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Raman spectroscopy was used to examine the interactions of the free O-H bonds inn-octanol and ethanol
with the organic solvents carbon tetrachloride (CCl4), cyclohexane, and benzene. These spectra reveal that
the solvents CCl4 and cyclohexane have a small effect on the free O-H peak of alcohols, whereas benzene
as a solvent significantly red-shifts the free O-H band. Calculated spectra were generated via MP2/6-31G*
calculations and the B3LYP/6-31+G**//MP2/6-31G*-derived Boltzmann populations of each ethanol complex
and are consistent with the experimental results. Additional spectra were calculated using Boltzmann populations
derived from single-point energies at the polarizable continuum model (PCM) level with the B3LYP/6-31+G**
level of theory to take overall solvent effects into account, and these simulated spectra are also largely consistent
with the experimental results. Analysis of the computational results reveals a lengthening of the O-H bond
from the O-H interaction with the delocalized electronic structure of benzene as well as a bimodal distribution
of the free O-H peak of the alcohol/benzene mixtures due to two distinctly different types of alcohol/benzene
complexes.

I. Introduction

Intramolecular O-H bond interactions in the condensed phase
are highly sensitive to their environment.1,2 It is well known
that intramolecular and intermolecular hydrogen-bonding in-
teractions play an important role in many areas of biology and
chemistry. Arising from the interaction of hydrogen with an
electronegative atom, this relatively weak interaction dictates a
wide variety of phenomena. In particular, several studies3-10

have focused on the biological relevance of hydrogen bonds,
from the conformations of carbohydrates7 to nucleoside acidity8

and from protein folding to enzyme-substrate binding.3 In
addition, hydrogen bonding in atmospheric aerosols plays a role
in reactions and structural phenomena of aerosol surfaces.9,10

Alcohols are unusual in that their OH functionality is
responsive to neighboring molecules; they are, therefore,
sensitive probes of the solvation environment. The O-H bond
in alcohols has been studied using a variety of methods, such
as infrared (IR) spectroscopy2,11,12and Raman spectroscopy.2,12

IR and Raman spectroscopic methods are useful because of their
sensitivity in detecting the frequency shifts of the O-H stretch.1,2

Methanol,13 ethanol,14 and butanol14 clusters have been
studied extensively, providing information on cluster structures
and hydrogen-bonding strengths. These studies also provide
insight into solute-solvent interactions via an examination of
the OH-stretching vibrational frequency region. Yet, vibrational
spectra in the condensed phase of the hydrogen-bonding region
can be complex and difficult to interpret.1,2 More recently,
however, coherent infrared condensed-phase studies11 have
revealed phenol/benzene complexation when benzene was used
as the solvent. The two-dimensional (2D) infrared vibrational

echo spectra were also used to extract the binding kinetics of
the phenol/benzene complexes.11

Generally, the assignments for the OH frequency regions for
condensed-phase alcohols are well established.2 The hydrogen-
bonding region of alcohols (∼3100-3550 cm-1) typically
contains four bands associated with the O-H stretch.2 One band
at∼3190 cm-1 was assigned to the alcohol O-H that is a single
proton donor and a double proton acceptor.2 Another band
centered between∼3300 and∼3400 cm-1 was attributed to
the O-H bond that is a single proton donor, single proton
acceptor (typical of alcohols that are part of a linear or cyclic
oligomer).2 A third band at∼3500 cm-1 was assigned to the
O-H stretch of a single proton-donating alcohol.2 Bands
occurring at∼3600 cm-1 were attributed to free O-H stretches
of alcohols.2

Alcohols in aqueous solution exist in several monomer and
aggregate forms. Each form or complex can be distinguished
by deconvolution of the O-H stretching bands, although this
can be experimentally challenging. Studies have been completed
on 1-octanol and CCl4 mixtures to elucidate linear dimers and
complex structures and to examine the interactions between the
CCl4 molecules and 1-octanol.2 Analysis of the hydrogen-
bonded spectral region revealed that, in liquid octanol, both the
hydrophobic and hydrophilic properties of the molecule deter-
mine the octanol aggregate structures, i.e., the presence of both
monomers and moderately sized aggregates.2 Alcohol aggregates
and monomers also possess O-H bonds, which can be
spectroscopically assigned as free O-H stretches. There are
three different types of free O-H bonds: (1) an O-H that is a
double proton acceptor, (2) an O-H that is a single proton
acceptor, and (3) an O-H that is not involved in hydrogen
bonding.

