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ABSTRACT: A combination of temperature-dependent Raman spectroscopy and
quantum chemistry calculation was employed to investigate the blue shift of CH3
stretching vibration in methanol−water mixtures. It shows that the conventional O−H···
O hydrogen bonds do not fully dominate the origin of the C−H blue shift and the weak
C−H···O interactions also contribute to it. This is consistent with the temperature-
dependent results, which reveal that the C−H···O interaction is enhanced upon
increasing the temperature, leading to further C−H blue shift in observed spectra at high
temperature. This behavior is in contrast with the general trend that the conventional
O−H···O hydrogen bond is destroyed by the temperature. The results will shed new
light onto the nature of the C−H···O interaction and be helpful to understand
hydrophilic and hydrophobic interactions of amphiphilic molecules in different
environments.

■ INTRODUCTION
Weak intermolecular forces determining the conformation of
molecules and the molecular packing in crystals are currently
the focus of extended studies. Hydrogen bond, the most
common weak interaction in molecules, plays a fundamental
role in physics, chemistry, biology, and material science.1−4

Usually, the formation of the classic X−H···Y hydrogen bond
leads to the X−H bond elongating with a concomitant red shift
of its stretching frequency and an enhancement of the intensity
in IR or Raman spectra, where X and Y are the electronegative
atoms such as O, N, and F. The wavenumbers of red shift
characterize the strength of the hydrogen bond. In recent years,
much attention has been devoted to an unusual class of X−H···
Y hydrogen bonds referred to as “improper blue-shifted”
hydrogen bonds, where hydrogen is bonded to less electro-
negative atoms X, such as C, Si, and P.5−15 It follows the
opposite trend, a contraction of the X−H bond and a blue shift
of stretching frequency with a reduced spectral intensity. A
number of theoretical studies have been performed to explain
the mechanism of blue shift. In Hobza et al.’s view,10−12 the
blue-shifted hydrogen bond behaves quite different from the
red-shifted one. The formation of the conventional hydrogen
bond is a direct process where the weakening of the X−H bond
is caused by electron density transfer (EDT) from the proton
acceptor to the antibond orbital of the proton donor, whereas
the formation of the blue-shifted hydrogen bond is a more
complicated “two-step” process where the strengthening of the
X−H bond results from structural reorganization induced by
EDT from the donor to a remote part of the acceptor, which in
turn leads to a shortening of the X−H bond. On the basis of a
thorough theoretical calculation, Scheiner et al. proposed that

red-shifted and blue-shifted hydrogen bonds lead to a similar
change in electron density of remote parts of the hydrogen
bond donor and thus there are no fundamental distinctions
between them.13,14 The explanation on red-shifted and blue-
shifted hydrogen bonds continues to be of interest nowa-
days.16−24

Among the blue-shifted X−H···Y hydrogen bonds, the C−
H···O hydrogen bond is the most extensively studied both
experimentally and theoretically. This is because the C−H
group is ubiquitous in organic and biological molecules, and
water is the most important solution. The accumulated
evidence has shown that C−H···O interaction acts as an
important factor in crystal packing, structure−activity relation-
ship, and conformation stabilization of molecules and molecular
assemblies in both chemistry and biochemistry.7−9,25−29 For
example, the C−H···O hydrogen bond contributing an
additional stability to self-assembled β-sheet formation in 1-
acetamido-3-(2-primidinnyl) imidazolium has been reported.25

Recently, the strong C−H···O bifurcated interactions between
the most acidic hydrogen atom of the cation imidazole ring and
the oxygen atom of the anion were predicted in the room-
temperature ionic liquid 1-ethyl-3-methylimidazolium trifluor-
omethanesulfonate using quantum chemical calculation.27

However, compared to the conventional hydrogen bond, the
C−H···O hydrogen bond is relatively weak, leading to the
difficulty of obtaining conclusive experimental evidence.
Nevertheless, the studies suggested that the strengths of the

