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Intermolecular potential energy curves for the hydrogen bonded systems 
H20"H2S, H20"H2Se and H2S'H2S were calculated with nonempirical 
pseudopotentials using optimized-in-molecules basis sets augmented by 
polarization functions. The H20"H20 interaction energy curve has been also 
considered as a test case. The present results for H20"H2S and H2S'H2S 
indicate much weaker intermolecular interactions than those found in previous 
ab initio calculations. The H20"H2Se interaction was found to be quite similar 
to H20"H2S. 
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I. Introduction 

It is now fairly well established that thiols can form hydrogen bonds [1]. As 
compared to alcohols or phenols thiols usually form relatively weak hydrogen 
bonds. Until about 1960 there was even doubt as to the existence of S--H.. .S 
hydrogen bonding, despite conclusive evidence for S--H. . .O and S--H--.N [1-3]. 
Relatively little is known about the hydrogen bonds formed by the selenium 
analogues of thiols, i.e. selenols. From the similarity of the physical properties 
of H2S and H2Se, their clathrate hydrates [3,4], as well as mercaptans and 
selenomercaptans [2, 3], one can expect that the Sell group can be involved in 
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hydrogen bonds similar to its - -SH analog. It is interesting to note that various 
biochemical and biological processes do not distinguish selenium from sulfur 
[5, 61. 

Previous ab initio calculations [7-10] of H.-.S bonding have been performed at 
the medium-size basis set level, primarily from consideration of computational 
effort. However, there remains the possibility that the interaction energies, with 
these limited basis sets, are overestimated. Here we consider the case of the 
hydrogen bonded H20"H2S system where previous calculations with a double-zeta 
basis set [7] predicted an interaction energy considerably stronger than that 
corresponding to an H20"H20 dimer calculated with an extended basis set [11, 12]. 
The relative strength of the O- -H . . .O  and S - -H . . .O  (or O- -H. . .S )  bonds is of 
primary importance since almost all processes involving sulfur occur in aqueous 
solution. This has prompted us to recalculate the interaction energy curves for 
the systems H20"H2S and H2S'H2S in some more detail. For comparison we also 
calculated the interaction energy for the HzO'H2Se complex. The systems chosen 
are prototypes of the following hydrogen bonds X- -H. . .Y ,  where (X, Y) = (O, S), 
(S, O), (S, S), (Se, O) and (O, Se), which can be present in various biochemical 
and biological processes. The calculations were performed within the self- 
consistent-field approach using nonempirical pseudopotentials [13]. We also 
estimated the dispersion energy contribution to the interaction. 

2. Method 

A nonempirical pseudopotential method [13] was used with the PSHONDO 
program [14]. Within this method the  interaction energy between the molecules 
A and B has been obtained in a standard way, i.e. Ein t = 

Etot(A'B) - Etot(A)- Etot(B), where the total energy of  A(B) corresponds to the 
isolated molecule. We also considered counterpoise (CP) correction for basis set 
superposition error [15], where the total energy of A(B) was calculated in the 
basis set of  a dimer. 

Several gaussian basis sets, denoted B1 to B13, have been used in the present 
work. In all cases the s and p atomic orbitals consisted of four primitive gaussians. 
Our bases can be classified with respect to the contraction scheme and the 
optimization procedure, see Table 1. The contraction scheme involves "minimal" 
(one function per symmetry), "double zeta" (two functions per symmetry) and 
"uncontracted" (four functions per symmetry). Within each of these schemes 
polarization functions can be added: one d function on heavy atom and one p 
on hydrogen atom. The construction of molecular basis set involves two optimiz- 
ation procedures. In the first one, the basis set was optimized in atoms (in their 
ground state) by means of the PSATOM program [16]. In the second, we varied 
the exponents (and, in some cases, the contraction coefficients) of the former 
basis in order to lower the total energy of the molecule. This was done with the 
inclusion of  a quasi Newton algorithm applied to the PSHONDO program. The 
details of further investigations concerning optimized-in-molecules basis sets for 
pseudopotential calculations will be given elsewhere [18]. 
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Table 1. The notation of the molecular basis sets 
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Minimal (4, 4 /4)~ [1, 1/1]; double-zeta (4, 4/4)~ [2, 2/2] in groups {3, 1}. 
b Circles mean the optimization of the basis set; in parentheses are the varied parameters: a-the 
exponents of s and p functions, c-the contraction coefficients and apo~-the exponents of polarization 
functions~ the horizontal dotted arrows mean the decontraction while the vertical ones - the 
expansion of the basis set by polarization function. 
c In H20 two d(a  = 1.5, 0.4) functions on oxygen and one p(a = 0.75) function on hydrogen were 
added 

T h e  c a l c u l a t e d  i n t e r a c t i o n  ene rg ies  were  c o r r e c t e d  by  the  d i s p e r s i o n  e n e r g y  t e rm,  

e s t i m a t e d  by  m e a n s  o f  a L o n d o n - t y p e  f o r m u l a  edisp = - C 6  R-6  [22]; w h e r e  C6 
coef f ic ien t  is r e l a t ed  to the  i o n i z a t i o n  po t e n t i a l s  a n d  the  po l a r i zab i l i t i e s  o f  

i n t e r a c t i n g  spec ies .  

