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The energy decomposition scheme is used with the ab initio MO of the STO-3G 
minimal basis to elucidate the nature of hydrogen-bondings in (HCOOH)/,  
(HCONH2) 2 and (B(OH)3)2. The comparison of the interaction energy and its 
five components, together with that of the difference density map, reveals the 
similarity or the difference of these three systems. Each component of the 
global difference density represents the characteristic role of the corresponding 
interaction. While the effect of the exchange and charge-transfer interaction is 
limited to the hydrogen-bonded region, that of the polarization and the coup- 
ling terms is spread over the intramolecular bonds of each monomer. The 
analysis of some orbital interactions is made with respect to (HCOOH)2 and 
the importance of the particular charge-transfer interaction is demonstrated. 

K e y  w o r d s  : Energy decomposition - Hydrogen bond - Formic acid dimer - 

Formamide dimer -Orthoboric acid dimer 

I .  I n t r o d u c t i o n  

Up to now, the ab initio SCF MO calculations have been extensively carried out 
for a wide variety of hydrogen bond (H-bond) systems. The most typical way to deal 
with the H-bond is the calculation of the supermolecule, including all constituent 
monomers [-!]. Through this method, the H-bond energy and the global change of 
the charge distribution can be evaluated in comparison with the electronic quantity 
of the monomer calculated independently. Since H-bond systems have usually very 
weak interaction of (X-H...Y) type, the deviation of the electronic structure of the 
supermolecule from that of constituent monomers is small. This makes the dis- 
cussion of the H-bond property in terms of the monomer electronic structure 
intuitively graspable. Taking advantage of this, the perturbation approach which 
gives a more chemically appealing feature than the supermolecule-calculation was 
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put forth [2]. But, of course, this method is only applicable to the region where the 
interaction between monomers is sufficiently weak to be dealt with by the perturba- 
tion. To take up the merits of two methods, i.e., the accuracy of the supermolecule- 
calculation and the chemically understandable representation of the H-bond 
interaction of the perturbation approach, the energy decomposition scheme [-3] 
and the configuration analysis [4] were proposed. Recently, the former technique 
has been given a solid theoretical ground [5] and its application to the donor- 
acceptor complexes which are of the stronger interaction than the H-bond has 
been made [6]. By this scheme, the total interaction energy (AE) is partitioned into 
five terms, i.e., electrostatic (EEs), exchange (EEx), polarization (EpL), charge 
transfer (EcT) and coupling (EMIx) energies. Each term has a clear physical mean- 
ing. EEs is the classical Coulombic energy between the undeformed electronic 
clouds of two monomers. EEX is the repulsion energy due to the overlap of the 
doubly occupied MO's. EpL is the stabilization energy due to the mixing in of the 
intramolecular excited configuration. Ecx is the stabilization energy due to the 
contribution of the charge-transferred configuration from the occupied (occ) MO 
of one monomer to the vacant (vac) one of the other and vice versa. EM~ x is the 
residual term after EES, EEx, ECT and/~PL are subtracted from AE and is the sum of 
"cross terms" between the above defined four components. As the extension of the 
energy decomposition scheme, the electron distribution can be also analyzed 
according to the type of each interaction. 

The cyclic dimers such as formic acid dimer are known to have the two H-bonds [7]. 
Clementi and his coworkers discussed whether the double well potential appears 
through the proton movement or not [8]. It is a matter of the biochemical impor- 
tance to investigate how the two H-bonds interact with each other. In order to 
understand the nature of the two H-bonds in cyclic dimers from a unified point of 
view, we shall make a comparative study of three systems, i.e., the formic acid 
dimer, (HCOOH)2, the formamide dimer, (HCONH2)z and the orthoboric acid 
dimer, (B(OH)3)2, by the use of the energy decomposition scheme. In addition to 
the way of calculation introduced above, we shall here extend it further to the 
analysis of the MO-MO interaction and clarify the nature of the H-Bond in the MO 
language. In this work, our attention is also paid to the similarity and the difference 
of the nature of three cyclic dimers through the study of the density distribution. 

In Sect. 2, the derivation of the energy decomposition scheme is briefly reviewed 
together with some additional comments. In Sect. 3, the details of the calculation 
(e.g., the geometry of three systems) is stated. In Sect. 4, the result of interaction 
energies and the contour map of the electron density are presented. In Sect. 5, the 
conclusive discussion is given especially with regard to the point of how two 
H-bonds interact with each other in the cyclic dimer. 

2. Review of the Energy Decomposition Scheme 

Consider a system (or supermolecule) consisting of two monomers, A and B. It is 
assumed that both A and B have the closed-shell electronic configuration in the 
ground state which is suitably described by the Hartree-Fock (HF) MO obtained 
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independently in two monomers. Then the electronic structure of the system is 
represented by the orbital interaction of MO's of A and B. As shown later, the 
degree and the mode of the orbital interaction are ascribed to the way of the choice 
of corresponding matrix elements on the basis of these MO's in the isolated state 
of A and B, respectively. In this sense, they constitute the zeroth order wavefunction 
for the interacting system. The HF equation of the supermolecule is written as 
follows : 

(F - eS )C  = 0 (1) 

F is the Fock matrix, S is the overlap matrix, C is the coefficient matrix, and ~ is the 
orbital energy. When the total energy of the supermolecule obtained by solving 
Eq. (1) is subtracted by that of A and B, one can get the interaction energy, AE. 