Received: June 19, 2017
Revised: July 31, 2017
Published: August 9, 2017

Article

pubs.acs.org/JPCB

© 2017 American Chemical Society 8179 DOI: 10.1021/acs.jpcb.7b06036
J. Phys. Chem. B 2017, 121, 8179−8187

pubs.acs.org/JPCB
http://dx.doi.org/10.1021/acs.jpcb.7b06036


C−H···O interaction can be enhanced in molecular aggregates
containing charges or under the condition of high
pressure.25,30−32 In this work, we investigate the temperature-
enhanced C−H···O interaction by choosing the methanol−
water mixture as a model system.
Methanol is the simplest amphiphilic molecule containing

both a hydrophilic group and a hydrophobic group. Therefore,
a methanol and water mixture constitutes a model for
investigation of the hydrophilic and hydrophobic effects in
biological systems, since a good understanding of the hydration
process of polar and nonpolar segments of methanol can help
in the better understanding of aqueous solutions of more
complex amphiphilic biomolecules which are difficult to
study.33−37 In addition, a methanol−water mixture itself
exhibits many abnormal properties compared to pure liquid,
which attract much interest in physics and chemistry.38,39 For
instance, the mixture of methanol and water exhibits an entropy
value that is smaller than expected, which leads to the concept
of negative excess entropy.38 These intriguing properties are
believed to be related to the hydration structures of methanol.
Thus, understanding the origin of the anomalous behavior of
the methanol−water system has been the subject of many
studies.40−47 The ice-like or clathrate-like structures created by
the hydrophobic headgroups in the surrounding water was
proposed to interpret it.40−43 Also, a number of experimental
and theoretical studies suggested that the methanol and water
molecules cluster together with ring or chain forms.36,44 On the
basis of neutron diffraction measurements combined with the
empirical potential structure refinement (EPSR) method, Dixit
et al. suggested that the anomalous thermodynamics arises from
incomplete mixing of methanol and water at the molecular
level.47 Further evidence of incomplete mixing has been
presented by Guo et al., on the basis of X-ray emission
spectroscopy.45 More recently, Nagasaka et al. measured the C
K-edge X-ray absorption spectra (XAS) of methanol−water
solution (CH3OH)X(H2O)1−X.

48 They found that the hydro-
phobic interaction of the methyl group with water shows
characteristic changes at the three concentration regions with
the borders of molar fractions of methanol (X) equal to 0.7 and
0.3. With the help of molecular dynamics (MD) simulation,
they proposed different local structures: in the methanol-rich
region X > 0.7, a small amount of water molecules form the HB
network with methanol clusters and the interaction around the
methyl group of methanol is not so much influenced by isolated
water molecules; in the region 0.7 > X > 0.3, the hydrophobic
interaction of the methyl group is dominant due to the increase
of mixed methanol−water three-dimensional network struc-
tures; in the water-rich region 0.3 > X > 0.05, methanol
molecules are separately embedded in dominant three-dimen-
sional hydrogen bond networks of water.
It is known that vibrational spectroscopy is a powerful

method for the investigation of hydrogen bonding. Thus, the
structure of liquid methanol−water solutions has also been
extensively investigated by infrared and Raman spectroscopy in
different spectral regions, including O−H stretching, C−H
stretching, C−O stretching, and −CH3 rocking regions.49−56

For example, Dixit et al. measured high-resolution Raman
spectra in C−O and C−H stretching regions by Raman
spectroscopy.51 They found a nonlinear dependence of both
frequencies on the fraction of methanol in water solution and
interpreted this in terms of a global picture of the progressive
hydration of methanol. Interestingly, the C−H stretching
spectrum of methanol was observed to be blue-shifted upon the

dilution of water.54−56 This is in agreement with the expected
behavior for a blue-shifted C−H···O interaction formed
between the O atom of water and the methyl group of
methanol, as suggested by Keefe et. al.55 In their studies, the
C−H stretching spectra of methanol in different solvents,
including water, acetonitrile, and carbon tetrachloride, were
comparatively investigated in order to explore potential
experimental evidence for C−H···O interaction. On the basis
of IR spectral study on deuterated CH2DOH in water,
Shimoaka et al. attributed the C−D blue shift to the population
change of the end-donor species in the hydrogen-bonding
pattern.56 In this study, Raman spectra of methanol−water
mixtures were investigated in both C−H and O−H stretching
regions by a combination of temperature-dependent Raman
spectroscopy and quantum chemistry calculations, with the aim
to shed light on the origin of the C−H blue shift and the nature
of the C−H···O interaction that widely exists in organic and
biological systems.

