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Normal Vibrational Mode Analysis and Assignment of Benzimidazole by ab Initio and
Density Functional Calculations and Polarized Infrared and Raman Spectroscopy

M. A. Morsy,*,† M. A. Al-Khaldi,‡ and A. Suwaiyan†

Department of Chemistry, King Fahd UniVersity of Petroleum & Minerals, Dhahran 31261, Saudi Arabia, and
Department of Chemistry, Girls College, Dammam, Saudi Arabia

ReceiVed: February 27, 2002; In Final Form: July 8, 2002

Molecular structure and fundamental vibrational frequencies of benzimidazole (BZI) are reported using ab
initio-Hartree-Fock (HF) and density functional theory (DFT) methods at different levels of calculation.
Observed polarized IR and Raman fundamentals of polycrystalline, single crystal, KBr-BZI disks, and gaslike
samples are analyzed and assigned by comparison to the computed values. The assignment of fundamentals
shows a one-to-one correspondence between the observed and calculated fundamentals using the BLYP/6-
31G* level of calculation without applying any scaling factor except for XH stretching (X represents C or
N), where a 0.995 scaling factor has been used. Hydrogen bonding and its effects on some normal vibrational
modes are discussed. The results show that the nonscaled BLYP/6-31G* level of calculation may be used as
a reference for assessing the intermolecular hydrogen bonding effect.

Introduction

Benzimidazole (BZI) and a series of substituted BZI ana-
logues are fundamental compounds of many important chemi-
cals: pharmaceutical fine chemicals,1-7 polymers,8-11 and
corrosion inhibitors.12-15 These different applications have
attracted many experimentalists and theorists to investigate the
spectroscopic properties of benzimidazole15-20 and some of its
derivatives.21-23

Several vibrational studies of BZI were performed on its KBr
disk,18 solid and solution,24 KBr mull,19 melt and single crystal,17

and its gaslike phase in the Ar matrix25 to settle its modes’
assignments. However, there is still some ambiguity in the
assignment of certain fundamental modes due to their low
intensities or extensive band overlapping. The earlier polarized
IR and Raman results17 resolved some of these ambiguities, but
a reliable theoretical study in conjunction with these results is
required to shed more light on the analysis and assignment of
the fundamentals. The successful use of ab initio Hartree-Fock
(HF) computational method in our analysis of the vibrational
modes of 5-methoxyindole,26 conformer stabilities’ determina-
tion of thymine,27 and a liquid crystalline system28 motivated
us to advance our earlier analysis of the polarized IR and Raman
results17 of benzmidazole.

In this study, we compare the predictive abilities of different
theoretical methods using various basis sets in reproducing the
experimental molecular geometry and vibrational results. The
calculations of molecular structure and normal vibrational mode
analyses of BZI were performed at Hartree-Fock (HF) and two
density functional theory (DFT) methods, namely, Becke-Lee-
Yang-Parr (BLYP) and Becke 3-Lee-Yang-Parr (B3LYP),
using the 3-21G and 6-31G* basis sets. The results confirm
that DFT with a specific basis set is sufficiently powerful to
predict fundamentals even without using any scaling factor

except for XH stretching modes, where a 0.995 scaling factor
was used. Moreover, the thorough analysis of the reported17,25

polarized Raman spectra from a single crystal of BZI and its
well-resolved FT-IR spectra of the gaslike state and of KBr disks
rationalized the effect of the intermolecular hydrogen bonding
on some fundamental modes.

