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Comparative quantum chemical studies in the framework 
of Gaussian approximations of the acidic characteristics 

of 0the simplest zeolite clusters and of the sulfuric acid molecule 

L N. Senchenya,* D. A. Zhurko, and M. V. Frash 

N. D. Zelinsky Institute of  Organic Chemistry, Russian Academy of Sciences, 
47 Leninsky prosp., I 17913 Moscow, Russian Federation. 

Fax: 007 (095) 135 5328. E-mail: is@ioc.ac.ru 

Different variants of the Gaussian approximation, giving the energetic characteristics of 
molecules with chemical accuracy (±2 'kcal mol-I), are applied to calculations of the 
deprotonation energy of the sulfuric acid molecule in the gas phase as well as to the simplest 
clusters modeling the bridging hydroxyl groups in zeolites. The conclusion is made that the 
bridging hydroxyls are more acidic than the sulfuric acid molecule The estimated range of 
deprotonation energy in zeolites (275±15 kcal tool -I)  is in good agreement with experimen- 
tal data and with results of ab initio calculations for extended models including several tens 
of atoms. The effects of the quality of the basis set and electron correlation on deprotonation 
energy are also discussed 
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Measuring the acidic and basic strength of  isolated 
molecules  has became nowadays a rout ine procedure  
due to the considerable  improvements  in ion cyclotron 
resonance  and high pressure mass spectrometi-y tech--  
niques. 1,2 At the same t ime direct  measurements  of  the 
absolute  acidi ty o f  he terogeneous  acid catalysts are still 
impossible.  That  is why the acidic  strength of  acidic sites 
in heterogeneous  acid catalysts  is usually es t imated by 
measurements  of  the adsorp t ion /desorp t ion  of  probe 
molecules.  The acidic strength o f  surface sites in solid 
mater ia ls  can be es t imated by mic roca lo r imet ry  or  tem-  
pe ra tu re -p rog rammed  desorpt ion  methods  using the heat 
of  chemisorp t ion  of  s imple bases with known proton 
affinity. 3.4 The  relative strengths of  acidic sites in solid 
acids is also es t imated  by the frequency shift of  the 
O H - g r o u p  s t re tching vibrat ion induced by its interact ion 
with an adsorbed molecule  of  a base. s,6 A compar ison  of  
these data with results for molecules  with known depro-  
tona t ion  energies makes the es t imat ion  of  the absolute 
acidi ty  of  surface hydroxyl groups possible. 

The  object ive of  this paper  is a compara t ive  quantum 
chemica l  s tudy of  the acidic character is t ics  of  simplest  
molecu la r  models  of  bridging hydroxyl  groups in zeolites 
and sulfuric acid molecule  in gas phase using high level 
ab initio methods.  

C a l c u l a t i o n  M e t h o d s  

The absolute  acidi ty of  the AH molecule  is defined 
as the change in the G i b b s '  free energy in the depro tona-  
t ion react ion:  

AH -7 A-  + H +, 

AGDDp = A/-/~Dp- TASoDp. 

The entha lpy  of  this react ion is called the  heterolyt ic  
bond dissociat ion energy or  the depro tona t ion  energy of  
the AH molecule .  In quantum chemical  ca lcula t ions  the 
depro tona t ion  energy, AEH+, is usually ca lcula ted  as the 
difference in the total energies of  the anion A -  and 
the neutral molecule  AH at their  equi l ibr ium geom-  
etries 7, i.e. 

AEH+ = E ( A - ) -  E(AHL 

Analogously the absolute acidity of  molecule  B is 
defined as having the reverse sign of  the s tandard free 
energy of  the process: 

B + H + --} BH +, 

With the opposi te  sign the enthalpy of  the p ro tona-  
tion react ion is called tile absolute proton affinity of  
basic molecule  B. Usually it is calculated as the differ- 
ence in the total  energies of  the neutral  and pro tona ted  
molecules.  Thus,  according to the above given defini-  
tions, the proton affinity of  the anion is equal  to the 
depro tona t ion  energy of  the neutral molecule ,  and the 
depro tona t ion  energy of  the cat ion is equal to the proton 
affinity of  the neutral molecule.  

