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Abstract: The change of electron distribution due to hydrogen bond formation is studied with ab initio techniques. The meth-
od to analyze the electron distribution systematically is presented in line with the energy decomposition scheme previously
proposed. Three linear hydrogen bonded systems are studied: water dimer, formaldehyde-water, and cyclopropenone-water.
The polarization interaction is found to cause a large change in the distribution in the intermolecular region as well as in the
intramolecular region. The change of the dipole moment upon water dimer formation is also investigated within the same

scheme,

I. Introduction

Since the first ab initio LCAO-SCF-MO calculation for
the water dimer was reported,! many ab initio studies on
hydrogen bonded (H bonded) systems have been carried out
and have been shown to be quite reliable in predicting the H
bond energy and the relative orientation of component mol-
ecules in the complex.? In order to explore the origin of H
bonding we proposed an energy decomposition scheme in
which the H bond energy (En) is partitioned into four com-
ponents, i.e., the electrostatic energy (E.), the exchange re-
pulsion energy (Eey), the polarization energy (Ep), and the
charge transfer or delocalization energy (E).> Their char-
acteristic roles in Ey were examined in detail for H,O-..
H,0 and H,CO-+H,0 systems. Recently this scheme has
been extended to H bond systems in excited states by the
use of the electron-hole-potential (EHP) method.*

H bond formation causes electron charge redistribution
as well as energy stabilization in the entire system. In view
of the usefulness of the energy decomposition analysis, we
feel that the electron distribution analysis will provide us an
additional and complementary insight to the origin of the H
bond. While the energy decomposition analysis focuses on
the energy change for the entire system, the electron distri-
bution analysis will emphasize what part of the interacting
system undergoes a large redistribution of the electron den-
sity.

In section II, the method of electron density analysis is
introduced. Section III presents the basis sets and geome-
tries. Section IV presents the result of electron distribution
and dipole moment analyses for (H,0),, and section V
gives the result of electron density analysis for H,CO-H,0
and discusses the similarity and difference between the two
systems. Section VI deals with cyclopropenone and dis-
cusses its monomer electronic structure, the geometry opti-
mization for a H bond complex with a water molecule, and
the electron distribution analysis for the complex in com-
parison with the HyCO-H>O complex. Section VII is a
brief conclusion.

II. Method of Electron Distribution Analysis

The method of the electron distribution analysis is an ex-
tension of the method used previously in the energy decom-
position analysis.®> Here we present the former briefly in
connection with the latter.

(i) The Hartree-Fock wave functions for two individual
molecules, A and B, at infinite separation, A¥A° and A¥g.
The energy Ej is the sum of the energy of the individual
molecules. A is the antisymmetrizer of the electrons. When
the two molecules approach each other, the following wave

functions can be defined, assuming the monomer geome-
tries are not changed.

(ii) The Hartree product &, of the wave functions deter-
mined in (i).

&, = AV, AYL° (1)

The energy difference between Eg and E is the electrostat-
ic energy E¢s (>0 for stabilization)

E, = E, - E, (2)

The electron density, i.e., the probability of finding an elec-
tron at a position | for the wave function &, is defined as

p(1]1) = [|Aw,'(q,..
[1A%:(1, .. ., n)|%dodT, .. dT, (3)

.,m)|dodT,. .. dT, +

where m and n are the number of electrons in A and B, re-
spectively. The integration is to be carried out for all the
coordinates except for the space coordinate r; of the elec-
tron 1. For single determinant wave functions such as the
Hartree-Fock wave functions for 4WA% and 4¥g° eq 3
can be rewritten as

oce

py(11) = ZOZC:C(A,.O(U{? + 27_}2,|Bk°(1)|2 (4)

where 4,° and B, are the Hartree-Fock SCF-MO’s for the
system A and B, respectively.

(iii) The Hartree product &, of the wave functions for
each molecule determined in the presence of the other mole-
cule. ®, is obtained by the SCF procedure neglecting the
differential overlap between A and B.

@2 = A‘I’A'A\yB (5)

The difference E; — E; is the energy change due to the po-
larization of one molecule by the other and vice versa.

Epl = E1 - E2 (6)

Equation 3, when AW, and AVp are used instead of AVA0
and AVgY, defines the electron density p,(1]1) associated
with &,. The difference between p> and p; is the density
change ppi(1]1)

pu(l[1) = py(1]1) ~ py(1]1) (7)

due to the polarization of the electron density of A by the
existence of B and vice versa.