According to the physical picture, AE is partitioned into various components in 
the following way. The interaction matrix, I2, is defined in Eq. (2). 

z = ( F -  - ( F  ~ - (2) 

F ~ is the Fock operator at the infinite separation, being composed of Fock 
operator of A and B in their isolated state and it does not have the off-diagonal 
matrix element. The matrix, ~;, defined in such a way has the role to cause the 
intermolecular or intramolecular interaction of MO's. I; is decomposed into the 
following six components. 

1 2 :  xES(X) + 12EX' _1 - ~PL(X)A .~_~ PL(X)B _}_ ~CT(A--*B) .~_xCT(B~A) (3) 

Eq. (3) can be described pictorially as follows. 
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I2 cT(A-+m is, for example, a matrix with the partial matrix element of I2, including 
blocks of the occupied MO's of A and unoccupied ones of B and is regarded as the 
origin to bring about the charge transfer (CT) interaction (A ~ B). The notations, 
ES(X), PL(X)A and PL(X)B attached to the right shoulder of the first, third and 
fourth terms mean the electrostatic, the polarization of A and the polarization of 
B, respectively, with some additional molecular integrals related simultaneously to 
both A and B. When these molecular integrals which are usually of small value are 
omitted by the intermolecular zero differential overlap, these three terms are 
reduced to those of the traditional electrostatic and the polarization of A and B. 
Once X is partitioned into six terms with its different shaded blocks, the pseudo HF 
equation which picks up only one (or a few) term(s) from the interaction matrix, 12, 
is given as follows. 

{(F ~ - el) +12~ }C ~ = 0 (4) 
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Then, each energy component of the global interaction energy (AE) is derived by 
the use of the solution of Eq. (4). When x = ES(X) +CT(A -~ B) in Eq. (4), the 
resultant total energy is, say E E$(X)+CT(A~B), which contains the effect of the 
electrostatic (ES), a part of the exchange interaction (X) and the CT interaction 
from A to B. Another pseudo HF equation with x =  ES(X) is solved, the net 
(A ~ B) CT interaction energy is easily obtained by the difference between two 
energies. 

In this work, the negative value of any energy term denotes the stabilization com- 
ponent. Other components of AE can be obtained similarly by taking the appro- 
priate blocks of 2;. According to the original definition, AE is represented by the 
sum of five terms which are already introduced in the previous section 

AE=EEs -[-EEx ~-EpL -~EcT +EMI X. 

For the planar system, AE is further divided into g and o- parts 

(5) 

AE=EEs +E~ x +E~x +E~L +E~L +E~T +E~T + EMIX,. (6) 

It should be noted that EpL and ECT are twice as large as the "one-sided" polariza- 
tion and CT energies, respectively. That is, EpL does not include the effect of the 
simultaneous polarization in both monomers, nor does ECT include that of the 
mutual CT (i.e., donation and back donation) interaction. Such coupling effects 
of higher order are put together into EM~ x. Later, the energy difference between the 
presence and the absence of these configurations will be examined. 

In addition to such a well established way of expressing AE, the extension of this 
method can be made by analyzing the block of 2; more precisely. Since each block 
is represented by the matrix elements in terms of individual MO's, one can partition 
the energy component into terms of particular orbital interaction [9]. For example, 
the (A ~ B) CT interaction energy can be divided into ~ and a parts in the case of 
the planar supermolecule. 

xCT(A-*B) = ~ CT(A~B)(n ) -}-X CT(A~B)(o -) (7) 

The behaviour of the CT interaction from the highest occupied MO of A to the 
lowest unoccupied one of B which is the important combination to study the 
reactivity [10] can be also investigated. The decomposition of the electronic 
redistribution corresponding to each term of AE is also feasible, while the analysis 
of the interaction energy, AE, can be made as detailed as desired. When the pseudo 
HF equation of Eq. (4) is solved, the pseudo MO containing the effect of the inter- 
action, x, can be obtained. By the use of the first order spinless density matrix [11] 
constructed by MO's, the density map can be drawn. Thus, the deformation of the 
electronic cloud due to the inclusion of the (A ~ B) CT interaction is represented 
by the following difference density, Ap (1 [1 )CT(A ~ (B)e" 

Ap(II1)r A +p(1 I 1)B } (8) 
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Thus, the difference density, Ap(1 I 1), due to the H-bond formation is described 
as follows : 

Ap(l [ 1)=Ap(l I 1)EX +Ap(1 I 1)pL(A) -}-Ap(l ] 1)pL(B) 

+Ap(1 I 1)CT(A_~m+Ap(1 I 1)CT(B_~A)+Ap(1 I 1)MI x. (9) 

Eq. (9) corresponds just to Eq. (5) except the omission of "dp(1 I 1)ES". The 
electrostatic interaction has no effect on the deformation of the electronic cloud. 
If the H-bond system is planar, Ap(1 [ 1) can be divided furthermore into o- and 7c 
parts 

Ap(II1)=Ap(II1)  ~ +Ap(1 I 1) = 

:A,o(1 I 1)~x +AR(1 ] 1)~x +Ap(1 I 1)~,UA ) -I-Ap(1 ] ])~L(A ) 
" ~ +Ap(1 ~' (10) +Ap(1 I 1)pLr +Ap(1 ] 1)pL(m [ I)CT<A-,B) 

+Ap(1 ] 1)~T(A+ m +Ap(1 I 1)~T(S~A)+Ap(1 I 1)~TtB~A) 

+Ap(1 ] 1)~x +Ap(1 I 1)~IX. 

When the density map is drawn with respect to the molecular plane, the 7r com- 
ponent of the density does not appear due to its nodal property in the plane. 