Al l  c a l c u l a t i o n s  were  p e r f o r m e d  fo r  e x p e r i m e n t a l  g e o m e t r i e s :  d ( O H )  = 0 .957 /~ ,  

~_HOH = 104.52 ~ fo r  H 2 0 ,  a n d  d ( S H )  = 1.328 ~ ,  ~_HSH = 92.20 ~ fo r  H2S [23] a n d  
d ( S e H ) - - -  1 .460/~ ,  ~ H S e H  = 9 1 . 2 0  ~ for  H2Se m o l e c u l e  [23]. 
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3. Results 

In  order to assess the qual i ty  of the different basis sets we compared  molecular  
propert ies which are most ly  dependen t  on the valence electrons: the valence 
orbital  energies, total energy differences and  the dipole  moments  of H20 and 
H2S. In  Tables  2 and  3 we present  the respective values ob ta ined  for the basis 
sets with or wi thout  polar iza t ion  funct ions.  For  compar i son  we also added the 
results of  all electron near- l imi t  Ha r t r ee -Fock  calculat ions.  One  can see that the 
" m i n i m a l "  opt imized- in-a toms basis set, B1, behaves less satisfactory than  the 

" m i n i m a l "  opt imized- in-molecules  basis sets B5 and  B8. The difference between 
the last two bases is in the n u m b e r  of  var ia t ional  parameters  involved in the 
opt imiza t ion  process. In  one case, B8, only  the exponents  were varied whereas 

in the second case, B5, both  exponents  and  cont rac t ion  coefficients were optim- 
ized. However,  as one can see from Tables 2 and  3, these basis sets are equivalent .  
Probably  the most  interest ing result is that one can at ta in  results of  s imilar  qual i ty 
to the "doub le -ze ta"  (B2) with the " m i n i m a l "  opt imized- in-molecules  basis sets 

(B5 or B8). One  can also observe that the values of orbital  energies and  of  dipole 
m o m e n t  ob ta ined  with basis sets which do not  inc lude  polar izat ion funct ions  are 

Table 2. Total energy differences a, valence orbital energies and dipole moment of H20 molecule in 
various basis sets. Energies in a.u., dipole moment in Debyes 

- - E  

Basis Contraction A a 2al 3a~ lb~ l b  2 /z 

no polarization functions in the basis set 
B1 [1, 1/1] 0.084 1.339 0.549 0.503 0.609 2.31 
B8 [1, 1/1] 0.062 1.360 0.564 0.512 0.706 2.48 
B5 [1, 1/1] 0.048 1.362 0.562 0.506 0.708 2.86 

B2 [2, 2/2] 0.044 1.359 0.559 0.501 0.710 2.61 
B6 [2, 2/2] 0.037 1.369 0.567 0.507 0.720 2.74 

B3 [4, 4/4] 0.038 1.359 0.559 0.501 0.710 2.62 
B7 [4, 4/4] 0.034 1.368 0.568 0.507 0.719 2.70 

polarization functions in the basis set 
B9 [1, 1, 1/1, I] 0.018 1.342 0.572 0.505 0.702 2.07 

B12 [2,2, 1/2, 1] 0.002 1.352 0.576 0.505 0.713 2.22 
B4 [4, 4, 2/4, 1] 0.000 1.340 0.569 0.497 0.704 1.99 
B13 [4, 4, 1/4, 1] reference 1.353 0.578 0.506 0.714 2.21 

best SCF 1.351 0.584 0.508 0.717 2.08 b 
ab initio (2.21)c 

a The differences of the total energies, A, are defined with respect to the reference total energy 
calculated in the B13 basis set. 
b Near limit Hartree-Fock calculations [24]; Eto t = -76.062 a.u. in the basis set (11, 7, 2/5, 1) contrac- 
ted to [6, 5, 2/3, 1]. The best Hartree-Fock calculations [25] predict Eto t = -76.066 a.u., however, the 
corresponding orbital energies and dipole moment were not available. 
~ limit Hartree-Fock calculations [25]; Etot=-76.060a.u. in the uncontracted basis set 
(12, 7, 1/7, 1); for comparison the experimental dipole moment is/ze• p = 1.85 D [26] 
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Table 3. Total energy differences a, valence orbital energies and dipole of  H2S molecule in various 
basis sets. Energies in a.u., dipole moment  in Debyes 

--13 

Basis Contraction A a 4a I 5a 1 2b 1 2b 2 tz 

no polarization functions in the basis set 
B1 [1, 1/1] 0.079 1.016 0.497 0.404 0.600 2.17 
B8 [1, 1/1] 0.065 1.004 0.486 0.389 0.591 2.35 
B5 [1, 1/1] 0.064 1.003 0.486 0.389 0.592 2.37 

B2 [2, 2/2] 0.054 1.008 0.490 0.389 0.595 1.95 
B6 [2, 2/2] 0.052 1.004 0.489 0.385 0.594 2.27 

B3 [4, 4/4] 0.048 1.005 0.491 0.388 0.595 1.90 
B7 [4, 4/4] 0.050 1.006 0.491 0.387 0.595 2.12 

polarization functions in the basis set (cf. Table 2) 

B9 [1, 1, 1/1, 1] 0.012 0.978 0.489 0.377 0.585 1.89 

B10 [2, 2, 1/2, 1] 0.002 0.985 0.497 0.379 0.592 1.65 

B l l  [4,4, 1/4, 1] reference 0.986 0.499 0.381 0.594 1.51 ~ 

best SCF 0.982 b 0.500 0.382 0.592 1.28 
ab initio 0.980 c 0.494 0.379 0.588 - -  

0.979 d 0.495 0.380 0.588 - -  

aThe differences of  the total energies, A, are defined with respect to the reference total energy 
calculated in the B11 basis set. 
b Near limit Hart ree-Fock calculations [27]; Eto t = -398 .682  a.u. 
c Near limit Hart ree-Fock calculations [28]; basis set (11, 7, 1/5, I) [contracted to 7, 4, 1/3, 1]. 
d Near limit Hartree-Fock calculations [28]; basis set (11, 7, 2, 1/5, 1) contracted to [7, 4, 2, 1/5, 1]; 
for comparison the experimental dipole moment/Xex ~ = 0.97 D [26] 

Table 4. The SCF interaction energy (kcal/mole) in I-I20"HzO system, see Fig. 1 

All electron a Pseudopotential  b 
Roo Basis 
(a.u.) set Extended B9 r B 12 c 

4.0 34.62 - -  (43.90) d - -  
4.4 10.72 14.69 (13.73) 10.26 (9.43) 
4.8 0.92 - -  (1.74) 0.30 (-0.38)  
5.2 -2.77 - -  (-2.56) -3 .40 (-3.96)  
5.67 -3.87 -3.55 (-3.87) -4 .50 (-4.93)  
7.0 -2 .69 -2 .59 (-2.65)  -3.05 (-3.19)  
9.0 -1 .14  - - ( - 1 . 1 1 )  - -  

