Cl and 2.16 d for Br. In the 
surface silanol group represented by Si’- 
0”H6 in Fig. 4, the bond angle ( lSi-O-H 
= 104’27’) was estimated as the same as 
L H-O-H in HzO, while the bond distance 
(Ron = 1.181 A) was adopted because ROH 

FIG. 4. The models of halogen&d silica gel. 



ACII~ITY OF HALOGENATEl) SILICA GEL 245 

= 0.97 A (bond distance in H,O) brought 
about the divergence in the SCF calcula- 
tions in some cases. It was ascertained that 
this small difference in RoH had little effect 
on total electron energy. Hydrogen atoms 
such as Hs were introduced for the re- 
mainder of the rest of the silica gel. This 
technique has been found as a good ap- 
proximation in the case of the VzOs 
crystal (9). 

SCF-MO calculations were carried out 
for models A and B with X = OH, F, Cl 
and Br. In model B, Hfi was rotated by 
lSO” to the Si-0 axis. Electron densities 
at H6 and X4, EoH~O of surface OH group 
and EHX~O between H6 and X4 were calcu- 
lated. These values were plotted to average 
acid strength pR, which is defined by Eq. 
(1) (Fig. 5). The calculated values of 
EHX~O (less than 0.03 eV for all X,) indi- 
cated clearly that a direct interaction 
between surface OH and X is small enough 
to be negIected. Acidity indices, PHs and 
- Eos~ Bc”, decreased in the order OH > F 

FIG. 5. Acidity indices of halogenated silica gels. 
A and B show the calculated values for the models 

> Br > Cl, but the difference was very A and B, respectively. 
small. On the other hand, --En ,xl(~O 
values were 0.54-1.63 for the model A, and 
the change of the acidity indices by X is 

InJEuence by Coordination of Ammonia 

obvious. It should be noted that a large 
difference of indices was obtained between 
F and Br (or Cl), which was consistent 
with the experimental results in Fig. 1. 

Electron density PX can be a measure 
of electron shift effects. The value decreased 
in the order Cl > Br > F > OH in both 
models, and configuration of II6 had little 
effect on it. 

Solid acidity has been usually measured 
by a titration method. A titrant such as 
n-butylamine is adsorbed on the surface, 
and the color of an indicator changes at the 
neutral point. Therefore, A and B models 
are not relevant for models absorbing basic 
compounds. In fact, change of acidity 
indices of p-substituted halo-phenyl di- 
methyl silanols by halogens became more 

FIG. 6. The models of halogenated silica gel coordinated by NHR. 
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FIG. 7. Acidity indices of silica gels coordinated 
by NH,. C and D show the calculated values for the 
models C and D, respectively. 

clear by coordination of ammonia. A similar 
effect is expected in the case of halogenated 
silica gels. 

In the models in Fig. 6, an ammonia 
molecule is attached to a silanol group, 
and the distance between H and N was 
taken as same as in an NHJ+ ion. The 
calculated results for this model are shown 
in Fig. 7. In this case the hydrogen atom 
of the OH group interacts with NH, as in 
NHa+ ion, an electron density at the 
hydrogen atom can not be an index of 

r FIG. 8. The modified model of halogenated silica 
gel. 

TABLE 1 

Comparison of Model A and Model E 

Indices Atom or 
atom pair 

Model A Model E 

EAB (eV) 06-H@ - 16.499 - 16.485 
07-H8 - 18.543 - 18.543 
H6-F -0.695 -0.683 

Bond order 06-H’ 1.406 1.411 
HO-F 0.157 0.156 

Electron F 7.396 7.306 
density H6 0.856 0.856 
(e.u.) 0’ + Hs 7.274 7.275 

acidity. EoH~O, on the other hand, is a 
measure of bonding energy and can be used 
as an index of acidity. As expected, the 
extent of the change of EoH~O is much more 
clear than that in Fig. 5. Covalent bonding 
energy between H and X, EHxCo, was 
similar as in Fig. 5 and varied in the same 
order as acid strength (OH < F < Br 
< Cl) in the case of model C. Electron 
density at X showed the same trend as in 
Fig. 5. 

Models 
DISCUSSION 

The calculation method proposed by 
Hijjer and Meza was found to be useful 
to explain the acid nature of silanol mole- 
cules, but there is no theoretical background 
to support its applicability to silica gels. 
The present results, that the calculation 
reproduced the experimental tendency in 
the change of Briinsted acidity by halogen 
substitution, indicates that the method is 
also applicable to silica gel. Models shown 
in Figs. 4 and 6 are very simple because 
these contain only two silicon atoms, and 
the other part of crystal is replaced by 
four hydrogen atoms. The possibility that 
the simplification in models exerts an 
essential influence on the acid nature was 
not confirmed by a calculation for a model 
which contained three silicon atoms. The 
model E in Fig. 8 is obtained by replace- 
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mcnt of a hydmgcn atom in model A with 
a Si(OH)a group. In the case of X = F, 
the calculated values of indices are com- 
pared with those for model A in Table 1. 
It is obvious that electron densities, IZAB 
values and bond orders for the parts 
concerned with solid acidity are almost 
the same in both models, and no significant 
influence can be observed by the addition 
of Si(OH), group. Hence, the simple 
models A, B, C and D can be regarded as 
adequate for discussion of the solid acidity. 

Electron Shift Effect 

On the basis of the hypothesis proposed 
by Chapman (I), it is expected that acid 
strength changes parallel to electron density 
at X. In our calculations, the electron 
density at X changed in the order OH < F 
< Br < Cl, as shown in Figs. 5 and 7, 
which is the same order as acid strength, 
supporting the Chapman’s hypothesis. 
However, the difference in electron densi- 
ties at X between model A and B, or be- 
tween model C and D, was considerably 
smaller than that of acidity indices. 
Furthermore, change of acidity indices by 
X in models B and D was small. 

Further, in our models, hydrogen atoms 
(e.g., Ha) are placed for a approximate 
representation of the other part of crystal. 
This kind of OH group on silicon atom to 
which a halogen atom attaches may exist 

in a peculiar region such as crystal edge 
and behave as acid points. As the OH 
groups locate near X, the electron shift 
effect is expected to be significant, but the 
results in Fig. 5 indicate that in model B 
changes in electron density at H* (Prrs) and 
covalent bonding energy (Eo 7~8~~) by X 
are smaller than those in PHs and Eo~H~~O. 
These results suggests that the electron 
shift effect is not a predominant factor for 
generating strong acidity. 

Mechanism of Generation of Strong Acidity 

The difference between models A and B, 
or between model C and D, is that a surface 

OH group is rotated by 180” to the Si-0 
axis and there is little interaction between 
the hydrogen atom and X in models B 
and D. EHxCo can be regarded as a measure 
of the interaction, as was shown in Figs. 5 
and 7. A close correlation was observed 
between EHX~O and acidity indices es- 
pecially in compounds coordinated by am- 
monia. EHsxaCo is less than 0.03 eV in all 
cases, and hence acidity change at Ha can 
not be the result of the interaction between 
H8 and X4. 

The results obtained here support our 
previous hypothesis that the generation of 
strong acidity in halogenated silica gel is 
resulted of the interaction of surface OH 
groups and halogens adjacent to them. 
Electron shift effects should be included as 
a minor factor. 
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