(iv) The Hartree-Fock (antisymmetrized) product &3 of
two molecular wave functions.

$; = AP, (8)
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The energy difference between E; and E; is the exchange
repulsion energy between the two molecules.

Eex = El - E3 (9)

Correspondingly, the electron density is defined as

= [l

where N = n + m is the total number of electrons in the
complex. The difference between p; and p; is the electron
density change pex due to the exchange effect

pex(1]1) = p3(1[1) ~ py(1]1) (11)

The requirement of the Pauli principle causes this density
depletion from the overlapping region.

Even though E; and p3 can be expressed in terms of
MO’s of isolated molecules and their overlap integrals, the
simplest practical way to calculate them is to Schmidt-
orthogonalize MO’s of the isolated molecules and use the
standard expression for energy and density.

(v) The usual SCF wave function &4 for the entire sys-
tem.

N)|%dodTy. . .dTy  (10)

¢4 = A(Uals) (12)

The difference between Eg and E4 is the hydrogen bond en-
ergy Ey (>0 for stabilization) and includes the charge
transfer energy E. and the coupling term E¢, as well as
Ees, Epi, and Eey.

Ey=E,~Ey=Eg, + E, + E, + E, + E., (13)
Fromeq 2, 6, 9, and 13 one obtains

Ect + Ecp = E2 + E3 —E1 - E4 (14)

Since E¢ and E, cannot be separated in the present analy-
sis,> and since Ep, the coupling between various energy
components, is expected to be small, E¢ + Ecp is, hence-
forth, called “the charge transfer energy Ec”. Corre-
spondingly, the total electron density change due to hydro-
gen bonding pp(1]1) is given as a sum of charges caused by
the polarization, exchange, and “charge transfer’” interac-
tions. Classical electrostatic interaction corresponding to
E ¢ has no effect on the change of electron distribution.

(111) = py(1]1) = py(1]1) =
pu(l]1) + pu(1]1) + pee(1]1) (15)
pei(1]1) is thus calculated by the following formula:
pa(1]1) = —o5(1{1) = py(1{1) + py(1]1) + py(1{1)
(16)

By the use of these difference densities, pex, Op1, fct, and pp
we can also calculate individual components, ex, gpl, Hcts
and uH, of changes of dipole moment upon dimerization.

Hox = [Pox(l{Drd7y (17)

Hp = [pu(l{DrdT (18)

Hor = [pe(1{Drd7y (19)

B = Hex + Ky + Ho (20)
= Hdimer ~ Mmonomers

In the present paper, an analysis will be carried out for py),
Pex, and pe; and the results will be compared with the energy
component and dipole moment analyses.
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Figure 1. Geometries used for electron density analyses of water dimer,
formaldehyde-water, and cyclopropenone-water systems. The num-
bers without units are in A

IIL. Basis Sets and Geometries

In the present analysis of ab initio SCF electron distribu-
tion and energy of H bonded systems, the 4-31G basis set
with standard parametrization® is adopted, unless otherwise
mentioned. The GAUSSIAN 70 program’ is used for MO
calculations, and a plotter program ZPLOT is used for elec-
tron density plots. Although the basis set dependency of H
bond properties is recognized, their gross characteristics
were found to be rather insensitive to the choice of basis
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Figure 2. The electron density change and its components in the water dimer. Full lines indicate density increases and dotted lines indicate de-
creases. Values of these lines are successively £0.2, £0.6, 1.0, and 1.4 X 1073 (Bohr~3). The coordinates are in Bohr, relative to the oxygen

atom of the proton acceptor.

set.* Therefore, the basis set dependency will not be exam-
ined in the present paper.

The monomer geometries in H bond systems are frozen
to those of the isolated species, which is a required condition
for the proposed analysis. They are taken from experimen-
tal results (the water molecule,® formaldehyde,® and cyclo-
propenone!?). The adopted geometries of H bonded systems
are shown in Figure 1. The structure of (H,0); is from a
recent experiment!! and H,CO-H,0 from a previous cal-
culation.? Since the most stable orientation of H,O toward
cyclopropenone is not known, a geometry optimization is
carried out with the STO-3G basis set with standard par-
ametrization.!? Linear hydrogen bonding with a coplanar
geometry, as shown in Figure 1, is found to be most stable,
as will be discussed in section VI,

It is noteworthy that this system has the same orientation
of water toward the C=0 group as that in H,C=0...H,0,
i.e., the angle between the O--H H bond line and the C=0
is 64° with H>O in the R,CO molecular plane. This indi-
cates that the H bond direction is not influenced by the in-
clusion of the cross-conjugated C=C double bond. The re-
lationship between the double-bond conjugation and the H
bond ability will be discussed later in section V1.

