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Abstract: The energy decomposition analysis of Morokuma et al. within the ab initio SCF-MO theory has been applied to the
study of the origin of hydrogen bonding. An examination of interaction energy components, electrostatic, polarization, ex-
change repulsion, charge transfer, and their coupling, for (H,0),, (HF),, H;N-HF, and other complexes in which the proton
donor is HF, H,O, NH3, or CH, and the proton acceptor is HF, H,0, and NHj, as functions of geometric parameters, indi-
cates these hydrogen-bonded complexes can be qualitatively called “electrostatic > charge transfer” or “electrostatic” com-
plexes. The energy analysis of substituent effects in hydrogen bonding has been carried out for two examples, H;N-HOZ
where Z = H, CH3, NH; and F, and RH;N-HOH where R = H and CH3, and is compared with those in electron donor-ac-
ceptor complexes and protonation complexes. A comparison of energy components with lithium complexes has been performed
in two cases: (LiF),, (LiH); with (HF);, and RH,;N-Li* with RH;N-H*. Based on these and our previous studies, the fol-
lowing questions concerning the origin of hydrogen bonding are discussed: (1) factors determining the geometrical parameters,
in particular, the X-Y distance, the hydrogen bond directionality, and linearity, (2) energy components in hydrogen bond ener-
gy, (3) charge transfer and charge redistribution, (4) substituent effects, and (5) what makes hydrogen bonding unique?

I. Introduction

The results of many studies have been published on hydro-
gen bonding, concerning the structure of hydrogen bonded
complexes, bonding characteristics, and spectroscopic prop-
erties.! Particularly important, but difficult, questions concern
the origin of hydrogen bonding, i.e., the relative importance
of electrostatic and charge transfer interactions in the stabi-
lization, the reason why many hydrogen bonds are “linear”
(meaning the X- - -H-Y segment is collinear), and factors
which distinguish hydrogen bonding from other molecular
interactions. In earlier days hydrogen bonding had been
thought to be purely electrostatic in nature, a conjecture sup-
ported by the fact that electrostatic models often predict rea-
sonable geometries for hydrogen bonded complexes. However,
spectroscopic evidence has shown that the charge transfer in-
teraction plays an important role as well. Similar questions
have been asked concerning the origin of attraction in electron
donor-acceptor (EDA) complexes? and molecular complexes
which usually do not involve hydrogen bonding, and different
viewpoints have been presented.?

Ab initio SCF molecular orbital (MO) theories have been
extensively employed both for the prediction of the geometry
and the stabilization energy of many hydrogen bonded com-
plexes and for interpretation of the nature of the interaction.
The systems studied include dimers and complexes of simple
hydrides such as (H,0),, (HF),, and H;N-HF, polymers of
hydrides, strongly hydrogen bonded complexes of cations and
anions such as H*(H,0), and (FHF)~, hydrogen bonds in
large organic compounds, and various excited states of hy-
drogen bonded complexes. Details of such theoretical studies
have been reviewed recently!®4 and will not be reiterated
here.

The energy and charge distribution decomposition (ECDD)
analyses of Morokuma? and Kitaura-Morokuma® have proven
to be a powerful method for direct analysis of the origin of
molecular interactions.”-!% Using model wave functions such
as the partially antisymmetrized wave function or wave
functions derived from a model Hartree-Fock matrix, which
is obtained from the Hartree-Fock matrix by removal of
specified matrix elements, individual components of the total
interaction energy may be unambiguously defined within the
Hartree-Fock method. The following separations of the energy
stabilization (AE = Ecomplex — E monomers) and the charge

distribution rearrangement (Ap(r) = p(Ncomplex —
p(I)monomers) are possible.
AE = ES + PL + EX + CT + MIX (1N

Bp(r) = ppL(r) + pex(r) + pet(r) + pmix (1) (2)

The components are in accord with traditional viewpoints!®
and have the following physical meaning.

ES is the electrostatic interaction, i.e., the interaction be-
tween the undistorted electron distribution of a monomer A
and that of a monomer B. This contribution includes the in-
teractions of all permanent charges and multipoles, such as
dipole-dipole, dipole-quadrupole, etc. This interaction may
be either attractive or repulsive.

PL is the polarization interaction, i.e., the effect of the dis-
tortion (polarization) of the electron distribution of A by B,
the distortion of B by A, and the higher order coupling resulting
from such distortions. This component includes the interactions
between all permanent charges or multipoles and induced
multipoles, such as dipole-induced dipole, quadrupole-induced
dipole, etc. This is always an attractive interaction.

EX is the exchange repulsion, i.e., the interaction caused by
exchange of electrons between A and B. More physically, this
is the short-range repulsion due to overlap of electron distri-
bution of A with that of B.

CT is the charge transfer or electron delocalization inter-
action, i.e., the interaction caused by charge transfer from
occupied MO’s of A to vacant MO’s of B, and from occupied
MO’s of B to vacant MO’s of A, and the higher order coupled
interactions.

MIX, the coupling term, is the difference between the total
SCF interaction energy AEscr and the sum of the above four
components and accounts for higher order interaction between
various components.

In addition to the above components calculated within the
Hartree-Fock scheme, there is a contribution of the correlation
energy, which includes what is called the dispersion energy
DISP. The contribution of the correlation energy to hydrogen
bonding has not been widely studied.*!” However, apparent
successes of the Hartree-Fock calculations and approximate
calculations for simple systems suggest that it is relatively
unimportant for interactions of small polar molecules as in
hydrogen bonding. A second-order perturbation calculation
using the 4-31G basis set by Lathan et al. gives an estimate of
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the dispersion energy to be about 0.3-0.4 kcal /mol for (H20)»
near the experimental and calculated equilibrium geometries
and 0.9 kcal/mol for H,CO-H>O.!" In the present paper, the
effect of the correlation energy will not be considered.

The present ECDD analyses have been applied to many
molecular interactions.® Morokuma3 compared energy com-
ponents for (H,0); and H;CO-H;0 using an STO-3G basis
set and concluded that ES, CT, and EX are all essential in-
gredients for hydrogen bonding, in accord with the classical
empirical estimate of Coulson.'® Iwata and Morokuma used
ECDD analyses to analyze differences in hydrogen bonding
energy between the ground and several low-lying excited states
of H,CO-H,0,’* CH=CHCHO-H,0,”® and (HCOOH),'5
and found that the major difference between states is often
determined by ES, caused by the change in polarity of mono-
mer molecules upon excitation. A comparison of ECDD
analyses between different basis sets indicates that energy
components are more sensitive to the basis set and that minimal
basis set, such as STO-3G, will tend to overestimate the CT
interaction, whereas double {-basis functions such as 4-31G
are inclined to exaggerate the ES interaction. Qualitative
conclusions obtained from ECDD analyses, however, have been
found to be rather insensitive to the basis set.® Yamabe and
Morokuma® defined the interaction electron density compo-
nents (eq 2) and presented component density maps for the
ground states of the hydrogen bonded complexes: (H;0),,
H,CO-H,0, and C3H,CO-H,0. The maps, in conjunction
with components of atomic electron population changes, give
a visual appreciation of electron redistribution during the
complex formation. They found that the largest redistribution
of charge occurs via PL, which is the smallest energy compo-
nent. (It should be noted that similar but less sophisticated
energy and charge decomposition analyses have been carried
out for a few limited systems independently by Kollman and
Allen'%2 and by Dreyfus and Pullman!9®))

The ECDD analyses have been applied also to many EDA
complexes®!0-13 and protonated bases.'* The basis set de-
pendence of the analyses has been examined, and a systematic
study has been performed with one common basis set (i.e.,
4-31G set) to facilitate a comparison between different com-
plexes. Based on the attractive components making essential
contributions to the stabilization of a complex at the equilib-
rium geometry, the EDA complexes studied have been very
qualitatively categorized as follows:!3> H3N-BF; and H3N-
BH3, strong ES complexes; OC-BH;, strong CT-PL-ES;
H;N-CIF and R;0-OC(CN),, intermediate ES; HF-CIF,
weak ES; H3N-Cl; and H3N-F,, weak ES-CT; benzene-
OC(CN),, weak ES-DISP; H,CO-F; and HyCO-C,Hy,, very
weak CT-ES; and F,-F;, very weak DISP-CT. In addition
the factors determining the equilibrium geometries of the
various complexes have been identified. Though details depend
on the complex and also on the deviation from the equilibrium,
ES most often has been identified as the principal factor. The
origin of alkyl substituent effects for several complexes also
has been determined.'2-!4 The substitution on an electron
donor has increased the PL stabilization but at the same time
increases the EX repulsion. The balance of the two determines
the direction and the magnitude of the substituent effect; for
instance, the NV-alkyl substituent effect for H3N-BHj3 is small
because of the almost total cancellation of PL and EX, whereas
for H3N-H™ the effect is large because EX does not exist (no
electron on H*) and PL is observed without cancellation. For
a complex between CIF and HF, both the hydrogen bonded
form CIF-HF and the non-hydrogen bonded form FCI-FH
can exist and give an opportunity to compare the nature of
hydrogen bonding and EDA interaction within a single com-
plex. Both are found to be similar in energy, and the hydrogen
bonded form is a weak ES-CT complex whereas the non-
hydrogen bonded form is a weak ES or ES-CT complex.!? The
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energy component which differs the most in the two forms is
EX. The large EX in the hydrogen bonded complex may be
attributed to the fact that the hydrogen atom of HF is more
deeply buried in the electron cloud of the partner than any
atom of the non-hydrogen bonded complex.

Since substantial progress has been made toward under-
standing the origin of EDA interaction, the time is ripe for
similar systematic ECDD analyses of various hydrogen bonded
complexes in order to elucidate the origin of hydrogen bonding.
In the present paper we carry out ECDD analyses for hydrogen
bonding between various combinations of HF, H,O, NH3,
CH,, and their derivatives. After a brief discussion on methods
and geometries (section II), we examine in section III energy
components of (H;0), as functions of various geometrical
parameters to classify the complex based on the essential
components and to identify the factors determining the ge-
ometry of the dimer. We also study the basis set dependence
of the interaction energy and its components and analyze the
components of orbital energy changes in the complex. Similar
studies will be carried out for (HF); in section IV and for
H;N-HF in section V. In section VI we compare the energy
decomposition among eight hydrogen bonded dimeric com-
plexes consisting of HF, H,O, NH3, and CHy. Section VII will
identify the origin of substituent effects in the hydrogen bonded
complex H3N-H;O0. Substituents on both the proton donor
HOH and the proton acceptor H3N will be examined. In sec-
tion VIII we compare bonding in (HF); with that in (LiF), and
(LiH); in order to aid understanding of the unique nature of
hydrogen bonding. In section IX summarizing the results of
the preceding sections and previous papers we present the
concluding discussions on the following questions*® concerning
the origin of hydrogen bonding: (1) factors determining the
geometry parameters of hydrogen bonded complex, in par-
ticular, the X-Y distance, the hydrogen bond directionality,
and the linearity of the hydrogen bond: (2) energy components
in hydrogen bond energy; (3) charge redistribution and charge
transfer; (4) substituent effects in hydrogen bonding, proton
affinity, and EDA interaction; (5) what makes the hydrogen
bonding unique?

I1. Methods and Geometries

All calculations of AE have been carried out within the
closed shell LCAO-SCF-MO approximation. The GAUSSIAN
70 program?® with our own ECDD analysis routines has been
used. Unless otherwise noted, the 4-31G split-valence shell
basis set with the recommended exponents, contraction coef-
ficients, and scale factors,?'2 the same set used in our system-
atic studies of EDA complexes, has been used in all the cal-
culations. In order to test the basis set dependence of AE and
its components, we performed calculations for (H,0O); and
(HF),, using a less flexible, minimal basis set, STO-3G with
standard parameters”!® and a larger 6-31G** basis set which
includes one set of polarization functions on each atom (a p
function with the exponent « = 1.1 for a hydrogen atom and
a d function with & = 0.8 for other atoms).2? The IBMOLH
program?? has been used for the evaluation of the integrals for
the 6-31G** set.