Experimental Section

Benzimidazole (BZI) was obtained from Fluka and was used
after repeated crystallization from an ethanol-water mixture
to remove particulate and colored impurities. IR spectra of a
series of BZI-KBr disks were recorded at room temperature
on a Perkin-Elmer 16PC FT-IR spectrometer at 2 cm-1

resolution. Vibrational spectra in Figures 1 and 2 show that the
extensive band overlapping in the IR and broadening problems
could be overcome by the proper procedure of dilution, grinding,
and preparation of BZI-KBr disks. This procedure has produced
clear IR spectra (e.g., spectra C and D of Figures 1 and 2),
which exhibited a one-to-one correspondence of fundamentals
with the Raman spectrum (spectrum F in both Figures) of the
polycrystalline BZI.17 These reported IR spectra have also
comparable band features to IR spectra of BZI in the gaslike
state (spectrum E in both Figures).25

Polarized IR and Raman spectra of polycrystalline BZI and
polarized Raman spectra of a large single crystal of BZI were
reported in our earlier study.17 The high-resolution polarized
Raman spectra from a single crystal of BZI has been used to
identify some of the poorly resolved or weakly represented
fundamentals from the Raman spectrum of polycrystalline BZI
in the 100-1700 cm-1 range (Figure 1S).

Method of Calculations

Calculations on BZI were performed at the LCAO-MO-SCF
restricted Hartree-Fock (HF) and density functional theory
(DFT) levels using Becke-Lee-Yang-Parr (BYLP) and
Becke’s nonlocal three-parameter exchange and correlated
funcational with Lee-Yang-Parr correlation (B3YLP) func-

* To whom all correspondence should be addressed. E-mail: mamorsy@
kfupm.edu.sa.

† King Fahd University of Petroleum & Minerals.
‡ Girls College.

9196 J. Phys. Chem. A 2002, 106, 9196-9203

10.1021/jp0256948 CCC: $22.00 © 2002 American Chemical Society
Published on Web 09/05/2002



tional methods. The runs were executed on a relatively fast
personal computer. The optimized molecular geometry of BZI
was obtained without any structural constraint on the planarity
using the most common basis sets, namely 3-21G* and 6-31G*,
with the GAUSSIAN 98W program.29 A planar geometry was
found to be the most stable one. In addition to the reported30

X-ray molecular parameters of BZI, all the estimated bond
lengths and angles of the optimized BZI molecule are listed in
Table 1.

As expected, the computed fundamental frequencies using
HF/3-21G* and HF/6-31G* were overestimated by about 10-
12%.31 It, therefore, has been advisable to scale their computed
values by a single uniform factor of 0.9132-35 or 0.8929.36

However, other results on planar molecules indicated26,37 that
two scaling factors of 0.9017 for in-plane modes and 0.8383
for out-of-plane modes could be used to bring closer the
calculated and observed frequencies. On the other hand,
computational results on fundamentals using DFT methods
showed that these methods reproduce experimental vibrational
frequencies with higher accuracy than do the HF and MP2
methods.37-44 For example, results on predicting the funda-
mentals of 20 small molecules (e.g., benzene, ether, etc., whose
vibrational spectra are exactly assigned) by Rauhut and Pulay42

using BLYP and B3LYP functional methods derived uniform
scaling factors of 0.995 and 0.963, respectively.

In our analysis, the HF-computed BZI vibrational modes have
been scaled with the proposed26,37 scaling factors of the planar
system. For DFT-computed fundamentals, the proposed42 scaling
factor of 0.963 was very suitable for scaling at the B3LYP level
of calculations, whereas no scaling factor was required for

BLYP-computed fundamentals except for the X-H stretching
modes where the 0.995 scaling factor was implemented.

HyperChem45 under MS-Windows has been used to display
all the vibrational modes associated with each calculated spectral
line. The computed IR spectrum has been produced from
Gaussian output files by FreqChk utilities46 in the GAUSSIAN
98W package. The HyperChem vibrational spectrum with active
IR vector rendering has been used to graphically display the
normal modes associated with individual vibrations. For the sake
of an informative graphical display, representative IR vectors,
which have strengths of 20% or higher, have been displayed
for all the BZI-fundamentals.

