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The geometric isotope effect (GIE) of sp- (acetylene-water), sp2- (ethylene-water), and sp3- (methane-
water) hybridized intermolecular C-H‚‚‚O and C-D‚‚‚O hydrogen bonds has been analyzed at the HF/6-
31++G** level by using the multicomponent molecular orbital method, which directly takes account of the
quantum effect of proton/deuteron. In the acetylene-water case, the elongation of C-H length due to the
formation of the hydrogen bond is found to be greater than that of C-D. In contrast to sp-type, the contraction
of C-H length in methane-water is smaller than that of C-D. After the formation of hydrogen bonds, the
C-H length itself in all complexes is longer than C-D and the H‚‚‚O distance is shorter than D‚‚‚O, similar
to the GIE of conventional hydrogen bonds. Furthermore, the exponent (R) value is decreased with the formation
of the hydrogen bond, which indicates the stabilization of intermolecular C-H‚‚‚O hydrogen bonds as well
as conventional hydrogen bonds. In addition, the geometric difference induced by the H/D isotope effect of
the intramolecular C-H‚‚‚O hydrogen bond shows the same tendency as that of intermolecular C-H‚‚‚O.
Our study clearly demonstrates that C-H‚‚‚O hydrogen bonds can be categorized as typical hydrogen bonds
from the viewpoint of GIE, irrespective of the hybridizing state of carbon and inter- or intramolecular hydrogen
bond.

1. Introduction

Recently, the C-H‚‚‚O hydrogen bond has received a lot of
attention experimentally and theoretically. Although the interac-
tion of C-H‚‚‚O is weaker than that of typical hydrogen bonds
(e.g., O-H‚‚‚O and N-H‚‚‚O), C-H‚‚‚O hydrogen bonds play
an important role in the molecular recognition process,1 biologi-
cal macromolecules,2,3 determination of molecular structure and
conformation,4-9 and so on.

It is well-known that the bond distance of C-H, in which
the proton donor is sp-hybridized, elongates with the formation
of the C-H‚‚‚O hydrogen bond like the typical O-H‚‚‚O and
N-H‚‚‚O type. On the other hand, in a subset of C-H‚‚‚O
hydrogen bonds in which the proton donor is sp3-hybridized
the hydrogen-bonded C-H contracts due to the interaction with
a proton acceptor.10-12 Since uncharacteristic bond shortening
leads the C-H stretching vibration toward a higher frequency,
this type of hydrogen bond is called a “blue-shifting hydrogen
bond”. This C-H contraction was first reported by Yoshida et
al.,13 and it sharply contrasts with the X-H (X ) O and N)
elongation in typical hydrogen bonds.14,15The hybridizing state
of carbon and the substituent effect are considered as two factors
contributing to these C-H changes.16,17

Many theoretical reports were published to explore the origin
of this C-H contraction in C-H‚‚‚O.18-23 Hobza and Havlas24,25

concluded that the origin of the blue-shifting hydrogen bond
could be explained by charge transfer using natural bond orbital
analysis. In the blue-shifting hydrogen bond, the charge transfer
from the lone pairs of the proton acceptor atom is mainly
directed to the antibonding orbitals in the remote part of the
proton donor molecule, while in conventional X-H‚‚‚O hy-
drogen bonds, it is mainly directed to the X-H antibonding
orbitals of the proton donor molecule. This charge transfer
induces the elongation of the covalent bond in the remote atom,
structural reorganization, and C-H contraction accordingly.
Thus, Hobza and Havlas suggested that blue-shifting hydrogen
bonds differ from typical hydrogen bonds. They called the blue-
shifting hydrogen bond the “improper hydrogen bond”. In
contrast, Scheiner and Kar26 found that the C-H‚‚‚O hydrogen
bonds were like the O-H‚‚‚O hydrogen bonds regarding
geometric behavior and charge distribution. They concluded that
there was no fundamental distinction between the blue-shifting
hydrogen bonds and typical red-shifting hydrogen bonds. In a
recent paper, Li and co-workers14 found that the blue-shifting
hydrogen bond systems did not require either a carbon center
or the absence of a lone pair on the proton donor and that the
interactions of the blue-shifting hydrogen bond were predomi-
nantly electrostatic. According to their analyses, attractive and
repulsive interactions exist in all types of hydrogen bonds, only
the balance of these interactions is different between the typical
and blue-shifting hydrogen bonds. They concluded that the same

* Address correspondence to this author. E-mail: t.ishimoto@aist.go.jp.
Phone: +81-298-61-5080 (ext. 55465). Fax:+81-298-51-5426.