The ECDD analysis has been performed with the method
of Kitaura and Morokuma.®24 The definitions of energy and
charge distribution components and the mechanics of a cal-
culation have been summarized in a recent publication'? and
will not be repeated here. In addition, we generalized the Ki-
taura-Morokuma method such that one can calculate more
detailed components of CT. This extension of the method is
such that interactions at the orbital level may be examined.
This allows the following analyses to be performed: CTa—p
(charge transfer from A to B) and CTp—a, CT, (charge
transfer through ¢ orbitals), and CT,; CTa—p,, (charge
transfer from A to B through o orbitals) CTa—p -, CTg—A.0
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(C)

Figure 1. Geometry of three forms of (H,0)3: (a) linear form, (b) bifur-
cated form, and (c) cyclic form.

and CTg— A r, CTa,—p (charge transfer from occupied MO;
of A to B). We have also established a method of calculating
individual components of orbital energies:

E; = E + AE
=E%+ Egs+ ErpL + Evex + Evct+ Ermix  (3)

where E;C is the MO energy of isolated molecules and AE; is
the change induced by complexation. Details of the extension
are given in the Appendix.

The geometries of the monomers were taken from experi-
mental results, unless otherwise noted. HF, »(HF) = 0.9171
A2 H,0, Cy,. r(OH) = 0.956 A, ZHOH = 105.2°;26 NH;,
Cs, r(NH) = 1.0124 A, zZHNH = 106.67°;26 CH,, T4, r(CH)
= 1.094 A;26 CH;OH; staggered, r(OH) = 0.967 A, r(CO)
= 1.428 A, r(CH) = 1.098 A, ZHCH = 109.1°, .COH =
107.3°;2" NH,OH, staggered, #(NO) = 1.46 A, »(OH) = 0.96
A, r(NH) = 1.01 A, zZHON = 103°, ZHNO = 105°, ZHNH
= 107°;28 HOF, r(OH) = 0.964 A, r(OF) = 1.442 A, zZHOF
=97.2°:2 NH,CH3, C,. staggered, »(CN) = 1.451 A, r(CH,)
= 1.109 A, r(CH,) = 1.088 A, /CNH = 110.9°, /NCH, =
111.7°, «/NCH, = 110.1°, /H,CH, = 108.1°, /+H,CH, =
108.6° (above from Me3N),30and »(NH) = 1.0124 A (from
NH3),26 where Hy is on a symmetry plane and two H,’s are not.
The geometry of the monomer is assumed to be retained in the
complex, unless otherwise noted.

II1. Water Dimer (H20);

The geometrical parameters for the “linear” hydrogen
bonded (H,0), are defined in Figure la. The two oxygen
atoms O, and Oy4 are on the z axis and the bisector of
LHyO.H,, called T, is in the xz plane. The parameters are: R
= r(0,-04), 8 = © — £T0,04, « = the azimuthal angle of
H.O¢H¢around the z axis with « = 0 placing the molecule on
the xz plane, and v = ZH.040, = rotation of H.OgH¢ around
the y axis is a measure of the nonlinearity of O,H.O4. Exper-
imental values are R = 2.98 A, 8 = 60°, and o = v = 0.3!

A. Basis Set Dependence. Since the interaction energy and
its components depend on the basis set used, we at first com-
pare the energy decomposition analysis for (H,O), at the ex-
perimental geometry mentioned above for the three basis sets,
STO-3G, 4-31G, and 6-31G*. Table I shows these results, as
well as calculated gross atomic populations and dipole moment
of the monomer. The STO-3G basis gives a substantial over-
estimate of CT as compared with the other basis sets. This has
been attributed to the lack of flexibility inherent in the mini-
mum basis set; since the minimum set does not stabilize the

Table I. Basis Set Dependence of Energy Components in kcal/mol
for Linear (H,0), at the Experimental Geometry? and Monomer
Atomic Population Ny and No and Dipole Moment u

STO-3G 4-31G  6-31G** Scaled?

AE =5.1 =177 -5.6 —-4.4
ES —-4.2 -8.9 =15 -6.3
EX 4.0 4.2 43 4.3
PL =0.1 -0.5 -0.5 -0.5
CT —-4.8 =2.1 -1.8 -1.8

CTpa—pD —4.8 =20 —-1.7

CTpp—pa =0.0t -0.15 -0.15

CT, =2.1 -1.8

CT, -0.03 -0.04
MIX 0.1 -0.3 -0.1 =0.1
Monomer

Ny 0.816 0.607 0.663

No 8.369 8.787 8.675

w(D)* 1.72 2.60 2.2

@R =298A,0=60°and a =+~ =0.%ES is scaled down from
6-31G** results in proportion to the ratio of u(exptl)/u(6-31G**),
< Experimental value 1.85 D.

individual molecules sufficiently, they utilize the vacant or-
bitals of the partner molecules to gain their stability, resulting
in an unrealistically large CT stabilization,’2-32 A comparison
between 4-31G and 6-31G** results is interesting. The energy
components EX and PL are almost indistinguishable between
the two, whereas ES and CT stabilizations for the 4-31G set
are larger than those for the 6-31G** set. The rationalization
of this result centers on the fact that the ratios of the 4-31G ES
and CT to those of the 6-31G** set are both found to be about
1.2, which is nearly equal to the ratio of the calculated dipole
moment. Another point of view is that the difference in ES
energy is large (~1.4 kcal/mol) whereas the difference in CT
is insignificant (~0.3 kcal/mol). A similar comparison of basis
sets for (HF); to be presented in section IV suggests that the
latter viewpoint is more generally applicable.

Considering the fact that the 6-31G** set still overestimates
the dipole moment (2.2 D calculated vs. 1.85 experimental),
one can scale ES to a “correct” value of the dipole moment.33
Such a scaled estimate of correct energy components is shown
in the last column of Table I. The scaled AE = —4.4 kcal /mol
agrees well with the most accurate SCF results (—3.9 £+ 0.25
kcal/mol) of Popkie et al.>* The scaled attractive energy is 72%
ES, 21% CT, 6% PL, and 1% MIX, whereas the 4-31G at-
tractive energy is 75% ES, 18% CT, 4% PL, and 3% MIX.
Whether one uses 4-31G results, 6-31G** results, or scaled
results, one concludes that the hydrogen bonded (H,0); may
be qualitatively classified an “ES > CT complex” of an in-
termediate strength,

The relative importance of CT from the proton acceptor PA
(electron donor) to the proton donor PD (electron acceptor)
and that from PD to PA is an interesting question with regard
to the nature and the origin of hydrogen bonding. As is dis-
cussed in the Appendix one can evaluate two terms separately
by using an extension of the Kitaura-Morokuma decomposi-
tion method. The results of such a decomposition of CT con-
tribution are shown in Table I. (The coupling CT term CTm x
is so small that it is not listed.) Approximately 90% of the CT
stabilization comes from the PA (electron donor) — PD
(electron acceptor) charge transfer. It is also noted that the
effect of a p orbital on hydrogen and a d orbital on oxygen
atoms is very small.

Another method of further dividing the CT interaction is
to consider CT through o orbitals (PA¢ — PDo¢* and PDg —
PA¢*) and CT through = orbitals (PAx — PD#x* and PD7 —
PAw*) separately. Here we refer to ¢ or 7 orbitals as being
symmetric or antisymmetric with respect to the TO,Oq4H.H¢
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Table II. Energy Components in kcal/mol for Linear (H,0); as Functions of R = r(O-0)“
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R,A

2.68 2.80 2.85 2.88°F 2.90 2.98 3.28

AE —-6.9 -7.66 —-7.78 -7.79 —-7.78 -7.67 —-6.5
Scaled¢ -23 —4.1 —4.5 —4.75 —48, -5.08 -4.8
ES -15.7 -12.3 —-11.2 -10.5 -10.2 -8.9 =57
Scaled¢ —-11.2 -8.7 -8.0 -7.5 -7.3 —-6.3 -4
EX 13.9 8.6 7.1 6.2 5.8 4.2 1.2
PL -0.9 -0.7 -0.6 -0.6 -0.5 —-0.5 -0.3
CL -34 -2.7 -2.5 -2.4 -2.4 -2.1 -1.6
MIX -0.7 -0.6 -0.5 -0.5 -0.4 -0.3 -0.1

2 Other geometrical parameters from experiment: # = 60° and @ = v = 0 in Figure la. * Energy minimum from a rational fraction fit. < All
italic entries are with a scaled ES which is 71% of ES calculated. See text.

Table III. Components in kcal /mol of MO Energy Changes upon Complex Formation for Linear (H2O); at the Experimental Geometry®

H,0 MO No. and symmetry? 1,a 2,a1 3, b 4,2, S, by 6,2, 7,b,
H,0 MO energy® —20.5183 —1.3522 —0.7094 —0.5572 —0.4992 0.2090 0.3047
Proton acceptor/donor? PA PD PA PD PA PD PA PD¢ PA¢ PD PA PD PA PD
AES -22 24 =21 22 =20 18 =23 27 =27 21 —-16 34 -13 70
ES -19 13 =17 15 -15 16 =20 13 =20 13 -10 1S -9 11
EX 2 3 0 1 0 =2 0 -3 9 2 9 =50 0 =25
PL 1 4 -0 2 -1 1 -0 2 1 3 -1 1 -1 1
CT —15 3 -6 2 -6 2 -6 2 -6 2 -t 51 -3 70
MIX 9 0 2 0 1 =0 2 13 -1t I -13 18 0 14

2R =298A,0=60°and a =y = 0. ¢ The first five monomer MO's are occupied. * Monomer MO energy in hartrees. ¢ MO’s assignable
principally to the proton acceptor (PA) and donor (PD), respectively. ¢ Mixing of these MO’s is very extensive. / Every MO belonging to PA
is shifted to a lower energy, whereas that of PD shifts to a higher energy.

plane of the molecule (the xz plane of Figure 1a witha = v =
0). The results of this analysis are also displayed in Table I. The
principal result is that CT, is negligibly small, and hence all
of the CT that occurs is via the o orbitals. Apparently the p,
orbital on the hydrogen atom is unable to play the role of a
stepping stone between the two 7 electron systems. Since the
exponent (1.1) is not fully optimized, the present results may
be underestimating this role, but it is unlikely such an opti-
mization will result in a severalfold increase in CT,. Therefore,
one must warn against a qualitative conclusion based on a
semiempirical = electron MO theory or a qualitative argument
based on the assumption that  electrons contribute to the CT
stabilization of a hydrogen bond. A more detailed analysis of
the CT component shows CT, pa—pp = —2.00 kcal/mol,
CT,pp—pa = —0.12 kcal/mol. Furthermore, CT from an
individual ¢ MO of PA to the vacant ¢ MO’s of PD have been
examined. The contributions are

PA, oMOI1(1a;,0/5) — PD: —0.03 kcal /mol

PA, sMO2(2a,,0H,) — PD: —0.06 kcal/mol

PA, eMO3(3a,,0,) — PD: —1.42 kcal/mol

PA, cMO4(1b,0;) — PD: —1.16 kcal/mol
It is interesting to note that not the HOMO (O~ orbital of
H;O) but rather the second highest MO (O lone pair orbital
of H>O) is the largest contributor to the stabilization, that the
lower orbitals do not contribute at all, and that the sum is larger
than the CT, pa—pp value of —2.00 kcal/mol, indicating that
interactions of individual orbitals are not really separable but
a strong coupling between them does take place.

As a compromise of flexibility and cost the 4-31G basis was
exclusively used for the calculations of the following sections.
We did, however, account for its consistent overestimate of the
ES contribution.

B. Geometry Changes for Linear Hydrogen Bonding. We
have examined, in some detail, the origin of the linear hydrogen
bonding geometry, i.e., the reason the experimental geometry
is as it is. We have carried out a series of calculations in which
a single geometrical parameter at a time is varied from its

experimental value, all other parameters remaining fixed at
the experimental values.

The O-O distance R dependence of the energy components
is shown in Table II. The flat curvature near the equilibrium
R is principally due to cancellation of ES and EX. In order to
correct for an exaggeration of ES in the 4-31G calculation, a
scaling was carried out by multiplying ES by 0.71, the ratio
of the H,O dipole moment u(exptl)/u(4-31G) = 1.85/2.60.
Scaled values of ES and AFE obtained using ESgcajeq With other
unscaled components are shown in Table II in italics. The
scaled AE has a minimum around 3.0-3.1 A, in agreement
with experiment (2.98 A).