Results and Discussion

Geometric Structure. Molecular geometry and numbering
of atoms of benzimidazole (BZI) are depicted in Figure 3, which
also shows some of the estimated structure parameters and
experimental bond lengths and bond angles. Although it is well-
known that the HF method underestimates bond lengths,36 the
HF/6-31G* method of calculation has the least bond length
discrepancy (less than 0.01 Å) relative to the X-ray values
(Figure 4A). On the other hand, the BLYP/3-21G* method of
calculation gives the largest discrepancy with X-ray values.
Closer examination of the bond lengths in Figure 4A estimated
using HF/6-31G* relative to the X-ray values shows that large
deviations are observed in the bond lengths of C5-C6, N1-
C7, and C7-N2. Bonds C5-C6 and C7-N2 are stretched
whereas N1-C7 is shortened. These deviations may be at-
tributed to the solid state intermolecular interactions, particularly

Figure 1. Vibrational spectra of benzimidazole: (A-D) FT-IR of
polycrystalline samples at different concentration from high to low,
respectively. (E) FT-IR of gaslike sample trapped in argon matrix. (F)
Raman of polycrystalline sample. Expansion notation (e.g., ×3) has to
be applied to the adjacent vibrational band on the left to get the original
intensity.

Figure 2. XH stretching vibrational spectra of benzimidazole: (A-

D) FT-IR of polycrystalline samples at different concentration from
high to low, respectively. (E) FT-IR of gaslike sample trapped in argon
matrix. (F) Raman of polycrystalline sample. Expansion notation (e.g.,
×3) has to be applied to the adjacent vibrational band on the left to
get the original intensity.
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the reported strong hydrogen bonding,30 which is 2.0 Å long
from H5 to N2.

Regarding the C-H and N-H bond lengths, it is well-
known36 that due to low scattering factors of hydrogen atoms
in X-ray diffraction, the experimental bond lengths of X-H
bonds are much shorter than the estimated bond lengths.27,36

As expected, Figure 4B shows that most of the observed C-H
bond lengths of BZI are shorter than the estimated values.
Exceptions for this trend are observed in C4-H3 and N1-H5
bond lengths that are remarkably stretched out to approach the
estimated values. The prolonged N1-H5 bond length of the
imidazole (Im) ring can be linked to the intermolecular hydrogen
bonds.47-49 However, the stretch of the C4-H3 bond length of
the benzene (Bz) ring may be attributed to crystal packing
effects.

The estimated bond angles (Figure 5) agree very well with
the observed X-ray values. Discrepancies are about 0.9° for bond
angles except for some of the Bz-CCH angles. The largest
discrepancy of about 8° is observed in the C3C4H3 bond angle.
This deviation may be attributed to a crystal packing effect,
namely, molecular structure strain between benzene parts of
different BZI molecules (see molecules III and VI in the unit
cell presentation in Figure 6),17 which is further evidence of
the elongation in the C4-H3 bond length.

Fundamental Modes. Benzimidazole has a Cs symmetry and
39 fundamental modes; all of them are IR and Raman active.
These modes include 12-depolarized out-of-plane modes with
A′′ symmetry and 27-polarized in-plane modes with A′ sym-
metry. Tables 1S, 2S, and 3S (Supporting Information) present
a comprehensive summary of all fundamentals. These tables
show the reported fundamentals of BZI and their assignments
from IR spectra of KBr disks,19 partially oriented solid,17 a