Yamabe and Morokuma studied the hydrogen bonded system with the single 
O.-.H-O bond in terms of the scheme different only trivially from the present one and 
demonstrated the characteristic role of each component of the global difference 
density [12]. In this work, the nature of each interaction is examined by the use of 
some hydrogen bonded systems with two O...H-O or O.-.H-N bonds, and the 
difference or the similarity between single and two hydrogen bonds is elucidated. 

3. Deta i l s  o f  Calculation 

As an application of the method explained in the previous section, three cyclic 
dimers are adopted. To evaluate the electronic structure of them, the MO is cal- 
culated with the STO-3G minimal basis set of the standard parametrization [13]. 
For this purpose, the FORTRAN program GAUSSIAN 70 [14] is used after some 
modifications for FACOM 230-75 computer are made, and the additional part of 
the program for the energy decomposition is incorporated into the original version 
of Kitaura and Morokuma [5]. The advantage and the disadvantage of this small 
basis set have already been examined [15, 19] and the trend of the obtained result 
with the larger basis set is conceivable without performing the calculation. For ex- 
ample, the small basis set such as the minimal STO-3G gives the small EES and the 
large Ecx. On the other hand, the extended basis set such as the 4-31G gives the op- 
posite trend. Since five components ofAEin Eq. (5), thus, significantly depend on the 
choice of the basis sets, even the order of their calculated values is unreliable. Con- 
sidering this basis set dependency, we are not nervous about their absolute values, 
but we concentrate our attention on the comparisons of three H-bonded systems. 
In order to keep the chemically understandable picture, we confine ourselves to the 
minimal basis set throughout this work. 
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The geometry of three H-bond systems is taken from experimental data [7, 18, 20]. 
Although it is more desirable to obtain the optimized geometry by the same basis 
set as is used in the energy decomposition (STO-3G, minimal), it takes much com- 
puter time for (B(OH)3)2. Fortunately, the small basis set is thought to reproduce 
the experimental geometries to a satisfactory extent [16]. The adopted experi- 
mental geometries are shown in Fig. 1. The formic acid dimer was elaborately 
studied by Clementi and his coworkers, and the probability that the simultaneous 
movement of two hydrogen atoms along the O-H..-O line results in a multiminimal 
well is pointed out [8]. Del Bene and Kochenour obtained the STO-3G optimized 
geometry of the formic acid dimer, showing the good agreement with the experi- 
mental one except for a minor underestimation of the intermolecular O...O distance. 
Recently, Iwata and Morokuma investigated the excited states of (HCOOH)2 
through the use of the TCEHP method [17]. In order to carry out the energy 
decomposition scheme, we use the one fragmental site of the dimer geometry as the 
monomer structure, which is somewhat different from the experimental monomer 
HCOOH geometry [21]. For the formamide dimer, Pullman and her coworkers 
[19] reported the SCF calculation, using the geometry determined by the X-ray 
diffraction experiment. They investigated mainly the change of the electron distri- 
bution upon the dimer formation. We here use the same geometry as that adopted 
by them. The crystal structure of orthoboric acid (H3BO3) is determined by 
neutron diffraction analysis [20]. In the crystal, monomers are linked together by 
O-H.-.O bonds to form the endless layers of nearly hexagonal symmetry. Each 

Z 

(HCOOH)2 "L--> x 
3 10 9 R(3, 9) =2. 730.A 
0 . . . . . . .  H ~ O  R (3,10) =1. 750A. 

2 / kk 6 /(3,2,4)=121.0 o 
1 H - - C  C - - H  

/ 7  / ( 2 ' 4 ' 5 ) = 1 1 1 " 6 ~  

o~H . . . . . . .  0 /(1,2,3)=123.5 ~ 
4 5 8 

HI0 
' ~ 'HCONH2~2 5 9 / 

o 
0 . . . . . . . .  H - - N  8 R(5, 8)=2.935A / \ o 

I R(5, 9) =i. 935A 
4 H - - C  C - - H  / ( 5 , 1 , 2 ) = 1 2 1 . 5  o 

\ / 7  11 / ( 1 , 2 , 6 ) : 1 1 8 . 5  o 
2 N - - H  . . . . . . . .  0 

/ 6 12 Z(2 ,1 ,4 )=119-  3~ 
H 3  

{B(OH)3} 2 
H 7 T2 9 

4/XkO ....... H--O~ 14 R(4, 9) =2. 722~k 
3 1 8 ? R(4,12) =1. 776.~ 
0 "--'--B B "-'-'---- O /(4,1,2)=120.00 / 

H \ / 11 / ( 1 , 2 , 5 ) = 1 1 4 . 3  o 
6 O - - H  . . . . . . .  0 10 2 5 \ L(2'I' 3)=120"0~ 

H 13 

Fig. 1. Geometries of  the three cyclic dimers. These are taken from the experimental data. The monomers  
located at the left-hand side are called A and those at the r ight-hand side are called B throughout  the text 
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layer is stacked one by one with the separation of 3.181 &. No theoretical study 
has been made as to this system, because it has the infinite linkage of B(OH)3 units. 
Since each monomer is linked in the form of the cyclic dimer, we tentatively 
simplify the B(OH)a crystal structure as the dimer system. For the dimer geo- 
metry, we use the experimental value, neglecting the small nonplanarity of each 
layer due to the plane-plane interaction. 

Since all constituent atoms of three H-bonded systems are located in a plane, the 
density map will be pictured in the same plane. The n electron distribution which 
cannot be shown by the density map will be demonstrated by the Mulliken 
population analysis. 