IV. Water Dimer

In Figure 2 the total electron density change py(1|1) and
its various components are plotted for (H,0), at the experi-
mental geometry. The plot is made for the xy plane, which
contains the proton-donor H>O molecule and the proton-
accepting oxygen atom of H,O (Figure 1). In this figure,
we also give as inserts densities on the xz plane including
proton-acceptor water. The xy-plane maps are convenient
for comparison between (H,O)> and the H»O-carbonyl
compound systems to be discussed later, because of the
close resemblance of geometries when looked upon from
this angle, as was pointed out previously.? The correspond-
ing total hydrogen bond energy and its components are
given in the second column of Table I.

Although the total density change pu(1|1) in Figure 2
shows clearly the global feature of the electron redistribu-
tion due to the H bond formation, it is not easy to grasp
mechanisms of the electron rearrangement. The analysis of
partitioned density changes (pex, ppl, and pe) will enable
one to pinpoint the location and components of major
changes.

The density change pex(1]1) due to the exchange interac-
tion in Figure 2 shows a large decrease (a negative value) in
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Table I. The Hydrogen Bond Energy and Its Components
from SCF Calculation with the 4-31G Basis Set4
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Water Formaldehyde—
System dimer water Cyclopropenone—water
O:--Hdist, A 2.023 1.889 1.789 1.789%
E.q 8.98 9.49 13.50 10.98
Eoy -4.19 -6.95 —-10.48 -12.76
EP' 0.47 0.77 1.27 1.23
Et 2.45 2.78 3.76 3.73
EFy 7.72 6.09 8.05 3.18

Table II. Dipole Moment and Various Contributions to It
for Water Dimer in Debye units (4-31G Basis Set)
Components?
Absolute
value X y Exptd

Mmonomers® 2.964 1.689 -2.435 2.11
Changes

Mex 0.028 0.015 -0.023

Kpl 0.262 0.202 -0.168

Kot 0.256 0.146 -0.211

Sum py 0.541 0.363 -0.402 (0.44)
Kdimer 3.501 2.052 -2.837 2.601

2 For geometries shown in Figure 1. Energies are in kcal/mol, with
a plus for the stabilization and a minus for destabilization. ¥ For the
approach of the H-O bond of water to the carbonyl oxygen, per-
pendicularly to the cyclopropenone plane.

the O--H intermolecular region and a large increase in the
intramolecular regions. It is also noted that such an electron
redistribution takes place along the O--H-O H bond axis
and its extension. In other words, little of the exchange ef-
fect is transmitted to the terminal hydrogen atoms of the
proton donor or acceptor HO molecule. Dreyfus and Pull-
man pointed out this locality of the exchange effect in the
linear formamide dimer.!32

Using MO’s of isolated molecules, {4,% and {B,%, and
the overlap integral between them:

Sp = [A DB (1)dey (21)

One can express pey to the second order of the overlap as fol-
lows:14

Qcc occ

pex(l l D = {—42 Z AiO(l)BkO(l)sik +
ik

0cec 0cc oce

2333 ALMDA,(1S,S,, +

oce oce

22 2.2 BAUB(1SS,)/ (1 — 233 8,7 (22)

The first term in the bracket is the origin of the decrease in
the interacting region; it is negative and has a large magni-
tude when 4,% and B, overlap substantially at the intermo-
lecular region. The second and third terms are the main
contributers to the density build-up in the molecules A and
B, respectively. Since all the terms involve the overlap inte-
gral between MO’s of A and B and the overlap is large only
between MO’s which are symmetric with respect to the
O-H-0 axis, the density change takes place mainly along
the axis. It is also noted that the density decrease in the in-
termolecular region occurs in the neighborhood of the pro-
ton rather than the midpoint of O and H. This is due to the
small size of the proton Is orbital, which makes the overlap
density 4,%(1)B,° (1) largest near the proton.