The O-H spectral bands attributed to linear and cyclic
oligomers in the hydrogen-bonded region (3000-3500 cm-1),
as stated above, are well separated from the free O-H stretch
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of alcohol monomers and aggregates. Examination of the
isolated free O-H band at low alcohol concentrations provides
an understanding of the basic intermolecular interactions
between the alcohol and the solvent, as shown in a previous
study.2

In addition to the experimental work on alcohols, several
relevant computational studies have been undertaken. With
regard to the solvents of interest, clusters of benzene and water
have been modeled15-17 as have benzene/methanol clusters;18-21

both systems have demonstrated red-shifts due to hydrogen
bonding between the O-H unit and theπ system of the benzene
ring. Molecular dynamics studies have been completed on the
interactions of methanol and carbon tetrachloride22 as well as
alcohol conformations in general,23 and various alcohol/halide
complexes have been modeled via ab initio and DFT methods.24

However, less work has been done on monomeric interactions
of alcohols and these solvents. Several approaches to compu-
tationally model solvent effects have also been documented.25,26

It has been well established that solution-phase chemistry differs
substantially from the gas-phase chemistry that typically
provides the default setting for most theoretical work.27-31

Studies have shown the ability of various methods, including
HF, MP2, and DFT, to accurately model solvated systems and
the effect of solvation on vibrational frequencies,21,32-36 includ-
ing that of the O-H stretch.20

In this study, the interactions ofn-octanol and ethanol with
the organic solvents benzene, carbon tetrachloride (CCl4), and
cyclohexane were investigated with Raman spectroscopy.
Computational studies were completed to provide additional
information on the conformations of the solvent/alcohol com-
plexes. Calculated Raman spectra were generated for comparison
to experiment, and binding energies were determined. The large
number of conformers possible forn-octanol made calculations
lengthy; thus, calculations were completed on ethanol, in the
anticipation of using this smaller molecule as a model system
for n-octanol. As will be shown below, the experimental ethanol
spectra are very similar to those ofn-octanol.

II. Experimental Section

A. Raman Spectroscopy.Unpolarized Raman spectra were
acquired using∼67 mW for then-octanol studies and∼47 mW
for the ethanol studies from a 532-nm continuous wave (CW)
YAG laser (Spectra-Physics, Millennia II). The backscattered
light was collected with a fiber optic probe (InPhotonics)
coupled to the entrance slit of a 500-mm monochromator (Acton
Research, SpectraPro 500i) using a 1200 groove/mm grating.
The slit width was set at 100µm, and the band-pass varied
between 3.3 cm-1 (at 3570 cm-1) and 3.2 cm-1 (at 3670 cm-1).
The spectra were collected in 90-s exposures to a liquid nitrogen-
cooled CCD camera (Roper Scientific, LN400EB, 1340× 400
pixel array, back-illuminated and deep depletion CCD). Spec-
traSense software (Acton Research, version 4.1.9) was used for
data collection and display.

CCD calibration was completed using the 435.83-nm line of
a fluorescence lamp. Calibration of the wavenumber position
was done by obtaining a spectrum of crystalline naphthalene
and comparing peak positions with literature values.37 Built-in
algorithms in the software package IGOR (version 4.0.5.1) were
used to fit the Raman spectra to Gaussian line shapes.

B. Chemicals.The solvents cyclohexane (Acros) and benzene
(Aldrich) had a purity of 99.9%, whereas CCl4 (Aldrich) had a
purity of >99.5%. The alcohols,n-octanol (Fisher) and ethanol
(Aldrich), had a purity of 99.9% and 99.5%, respectively.
Anhydrous ethanol (Fisher) and anhydrous magnesium sulfate
(Fisher) were also utilized.

C. Computational Methods.All geometry optimizations and
vibrational frequency calculations were performed using Gauss-
ian0338 at the Ohio Supercomputer Center. HF and MP2
computational methods, in conjunction with the 6-31G* basis
set,39 were used to calculate the optimized geometries; single-
point energies using these optimized geometries were then
calculated at the B3LYP/6-31+G** level,40-43 using the scf)
tight option. In addition, single-point energy calculations with
the more extensive B3LYP/6-311+G(3df,2p) basis set were
completed to obtain more quantitatively accurate energies.44