4. Result of Calculation 

In Table 1, the calculated interaction energies are shown with respect to three 
cyclic H-bonded systems. Let us concentrate our attention on each term of the 
(HCOOH)2 system. The global H-bond energy, AE, is calculated to be -15.65 
kcal/mole, which is, of course, very similar to the result of Del Bene and Kochenour 
( -  15.1 kcal/mole) with their fully optimized geometry [17]. The experimental 
AE is - 14.8 _+ 0.5 kcal/mole [22]. Five components of AE are characteristic of the 
H-bonded system. Among them, the combination of EEx (22.94 kcal/mole) and 
ECT (--20.56 kcal/mole) shows good compensation, which is reasonable in 
consideration of the fact that both terms are of second order of the MO overlap in 
the perturbation sense [23]. EEs is the third largest term among five and is com- 
parable to AE. As far as this result is concerned together with that of (B(OH)3)2 , 
the electrostatic approximation of the H-bond energy seems applicable to predict 
AE [24]. But obviously, this approximation cannot be applied to the (HCONH2) 2 
because AE (-15.19 kcal/mole) is quite different from EEs (--10.92 kcal/mole). 
EpL of (HCOOH)z is very small ( -0 .84  kcal/mole). This small value has been 
obtained in many systems [9] and seems a trifling component from the energetic 
point of view. But it has surprisingly the important role of  rearranging the electronic 
distribution [12] as will be demonstrated later and consequently is far from the 
negligible one of informing the entire system of the H-bond effect. EMI x is calculated 

Table 1. The calculated interaction energy, AE, and its five components  as to three cyclic dimers. They 
are obtained with the STO-3G minimal  basis set by the use of the experimental geometries shown in 
Fig. 1. All the values are in kcal/mole and the negative value denotes the stabilization energy 

(HCOOH)2 (HCONH~)  Z (B(OH)3)z 

AE -15 .65  - 1 5 . 1 9  - 1 4 . 1 6  
EEs --14.35 10.92 --14.31 
EEx 22.94 11.12 21.72 
EpL -- 0.84 -- 0.76 --0.54 
ECT --20.56 --13.56 --18.36 
EMI x --2.84 -- 1.07 --2.77 
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to be the second smallest term, which gives one evidence that this type of H-bond 
is relatively of the weak interaction 1. 

In order to see the contribution of the mutual CT interaction to Ecx, it is recal- 
culated with the inclusion of this interaction and is found to be - 20.66 kcal/mole. 
This value is almost the same as Ecx ( -20.56 kcal/mole) in Table 1, which indicates 
that the coupling CT interaction is of much less importance than the one-sided CT 
interaction (i.e., Eca---~EcT(A~B)+Ecx(B_~A) ). In other words, the donation and 
back donation do not work cooperatively and their role can be treated inde- 
pendently in (HCOOH)2. Similarly, EpL is recalculated with the inclusion of the 
simultaneous polarization in both A and B (i.e., dispersion type) and is found to be 
-0.94kcal/mole. This value is very close to EVE (-0.84kcal/mole) shown in 
Table 1, resulting in the validity of the independent description of the polarization 
interaction in each monomer. 

Let us compare each component of three different H-bonded systems. Seeing three 
AE's in Table 1, one notices that AE of (HCOOH)2  ( - 1 5 . 6 5  kcal/mole) is very 
close to that ( -15.19 kcal/mole) of ( H C O N H 2 )  z. This is apparently strange, 
because it has been believed that the O-H--.O bond is stronger than the N-H...O 
H-bond. But, if we pay attention to each component of AE, the difference of the 
ability of H-bond formation between these two can be recognized. That is, each 
term of (HCOOH)2 is much larger than that of ( H C O N H 2 )  2 (e.g., 22.94 kcal/mole 
vs. 11.12 kcal/mole of Ezx). Thus, we may state that the apparent equivalence of 
AE in both systems is brought about by the accidental coincidence due to the 
different extent of the compensation between positive (EEx) and the negative four 
terms. Comparing two AE's of (HCOOH)2  and (B(OH)3)2, one finds more 
stabilization energy in the former system than in the latter, the difference being 

-1 .5  kcal/mole. This is somewhat strange, because both systems have almost 
the same O--.O distance (=2.73/k) and they are expected to give similar AE's. 
This difference is ascribed to Eta. ( -  20.56 vs. - 18.36 kcal/mole). The superiority 
or inferiority of EcT'S is due to the following reason. The gap of orbital energies 
between a and a* MO's is smaller in the HCOOH monomer, which makes the 
electron jumping through a-type MO's easy and consequently yields the larger 
stabilization energy, EcT in ( H C O O H ) 2 .  

Now, let us investigate the electron density redistribution due to the H-bond 
formation. In Table 2, the Mulliken atomic population of an isolated HCOOH(A) 
and four kinds of the atomic net charge are exhibited. The first of these four is, for 
instance, the difference between the Mulliken atomic population under the influ- 
ence of the one-sided polarization and that in the isolated state. Making com- 
parisons [AN~ (one-sided polarization) vs. AN, (simultaneous polarization) and 
AN~ (one-sided CT) vs. AN~ (mutual CT)], one finds that the difference between 
the corresponding two terms is very small. This result, together with the cal- 
culated one of EpL and EcT, demonstrates the usefulness of the employment of the 
one-sided polarization and CT interactions to define these two energetic terms. 