† Yokohama-City University.
‡ National Institute of Advanced Industrial Science and Technology.
§ CREST, Japan Science and Technology Agency.
| Rikkyo University.

7279J. Phys. Chem. A2006,110,7279-7285

10.1021/jp0615656 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/16/2006



interactions underlie both typical and blue-shifting hydrogen
bonds. Alabugin and co-workers15 have also concluded that there
was no fundamental difference between the typical and blue-
shifting hydrogen bonds. They suggested that the difference
between the “improper” and the “proper” hydrogen bond is the
strength of hyperconjugative n(Y)f σ*(X -H) interaction. If
this assumption is fulfilled, a blue-shifting hydrogen bond is
possible for N-H and even for O-H bonds.

As mentioned above, much theoretical and experimental
research about C-H‚‚‚O hydrogen bonds is being conducted,
but the properties of C-H‚‚‚O hydrogen bonds have not been
identified clearly yet. To our knowledge, no theoretical or
experimental studies on the geometric isotope effect (GIE) in
C-H‚‚‚O hydrogen bonds have been reported except in our
previous article.27 The bond length (RXO) in the typical
X-H(D)‚‚‚O (e.g., X ) O and N) hydrogen bond becomes
longer, and the covalent X-H (or X-D) bond length elongates
with the formation of the hydrogen bonds. In addition, the X-H
length is longer than the corresponding X-D, and the H‚‚‚O
distance accordingly is shorter than the corresponding D‚‚‚O
after formation of the hydrogen bond.28 This GIE is known to
be important in determining the physical properties, such as the
structural phase transition temperature of hydrogen-bonded
dielectric materials29 and the lattice constant of crystals.

To explore the origin and detail of the C-H‚‚‚O hydrogen
bonds, we must clarify the geometric changes induced by the
H/D isotope effect. In our previous study, we clarified the GIE
in the blue-shifting sp3-C-H‚‚‚O hydrogen bond for the first
time. We had already revealed theoretically the geometric and
electronic changes in typical O-H‚‚‚O hydrogen bonds in the
water dimer, N-H‚‚‚O hydrogen bonds in the ammonia-water
complex, and C-H‚‚‚O hydrogen bonds in the methane-water
complex by using the multicomponent molecular orbital (MC-
MO) method,30,31which directly takes account of the quantum
effect of the proton/deuteron as well as the electrons. We have
revealed that the C-D length in C-D‚‚‚O hydrogen bonds
became shorter with the formation of a hydrogen bond like the
C-H shortening in the C-H‚‚‚O type bond. In addition, the
C-D shortening in the C-D‚‚‚O hydrogen bond is greater than
the C-H shortening in the C-H‚‚‚O type bond.

In the previous study, we analyzed only the GIE of the blue-
shifting intermolecular C-H‚‚‚O hydrogen bond in the methane-
water complex in which carbon is sp3-hybridized. For the
universal understanding of the C-H‚‚‚O hydrogen bond, it is
necessary to reveal the GIE of both the red-shifting C-H‚‚‚O
hydrogen bond and the intramolecular C-H‚‚‚O hydrogen bond
systematically. A major part of the sp-hybridized intermolecular
C-H‚‚‚O hydrogen bond indicates the red shift of its C-H
stretch, and it is known that the geometric changes in the sp2-
hybridized intermolecular C-H‚‚‚O hydrogen bond with forma-
tion of the hydrogen bond are very small.16,17It is also important
to analyze the intramolecular C-H‚‚‚O hydrogen bond because
C-H‚‚‚O hydrogen bonds exist in various fields as both inter-
and intramolecular hydrogen bonds.

In this study, we clarify the GIE of sp-, sp2-, and sp3-
hybridized intermolecular and sp3-hybridized intramolecular
C-H‚‚‚O and C-D‚‚‚O hydrogen bonds to explore the detail
of the C-H‚‚‚O hydrogen bonds.