The calculations were carried out using the ,Gauss i an -  
92~, 8 program and the recently in t roduced G a u s s i a n - I  9 
and Gauss ian-2  I° additive procedures.  It was shown by 
the authors of  these approaches  that  for the s imples t  
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i on -molecu la r  processes they result in data  comparable  
to exper imenta l  values. The difference between experi-  
mental  and calcula ted values is usually not more than 
2 kcal mol-I, zt 

The Gauss i an - I  approximat ion ,  hereinafter  desig- 
nated as G I, gives results comparable  in accuracy to 
those obtained at the Q C I S D ( T ) / 6 - 3 1 1 + G ( 2 d f )  level 
(quadrat ic  configurat ion interact ion method with pertur-  
bative inclusion of  triple excitat ions) Iz but requires con- 
siderably lower computa t ion  costs. 

The total energy in the G I approximat ions  calcu-  
lated by the formula: 

E(GI) = £}} + AE(+) + AE(2df) + AE(QCI) + 
+ AE(HLC) + AE(ZPVE), 

where: E 0 is the total energy of the system, calculated at 
M P 4 / 6 - 3 1 1 G * * / / M P 2 ( f u l I ) / 6 - 3 1 G * ,  k E ( + )  is a correc-  
lion for diffuse fimctions,  AE(2df) is a correct ion for the 
higher polar izat ion on non-hydrogen  atoms, AE(QCI)  is 
a correct ion for correlat ion beyond fourth order  pertur-  
bation theory using a quadrat ic  configurat ion interac- 
t ion,  and a E ( H L C )  is an empir ical  correct ion taking 
into account  the remaining basis set deficiencies and the 
correla t ion connec ted  with higher orders. The last term 
is a zero point  vibrational energy correct ion calculated 
at the H F / 6 - 3  IG* level using scaled factor 0.8924.13 

The  Gauss ian -2  approximat ion ,  G2,  is a - fu r the r -  
deve lopment  of  the G1 technique.  The total  energy in 
this case is ca lcula ted by the formula: 

E(G2) = E(G1) + 6 + 1.14 npait, 

where npair is the number  of  valence pairs, and A is a 
term taking into account  a correct ion connec ted  with 
the inclusion of  a third set of  polar izat ion d-funct ions  
for non-hydrogen  a toms and a second set of  p-funct ions  
for hydrogen atoms. This correct ion is ca lcula ted by the 
formula:  

It is necessary to emphasise  that  the G2  approx ima-  
t ion,  in compar ison with G I ,  requires only one addi -  
t ional calculat ion at the M P 2 / 6 - 3 1 1 + G ( 3 d f , 2 p )  level 
because all necessary data are au tomat ica l ly  obta ined  
from G I calculations.  In addi t ion,  a further modif ica-  
tion of  G2  approximat ion was proposed by the authors  
of  these techniques.  It is called G 2 ( M P 2 )  14 and is based 
only on second order  Moe l l e r - -P l e s se t  per turba t ion  
theory, In the framework of  the G 2 ( M P 2 )  approx ima-  
tion it is necessary to carry out only two calcula t ions  at 
the QCISD(T) /6 -31  I G(d ,p)  and M P2/6-31 I +G(3df ,2p)  
levels. The total energy in the G 2 ( M P 2 )  approach is 
calculated by the [brmula: 

E[G2(MP2) I  = E I Q C I S D ( T ) / 6 - 3 I I G ( d , p ) I  + A(MP2)  + 
+ A(HLC) + e~E(ZPE), 

where :  A(MP2)  = E [ M P 2 / 6 - 3 1 1 + G ( 3 d f , 2 p ) ]  - 
~ M P 2 / 6 - 3 1 1 G ( d , p ) ] ,  and A(HLC) is ca lcula ted as in 
G2 theoD'. The G2(M P2) approach provides substantial  
savings in computa t ional  t ime and disk storage. 