We have performed the decomposition analysis of MO
energies, as described in the Appendix, at the experimental
geometry. The results are shown in Table Il and Figure 2. All
the MO energies of the proton donor (PD) increase, whereas
those of the acceptor (PA) decrease by about 20-30 kcal /mol
for occupied orbitals and more for vacant orbitals. These
changes are essentially determined by ES for most orbitals.
That is to say, the lowering of the PA’s MO energies occurs just
because its electrons feel the attractive electrostatic potential
of PD, and the increase of the PD’s MO energies takes place
simply by the repulsive electrostatic potential due to PA. For
occupied MO’s, CT makes a secondary contribution reen-
forcing the ES contribution. The strong PA — PD,CT inter-
action causes a mixing of PA’s occupied MO’s with the PD’s
vacant MO’s, resulting in the stabilization of the former and
a large destabilization of the latter. As was outlined in an
earlier paper,!2 the EX interaction consists of two parts. First
there is the contribution of exchange integrals (—=K;;) be-
tween the MO’s of the PA and the PD. Usually K;; > 0, and
hence this contribution is generally attractive. In addition there
is a contribution of the overlap between occupied MO’s of PA
and PD. The deformation of occupied MO’s to satisfy the Pauli
principle destabilizes the electrons, giving a repulsive energy
contribution. Usually the second term is larger than the first,
resulting in a net exchange repulsion in the total energy. For
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Figure 2. MO energy and total energy components in linear (H,0), at the
experimental geometry. The MO number and symmetry are for monomer.
The MO's belonging principally to the proton acceptor are given by solid
lines and those of the proton donor by broken lines. The two MO’s between
—0.5 and —0.55 hartree mix so strongly that assignments are rather
qualitative. The w(a”) MO's of the dimer are marked as such on the right
edge; all other MO’s are a(a’) MO’s.

orbital energies, such a simplified generalization is not nec-
essarily applicable. Both positive and negative EX are found
in Table III. For vacant orbitals, the overlap term becomes
attractive as well as the exchange integral term, making EX
a large attractive interaction.

Next, we examined the energy components as functions of
6 as defined in Figure 1a, the results being given in Table IV.
AF has a minimum around 35° (quadratic fit of values at 15,
45, and 60°).35 The ES, by itself, also has a maximum stabi-
lization around 35°. The CT stabilization and the EX repulsion
both increase monotonically with 8, while the largest PL con-
tribution for 8 = 0 occurs. the magnitude of change between
6 = 0 and 75° is rather comparable among the various com-
ponents: 0.9 for ES, 0.6 for EX, 0.3 for PL, and 0.9 kcal /mol
for CT. As is seen in Figure 2, the highest occupied MO of
H;0 is a 7w(by) orbital, which is perpendicular to the molecular
plane H,O,Hy, (Figure 1a). The overlap between this orbital
and the ¢ and o* orbitals of the proton donor H,O is largest
when 6 = 90°. Apparently, in determining the preferred angle
6 for CT and EX this = orbital plays a more important role than
the second highest occupied, n-type (a;) orbital, which is in the
plane of H,O,H, and hence would prefer that § = 0°. Since
the angular dependence of the attractions CT + PL is almost
completely cancelled by that of the repulsion, EX, the behavior
of AE appears to be controlled solely by ES, The angular de-
pendence of ES cannot be explained if each H,O is considered
to be a point dipole.

A fractional charge model has recently been proposed by
Noell and Morokuma for ab initio calculations of the electronic
structure of a molecule in solutions and crystals.3¢ This is
similar to the model used by Stillinger and Rahman for their
statistical studies of the structure of liquid water.? In this
model a solvent H>O molecule is represented by three frac-

Table IV. Energy Components in kcal/mol for Linear (H;0); as
Functions of 44

)

0° 15° 45° 60° 75°
AE =74 =117 -7.9 =17 =71
ES -8.7 -9.0 -9.2 —8.9 -8.3
EX 37 37 4.0 4.2 4.3
PL —0.6 -0.6 -0.5 -0.5 —0.4
CT -1.5 -1.6 -19 -2.1 -24
MIX —0.2 -0.2 -0.3 -0.3 —0.4

@ Other parameters from experiment: R =298 Aanda = vy =0
in Figure la.

Table V. The Azimuthal Angle « Dependence of Energy
Components in kcal/mol for Linear (H,0),

a

30° 90° 180°

AAE 0.2 1.4 23
AES 0.2 1.3 24
AEX 0.0 0.0 -0.0
APL -0.0 0.0 0.0
ACT 0.0 0.0 -0.0
AMIX -0.0 -0.0 -0.0

@ Other parameters from experiment: R = 2.98 A,6=60°andy
= 0in Figure 1a. The energy is the difference from « = 0.

tional point charges, +6 on each hydrogen atom and —26 on
the oxygen atom. The fractional charge model takes into ac-
count the quadrupole as well as the dipole moment of the H,O
molecule. In order to examine whether the angular dependence
of the interaction energy between two water molecules can be
reproduced by the purely classical electrostatical interaction
between these fractional charges, we have carried out a com-
plete geometry optimization for relative orientation of the H,O
molecules with a fixed monomer geometry and O-O distance.
Regardless of whether we use 6 = 0.332 or 0.466 which re-
produce the experimental and 4-31G calculated dipole mo-
ments, 1.85 and 2,60 D, respectively, the optimized geometry
is a “linear hydrogen bond” complex of Figure 1a with 8§ ~20°,
v ~ —5°,and & ~ 0°. This is the only minimum obtained in
this model; an optimization starting from bifurcated and cyclic
structures also converged to the above linear structure. Though
the optimized value of § ~ 20° is smaller than the value 8 ~ 35°
from the ES component of the 4-31G ab initio energy (Table
IV), otherwise the geometry predicted by the simple fractional
charge interaction is in good agreement with that predicted by
ab initio calculations and with experimental results.

The dependence of energy components on the azimuthal
angle « as defined in Figure 1a was examined and the results
are shown in Table V. & = 0 and 180° correspond to the trans
and cis configuration, respectively, for TO,OqHy: ES is the
component keeping the atoms O,H.OqH; from going out of
plane.

In order to examine the origin of linearity of the O,H.Oy
hydrogen bond axis, the proton donor H.O¢Hy is rotated
around the y axis with Oy at the center by v (Figure 1a). Re-
sults in Table VI indicate that v = +10° can be accomplished
without much loss of energy, because a reduction in ES and
CT stabilization is compensated by a decrease in EX repulsion.
For &« = —10°, a reduction in EX is not sufficient to balance
a loss in ES. The loss in ES for both cases is consistent with the
fractional change model discussed in a preceding paragraph.
The linear structure is most preferred due to a short distance
O,-H. attraction and the deviation v > O is favored over y <
0 because v > 0 reduces the Hy*%- and H.t9-H,*? repulsion.
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Table VI. The Effect of Nonlinearity of the Hydrogen Bond
Axis O- - -H-O on Energy Components in kcal/mol for Linear
(H,0),°

v

-10° 10°
AAE 0.5 0.1
AES 0.5 0.2
AEX —0.1 —-0.4
APL 0.1 -0.0
ACT 0.0 0.1
AMIX 0.0 0.1

@ v is the angle of deviation from the linearity of O- - -H-O as de-
fined in Figure 1a. Other parameters from experiment: R = 2.98 A,
# = 60°, and « = 0. The energy is the difference from y = 0.

Table VII. Energy Components in kcal/mol for Bifurcated (H,O);
as Functions of R = r(0-0)°

R,Ab

2.68 2.80 2.85 2.90 2.98 3.28

AE =57 —6.33 -—-641 —-644 -—-637 =55
Scaled¢ =29 =39 —41 —430 -443 —4.1
ES -98 —-83 -78 -74 =67 -5.0
Scaled¢ =70 =59 =56 =52 —-48 -3.6
EX 5.9 3.6 29 23 1.7 04
PL -04 -03 -03 -03 =03 —0.2
CT -12 -11 -10 -1.0 -10 -0.8
MIX -02 -0.1 -0.1 -0t -0. -0.0

2 Geometry specified in Figure 1b. ¢ A rational fraction fit gives
the energy minimum at R = 2.90 A. < All italic entries are with a
scaled ES which is 71% of ES calculated.

Table VIII. Energy Components in kcal/mol for Cyclic (H,0); as
Functions of R = r(0-0)2

R,Ab
2.68  2.80 2.85 2.90 2.98 3.28

AE -56 -6.1 -—6.12 —=6.10 -59 —-4.8

Scaled¢ =26 =37 —4.0 —4.13 —-422 =37
ES -103 -81 =74 —6.8 =59 -38

Scaled* =73 =58 =52 —4.08 -4 =27
EX 9.3 5.7 4.7 38 2.8 0.8
PL -0.5 -04 -03 -0.3 -0.2 -0.1
CT -35 =30 -28 -2.6 =23 -1.6
MIX -05 -04 -03 -0.3 =0.2 =0.1

a Geometry specified in Figure lc with ¢ = 40° and y = 50°. # A
rational fraction fit gives the energy minimum at R = 2.85 A. < All
italic entries are with a scaled ES which is 71% of ES calculated.
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The loss in CT for vy > 0 is due to a loss in the overlap between
the 7 orbital and the proton acceptor and the O4-Heo* orbital.
A decrease in EX is caused by a loss of contact between the
electron cloud of O, and the hydrogen bonding proton He. vy
> 0 is better than v < 0 for EX, because the former puts the
proton further away from the electron cloud of the proton ac-
ceptor molecule.

If one rotates the proton donor molecule H.OgHr around the
y axis with H. at the center, instead of Oq, a large destabili-
zation will result due mainly to a loss of ES and an increase in
EX repulsion caused by a decrease in the 0,04 distance.

C. Bifurcated and Cyclic Structures. Three plausible
structures of the water dimer (linear (Figure 1a), bifurcated
(Figure 1b), and cyclic (Figure 1¢)) have been compared by
Morokuma and Pedersen3® and by Kollman and Allen.3® The
linear structure has been found to be the most stable and is also
the only structure to be experimentally observed.?! In order
to shed light on the reason why this is the case, the energy de-
composition analysis has been carried out for bifurcated and
cyclic dimers. In the bifurcated structure (Figure 1b) the
proton donor H,O is assumed to be perpendicular to the ac-
ceptor H,O, maintaining the overall C,, symmetry. Energy
components, as well as the scaled ES (X0.71) and AE, as
functions of the O,-O4 distance R, are shown in Table VII.
The cyclic structure (Figure 1c) is assumed to have a center
of inversion and is specified by ¢ = 2040,Hy, = 20,04H,, ¢
= the rotation angle of H. around the O,H,, axis = the rotation
axis of Hraround the O4H. axis, and R = the O,- Q4 distance.
Kollman and Allen’s optimized values ¢ = 40° and y = 50°
are assumed. Energy components and the scaled ES and AE
as functions of R are shown in Table VIII. Potential curves for
both bifurcated and cyclic structures are flatter near the
equilibrium R, than is the surface for the linear structure
(Table V). This plateau in the surface is obviously due to the
almost complete cancellation in the R dependence of ES and
EX, whereas in the linear structure EX repulsion increases
more rapidly than ES as R decreases. In both bifurcated and
cyclic structures the major source of the EX repulsion should
be the contact of electron clouds between O, and Oy, while in
the linear structure it is between O, and He. An oxygen atom
has an electron cloud more widely spread out and therefore less
dense in the contact region, therefore giving rise to a “softer”
less steep repulsive wall than a hydrogen atom would.

Table IX compares the energy components at the calculated
R. as well as at R. obtained from the scaled AE between three
structures. The scaled R, values for various structures are less
accurately determined than the unscaled ones since fewer
points are available but appear to be almost identical within
+0.02 A. Regardless of whether one uses the 4-31G results or
the scaled results, one concludes that the principal reason why
the linear geometry is preferred is the ES contribution. Be-
tween the linear and bifurcated structure, CT as well as ES
favors the linear while EX prefers the bifurcated. As was dis-
cussed in section IIIB, a simple fractional charge model of ES

Table IX. Comparison of Energy Components in kcal/mol at the Calculated R, for Three Structures of (H,0),

4-31G 4-31G scaled?