TABLE 1: Optimized and X-ray Geometrical Parameters of BZI, Lengths in Ångstroms and Angles in Degrees

parametersa HF BLYP B3LYP

name X-ray 3-21G* 6-31G* 3-21G* 6-31G* 3-21G* 6-31G*

A. Bond Length
C1-C2 1.389 1.38561 1.39255 1.40696 1.40957 1.3969 1.40044
C2-C3 1.386 1.37563 1.37697 1.40248 1.40226 1.3913 1.39084
C3-C4 1.401 1.40117 1.4024 1.42058 1.41921 1.41084 1.41012
C4-C5 1.378 1.37723 1.37815 1.40426 1.40334 1.3923 1.39204
C5-C6 1.401 1.38685 1.39002 1.40519 1.40568 1.39491 1.39622
C6-C1 1.392 1.39697 1.39403 1.43619 1.42985 1.421141 1.41642
C6-N1 1.372 1.38244 1.37662 1.40191 1.39544 1.39176 1.38473
N1-C7 1.346 1.381 1.36108 1.41 1.391 1.395 1.378
C7-N2 1.311 1.29092 1.27999 1.33448 1.32034 1.31993 1.30656
N2-C1 1.395 1.40322 1.38561 1.42259 1.40333 1.41066 1.39106
C2-H1 0.94 1.0702 1.07442 1.08883 1.09338 1.08162 1.086
C3-H2 1.02 1.0719 1.07579 1.09094 1.09346 1.08301 1.08639
C4-H3 1.07 1.0714 1.07567 1.09118 1.09452 1.08312 1.08708
C5-H4 0.98 1.0712 1.07569 1.09106 1.09421 1.08353 1.08704
N1-H5 0.9 0.9943 0.993453 1.02121 1.01847 1.01242 1.00924
C7-H6 1.03 1.0644 1.07263 1.08443 1.09004 1.07709 1.08336

B. Bond Angle
C1C2C3 117.8 118.2 118 118.4 118.1 118.3 118.1
C2C3C4 120.9 120.9 121.2 121.2 121.4 121.1 121.4
C3C4C5 122.3 121.5 121.5 121.5 121.6 121.4 121.6
C4C5C6 116.1 117.2 116.8 117.2 116.6 117.3 116.7
C5C6C1 122.4 121.7 122.4 121.9 122.6 121.8 122.6
C6C1C2 120.6 120.4 120 119.9 119.7 120 119.7
C1C6N1 105.8 105.3 104.6 104.9 104.4 105 104.4
C6N1C7 106.6 106.7 106.4 107.1 106.8 107.1 106.7
N1C7N2 114 112.7 114.1 112.9 113.7 112.8 113.7
C7N2C1 104.2 105.9 104.8 104.9 104.5 105.2 104.6
N2C1C6 109.5 109.3 110.1 110.2 110.6 109.9 110.5
C1C2H1 117 119.9 120.3 119.8 120.1 119.9 120.2
C2C3H2 117 119.9 119.7 119.7 119.5 119.7 119.6
C3C4H3 111 119.2 119.2 119.3 119.3 119.2 119.3
C4C5H4 121 121.1 121.3 120.8 121.3 120.8 121.3
C6N1H5 126 126.8 127.4 126.2 126.7 126.4 126.9
N1C7H6 121 121.7 121 121.5 121 121.6 121.1

Figure 3. Observed and selected values of the calculated structural
parameters of benzimidazole molecule.
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gaslike phase trapped in an argon matrix,25 and observed IR
values from the highly resolved absorption spectra C and D of
Figures 1 and 2. Estimated values of all the fundamentals, their
scaled values, intensities, and the corresponding IR vector
graphical representation for the optimized geometries of single
BZI molecule at each ab initio level used in this study are also
included in Tables 1S, 2S, and 3S. The observed fundamental
frequencies and their best estimated values and mode assign-
ments have been extracted from these tables and are presented
in Table 2.

The polarization of the incident and scattered light has
enormous effects on the intensities of vibrational modes (Figure
1S). The BZI fundamentals from these polarized spectra and
Raman spectrum of BZI powder are also included in Tables 1S
and 2S. A close examination of these reported polarized Raman
spectra indicates that many vibrations become weaker or even
disappear as a result of the change in polarization, except for
bb- and cc-polarized Raman spectra. These two spectra show
the clearest identified BZI fundamentals compared to the powder
sample. This is in agreement with the reported results on the

oriented gas model,17 which predicts the vibrations with A′
symmetry will be most intense parallel to the b-axis whereas
A′′ types vibrations will be most intense parallel to the c-axis.