1 In general, when the molecular interaction becomes stronger, the coupling term, EM,x, grows 
larger. See Ref. [6]. 
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Table 2. The Mulliken atomic population of the atom e (N``) and four kinds of the difference atomic 
population (AN~) of HCOOH(A). The position and the numbering of the e-atom are indicated in Fig. 1. 
AN<, represents the fluctuation of the population due to the interaction shown in the parentheses. The 
negative value in the table means the decreased electron density 

AN: AN: AN: AN~ 
ct N, (One-sided (Simultaneous (One-sided (Mutual 

No. (Atom) (Isolated) polarization) polarization) CT) CT) 

1 H 0.9153 -0.0038 -0.0039 -0.0011 -0.0011 
2 C 5.7585 -0.0081 -0.0090 -0.0033 -0.0028 
3 O 8.2520 0.0345 0.0390 -0.0427 -0.0436 
4 O 8 .2996  -0.0013 -0.0008 0.0030 0.0033 
5 H 9 .7746  -0.0213 -0.0253 0.0440 0.0442 

Next, the change of the atomic orbital population of the monomer HCOOH(A) 
is shown in Table 3, according to the classification of four (exchange, polarization, 
CT and MIX) interactions. Since the detailed analysis of the o- electron rearrange- 
ment is made later by the contour map of the difference density, only the change 
of the rc orbital charge is discussed. Taking a look at all the gross n orbital charges 
underlined in the table, we realize that the rc electron moves toward the carbonyl 
oxygen, O(3), of the monomer A. This is because the 0(3) faces the cationic hydro- 
gen atom H(10) of the monomer B in the H-bonded geometry and consequently 

Table 3. The Mulliken orbital population of the atomic orbital x (Nx) and four kinds of the difference 
orbital charge (AN~) of HCOOH 

x AN~ ANx 
e (Atomic N x AN x (One-sided (One-sided AN~ 
(Atom) No. orbital) (Isolated) (Exchange) polarization) CT) (MIX) 

1 1 H(ls) 0.9153 0.0003 -0.0038 -0.0011 -0.0006 

2 C(ls) 1.9937 0.0000 0.0001 0.0000 0.0000 
3 C(2s) 1.1099 0.0002 0.0031 - 0.0004 0.0042 

2 4 C(2p~) 0.9650 0.0000 0.0047 -0.0005 0.0040 
5 C(2py) n 0.9108 -0.0002 -0.0193 -0.0003 -0.0245 

6 C(2p~) 0.7793 0.0005 0.0032 -0.0021 0.0092 

7 O(ls) 1.9982 0.0000 0.0000 -0.0001 0.0000 
8 O(2s) 1.8765 0.0003 -0.0037 -0.0115 0.0007 

3 9 O(2px ) 1.6942 -0.0005 0.0046 -0.0314 -0.0048 
10 O(2py) n 1.2244 0.0001 0.0299 0.0003 0.0438 

11 O(2p~) 1.4584 0.0002 0.0040 0.0000 0.0049 

12 O(ls) 1.9975 0.0000 0.0000 0.0000 0.0000 
13 O(2s) 1.8066 0.0001 0.0010 -0.0001 -0.0022 

4 14 O(2p~) 1.1949 0.0100 0.0174 0.0032 0.0475 
15 O(2pr) n 1.8648 0.0000 -0.0105 0.0000 -0.0192 

16 O(2p~) t,4360 0.0001 --0.0094 --0.0001 --0.0137 

5 17 H(ls) 0.7746 -0.0112 -0.0213 0.0440 --0.0492 
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that atom pulls the induced electron density through the mobile rc route (see 
scheme). The gross n orbital charge in Table 3 reveals the important and coopera- 
tive role of the polarization and mixing term to cause the above mentioned move- 
ment of n electrons. The exchange and CT interactions have a negligible effect on 
the redistribution of n electrons, whereas they work significantly to rearrange a 
electrons as shown later. 

1 H 

30---~H 
C / ~  I 0 
2\\ 

O-'--'H 
4 5 

Let us proceed to the analysis of the density distribution of a electrons. The density 
map of (HCOOH) 2 is pictured in Fig. 2. Five difference density maps, Ap(1 I 1), 
Ap(1 [ 1)E x, Ap(1 I 1)pL(a), Ap(1 ] 1)CT(A_, m and Ap(1 [ 1)~rx of Eq. (9) are drawn. 
In Ap(1 I 1) of Fig. 2(a), we see the complex electron rearrangement over the whole 
system. But as far as the H-bond region of O...H-O is concerned, the density 
distribution is very similar to that of the system with the single O...H-O bond [ 12]. 
In Fig. 2(b), Ap(1 [ 1)EX is shown to have the locality of the O...H-O bond and its 
effect is not transmitted around the cyclic dimer. The electron density which comes 
from the intermolecular region is piled up sharply on the sites of carbonyl oxygens 
and the H-O bonds. The locality of Ap(1 [ 1)E x indicates that two O..-H-O bonds 
do not couple through the exchange interaction. Ap(1 [ 1)pL(A) is pictured as 
regards one monomer at the left side in Fig. 2(c). Thus, the polarized electron dis- 
tribution under the influence of the partner monomer of the right side is shown. 
This Ap(1 [ 1)I,L(A) shows the typical trend that the electron density of the H-bonded 
hydrogen is decreased and that its effect is delocalized over the entire monomer, 
accompanying alternative appearance of the increase and decrease of the electron 
density through bonds of the monomer. Similar to systems with the single H-bond 
[12], the charge redistribution due to the polarization interaction is surprisingly 
large in spite of the small Ept. In Fig. 2(d), the difference density due to the CT 
interaction from one monomer of the left side to that of the right side, 
Ap(1 [ 1)CT(A_.B), is drawn. In this figure, the charge migration from the sp 2 lone 
pair orbital of 0(3) of the electron-donating monomer to the H-O a* antibonding 
orbital of the electron-accepting one is clearly demonstrated. It should be noted 
that the appearance of the intermolecular bonding density is caused by this CT 
interaction. In addition, the ditch of the bonding density on the O-H  bond of the 
electron acceptor arises from the nodal property of the O-H  ~* antibonding 
orbital. As a whole, the effect of the CT interaction is transmitted horizontally 
along the O-..H-O bond line and two CT interactions (i.e., donation and back 
donation) are distinguishable with the minor mixing between them. The separa- 
bility of the donation and back donation is in accord with the energetic result that 
EET is well represented by being twice as large as the one-sided CT energy. The left 
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Fig. 2. The difference electron density of (HCOOH)2. The full lines indicate density increases and 
dotted lines decreases. Values of these lines are, successively, _+0.003, _+0.008, _+0.02 (e/A 3) 

