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a b s t r a c t

Benzene and methanol make a minimum boiling point homogeneous binary azeotrope with the mole
ratio 2:3. Some characteristic vibrational modes, as well as 1H NMR signals change due to the azeotrope
formation. The extend of interaction of these molecules causes significant changes on some vibrational
modes involved, and 1H NMR signals show some changes on their position. No IR, Raman, and NMR spectra
eywords:
enzene
ethanol

zeotrope
etramer

have been reported for this constant boiling mixture, also there has not been any attempt to investigate
the unit-structure of this azeotrope. In this work the FTIR, FT-Raman, and 1H NMR spectra of pure benzene,
pure methanol, and corresponding azeotrope were recorded, mutual influences resulting from azeotrope
formation have been analyzed, and spectral changes has been discussed. The unit-structure of cluster has
been deduced based on mole ratio, boiling point depression of constituents, and comparison among the

FT-R
ydrogen bonding
nit-structure

spectra obtained by FTIR,

. Introduction

Infrared and 1H NMR spectroscopy are powerful methods for the
tudy of intermolecular forces between different molecules such as
ixture of solutions. Most of characteristic effects observed are the

requency shift and chemical shift due to hydrogen bonding. ��
cm−1) defined as a difference in position between a free stretching
nd deformation vibrational band in pure substance and bonded
ounterpart displaced to lower and higher frequencies, respectively.
ı (ppm) defined as a difference in position between a shielded

r deshielded proton in new environment. We therefore set out
o obtain direct structural information about benzene–methanol
zeotrope using spectroscopy, in the hope of obtaining evidence
or the unit-structure of this constant boiling mixture.

The accent in this work is therefore on structure: obviously,
tructure and dynamics are intimately linked in fluid systems, as is
icely illustrated by the fact that, while infrared spectroscopy’sees’
largely static system, very much on the slow-exchange side, NMR

pectroscopy detects a largely dynamic system, almost always on
he fast-exchange side.

The FT-IR and 1H NMR spectra of pure liquids and azeotrope
ontains information on intermolecular forces and unit-structure

f the cluster frequency and environment domain spectroscopic
ethods like FT-IR, FT-Raman, and 1H NMR are well studied for

his work.
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aman, and 1H NMR techniques.
© 2009 Elsevier B.V. All rights reserved.

Among all investigations done about benzene–methanol mix-
tures and/or their azeotrope, there has not been any explicit attempt
to determine unit-structure of this azeotrope and its IR, Raman, and
NMR spectra. Considering methanol alone, there have been various
theoretical and experimental efforts describing the hydrogen bond
strength and its structure [1–7]. Also, various spectroscopic tech-
niques, such as Raman, X-ray, and neutron scattering have been
used to study this system [4–6]. NMR has also established itself
as a method of probing the dynamics and structure of methanol
liquid [8–11]. It is well known that methanol molecules interact
through hydrogen bonds similar to those between water molecules.
The details of these interactions are important in determining the
configurations of small groups of molecules and eventually the
structure of the liquid and solid phases of methanol.

Experimentally, several methods have been used to study inter-
actions between methanol molecules. A number of PVT and heat
capacity measurements on methanol vapor have been reported
[12–14]. In this regard Weltner and Pitzer [12] suggest the presence
of monomers, dimmers, and tetramers from PVT and heat capacity
data. Vapor density measurements [15,16] and infrared absorption
studies [17] have also pointed to the existence of the higher poly-
mers. Renner et al. [18] have detected tetrameric methanol in the
gas phase at around 325 K by thermal conductivity measurements.
Van Thiel et al. [19] carried out a study of methanol suspended
in solid nitrogen at 20 K. Their paper provides the first identifica-

tion of discrete absorptions due to the various multimer species
present in methanol. Their investigation covered the �(OH) and
�(CH) spectral region 2800–3700 cm−1, and by varying the con-
centration over matrix: absorber (M/A) ratio 2220 to 10, they were
able to assign bands to monomer (cyclic) dimer (cyclic) trimer and

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:jalilianiraj@yahoo.com
dx.doi.org/10.1016/j.saa.2009.04.020
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hydrogen bond. When a hydrogen bond is present the O–H stretch
fundamental shifts its frequency to the red, increases in breath, and
typically increases in intensity [53,54].