Out-of-Plane Modes. Systematic comparison of the observed
out-of-plane fundamentals of solid samples with the correspond-
ing fundamentals of the gaslike sample (Table 2 and Figure 1)
shows different correlations. For the 626 and 887 cm-1 modes,
the frequency deviations, which are quite large, are about 180
and 30 cm-1, respectively. On the other hand, the correlation
is quite good for the 424, 578, 635, 746, 752, 902, and 933
cm-1, modes with an average deviation of about 6 cm-1. This
small deviation may indicate that these well-predicted modes
exhibit no or minimal hydrogen bonding and/or crystal packing
effects. Therefore, they can be considered as appropriate
fundamentals among the out-of-planes modes to compare with
the computed values.

A check of the computed values listed in Table 1S relative
to the above-mentioned modes shows that the closest estimating
of these fundamentals are obtained by the BLYP/6-31G* level
of calculation without applying the scaling factor. This agree-

Figure 4. Observed and calculated bond lengths of benzimidazole: (A) C-C and C-N bond lengths; (B) C-H and N-H bond lengths.

Vibrational Mode Analysis of Benzimidazole J. Phys. Chem. A, Vol. 106, No. 40, 2002 9199



ment is manifested in the marginally lowest mean frequency

deviation (mfd), |ν
exp
-ν

theor
|, of about 6 cm-1 relative to the

observed modes of the solid samples and about 10.5 cm-1

relative to the gaslike sample. The other levels of calculation,
even the HF/6-31G* one, which give the best estimates of bond
lengths (Figure 4A), have a much higher mfd. Some of these
levels of calculation improved upon applying the recom-
mended26,37,42 scaling factors to them. For example, the scaled
HF/6-31G* gives a mfd value of about 32 cm-1, whereas the
nonscaled one gives a mfd value of about 40 cm-1. On the other
hand, the observed low mfd between the observed out-of-plane
modes of BZI and their computed values using BLYP/6-31G*
causes us to limit the comparison of the remaining out-of-plane
modes to the estimated results from this level of calculation
(Table 2).

For the 626 cm-1 mode of vibration, the largest frequency
deviation (fd) occurs relative to the gaslike sample (fd ) 177
cm-1) as well as to the estimated one using the BLYP/6-31G*
level of calculation (fd ) 220 cm-1). This large fd value is
expected because this mode is attributed to NH out-of-plane
bending19 and this NH is a hydrogen bonding donor site in BZI
molecule (Figure 6). Moreover, comparison between its ob-

served value in the gaslike sample and the corresponding
calculated value shows a difference of about 40 cm-1. This
difference may be attributed to the presence of the intermolecular
hydrogen bonding of BZI molecules in the argon matrix. The
results also indicate that the hydrogen bond effect is much
weaker in the argon matrix than in the solid samples.

The second largest fd value is observed for the 887 cm-1

band, which has a deviation of about 29 cm-1 relative to the
gaslike sample and 57 cm-1 for the crystalline material relative
to the estimated value. The IR vector representation for this
mode in Table 1S and its summarized assignment in Table 2
show a large contribution of the Bz-CH wags. Therefore, this
frequency deviation could be attributed to crystal packing and/
or the molecular aggregation. This deviation also correlates with
the observed distortions in the CH bond lengths and CCH bond
angles of the benzene part as discussed above.

Modes 242, 270, and 847 cm-1 observed in this region have
no corresponding modes from the gaslike sample. However, all
of them show remarkable frequency deviations for crystalline
samples relative to their estimated values (24, 22, and 50 cm-1,
respectively). According to the reported19 assignment, namely,
imidazole-CH (Im-CH) bending of the 847 fundamental and

Figure 5. Observed and calculated bond angles of benzimidazole: (A) C-C-C and C-C-N bond lengths; (B) C-C-H and C-N-H bond
lengths.
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its estimated mode assignment in Table 2, the large fd value is
expected because of the hydrogen bonding effect in the Im ring.
The IR vector representation for the other modes (242 and 270
fundamentals) may relate the observed fd values to combined
effects of hydrogen bonding and the crystal packing factors in
BZI intermolecular system.