half of the contour map ofAp(1 [ 1)M~x in Fig. 2(e) is similar to that ofAp(1 [ 1)pL(A). 
That is, the H-bonded proton loses the charge density considerably through this 
coupling term and the mode of the intramolecular charge alternation is close to 
that of  Ap(1 [ 1)pUA ). But the difference between Ap(1 [ 1)pL(A) and Ap(1 [ 1)MIX is 
found on the carbonyl oxygen atom, 0(3). Whereas the charge density of 0(3) 
along the H-bonded direction is decreased in the latter map, it is increased in the 
former, being induced by the "cationic" H-bonded proton of the partner mono- 
mer. Since EM~ x is the sum of all the coupling terms, its effect is difficult to interpret 
physically. But as far as the cyclic dimer of (HCOOH)z is concerned, the role of 
the mixing term is found in the remarkable charge redistribution of each monomer. 
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In spite o f  the small values o f  EM~x and EpL , their effects on the charge alternation 
in the int ramolecular  region are really noticeable. 

Next, the difference density, Ap(1 [ 1) o f  three H - b o n d e d  systems is compared  in 
Fig. 3. It is noted that  these systems have very similar electron redistribution and 

(a) (HCOOH) 2 Ap (i] i) 

(b) (HCONH2) 2 Ap (I 1 i) 

(C) {B(OH) 3} 2 Ap(l]l) 

" ..... ',2::::i," 

Fig. 3. The global difference electron density of (HCOOH)2, (HCONH2) 2 and (B(OH)3)2. The 
arrows in (c) indicate the direction of additional possible H-bonds. The scale of the contour lines is the 
same as that of Fig. 2 
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the mode of the charge alternation along the O-..H-O and O..-H-N is almost the 
same as in the systems with the single O...H-O bond 1-12]. Here, we focus our 
attention on (B(OH)3)2. The electronic structure of the B(OH)3 monomer is of 
interest, because it forms electron-deficient bonds. The present ab initio SCF MO 
calculation reveals its following unique nature. In the o--type B-O bond, the boron 
atom behaves as an electron donor, whereas in the re-type B--O bond which is 
described by the "four-center six-electron bond", the boron atom acts as an 
electron acceptor. Such a coexistence of the a donating and 7z accepting of electrons 
in a chemical bond is a very interesting feature, especially when the participating 
atoms are confined to the hydrogen and first-row ones. In our calculation, we have 
assumed the dimer structure of orthoboric acid, but this dimer is actually sur- 
rounded by four orthoboric acids in the crystal structure. The present result of the 
difference density, Ap(1 [ 1), reveals the interesting feature of the hydroxyl groups 
in this assumed dimer. That is, the non-H-bonded hydrogen atoms lose the 
electron density somewhat and the oxygen atoms, O(2), O(3), 0(9) and O(11) shown 
in Fig. 1, gain the electron density. This change of the electron distribution is to 
prompt the formation of H-bonds between the neighboring four B(OH)3's and the 
cyclic dimer (see the following scheme). In this way, the endless H-bonded layer 
might be formed in the B(OH)3 crystal. In Figs. 4 to 6, Ap(1 I I)EX, Ap(1 I I)pL(A) 
and Ap(1 ] 1)CT(A__,B) a re  drawn so as to examine the effect of each interaction on the 
electron rearrangement in three systems. In these figures, the similarity or the 
difference among three systems is clearly revealed. The origin of the charge redis- 
tribution welcoming four surrounding B(OH)3's in the (B(OH)3)2 system is found 
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(a) (HCOOH) 2 Ap (.i] I)EX (b) (HCONH2) 2 Ap (I] i) EX 
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Fig. 4. The difference electron density due to the exchange repulsion interaction in (HCOOH)2, 
(HCONH2)  2 and (B(OH)3)2. See Fig. 2 for detail 

in Ap(1 [ 1)pL(A) and Ap(1 [ 1)~ x (not shown). The effect of exchange and CT inter- 
action is limited to each (O.-.H-O or O-H..-O) H-bond. Thus, an important role 
of the polarization interaction is recognized in view of the mechanism of the endless 
H-bond formation of the orthoboric acid crystal. 