All three variants of Gauss ian  approx imat ion  de-  
scr ibed above,  as well as the r ecen t ly  i n t roduced  
G 2 ( M P 2 , S V P )  approach,  Is which provides substantial  
saving; in computa t iona l  resources wi thout  reducing the 
accuracy of  calculat ions were used in this paper.  The 
last s c h e m e  makes  it poss ib le  to app ly  G a u s s i a n  
approximat ion  to larger systems. The  total  energy in the 
G 2 ( M P 2 , S V P )  approach is ca lcula ted  by the formula:  

k~G2(MP2,SVP)I = EIQCISD(T)/6-31G(d)I + 
+ E[MP2/6-31 l+G(3df,2p)] - E[MP2/6-31G(d)]. 

It can be seen from this formula that  the most t ime-  
consuming stage in the G 2(M P2)  approach  is replaced 
by a calculat ion at the Q C I S D ( T ) / 6 - 3  IG(d )  level, which 
is nowadays possible for rather  ex tended  systems. 

Results and Discussion 

A = U[MP2/6-31 I+G(3df ,2p) ]  - E [MP2/6-311G(2df ,  p)l - 
- E'[MP2/6-311+G(d,p)+ £1MP2/6-311G(d,p)] 

The depro tona t ion  energies and proton affinities of  
water and methanol  molecules  ca lcula ted  using differ- 

Table !. Deprotonation energies (AEId +) and proton affinity (PA) of H 20 and CH 3OH molecules calculated using different variants 
of Gaussian theory (values in parentheses are obtained using 6d functions) 

H20 CH30H 

Method AE H + PA AE H+ PA 

GI 3880 (38ZI) 164.1 (164.8) 380.2 (3802) 177~9 (178.2) 
MGI 3885 (387~5) 163.4 (163.4) 3804 (380.3) 1781 (1783) 
G2 3886 (3886) 1639 (1644) 3814 (3815) 178.6 (1787) 
G2(MP2) 3891 (3890) 1631 (16L2) 381.6 (3816) 1787 (1788) 
G2(MP2,SVP) 3886 (386.5) 1629 (163.0) 3815 (381.6) 178.6 (178.7) 
G2(MP2,SVPP) '7 3890 (3889) 1632 (1633) 3817 (381.7) 178.8 (1789) 
DKcnepuMeH~ 389.6±0A I 165.0-+0.5 zl 381~3±0.5 zz 181 71 

a Since we are dealing with splitting (formation) of OH bonds, an additional set of polarization functions was used for hydrogen 
atoms. Total energy in the G2(MP2,SVPP) approach was calculated by the formula 
EIG2(MP2,SVPP)]= EIQCISD(T)/6-31G(d,p)] + E[(MP2/6-311+G(3df,2p)] - E[MP2/6-31G(d,p)]. 
b Data from papers t,21,22. 
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ent variants of Gaussian approximation are listed in 
Table I. 

It follows from these data that the deprotonation 
energies and proton aMnities of water and methanol 
molecules are very well reproduced by the GI ,  G2 and 
G2(MP2) approximations. The maximum deviation of 
deprotonation energies from their experimental values is 
not more than 2 kcal tool -I. The results obtained are 
also in a good agreement with other high level theoreti- 
cal studies. Is,19 The application of the G2(MP2,SVP) 
approach does not reduce the accuracy (maximum devia- 
tion from G2(MP2) results is only 0.5 kcal tool-I). At 
the same time, application of the G2(MP2,SVPP) ap- 
proach results in further improvement of agreement with 
experimental data. 

Thus, the above-described modifications of the G I 
and G2 approximations do considerably reduce compu- 
tational efforts without reducing the accuracy of calcula- 
lions and consequently extend the capabilities of the G I 
and G2 approximations, making possible their applica- 
tion to systems of considerably larger size. 

Figure I depicts the structures considered: the 3 
simplest cluster models for the bridging hydroxyl group 

in zeolites, their deprotonated forms, and the sulfuric 
acid molecule, along with its anion and protonated 
sulfuric acid. Cluster I is widely used in quantum chemi- 
cal studies of different properties of isolated bridging 
hydroxyls 2°,21 in zeolites, and clusters 2 and 3 are the 
simplest models that take into account the basic site 
conjugated to the neighboring hydroxyl group~ They are 
also widely used in studies of the mechanisms of acid- 
base reactions on zeolites, zz,z3 it should be mentioned 
that calculations tot cluster I in the framework of the 
modified G I approach have been performed earlier, z4 
however, the conformer used did not correspond to the 
local minimum but resembled a transition state for rota- 
tion of hydrogen atoms around the AI--O bond. 