The density change ppi(1]1) due to the polarization effect
is very large, as is seen in Figure 2. This is rather surprising
in reference to a small polarization energy (0.47 kcal/mol)
in Table I. One might interpret the small polarization ener-
gy as the differences between the stabilization due to the in-
teraction between the density change and the other mole-
cule’s field and the intramolecular destabilization resulting
from the deviation of the SCF electron density of the isolat-
ed molecule. As expected, in the proton-donor molecule, the
transfer of the electron density from the H bonding H to the
rest of the molecule is observed. For the proton-acceptor
molecule, a density builds up in the interaction region to the
upper left of the O--H axis, which is reasonable when one
considers the direction of the dipole moment of the proton-

@ The coordinate system is that of Figure la. The dipole moment
vector is directed from the positive charge to the negative charge.
The z component is zero. ? Reference 11. ¢ The vector sum of mon-
omer dipoles.

donor molecule. One also recognizes the remarkable density
decrease on the protons of the proton-acceptor molecule on
the xz plane.

The electron density change pc(1|1) due to the charge
transfer or delocalization interaction, as shown in Figure 2,
clearly demonstrates the charge migration from the proton
acceptor to the proton donor. The rearrangement within the
proton donor is caused appreciably by the coupling effect
corresponding to Ecp in eq 14.° This trend was noticed by a
gross population analysis in the earliest study of (H,0),
and used to discuss the inadequacy of the localized model
consisting only of the fictitious O-H«-O fragment.! One
can also notice the tremendous accumulation of bonding
density in the O.«H intermolecular region which flows from
the oxygen lone-pair orbital of the proton acceptor. This
positive bonding density is the origin of the covalent attrac-
tive force.

Now one can reexamine the total density difference map
ou(1|1) of Figure 1 as the sum of the above three density
changes. The following conclusions can be drawn,!3¢

(1) The large electron density loss on the H bonding pro-
ton and in the O--H region comes from two sources: the po-
larization effect which is most important on and around the
proton and the exchange repulsion effect for the O«.H in-
termolecular region.

(2) The increase of the density around the midpoint of
the O---H is mainly due to the delocalization of electrons for
a covalent formation, aided a little by the polarization of
the proton acceptor.

(3) The increase in the density in the nonbonding OH of
the proton donor is caused by both the charge transfer and
polarization effects.

(4) The depletion of the density on the protons of the pro-
ton acceptor is due to the polarization.

In order to further examine roles of these different elec-
tronic contributions, the dipole moment of dimer and vari-
ous contributions to its change (eq 17-20) are calculated.
The results are shown in Table II.

The change due to the exchange effect u.x is found to be
very small. This reflects the above mentioned local effect of
exchange along the H bond line and the cancellation of the
dipole changes along this line. On the other hand, the
change due to polarization up is large, as is expected from a
large pp. It is noted that the direction of up is substantially
deviated from the H bond line (where u*/u* should be
—0.625). This is because, while pp of the proton donor is
important along the H bond line, pp of the proton acceptor
is concentrated along the x axis, as can be seen in the xz-
plane map, making uy* large. The change due to charge
transfer uc is as large as uy. Since the charge transfer ef-
fect carries the charge mainly along the H bond line (Fig-
ure 2d), the direction of u, is more or less parallel to it.

Yamabe, Morokuma | Electron Distribution Analysis



4462

—

‘ | 4 !
+

4
T

00 = -20 = -40  -80

00 = =0 = -40 = -6.0

Figure 3. The electron density change and its components in the formaldehyde-water system. See Figure 2 for details.

Though the 4-31G basis set tends to overestimate the di-
pole moment compared to experiment®22 as is seen in Table
II, the magnitude (0.541 D) of dipole enhancement due to
dimerization is in reasonable agreement with the experi-
mental estimate (0.44 D).!!

V. Formaldehyde-Water Complex

The same analysis of the electron density changes and the
energy components is carried out for the H,CO--H,O H
bonded complex for the equilibrium geometry of Figure 1.
The results are shown in Table I and Figure 3. The compar-
ison of Figures 2 and 3 reveals a great similarity and some
specific differences between (H,0); and the present system.

The striking similarity is found for pex(1|1); the maps for
(H,0), and H,CO--H,0O are virtually indistinguishable.
This is because of the short-range nature of the exchange
interaction and because the existence of the carbonyl = or-
bitals has only a minor effect on the exchange interaction
due to their orthogonality to O-.H-O ¢ orbitals (see eq 22).