15.0 -0.21 - -  (-0.21) 

a Ref. [12]. 
b Present work. 
c See Table 2. 

d In parentheses the values obtained in a standard way i.e. not counter-poise 
corrected 
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Table 5. The SCF interaction energy (kcal /mole)  in H20"H2S system in the geometry B, See Fig. 2 

All electron Pseudopotential  

R~o Basis Double 
(a.u) set 4G a 4-31G a zeta b B2 ~ BI0  and B12 c 

5.5 . . . .  +7.37 (+6.53) d 

6.0 -0.01 -2.70 +14.2 -2.38 (-3.39) +0.63 (-0.01) 
6.4 -0 .94 -3.57 -5.10 - -  - -  
6.5 - -  -3 .62 -5.10 -3.41 (-4.07) -1 .70 (-2.19) 
6.6 - -  -3 .64 -5.09 - -  - -  

6.8 - 1.07 -3.59 -4.98 - -  - -  

7.0 . . . .  3.21 (-3.72) -2 .24 (-2.58) 
7.2 -0 .94 . . . .  

7.5 - -  . . . .  2.12 (-2.36) 

7.6 -0 .76 . . . .  

a Ref. [30]. 
b Ref. [7]. 

See Tables 2 and 3. 

d In parentheses the values obtained in a standard way, i.e. not counter-poise corrected 

r a t h e r  f a r  f r o m  t h e  b e s t  a l l  e l e c t r o n  c a l c u l a t i o n s .  O n  t h e  c o n t r a r y ,  w h e n  p o l a r i z -  

a t i o n  f u n c t i o n s  a r e  i n c l u d e d ,  t h e  a g r e e m e n t  w i t h  t h e  b e s t  ab initio r e s u l t s  i s  

r e m a r k a b l y  b e t t e r .  C o m p a r i n g  t h e  d a t a  p r e s e n t e d  i n  T a b l e s  2 a n d  3 i t  s e e m s  c l e a r  

t h a t  " d o u b l e - z e t a +  p o l a r i z a t i o n "  b a s e s  B 10 a n d  B 12 y i e l d  r e s u l t s  o f  s i m i l a r  

q u a l i t y  a s  e x t e n d e d  c a l c u l a t i o n s  f o r  i s o l a t e d  m o l e c u l e s .  T h e s e  b a s i s  s e t s  h a v e  

Table 6. The SCF interaction energy (kcal /mol)  in H20"H2S system in the 

geometry A, see Fig. 3 

All electron Pseudopotential  

Rso Double 
(a.u.) Basis 4G a 4-31G a zeta b BI0  and BI2 C 

6.0 - -  - -  +0.55 +2.66 (+2.15) a 
6.4 -1.36 -1.92 -1.19 - -  

6.5 -1.39 - -  - -  +0.13 (-0.23) 

6.6 - 1.40 - -  - -  - -  

6.8 -1 .34 -2.37 -1.81 
7.0 - -  -2.38 - -  -0 .76 (-1.01) 
7.2 - -  -2.08 - -  
7.5 - -  - -  -0.99 (-1.14) 
7.6 - -  - 1.92 - -  
8.0 . . . .  0.96 ( -  1.05) 
8.5 . . . .  0.68 (-0.73) 

a Ref. [30]. 
b Ref. [7]. 

c See Tables 2 and 3. 
d In parentheses the values obtained in a standard way, i.e. not counter-poise 
corrected 
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Table  7. The SCF  in te rac t ion  energy  (kca l /mo le )  in H2S'HzS 

system, see Fig. 4 
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R s s  

(a.u.) ab initio Pseudopo t en t i aP  

6.0 - -  +18.76 (+  17.90) b 

7.0 - -  +2.68 (+2.14) 
7.9 - 1.4 c - -  

8.0 - 0 . 9  a -0 .31 ( -0 .62)  
8.1 - 1 . 5  c - -  

8.2 - 1.0 d - -  

8.3 - 1 . 8  e - -  

8.5 - 0 . 7  f - 0 .58  ( -0 .81)  

9.0 - -  - 0 . 6 2  ( -0 .78)  

9.5 - -  -0 .58  ( -0 .68)  

a Basis B I 0 ,  see Table  3. 
b In  pa ren theses  the values  ob t a ined  in the s t andard  way, i.e. 

not  counte r -po ise  corrected.  

~ Ref. [8], bas i s  I op t imized  for  a toms ;  e~n t not  counte r -po ise  
corrected.  

d Ref. [8], bas i s  I I  par t ly  op t imized  for H2S molecu le ;  ~int not  

counte r -po ise  corrected.  
e Ref. [10], bas is  4-31G.  

f Ref. [9], bas i s  (12, 9 /3 )  con t rac ted  to (min imal )  [3, 2 /1 ] ;  ein t 

not  counte r -po ise  correc ted  

been applied to the computations of interaction energy curves for H20"H20, 
H20"H2S, H20"H2Se and H2S'H2S complexes. Within pseudopotential  approach 
the systems chosen are isoelectronic and require the same computational effort. 
The results are presented in Tables 4-8 and Figs. 1-6. 