The MP2(fulI)/6-31G* geometries of the structures 
studied and of their deprotonated forms (for sulfuric 
acid also for the protonated form) are listed in Table 2 
It follows from these data that the deprotonation of 
sulfuric acid results in considerable elongation of the 
S--O bond and remarkable lengthening of the S=O 
bond. At the same time protonation results in slight 
shortening of all the bonds (S--O and S=O). A detailed 
analysis of the potential energy surface of sulfuric acid 

I 2 

3t 

3q 

4¢ 
q l l t  

Figure !. Cluster models of zeolite catalysts (I--3), their deprotonation form (la--3a), the H2SO 4 molecule (4), the HSO 4- anion 
(4a), and the H3SO4 + cation (4c). 
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TaMe 2, Geomet~ '  of clustem I--3.  the H2SO 4 (4) molecule, and their deprotonated forms {la--4a)  

Cluster Bond d/A Bond angle a}/deg Dihedral angle m/deg 

! O--H 0973 H- -O- -S |  117.2 H( I ) - -S i - -O- -H  0 0  
Si--O 1~725 Si--O--AI 1241 H(1)--AI--O--f I  0 0  
AI--O 2013 H- -S i - -O  1087 I t - -S i - -O- - I t (  I ) 1188 
Si-- t t  1.472 H( I ) - -S i - -O 1043 H--M--O--H(1)  I194 
Si - -H(I )  1.481 H--AI- -O 1016 
A1-- t t  1.602 H(I ) - -AI- -O 93 6 
AI- -H(I )  1608 

2 AI--O(I)  2.027 845 1335 
AI--O I 768 1204 1089 
O( I ) - -H  0966 113 1 - I  2 
O(2)--H(I)  0974 93 I 191 8 
O(2)--1t(2) 0986 1086 3140 
AI- -H(I )  I 594 990 
AI-- I I (2) 1~598 

3 O(I) - -H( I ,2)  0979 117 4 
O{2,3)--tt 0967 2408 
AI -O(1)  1984 3598 
AI--O(2) I 743 1099 
AI--O(3) I 730 1346 
AI--O(4) I 747 815 

1665 

O(I)--AI--O(2)  
H--O(I}--AI 
H(I)--O(2)--AI 
1t(2)--O(2)-AI 
H(I)--AI--O(2)  
H{2)--AI-~O(2} 

H--O(1)--AI--O{2) 
It{ I )--O(2)--Ah~--O(2) 
H(2)--O(2)~ AI--O{2) 
H(I)o-AI--O(2) 1t(2) 
H(2)~-AI--O(2)-- it{2) 

O(3)~-AI - O (  I } -~O(2) 
O(4) - -AI - -O( I ) -O{2)  
H(I)--O{I)--AI O{2) 
t t (2 ) - -O(I ) - -Ab-O(2)  
t t - -O(2)- -AI- -O(I )  
H--O(3)--AI--O( I ) 
H--O(4)- -AI- -O(I )  

4 S - O ( I )  1620 O(I ; - -S--O(1)--O(2)  922 
S--O(2) 1.443 I t - -O( I ) - -S- -O(1)  833 
H- -O( I )  0.98 

.611 
824 
,502 
503 
.642 
~642 

,801 
0,969 
I &+9 

O(I ) - -AI-O(2} 91 7 
O(3)--AI--O(4) 121 3 
O(I )--AI--O(3) 113X 
H(I )o~-O(1 )--AI 1007 
H(2)--O(I )--AI 101 3 
H--O(2)--AI 118 1 
H--O{3)--AI 1194 
H--O(4)--AI 121 I 

H- -O( I ) - -S  107~9 
O(I ) - -S- -O(  I ) 1016 
O(2)--S--O(2) 1250 
O(1)--S--O(2) 1065 

Si--O--AI 138.8 
H(1)--Si--O I118 
H - S i - - O  115.2 
H(I ) - -AI- -O 1075 
H - A I - - O  1086 

la  S i - - O  
AI--O 
Si--H( I ) 
S i - - H  
AI--H(I )  
AI--H 

2a AI--O(I ,2)  
O(I ,2) - -H 
AI--H(I ,2)  