Linear Bifurcated Cyclic Linear Bifurcated Cyclic
Re, A 2.88 2.90 2.85 ~2.98 ~2.98 ~2.98
AE -7.8 —-6.4 —6.1 =5.1 —-44 —4.2
ES -10.5 -74 -7.4 -6.3 —4.8 —4.2
EX 6.2 2.3 4.7 4.2 1.7 2.8
PL -0.6 -0.3 -0.3 -0.5 -0.3 -0.2
CT -24 -1.0 -2.8 =2.1 -1.0 =23
MIX -0.5 -0.1 -0.3 -0.3 -0.1 -0.2

@ Used AE scateq which employs ESqcalea = 71% of calculated ES.
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Table X. Energy Components in kcal/mol for Linear (HF), of R = r(F-F) and Its Basis Set Dependence

Linear,’ R, A

2.794 Cyclic,’ R, A

2.49 2.69 2.71¢ 2.79 3.09 (4-31G**) 2.88

AE —6.4 -=7.59 =7.60 —7.48 —=6.1 —-6.4 -=5.6
Scalede -39 —-5.88 —-5.94 -6.04 =5.1 —4.8
ES -12.6 -8.5 -8.2 =72 —-4.7 —-6.0 -39
Scalede -10.1 -6.8 -6.6 -5.7 =37 -3.1
EX 11.9 4.9 4.5 3.1 0.8 3.2 0.7
PL -0.8 -0.4 =04 =0.3 -0.2 -=0.5 —=0.1
CT —-4.3 =33 =32 =29 =20 =30 =22
MIX =0.5 =03 -=0.3 -=0.2 -=0.0 =0.1 =0.1

@ Other geometrical parameters from experiment: § = 60° and y = 0in Figure 3a. # ¢ = 54.5° after Kollman and Allen (Figure 3b). < Energy
minimum obtained from a rational fraction fit. ¢ This column only with the 4-31G** basis set. All others with the 4-31G set. ¢ All italic entries

are with a scaled ES which is 80% of ES calculated. See text.

é
Hy,
(a)
Hqy
F:’{R ¢/Fc
Hy™
(b)

Figure 3. Geometry of two forms of (HF),: (a) linear form, and (b) cyclic
form.

interaction yields a preference for a linear structure. The loss
of CT in the bifurcated structure is probably due to the loss of
overlap between the = and n orbitals of the proton acceptor and
the o* orbitals of the donor. The reason why EX prefers the
bifurcated has been given in the preceding paragraph. Com-
paring between the linear and cyclic structure, one finds that
ES favors the linear and EX favors the cyclic, while CT is very
similar for the two structures. The following argument can be
made. The overlap between the « and n orbitals of the proton
acceptor oxygen O, with the o* orbitals of the proton donor
for the cyclic structure is obviously less favored than for the
linear structure but is not as bad as the bifurcated structure.
One also must recognize that while the linear structure has one
hydrogen bond, the cyclic structure has two, in which each
molecule acts as a proton donor for one bond and as a proton
acceptor for the other. This head-tail-head-tail type cyclic
interaction should be a favorable situation for charge delo-
calization between molecules. Apparently a complicated bal-
ance of these factors keeps CT unchanged between the linear
and cyclic structure. Summarizing the comparison of struc-
tures in this section and a study of nonlinear deviation of a
linear structure in section I1IB, one may conclude that a hy-
drogen bonded complex tends to maintain a linear X- - -H-Y
hydrogen bond principally to achieve the maximum ES sta-
bilization which is the most important component of the hy-
drogen bond energy.

IV. Hydrogen Fluoride Dimer (HF),

The geometrical parameters for the “linear” hydrogen
bonded (HF); are defined in Figure 3a. The two fluorine atoms
F, and F, are on the z axis and the hydrogen atom Hy is on the
xz plane. The parameters are: R = r(F,-F.), 6 = 7 — £H,F,F,,
v = LH4F F,, and a = the azimuthal angle of Hy4F, around the
z axis with & = 0 placing the molecule H4F on the xz plane.

Experimental values are R = 2.79 A, 8 = 60°, and y =~ 0.40
A. Basis Set Dependence. Columns 5 and 7 of Table X show
the energy components of the hydrogen bond energy of (HF),
at the experimental geometry using the 4-31G and the 4-
31G** basis set. The difference between the two columns is
small except for ES, indicating that ES is overestimated by the
4-31G set, but other components are not sensitive to an im-
provement of the basis set. Since the experimental dipole
moment (1.83 D) of the HF monomer is 80% of the 4-31G
calculated dipole 2.28 D, a scale factor of 0.80 can be used, as
in (H,0); (section IITA), to calculate a “corrected” or scaled
ES from the 4-31G value. In the following discussions we
consider only the 4-31G and the scaled 4-31G values.

B. Geometry Changes for Linear Hydrogen Bonding. We
have performed a series of calculations in which geometrical
parameters for the linear structure are varied one by one from
the experimental values. The F-F distance R dependence of
energy components is also given in Table X. The 4-31G mini-
mum is R = 2.71 A, whereas the scaled AE gives R ~ 2,79 A
which is equal to the experimental value. When compared at
the experimental R, both the 6-31G** and 4-31G** calcula-
tions and the scaled 4-31G AE suggest that (HF), is probably
a slightly stronger complex than (H,0),. (HF); has a smaller
ES stabilization but a substantially smaller EX repulsion and
a larger CT stabilization. The smaller ES for (HF), than for
(H,0), may be understood by considering a local electron
distribution on the proton and the proton acceptor. For HF,
if the formal charge on H is +6, F has the charge —6. The ES
interaction between the proton and the proton acceptor at a
distance R will very approximately be —§2/R. For H,0, if the
formal charge on H is +6, O has the charge —26. The ap-
proximate ES interaction between H and O will be —262/R.
Though the proton charge 6 for HF is presumably larger than
that for H,O, the factor of 2 in the formal charge of the oxygen
will result in a larger ES contribution for the H,O dimer than
for the HF dimer. For instance, if one uses the 4-31G gross
populations 6(HF) = +0.48, 6(H,O) = +0.39, and R(H.-F)
= 1.87 A and R(H--0O) = 2.02 A, approximately ES(HF)
/ES(H~-O) ~ 0.8, i.e., (HF), will have a smaller ES.

CT is principally due to the 7—¢* interaction. The above
6 suggests that, compared with H>O, HF has less electrons on
the proton and therefore has a larger MO coefficient on the
proton for o* orbitals, which will contribute to a larger CT
interaction. Of course, other factors such as the R dependence
of CT can obscure the comparison, and this argument should
be considered as just a conjecture.

The 8 dependence of energy components is shown in Table
XI. ES is most stable at around 8 = 30°. The dipole-dipole
interaction would have preferred 8 = 0, hence an additional
effect must be considered. As 8 increases, CT stabilization
increases but both EX and PL destabilize the complex. A
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Table XI. Energy Components in kcal/mol for Linear (HF); as
Functions of #2
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Table XIII. Energy Decomposition Analysis for H;N-HF at
Various Separation in kcal/mol (C3, Approach)

8 R, A
30° 60° 90° 2.60 2.684 2.94 2.98 3.28
AAE -0.2 -0.1 2.2 AE —16.1 —-16.3 -148 —144  -—11.3
AES -0.2 0.1 28 ES -292 =256 —-166 —156  —10.3
AEX 0.2 0.6 0.8 EX 21.1 16.0 5.8 5.0 1.5
APL 0.1 0.2 0.3 PL -2.3 -2.0 -1.1 -1.0 -0.5
ACT -0.2 -0.8 -1.5 CT -5.1 —4.1 -2.5 -2.4 -1.8
AMIX -0.1 -0.2 -0.2 MIX -0.6 -0.7 -0.4 -0.4 -0.1

@ Other parameters from experiment: R = 2.79 A and v = 0 in
Figure 3a. The energy is the difference from 8 = 0.

Table XII. The Effect of Nonlinearity of the Hydrogen Bond Axis
F- - -H-F on Energy Components in kcal/mol for Linear (HF),“

v,deg 10 20 10 10

a,deg 0 0 90 180
AAE -0.3 0.1 0.3 0.9
AES -0.2 0.2 0.3 1.0
AEX -0.2 -0.8 -0.2 -0.2
APL -0.0 -0.0 0.0 0.1
ACT Q.2 0.6 0.1 0.0
AMIX 0.0 0.1 0.0 0.0

@ Geometrical parameters defined in Figure 3a. Other values are
from experiment: R = 2.79 A and 8 = 60°. The energy is the differ-
ence from y = 0.

delicate balance among all the components determines the
optimum 6. Obviously this is the reason why the value 4 is
rather sensitive to the basis set employed and it is therefore
difficult to obtain a reliable value. Though the angular de-
pendence of ES is similar to that of (H,0),, the fractional
charge model used for (H,0); cannot be used here, since the
fractional charge model in HF does not add anything to an
argument based on dipoles. A model which takes higher mul-
tipoles into account has to be considered. A tempting expla-
nation of this peculiar angular dependence of ES as well as that
of EX is based on the electron distribution on the fluorine atom
in a molecule.*! The F atom has two = electrons in each di-
rection but less than two ¢ electrons. Therefore the electron
distribution is more dense (more negative) in the direction of
the = orbitals than in the direction of the ¢ orbitals (the mo-
lecular axis). The proton thus prefers to approach the = side
of electron density to increase ES. A balance between the large
dipole-dipole interaction and this local effect would put the
optimal angle for ES somewhere between 0 and 90°. This may
also be interpreted as a balance between the dipole-dipole term
and the contributions of higher multipoles. From an EX point
of view, the proton would like to approach the least dense area,
i.e., 8 = 0, to avoid an overlap of electron clouds. CT’s main
contribution comes from the #—¢* interaction. The linear

—g @ (TR
H

forbidden allowed

approach forbids such an interaction as is illustrated below.
The perpendicular approach is the most desirable. This argu-
ment is similar to that presented for (H,0)s,.

We now examine the effect of the nonlinearity of the F,.«-F,
axis as defined by y = ZH4F.F, and the azimuthal angle « of
rotation of HyF. around the z axis (Figure 3a), where « = 0
corresponds to a trans and & = 180° to a cis structure. Table

2 Energy minimum obtained from a rational fraction fit.

XII summarizes the results. The geometry with a small v >
0 with o = 0 (trans) is more stable than the linear geometry.42
This stability is due to a gain in ES and a reduction in EX re-
pulsion, partially negated by a loss in CT, The monotonic de-
crease in CT stabilization and monotonic reduction on EX can
be easily understood in terms of the decreased overlap between
orbitals as Hq swings away from the proton acceptor molecule.
The variation of ES should be considered in conjunction with
a large decrease in ES stabilization as the proton moves from
the linear to a cis position (« = 180°). Apparently the proton
Hy is feeling the repulsion of a positive charge on H,*?. By
changing the deviation from cis through linear to trans one can
reduce this repulsion and still can take full advantage of the
attractive interaction with F,~% at v = 10° (cis). Beyond this
(v > 10°, cis), Hq begins losing the interaction with F, =% re-
sulting in a loss in ES.

C. Cyclic Dimer. Kollman and Allen*? and Diercksen and
Kraemer*4 optimized the geometry of a cyclic (HF), (Figure
3b) and found R = 2.88 and 2.85 A, respectively. Using
Kollman and Allen’s ¢ = 54.5° we have performed an energy
decomposition, results of which are shown in the last column
of Table X. For a comparable R = r(F-F), the cyclic dimer
is less stable than the linear dimer in principle due to the 40%
reduction in ES stabilization, which cannot be compensated
for even by a 30% reduction in the EX repulsion. The mis-
alignment of the dipoles on the cyclic dimer explains the ES
loss. For the same R the cyclic form should have much less EX
because the hydrogen bonding proton which is the major source
of EX is not very close to the electron cloud of the F.

V. Complex H;N-HF

H3N-HF has the strongest hydrogen bond one can form by
any combination of HF, H,O, NH3, and CH4. This strong
complex is another convenient system to study the origin of
stability because it requires only one geometrical parameter
R = r(N-F) to describe the most stable C3, structure with a
linear hydrogen bonding N- - -HF .45 Table XIII shows the
energy components as functions of R. At the calculated R, ~
2.68 A the complex is strongly ES supplemented by a sub-
stantial CT contribution. In order to analyze further the con-
tributions to CT, its subcomponents CTH,N—HF.o.
CTH3N—>HF.1r9 CTH3N<—HF.09 and CTH3N<—HF.7r are calculated
separately near R., as shown in Table XIV. The major portion
(~90%) of CT is due to H3N—HF,0, i.e., CT from the ¢ oc-
cupied orbitals of NHj to the vacant o* orbitals of HF, pre-
sumably from the highest occupied lone pair orbital to the
lowest vacant o* orbital. The small back donation from HF to
NH;is shared by o~>¢* CT and CT from the HF = to the NH;
x* hyperconjugation orbital. This can be compared with
(H,0),, where the 7 contribution was negligibly small (section
I1I).