■ EXPERIMENTAL AND THEORETICAL METHODS
Methanol was purchased from Sigma-Aldrich. The water was
triply distilled. All solutions were prepared by volume
measurement of methanol and water to achieve the desired
molar concentrations.
The Raman spectra of methanol in pure liquid state and in

water solutions are recorded by conventional spontaneous
Raman experiment. The instrument and setup parameters are
similar to those reported previously.53,57−60 Briefly, a cw laser
(Coherent,Verdi-5W, 532 nm) was used as the light source
with a power output of 4 W and the laser intensity at the
sample was estimated to be 3.7× 105 W/cm2. During the
experiments, the incident laser was linearly polarized with a
Glan-laser prism, and its polarization direction was controlled
vertically with a half-wave plate. The Raman scattering light was
collected at 180° relative to the incident laser beam with a pair
of f = 2.5 and 10 cm quartz lenses, and imaged onto the
entrance slit of the monochromator (Acton Research,
TriplePro) connected to a liquid-nitrogen-cooled CCD
detector (Princeton Instruments, Spec-10:100B) to obtain
experimental data. Between the two lenses, a Glan-Taylor prism
and an optical scrambler were inserted. The Glan-Taylor prism
was used to select the polarization of the scattering light which
could be parallel and perpendicular to that of the excitation
laser, and the scrambler was used to depolarize the polarized
scattering light in order to eliminate any polarization-depend-
ent effect from the dispersion gratings. In this experiment, only
the Raman spectra with parallel polarizations were recorded.
The 2400 groove/mm grating was used to record the C−H
stretching spectrum with a spectral resolution of ∼1.0 cm−1,
while the 600 groove/mm grating was used to record the O−H
stretching spectrum with a spectral resolution of ∼3.0 cm−1.
The precision of spectral measurement of both gratings was
estimated to be better than 0.01 cm−1. Each spectrum is an
accumulation of 10 scans with a typical exposure time of 6 s.
For the measurements of temperature-dependent Raman

spectra, a heating bath (THD-2006, Ningbo) was used to
control the temperature (±0.1 °C) of the samples in a 10 × 10
mm2 quartz cuvette.
All calculations were performed with the Gaussian 09 suite of

programs,61 including optimized structures, harmonic vibra-
tional frequency, and binding energy of various hydrogen-
bonded clusters formed between methanol and water
molecules, using the MP2 method and 6-311++G(d,p) basis
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sets, as has been successfully accomplished in studies of
hydrogen-bonded complexes.36 The calculated binding energies
(ΔE) were corrected with basis set superposition errors (BSSE)
using the counterpoise procedure (CP) suggested by Boys and
Bernardi.62 For a general methanol−(water)n cluster, the
binding energy (ΔE) is defined as the following

Δ = − + * +E E E n E E( )cluster methanol water BSSE (1)

where Ecluster, Emethanol, and Ewater denote the electronic energies
of methanol−(water)n cluster, methanol monomer, and water
monomer corrected by zero-point vibrational energies (ZPE).

■ RESULTS AND DISCUSSION
C−H Stretching Spectra of Methanol in Aqueous

Solution. Figure 1 presents concentration-dependent Raman

spectra of methanol in the C−H stretching region from the
pure liquid state to water solution with a molar fraction of
methanol (X) at 0.67, 0.5, 0.33, 0.25, 0.1, and 0.05, respectively.
In order to avoid the interference from the broad O−H band
shape of water, the C−H spectrum was obtained by subtracting
the pure water spectrum from the solution spectrum at each
concentration, both of which were measured under the same
experimental conditions. As seen from Figure 1, the methyl C−
H stretching bands exhibit a systematic blue shift toward higher
wavenumber as water concentrations increase. In previous
studies, the vibrational spectrum of pure liquid methanol in the
C−H stretching region has been well documented.63−65 The
most strong band at ∼2834 cm−1 was assigned to CH3
symmetric stretching (CH3-SS), the band at ∼2944 cm−1 and
the shoulder at ∼2925 cm−1 were assigned to the Fermi
resonance of the CH3 bending overtone, and the weak shoulder
at ∼2980 cm−1 was assigned to CH3 antisymmetric stretching
(CH3-AS). Therefore, to determine the correct band center of
C−H bands, the spectra at each concentration were fitted with
four Lorentz functions. The frequency of the strong CH3-SS
band was chosen as the representative to plot versus the mole
fractions of methanol in aqueous solution, as shown in Figure 2.
It can be seen that the dependence of the CH3-SS frequency