So far, the H-bond energy, AE, has been investigated in terms of five components, 
among which EEX, ECT and EpL are represented by the interaction of many pairs of 
MO's. For example, EEx is the sum of all the exchange energies between doubly 
occupied MO's of two monomers. As for these terms, the analysis of the particular 
orbital interaction is performed with respect to (HCOOH)2 system. This procedure 
is expected to give a better understanding of the mechanism of the H-bond 
formation. For this purpose, active occupied and unoccupied MO's which play a 
key role in causing some particular orbital interactions are taken up. The criterion 
to choose active MO's is the height of orbital energies. That is, the occupied MO is 
unstable (smaller ionization potential) and the unoccupied MO is eager to accept 
electron (larger electron affinity). In Fig. 7, orbital energies of two HCOOH 
monomers (A and B) are displayed, which are calculated again with the STO-3G 
minimal basis, where o- and o-* are MO's within the x-z molecular plane (see Fig. 1) 
and zc and zc* are along the y axis. Seeing Fig. 7, one can tentatively select 10(a), 
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(a) (HCOOH) 2 Ap (i i i) PL (A) (b) (HCONH 2) 2 Ap(I i) pL (A) 
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Fig. 5. The difference electron density due to the polarization interaction in (HCOOH)2, (HCONH2) 2 
and (B(OH)3)2. See Fig. 2 for detail 

ll(o-), 12(re), 25(zr*), 26(o-*) and 27(o-*) MO's from the monomer A and 22(0-), 
23(o.), 24(rc), 30(n*), 31(o-*) and 32(o.*) from B as such active MO's. The shape of 
the spatial extension of these six MO's of A is roughly sketched in Fig. 8. In this 
figure, one can see that the combination of the 10th and 1 lth o. MO's yields a 
favorable orbital for the CT interaction along the H-bond. Through the mixing of 
these two, the carbonyl oxygen gets the sp z like orbital which is effective to attack 
the O-H  o.* antibonding orbital. Similarly through the mixing of 31st and 32nd 
o-* MO's, proton gains the large lobe of the unoccupied orbital waiting for the 
jumping-in of electrons from the carbonyl sp  z lone-pair orbital. In order to examine 
the contribution of these twelve MO's to EEX, EpL and ECT , we recalculate these 
three terms. They are shown in Table 4. These values which are part of those in 
Table 1 tell us to what extent the particular orbital interaction by these twelve 
MO's contributes to each energy term. In this table, E~x (partial) is the exchange 
energy due to overlap of the o.-type (10th, 1 lth, 22nd and 23rd) MO's and is 
calculated to be 6.57 kcal/mole. On the other hand, E~x(partial ) is originating 
from the overlap between the 12th MO of A and the 24th MO of B and is found to 
be almost zero. Referring to the global EEX (22.94 kcal/mole) of (HCOOH)2 in 
Table 1, one can see that the exchange energy is not recovered by MO pairs selected 
now. This suggests that EEx is composed of all the combinations of occupied MO 
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(a) (HCOOH) 2 Ap(III)cT(A§ ) (b) (HCONH2) 2 Ap(III)cT(A§ ) 
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Fig. 6. The difference electron density due to the charge-transfer interaction in (HCOOH)2, 
(I-ICONHz) 2 and (B(OH)3)2. See Fig. 2 for detail 

pairs for which the weight of the contribution to the energy is appreciably averaged. 
On the other hand, E~T (partial)+E~a- (partial) can substantially reproduce the 
global /?ca, ( -20.56 kcal/mole) in Table 1. While E~v(partial ) is almost zero, 
E~a-(partial ) is calculated to be - 15.00 kcal/mole. This indicates that the CT inter- 
action between two a-type occupied MO's of A and two o--type unoccupied ones of 
B and vice versa is overwhelmingly important. The nature of this particular CT 
interaction is really in contrast to the distributed manner of the exchange inter- 
action. With the satisfactory reliability, one can describe the CT energy in terms of 
these particular combinations of a and a* MO's. The polarization term, 
E~L(partial ) +E~L(partial), is also found to be a good approximation to the 
global EpL (--0.84 kcal/mole) in Table 1. Contrary to the cases of exchange and 
CT energies, E~L(partial ) is larger (absolute value) than E~L(partial ). This result is 
reasonable, because n electrons are more easily moved by the approach of the 
external polar species than a electrons. This mobility of the former electrons gives 
the serious change of the charge distribution which is already examined by the 
Mulliken population analysis. Reviewing the results of exchange, CT and polariza- 
tion terms, one realizes that the selection of six "'active" MO's of each monomer 
is reasonable to detect the main source of Ec~ and EpL but reproduces only a 
small portion of EEX. The success of this selection in describing EcT and EeL 
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Fig. 7. The orbital energy of the HCOOH monomer 
calculated with the STO-3G minimal basis. The number 
attached to each MO runs (1 ~ 12, 25 ~ 29) in A and it 
runs (13--* 24, 30---, 34) in B. • and a* indicates the 
MO in the x - z  plane of Fig. 1, n and n* show the MO 
along the y axis 

and the failure in EEX a r e  explainable from the point of view of the perturbation 
theory. The former two energies are of the second order in the sense of Rayleigh- 
Schroedinger perturbation theory. The denominator of their expression has 
the gap of orbital energies between occupied and unoccupied MO's. Since the 
present choice of six active MO's is based solely on the height of the orbital energy, 
they can give the small value of denominators and consequently magnify the 
particular components of Ecx and EpL. On the other hand, the exchange energy is 
of the first order and is independent of the orbital energy. Thus, the small value of 
E~x(partial ) is understandable. 