Figs. 1 and 2 show that the O–H stretching mode of methanol
has been red shifted. This frequency has been moved from 3354.1
M.R. Jalilian, S.F. Tayyari / Spectro

etramer, as well as to higher polymers. Barnes and Hallam [20]
eported the infrared spectra between 40 and 4000 cm−1 for CH3OH
nd CH3OD, and between 650 and 4000 cm−1 for CD3OD, 13CH3OH
nd CH3

18OD suspended in argon matrices at 20 K. They recorded
he spectra of CH3OH in argon matrices over a range of concen-
rations, from M/A = 2000 to 20, and were able to assign observed
requencies to monomer, multimer, open chain dimer, open chair
rimer, open chain tetramer and high polymers. Del Bene [21] deter-

ined the structure and binding energy of the methanol dimer
sing a minimal basis set. Curtiss [22] extended these calculations
o the series (CH3OH)n (n = 3, 4, 5, 6). The relative stabilities of these
olymers were used to explain and underscore some of the exper-

mental observations on methanol in the gas phase. It was also
ound that cyclic structures are more stable than the open struc-
ures for the trimer and higher polymers. He also reasoned that
he results of his study could be related to the structure of liquids,
ince it is not unreasonable to assume that there may be a num-
er of cyclic polymers present in the liquid. Curtiss also pointed
ut that the change in binding energy with the addition of the
th molecule for the series (CH3OH)n is largest for the tetramer.
e emphasized that the larger cyclic structures are also more sta-
le than their chain analogues. A detailed study by Provencal et
l. [23] showed that methanol clusters larger than dimer must
xist in cyclic ring configuration. In this regard, Pribble et al. [24]
howed that the methanol tetramer structure in benzene is a cyclic
etramer.

Regarding the methanol’s vibrational modes, there has been
any assignments for this molecule including: CH3OH:vapor

nfrared [25–31], liquid infrared [32–36], liquid Raman [37–50],
apor Raman [45]; CH3OD: vapor infrared [27,28,31,32,51], liquid
nfrared [31], liquid Raman [40,41,43]; CD3OH and CD3OD:vapor
nfrared [27,28,31,32,51,52]; CD3OD:liquid Raman [27,46], solid
H3OH [30,31,52] among which most extensive work has been
one by Falk and Whalley [52]. These researchers have made
complete assignment of the internal modes by recording the

nfrared spectra of CH3OH, CH3OD, CD3OH, and CD3OD in different
hases, including gas, liquid, vitreous solid, �-crystal, and �-
rystal in the 300–4000 cm−1 range, and Raman spectrum of liquid
D3OH. Therefore, we preferentially used their assignment in our
ork.

. Experimental

The chemicals benzene and methanol were purchased from
erk. Benzene and methanol were distilled for further purifica-

ion and measuring their boiling points at laboratory pressure
678 mmHg) the binary azeotrope were prepared by adding appro-
riate quantities of the liquids by volume, using micropipettes. The
ixture were fractionally distilled and a center fraction boiling at

5.3 ◦C was chosen from the same multiplate column. The mid-
R spectra of benzene, methanol, and azeotrope were recorded on

Nicolet 800 Fourier transform interferometer equipped with a
igh intensity Globar source, Ge/KBr beam splitter and DTGS detec-
or. A resolution of 0.09 cm−1 was utilized and 500 iterferograms
ere taken on both sample and empty reference cell. The Raman

pectra were collected employing 180◦ back scattering geometry
nd a Bomen BM-154 Fourier Transform Raman Spectrometer. The
aman spectrometer equipped with a ZnSe beam splitter and a TE
ooled InGaAs detector. Rayleigh filtering was afforded by two sets
f two holographic technology filters. Laser power at the sample
as 500 MW. The spectra were collected with a resolution of 2 cm−1
y coadding the results of 1000 scans. All 1H NMR spectra for these
tudies were acquired on a Varian (VXR-500) 500 MHz pulsed NMR
pectrometer with a 7.04 T superconducting magnet. The spectra
ere obtained unlocked, which is possible due to the negligible
eld drift over the course of an experiment.
Fig. 1. FT-IR spectra of benzene (. . . .), methanol(- - -), as well as their azeotrope (—)
in the region 2400–3600 cm−1.