on the mole fraction of methanol (X) clearly separates into
three regions with different slopes. From X = 1 to X = 0.67, the
CH3-SS frequency increases gradually as the methanol

concentration decreases. A much faster increase is noticed in
the region from X = 0.67 to X = 0.33. The blue shift somewhat
saturates at X = 0.33 but begins to increase again from X = 0.33
to X = 0.05. This observation is consistent with the
measurement from Raman spectra in methanol−water solution
by Dixit et al.,51 in which a nonlinear dependence of both C−O
and C−H stretching bands was observed in different
concentrations with the borders of the fraction of methanol
at X = 0.7 and X = 0.25. On the basis of the response of two
kinds of spectra on concentrations, they propose a global
picture of the progressive hydration of methanol: in the
methanol-rich region, water molecules first connect the chain
end of methanol molecules, and then, the chain structure of
methanol is broken gradually by the water molecules in the
concentration region from X = 0.7 to X = 0.25, and finally in
the water-rich region, the process of hydration of methanol
molecules is complete. In addition, in C K-edge XAS spectra of
the methanol−water mixtures, similar nonlinear changes were
also observed in three concentration regions with the borders at
X = 0.7 and X = 0.3.48 In this work, to further reveal the origin
of the C−H blue shift in methanol−water solution, ab initio
quantum chemistry calculations have been performed to
examine the clusters formed between methanol and water
molecules, with the aim to obtain the information on
intermolecular interactions and the structure of clusters at the
molecular level and to mimic the environment of methanol in
the process of hydration.

Calculated Results. Figure 3 presents the optimized
structures of methanol−(water)n clusters (MWn, n = 1−4)
and their isolated species calculated at the MP2/6-311+
+G(d,p) level. Table 1 summarizes the binding energy
corrected with ZPE and BSSE, and the frequency of CH3
symmetric stretching (CH3-SS) along with blue shift relative to
monomer methanol. The geometric parameters involved in C−
H···O interaction are also listed. To contrast with the
experimental spectra, a scale factor of 0.9512 was employed
for the calculated harmonic vibrational frequency.36,66

From Figure 3, it can be seen that there are various kinds of
hydrogen-bonded clusters formed between methanol and water
molecules due to the amphiphilic nature of the methanol
molecule. When n = 1, two heterodimers, MW1-a and MW1-b,
are formed, in which the methanol molecule behaves as a
proton acceptor and donor, respectively. In previous theoretical
studies, there are some controversies regarding the relative
stabilities of the structures MW1-a and MW1-b due to their
small energy difference.33,34 Our calculation at the MP2/6-
311++G(d,p) level predicts that the MW1-a is more stable than
MW1-b with a lower binding energy of about 0.3 kcal/mol,

Figure 1. Concentration-dependent Raman spectra of methanol−
water mixtures in the C−H stretching region with decreasing mole
fraction of methanol from top to bottom.

Figure 2. Concentration dependence of CH3-SS frequency on the
mole fraction of methanol in water solution.
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consistent with high-level theoretical calculation and gas-phase
experiment under supersonic cooled molecular beam or in solid
argon matrix.33 As seen from Table 1, the calculated frequency
of the CH3-SS band in the MW1-a structure is blue-shifted 16
cm−1 relative to monomer methanol, whereas, in MW1-b, it is
red-shifted 12 cm−1. Therefore, the mean frequency of CH3-SS
is estimated to be blue-shifted at least 4 cm−1 when forming
methanol−water dimers, according to the calculation.
For n = 2, three stable heterotrimers are obtained, as shown

in Figure 3. The cyclic structure, MW2-a, is the most stable with
a binding energy of −8.82 kcal/mol. It consists of three O−H···
O hydrogen bonds by all molecules being proton acceptor and
proton donor at the same time, which indirectly lead to a 3
cm−1 blue shift in CH3-SS frequency. The cyclic structure
MW2-b lies higher in energy than MW2-a by 1.88 kcal/mol. For
this structure, it can be seen that, in addition to the formation
of conventional O−H···O hydrogen bonds, there is one C−H···
O interaction simultaneously formed between the oxygen atom
of the water molecule and one of the hydrogen atoms of the
methyl group. To the best of our knowledge, there are no
reports on the structure MW2-b in a previous study. The
geometric parameters for the C−H···O interaction of the MW2-