In-Plane Modes. Table 2S includes in-plane vibrational
modes other than CH and NH stretching. These modes have
been observed and located within the IR spectral range 100-
1700 cm-1. The summary of the assignment of these modes
from Figures 1 and 1S and the calculated values in Table 2
shows that these fundamentals also have different correlations
between the solid and the gaslike samples. This different
correlation is much clearer between the observed and estimated
values using BLYP/6-31G* level of calculation.

Comparison between the observed in-plane modes sum-
marized in Table 2 and the calculated fundamentals using BLYP/
6-31G* level of calculation shows good agreement in 16 modes.
The mfd values of solid versus calculated and gaslike versus
calculated frequencies are 6.4 and 11 cm-1, respectively. On
the other hand, the rest of the in-plane modes, namely 958, 1134,

1202, 1274, and 1410 cm-1 give large fd values. The values of
these deviations are as follows: 46, 73, 32, 21, and 20 cm-1,
respectively.

The observed largest fd values for the 958 and 1134 cm-1

modes are expected because they are related to the hydrogen
bonding site in the BZI molecule. This is in good agreement
with the assignment of these modes as Im-ring in-plane and
NH in-plane vibrational bending,19 respectively. Moreover,
comparison of the observed frequencies of these modes in the
gaslike state and the corresponding calculated values shows a
difference of about 35 and 21 cm-1, respectively. These
deviations are further evidence of the presence of the intermo-
lecular hydrogen bonding of BZI molecules in the argon matrix
but with a much weaker effect than the solid samples.

Smaller fd values observed in the case of modes 1202, 1274,
and 1410 cm-1 may indicate that they are related to the same
effect. All of them have been assigned as benzene-CH (Bz-
CH) in-plane bends.19 Therefore; these deviations may be further
evidence of the effect of crystal packing and/or the molecular
aggregation. They also confirm the observed distortions in the

TABLE 2: Observed and Estimated Frequencies (cm-1), Relative Intensities, and Assignments of the Fundamental Modes of
Benzimidazolea

solid IRb solid Ramc gasliked estimated frequenciese assignments/symmetryf

Out-of-Plane Modes
242 (m) 247 (w) 218 (6.66) Bz & Im CH wags (sym)/A′′
270 (m) 272 (vw) 248 (1.65) Bz & Im CH wags (asym)/A′′
626 (m) 625 (m) 449 (vs) 406 (99.94) NH wag/A′′
424 (s) 424 (w) 425 (s) 421 (2.11) mainly C2H, C5H, and Im NH wags/A′′
578 (w) 580 (w) 586 (w) 570 (4.36) mainly C3H, C4H, and NH wags/A′′
635 (m) 636 (m) 647 (w) 630 (2.11) mainly Im CH & NH wags (asym)/A′′
746 (vs) 746 (w) 743 (vs) 731 (45.57) Bz CH’s wags (sym)/A′′
752 (vs) 755 (w) 766 (m) 750 (3.80) mainly Bz CH’s wags (asym)/A′′
847 (w) 848 (w) 797 (8.79) Im CH wag/A′′
887 (m) 890 (w) 860 (m) 830 (1.85) Bz CH’s and Im CH wags/A′′
902 (w) 905 (vw) 903 (m) 890 (1.79) mainly C2H, C3H, and C5H wags/A′′
933 (w) 934 (w) 931 (w) 933 (0.06) Bz CH’s wags (asym)/A′′