The H20"H20 system was chosen as a test case for our basis sets. From Table 4 
and Fig. 1 one can see that the interaction energy obtained at the "double-ze ta+ 
polarization" level (B12) is close to the one of the best all electron calculations 
on this system [12]. The discrepancy of about 0.6 kcal /mole at minimum can 
probably be ascribed to the slightly different dipole moments (2.06D [12] and 

Table  8. The  SCF in te rac t ion  energy (kca l /mo le )  in 

HzO'H2Se sys tem 

Ro__se geomet ry  
(a.u) B ~ A b 

6.0 4.61 (3.68) c 5.74 (5.05) 

7.0 - 1 . 3 9  ( -1 .88 )  0.45 (0.08) 
8.0 -1 .65  ( -1 .86 )  - 0 . 3 6  ( -0 .54)  
9.0 - 1 . 1 8  ( -1 .27 )  -0 .38  ( -0 .49)  

a See Fig. 2. 
b See Fig. 3. 

c In pa ren theses  the va lues  not  counte r -po ise  corrected 
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Fig. 1. The H20"H20 interaction 
energy curve; dotted line ab initio near 
limit Hartree-Fock calculations [12]; 
full line-present work; O O O  and x x 
x x standard and counterpoise cor- 

rected eint, respectively, (basis BI2);  
A A A A  and + + + +  standard and 
counterpoise corrected 6~nt, respec- 
tively, (basis B9);* standard eint, 
(basis B5) 

2.22D present). For comparison,  we have also calculated the interaction energy 
curve with a smaller basis set (B9) obtaining even better agreement with all 
electron cases. Of  course, the numerical agreement is a coincidence,  however,  
the closeness of  this basis set predictions to those of  the "double-zeta+ 
polarization" basis set is quite regular, as will be shown afterwards. Nevertheless,  
one has to mention that in previous all electron calculations o f  the interaction 
energy the "minimal+polar izat ion" basis set was found to be quite poor [33]. 
We can try to see if an even smaller basis set than B9, i.e. B5, which does not 
include polarization function can be used. However,  we  obtained at minimum 
e~nt = -7 .34  kca l /mole  which is almost 100% in excess of  the respective all electron 
value. This had led us to the conclusion that in pseudopotential  calculations 
similar to the all electron case [29] polarization functions in the basis set are 
necessary to obtain reliable values of  the interaction energy. 

Once we have established the necessary level for attaining reasonable results we 
decided to consider two hydrogen-bonded situations for HzO'H2S systems. The 
first corresponds to the structure B of  the work of  del Conde and Novaro [7] 
where the water molecule  acts as a proton acceptor. For the second, denoted in 
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Fig. 2. The HzO'H2S interaction energy curve 
in geometry B [7]; dotted lines-ab initio, full 
lines-pseudopotential; (1) 4G basis set [30]; 
(2) 4-31G basis set [30]; (3) double zeta basis 
set [7]; (4) basis B2. (OOOO and x x x x 
standard and counterpoise corrected e~nt, 
respectively); (5) basis BI2 for H20 and B10 
for H2S (OOOO and x • x x standard and 
counterpoise corrected Eint, respectively) 

~in t  
(kcal/mole) 
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, 3  

Rs_ o (o.u.) 
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~'int 
(kcal/mole] 

4 

Fig. 3. The H20"H2S interaction energy curve 
in geometry A [7]; dotted lines-ab initio, full 
line-pseudopotential; (1) 4G basis set [30]; 
(2) 4-31G basis set [30]; (3) double zeta basis 
set [7]; (4) basis BI2 for H20 and B10 for 
H2S (OOOO- and x x • • standard and 
counterpoise corrected elnt, respectively) 
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Fig. 4. The HaS'HaS interaction energy curve; 
basis B10 ( 0 0 0 0  and x x x x standard and 
counterpoise corrected eint, respectively); A 
Ref. [9];** optimized-in-molecules basis set 
[8]; + + basis set optimized for atoms [8]; [] 
4-31G basis set [10] 

- 2  

- 4  

- 6  

~ in t  
_ (kcal /mole)  

-- i~ ~H2S'H2S 

R ( X - Y )  
( a u )  

I I I ] i 
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Fig. 5. The SCF pseudopotential inter- 
action energies in H20"H2X; X =  
O, S, Se, complexes in hydrogen bon- 
ded geometry where water molecule 
acts as a proton acceptor. The dotted 
line represents the ab initio [31] curve 
for HzO'CH 4 interaction in analogous 
geometry. For comparison 
pseudopotential H2S'H2S interaction 
energy curve added 
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~int 
(kcal/mole) 

Fig. 6. The SCF pseudopotential inter- 
action energies in H2X'H20, X = S, Se, 
complexes in hydrogen bonded 
geometry where water molecule acts as 
a proton donor. - - -  and �9 .. curves 
represent a "classical" dipole-dipole 
and dipole-induced dipole interac- 
tions in H~S'H20 and H2Se'H20 sys- 
tems, respectively. Vq[][] the ab initio 
interaction energy for ArH20 [32]. For 
comparison pseudopotential H2S'H2S 
interaction energy curve added 

-2 

--4 

H20'F 

J Y Y:S,Se 

\ ~H2S'HzS 

..- / /  
/ 

/ 

R(X-Y) 
(a.u.) 

I I I I I 

6 7 8 9 10 

the quoted paper as A, the same role is played by H2S. The calculated interaction 
energies for B and A structures are presented in Tables 5 and 6 and Figs. 2 and 
3, respectively. For comparison we consider the results of the best available ab 

initio calculations for this system [7] which were performed with a double-zeta 
basis sets without polarization functions. We also consider the results of all elec- 
tron calculations' with smaller basis sets i.e. minimal and 4-31G [30]. For the 
structure B, we also present pseudopotential calculations with a "double-zeta" 
type basis set, B2. One can see that our interaction energy curves, obtained with 
the optimized-in-molecules basis sets augmented by polarization functions con- 
siderably differ from the all electron double-zeta calculations. We found that 
with respect to these results, for both geometries at the minimum, the water 
molecule interacts with the hydrogen sulfide molecule considerably weaker and 
at longer intermolecular distances. If  we compare A and B structures we can 
confirm the former conclusion [7] that there is an asymmetric behaviour when 
the proton donor molecule of the hydrogen bonded pair is changed to proton 
acceptor. 