b structure are listed in Table 1. It can be seen that the distance
of H···O is 2.445 Å and the angle of ∠CHO is 153.3°.
According to the recent modern definition of hydrogen bonds
proposed by Arunan et al.,27,67 this C−H···O contact is
accepted as a true hydrogen bond. It is much weaker than a
covalent bond but stronger than van der Waals (VDW)
interactions. With this C−H···O interaction, the in-plane C−H
bond in the MW2-b structure is shortened by 0.0012 Å
compared to that in monomer methanol, leading to a 15 cm−1

blue shift on the CH3-SS band, where the plane denotes H−C−
O−H in the methanol molecule. The third heterotrimer MW2-c
is a chain-like structure with the highest binding energy of
−5.09 kcal/mol, formed via two O−H···O hydrogen bonds.
The blue shift in this structure is as large as 30 cm−1. From the
above calculations, it is clear that the formation of all three
heterotrimers MW2 results in the C−H blue shift in an indirect
or direct way.
For n = 3, seven stable structures are optimized. Among

them, the four structures, MW3-a, MW3-b, MW3-d, and MW3-e,
are totally formed via O−H···O hydrogen bonds, while three
structures, MW3-c, MW3-f, and MW3-g, are participating in
both O−H···O and C−H···O hydrogen bonds. The cyclic

Figure 3. Optimized geometric structures of methanol−water clusters calculated at the MP2/6-311++g(d,p) level.
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structure MW3-a is still the most stable with a binding energy of
−15.8 kcal/mol, which is lower by 3.95−4.83 kcal/mol than all
other clusters. Similar to the MW2 clusters, the formation of
MW3 clusters leads to the blue shift of the CH3-SS band except
for the MW3-e structure, in which the red shift occurs, as
summarized in Table 1. It is interesting to find that, with C−
H···O interaction, a three-dimensional cage-like feature appears
in the MW3-c structure, whereas all other clusters present two-
dimensional features with ring or chain forms.
For n = 4, 10 stable methanol−(water)4 clusters are obtained,

and four structures, MW4-f, MW4-h, MW4-i, and MW4-j, are
involved in a weak C−H···O hydrogen bond. With the increase
of cluster size, more clusters present three-dimensional features
such as the MW4-c and MW4-h. This result is consistent with
the previous molecular dynamical simulation, in which the one-
dimensional chain structure of methanol molecules is changed
to three-dimensional mixed clusters by adding water mole-
cules.68 Among all of the methanol−(water)4 clusters, the cyclic
MW4-a structure is still the most stable with a binding energy of
−20.8 kcal/mol and the calculated CH3-SS bands in all clusters
show blue shifts relative to monomer methanol, as listed in
Table 1. Additionally, comparing the geometry parameters of
those clusters involved in C−H···O interaction, it is clear that,
with an increase in the number of water molecules, the C−H···
O interaction is strengthened. For instance, in the MW2-b
structure, the distance of R(O···H) is 2.445 Å, whereas, in
MW3-c and MW4-h, this distance becomes 2.365 and 2.345 Å,
shortened by 0.08 and 0.1 Å, respectively.
Since the number of methanol−(water)n clusters increases

exponentially with the increase of n, we do not perform the
calculation on clusters of n larger than 4. However, from the

above calculations on methanol−(water)n (n = 1−4) clusters, it
can be seen that the conventional O−H···O hydrogen bond
and weak C−H···O hydrogen bond coexist in the methanol−
water mixture and both types of hydrogen bonds lead to a C−
H blue shift. On the other hand, as shown in Table 1, the
calculated blue shift presents a positive correlation with the
addition of a water molecule. This is consistent with
experimental observation (Figure 1), where the CH3-SS
frequency of methanol shifts to higher wavenumbers with the
increase of water concentration. Therefore, the calculated
results quantitatively support experimental observations. The
further analysis on the calculated MWn clusters also shows that
the most obvious C−H blue shift occurs at n = 2, since the blue
shifts in MW2-a, MW2-b, and MW2-c are 3, 15, and 30 cm−1,
respectively, which are relatively larger than those in other
clusters, in good agreement with the behavior of the steeper
slope of the line of the concentration-dependent methanol−
water mixture at a mole fraction of methanol equal to 0.33, as
presented in Figure 2.
It should be noted that, according to the calculations, the

binding energies of clusters that are totally connected via O−
H···O hydrogen bonds are much lower than those clusters
involved in C−H···O interaction for each kind of MWn cluster,
as listed in Table 1. In this way, it seems that the blue shift of
the CH3-SS band is overwhelming caused by the indirect effect
of the O−H···O hydrogen bond according to the calculation.
Although a large amount of literature suggested that the
methanol and water molecules form hydrogen-bond rings or
chains in the mixture, the calculated cluster presented here is
based on the gas-phase structures free from the intermolecular
interactions and thus cannot completely mimic real environ-