In-Plane Modes
419 (s) 418 (w) 417 (m) 405 (7.05) Bz and Im rings bending/A′
542 (w) 544 (m) 538 (vw) 537 (0.15) Bz and Im rings stretching/A′
618 (m) 617 (m) 621 (vw) 610 (0.05) bending & bond stretching (asym)/A′
768 (s) 778 (vs) 780 (m) 767 (3.89) angle bending & bond stretching (sym)/A′
876 (m) 881 (w) 877 (m) 863 (3.39) mainly C2H, C5H, and C7H bending/A′
958 (s) 958 (w) 947 (s) 912 (1.85) mainly C2H and NH bending/A′

1005 (m) 1004 (vs) 1011 (m) 1005 (3.14) Bz CH’s bending (sym)/A′
1134 (s) 1135 (s) 1082 (s) 1061 (14.89) Im CH and NH bending/A′
1112 (w) 1110 (m) 1115 (w) 1103 (1.24) Bz CH’s and Im CH bending/A′
1158 (w) 1163 (vw) 1163 (vw) 1151 (2.57) Bz CH’s bending (asym)/A′
1202 (m) 1204 (w) 1199 (w) 1170 (1.23) Im XH’s, C2H, C3H, and C5H bending (asym)/A′
1246 (vs) 1250 (m) 1254 (vs) 1241 (22.07) Im XH’s, C3H, and C4H bending (sym)/A′
1274 (vs) 1277 (vs) 1264 (vs) 1253 (26.83) Im XH’s, C2H, C3H, and C5H bending (sym)/A′
1300 (s) 1304 (m) 1306 (m) 1299 (5.11) Bz CH’s and Im CH bending/A′
1345 (w) 1345 (m) 1346 (m) 1349 (36.89) Im XH’s, C2H, and C3H bending (sym)/A′
1410 (vs) 1412 (s) 1394 (vs) 1390 (9.66) Im XH’s, C2H, C4H, and C5H bending (asym)/A′
1459 (w) 1463 (w) 1458 (s) 1445 (22.44) Bz CH’s and Im XH’s bending (sym)/A′
1478 (s) 1480 (m) 1494 (sh) 1478 (12.70) Bz CH’s and C7H bending and N2C7 St/A′
1494 (m) 1498 (m) 1503 (vs) 1491 (8.50) Bz CH’s and Im XH’s bending (asym)/A′
1588 (m) 1590 (s) 1593 (w) 1576 (2.93) C4H and NH bending and Bz CC’s St/A′
1620 (w) 1623 (w) 1621 (vw) 1613 (6.29) Bz and Im XH’s bending and CC’s St/A′

XH Stretching Modes
3062 (w) 3066 (w) 3098 [3083] (0.16) Bz C3H, C4H, and C5H stretching (asym)/A′
2926 (m) 2930 (w) 3088 (m) 3108 [3092] (18.01) Bz C3H and C5H stretching/A′
3094 (w) 3091 (w) 3095 (sh) 3120 [3104] (33.70) Bz C3H, C4H, and C5H stretching (sym)/A′
3115 (m) 3112 (m) 3114 (w) 3131 [3115] (17.57) Bz C2H, C3H, and C4H stretching/A′
3038 (w) 3021 (sh) 3145 (w) 3172 [3156] (5.62) Im CH stretching/A′
3423 (b) 3055 (vs) 3509 (vs) 3532 [3514] (30.74) Im NH stretching/A′

a Abbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; f, fundamental; A′, symmetry; p, polarized; sym,
symmetrical; asym, asymmetric. b IR of KBr disks. c Raman of powder. d FT-IR of gaslike BZI in Ar matrix. e Estimated vibrational modes using
BLYP/6-31G* [its scaled value] (its intensity in km/mol). f Summary of the estimated graphical representation/estimated mode symmetry.
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CH bond lengths and CCH bond angles of the benzene part, as
discussed above.