We also locked to the charge transfer in both structures, however, no detectable 
transfer (below 0.001 a.u.) were found at minimum in contradiction to the results 
of the former all electron calculation [7]. The electron acceptor nature of H2S in 
geometry B was slightly established at shorter intermolecular distances: the net 
charge of H2S molecule was found to be: -0.027, -0.008, -0.002 and 0.000 a.u. 
at Rso = 5.5, 6.0, 6.5 and 7.0 a.u., respectively. 
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For the H2S'H2S system we only consider one hydrogen-bonded situation, which 
is depicted on Fig. 4. The numerical values of  the interaction energy are presented 
in Table 7. Similarly to the former case our results for the interaction energy 
differ from the available all electron computations [8-10] and predict at the 
minimum a very weak interaction comparable to the energy of the thermal motions 
at room temperatures. Here we would like to mention the rather clear influence 
of  the basis set on the calculated interaction energy, similar to the HzO'HzS case. 
The results of  those all electron calculations which do include polarization 
functions in the basis set [8] agree well with our interaction energy curve and, 
on the contrary, the calculations with 4-31G basis set [10] are far from it. The 
results of  Sabin's calculations [9] in the minimal basis suffer probably from 
significant superposition basis error [29, 38] and, consequently, after counterpoise 
correction the interaction energy curve should become considerably more 
repulsive. 

For the H20"H2Se system we considered the same hydrogen bonded geometries 
as for H20"H2S. We used "double zeta+polar izat ion" basis sets, B12 and B10, 
for H20 and H2Se molecules, respectively. The calculated interaction energies 
are present in Table 8 and Figs. 5 and 6. 

We also wanted to study the effect of basis set superposition error [I 5]. This error 
was found to be, at minima for all cases, of  the order of 0.2-0.4 kcal/mole. 
Although its absolute value is rather small it reduces the H20"H20, HzO'H2 S, 
H20"H2S interaction energies by 9, 13, 11 and 20%, respectively. Thus all our 
calculations were corrected by means of counterpoise method [15]. 

In the present work we have also estimated the dispersion energy contribution 
to the interaction energy by means of  London-type formula [22]. We used the 
available values of C6(H20"H20)=45.37 a.u. [34,35], t~(H2S)=25.5 a.u. [36], 
a(H2Se) =32.2 a.u. [36], I (H2S)=  10.44 eV [37], I (H2Se)=9.5  eV (equal to the 
highest occupied orbital energy in the present calculations) and a combination 
rules for dispersion energy coefficients [35]. We obtained the following values 
of C6: C6(HzO'H2S) = 89.0 a.u., C6(H20"H2Se) = 106 a.u. and C6(H2S'H2S) = 
187 a.u. It is known [38] that London-type formulas underestimate the values of 
dispersion energy approximately by a factor of  two, as in the case of H20"H20 
interaction [12]. Therefore, in order to have a most realistic estimation of disper- 
sion energy we multiplied the C6 coefficient by a factor of two and used it in the 
London-type formula. The consequent changes for the parameters of the minima 
after dispersion energy correction are presented in Table 9. One can observe that 
our results for the equilibrium distances are consistent with estimates based on 
Van der Waals radii [39, 40] as well as with recent all electron extended basis set 
calculations on the O--.HS bond [48]. 

4. Discussion 

In the present work we have shown the ability of  optimized-in-molecules basis 
sets to predict both the properties of isolated molecules and their interaction 
energies. We stressed that polarization functions in the basis set are necessary to 
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obtain reasonable agreement with extended calculations. Similar conclusions 
have been repeatedly pointed out since the early 1960's with respect to the all 
electron calculations with small basis sets [29]. However, within the pseudopoten- 
tial approach, polarization functions augmenting the original basis sets, have 
been used surprisingly seldom (see for example [41, 45]). We have also shown 
that molecular optimization of the basis sets, especially the small ones, seems to 
be a good tool to obtain reasonable results. Similar investigations, although 
limited to a partial optimization of the basis sets, in all electron calculations have 
been performed for a long time [21, 42, 44]. 

In the present work we have used the experimental geometry of HaO,HzS and 
H2Se molecules. It is known [21] that geometries of  the molecules containing 
first- or second-row atoms optimized in small basis sets slightly differ from the 
experimental values: bond lengths are generally overestimated by 0.03-0.05 
while bond angles are reproduced with accuracy of about two degrees. The 
relaxation of  intramolecular geometry in extended basis sets leads to even less 
marked changes which have a minor influence on the calculated interaction 
energies [25, 49]. This relaxation, however, can have a remarkable effect on the 
dipole moment derivatives for the molecules being proton donors in hydrogen 
bonded systems [43]. Those derivatives are directly related to the infrared spectra. 
The observed increase of infrared intensity of  AH stretching mode on AH.. .B 
hydrogen bond formation is proportional to the square of the corresponding 
dipole moment derivatives: 

la~/adl~H'"~ (1) 

where d is the length of  the AH bond. In the present work we performed some 
exploratory calculations of  the IR quantity at the "minimal+ polarization" basis 
set level (B9). Firstly, we optimized the geometry of  H20, H2S and H2Se obtaining: 
d (OH)  = 1.829 a.u., &105.35 ~ d(SH) =2.509 a.u., ~_94.86 ~ and d(SeH) = 
2.794 a.u., &94.30 ~ respectively. Then we varied the AH bond length in these 
molecules, as well as in the hydrogen bonded systems, in order to calculate the 
respective dipole moment derivatives. We also determined the energy minima 
when this relaxation was included. The results are presented in Table 10. For 
comparison the results of  all electron calculations [49] for (H20)2 were also 
added. One can see that for water dimer we obtained a reasonable value of IR, 
(10.6), which is in better agreement with the experimental result of IR = 12 [43] 
than the value of IR = 5.3 found in all electron calculations [49]. For water dimer 
we also performed the calculations with "double-zeta+polar izat ion"  basis set 
(B 12). In spite of the more extended basis set the value of Im (18.8), is in poorer  
agreement with both experiment and all electron result. This should not be 
surprising because the IR quantity is a very sensitive function of  the basis set, 
similar to the dipole moment (see Tables 2 and 3) or to the dipole moment 
derivatives (see Table 10). Even if the actual values are crude estimates we can 
expect that the relative behaviour of IR calculated at the same basis set level and 
in a similar system is reliable. For H20"H2S and H20"H2Se complexes we obtained 
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Table 10. Dipole moment derivatives of the proton donor molecules 
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Hydrogen RAB Ad (AH) [OI-e/OdtAH...B IoMOdIAH IR 
bond a.u. a.u. a.u. a.u. a.u. 