Table 1. Calculated CH3-SS Stretching Frequency (cm−1) and Binding Energies ΔE (in kcal/mol) of Methanol−(Water)n
Clusters (MWn, n = 1−4) along the Geometric Parameters Involved in C−H···O Interaction

parameters of C−H···O interaction

n complex υCH3‑SS
a ΔυCH3‑SS

b EZPE
c EBSSE

d ΔEBSSE+ZPEe R(H···O) (Å) ∠CHO R(C−H)f (Å)

0 methanol 2905 32.74 1.0898 (in), 1.0958 (out)
1 MW1-a 2921 16 48.45 1.78 −2.78

MW1-b 2893 −12 48.19 1.82 −2.48
2 MW2-a 2908 3 64.91 4.28 −8.82

MW2-b 2921 15 64.60 4.11 −6.91 2.445 153.3° 1.0886 (in)
MW2-c 2935 30 63.51 3.12 −5.09

3 MW3-a 2911 6 81.60 8.10 −15.80
MW3-b 2920 15 80.33 6.28 −11.75
MW3-c 2921 16 80.94 6.77 −11.62 2.666 132.8° 1.0932 (out)
MW3-d 2903 −2 80.31 6.07 −11.28
MW3-e 2921 16 80.78 6.10 −11.06
MW3-f 2921 16 80.68 6.74 −10.96 2.365 166.3° 1.0885 (in)
MW3-g 2914 9 80.02 6.27 −10.33 2.573 148.2° 1.0896 (out)

4 MW4-a 2911 6 97.61 11.01 −20.86
MW4-b 2914 9 97.45 10.30 −20.07
MW4-c 2916 11 97.39 10.24 −19.40
MW4-d 2913 8 97.36 9.97 −18.90
MW4-e 2909 4 97.00 9.91 −18.15
MW4-f 2917 12 97.58 10.21 −17.91 2.596 156.3° 1.0893 (in)
MW4-g 2910 5 97.24 8.78 −17.12
MW4-h 2926 21 97.03 9.13 −16.09 2.345 163.6° 1.0917 (out)
MW4-i 2925 20 96.57 8.88 −15.39 2.469 141.3° 1.0920 (out)
MW4-j 2914 9 96.09 8.94 −14.38 2.448 161.6° 1.0892 (in)

aScaled by a factor of 0.9512. bThe frequency shift of CH3-SS relative to monomer methanol. cThe energy of zero point correction in kcal/mol.
dEnergy of BSSE correction in kcal/mol. eBinding energy corrected by ZPE and BSSE. fC−H bond length of methanol, and the “in” or “out” in
brackets denote the C−H bond in the plane and out of the plane, where the plane is H−C−O−H in the methanol molecule.
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ments in the condensed phase. This will result in the difference
between the calculated structures and observed ones in liquid
methanol−water solution, such as the energy and the
preferential conformations of clusters. In order to check the
contribution of C−H···O interaction to the methyl blue shift,
the temperature-dependent Raman spectra are conducted for
methanol−water mixtures in both C−H and O−H stretching
regions.
Temperature-Dependent Raman Spectra. Figure 4

displays temperature-dependent C−H stretching Raman

spectra of methanol−water mixtures at a mole fraction of
methanol equal to 0.1 measured at 5, 40, and 75°, respectively
(the spectra at a mole fraction of methanol equal to 0.25 are
listed in the Supporting Information, Figure S1). It can be seen
that the band at 2834 cm−1 is slightly blue-shifted as the
temperature goes up. Although this blue shift is subtle (about
1.2 cm−1), it can still be observed. To contrast with the C−H
spectra, the dependence of the O−H stretching spectra on
temperature is also measured in the same concentration and
temperature ranges, as presented in Figure 5, where only the
spectra at temperatures of 5 and 75° were shown in order to be
clear. It can be seen that the O−H spectra exhibit an obvious
blue shift from 5 to 75°. Two main bands centered at ∼3190