The contribution of four active (two occupied and and two unoccupied) o MO's 
of A and B to the interaction energy has been investigated energetically. In order to 
see their role on the charge redistribution of (HCOOH)2, three difference density 
maps including the above mentioned particular exchange, polarization and CT 
interactions are drawn in Figs. 9a, 9b and 9c, respectively. In Fig. 9a, the minor 
change of the charge distribution due to the particular exchange interaction is 
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Fig. 8. Rough sketch of the six "'active" MO's of HCOOH. The circle of the full line has the opposite 
sign of the coefficient against that of the dotted line 

demonstrated, although the trend of the change is in line with that of the global 
exchange interaction shown in Fig. 2b. As anticipated from the small value 
(6.57 kcal/mole) of E~x(partial ) +E~x(partial ), the effect of the partial exchange 
interaction on the electron movement is not significant. In Fig. 9b, the difference 
density map due to the particular polarization interaction exhibits a smaller 
charge redistribution than that due to the global polarization interaction in Fig. 2c. 
This result indicates that the a polarization is not so drastic. In Fig. 9c, the dif- 
ference density map due to the particular CT interaction shows a considerable 
electron migration from A to B, and the extent of the change covers almost that of 
the global CT interaction shown in Fig. 2d. Therefore, it is again affirmed by this 
figure that the choice of four active a MO's of A and B is a valid way to describe the 
greater part of the net CT interaction. But there is a notable difference between 
Fig. 2d and Fig. 9c on the terminal hydrogen and the hydroxyl group A.-,The 

Component Energies 

E~x (partial) 6.57 
E~x(partial ) 0.00 
E~L(partial ) --0.16 
E~L (partial) -- 0 . 48  
EgT(partial ) -- 15.00 
EgT (partial) -- 0.00 

Table 4. The partial interaction energies of (HCOOH)2 in the 
fiame of the six (A) and six (B) active MO's shown in Fig. 8. All 
values are in kcal/mole and their negative ones denote the 
stabilization energies 



Hydrogen Bond in (HCOOH)2 , (HCONH2) 2 and (B(OH)3) 2 129 

(partial) (a) (HCOOH) 2 Ap (i I i) EX 

co 0-.I:._:::!>.-.~ 

H C C H 

(partial) (b) (HCOOH) 2 Ap (III)pL(A) 

(7 
(c) (HCOOH) 2 Ap(I[I) cT(A+B ) (partial) 

,,-%: 

Fig. 9. The difference electron density due to the particular MO-MO interaction in (HCOOH)2. See 
Fig. 2 for detail 

moderately decreased density on these atoms is observed in the latter figure, 
whereas it is negligible in the former figure. This density at the non-H-bonded area 
reflects the nature of MO's which make electrons delocalized over the entire system. 
Since the density map in Fig. 9c is drawn by the use of only two occupied a MO's 
of A, the superposition of them cannot describe the localized orbital along the 
H-bond quite well (see Fig. 8). 

5. Conclusive Discussion 

In this work, the nature of the two H-bonds, of the cyclic dimer is elucidated in 
terms of various types of electronic interaction. The energy decomposition scheme 
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which is a useful means to shed light on the intermolecular interaction is applied 
to three cyclic dimers, (HCOOH)2, (HCONH2) 2 and (B(OH)3)2. The detailed 
analysis of the interaction energy (AE) and its corresponding density redistri- 
bution, Ap(1 I 1), is made with respect to the (HCOOH)2 system. 

Firstly, the validity of the present definition of EpL and EcT is demonstrated. That is, 
as for the polarization, the coupling term between the two one-sided polarizations 
can be neglected and consequently the one-sided polarization can be treated 
independently within each monomer. Thus, EeL is twice as large as the one- 
sided polarization in such a weak interacting system as (HCOOH)2. Similarly, the 
effect of the mutual CT (i.e., coupling between donation and back donation) 
can be omitted with the sufficient accuracy. 

The charge redistribution of G electrons shows the characteristic role of each 
component ofAp(111 ) which is almost the same as is obtained in such a system of 
the single O.-.H-O bond as (H20)2. But, some noticeable points of the cyclic dimer 
are clarified here. While Ap(1 I 1)EX and dp(1 ] 1)C T exhibit the locality of the 
charge redistribution around the O...H-O and O-H...O regions, dp(1 I1)pL and 
Ap(l [1)U~ x show the widely spread charge alternation along the intramolecular 
bonds. These two interactions cause the gathering of the density of the mobile 
electrons on to the carbonyl oxygen atom (see Table 3). In particular, the polariza- 
tion interaction operates to connect (or couple) two H-bonds effectively in spite of 
the small energy component, EpL. The comparison of five components of AE 
between (HCOOH)2 and (HCONH2) 2 reveals the clear difference, although the 
global AE's are apparently almost the same. A dimer system, (B(OH)a)2, shows 
the complex charge redistribution which promotes the H-bond formation with 
the neighboring four B(OH)3's around the dimer. 

The energy decomposition scheme is discussed in terms of the orbital interaction. 
The contribution of some particular combination of MO's to EEx, EpL, and ECT is 
examined. Then, the present choice of four "active" a MO's from both monomers 
is found to reproduce the appreciable part of EcT and the corresponding 
Ap(1 I 1)CT(A~B)' which supports the usefulness of the frontier electron theory of 
Fukui [25] as to the chemical reactivity. While EpL and Ap(1 I )PL(A) are moderately 
reproduced, only a small portion of EEX and dp(1 I 1)EX is recovered by that 
selection of MO's. Since the exchange energy which is of the first order in the 
perturbation expansion does not have the orbital energy dependence, EEX cannot 
be recovered by EEx(partial). 

Since such an analysis of the particular orbital interaction as is made here can be 
straightforwardly applied to any type of the H-bonded system, the study of the 
energy decomposition scheme in the MO language seems a promising approach to 
the unified interpretation of that system. 
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