H20H20 5.67 0.007 0.65 0.20 10.6 
0.011 a 0.49" 0.11 a 18.8 a 
0.007~ 0.45 b 0.19 b 5.3 b 

HzOH2S c 7.00 0.017 0.44 0.22 4.0 
H20.HzSe c 8.00 0.005 0.28 0.14 4.0 

a Present work, B12 basis set. 
b All electron extended basis set calculation [49]. 
c Geometry B, see Fig. 2 

IR = 4.0 which suggests that infrared intensities of  the AH stretching modes should 
be about 2.5 times smaller than in water dimer. The interaction energies of  (H20)2, 
H20"H2S and H20"H2Se pairs (in B9 bases) of  -3.9,  -2 .4  and -1 .7  kcal/mole,  
respectively, were found to be slightly affected by the AH bond length variation 
(0 .02-0.04 kcal /mole) .  As can be seen from Tables 4, 5 and 8 those interaction 
energies are quite reasonable estimates of our "double-ze ta+polar iza t ion"  
calculations. 

A detailed study of the behaviour of  the basis sets used here will be presented 
elsewhere [18]. However  here we present a general panorama.  In the case of  H20 
and H2S we studied the dependence of valence orbital energies and dipole moment  
on the basis set. With the bases contracted to [2, 2, 1/2, 1] one can obtain results 
very close to the limit, which is estimated by means of our uncontracted basis 
sets. The pseudopotential  limit values of  orbital energies and dipole moments,  
are in reasonable agreement with the best all electron Har t ree-Fock calculations. 
This suggests that the core-valence electron coupling does not affect these proper- 
ties. Our results also suggest that the pseudopotentials obtained for isolated atoms 
can be directly transferred into molecules, i.e. there is probably no need for 
elaboration of "molecular"  pseudopotentials. Nevertheless it has been pointed 
out [45] that a molecular bonding accompanied by strong charge transfer can 
modify the "a tomic"  pseudopotential.  To clarify both points it would be desirable 
to perform analogous pseudopotential  calculations with larger basis sets and for 
a variety of  molecular properties. 

Our results for the interaction energies can be affected by the basis set extension, 
particularly for the systems involving H2S and H2Se. It is rather commonly 
accepted that dipole moments can be useful as a guide to predict the behaviour 
of  the interaction energy of polar molecular in hydrogen bonded systems. Thus, 
from the values of /x H2s= 1.65D (B10 basis) and /~n2s= 1.28D (all electron, 
extended basis set calculations [27]) we can expect that our values for the 
interaction energies in H20"H2S and H:S'H2S systems are likely to be overesti- 
mated. Fortunately, at minimum the correction for the dipole-dipole interaction 
(when /~--1.65D is substituted by /x = 1.28D) is quite small, not exceeding 
0.2-0.3 kcal /mole,  which amounts to the value of the basis set superposition error. 
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In Fig. 5 we compare our best, i.e. "double-zeta+ polarization", SCF interaction 
energies for H20"H2X, X = O, S, Se, systems in the hydrogen bonded geometry 
where water molecule acts as a proton acceptor. We can see a similarity of 
H20"H2S and H20"H2Se interactions which are considerably weaker than those 
in the analogous H20"HeO dimer. Moreover one can realize that the H20"H2S 
and H20"H2Se interactions are intermediate between the "hydrophobic" [46], as 
in H20"CH4 system [31], and the water hydrogen bond interactions. A similar 
pattern can be found for an alternative hydrogen bonded geometry where water 
molecule acts as a proton donor. As we can see on Fig. 6 the H20"H2S and 
H20H2Se interactions are even closer to another "hydrophobic" interaction, as 
in the H20"Ar system [32], except for a weak attraction which mainly results 
from ("classical") dipole-dipole and dipole-induced dipole interaction. 

In the present work we estimated the dispersion energy contribution to the 
interactions calculated at the SCF level. For systems containing sulphur and 
selenium this contribution amounts to 40-50%. One can therefore expect con- 
siderably less directionality of hydrogen bonds in H20"H2S H20"H2Se and 
H2S'H2S systems. This last conclusion can be supported by the recent ab initio 
SCF calculations in the 4-31G basis set [30] where a small barrier for rotation 
of H2S molecule in hydrogen bonded H20"H2S dimer was found. 

From the comparison of the estimated parameters of minima for various hydrogen 
bonded systems several observations can be made: X--H..-O and O--H.. .X,  
X = S, Se, hydrogen bonds are considerably different, the former being almost 
twice as more attractive; X--H. . .O,  X = S, Se, hydrogen bond strength represents 
roughly half of that of the water hydrogen bond; O--H. . . ,  X=  S, Se, and 
S--H.. .S hydrogen bond is similar to the interaction of water with hydrophobic 
species. The strength of this "bond" or better say "interaction" [46] belongs to 
the interval of 1.0-1.5 kcal/mole. Together with putative lack of directionality 
one can expect that this type of "bond" is unlikely to be present when room 

T a b l e  A1.  T h e  p s e u d o p o t e n t i a l  p a r a m e t e r s  fo r  O,  S a n d  Se a t o m s  

Wl=exp(-ar2)~Ckr% 1 = 0 ,  1 ,2  
k 

A t o m  l a CI nl C2 n2 C3 n3 

O ~ 0 10.373 870 1.647 681 - 1 45.078 280 0 - -  - -  

1 25.320 090 - 7 . 7 9 0  734 0 . . . .  