and 3389 cm−1 are shifted to about 3221 and 3415 cm−1, and
the intensity of the former decreases, whereas the latter
increases, suggesting that the large size methanol−water
clusters are transferred to small size ones due to the destruction
of O−H···O hydrogen bonds at high temperature. This means
that the O−H blue shift at high temperature is a direct
consequence of breaking of a conventional hydrogen bond,
since the formation of the O−H···O hydrogen bond causes a
red shift in a normal case. However, for the blue-shifted C−H
spectra at high temperature, the mechanism should be different.
As illustrated by theoretical calculations in Table 1, the CH3

stretching frequency of methanol is blue-shifted with the
addition of water molecules, and this blue shift may arise from
two origins. One is the indirect effect induced by the O−H···O
hydrogen bond and the other is the direct C−H···O interaction
from the H atom of the methyl group and O atom of the water
molecule. If the blue shift of C−H spectra observed in Figure 1
is from O−H···O hydrogen bond interaction, the C−H spectra
should be red-shifted at high temperature due to the
destruction of the O−H···O hydrogen bond. However, this is
obviously not true in experiment, since the C−H spectra of
methanol are observed to be blue-shifted as the temperature is
rising. Therefore, we conclude that the C−H blue shift in
methanol−water solution should be from another origin, C−
H···O interaction.
On the other hand, as seen from Table 1, the calculated C−

H blue shift presents a positive correlation with the addition of
water molecules. Although the large size methanol−water
mixed clusters are transferred to small size ones due to the
destruction of the O−H··· O hydrogen bond at high
temperature, this should not cause the blue shift of the C−H
spectra. Therefore, the C−H blue shift at high temperature
should be from the increase of C−H···O interaction. A similar
enhanced effect was also observed by the Chang group under
high pressure conditions in the solutions.25,30−32 In their
studies, the conventional O−H···O hydrogen bond was also
destroyed by high pressure, while the C−H···O interaction was
enhanced. As mentioned earlier, the conclusive experimental
evidence for C−H···O interaction is very difficult to obtain,
since it is weak and usually coexists with the conventional
hydrogen bond. Here, on the basis of the spectral response to
temperature, we provide clear experimental evidence that C−
H···O interaction exists in methanol−water solution and plays a
role in the determination of the C−H blue shift.
The enhanced-temperature effect of C−H···O interaction is

easy to be understood when considering many contrary
behaviors between red-shifted and blue-shifted hydrogen
bonds, such as different ways in bond length change and
frequency shift. A similar result was obtained in a theoretical
study on the cooperativity between O−H···O and C−H···O
hydrogen bonds of a DMSO−H2O complex.69,70 It was shown
that both types of interactions are changed differently when the
cooperativity happens. The O−H···O hydrogen bond is
weakened, whereas the C−H···O hydrogen bond is enhanced.
As mentioned above, the enhanced effect of C−H···O
interaction was also shown by the Chang group in a series of
high-pressure studies.25,30−32 These results imply that proper-
ties of the C−H···O hydrogen bond may behave differently
from those of the conventional hydrogen bond in many aspects.

■ CONCLUSION
In this paper, we investigated the origin of the blue shift of CH3
stretching vibration in methanol−water mixtures by temper-

Figure 4. Temperature-dependent C−H stretching Raman spectra of
the methanol−water mixture at a mole fraction of methanol equal to
0.1.

Figure 5. Temperature-dependent O−H stretching Raman spectra of
the methanol−water mixture at a mole fraction of methanol equal to
0.1.
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ature-dependent Raman spectroscopy and quantum chemistry
calculation. On the basis of the spectral response to
temperature and the calculated structures for methanol−
(water)n (n = 1−4) clusters, we provide clear experimental
evidence that the weak C−H···O hydrogen bond coexists with a
conventional O−H···O hydrogen bond in methanol−water
solution and plays a role in the determination of C−H blue
shift. Moreover, the comparative study of temperature-depend-
ent spectra in both C−H and O−H stretching regions shows
that the C−H···O interaction behaves differently from a
conventional O−H···O hydrogen bond upon the temperature
increasing. The former is enhanced, whereas the latter is
weakened. As hydrogen bonding interactions are the most
important noncovalent interactions in chemical and biological
systems, our results presented here will be helpful to
understand hydrophobic hydration mechanisms of biological
systems in different chemical environments.
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