3. Results and discussion

Benzene and methanol form a homogenous binary azeotrope
with minimum boiling point in which the mole ratio of benzene to
methanol is 2:3. Pure samples of benzene and methanol boil at 61
and 76 ◦C (at 678 mmHg), respectively, while their azeotrope boils
at 5576 ◦C. The 2176 ◦C decrease in boiling point of benzene and
676 ◦C decrease in boiling point of methanol shows that attraction
forces between benzene molecules has been obviously diminished
in the azeotrope. Boiling point depression of benzene is signifi-
cantly more than that of methanol. This difference indicates that
benzene molecules must be noticeably much more separated from
each other by loosing their original attraction forces, due to the
azeotrope formation.

In hydrogen bonded molecules, such as methanol, the O–H
stretching vibration is one of the more powerful and sensitive
probes of the intermolecular hydrogen bond. The O–H stretch is
sensitive to the strength, type, and number of hydrogen bonds
in which it participates, because it vibrates directly against the
Fig. 2. FT-IR spectra of benzene (. . . .), methanol(- - -), and benzene–methanol
azeotrope (—) in the region 500–1600 cm−1.
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Table 1
Vibrational frequencies of benzene, methanol, and benzene–methanol azeotrope, along with frequency shifts in azeotrope with respect to corresponding bands in pure
substancesa.

Vibrational mode Benzene(cm−1) Methanol(cm−1) Azeotrope (cm−1) � (cm−1)

IR Raman IR Raman IR Raman IR Raman

OH a. str. 3354.1 3350.2 −3.9
C–H a. str. 3090.7 3091.7 1
C–H a. str. 3071.1 3071.9 0.8
C–H s. str. 3061.9 3063.1 1.2
C–H a. str. 3045 3045.8 0.8
C–H s. str. 3035.7 3036.9 1.2
C–H a. str. 3034.8 3035.7 0.9
CH3 a. str. 2944.5 2943 −1.5
CH3 s. str. 2940.8 2940.3 −0.5
CH3 s.str. 2833.5 2832.7 −0.8
CH3 s.str. 2832.3 2831.2 −0.9
C–H i.p. bend 1583.8 1586.7 2.9
CH3 s. def. 1451.6 1449 −2.6
C–H i.p. bend 1178.8 1177.1 −1.7
CH3 rock 1114.2 1115.5 1.2
C–O str. 1035 1036 1
CCC bend 673 678 5
O
O
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ened. Such a structure change seems to be reflected in the red shift
H o.p. bend 654
H i.p. bend

a Only those frequencies which have observable and/or have measurable frequen

o 3350.2 cm−1 upon azeotrope formation (Table 1). This red shift
hows that a rather stronger hydrogen bonding is formed between
ethanol molecules in the azeotrope. Obviously, 3.9 cm−1 decrease

n O–H stretching mode shows that methanol’s cyclic polymers
CH3OH)n, with n = 4 have gained their most stable association form
y formation of the tetramer [22,55]. As mentioned by Davies [35],
he potential field governing all the vibrations of the group will be
nfluenced simultaneously. Thus, in the case of a hydroxyl group,

hile interaction with another molecule will stretch the O–H bond
nd so cause decease in the valence frequency, it will tend to tie
he hydrogen more firmly in its angular orientation. Accordingly,
he deformation frequency can be expected to rise on association.
igs. 3 and 4 and Table 1 show that this has actually occurred for
–H bending mode, upon azeotrope formation.

It is also expected that symmetric and asymmetric stretch-
ng vibration of methyl group in methanol shift toward lower
avenumbers upon formation of stronger hydrogen bonding
etween hydroxyl groups in cyclic polymers. Hydrogen bonding

etween hydrogen of one alcohol and nonbonding electrons on
eighbouring molecule, reduces the electron density in the vicinity
f the foregoing oxygen, therefore, this oxygen pulls methyl group
oward itself more than methanol’s individual state, this inductive

ig. 3. FT-Raman spectra of benzene (. . . .),methanol(- - -), and their azeotrope (—)
n the region 500–1700 cm−1.
654.5 0.5
604 606.7 2.7

fts are listed.