The summary of the in-plane results in Table 2S validates
the earlier observation on the different level of calculations. The
nonscaled BLYP/6-31G* level of calculation shows the smallest
mfd values relative to the other levels. The mfd values of the
solid and gaslike cases relative to the calculated fundamentals
(about 6 and 11 cm-1, respectively) are the same for both out-
of-plane and in-plane modes.

XH Stretching Modes. The observed spectra of these
vibrational modes in solid and gaslike states are presented in
Figure 2. Bands due to these modes have very different features
from spectrum A down to spectrum D. For example, extensive
band broadening and overlapping takes place in spectrum A
that is gradually reduced by dilution until the most resolved
one in spectrum D. This effect may be correlated with strong
solute-solute interaction between BZI molecules. The weakness
of this interaction is confirmed by the observation of band
resolution in spectra C and D in Figures 1 and 2. It is also
observed that the dilution process intensifies a broad IR band
at about 3423 cm-1. This band may be correlated with the NH
stretching vibration, and its broadening is related to the
intermolecular hydrogen bonding effect. The summary in Table
2 shows the fd values of the 3423 cm-1 mode relative to the
gaslike sample (about 91 cm-1) and to the calculated funda-
mentals (about 109 cm-1). These deviations confirm the relation
between this mode and the intermolecular hydrogen bonding
effect. The broadening properties of this mode may indicate
that the hydrogen bonding is not the only intermolecular solute-
solute interaction factor that is responsible for the observed
extensive band broadness in spectrum A of Figure 2. Thus, the
extensive broadening in spectrum A may be related to a strong
intermolecular aggregation within the solid state of the BZI
system.

The listed summary in Table 2 under the XH stretching modes
section indicates that the other solid-state fundamentals are
related to CH stretching vibrational modes. Comparison between

the values of these modes and their gaslike values indicates that
the 2926 and 3038 cm-1 modes show very high fd values of
about 162 and 107 cm-1, respectively. Mode 3038 cm-1 is
assigned as Im-CH stretching vibrations and 2926 cm-1 is a
Bz-CH stretching vibration. The deviation of these modes can
be related to the hydrogen bond effect that takes place at the
Im ring site. For 2926 cm-1 mode, the observed deviation is
most probably related to the crystal packing and/or the molecular
aggregation because it is assigned as a Bz-CH’s stretching
vibration. This deviation is further evidence of distortions in
the CH bond lengths and CCH bond angles of benzene part.

On the other hand, for the solid and gaslike phases the
frequencies 3062, 3094, and 3115 cm-1 are in very good
agreement if not identical. These modes have an mfd value
relative to the BLYP/6-31G* calculated values equal to 28 cm-1

that is improved to about 5.7 cm-1 after applying the reported42

scaling factor 0.995. The application of the scaling factor on
the calculated XH stretching modes makes the BLYP/6-31G*
level of calculation again the best level of calculation among
these investigated.

Conclusion

The experimental results obtained in this and previous studies
of the BZI system compared to its theoretical data allowed us
to derive correlations between the observed frequency deviations
of certain modes and hydrogen bonding interaction or other
molecule-molecule interactions. The study shows different
trends in the calculated bond length and bond angle discrep-
ancies from the X-ray parameters. The CH bond lengths and
CCH bond angles are found to be very sensitive to these
correlations. Moreover, the predicted vibrations show that DFT
methods reproduce experimental vibrational frequencies with
higher accuracy than do the HF calculations, a result in good
agreement with the previous studies.42 The computed values
also indicate that the nonscaled BLYP/6-31G* level of calcula-
tion gives the best estimates of fundamentals compared to both
solid and/or gaslike samples, including the lowest mfd values
except for the XH stretching modes, which need to be scaled
with a scaling factor of 0.995. Finally, the study indicates that
the nonscaled BLYP/6-31G* level of calculation may be used
as reference values for identifying the intermolecular hydrogen
bonding effect and any other molecule-molecule interactions.
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