2. Computational Method

We used the following cluster models for the intermolecular
hydrogen bond: acetylene-water (C2H2‚‚‚H2O, AcW), ethyl-
ene-water (C2H4‚‚‚H2O, EW), methane-water (CH4‚‚‚H2O,
MW), and methyleneimine-water (CH2NH‚‚‚H2O, MiW) com-

plexes. We also used three molecules, 1-methoxy-2-(hydroxy-
lthio)ethane (CH3OCH2CH2SOH, Intra-O-H‚‚‚O), 1-methoxy-
2-(aminothio)ethane (CH3OCH2CH2SNH2, Intra-N-H‚‚‚O), and
1-methoxy-2-(methylthio)ethane (CH3OCH2CH2SCH3, Intra-C-
H‚‚‚O) as models of intramolecular O-H‚‚‚O, N-H‚‚‚O, and
C-H‚‚‚O hydrogen bonds, respectively. The optimized structure
and three parameters of each intermolecular cluster model are
shown in Figure 1, and the optimized structure and two
parameters of each intramolecular model are shown in Figure
2: (a)R1, the covalent bond (X-H or X-D, X ) O, N, and C)
length; (b)R2, the H‚‚‚O (or D‚‚‚O) distance; and (c)R3, the
X‚‚‚O distance. Harada et al.6 studied the conformational
stabilities of 1-methoxy-2-(methylthio)ethane and relevant in-
tramolecular C-H‚‚‚O interactions by matrix-isolation infrared
spectroscopy and density functional calculations.

To theoretically explore the isotope effect, we used the MC-
MO method with 6-31++G** for the electronic basis function.
Thresholds for integral evaluation, self-consistent field (SCF)
convergence, and root-mean-square displacement of geometry
optimization hold very tightly for the discussion of small
differences in geometric parameters: 10-15, 10-10, and 4× 10-6

au, respectively. In this MC-MO calculation, only the hydrogen-
bonded proton/deuteron was treated as the quantum wave as
well as electrons under the field of nuclear point charges of
heavy atoms. The positions of the nuclear point charges were
determined by ordinary optimization procedures, using analytical
gradients.32 We employed the single s-type ([1s]) Gaussian type
function (GTF), exp{-R(r - R)2}, for each protonic and
deuteronic basis function, and optimized two variational pa-
rameters (R andR), simultaneously. Also, to evaluate the effect
of the distribution of the protonic/deuteronic wave function, we
employed the single s- and p-type ([1s1p]) GTFs for each
protonic and deuteronic basis function, and simultaneously
optimizedR andR. The centers of electronic GTFs were fixed
on each nucleus. All calculations were carried out at the

Figure 1. Intermolecular hydrogen-bonded cluster systems.
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Hartree-Fock level with the GAUSSIAN 03 program,33 em-
bedded in the MC-MO method.

The effect of electron correlation is important and cannot be
ignored when determining the structures of C-H‚‚‚O hydrogen
bonds because of the dispersion force in the long H‚‚‚O
hydrogen bond distance. In addition, the proton/deuteron-
electron correlation signifies the effect of the quantum nature
of the proton/deuteron, and it appears only by considering the
quantum effect of the proton/deuteron as in our MC-MO
calculation. However, Li and co-workers have reported that
electron correlation is not a primary cause of this specific C-H
contraction.14 In addition, we have elucidated the calculations
at the Hartree-Fock level can be used to evaluate the geometric
differences induced by the isotope effect because the effects of
electron correlation and proton/deuteron-electron correlation
almost canceled each other out with respect to the isotope effect,
as shown in the previous paper.27

3. Results and Discussion

3.1. Intermolecular Hydrogen Bonds.3.1.1. The GIE of
AcW, EW, MW, and MiW.We have calculated the geometric
difference induced by the H/D isotope effect of C-H‚‚‚O and
C-D‚‚‚O hydrogen bonds in the AcW and EW complexes by
using the MC-MO method with the [1s] GTF for each protonic

and deuteronic basis function. The optimized parameters of these
complexes are shown in Table 1. The definitions ofR1, R2, and
R3 are shown in Figure 1. The notationsr1 and∆R refer to the
C-H (or C-D) length in each monomer and the difference
betweenR1 and r1, respectively.