S a 0 2.341 491 0.143 746 - 2  27.451 005 0 - 1 5 . 8 3 2  530 2 

1 2.653 882 4 .302 655 - 1  7.619 814 0 0.845 051 2 

2 1.136 490  - 0 . 7 4 3  090 - 1  . . . .  

S e  b 0 0.673 650 3 .760 650 --2 --0.355 660 2 - -  

1 0.701 840 3 .256 580 --2 --0.179 210  2 - -  - -  

2 0.482 210 1.223 630 --2 0.062 250 2 - -  - -  

a Refs .  [16, 41]. 
b Ref.  [13] 
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Table A2. The "double-zeta+ polarization" basis sets optimized in pseudopotential calculations for 
H20 , H2S and H2Se molecules 

H20 H2S H2Se 
Contraction Contraction Contraction 

Exponents coefficients Exponents coefficients Exponents coefficients 

Heavy atom 
s 5.779 268 -0.139 478 4.360 423 0.085 282 4.960 686 -0.022 128 
s 1.272 318 0.283 079 1.983 196 -0.370 820 1.556 162 -0.232 561 
s 0.559 623 0.534 163 0.428 706 0.650 682 0.306 772 0.746 159 

s 0.247 498 1.000 000 0.152 791 1.000 000 0.131 642 1.000 000 

p 12.662 193 0.063 529 1.832 185 -0.110 945 3.478 423 -0.032 201 
p 2.971 050 0.256 392 1.098 696 0.212 329 0.440 778 0.414 745 
p 0.829 612 0.505 112 0.376 505 0.561 775 0.175 644 0.506 592 

p 0.214 450 1.000 000 0.113 822 1.000 000 0.053 933 1.000 000 

d 0.715 847 1.000 000 0.701 475 1.000 000 0.362 163 1.000 000 

Hydrogen 
s 8.020 733 0.084 153 8.022 267 0.056 752 8.021 475 0.056 752 
s 1.480 731 0.335 516 1.453 396 0.260 141 1.447 115 0.260 141 
s 0.671 579 0.546 603 0.466 638 0.532 846 0.424 867 0.532 846 

s 0.179 534 1.000 000 0.265 998 1.000 000 0.249 733 1.000 000 

p 0.856 698 1.000 000 0.684 937 1.000 000 0.737 549 1.000 000 

Contraction coefficients are not normalized 

t e m p e r a t u r e s  are  c o n s i d e r e d .  This ,  h o w e v e r ,  d o e s  n o t  e x c l u d e  the  p o s s i b i l i t y  t h a t  

a t  l ow  t e m p e r a t u r e s  s u c h  an  i n t e r a c t i o n  c a n  b e  d e t e c t e d  b y  s p e c t r o s c o p i c a l  

m e a s u r e m e n t s ,  as in t h e  ca se  o f  h y d r o g e n  su l f ide  p l a c e d  o n  t h e  so l id  n i t r o g e n  

m a t r i c e s  [1 ,47] .  

5. Appendix 
In the present pseudopotential approach the hamiltonian contains the atomic pseudopotential operator 
given by the form Wp~ = -z /r+~l  Wl(r)Pt, where z is equal to the number of valence electrons, Pt 
is the projection operator onto the lth subspace of the spherical harmonics and Wt(r)= 
exp (-atr 2) ~i C~ l>rn~s~ [13]. All parameters for O, S and Se atoms are given in the Table A1. The 
total (pseudopotential) energies for H20 and H2S molecules equal to -16.881 a.u. (B13 basis set) 
and -11.121 a.u. (B11 basis set), respectively, have been used as a reference in order to define the 
total energy differences A in the Tables 2 and 3. The total energies for O, S, Se and H, atoms were 
equal to -16.633 a.u., -10.912 a.u., -9.055 a.u. and -0.499 a.u., respectively, when s and/or p-orbitals 
were expanded into four Gaussians. The parameters of our optimized-in-molecules "double zeta+ 
polarization" basis sets for H20 , and H2Se are given in Table A2. It is important to note that those 
bases are valid only for the pseudopotentials given in Table A1. 

Acknowledgments. The author wishes to thank Professor Octavio Novaro for his criticism, Dr. Ivan 
Ortega-Blake for illuminating discussions and the staff of the Institute of Physics, UNAM for 
hospitality. The referee is kindly acknowledged for calling the author's attention to the problem of 
intramolecular geometry relaxation in hydrogen bonded systems. 



392 A. Leg 

References 

1. Crampton, M. R.: in The chemistry of the tiol group, S. Patai, Ed. New York: Wiley 1974 
2. Mellor, J. W.: Inorganic and theoretical chemistry. London: Longman 1956 
3. Sidgwick, N. V.: The chemical elements and their compounds. Oxford: at the Clarendon Press 1950 
4. Davidson, D. W.: in Water. A comprehensive treatise, Vol. 2. New York: Plenum Press 1973 
5. Stadman, Th. C.: Adv. Enzymology 48, 1 (1979) 
6. O'Dell, B. L., Campbell, B. J.: in Comprehensive biochemistry, Vol. 21, M. Florkin, E. M. Stolz, 

Eds. Elsevier Publ. Co. 1971 
7. del Conde, G., Novaro, O.: Theoret. Chim. Acta (Berl.) 51, 79 (1979) 
8. Pecul, K.: Theoret. Chim. Acta (Berl.) 44, 77 (1977) 
9. Sabin, J. R.: J. Am. Chem. Soc. 93, 3613 (1971) 

10. Kollman, P., McKelvey, J., Johansson, A., Rothenberg, S.: J. Am. Chem. Soc. 97, 955 (1975) 
11. Popkie, H., Kistenmacher, M., Clementi, E.: J. Chem. Phys. 59, 1325 (1973) 
12. Jeziorski, B., van Hemert, M.: Mol. Phys. 31, 713 (1976) 
13. Durand, Ph., Barthelat, J. C.: Theoret. Chim. Acta (Bed.) 38, 283 (1975) ; Barthelat, J. C., Durand, 