Any deviation from the Cs, structure results in destabili-
zation of the complex. Table XV lists the results for four such
deformations with fixed (N- - -H), as defined in Figure 4.
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Table XIV. Further Decomposition of CT Energy in kcal/mol for
H3N-HF (C3,) at R = 2.67 A«

CT H;N — HF H;N <« HF Total
a —3.58 -0.34 -390
T 0.00 -0.21 =0.21
Total —-3.58 -0.55 —4.11

@ Small coupling terms between ¢ and = or between H;N — HF
and H3N < HF are not listed.

(a) Deviation of F from the C, Axis. A positive and negative
o = 7 — /NHF put an HNHF in the cis and trans position,
respectively. The destabilization is almost exclusively due to
an increase in EX repulsion, A similar conclusion was drawn
for the H3N-BH; electron donor-acceptor (EDA) complex
(Figure 4¢) with @ = 0 and b # 0, where EX was the principal
destabilizing contribution.'2 In both cases one can attribute
the EX increase to an increase in the overlap between the lone
pair orbital of NH3 and the electron cloud of the electron ac-
ceptor.

(b) Deviation of H of HF from the N-F Axis. § > 0 (<0) puts
an HNFH in a cis (trans) position.

(c and d). Tilting of the NH3, C3, Axis from the NHF Axis
by 8 or 8, Depending on the Direction of Deviation. For all cases
(b), (c),and (d), the principal origin of destabilization is a loss
in ES, partially compensated for by a decrease in EX. A similar
situation was found for H;N-BH; witha ¢ 0 and b = 0.'2
Also, a similar competition between ES and EX is observed for
v # 0in (H,O); (Table VI and Figure 1a) and (HF), (Table
X11 and Figure 3a). This trend may be interpreted as follows.
By misaligning the polarity of the electron donor with that of
the electron acceptor, one suffers a loss in ES, but a smaller
overlap between the donor lone pairs and /or 7 orbitals and the
electron cloud of the electron acceptor reduces EX. The bal-
ance for most of the cases mentioned is such that ES destabi-
lization is larger than the reduction in EX, making the “linear”
structure the more stable. An exception is for a small v > 0 for
(HF); where the EX reduction surpasses the ES destabiliza-
tion, resulting in a complex whose equilibrium geometry is
possibly slightly bent.

VI. Comparison between Hydrogen Bonded Complexes of
HF, Hzo, NH3, and CH4

Detailed studies of energy decomposition for (H;O),, (HF),,
and H3N-HF have been presented in the preceding sections.
Additional calculations were carried out for other linear hy-
drogen bonded complexes between HF, H,O, NH;, and CH,.
For all the complexes in which H>O was the proton acceptor
and HYH,, was the proton donor, the atom O, the bond HY,
and the bisector T of the H>O bond angle are all assumed to
be in the xz plane, as illustrated in Figure 1a. The nonhydrogen
bonded protons of HYH,, were assumed to be oriented in such
a manner as to minimize the proton-proton repulsion, as il-

H F
_EN ______ Hé__a (a)
HY
H
H
—SN---=- EF—\F (b)
»-L\_'l)‘
H
\>\' —————— H—F  (C)
H'_;/ Y
H
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SNN—e——- —
Hw‘""'N\! s~ HTF (d)
|
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HE-NT\[Q—bZ\— B‘\ (e)
H

Figure 4. Four forms of deviation of H;N-HF from the C3, approach.
r(N-- -H) is fixed at 1.753 A. (e) is for H;N-BH; where two deviation
angles from the Cs, approach are defined.

lustrated below. For each complex R = r(O-Y) and 6 = 7 —
£TOY are optimized. The R and 6 dependencies of energy

H H
A R /4

R R /
-0---—H—F —=0-----H—N -0-----H—C
" "l R

components are very similar to those of (H,O); given in Tables
Il and IV and will not be presented. For all the complexes in
which NH; was the proton acceptor, the atom N and the bond
HY were assumed to be collinear on the Cs, axis of NH3, with
the configuration of the nonhydrogen bonded protons of HYH,,
assumed to be antiperiplanar, as illustrated below. The ge-
ometry was optimized for R = r(N-Y). The R dependence of

H
H P H
N R Ny R 2
N H— O N —
ud n wd
H H
N Hy
7N------H—C\
H'
4 H

energy components is similar to that for H3N-HF and will not
be presented.

A. Comparison at Equilibrium Geometries. The energy
components at calculated energy minimum for each compound
are shown in Table XVI. The examination of the table reveals
the following general trends. All the hydrogen bonds are
strongly ES in nature, with a smaller but significant contri-
bution of CT. The complex is the strongest at the left bottom

Table XV. Relative Energy Components in kcal/mol for H;N-HF at r(N-H) = 1.753 A for Various Deformations from the Cs,

Approach¢

o 8 Y b

10° -10° -20° -30° 10° -10° 10° -10° -20° 10°

AAE 0.2 0.2 1.0 2.4 0.9 0.9 04 0.4 1.4 0.4
AES 0.0 0.0 0.1 0.2 1.3 1.3 0.5 0.5 2.1 0.5
AEX 0.2 0.2 0.9 2.2 -0.8 -0.8 -0.2 -0.2 -0.7 -0.2
APL 0.0 0.0 0.0 0.1 0.1 0.1 -0.0 -0.0 -0.1 -0.0
ACT 0.0 0.0 0.0 0.0 03 0.3 0.0 0.0 0.0 0.0
AMIX -0.0 -0.0 -0.1 =0.1 -0.0 -0.0 0.0 0.0 0.1 0.0

2 Energies relative to the C;, structure. Deviations defined in Figure 4.
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Table XVI. Comparison of Energy Components in kcal/mol between Various Linear Hydrogen Bonded Complexes

Proton Proton donor
acceptor HF H,0 H;N HF H,0 H;N H,C
R. A« 0. deg

HF 2.7t 60°

H,0 2.62 2.88 3.22 3.80 6¢ 607 60¢ 604

H;3N 2.68 2.93 3.30 4.02 0~ 04 04 04
AE CT

HF -7.6 =32

H,0 -134 -7.8 —4.1 =3.1 -2.4 -1.5 -0.9

H;N -16.3 -9.0 —4.1 —4.1 =24 -1.3 -0.7
ES PL

HF -8.2 -0.4

H,0 -18.9 -10.5 —4.6 -0.5 -1.6 -0.6 -0.3 -0.1

HiN -25.6 -14.0 -5.7 =0.6 =20 =11 -0.6 -0.3
EX MIX

HF 4,5 -03

H,0 10.5 6.2 2.5 0.5 -04 =0.5 -0.2 =0.0

H;N 16.0 9.0 3.6 0.5 -0.7 -0.4 -0.2 -0.0

“ R = r(X---Y) is optimized by a rational fraction or a parabolic fit in this paper. » Experimental value. ¢ Optimized by Kollman et al.

(ref 35) with the present basis set. ¢ Assumed. ¢ Optimized.

corner (H3N-HF) of the table and becomes progressively
weaker as one moves from there to the right or to the top of the
table. The equilibrium R depends sensitively on the proton
donor but is not highly dependent on the proton acceptor.2-33:4¢
The general trend of stability AE is controlled predominantly
by ES, partly compensated by the opposite trend of EX and
supplemented slightly by CT, PL, and MIX. This trend of ES
cannot be understood if the dipole moment of the monomer
(NH3;, 1.47 exptl (2.30 caled with the 4-31G set); H>O, 1.85
(2.60); HF, 1.83 (2.28) in D) is used as the measure of polarity.
A simple-minded picture which can qualitatively explain the
trend of ES in Table X VI is an interaction éxén/Ryx between
the net charge 6x on the proton acceptor atom X and the net
charge 84 on the hydrogen bonding proton.*” Therefore one
can conclude that the critical factor determining ES is not the
overall molecular polarity but rather the local polarity at the
hydrogen bonding region.

The net charge suggests that CH4 may be a better proton
acceptor than HF as far as ES is concerned. Unfortunately,
it is expected that EX repulsion would be extremely large be-
cause of the overcrowding in a five-coordinated structure.
Therefore, with an exception of H4C + H* in which EX re-
pulsion does not exist,'* CH4 would not function as a proton
acceptor or an electron donor.

The trend of other components can also be understood
qualitatively in terms of the net charge on the terminal atoms.
EX prefers a contact between less electron rich groups. The
preference for the proton acceptor, therefore, would decrease
in the order F > O > N, and for the proton donor HCH; >
HNH;,; > HOH > HF. For a given proton donor, as one
changes the proton acceptor H3N — H>O ~ HF, the EX re-
duction 1s so drastic that, although the ES stabilization is also
reduced, R becomes comparable for all three complexes.

Since CT does not depend much on the proton acceptor and
depends only weakly on the proton donor whereas ES shows
a large change, the relative weight of CT in AE differs sub-
stantially within the series. For instance, in the weakest hy-
drogen bonds HO-HCH 3 and H3N-HCH; CT is the largest
contribution, making them “very weak CT-ES complexes’.
On the other hand, even if one takes into account the 4-31G’s
overestimation of ES, H;N-HF should be called a “strong to
intermediate ES complex”. Other complexes distribute
themselves between the two limits.

For a complex between NH3 and H->O, two possible modes
of hydrogen bonding exist, H;N-HOH and H,O-HNH3, of
which the former is the more stable. Concordant with the above
interpretation of the current trend, this difference is mainly
due to ES, supplemented by CT and PL, and cancelled to a
large extent by EX.

The rotational barrier around the hydrogen bond axis has
been calculated for a few complexes. Table V shows for R =
2.98 A, 8 =60° and v = 0, the barrier of rotation of H, (Figure
1a) is 2.3 kcal/mol, which is exclusively due to ES. Similar
calculations for H;N-HOH at 2.98 A and H;N-HNH, at
3.28 A give no barrier to rotation, every component for the
staggered conformation being identical within 0.01 kcal /mol
to that for the eclipsed form. If the X- - -H-Y bond is replaced
by a true single bond X’-Y’, H,O-HOH looks like H,N-OH,
and H3N-HOH and -HNH- look like H;C-OH and -NH,,
respectively. The barrier for CH3;OH and CH;NH,; is small
(~2 kecal/mol) and is due to EX.** Since EX is a short-range
interaction, it would not contribute to the barriers of H;N-
HOH and -HNH,, which have a “long X---H-Y single
bond”. The barrier for NH,OH is large (the 4-31G value ~10
kcal/mol) and is principally due to ES, partially cancelled with
EX and PL % Since ES is a long-range interaction, it is rea-
sonable that a barrier for HO-HOH. a stretched version of
NH;O0H, should exist and be controlled by ES.

B. Comparison at a Fixed R. In Table XVI energy compo-
nents are compared at the equilibrium R for each compound.
For a series of complexes with a given proton acceptor, as one
travels a row of the table from the left to the right, the heavy
atom distance R = r(X- - -Y) increases as the complex be-
comes weaker and all individual components become smaller.
This comparison does not, therefore, tell why a weaker complex
for a given proton acceptor has a longer R. A better comparison
for this purpose would be at the same intermolecular separa-
tion. Intermolecular separation can be defined as either the
proton acceptor atom-proton distance r(X- - -H) or the dis-
tance between the heavy atoms r(X- - -Y). Another aspect is
the choice of the value of the distance at which a comparison
should be made. In order to reflect the importance of compo- .
nents in the stabilization, the distance should not be far away
from the equilibrium of all the components. We arbitrarily
chose r(X- --Y) = 2.98 A and r(X- - -H) = 2.024 A. The
energy components for linear complexes H;O-HYH,, and
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Table XVII. Relative Energy Components in kcal/mol for Various Linear Hydrogen Bonded Complexes at the Same Intermolecular

Separation®
Proton acceptor
H,O with proton donor H;3N with proton donor

HF H,O H;N H,C HF H,0 HiN H.C

r(X---H) =2024 A
AAE 0 39 7.7 12.8 0 5.9 11.3 17.3
AES 0 2.6 4.8 1.7 0 38 7.0 10.2
AEX 0 1.5 2.8 4.9 0 6 3.5 6.3
APL 0 0.3 0.3 0.4 0 0.1 0.2 0.2
ACT 0 -0.3 -0.1 0.0 0 0.4 0.4 0.2
AMIX 0 -0.2 -0.2 -0.2 0 0.0 0.2 0.5

r(X---Y)=298A
AAE (-11.2) 35 7.6 14.5 (—14.4) 5.5 11.3 19.5
AES (-10.9) 2.0 3.4 4.7 (~15.6) 28 48 5.6
AEX (2.3) 1.9 4.6 10.5 (5.0) 2.4 6.4 14.6
APL (=0.7) 0.0 0.0 0.0 (—1.0) 0.0 -0.0 -0.1
ACT (-1.7) —-0.4 -0.3 -0.7 (-2.4) 0.3 -0.0 -15
AMIX (=0.1) -0.2 -0.3 -0.2 (=0.4) 0.0 0.1 0.8

@ ~ used is the value in Table X V1. Energies are relative to (HF), and H;N-HF, respectively, for which actual energy components are given

in parentheses.