First, in the sp-hybridized C-H‚‚‚O hydrogen bond in AcW,
the calculated values of∆R(C-H) and∆R(C-D) were 6.0 and
5.4 mÅ, respectively. These results reproduce theR1(C-H)
elongation and predict theR1(C-D) elongation with the
formation of the C-H(D)‚‚‚O hydrogen bond. The calculated
values ofR2(H‚‚‚O) andR2(D‚‚‚O) were 2.208 and 2.222 Å,
respectively. The GIE in AcW shows the same tendency as that
of typical O-H‚‚‚O and N-H‚‚‚O hydrogen bonds.27,28Second,
in the sp2-hybridized C-H‚‚‚O hydrogen bond in EW, the
calculated value of∆R(C-H) was 0.2 mÅ. We obtained a tiny
bit of theR1(C-H) elongation with the MC-MO calculation in
the present study, even though the conventional MO method
obtained a C-H contraction in EW.26 In addition, the geometric
changes did not appear inR1(C-D) with the formation of the
hydrogen bond. However, the hydrogen-bonded distance
R2(H‚‚‚O) (2.539 Å) is shorter thanR2(D‚‚‚O) (2.554 Å) and
R1(C-H) is longer thanR1(C-D), as with the GIE of the typical
hydrogen bonds. On the other hand, in the sp3-hybridized
C-H‚‚‚O hydrogen bond in MW, the calculated values of
∆R(C-H) and∆R(C-D) were-0.5 and-0.6 mÅ, respectively.
The results of our calculation show contractions ofR1 in
C-H‚‚‚O and C-D‚‚‚O hydrogen bonds, as reported in our
previous paper.27 The hydrogen-bonded distanceR2(H‚‚‚O)
(2.760 Å) is shorter thanR2(D‚‚‚O) (2.787 Å), andR1(C-H) is
longer thanR1(C-D), like the typical O-H‚‚‚O and N-H‚‚‚O
hydrogen bonds. Concerning the geometric changes of∆Rwith
the formation of the hydrogen bond, although the C-H and
C-D elongations in AcW show the same tendency as well as
the typical O-H‚‚‚O and N-H‚‚‚O hydrogen bonds, the C-H
and C-D contractions in MW seem to be different from the
changes in typical hydrogen bonds. However, after the formation
of the hydrogen bond,R1(C-H) is longer thanR1(C-D), and
R2(H‚‚‚O) is shorter thanR2(D‚‚‚O) in all complexes.

3.1.2. The CalculatedR Values and Electronic Charge
Densities.We next show the optimizedR value in Table 2.Rmono

means the optimizedR value in [1s] GTF of the proton/deuteron
in each monomer. The notation of∆R refers to the difference
between the optimizedR value in complex andRmono. In all
types of complexes, negative∆R values mean the delocalization
of proton/deuteron with the formation of a hydrogen bond. The
∆R value of proton (deuteron) in AcW, EW, and MW was
-0.46 (-0.62), -0.22 (-0.31), and-0.20 (-0.23), respec-
tively. The difference between the wave function of a proton
and that of a deuteron reflects the geometric difference induced
by the H/D isotope effect because of the anharmonicity of the
potential. The wave function of the deuteron became more
delocalized with the formation of hydrogen bonds in all types
of complexes, because the absolute values of∆R in deuterons

Figure 2. Intramolecular hydrogen-bonded cluster systems.

TABLE 1: Optimized Geometric Parameters of C-H(D)‚‚‚O in Acetylene-Water, Ethylene-Water, Methane-Water, and
Methyleneimine-Water Complexes at the HF/6-31++G** Level, Using the MC-MO

AcW EW MW MiW

H D H D H D H D

r1
a [Å] 1.0785 1.0722 1.0979 1.0915 1.1059 1.0993 1.0268 1.0204

R1 [Å] 1.0845 1.0776 1.0981 1.0915 1.1054 1.0987 1.0280 1.0213
∆Rb [mÅ] 6.0 5.4 0.2 0.0 -0.5 -0.6 1.2 0.9

R2 [Å] 2.208 2.222 2.539 2.554 2.760 2.787 2.223 2.239
R3 [Å] 3.293 3.300 3.636 3.645 3.866 3.885 3.245 3.250

a r1 indicates the C-H (or N-H) length in each monomer.b ∆R is defined asR1 - r1.
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were always larger than those in protons. The electrostatic
interaction in EW and MW is weak because the wave function
of proton/deuteron delocalizes only a little with the formation
of the hydrogen bonds. However, these results of∆R values
represent the same electrostatic interaction underlying even blue-
shifting C-H‚‚‚O hydrogen bonds.