3a AI--O 1790 
O--H 0969 

O(t )--AI--O{2) 1126 
FI--O( 1,2)--AI 1087 
H(I)--AI--O(2)  1054 
1t(2)--AI--O(2) I100 

O(I ) - -AI -  O(2) 1176 
O(I) - A I - O ( 3 )  i05 6 
tt--- O--AI 1069 

S -O( I )  I696 H - O ( I ) - - S  
S--O(2) 1470 O(I )--S--O(2) 

1479 O ( 2 ) - - S - O  
O{ 1)~--14 0975 

S--O 1424 O - - S - - O ( l )  
S - O ( I }  I 552 O S -O{2)  
S--O(2) I 560 O - S - O ( 3 )  
S - O ( 3 )  1574 H ~-O(I)-S 
I t -  O(1) 099 H--O(2) S 
[t--O(2,3) 0991 H -~O(3)--S 

03 3 
01 4 
154 

11.6 
198 
153 
149 
141 
124 

4a 

4c ~ 

It( 1 ) - - S i - - O - -  |t 
H--AI - -O- - I t  
H - - S i - - O - - H ( I )  
t t - -AI - -O- - I t (  1 ) 

800 
0 0  

19.1 
20,1 

H - O ( I ) - - A I - - O ( 2 )  1087 
H(I) - -O(2)--AI--O(2)  713 
H(I ) - -AI- -O(2)- -H 469  
H(2)--AI--O(2)-- t t  169 I 

11--O(1,2)--A1--O(2 I) 937 
O(4)--AI--O( I I--O(2) 2426 
O(3)--AI-- O( I }--O(2) 1174 
H- -O(3) - -Ab  O(I) 237 
t t - -O(4)--AI O(I) 148 9 

|1-~O(I)--8 0(2) 1114 

O -  S - - O ( I ) - t t  186 5 
O(2)~-oS-O( I )-- t l  3145 
O(2)--S--O( I )--t1 584 
H--O(2)--S---O(I ) 1794 
H--O(3)- -S  -O( I ) 935  

" Protonated sulfiJric ac id  

and of  its an ion  and ca t ion  was carr ied out  using differ-  
ent  basis sets m our  prev ious  paper  z5 Tile d e p r o t o n a t i o n  
o f  m o d e l  zeo l i t i c  c lusters  causes  a r emarkab le  increase 

in the S i (H)OAI  angle and cons ide rab le  s h o r t e n i n g  of  
the A I - - O  and S i - - O  bond lengths.  T h e  fo rma l ly  coo rd i -  
nat ive A I - - O  bond undergoes  the grea tes t  s h o r t e n i n g  
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Table 3. Deprotonation energy of  clusters ! - - 3  and the H2SO 4 
molecule calculated at different levels 

Method ! 2 3 H2SO 4 

AEH+ AEn+ PA 

3-21G//3-71G 3247 3458 350.3 327.8 1863 
6-31G*//6-31G* 3165 335.0 335.4 3251 1755 
MP2/6-31G*//6-31G* 3137 3324 3329 3195 1720 
MP2/6-31+G**//6-31G* 315 3 3288 3262 3155 1675 
MP2(FU)/6-31G* 3134 3329 3334 320.0 1721 
MP4/6-311G **a 3190 337.1 3379 327.0 179.5 
MP3/6-311G**" 321.3 3384 3390 3274 181 I 
MP2/6-311G **a 3176 3357 3367 3248 1777 
MP2/6-311+G °*~' 3157 3287 3270 3175 1748 
MP2/6-311G(2df, p) a 310.3 3305 3335 3233 1764 
QClSD(T)/6-311G**" 3197 3374 3383 3273 1803 
MP2/6-311+G(3df,2p) a 3091 325.1 3252 3156 1729 
MGI 3032 317.1 3177 3114 1700 
G2(MP2) 3037 3187 3190 3109 1694 
G2(SVP) 3039 3186 3188 3105 1691 
G2(SVP)* 304.7 319.0 3191 3108 1695 
Experimem b 3t3b±2 169 0 

') At geometry obtained at the MP2(flfll)/6-31G* level. 
b Data of paper 26. 