Vibrational frequencies were calculated for each stationary
point to verify their characterization as minima. The HF and
MP2 calculations provided the scaled zero-point vibrational
energies (using factors of 0.9135 and 0.9646, respectively)45a

and scaled frequencies (using factors of 0.89 and 0.9427,
respectively)45b as well as thermal and entropic corrections to
the enthalpy and free energy. The thermal and entropic
corrections were obtained from the vibrational frequency
calculations, using the unscaled frequencies. The single-point
B3LYP/6-31+G** electronic energies were then used in tandem
with the thermal, entropic, and zero-point vibrational energy
(ZPE) corrections from the HF/6-31G* and MP2/6-31G*
calculations to obtain better relative energies for the various
species. The OH-stretching regions of the Raman spectra of the
complexes were calculated computationally to compare to the
experimental data. The vibrational frequencies of the various
complexes were Boltzmann weighted (based on the B3LYP/6-
31+G** H0 values), and their respective Raman intensities were
adapted to generate theoretical spectra for comparison to those
obtained experimentally. Solvent effects were included in
additional runs by performing polarizable continuum model
(PCM)25-26,46-49 energy calculations at the B3LYP/6-31+G**
level of theory, using the respective gas-phase geometries.

III. Results and Discussion

To study the effects of solvent on the free O-H region of
n-octanol and ethanol, it was necessary to examine the
spectroscopic features of neatn-octanol and ethanol. The Raman
spectra ofn-octanol and ethanol are shown in Figure 1. The
vibrational assignments are as follows: The region between
∼1000 and∼1260 cm-1 contains the bands associated with the
C-C and C-O stretches.50,51The C-O-H bending band occurs
between∼1200 and∼1450 cm-1.51 The CH3 bend occurs at
∼1460 cm-1,50 and the bands associated with the C-H stretches
appear between∼2840 cm-1 and ∼3000 cm-1.51 The region
from ∼3000 to∼3500 cm-1 contains the bands associated with
hydrogen-bonded O-H stretches,2 and the region between
∼3550 and∼3670 cm-1 contains a broad peak centered at
∼3639 cm-1, which is attributed to the alcohol free O-H
stretch.2,52,53 In this work, changes in the free O-H band
between∼3550 and∼3670 cm-1 due to the addition of the
inert solvents, such as carbon tetrachloride, cyclohexane, and
benzene, are observed.

The Raman spectra of the free O-H region of neatn-octanol
and 0.05x n-octanol in CCl4, cyclohexane, and benzene are
shown in Figure 2, along with their calculated fits and
component peaks (x ) mole fraction). The free O-H band was
easily fit to two peaks for each spectrum, consistent with the
likelihood of two or more types of free O-H stretches being
present. The free O-H peaks of neatn-octanol are positioned
at 3636 and 3647 cm-1. The free O-H peaks ofn-octanol in
CCl4 and cyclohexane occur at 3635 and 3642 cm-1 and 3642
and 3648 cm-1, respectively. When benzene is used as the
solvent, the free O-H peaks ofn-octanol are observed at 3611
and 3632 cm-1.
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The Raman spectra of neat ethanol and 0.05x ethanol in CCl4,
cyclohexane, and benzene are shown in Figure 3, along with
their calculated fits and component peaks. The predominant free
O-H peak of neat ethanol is positioned at 3639 cm-1. The free
O-H peaks of ethanol in CCl4 occur at 3633 and 3638 cm-1

and in cyclohexane, at 3640 and 3646 cm-1. When benzene is
used as the solvent, the free O-H peaks of ethanol occur at
3603 and 3613 cm-1. Comparing the Raman spectra ofn-octanol
and ethanol reveals a distinct trend: the solvents CCl4 and
cyclohexane have a small effect on the free O-H band centered
at ∼3639 cm-1; however, benzene as a solvent significantly

red-shifts this band by∼30 cm-1. In addition, the free O-H
band of both alcohols in benzene is significantly more asym-
metric relative to the other solvent/alcohol spectra, suggesting
a bimodal distribution of distinctly different complexes or
multiple O-H stretching frequencies. The similarities in the
two alcohols, and their spectra, indicate that ethanol can be used
as a model system forn-octanol.

There are several scenarios that may contribute to the
asymmetric character of the free O-H bands at∼3640 cm-1.

Figure 1. Raman spectra of neat octanol and ethanol. (Inset) Free OH region of the spectrum is enlarged.

Figure 2. Raman spectra of (a) neatn-octanol, and 0.05x n-octanol in
(b) benzene, (c) cyclohexane, and (d) carbon tetrachloride. The
component peaks are shown in gray and the calculated spectral fit from
the component peaks is shown as a line going through the majority of
the data points.