Table XVIIL Relative Energy and Its Components in kcal/mol for
H3;N-HOZ Where Z = H, CH;3, NH,, and F¢

Proton donor?

H,0 CH;OH NH,OH FOH

Optimized R,, A 2.93 2.90 2.83 2.72
AAE (=9.0) -0.2 -1.0 -8.2
AES (—14.0) -0.8 -3.0 -12.9
AEX (9.0) 1.3 3.7 9.1
APL (=1.1) -0.3 -0.4 -1.3
ACT (=2.4) -0.4 -1.0 =25
AMIX (—=0.4) -0.1 -0.3 -0.6
R,A 2.98 2.98 2.98 2.98

AAE (—8.9) -0.2 -0.7 —-6.7
AES (—12.8) 0.0 0.2 -46
AEX (1.5) 0.2 -0.3 -0.8
APL (-1.0) -0.2 -0.2 -0.4
ACT (=2.1) -0.2 -0.3 -0.7
AMIX (—0.4) -0.1 -0.2 -0.3

2 All energies are relative to H;N-HOH, except for H;N-HOH
where the actual values are shown in parentheses. ® Proton acceptor
= NH;.

H;N-HYH,, relative to HO-HF and H;N-HF, respectively,
are shown in Table XVII. The table indicates that for the fixed
r(X- - -Y), as the proton donor changes as HF — H,O — NH;
— CH,, the complex is destabilized mainly due to an increase
in the EX repulsion, supplemented by a decrease in the ES
attraction. The increase in EX repulsion with the change in the
proton donor HF — CH, can be understood as the result of an
increase in the electron cloud of the heavy atom Y and a de-
crease in the electron cloud of the proton as well as a decrease
in the r(X- - -H), since:r (H-Y) is largest for CH4 and the
smallest for HF. If r(X- - -H) is fixed, r(X- - -Y) would in-
crease as one scans the proton donor from the left to the right.
For the fixed r(X- - -H), EX is already partly relaxed com-
pared to the fixed r(X- - -Y), and the smaller stability is mainly
due to the smaller ES stabilization, supplemented by the larger
EX repulsion. It is not obvious whether one should compare
a series of complexes at R, or the fixed r(X- - -H) or the fixed
r(X- - -Y). One can say, however, that at the fixed r(X- - -Y)
a weaker complex feels much stronger EX repulsion than a
stronger complex. By making r(X---Y) larger, the weak
complex releases the EX repulsion accompanied by a loss in

ES. At the equilibrium geometry, the difference in the stability
between a weak and a strong complex for a given proton ac-
ceptor is determined principally by ES.

VIL Substituent Effects in Hydrogen Bonding

Extensive MO studies of substituent effects in hydrogen
bonding have been carried out by Del Bene on CH;HO-HOH,
H,0-HOR, H3;N-HOR, and H,CO-HOR where R = H,
CH3, NH,, OH, and F.#° We expect that energy decomposi-
tion analyses of hydrogen bonding complexes, coupled with
comparisons to other types of complexes (EDA complexes and
protonation complexes), should aid in determining the origin
of the hydrogen bond. The results of two series of calculations,
one on H3;N-HOZ, where Z = H, CH3, NH;, or F, and the
other on H3N- and CH3;H,;N-HOH will be presénted.

A. Substituent Effect on the Proton Donor HOZ in H3N-
HOZ. A series of complexes between the proton acceptor HiN
and proton donors HOZ where Z = H, CH3, NH;, and F was
examined. In order to ensure maximum stability, the complex
was assumed to have a collinear N-HO on the Cs; axis of
NH3, and the nonhydrogen bonded group was assumed to be
in the antiperiplanar position, as shown below. The experi-
mental OH distances were used (section II), which are all

H H
\,N--—---H—O\ NN H—0
w4 ‘c—n  wd \NiH
o l H
H
H
\_\2N ------ H—0_

H F

around 0.96-0.97 A. The energy components at the optimized
R = r(N-0) for each complex and at R = 2.98 A are shown
in Table XVIII. At the same N-O distance, the stability of the
complex as a function of the Z substituent increases in the
order H < CH3 < NH; < F. The origin of the stabilization is
not clear and uniform. Changes in CT, PL, and EX all seem
to make essential contributions for Z = CH; and NH5, and for
Z = F, the increase in ES stabilization is obviously the most
important source of the substituent effect. If one examines the
complexes at their equilibrium separations (larger for weaker
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Table XIX. A Comparison of Interaction Energy Components and
N-Methyl Substituent Effects between Various Complexes at
Equilibrium Geometry (kcal/mol)

Complex

H;3;N- H3;N-  H3N-  HiN-  H;3;N-

HOH CIFe  BH;® Hte Lit
R, A4 2.93 2.717 1.705 1.02 2.01
AE -9.0 —-82 —447 -2219 -508
ES -140 =112 =929 -99.8 —53.6
EX 9.0 74 86.9 0.0 11.8
PL -1.1 -1.1 =172 -27.4 —6.4
CT -24 -36 =271 —88.3 =27
MIX -0.4 0.2 5.6 —-6.5 0.0

Methyl Substituent Effect®

AAE 0.2 0.3 -0.8 -8.5 2.0
AES 0.3 0.3 -1.2 3.3 4.2
AEX 0.2 0.5 44 0.0 0.4
APL -0.1 0.0 -5.0 -12.8 -26
ACT -0.2 -0.6 -14 -3.4 -0.2
AMIX -0.1 -0.0 2.4 4.4 0.2

2 Reference 13. ® Reference 12. ¢ Reference 14. 4 The equilibrium
intermolecular separation. The distance between N and the closest
atom (Cl, B, H*), except in H;N-HOH, where R, is the N-O dis-
tance (r(N-H) = 1.974 A). ¢ The difference between the CH;H,N
complex and the H3N complex. A negative number indicates that the
CH:;H;N complex is more stable, and vice versa.

complexes and smaller for stronger complexes), an increase
in ES compensated largely by an increase in EX repulsion
appears to be the critical factor, though the role of PL and CT
is not negligible.

B. Substituent Effect on the Proton Acceptor NHj; in
H3;N-HOH. A single calculation has been performed for the
CH;3H;N-HOH complex at the calculated equilibrium ge-
ometry of H3N-HOH (section VI and Table XVI), i.e.,
r(N---0) =293 A and #(N- - -H) = 1.974 A with a collinear
N- - -H-O on the Cs, axis of NH;. The interaction energy
components and their differences between CH;H,N-HOH
and H3N-HOH are shown in the second column of Table
XIX. Also shown are the energy components and their methyl
substituent effects for the other complexes we have studied in
previous papers'2-14 in which H;N is the electron donor:
H3N-CIF (an intermediate EDA complex), H;N-BH; (a
strong EDA complex), H;N-H™ (a protonation complex), and
H3;N-Li* (lithium ion complex, which is to be discussed in
section VIII),

The overall substituent effect is small for H;N-HOH.
[AE(CH3H:N complex) — AE(H3N complex)]/AE(H3;N
complex) = AAE/AE(H3N complex) is only 2%. This case can
be compared with the other complexes where the calculated
substituent effect is large (H;N-CIF, H;N-H™*, and H3;N-
Li*, all 4%) or small (H;N-BH3, 2%). The small overall
substituent effect for H3N-HOH is due to a cancellation be-
tween (AES + AEX) > 0 and ACT < 0. Though the magni-
tude of the overall substituent effect is somewhat different, the
trend of the components of the substituent effect for H;N-
HOH is rather similar to that for H;N-CIF in that AES > 0,
AEX > 0,and ACT < 0 and all are similar in magnitude. In-
terestingly, both are complexes of intermediate strength with
a large intermolecular separation, though one is hydrogen
bonded and the other is nonhydrogen bonded. In the same
sense, the trend of component substituent effects for H3N-BH;;
is similar to that of H3N-H*, both series having a large APL
contribution. Both are strong complexes with a short inter-
molecular distance. A critical difference between the two
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Figure 5. Geometries of (LiF),, (LiH),. and (HF), compared in Table
XX.

complexes, as was discussed previously,!2 is that EX does not
exist in the protonated complex.

It is interesting to note that in all the complexes in Table
XIX, the component methyl substituent effect is AES > 0
(except in H3N-BH3), AEX > 0 (except in H3N-H* where
EX does not exist), APL < 0, and ACT < 0. Namely, the
methyl group on the N atom of NHj increases the PL and CT
stabilization, while it destabilizes the complex by reducing the
ES stabilization and increasing the EX repulsion. The diversity
of the overall substituent effect AAE is the result of different
cancellation between opposing components. More discussions
on the substituent effect will be given in section IX.

VIII. Comparison with Lithium Complexes

A. (LiF)3, (LiH)3, and (HF);. In order to shed light on the
question of whether the stability of hydrogen bonds is unique
and, if so, why, Kollman et al.’ paid attention to complexes
involving “Li bonding”. They carried out calculations for
complexes of HF, LiF, Li,, and LiH. The MO theory predicts
the correct, cyclic structure for (LiF); as well as the correct,
linear structure for (HF),. A comparison of the energy de-
composition analysis among linear and cyclic structures of
(LiF); and (HF); should be very informative as to the origin
of the different geometric preference of the two dimers. (LiH),
also serves as a guide of comparison.

The calculations for (LiF); and (LiH), were carried out at
the optimized linear and cyclic geometries of Baskin et al.,>%¢
as shown in Figure 5. One should note first that the cyclic form
of (LiF); and (LiH); both have a D,; symmetry, i.e., the in-
tramolecular and intermolecular Li-F(H) distances are
identical, whereas (HF); has a cyclic dimer of C,;, symmetry.
The energy decomposition for cyclic (LiF); and (LiH), was
carried out by using the stretched Li-F and Li-H, respectively,
as the reference monomer. Therefore, the energy DEF required
for stretching the monomers has to be taken into account if one
wants to compare a cyclic complex with a linear one. The re-
sults of the energy decomposition are shown in Table XX,
where the results for (HF); from Table X are also included.

A comparison of the linear form between (LiF), and (HF),
reveals that the former is a much stronger complex with most
(~81%) of the attractive components coming from ES, de-
serving to be called “‘a strong ES complex”. (HF) is a much
weaker complex with ES contributing ~68% and CT ~26%
of the attraction and is to be called “an intermediate ES-CT
or ES > CT complex”. The larger ES in (LiF); is partially due
to the larger polarity of the monomer (4-31G atomic popula-
tion and calculated dipole moment: Li*073-F~0.73 6 D, vs.
H+048_F-048 3 3 D) and partly to the smaller intermolecular
separation (#(Li- - -F) = 1.80 A vs. #(H- - -F) = 1.96 A). The
linear (LiH); is “a strong ES > PL,CT complex”. The polarity
is quite large (Lit?2’-H=%27, 6 D) and the intermolecular
separation r(Li- - -H) = 1.63 A is extremely small. It is noted
for this complex that even at this small separation EX repulsion
is not overwhelmingly large due to the small size of electron
clouds for both Li and H.

The cyclic (LiF); is apparently much more stable than the
linear form, because of an extremely favored ES supplemented
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Table XX. Comparison of Energy Components in kcal/mol for Lithium and Hydrogen Bonded Complexes

(LiF), (LiH)> (HF),
Linear Cyclic Linear Cyclic Linear Cyclic
Cop Dy Ad Cop D>y, Aa Coy Cap Aa
AE —44.7 -75.4 30.7 —24.8 —44.6 19.8 -7.6 -5.6 =20
DEF? 2X4.5 -9.1 2X1.6 =33
ES —44.5 -98.1 53.7 -33.8 =79.7 459 -8.2 -39 —-4.3
EX 10.6 40.2 —29.6 17.3 S51.7 -34.5 4.5 0.7 38
PL -0.3 —8.6 8.3 -11.4 —-13.0 1.7 -04 -0.5 0.1
CT —6.1 —14.6 8.5 -8.7 -55.0 46.2 -3.2 =30 -0.2
MIX —-44 =33 —1.1 11.9 48.1 —36.2 -0.3 -0.1 -0.2

@ The difference between the linear and the cyclic structure. ® The energy required to stretch the monomer to the bond length in the cyclic

dimer.

in a small portion by CT and PL. The gain in ES is so large
(~55 kecal/mol) that one can form a stable cyclic form by
overcoming the overcrowding of electrons (i.e., an increase in
EX repulsion by ~30 kcal/mol) and the energy loss required
to stretch two LiF molecules (~9 kcal/mol). A very similar
situation is also observed for the cyclic structure of (LiH),. The
fact that the energy loss is very small in stretching the bond to
a large separation (1.7-1.8 A) for both LiH and LiF favors the
cyclization process. On the other hand, for (HF); ES is not
large enough to accommodate the stretching of bonds neces-
sary in forming a D, complex. The fact the HF has a rather
short bond distance and requires a larger energy than LiF to
stretch to a comfortable distance (1.7-1.8 A) also disfavors the
cyclization.