All the structures considered correspond to the local 
min ima  on the potential  energy surfaces of  the. investi-_ 
gated structures.  

The depro tona t ion  energies of  the systems under 
investigation calculated at the MG 1 and MG2 levels are 
compared  in Table 3 with the data  obtained at different 
levels of  approximat ion  using geometr ies  opt imized at 
tile S C F  and MP2 levels. The depro tona t ion  energies of 
sulfuric acid calculated using modified Gaussian approxi-  
mat ions  are very close to each other. The maximum 
deviat ion from the exper imental  data is within the uncer-  
tainty of  its exper imenta l  de te rmina t ion .  The proton 
affinity of  sufuric acid calcula ted in the framework of 
the Gauss ian  approaches  is also in a good agreement  
with its exper imenta l  value (max imum deviat ion is less 
than I kcal tool I)~ 

At the same t ime it should be pointed out that the 
depro tona t ion  energy of sulfuric acid calculated at the 
S C F  level using tile 3-21G and 6-31G* basis sets is 
considerably  (13--15 kcal m o l - I )  ove re s t ima ted  Taking 
the e lect ron correla t ion in tile framework of second 
order  Moe l l e r - -P l e s se t  per turbat ion  theory with the 
6-31G* basis set at geometry  obtained at the SCF 
level us ing the 6 - 3 1 G *  basis  set ( c a l c u l a t i o n  at 
M P 2 / 6 - 3 1 G * * / / 6 - 3 1 G * )  into considera t ion results in 
considerable  improvement  in the agreement  with experi-  
mental  d a t a  An addit ional  set of  diffuse functions (cal- 
cula t ion at the M P 2 / 6 - 3 1 + G * * / / 6 - 3 1 G *  level) results 
in further improvement  of  agreement  with exper imental  
data, Fur ther  improvement  in the quality of  the basis 
set, i .e  using the t r i - exponen t  6-311G** basis set and 
taking into account  the e lect ron correla t ion effects in 
higher  orders  of  Moel le r - -P lesse t  per turbat ion theory 

Table 4. Stretching, in-plane and out-of-plane bending vibra- 
tions of the OH '~ bond in m~e l  clusters 

Cluster v(OH) 8(SiOH) ,t(OH) 

H 3SiO(H )AI[I 3 3640 1068 374 

HO(H)AI(H)2OH 3665, 1598 200, 
3553 390 

H O( H )AI(O H )2 ° H 3647, 1600 247, 
3556 317 

tl 3SiO(H)AI(tt)2OSi H :~ 3600 1050 315 

I13SiO(H)AI(OH)?OSiH ~ 3624 1049 330 
Experement b 3520-- 106030 360-- 

36303°,-tt ( 109032) 4202-9 

Scaled (0892) vahles of frequencies are givem 
b Experimental values are taken from pa~rs  29-3z, 

does not restilt in significant improvement  of  agreement  
with exper imental  d a t a  An addit ional  set of  diffiise 
ffmctions, as in tile ca.se of the 6-31G* basis set, leads to 
considerable reduction of the difference between the 
calculated and measured values of  the depro tona t ion  
energy. 

As it has already been ment ioned above, direct  mea-  
surements  of  deprotonat ion  energies in zeoli tes  are im- 
possible. The data obtained for the model  zeol i t ic  clus- 
ters make it possible to est imate the order  of  these 
values. We assume that cluster 1 slightly bet ter  describes 
the propert ies  of  the isolated OH-group  than c lus t e~  2 
and 3. As was shown in Refs. 27 and 28 this cluster 
describes the spectroscopic features of  the bridging hy- 
droxyl group (stretching, in-plane and out -of -p lane  bend- 
ing vibrations,  anharmonic i ty  of OH-v ib ra t ion ,  etc.) in 
close agreement  with experimental  data, while the data 
tbr clusters 2 and 3 differ remarkably (Table 4). It 
follows from Table 3 that the depro tona t ion  energy of 
cluster i is 6 - -10  kcal tool I lower and R~)r clusters 2 
and 3 is 7--10 kcal tool ~l higher than that of  the 
sulfuric acid molecule.  "Io analyze the effect of the size 
of a cluster on its acidic characterist ics we have carried 
out the calculat ions fi)t more extended clusters 5 and 6 
(Fig 2), which might be considered as clusters 2 and 3 
with two of the boundaw hydrogen a toms replaced with 
an Silq~ f r agmen t  Such clusters are also widely used in 
quantum chentical  modeling of bridging hydroxyls in 