Table 2 also lists the electronic charge densities calculated
by using Mulliken population analysis34 of AcW, EW, and MW.
The notation∆H(D) refers to the difference betweenH(D) in
complex andH(D)mono. We can find two patterns in these results.
First, the electronic charge density around the hydrogen-bonded
proton/deuteron became electropositive with the formation of
the hydrogen bond like the typical O-H‚‚‚O and N-H‚‚‚O
hydrogen bonds. This pattern can be found in AcW (0.054/
0.059). Second, the electronic charge density around the
hydrogen-bonded proton/deuteron became electronegative with
the formation of the hydrogen bond. This pattern can be found
in EW (-0.055/-0.051) and MW (-0.024/-0.019). The changes
of the electronic charge density induced by the H/D isotope
effect in EW and MW differ from that of typical hydrogen
bonds.

In the EW, although the geometric change seems to follow
the same tendency as that of the typical hydrogen bonds, the
change of electronic charge density is similar to the case of
MW. To explore this singular result in detail, we have calculated
AcW, EW, and MW clusters with [1s1p] GTFs for the protonic/
deuteronic wave function. The calculatedR(X) (X ) s- and
p-type GTFs) values and electronic charge densities with the
[1s1p] GTFs for the protonic and deuteronic wave function of
the AcW, EW, and MW are shown in Table 3. The geometric
changes,R value, and electronic charge densities are not so
different from the results using only [1s] GTF for the wave
function of the proton/deuteron, though elongation appeared in
R1(C-D) in EW. The geometric changes in EW are like those
of typical hydrogen bonds, but the changes of electronic charge
densities show the same tendency in the case of blue-shifting
hydrogen bonds.

We show the linear combination of atomic orbital (LCAO)
coefficients of the wave functions for proton/deuteron in Table
4, where we set hydrogen-bonded H‚‚‚O (or D‚‚‚O) along the
X axis. The coefficients of 1s, px, py, and pz of GTFs of proton/
deuteron in EW were 0.99018/0.98994, 0.13966/0.14137,
-0.00609/-0.00630, and 0.00000/0.00000, respectively. In
addition those values in MW were 0.98888/0.98882, 0.14874/
0.14911,-0.00054/-0.00054, and-0.00001/-0.00001, re-
spectively. Because of the hydrogen bond, the coefficient of px

is relatively large. The elongation ofR1(C-D) appears by using
[1s1p] GTFs for the wave function of the proton/deuteron of
the EW. However, the tendency of GIE for EW is the same as
the results obtained by using only [1s] GTF. This result
demonstrates that [1s] GTF is usable for qualitative analysis of
GIE.

3.1.3. Classification of Hydrogen Bonds Based on GIE.Figure
3 shows the relationship between∆R and the number of
electrons around the central atom in the proton donor molecule.
This figure shows that the values ofR2 were 0.9983 and 0.9987

TABLE 2: Optimized r Values of Proton and Deuteron and Electronic Charge Densities Calculated by Using Mulliken
Population Analysis in AcW, EW, MW, and MiW

AcW EW MW MiW

H D H D H D H D

Rmono 23.98 35.35 24.79 36.50 24.51 36.15 24.37 35.95
R 23.52 34.73 24.57 36.19 24.71 36.38 24.70 36.40
∆Ra -0.46 -0.62 -0.22 -0.31 -0.20 -0.23 -0.33 -0.45

Xmono
b -0.208 -0.203 -0.226 -0.226 -0.481 -0.474 -0.441 -0.434

Hothers mono
c -0.882 -0.884 -0.883 -0.884

H(D)mono
d -0.777 -0.785 -0.875 -0.878 -0.870 -0.874 -0.720 -0.726

Xb -0.236 -0.221 -0.227 -0.226 -0.450 -0.447 -0.480 -0.473
O -0.745 -0.744 -0.727 -0.727 -0.717 -0.717 -0.754 -0.754
Hothers

c -0.883 -0.885 -0.891 -0.891
H(D)d -0.723 -0.726 -0.930 -0.929 -0.894 -0.893 -0.669 -0.675

∆H(D)e 0.054 0.059 -0.055 -0.051 -0.024 -0.019 0.051 0.051

a ∆R is defined asR - Rmono. b X is a center atom in proton donor.c Hothersare nonhydrogen-bonded protons in the proton donor.d H(D) is the
hydrogen-bonded proton in the proton donor that is treated as the quantum wave.e ∆H(D) is defined asH(D) - H(D)mono.