Concluding the comparison, one may say (LiF), and (LiH):
are complexes which are very different from the hydrogen
bonded (HF),. The difference can be seen in the total inter-
action energy, components, and the preferred geometries.

B. Energy Components and Methyl Substituent Effects in
H;N-Li*. In section VIIB we examined the N-methyl sub-
stituent effects in the H3N-HOH hydrogen bonded complex
and compared the calculated energy components for various
intermolecular complexes in which NH3 and its methyl de-
rivatives serve as an electron donor.'2-'* The most profound
methyl substituent effect has been observed for the proton
affinity. The energy component analysis reveals that the pro-
tonated complex is a strong ES-CT > PL complex. The trend
of the methyl substituent effect (with successive methyl sub-
stitution the proton affinity increases, which is opposite to what
is expected from a simple electrostatic model) was attributed
to the polarization effect (Table XIX).

For a better understanding of the proton affinity and the
difference in behavior between H* and Li+, we were interested
in comparing the energy components and the origin of methyl
substituent effects between the proton affinity and the lithium
ion affinity. Calculations were carried out for H3N-Li* (C3,)
as a function of r(N-Li*). A parabolic fit for AE = —48.1,
—50.8, and —45.8 kcal/mol at 1.8, 2.0, and 2.3 A gave the
optimized R = r(N-Li*) = 2.01 A. The energy components
for H3N-Li+* and for the methyl substituent effect, the dif-
ference between CH3;H,N-Li*, and H3N-Li*, are shown in
the last column of Table XIX.

H3N-Li*, which has an optimum R, = 2.01 A, is a strong
complex, but only one fourth as strong as H3N-H* where R.
= r.(N-H*) = 1.02 A. The analysis indicates that the exis-
tence of the EX repulsion keeps Li* further away from NH;
than H* in which EX does not exist. Since r.(N-Li*) is twice
as large as r.(N-H™), in the Li* complex only the long-range
interaction ES contributes significantly to the attraction. It
is “a strong ES complex”. The predicted /V-methyl substituent
effect (the methyl group reduces the lithium ion affinity) is
opposite to what is predicted and observed for the proton af-

finity. The origin of this trend and difference with the proton
affinity can be clearly understood by the component analysis.
For the H* complex, PL was the controlling term. Methyl
groups made ammonia more polarizable, i.e., they increase the
H*-induced multipole interaction. For the Li* complex, the
role of the short-range PL in the methyl substituent effect is
less important, because the intermolecular separation is twice
as large as for the H* complex. The long-range ES, which was
the largest contributor to the proton affinity itself, is also the
commanding component for the methyl substituent effect.
Obviously the difference in the EX repulsion between Li* and
H* makes a large difference in the intermolecular separation
and the nature of the binding.

IX. Discussions and Conclusions

In this last section of the paper we summarize the results of
the present paper and our previous papers and present con-
cluding discussions on five questions concerning the origin of
hydrogen bonding.

A. What Are the Essential Energy Components in Hydrogen
Bonding? Results rendering the answer to this question have
been presented in sections III, IV, and V for individual systems,
(H,0),, (HF),, and H;N-HF, respectively. We also presented
results in section VI for a series of dimeric complexes between
HF, H,O, NH3, and CHg.

The energy components are strongly distance dependent.
At a relatively small separation, ES, CT, and PL can all be
important attractive components, competing against a large
EX repulsion. At longer distances for the same complex the
short-range attractions CT and PL are usually unimportant
and ES is the only important attraction. In answering the above
question, we restrict ourselves to the equilibrium geometry,
because this is the only geometry experiments can probe.

It is also noted that the importance of an individual com-
ponent depends on the kind of hydrogen bonding being con-
sidered. In ionic hydrogen bonds, the intermolecular separation
is small and the hydrogen bond energy is extremely large. The
example of the H;N-H* complex has been shown in Table
XIX. The H;O-H* complex has the following components:
AE = —182,ES=—-79,PL = —29,CT = =71, and MIX =
—3 kcal/mol. These protonation complexes are very strong
ES-CT complexes, The [FHP] ~ complex, which we have ex-
amined previously,! has the following interaction energy
components: path A, AE = —48, ES = —85, EX = 78, PL =
—6,CT = =26, MIX = =9, AE, = —15 kcal/mol; path B, AE
= —84, ES = —91,EX = 65,PL = =7,CT = =35, MIX =
—16, AE, = 22 kcal/mol. In path A HF at its equilibrium
geometry forms a complex with F~ to gain the stabilization AE
and then relaxes its #(HF) to the most stable complex geometry
gaining an extra stabilization AE,. In path B, HF is at first
stretched to the r.(H- - -F) of the complex (hence AE, > 0),
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then the complex is formed. In either case, this complex is a
very strong ES > CT complex.

What we are more concerned with here is not such strong
ionic complexes but “normal” hydrogen bonded complexes in
which the proton acceptor atom is a neutral electronegative
atom such as N, O, and F, and the proton donor group is a
neutral polar bond such as F-H, O-H, and N-H. The C-H
bond may also be included. As was discussed in section VIA
and Table XVI, all these hydrogen bonds are strongly ES in
nature, with a small but significant contribution of CT. This
statement seems to apply not only to the total interaction en-
ergy but also to the individual MO energies in the complex
(Table III). The strength of proton donors decreases in the
order F-H > O-H > N-H > C-H, and the strength of proton
acceptors decreases in the order N > O > F. Since CT does not
change its magnitude from complex to complex as much as ES,
the relative importance of CT varies substantially. The
N- - -H-F bond is the strongest and is essentially ES in nature,
the contribution of CT not being essential for binding. The
X- - -H-C complex is a CT-ES complex, both components
making an essential contribution to this very weak binding,
Other complexes of the above proton donors and acceptors
distribute themselves somewhere between the two extremes.
Qualitatively ES appears to be mainly controlled by the local
interaction between the net charges on the proton acceptor
atom X and the net charge on the hydrogen bonding proton H
or the dipole moment on the bond H-Y. CT will be discussed
separately in the next subsection, PL is always the smallest
attractive component and is not essential for binding; however,
it does play an important role in some substituent effects on
the interaction energy (question D) and in the charge redis-
tribution (question B).

B. What Is the Role of Charge Transfer and What Deter-
mines the Electron Redistribution? As was discussed above, CT
is usually the second largest attraction in hydrogen bonding.
It plays a relatively minor role in a strong, more ES hydrogen
bond such as N- - -H-F but is essential for stabilization of
weaker hydrogen bonds. The principal CT contribution comes
from the proton acceptor — proton donor charge transfer
through the o-type interaction (Tables I and XIV). Neither
the proton donor — proton acceptor back-donation nor the
charge transfer through w-type interaction is usually very
significant (<15%). This is in a rather marked contrast with
the strong back-donation found in the EDA complex OC-BH3,
where about one-third of CT stabilization comes from the OC
< BH;3 7 back-donation.

The charge redistribution decomposition in hydrogen
bonding has been discussed in previous papers; i.e., (H>0),,
H,CO-HOH, and C;H,CO-HOH in Figures 2, 3,and 7, re-
spectively, of ref 9 and for CIF-HF in Figure 4 of ref 13. There
are also results for H;N-H* in Figure 2 of ref 14. One should
also refer to the charge decomposition analysis for varieties of
EDA complexes in ref 13. An examination of these figures
reveals general features of charge redistribution in “normal”
hydrogen bonding. (a) The electron density on and in the vi-
cinity of the hydrogen bonding proton decreases due to EX and
PL. (b) The electron density buildup on the proton acceptor
side of the X- - -H interaction region is principally due to CT
and PL. (c) The charge redistribution in the noninteracting
part of the proton donor and the proton acceptor follows a
typical bond charge alternation pattern

+8' =4

R, R,

+6 -4 +6 =6 467 =4 /+6” -6”

X---H Y R1 RQ’

which is dictated by PL. (d) PL is the largest contributor to
the charge redistribution, despite the fact that PL is the
smallest attractive energy component. (e) Because of (d), in
many hydrogen bonded complexes the total density difference
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plot Ap(r) looks qualitatively similar to the PL density plot
ppL(r).

C. What Are Factors Determining the Geometrical Param-
eters of Hydrogen Bonded Complexes? By the geometrical
parameters we mean in particular the intermolecular distance
r(X---Y) or r(X- - -H), the hydrogen bond directionality, and
the linearity of the X- - -H-Y hydrogen bond.

(i) The Hydrogen Bond Distance. The intermolecular dis-
tance is of course determined by the balance between the sum
of the attractive force components o(ES + CT + PL +
MIX)/dR and the repulsive force 9EX/dR. The magnitude
of the distance dependence of energy components plays the
essential role.'2:3! For protonation complexes, EX does not
exist; at the shorter distance the proton-proton acceptor nu-
clear repulsion included in ES dominates this component and
OES/0R balances with 9(CT + PL + MIX)/oR. dES/0R
becomes repulsive only when the proton penetrates through
the electron cloud of X to have an unscreened interaction with
the X nucleus. Because of this and the strong ion-polar mol-
ecule ES attraction, R. is very small. The strong ES attraction
makes R. small also in other ionic hydrogen bonded-com-
plexes.

Turning to the “normal” hydrogen bond, one noticed in
Table X VI that the equilibrium r(X- - -Y) depends sensitively
on the proton donor but is not strongly dependent on the proton
donor.2-33:46 From the analysis in section VI, one can say that
for a given proton donor. as the proton acceptor X changes N
~> O ~> F. the reduction in EX is so drastic that. although the
ES stabilization is also reduced. R becomes comparable for
all three complexes.

For a given proton acceptor, as the proton donor changes FH
~> OH — NH — CH, the complex becomes weaker and
re(X- - -Y) increases. The differences in the energy compo-
nents between these complexes are the direct consequence of
differences in r.(X- - -Y). A better comparison in search of the
difference in r.(X- - -Y) is to compare the complexes at a fixed
r(X---Y), as was actually shown in Table XVII. At a fixed
r(X- - -Y) for a given proton-acceptor X, the weaker complex
(e.g., the proton donor HY = HC) feels a much larger EX
repulsion than the stronger complex (e.g., HY = HF) prob-
ably due to a larger electron density on the proton. By making
r(X- - -Y) longer, the weaker complex relaxes the EX re-
pulsion at the expense of a smaller loss in ES.

(ii) The hydrogen bond directionality, by which we mean the
direction of approach the proton donor Y-H to X in relation
to the bond(s) X has. For (H>O), 8 ~ 35° is found (Table IV,
section IIIB), where 8 is the angle between the hydrogen bond
axis O- - -H-O and the bisector T of the proton acceptor HOH
angle (Figure 1a). For (HF),, the calculated minimum is 8 ~
30° (Table XI, section IIIB) where 6 is the angle between the
hydrogen bond axes F- - -H-F and the proton acceptor HF
(Figure 2a). For H;N-HF any tilting (v and é in Figures 4c
and 4d) of the NHj3 C5, axis from the N- - -N-F axis desta-
bilizes the complex (Table XV, section V).

In the three cases studied in detalil, the minimum in the total
interaction energy is depicted almost exactly by ES. Yet for
both (H,0); and (HF),, ES is not the component which shows
the largest angular dependence. The large increase in CT
stabilization as 6 increases cancels almost completely with the
destabilization due to EX and PL. Any failure of complete
cancellation could shift the minimum from the one predicted
by ES, but this has not happened. For H;N-HF, tilting de-
creases the EX repulsion, but a large decrease in ES prevents
it from occurring.