Figure 2. Extended models (5, 6) the bridging OH group in 
zeolites~ 
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Table 5. Deprotonation energies of model clusters I--3, 5, 6 
calculated using the 3-21G and 6-31G ° basis sets (corrected 
for ZPVE values are given in parentheses) 

Cluster 3-21G 6- 31G * 

! 324.7 (3152) 3165 (3090) 
2 345~8 (336.6) 335.0 (3264) 
3 3503 (341.4) 3354 (326.3) 
5 322.5 (314.2) 3125 (3043) 
6 3294 (3209) 314~0 (305.5) 

zeolites. The depro tona t ion  energy for c lus te~  I - - 3  and 
for the more realistic models  H3SiO(H)AI(H)?OSiH-~ 
(5) and H3S iO(H)AI (OH)? - -OSiH  3 (6) calculated using 
the 3-21G and 6-31G* basis sets are listed in Table 5. 
The values obtained using a zero point energy correct ion 
are given in parentheses.  

It call be seen from -l'able 5 that the deprotonat ion 
energies obtained at the S C F  level using the 6-31G* 
basis set with a zero point energy correct ion tbr clusters 
I,  5 and 6 are close to tile corresponding data obtained 
with the Gauss ian  approaches  but are remarkably lower 
than those for clusters 2 and 3 It follows from the 
analysis of  the data in Tagles 5 and 6 that the calcula-  
tions for clusters 5 and 6 at higher levels of  the approxi-  
mat ions  should decrease the depro tona t ion  energy by 
approximate ly  5 kcal mol - I ,  e.g. the values of  the: d e p r o -  
tonat ion  energy for zeoli t ic  clusters 5 and 6 should be 
equal to 300_+5 kcal mol - I ,  Fur ther  extension of  the 
cluster  also decrease the depro tona t ion  energy by ~ l0 
kcal mol - I .  Taking into account  the fact that the acidity 
of  the bridging hydroxyl groups is influenced by a num- 
ber of  factors (for the H-form of  zeolites,  mainly by the 
Si/AI ratio and the geometry  of  the zeo l i t e ' s  framework) 
it is possible to give an approximate  evaluat ion of  the 
range of  depro tona t ion  energies in zeolites. Quantum 
chemica l  calculat ions  33-36 indicate that increasing the 
SiOAI angles at both neighboring bridges (bonded and 
unbonded  with the proton)  increases the acidity (de- 
creases the depro tona t ion  energy) by approximate ly  15 .... 
20 kcal tool - t .  Increasing the Si/AI ratio also results in 
cons iderable  changes in the acidi ty of  the bridging 
OH-groups .  Est imations 37 show that the increase in 
acidi ty (the decrease in depro tona t ion  energy) in passing 
from zeoli tes conta in ing little silica to those containing 
large amounts  of  silica is approximate ly  20 kcal tool I 
Taking into accotmt the fact that according to X-ray 
data zeoli tes conta in ing large amounts  of  silica have a 
higher range of  TOT (T = St, AI) angles than those 
conta in ing  little silica, Le  the increase in the acidity 
induced by increasing the Si/AI ratio includes a corre- 
sponding  change in the acidity due to a change in tile 
s tructural  parameters ,  it is expected that change ill the 
energy of  depro tona t ion  of  zeolites should be in the 
range of  25--30 kcal • mol -I depending  on their compo-  
sition and structure.  Hence,  the depro tona t ion  energies 
for z e o l i t i c  ca ta lys t s  shou ld  fall in the  range of  
275_+15 kcal"  tool - I ,  