Ph., Serafini, A.: Mol. Phys. 33, 159 (1977); Teichteil, Ch., Malrieu, J. P., Barthelat, J. C.: Mol. 
Phys. 33, 181 (1977) 

14. PSHONDO a modified version of the HONDO program (Dupuis, M., Rys, J., King, M. F.: 
QCPE 336) including pseudopotentials 

15. Boys, S. F., Bernardi, F.: Mol. Phys. 19, 553 (1970); Bulski, M., Chatasifiski, G.: Theoret. Chim. 
Acta (Berl.) 44, 399 (1977) 

16. PSATOM a modified version of the ATOM-SCF program (Ross, B., Salez, C., Veillard, A., 
Clementi, E.: IBM Research RJ 518, 1968) including pseudopotentials. In the present work a 
recent pseudopotential has been used: Internal Report Calculs atomique et moleculaire ab initio. 
Octobre 1981, University Paul Sabatier, Laboratoire de Physique Quantique, Toulouse, France 

17. Hehre, W. J., Stewart, R. F., Pople, J. A.: J. Chem. Phys. 51, 2657 (1969) 
18. Leg, A., Ortega-Blake, O., to be published 
19. Van Duijveveldt, F. B.: IBM Technical Report ILl 945, December 10, 1971 ; S. Huzinaga: J. Chem. 

Phys. 42, 1293 (1965) 
20. Kotos, W.: Theoret. Chim. Acta (Bed.) 54, 187 (1980) 
21. Graf, P., Mehler, E. L.: Int. J. Quantum Chem. 8, 49 (1981); Int. J. Quantum Chem. 8, 63 (1981) 
22. Claverie, P.: Elaboration of approximate formulas for the interactions between large molecules: 

Application to organic chemistry, in Intermolecular interactions: From diatomics to biopolymers, 
Pullman, B., Ed. New York: Wiley 1978 

23. Sutton, L. E.: Interatomic distances. London: Chemical Society Spec. Publ. 11-18, 1958 and 1965 
24. Dunning Jr., Th., Pitzer, R. M., Aung, S.: J. Chem. Phys. 57, 5044 (1972) 
25. Clementi, E., Popkie, H.: J. Chem. Phys. 57, 1077 (1972) 
26. Nelson Jr., R. D., Lide Jr., D. R., Margott, A. A.: Selected values of electric dipole moments for 

molecules in the gas phase, in Handbook of chemistry and physics. Cleveland: CRC Press, Inc. 
1976 

27. Roos, B., Siegbahn, P.: Theoret. Chim. Acta (Berl.) 17, 199 (1970) 
28. Ahlrichs, R., Keil, F., Lischka, H., Kutzelnigg, W., Staemmler, V.: J. Chem. Phys. 63, 455 (1975) 
29. Clementi, E.: Computational aspects for large chemical systems, in Lecture Notes in Chemistry, 

Vol. 19. Berlin: Springer-Verlag 1980 
30. Novaro, O., Leg, A., del Conde, G., Galv~in, M.: Theoret. Chim. Acta (Berl.) 64, 65 (1983) 
31. Tosi, et al., quoted by Kotos, W.: Theoret. Chim. Acta 51,219 (1979) 
32. Lonsonczy, M., Moscowitz, J. W., Stillinger, F. H., J. Chem. Phys. 59, 3264 (1973) 
33. Clementi, E., Kotos, W., Lie, G. C., Ranghino, G.: Int. J. Quantum Chem. 17, 337 (1980) 
34. Margoliash, D. J., Proctor, T. R., Zeiss, G. D., Meath, W.: Mol. Phys. 35, 747 (1978) 
35. Zeiss, G. D., Meath, W. J., Donald, J. C. F., Dawson, D. J.: Mol. Phys. 39, 1055 (1980) 
36. Syrkin, Y. K., Dyatkina, M. E.: Structure of molecules and the chemical bond. London: Butter- 

worths Scientific Publications 1950 
37. Moccia, P.: J. Chem. Phys. 40, 2186 (1964); Watanabe, K.: J. Chem. 26, 542 (1957) 
38. Kotos, W.: Theoret. Chim. Acta (Bed.) 54, 187 (1980) 



A pseudopotential study of the hydrogen bond 393 

39. Falk, M., Knop, O.: in Water. A comprehensive treatise, Vol. 2. New York: Plenum Press 1973 
40. Pauling, L.: The nature of the chemical bond. Ithaca: CorneU University Press. 1973 
41. Ortega-Blake, I., Barthelat, J. C., Costes-Puech, E., Oliveros, E.: J. Chem. Phys. 76, 4130 (1982) 
42. Kotos, W.: Theoret. Chim. Acta (Berl.) 51, 219 (1979) 
43. Shuster, P.: in Intermolecular interactions: From diatomics to biopolymers, Pullman, B., Ed. 

New York: Wiley 1978 
44. Pitzer, R. M.: J. Chem. Phys. 46, 4871 (1967) 
45. Das, G., Wahl, A. C.: J. Chem. Phys. 64, 4672 (1976) 
46. Franks, F.: in Water. A comprehensive treatise, Vol. 4, pp. 1-94, F. Franks, Ed. New York: 

Plenum Press 1978 
47. Tursi, A. J., Nixon, E. R.: J. Chem. Phys. 53, 518 (1970) 
48. AhlstrSm, M., J/Snsson, B., KarlstrSm, G.: Molec. Phys. 38, 1051 (1979); Kadstr/Sm, G.: Molec. 

Phys. 41, 941 (1980) 
49. Diercksen, G. H. F.: Theoret. Chim. Acta (Bed.) 21, 335 (1971) 

Received September 14, 1983/May 8, 1984 