Figure 3. Raman spectra of (a) neat ethanol, and 0.05x ethanol in (b)
benzene, (c) cyclohexane, and (d) carbon tetrachloride. The component
peaks are shown in gray and the calculated spectral fit from the
component peaks is shown as a line going through the majority of the
data points.
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There are three types of free O-H groups that can exist in
alcohols: (1) an O-H that is a double proton acceptor, (2) an
O-H that is a single proton acceptor, and (3) an O-H that is
not involved in hydrogen bonding. Each of these different types
of O-H groups will have a slightly different O-H stretching
frequency. The double proton acceptor O-H will have the
lowest stretching frequency and the O-H that is not involved
in any hydrogen bonding will have the highest stretching
frequency. With adequate separation between the different free
O-H peak frequencies, the free O-H band would be expected
to have trimodal character. However, the Raman spectra of
octanol (Figure 2) and ethanol (Figure 3) in the organic solvents
display a bimodal character. The bimodal character is revealed
by Gaussian fits, as shown in Figure 2. The lack of a third
component peak can be rationalized if two of the types of free
O-H groups have frequencies very close to each other and,
thus, cannot be resolved. However, it is also possible that the
bimodal character (asymmetric character to the free O-H bands)
is derived from two types of solute-solvent complexes. Solute-
solvent complexation is further explored in the computational
studies below.

Lower alcohol concentrations in the inert solvents were also
examined, but the free O-H band was below the detection limit
of the instrument. In addition, experiments were conducted using
anhydrous ethanol and benzene and cyclohexane dried with
anhydrous magnesium sulfate, and the trends in the Raman
spectra were reproduced. Polarized Raman studies were also
completed, and the peak shifts were reproduced with the
majority of the intensity from the isotropic component (polarized
parallel to the electric field vector of the incident vertically
polarized laser beam).

To further understand the spectral character of the O-H band
of the alcohol with respect to changing organic solvent, minima
for the 1:1 complexes of ethanol and a coordinated solvent
molecule were determined by optimizing a wide range of starting
geometries. For the 1:1 complexes of benzene and ethanol,
geometries1-3 were identified as minima by both the HF and

MP2 methods (Figure 4). For the other ethanol complexes (with
cyclohexane and with carbon tetrachloride), trends were less
consistent. For the ethanol/cyclohexane complexes (Figure 5),
the HF computations determined three geometries,4-6. Of
these minima, MP2 only returned4 and6. In the case of the
ethanol/carbon tetrachloride complexes (Figure 6), HF and MP2
each determined three minima. HF identified7-9; MP2
duplicated8-9 and also provided10, in which the hydroxyl
group of ethanol faces carbon tetrachloride perpendicularly,
rather than7. Hydrogen bonding between the H of ethanol’s
hydroxyl group and the relevant solvent molecule was observed
in 1-6 and10. In 7-9, it appears that the primary interaction
was due to van der Waal’s forces. Analyses at the NPA level,
using the B3LYP/6-31+G**//MP2/6-31G* level of theory,
revealed no significant electrostatic component to any of the
interactions. All results are included in the Supporting Informa-
tion.

The simplest way to compare experimental results to theoreti-
cal predictions is through an examination of their respective
Raman spectra. These simulated Raman spectra were generated
from the calculated Raman frequencies and intensities (MP2/
6-31G*) and the B3LYP/6-31+G**//MP2/6-31G* derived
Boltzmann population of each complex, calculated from the
relativeH0 (i.e., bottom-of-the-well energy+ scaled ZPE) value
of each complex. Several energy expressions were explored in
addition toH0: the bottom-of-the-well energies as well asH298

andG298 values. The Boltzmann weighting factors provided via
each method are compiled in Table 1. The best match to the
experimental spectra was seen with theH0 energies; it is
presumed that this 0 K value bypasses any error introduced via
the calculated thermal and entropic corrections to the enthalpy
and free energy, as the smallest, and least confident, vibrational
frequencies make the largest contribution to the thermal and
entropic corrections (for comparison, spectra calculated with

Figure 4. Ethanol/benzene complexes as calculated at the (top) HF/
6-31G* and (bottom) MP2/6-31G* levels of theory. Distances between
species are shown in angstroms.

Figure 5. Ethanol/cyclohexane complexes as calculated at the (top) HF/6-31G* and (bottom) MP2/6-31G* levels of theory. Distances between
species are shown in angstroms. The geometry of5 did not converge at the MP2/6-31G* level, so only the HF/6-31G* interspecies distance is
shown.