TABLE 3: Optimized Geometric Parameters, r Values, and
Electronic Charge Densities in AcW, EW, and MW
Calculated by Using Both s- and p-Type GTFs as the Wave
Function of Proton/Deuteron

AcW EW MW

H D H D H D

r1 [Å] 1.0590 1.0562 1.0821 1.0784 1.0892 1.0855
R1 [Å] 1.0656 1.0621 1.0825 1.0785 1.0888 1.0850
∆R [mÅ] 6.6 5.9 0.4 0.1 -0.4 -0.5

R2 [Å] 2.227 2.237 2.555 2.569 2.782 2.807
R3 [Å] 3.293 3.299 3.638 3.647 3.871 3.892

R(S)mono
a 23.98 35.35 24.79 36.50 24.71 36.38

R(s) 23.52 34.73 24.57 36.19 24.51 36.15
∆R(s) -0.46 -0.62 -0.22 -0.31 -0.20 -0.23

R(p)mono
a 22.91 34.18 23.33 34.89 23.42 34.96

R(p) 22.22 33.29 22.96 34.43 23.17 34.64
∆R(p) -0.69 -0.89 -0.37 -0.46 -0.25 -0.32

Cmono -0.196 -0.194 -0.215 -0.217 -0.469 -0.465
Hothers mono -0.882 -0.883 -0.883 -0.884
H(D)mono -0.796 -0.801 -0.887 -0.889 -0.881 -0.884

C -0.224 -0.212 -0.216 -0.217 -0.440 -0.440
O -0.744 -0.744 -0.727 -0.728 -0.717 -0.717
Hothers -0.882 -0.885 -0.891 -0.892
H(D) -0.737 -0.738 -0.940 -0.937 -0.902 -0.900

∆H(D) 0.060 0.063 -0.053 -0.048 -0.021 -0.016

a R(s) andR(p) mean theR value of s and p type GTF, respectively.

TABLE 4: LCAO Coefficient Values of the Wave Function
of Proton/Deuteron in AcW, EW, and MW

AcW EW MW

H D H D H D

1s 0.98638 0.98641 0.99018 0.98994 0.98888 0.98882
px -0.16448 -0.16430 0.13966 0.14137 0.14874 0.14911
py 0.00000 0.00000-0.00609 -0.00630 -0.00054 -0.00054
Pz 0.00000 0.00000 0.00000 0.00000-0.00001 -0.00001
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for X-H‚‚‚O and X-D‚‚‚O hydrogen bond systems, respec-
tively. The results of water dimer (W2), ammonia-water
complex (AW), and MW show an excellent linearity. This
means that the MW is not an improper hydrogen bond
concerning the geometric difference with the formation of a
hydrogen bond. The optimized value∆R of AcW is almost the
same as that of W2, and the∆R of EW tilts toward that of AW.
Furthermore, Figure 4 shows the relationship betweenR1 and
R2 in each complex. The results of W2, AW, and MW show a
very good linearity. The difference between these hydrogen-
bonded clusters is the number of lone pairs in the proton donor’s
central atom. This relationship strongly suggests that the same
principle for geometric changes underlies the MW, which is a
blue-shifting intermolecular C-H‚‚‚O bond, as well as typical
O-H‚‚‚O and N-H‚‚‚O intermolecular hydrogen bonds. The
results of AcW, EW, and MW also show an excellent linearity.
The difference between these hydrogen-bonded clusters is the
number ofπ-bonds. This relationship means the difference in
the hybridizing state of carbon does not affect the C-H(D) bond
length, but strongly affects∆R.

To elucidate the effect of lone-pair andπ-electron for the
hydrogen-bonded system, we have calculated MiW, which has
both a lone-pair and aπ-bond, at the same level. The optimized
structure and parameters of MiW are also shown in Figure 1
and Table 1. The calculated values of∆R(N-H(D)) and R2-
(H(D)‚‚‚O) were 1.2 mÅ (0.9 mÅ) and 2.223 Å (2.239 Å),
respectively. The GIE of MiW shows the same tendency as that