Treble 6, Mulliken charges on the hydrogen atom of the OH 
group, (q(H)/e), the OH stretching vibration frequencies, 
(v(OH)/cm-~), the OH bond lengths, (d(OH)/A), and the 
deprotonation energies, (AEII ,/kcal tool- I), in structures stud- 
ied and in other OH containing molecules calculated at the 
HF/6-31G* level 

Molecule q(H) v(OH) a d(OH) AEH +t' 

LiOH 0,405 4252 0938 457~0 
HOH 0434 4190,4072 0,947 4293 
CH~OH 0437 4117 0946 4085 
FOH 0 476 4070 0.952 3786 
tl3SiOH 0464 4146 0946 3764 
ItCOOH 0466 4041 0.953 3638 
F3SiOH 0.490 4150 0946 3507 
F3COH 0.478 4092 0.950 349.2 
3 0516 4098,3996 0.954 3354 
2 0.515 4118,3991 0956 335.0 
CH3OSO?OH 0503 4038 0.954 323.2 
tt2SO 4 0506 4036, 4031 0954 321.3 
I 0512 4093 0951 3165 
5 0520 4045 0954 3140 
6 0521 4073 0952 312.5 
Ctt3OH? + 0.556 3941,3874 0.964 1898 
CH3OH?SO ~' 0557 3915,3903 0.963 184.7 
H3SO, + 0566 3894.3879,3873 0.965 1749 
H3 O+ 0585 3885,3774 0969 170.7 

'~ Unscaled vahles are given, b Deprotonation energies are 
given without the ZPVE correction. 

The values obtained are in a good agreement  with the 
theoretical results for extended cluster models  and with 
experimental  estimations. The calculations using split- 
valence plus the polarization basis set performed at the 
SCF level for extended cluster model of  the bridging 
hydroxyl group in faujasites, H[SimAIOI4(OH)t61, which 
includes 14 s i l icon/a luminium/oxygen te t rahedm,  give a 
value o f  the  d e p r o t o n a t i o n  ene rgy  equa l  to 
275:k6 kcal tool I. 38 For a model cluster that includes 
up to 24 s i l icon/a lummium oxygen tetrahedra tile value 
of the deprotonat ion energy is equal to 295 kcal tool -139 
Experimental estimates s,6,4° of  deprotonat ion  energy are 
equal to 265--280 kcal tool I for H - Z S M - 5  zeo l i t e s and  
275--280 kcal tool -I for flY zeolites. 

In conclus ion let us discuss the relat ion between 
depro tona t ion  energy of the systems studied and the 
other  character is t ics  of the OH group (s t re tching vibra- 
tion frequency,  charge on the bridging pro ton ,  and OH 
bond length). The corresponding data obta ined  for the 
studied systems as well as for other  hydroxy l -con ta in ing  
molecules  are listed in "Fable 6. Analysis  of  the given 
data indicates  that the qualitative t rends in the charges 
on tile hydrogen atom of the bridging OH group,  the 
OH bond lengths, and the stretching vibrat ion frequen-  
cies are in agreement  with die trends in the depro tona t ion  
energies. However,  there is no distinct  cor re la t ion  be- 
tween these parameters  and it is impossible  to recom-  
mend the values listed in Table 6 for the ac id i ty  esti-  
mates because the values of  d (OH)  and v (OH)  depend  
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crucially on such t;actors as the possibility of the fornaa- 
tion of intermolecular  hydrogen bonds and the geometry 
of the framework in the case of zeolites. The charge on 
the hydrogen atom of the OH group has slightly better 
characteristics, however in this case it is also necessary 
to choose related systems for compar i son  

Thus, the high level ab initio calculations of the 
acidic characteristics of the sulfuric acid molecule and 
the simplest clusters modeling zeolites carried out in this 
paper in combinat ion  with the ab initio results for more 
realistic models of zeolites point the fact that the acidity 
of the bridging hydroxyls in zeolites is higher than that 
of isolated sulfuric acid molecule in the gas phase. The 
estimated range of the deprotonat ion energies in zeolitic 
catalysts is in good agreement with experimental  esti- 
mates and with ab initio results lot extended models that 
include several tens of atoms. 
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