In ppi(1]1), in addition to the similarity in the part of the
proton-donor H,O molecule, the characteristic role of the
polarization effect is noted in the formaldehyde part. A
considerable amount of electron density is moved from the
hydrogen atoms to the carbonyl carbon atom. Also, a sub-
stantial charge redistribution from the 2px AO of the car-
bon atom to that of the oxygen atom takes place, though
this is not seen in Figure 2 because mapping is for the xy
plane, the nodal plane of the = orbitals. This general trend
of the electron move, from H to C, from C to O and the po-
larization toward the proton donor within O, is qualitatively
parallel to the direction of the molecular dipole moment of
the proton donor H,O. Thus the polarization effect is the
predominant factor for the intramolecular charge redistri-
bution.

The charge transfer contribution, pe(1]1), exhibits in the
O..H-0O intermolecular region similar trends as that for
(H;0),, i.e., a substantial electron density transfer to H,0,
an accumulation of bonding density around the midpoint of
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O--H, and the loss of density from the H bonding proton.
The charge transfer interaction, jointly with the polariza-
tion interaction, also plays a role in weakening the carbonyl
C=0 bond. The decrease of C=0 bonding density by
charge transfer is caused by ¢ MO’s. The third highest MO
of H,CO which has a substantial C=0 bonding character
contributes appreciably, together with the highest ¢ MO, to
the charge transfer interaction. The decrease of electron
density from this MO due to charge transfer results in
weakening of the C=0 bond. As a whole, however, the
charge transfer interaction does not cause as much intramo-
lecular electron density rearrangement as the polarization
interaction does.

VI. Cyclopropenone-Water Complex

As the last example of the density analysis, the cyclopro-
penone-water H bond system will be studied. Motivation
for this study is twofold. Hydrogen bonding to cycloprope-
none has been of special experimental interest.1516¢ From
the electronic point of view, the effect of the C=C double
bond to the properties of the carbonyl group and conse-
quently to the H bond strength and geometry will provide
an insight for better understanding of the H bond. Since the
C=0 bond lengths for formaldehyde and cyclopropenone
are almost the same, this comparison is rather tempting.

Before proceeding to the H bond system, electronic struc-
tures of cyclopropenone itself should be examined. Cyclo-
propenone and its derivatives are known to have unusual
stabilities for their strained structures.!” Cyclopropenone’s
unique stability is explained qualitatively in terms of the
contribution of the dipolar resonance structure. The large
experimental value of the dipole moment (4.39 D)0 hag
been ascribed to a large = electron polarization. In addition,
the low-energy carbonyl ir absorption suggests a high de-
gree of single-bond character in the C=0 bond,!” implicat-
ing the importance of the dipolar structure. A few semiem-
pirical'®!® and ab initio2%2! calculations have been carried
out for this molecule. Clark and Lilley’s ab initio study?° re-
ported the gross population, the dipole moment, and some
localization energies with a small basis set. Harshbarger,
Kuebler, and Robin present the electronic impact and pho-
toelectron spectra of the molecule and assign the ionization
potentials with the aid of SCF calculations of double ¢
quantity.?!

In Figure 4, we present briefly the result of the 4-31G
basis MO calculation for cyclopropenone and formalde-
hyde. A comparison of atomic populations indicates that
the carbonyl = electrons are more polarized in cycloprope-
none than in formaldehyde, as can be interpreted in terms
of contribution of resonance structures as follows:

H . + H
o=c<H > 0—CC
0724 0.276
- + _ + -
=Cq -« O——Cq -« O=CQ -« O—Cﬂ
0502 0234 0132 0132 *
a b ¢ d

The importance of the dipole resonance structures (b, ¢, and
d) in cyclopropenone can be correlated with experiments.
The smaller contribution of the double bond structure is re-
lated to the low energy of the CO stretching. The large po-
larization is also reflected in the large calculated dipole mo-
ment (5.08 D), though the 4-31 basis set tends to overesti-
mate the polarization and, as the consequence, the dipole
moment. The terminal hydrogen atoms in cyclopropenone
are more positively charged than in formaldehyde.
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Figure 4. Gross atomic populations and dipole moments by a 4-31G
basis set. The dipole moments in parentheses are experimental values:
H;0, A. L. McClellan, “Tables of Experimental Dipole Moments””, W.
H. Freeman, San Francisco, Calif., 1963; and cyclopropenone, ref 10.