of typical hydrogen bonds, which we show in Figures 3 and 4.
The result of MiW locates at a reasonable position, sinceR1 of
MiW is almost the same as that of AW. Also, because of
presence of aπ-bond,∆R and R2 of MiW are different from
those of AW, as well as the case of AcW, EW, and MW
systems.∆R andR2 are smaller and shorter than those of AW,
respectively. Here, we define the∆∆R as ∆R(H) - ∆R(D),
which indicates the GIE around the X-H bond, and∆∆R as
∆R(H) - ∆R(D). We find that ∆∆R correlates with∆∆R,
irrespective of the hybridizing state of the center atom and
species of the center atom (Figure 5). In the MC-MO calculation,
the difference of quantum property between proton and deuteron
is directly reflected in the geometry, and it appears as theR
value in the results. So, the change in theR value with the
formation of the hydrogen bond (∆R) correlates with the change
of R1 (∆R). Therefore, the∆∆R with ∆∆R shows a good
correlation because the GIE of the C-H‚‚‚O hydrogen bond is
mainly induced by the difference of the quantum property of
proton/deuteron, as well as the conventional O-H‚‚‚O and
N-H‚‚‚O hydrogen bonds.

Although MW is a blue-shifting intermolecular hydrogen
bond and the results of EW are a bit curious, all the hydrogen-
bonded systems studied here could be categorized from GIE as
the same hydrogen bond.

3.2. Intramolecular Hydrogen Bonds. 3.2.1. The GIE of
Intra-O-H‚‚‚O, Intra-N-H‚‚‚O, and Intra-C-H‚‚‚O. To elu-
cidate all the properties of the C-H‚‚‚O hydrogen bond, we
have analyzed the intramolecular hydrogen bonds. We have
calculated the geometric difference induced by the H/D isotope
effect of intramolecular hydrogen bonds in Intra-O-H‚‚‚O,
Intra-N-H‚‚‚O, and Intra-C-H‚‚‚O by using the MC-MO
method. The optimized parameters of these complexes are
shown in Table 5. We used linear chain molecules as the
reference structure for the evaluation of geometric change with
the formation of the intramolecular hydrogen bonds. We have
calculated these molecules by using the single [1s] GTF for
proton and deuteron.

First, in the O-H‚‚‚O hydrogen bond in Intra-O-H‚‚‚O, the
calculated values of∆R for O-H‚‚‚O and O-D‚‚‚O were 3.2
and 2.9 mÅ, respectively.R1(O-H) and R1(O-D) elongated
with the formation of the hydrogen bond like the elongation
with the intermolecular O-H‚‚‚O hydrogen bond. Furthermore,
R1(O-H) is longer thanR1(O-D), andR2(H‚‚‚O) is shorter than
R2(D‚‚‚O). These structural profiles are the same as the
intermolecular O-H‚‚‚O hydrogen bond. Second, in the
N-H‚‚‚O hydrogen bond in Intra-N-H‚‚‚O, R1(N-H) and
R1(N-D) elongated with the formation of the hydrogen bond,
and the hydrogen-bonded structure exhibits the same tendency

Figure 3. Relationship between∆Rand the number of electrons around
the central atom in the proton donor molecule. For W2 and AW see ref
27.

Figure 4. Relationship between R1 and R2. (Lower-case letters mean
intermolecular hydrogen bond: (a) W2, (b) AW, (c) MW, (d) EW, (e)
AcW, and (f) MiW. Upper-case letters mean intramolecular hydrogen
bond: (A) Intra-O-H‚‚‚O, (B) Intra-N-H‚‚‚O, and (C) Intra-
C-H‚‚‚O.)

Figure 5. Relationship between∆∆R () ∆R(H) - ∆R(D)) and∆∆R
()∆R(H) - ∆R(D)).
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as the intermolecular N-H‚‚‚O hydrogen bond. Finally, in the
C-H‚‚‚O hydrogen bond in Intra-C-H‚‚‚O, the calculated value
of ∆R was -3.5 mÅ for C-H‚‚‚O and -3.5 mÅ for
C-D‚‚‚O. R1(C-H) and R1(C-D) contracted with formation
of the hydrogen bonds such as for the intermolecular C-H‚‚‚O
hydrogen bond. In addition the hydrogen-bonded structure
exhibits the same tendency as was observed with the formation
of the intermolecular C-H‚‚‚O hydrogen bond,R1(C-H) is
longer thanR1(C-D) andR2(H‚‚‚O) is shorter thanR2(D‚‚‚O),
respectively. In all types of intramolecular hydrogen bonds,
however, the value of∆R is smaller than that of intermolecular
hydrogen bonds. Because of the lower structural flexibility, the
hydrogen-bonded distanceR2 is shorter than each intermolecular
hydrogen bond. This structural distinction strengthens the
repulsive interaction. In Figure 4, we can see that each
intramolecular hydrogen bond is shifted inR2, at a constantR1