The dipole-dipole model fails to reproduce the geometry
predicted by ES. Higher order multipoles have to be taken into
account, if the expansion is used. Instead, we have shown in
section IIIB that a simple fractional charge model for H,O (46
on H and —26 on O) can qualitatively reproduce the geometry
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of (H20),. For HF, the nonspherical charge distribution
around the fluorine atom has been used in section IVB to
qualitatively explain the 6 dependence for (HF),, In earlier
studies® on H;CO-HOH and (H,0); we have proposed that
the directionality is dictated by the direction of the “lone pair”
electrons on the proton acceptor. The fact that the fractional
point charge model can explain the geometry and the lack of
energy minimum in CT angular dependence near the AE
minimum suggests that such an interpretation is too naive.

(iii) The linearity of the hydrogen bond, which refers to the
fact that the hydrogen bond X- - -H-Y is collinear or nearly
so in most cases. The general preference of linear hydrogen
bonding and possible slight deviations from it seem to be
controlled mainly by changes in ES and EX. A deviation of
proton from the hydrogen bond axis with a fixed r(X- - -Y)
reduces the EX repulsion. For a small y¥ > 0 (Figure 3a) in
(HF),, this reduction combined with a loss in CT and a gain
in ES puts the hydrogen bond slightly nonlinear, as is seen in
Table XII. For a small v > 0 (Figure 1a) in (H,0),, a reduc-
tion in the EX repulsion is almost completely cancelled by a
decrease in ES and CT, making the potential very flat, and for
v <0, ES actually destabilizes the complex. For H3N-HF, the
ES reduction is larger than the EX reduction, forcing the bond
to remain linear. A deviation of the atom Y from the hydrogen
bond axis with a fixed »(X- - -H) is not favored because it ac-
companies an increase in the EX repulsion, as was discussed
for (H,0), in section I1IB and for (HF), in Table XV for «
0.

The cyclic and bifurcated structures are less favorable than
the linear hydrogen bond structure because of a reduction in
ES. As was discussed in Table IX for (H>0), and in Table X
for (HF),, a substantial (25-40%) loss in the ES stabilization
cannot be compensated by an even more substantial (30-60%)
reduction in the EX repulsion.

D. Substituent Effects in Hydrogen Bonding and Comparison
with Those in Proton Affinity and EDA Interaction. Substituent
effects in hydrogen bonding have been examined in section VII
and compared with the effects in other intermolecular inter-
actions such as proton affinity, lithium ion affinity, and EDA
interaction. A general conclusion is that the sign and relative
magnitude [AE substituied — AEunsubstituled]/AEsubSlituted Ofthe
overall substitution effects as well as the sign, magnitude, and
importance of individual energy components depend not only
on the reactants but also on the process involved. A clear ex-
ample presented in Table XIX and discussed in detail in section
VIIB for varieties of complexes in which NH3; and NH,CH;
are the electron donors indicates that the sign could be minus
(CH3 stabilizes the complex) or plus, the magnitude could be
2 to 4%, and the controlling components could be either PL
alone or PL and ES or PL and EX or CT and EX + ES. Re-
sults for these complexes can be summarized as shown below
in the following format: the complex; the interaction energy
AE of the unsubstituted complex in kcal/mol; its origin(s); the
sign and relative magnitude of N-methyl substituent effect;
its origins in the decreasing order of importance and their
signs.

RH,>N-H*; —220; ES-CT > PL; —4%; APL <0
RH,;N-Li*; —50; ES; +4%; AES > 0, APL <0
RH,;N-BH3; —45; ES > CT; —2%; APL < 0, AEX >0

RH;N-CIF; —8; ES > CT; +4%;

ACT <0,AEX >0,AES >0
RH,;N-HOH; —9; ES; +2%,

AES >0, AEX > 0,ACT <0

Despite the varieties of the controlling components above, the
signs of the individual components seem to be universal, with

a few exceptions, to all the complexes: AES > 0, AEX > 0,
APL <0, and ACT < 0.

The proton acceptor methyl substituent effect for H3N-
HOH above can be compared with the proton donor substit-
uent effect:

H3;N-HOR; —9; ES; —2%; AEX > 0, ACT <0, APL <0

Though the overall substituent effects in the two cases are of
opposite sign and the predominant components are partially
different, individual components have the same sign in both
donor and acceptor effects.

E. What Makes Hydrogen Bonding Unique? A better
question to begin with may be: “Is hydrogen bonding unique?”
An approach to this question is to examine energy components
between hydrogen bonded and nonhydrogen bonded forms of
the same complex. This has been been performed for CIF-HF
and FCI-HF at their calculated equilibrium geometries.!3

CIF-HF: AE = —4.7,ES = —4.8, EX = 2.9,
PL = —0.7,CT = =2.1, MIX = 0.0 kcal/mol

FCI-FH: AE = —34,ES = -3.6, EX = 1.8,
PL = —-0.2,CT = —1.4, MIX = 0.1 kcal/mol

or with the 4-31G** basis set at the 4-31G optimized geome-
tries;
CIF-HF: AE = =2.5,ES = =2.7, EX = 3.0,

PL = —0.8, CT = —2.3, MIX = 0.2 kcal/mol

FCI-FH: AE = =3.2,ES=-30,EX = 1.7,
PL =0.2,CT = —1.9, MIX = 0.1 kcal/mol

Surprisingly the energy components are rather similar between
the two forms! Trying to be discriminatory, one finds that the
role of ES is more important in CIF-HF than in FCI-HF and
that the largest difference in the energy component in the 4-
31G** set comes from EX. Since r(F- - -F) = 2.78 A and
re(Cl- - -F) = 2.73 A are comparable, one may be tempted to
say that the proton in the hydrogen bonded complex is unique
in that it is buried deep in the interaction region. To examine
whether this is a common trend, we compare various “normal”
hydrogen bonds in Table XVI with some EDA complexes we
have studied.!?

H;N-BH;: R, = 1.70 A, AE = —44, ES = —93, EX = 87,
PL =—17,CT = —2.7, MIX = 6 kcal/mol

H3N-CIF: R, =272A AE=-8,ES=—11,EX =7
PL = —1,CT = —4, MIX = 0 kcal /mol

H;N-CIF, which has AE comparable with (HF),, has a larger
EX than the latter. No clear picture emerges from this kind
of comparison, We also found in section VIIB that the trend
of individual components of the N-methyl substituent effect
for the hydrogen bonded complex H3;N-HOH is very similar
to the nonhydrogen bonded complex H3N-CIF.

A clue to the uniqueness comes from a comparison of energy
components between hydrogen bonded complex (HF), and
lithium bonded complexes (LiF)2 and (LiH),. As was dis-
cussed in detail in Table XX and section VIII, the two kinds
of complexes are very different in nature, i.e., in the total in-
teraction energy, its components, and preferred geometries.
Discussions in section VIII suggest that the uniqueness of
“normal” hydrogen bonding lies in the basic fact that it always
involves a moderately polar, short, and strong H-Y bond as
the proton donor. Because the polarity is moderate, the ES
attraction is not so strong. The EX repulsion enhanced by the
short H-Y bond prevents the hydrogen bonding proton from
approaching closely to the proton acceptor. Since the H-Y
bond is rather strong, stretching it to obtain more degrees of
freedom for stronger bonding costs too much energy to be re-
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covered. Because of these serious restrictions, the “normal”
hydrogen bond is always an intermediate to weak interaction
with linear bonding and appropriate directionality.

In EDA complexes, there is no intervening proton, and a
strong electron acceptor and a donor can come to a close con-
tact as in OC-BH; and H3;N-BH3. In lithium bonding, one
can stretch the monomer bond length without loss of much
energy to allow more flexibility in bonding, allowing such
structures as the Dy cyclic complex. The above uniqueness
of “normal” hydrogen bonding does not apply to “strong”
hydrogen bonding involving cations and anions. Here the ionic
environment gives rise to a large ES, which in turn allows more
flexibility in monomer geometry changes and in the distance
of approach. The situation in strong hydrogen bonds is there-
fore similar to strong EDA complexes and lithium bonds.
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Appendix
In the method of Kitaura-Morokuma,5!2 the Hartree-Fock
F and the overlap S matrix are constructed based on the mo-

lecular orbitals ¢;2° and ¢,5° of isolated molecules, A and
B.

D(E)=F—SE =0 (A-1)

The matrix D is blocked for occupied MO’s of A (Aocc), vacant
MO’s of A (Avac), occupied MO’s of B (Bocc), and vacant
MO’s of B (Byac). If one carries out an SCF iterative calcula-
tion retaining only the diagonal blocks and the blocks con-
necting Agcc and Byae (Agce = Buac) and Boee = Avac, as il-

oﬁc vgc OEC VEC oﬁc VAQCO?:C V?JC OACC ﬁocoBcc V%C :&r @-Fr fcfr: ;%1(;
s | 17 2. | U
ned 20 | | 7 | | |7 ]
Bocd A | N
v/ | 7 | V)l
a b o d
Eq=Eqs ESX Eg:EGESX Ey+ ESX E,* ESX
+CT +CTep * CTyer®

lustrated in a, and putting all the other blocks to zero, one
obtains the energy E¢ = Eq + ESX + CT which includes the
energy of the monomer (Ey), the electrostatic interaction with
the intermolecular exchange integral contribution (ESX), and
the charge transfer interaction (CT). If only the diagonal
blocks are retained, as in b, the energy Es = Eo + ESX is ob-
tained. The difference E¢ — Es gives the CT energy. If one
includes the diagonal blocks and Ao — Byac block, as in ¢, one
obtains Eg + ESX + CTa_., where CTa_ g is the energy due
to the A—B charge transfer. Extending the method further,
if one includes the matrix elements of D(E) connecting the
occupied # MO’s of A and the vacant  MO’s of B (including
those connecting internally the occupied # MO’s of A and those
connecting internally the vacant # MO’s of B) only, as well as
the diagonal elements as illustrated in d, one obtains an energy
Eo + ESX + CT,, where CT, is the charge transfer energy
through = orbitals. Similarly, CT, can be calculated. Pushing
the method still further, if one chooses one particular occupied
orbital, say MO, of A, and includes only the matrix elements
connecting this MO to the vacant MO’s of B (including those
connecting vacant MO’s of B internally) as well as all the di-
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agonal elements in the SCF calculation, one can culculate
CTa;—8, the charge transfer energy from the MO, of A to B.
This extension is now so flexible that one can examine any
given orbital interaction. One need only to group orbitals which
are to be allowed to mutually interact and include all the ma-
trix elements within each group in addition to the diagonal
elements in each SCF cycle. The final energy contains the
desired interaction plus Eg + ESX (or ES, if one uses an in-
tegral tape neglecting all the intermolecular differential
overlap!2).

Extra care must be taken for calculation of components of
orbital energies. For instance, to calculate the total energy
component ES one can either use only the diagonal elements

A A BB A ABB
0CC VaCOCC VAC  OCC VaC OCC vac

A occ
A vac
B occ
B vac
e f
Eo+ES E,+ ES
frozenMO internally

consistent MO

of the Hartree-Fock matrix, as illustrated in e, or the diagonal
blocks only, as in f, with the integrals neglecting the intermo-
lecular differential overlap. The two schemes, however, give
different orbital energies. The scheme e corresponds to “frozen
MO’s”, that is, the MO’s are the same as the MO’s of the
1solatcd molecules and their energies reflect the electrostatic
potential due to the complexing partner. Scheme f allows the
occupied MO’s to mix with each other within each monomer
and diagonalizes the model Hartree-Fock matrix which re-
flects the electrostatic potential of the partner. The resultant
MO’s, therefore, should be called the “internally consistent
MO’s”. This mixing should not be considered as polarization,
since it allows mixing only within occupied orbitals of monomer
but not between occupied and vacant orbitals and since these
MO’s give the same total energy as the frozen MO’s do. To be
concordant with other components which are determined
self-consistently, we use the internally consistent MO energies
for E;° + E; gs. Actually, the difference between the two ES
MO energy components is negligible for (H>O), as studied in
the present paper. Similar caution is required for evaluation
of the EX component. The total energy component EX does
not depend on the manner in which occupied MQ’s are
orthogonalized, whereas the MO component E; gx does. The
diagonalization of the Kitaura-Morokuma model operator
including Agcc>Bocc and Ayac<>B,ac blocks as well as the di-
agonal blocks gives the “internally consistent” E; gx, which
is unique. We adopt this E; gx for the analysis. In addition, MO
energy components suffer from further complications. When
mixing of MO’s is very strong, it becomes impossible to assign
a particular orbital to an MO of the isolated molecules. An
example is MO 11 and 12 of (H;0); as discussed in section
ITIB. In such a case the orbital component analysis loses much
of its physical significance.
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