effect relatively weakens the C–H bond, the result is a red shift in the
C–H stretching modes. As it can be seen in Figs. 1 and 2 and Table 1,
this is exactly what we have observed. Formation of tetramers in
azeotrope causes stronger hydrogen bonding between methanol
molecules which moves CH3 asymmetric stretching modes shift
from 2944.5 and 2832.3 cm−1, to 2943 and 2831.2 cm−1, respec-
tively. As we mentioned in the previous paragraph, when stretching
vibration in a special group shows blue shift, the deformation vibra-
tions show red shift, and vice versa. In azeotrope the deformation
as well as the rocking modes of methyl groups exhibit significant
peak shifts in the presence of benzene. Here, as we discussed above,
since stretching modes show red shift, we expect blue shift for all
deformation modes in CH3 moiety. Figs. 3 and 4 show that this is
actually the case. CH3 asymmetric deformation, symmetric defor-
mation and CH3 rock show 0.3, 3.3, and 1.2 cm−1 blue shift in their
vibrational spectrum (Table 1). Regarding the methanol moiety, the
O–H bond is lengthened substantially while the C–O bond is short-
of the O–H stretching mode and the blue shift of the C–O stretch-
ing mode, due to the stronger H-bonding, the O–H bending mode
is significantly blue shifted. Fig. 2 shows that upon formation of

Fig. 4. FT-Raman spectra of benzene (. . . .), methanol(- - -), and their azeotrope (—)
in the region 2700–3200 cm−1.
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Table 2
Proton chemical shift data for benzene, methanol, and their azeotrope.

Substance Proton in ı (ppm) ı (ppm) in azeotrope �ı (ppm)
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ton signal in the O–H moiety in azeotrope has been shifted toward
higher chemical shift (�ı = 0.013 ppm) which verifies above predic-
tion. In agreement with IR results, which shows red shift for C–H
stretching modes of methyl group, we expect deshielding for these
enzene C–H 7.1495 7.2504 0.1009

ethanol
OH 4.9447 4.9577 0.013
CH3 3.3554 3.3614 0.006

zeotrope, the C–O stretching mode in methanol has been shifted
rom 1034 to 1036 cm−1 (Table 1).

Concerning benzene’s vibrational assignments, several stud-
es have appeared on the frequencies of benzene [56–61]. The
xperimental frequencies of benzene reported in liquid state
56,57] and in the gas phase [58], and theoretical estimations
or the harmonic frequencies [62,63] are also reported. Among
hese assignments, the work of Wilson [56] looks more satisfac-
ory, therefore, his assignments are used in our work. Although
enzene molecules don not have electric dipole, they have six lone-
air-unlocalized electrons which produce strong Van der Waals
ttraction forces, causing high boiling point for this neutral sub-
tance, so we expect that on vaporization, or making solutions with
ppropriate media, these forces diminish and/or vanish, depend-
ng on the matrix. As the result of reduction of intermolecular
ttraction forces, C–H stretching modes become more independent
nd less affected by neighbouring molecules, consequently these
odes need more energy to vibrate which means a blue shift in

heir infrared and Raman spectra. 21 ◦C depression in benzene’s
oiling point shows that these molecules are widely separated
rom each other in azeotrope which confirms the cause of blue
hift for these C–H stretching modes, and this is exactly what
e observed (Figs. 1 and 2). Table 1 shows that all C–H stretches

nd in plane modes are shifted toward the higher frequencies.
mong all bending modes of benzene, only out of plane motions
how red shift in IR spectrum (Figs. 3 and 4, and Table 1). This
an be attributed to the orientation of benzene molecules in the
zeotrope. We can imagine that oxygen’s lone pair electrons in
ethanol are directed toward the hydrogen atoms in benzene,
hich eases hydrogen’s out of plane bending mode, as a result

f this newly formed attraction, this mode shifts to the lower fre-
uency.

Table 2 shows that the CCC bending mode in benzene is shifted
o the higher frequency, this frequency change can be explained
s below: in liquid benzene, alignment of molecules causes a har-
onic and in phase bending motion in which molecules need less

nergy to vibrate, while, on vaporization or dilution, where benzene
olecules are separated and attraction forces between adjacent
olecules are diminished, benzene molecules loose their harmony

nd need more energy to do ring bending vibration, therefore need
ore energy for doing the same vibration, which means a blue

hift in the vibrational spectrum. Fig. 3 and Table 1 show that the
CC bending mode has been shifted from 673 to 678 cm−1, which
onfirms above prediction.