TABLE 1: Boltzmann Weighting Factors, as Calculated
from Various Energy Expressions, Using B3LYP/6-31+G**//
MP2/6-31G* Single-Point Energies

EtOH/benzene EtOH/cyclohexane EtOH/CCl4

1 2 3 4 6 8 9 10

gas-phasea

EBW 0.33 0.48 0.19 0.63 0.37 0.04 0.90 0.06
H0 0.33 0.48 0.20 0.63 0.37 0.04 0.90 0.06

H298 0.34 0.48 0.18 0.63 0.37 0.04 0.89 0.06
G298 0.61 0.26 0.13 0.90 0.11 0.11 0.86 0.02

PCMb

EBW 0.25 0.43 0.32 0.60 0.40 0.08 0.90 0.02
H0 0.25 0.43 0.32 0.60 0.40 0.08 0.90 0.02

H298 0.26 0.44 0.30 0.60 0.40 0.09 0.89 0.02
G298 0.51 0.26 0.23 0.88 0.12 0.21 0.79 0.01

a Gas-phase energies.b PCM energies.
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all energies and compiled Boltzmann weighting factors obtained
using all quantities are included in the Supporting Information).

Because MP2 frequency calculations are generally considered
more reliable than HF,39a the spectra generated via the MP2
method will be the major topics of focus.39b The O-H stretch
of the ethanol/benzene spectrum somewhat overlaps with that
of ethanol alone. There is a distinct shoulder to the peak of the
complex, due to the unique O-H stretch of1, at a considerably
higher energy than that of2 or 3. [For the remainder of this
discussion, we will focus on ethanol/benzene complexes2 and
3 because, as reflected in the relative areas of the peak and its
shoulder, 2 and 3 (main peak) have a larger Boltzmann
weighting than1 (shoulder).] For the ethanol/cyclohexane
spectrum, no such duality was seen; however, the spectra of
the conformers were slightly red-shifted compared to that of
ethanol alone. This was comparable to the spectrum seen for
ethanol/carbon tetrachloride, which also showed a single, red-
shifted peak.

The MP2 calculations predicted a red-shift for all three
complexes. As seen in the experimental data, only the benzene
complex underwent such a substantial shift. The cyclohexane

and CCl4 complexes experimentally demonstrated narrower
O-H peaks than ethanol alone, which again was predicted by
the MP2 calculations. Also, the MP2-generated spectrum of the
benzene complex saw a distinct shoulder, as discussed above,
which was duplicated in the broad slope of the experimental
O-H peak. (The HF calculations show no substantial change
in either the cyclohexane or carbon tetrachloride complexes and
actually predict a blue-shift for the benzene complexes. Overall,
the MP2 calculations more readily compare to the experimental
spectra.)

The disparity in the quantitative value between the experi-
mental and theoretical spectral peaks might be rationalized
because the calculated spectrum reflects the gas-phase energies
and vibrational frequencies of the different species. However,
we did perform single-point PCM energy calculations at the
B3LYP/6-31+G** level of theory to compute a solution-level
Boltzmann weighting, and no significant spectral changes
resulted (Figure 7).54

What is evident from these spectra is that the qualitative trends
are largely duplicated between the experimental and calculated
spectra. This is most clear in the benzene spectra, where both
the red-shift (with the sole exception of1) and the distinctive
bimodal nature of the O-H stretch are duplicated between
theory and experiment. In these spectra, the bimodal character
is due to multiple isomers contributing to the Boltzmann
distribution. With the more straightforward CCl4 and cyclo-
hexane complexes, the red-shift of each peak is still replicated.

Figure 6. Ethanol/CCl4 complexes as calculated at the (top) HF/6-
31G* and (bottom) MP2/6-31G* levels of theory. Distances between
CCl4 and EtOH are shown in angstroms. The geometry of7 did not
converge at the MP2/6-31G* level, so only the HF/6-31G* distance is
shown; the geometry of10 did not converge at the HF/6-31G* level,
so only the MP2/6-31G* distance is shown.

Figure 7. (a) Gas-phase and (b) PCM calculated Raman spectra, generated via MP2/6-31G* calculations and Boltzmann weighting factors from
H0 values (from B3LYP/6-31+G**//MP2/6-31G* energies).