Figure 5. The general conformation of the cyclopropenone-H>O sys-
tem defined by r, 8, v, and ¢.

Taking into account these unique features of cycloprope-
none, we now determine the most stable geometry of the cy-
clopropenone-water H bonded system. Figure 5 defines the
general conformation of the H bonded system and adopted
variables; », the O«.H distance; 8, the angle between the
C==0 axis (x axis) and the O-.HO straight line; v, the
angle of rotation of the O«+O y plane around the y axis; and
¢, the rotation angle of the non-H bonding proton Hy from
the OO y plane. Previous calculations indicate that, al-
though at the equilibrium geometry the electrostatic energy
E s, the exchange energy E.x, and the charge-transfer ener-
gy E are all important, the relative direction of approach
of the two molecules is often determined by the electrostatic
energy.>?2 For an approach of a small polar molecule such
as a water molecule, the electrostatic potential due to the
electron distribution and nuclei of the polar partner mole-
cule qualitatively predicts the direction of approach.?3.24
This would be particularly true for cyclopropenone which is
extremely polar. The electrostatic potential map (not
shown) for cyclopropenone suggests that § ~ 60°, v ~ 0°,
and ¢ ~ 0° is the most probable direction of approach. An
actual angular optimization run was carried out with MO
calculations with the STO-3G basis set for a fixed » = 1.89
A, an optimum for H,CO-H,0 with a minimal STO set.>
After 23 different calculations and fourth-order polynomial
fits, the most favorable direction of approach is determined
to be 8§ = 63.5°, v = 0°, and ¢ = 0°. These values are very
close to the optimized angles (8 = 63.9°, v = 0°, and ¢ =
0°) for the H,CO--H,O system calculated with a minimal
STO basis set,? supporting the proposition that H bonding
occurs in the direction of the hybridized lone-pair orbital
(in this case 60° for sp? hybridization3). Neglecting the
very slight difference of the angle 8, we assume that both H
bonded systems have common optimized angles, § = 64°, v
= 0° and ¢ = 0°, for the sake of comparison. Next the
O-..H distance (r) was changed for the fixed angles above.
Eight MO calculations and a fourth-order polynomial fit,
for this system and H,CO-H,O with a common STO-3G
basis set, give the potential energy curves shown in Figure

Yamabe, Morokuma | Electron Distribution Analysis
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Figure 6. The potential energy curve as a function of the O«.H distance
for the formaldehyde-water and cyclopropenone-water systems with
the STO-3G basis set.

Figure 7. The electron density change and its components in the cyclo-
propenone-water system. See Figure 2 for details,

6. It is noted in Figure 6 that the cyclopropenone-water sys-
tem has a shorter O--H distance (~1.789 A) than the form-
aldehyde-water system (~1.889 A). Accordingly, the for-
mer has a stronger H bond (Ey ~ 5.75 kcal/mol) than the
latter (Ey ~ 3.50 kcal/mol}. In order to assess the origin of
the stabilization, the energy decomposition analysis is car-
ried out, as shown in Table I, with the 4-31G basis set at the
STO-3G optimized minimum for cyclopropenone-water.?
The columns 3 and 4 of Table I indicate that the larger sta-
bilization of the cyclopropenone-water system is mainly

J —

" -e0 -80

20 00 -2.0 -4.0

Figure 8. The total electron density change for the 7-type interaction in
the cyclopropenone-water system. See Figure 2 for details.

due to the electrostatic energy Eo, as was expected from
the population analysis and the dipole moment of cyclopro-
penone and formaldehyde. The smaller O-.-H distance in
cyclopropenone-H»O brings about a larger contribution of
Eand E as well.

The electron density changes for the present system for
the geometry given in Figure 1 are shown in Figure 7. The
features commonly observed in (H,0); and H,CO-H,0 as
well as in this system will not be discussed again. But some
unique features of this system will be examined. The ex-
change contribution pex(1]1) shows a very large decrease of
density in the intermolecular region, reflecting a larger Ey
than in the H,CO-H,0 system. The polarization contribu-
tion ppi(1]1) shows that the water molecule becomes more
polarized here than in the H,CO-H,0 system due to the
larger polarity of the proton acceptor molecule. As for cy-
clopropenone, the polarization occurs mainly within each
bond, resulting in the charge alternation which may be rep-
resented as follows:

The charge transfer contribution pe(1]1) here is larger than
in H,CO-H,0 due to the smaller distance in the present
case, but is qualitatively very similar and has only a minor
effect for the charge redistribution in the ring part of cyclo-
propenone. This small effect of the charge transfer interac-
tion to the charge redistribution within a molecule seems to
be characteristic of weak interactions such as H bonding,
whereas in chemical reactions the charge transfer plays an
extremely important role.2® The effect of polarization on
the total density change pu(l|1) is more profound in the
present system than the other systems studied in the paper.
w=-Type H bonding, in which the proton donor approaches
the = electron cloud of the proton acceptor, is recognized in
some cases.?” Our previous study on H,CO-H,O indicates
that =-hydrogen bonding suffers from a larger exchange re-
pulsion and a smaller charge transfer stabilization though
the electrostatic stabilization is comparable to normal H
bonding.? Since cyclopropenone is more polar than formal-
dehyde, the electrostatic stabilization may make = H bond-
ing more stable. Ab initio optimization of the O..H dis-
tance was carried out first at the STO-3G SCF level for an
approach of the water OH bond above the oxygen atom and
perpendicular to the cyclopropenone molecular plane, with
the non-H bonding proton of H,O trans to the carbonyl
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bond.? The most stable O--H distance is 2.08 A with a sta-
bilization energy of 2.36 kcal/mol. This is, as expected,
larger than 0.40 kcal/mol at 2.5 A for H,CO-H,0 with a
minimal STO basis set.> The energy decomposition and
electron distribution analyses were carried at the same
O-«H distance (1.789 A) and with the same basis set (4-
31G) as in the normal H bonding case in order to facilitate
the comparison. The results in the last column of Table I
compared with column 4 indicate that = bonding has a
smaller electrostatic stabilization and a larger exchange re-
pulsion, whereas the polarization and charge transfer con-
tributions are unchanged. The large exchange repulsion is
visualized in Figure 8 as a larger area of the negative
charge accumulation than in the normal case (py of Figure
7).

VII. Conclusions

We have analyzed the changes in the electron distribu-
tion due to hydrogen bonding. The partitioning scheme,
similar to that used for the energy decomposition analysis of
the hydrogen bond energy, was applied to three hydrogen
bonding systems. From the results one can draw the fol-
lowing common conclusions.

(1) The exchange interaction gives rise to the antibond-
ing density in the intermolecular region, corresponding to
the negative value (repulsion) of the exchange interaction
energy. The compensating positive density is accumulated
locally on the three atoms X-H-Y which directly partici-
pate in H bonding. The exchange interaction does not cause
any density change in the other parts of the molecules. This
effect is also related to the minor change of the dipole mo-
ment (Hex)-

(2) Polarization causes the most significant charge redis-
tribution among the three contributions, in spite of the
smallest contribution to the energy among four terms. In
the proton-donor water molecule, the H bonded proton loses
a substantial amount of the electron density to the oxygen
orbitals along the O-H..-O line. In the proton-acceptor mol-
ecule the charge redistribution is attributable almost solely
to the polarization interaction. This effect causes the polar-
ization of each lone pair and bond, resulting in the charge
alternation throughout the acceptor molecule. Such an im-
portant role of the polarization is reflected in the large
change of the dipole moment (upy). Its direction does not
coincide with the O--HO axis because of the large polariza-
tion of terminal protons.

(3) The charge transfer interaction carries the charge
from the proton acceptor to the proton donor. The electron
rearrangement is not local to the X-H..Y fragment, but
reaches further ends of molecules. A positive bonding
charge is accumulated near the midpoint of the H...Y inter-
molecular region, though its effect is largely canceled out
by a large negative exchange density near the proton in the
same region. The change of dipole moment by this interac-
tion (uc) occurred almost parallel to the direction of charge
migration along the H bond line.

The exchange repulsion is the main cause of the unstabil-
ity of = hydrogen bonding. This is noticed clearly in the ac-
cumulation of a large negative charge in the interaction re-
gion.

As is mentioned above, each interaction plays a charac-
teristic role in the electron rearrangement. The electron dis-
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tribution analysis used in the present paper sheds light on
the identification of such roles by visualizing the changes
and specifying regions of particular importance. In the pres-
ent paper the analysis has been limited to the ground state
of hydrogen bonded complexes. The application of the
method to excited states and other types of molecular com-
plexes such as electron donor-acceptor complexes is
straightforward and would be very useful for understanding
the nature of such bonding.
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