In the case of NMR, shielding affects the ı(1H) chemical shift
requencies. The observed chemical shifts for the CH3 and OH
roups in methanol and C–H in benzene are extremely sensitive
o changes in their local orientations. The proton in OH moiety
an be used to study changes in the hydrogen bond. The use of
MR chemical shifts in conjunction with molecular simulations
llows one to establish an appropriate physical model describing
he effect of different factors on the extent of hydrogen bonding
or these liquids. In methanol’s tetramer, with stronger hydrogen

onding, oxygen atom of each molecule attracts hydroxyl proton
n the adjacent molecules stronger than before, consequently its
igh electron density pulls protons stronger, in comparison with
ther multimers in the liquid, toward itself, which removes bond-
ng electrons partially and causes deshielding of such protons. Also
Fig. 5. 1H NMR spectra of benzene, methanol, and their azeotrope.

when azeotrope forms, due to the attraction between benzene pro-
tons and lone pair electrons on hydroxyl moiety, the C–H band
stretches out causing an electron density decrease in the vicin-
ity of these protons. For benzene protons, base on boiling point
depression and IR spectrum, which indicate that intermolecular
attraction forces are reduced by azeotrope formation, we anticipate
deshielding for these protons. High electron density of the media
pulls the benzene protons toward itself and reduces the electron
cloud around proton, which results deshielding of protons in ben-
zene. Experimentally, we have observed 0.1009 ppm deshielding for
benzene protons (Fig. 5 and Table 2) which indicates that benzene
molecules are not only disaggregated, but are distributed among
methanol tetramers in such a way that their hydrogens have been
attracted by the oxygens of hydroxyl groups. Similarly, we can pre-
dict that in comparing methanol tetramer with liquid methanol,
where weaker hydrogen bondings are present, bonding electrons
in hydroxyl group are relatively more deshielded, therefore, we
expect deshielding for these protons too. Fig. 5 shows that pro-
Fig. 6. Orientation of methanol tetramers to form benzene–methanol azeotrope.
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ig. 7. Proposed unit-structure of the benzene–methanol azeotrope, methyl groups
re not shown for better visualization.

rotons. Fig. 5 and Table 2 show that methyl protons are shifted
rom 3.3554 ppm in liquid methanol to 3.3614 ppm in the azeotrope
�ı = 0.006 ppm).

Based on vibrational (FT-IR and Raman), and 1H NMR spectral
hanges, boiling point depression of benzene and methanol, and
ole ratio of constituents in the azeotrope, the following structures

ave been proposed for the orientation of the methanol tetramer
Fig. 6) and unit-structure of the azeotrope (Fig. 7) with formula
(CH3OH)4]3[C6H6]8.

Assuming the proposed structure (Fig. 7) as unit-structure of the
luster, we can describe all observed changes:

(i) The mole ratio of benzene to methanol in this structure is in
accord with experimental results (2:3).

ii) The tetramer structure of methanol and indifferent distribution
of them in the azeotrope are being considered.

iii) Formation of methanol tetramers with stronger hydrogen bond-
ing can easily explain the red shift of OH moiety in vibrational
spectra and deshielding of O–H proton signal in 1H NMR spec-
trum.

iv) Benzene molecules are indifferently distributed in the
azeotrope, so that they cannot show any additional band or
signal in the azeotrope’s spectra.

v) Location of methyl groups in the vicinity of the benzene ring
cause H–� binding, which can explain red shift and blue shift
for stretching and deformation vibrations of methyl groups,
respectively.

vi) Benzene molecules’ orientation around the tetramers is so
that they are completely isolated from each other, which
can cause benzene’s high boiling point depression in the
azeotrope.

ii) Isolation of benzene molecules in the azeotrope, in compari-
son with pure liquid benzene, not only causes the reduction of
intermolecular forces, but also shifts the C–H stretching signal
to the higher frequency (blue shift).

iii) Closeness of oxygen’s lone pair electrons (which are symmetri-
cally and homogeneously distributed) with benzene molecules
can easily explain the benzene’s protons deshielding in NMR
spectrum.

ix) Majority of molecules in the azeotrope are methanol ones
[(CH3OH)4]3 [C6H6]8, so boiling point depression for this

molecule must be less than benzene.

x) Distribution and orientation of molecules in the unit-
structure of cluster (Fig. 7) is indiscriminately and com-
pletely reasonable so that, all functional groups have similar
situation.

[
[
[
[

[

a Acta Part A 73 (2009) 828–832

4. Conclusion

Based on decrease in boiling point of benzene and methanol,
mole ratio of these molecules in the azeotrope, FT-IR, FT-Raman, and
1H NMR spectral analysis, the unit-structure of benzene–methanol
azeotrope have been deduced. The proposed structure can com-
pletely explain boiling point depression of constituent molecules
and all FT-IR, FT-Raman, and 1H NMR spectral changes due to the
azeotrope formation.
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