from each intermolecular hydrogen bond; this divergence is also
caused by structural flexibility. However, in all types of
intramolecular hydrogen bonds,R1(X-H) is longer than
R1(X-D) (X ) O, N, and C), andR2(H‚‚‚O) is shorter than
R2(D‚‚‚O). This relationship is the same as observed with
intermolecular hydrogen bonds.

Thus, concerning the geometric changes and hydrogen-
bonded structures, all intramolecular hydrogen bonds exhibit
the same tendency as each intermolecular hydrogen bond.

3.2.2. The CalculatedR Values and Electronic Charge
Densities.We show the optimizedR value in Table 5. The
values of∆R in proton (deuteron) in Intra-O-H‚‚‚O, Intra-N-
H‚‚‚O, and Intra-C-H‚‚‚O were-0.24 (-0.30),-0.17 (-0.23),
and 0.03 (0.03), respectively. The∆R in Intra-C-H‚‚‚O is
positive, but it is very small. This change of∆R is caused by
the slight difference in the environment around the proton/
deuteron due to use of a linear chain molecule as the reference
structure. Table 5 also lists the electronic charge densities
using Mulliken population analysis of Intra-O-H‚‚‚O,
Intra-N-H‚‚‚O, and Intra-C-H‚‚‚O. The changes of charge
density on the proton (deuteron) in Intra-O-H‚‚‚O, Intra-N-
H‚‚‚O, and Intra-C-H‚‚‚O were 0.041 (0.040), 0.008 (0.010),
and 0.019 (0.018), respectively. The change of Intra-C-H‚‚‚O
indicates a different pattern from intermolecular sp3-C-H‚‚‚O
hydrogen bonds, although those of Intra-O-H‚‚‚O and
Intra-N-H‚‚‚O indicate the same pattern as intermolecular
O-H‚‚‚O and N-H‚‚‚O hydrogen bonds. In addition, the
lengths of C-H and C-D contract, like the intermolecular

sp3-C-H‚‚‚O hydrogen bonds do, by forming the intramolecular
sp3-C-H‚‚‚O hydrogen bond; the change of electronic charge
on proton/deuteron indicates the same pattern as typical
O-H‚‚‚O and N-H‚‚‚O hydrogen bonds. This phenomenon
should be investigated with a more accurate method that takes
many body effects into account.

4. Conclusion

We have analyzed the GIE of sp-, sp2-, and sp3-hybridized
C-H‚‚‚O and C-D‚‚‚O hydrogen bonds and intramolecular
hydrogen bonds by using the MC-MO method, which directly
takes into account the quantum effect of proton/deuteron as well
as electrons.

The geometric changes in AcW are similar in effect to those
of O-H‚‚‚O and N-H‚‚‚O hydrogen bonds. In EW, there are
no drastic geometric changes with the formation of the hydrogen
bonds. The contraction of the C-H (and C-D) length of MW
sharply contrasts with AcW as we have already reported.
However, after the formation of hydrogen bonds,R1(C-H) is
longer thanR1(C-D) andR2(H‚‚‚O) is shorter thanR2(D‚‚‚O)
in all complexes, irrespective of the elongation or contraction
of R1(C-H) andR1(C-D) with the formation of the hydrogen
bond, the hybridization of the central atom, and inter- or
intramolecular hydrogen bonds. TheR values of proton and
deuteron became small with the formation of the hydrogen bond.
The difference of distribution between proton and deuteron
directly reflects the geometries. We clearly demonstrate that
the blue-shifting C-H‚‚‚O hydrogen bond has the same GIE
properties as well as the typical O-H‚‚‚O and N-H‚‚‚O
hydrogen bonds, because the relationship between the∆∆Rand
∆∆R shows good linearity.

Our study reveals that the C-H‚‚‚O hydrogen bonds are not
specific and improper hydrogen bonds with regard to GIE. GIE
calculations that consider the quantum nature of protons/
deuterons clearly show that the C-H‚‚‚O hydrogen bonds can
be categorized as typical hydrogen bonds.
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