TABLE 2: O -H Bond Lengths and Stretching Frequencies
for Each Distinct Complex, as Calculated at the MP2/6-31G*
Level of Theory; Raman Activities Are Included and
Reported as Unnormalized Values

geometry

bond
length

(Å)

scaled O-H
frequency

(cm-1)

Raman
activity

(Å4/amu)

ethanol 0.971 3567 97
benzene/ethanol 1 0.972 3578 169

2 0.973 3545 144
3 0.972 3550 80

cyclohexane/ethanol 4 0.971 3554 70
6 0.972 3554 65

CCl4/ethanol 8 0.971 3562 98
9 0.972 3552 79
10 0.972 3568 104
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For most geometries, regardless of the method used, com-
plexation with a solvent molecule increased the O-H bond
length to a minor extent (Table 2). These results can be
compared circuitously to the experimental findings. The cyclo-
hexane and CCl4 complexes revealed minor changes in the O-H
bond length compared to ethanol; correspondingly, the O-H
stretches are of similar energy and their spectra are comparable
to ethanol alone. All three O-H bonds of the benzene
complexes increased in length, and the corresponding vibrations
decreased substantially in energy. Thus, the considerable red-
shift seen for the benzene/ethanol complexes is attributed in
some measure to a lengthening of the O-H bond.

In addition to supplementing the experimental work, com-
putational methods were also used to investigate the efficacy
of various methods and basis sets. The relative energies within
each set of complexes were explored using a variety of energy
expressions and basis sets, including the B3LYP method with
the flexible 6-311+G(3df,2p) basis set. The bottom-of-the-well
electronic energies (EBW) were compiled, as were the enthalpies
at 0 K, the enthalpies at 298 K, and the free energies at 298 K,
and expressed as relative energies (Table 3). Additionally, the
energies of the complexes relative to the energies of the
individual parts of the complexes (i.e., infinitely separated
ethanol and solvent molecules) are included in Supporting
Information.

The most accurate energies (B3LYP/6-311+G(3df,2p)//MP2/
6-31G*) agree well, reproducing trends among “types” of
energy: the most stable benzene complex,2, is the most
energetically favorable of the three complexes in all cases except
that of∆G298 (which is a common exception in the energy trends
reported here, reasserting the possibility that inaccuracy might
arise in the respective entropic corrections of the complexes),
where1 is slightly more stable. These differences in magnitude
and sign are also seen for the cyclohexane and CCl4 complexes,
albeit to different extents than with the benzene species; the
general pattern of∆EBW ≈ ∆H0 < ∆H298 < ∆G298 is seen
regardless of solvent.

HF predicts more negative values for the complexation
energies than does MP2 (see Supporting Information), and a
few slight disparities are observed between their trends; the
B3LYP/6-311+G(3df,2p)//HF/6-31G* energies predict1 to be
the most stable ethanol/benzene complex regardless of quantity
of interest, whereas in cyclohexane and CCl4, the same overall
minima are seen as with MP2 (4 and9, respectively), except
for slight disparities in the∆G298 values.

Generally, increasing the size of the basis set for the single-
point energies made the complexation energy more positive for
a given species but did not disrupt the relative energies of the
complexes. There are disparities between HF and MP2 single-

point energies (in the most glaring example,1 is favored
exclusively by the single-point energy calculations with the HF
geometries, whereas2 is favored by the MP2 geometries), but
within methods, the trends between single-point energies are
consistent. Thus, the B3LYP/6-31+G** level provides a less
computationally expensive, comparably accurate alternative to
the larger and more costly 6-311+G(3df,2p) basis set. Similar
findings have been noted in other systems with the potential
for hydrogen bonding.7

IV. Conclusions

The interactions of the free O-H bonds inn-octanol and
ethanol with the organic solvents benzene, carbon tetrachloride,
and cyclohexane were examined using Raman spectroscopy. The
Raman spectra ofn-octanol and ethanol complexes reveal that
although cyclohexane and carbon tetrachloride as solvents have
a small effect on the alcohol free O-H peak, benzene as a
solvent significantly red-shifts the predominant free O-H peak.
Computational analyses matched these solvent effects and
supported the experimental findings: calculated spectra gener-
ated via MP2/6-31G* frequencies, which were Boltzmann-
weighted using both gas-phase and solution-phase (PCM) single-
point energies, were consistent with the experimental spectra.
The observed red-shift in the Raman spectra of the alcohol/
benzene complexes is attributed to a lengthening of the O-H
bond from the O-H interaction with the delocalized electronic
structure of benzene. The bimodal character of the free O-H
peak of the alcohol/benzene mixtures is consistent with the
calculated minima for two distinctly different types of alcohol/
benzene complexes.
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