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The spectroscopic properties of mesitylene were investigated by FT-IR, FT-Raman, UV, 1H and 13C NMR
techniques. The geometrical parameters and energies have been obtained from density functional theory
(DFT) B3LYP method and Hartree–Fock (HF) method with 6-311++G(d,p) and 6-311G(d,p) basis sets cal-
culations. The geometry of the molecule was fully optimized, vibrational spectra were calculated and fun-
damental vibrations were assigned on the basis of the total energy distribution (TED) of the vibrational
modes, calculated with scaled quantum mechanics (SQM) method and PQS program. Total and partial
density of state (TDOS and PDOS) and also overlap population density of state (OPDOS) diagrams analysis
were presented. 13C and 1H NMR chemical shifts were calculated by using the gauge-invariant atomic
orbital (GIAO) method. The electronic properties, such as excitation energies, oscillator strength, wave-
lengths, HOMO and LUMO energies, were performed by time-dependent density functional theory
(TD-DFT) results complements with the experimental findings. The results of the calculations were
applied to simulate spectra of the title compound, which show excellent agreement with observed spec-
tra. Besides, frontier molecular orbitals (FMO), molecular electrostatic potential (MEP) and thermody-
namic properties were performed. Reduced density gradient (RDG) of the mesitylene was also given to
investigate interactions of the molecule.
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Introduction

Mesitylene is the common name of 1,3,5-Trimethyl benzene
(triply methylated benzene, C6H3(CH3)3 is a derivative of benzene
with three methyl substituents symmetrically (in the C3 symme-
try positions) placed on the benzene ring and among the simplest
aromatic hydrocarbon. It is the most symmetric isomer with
three methyl groups and is the only methyl containing compound
which can be stabilized in three different phases at the tempera-
ture. The solid mesitylene has high efficiency as a neutron mod-
erator which makes the material a promising candidate for an
improved cold neutron moderator at future spallation sources
due to the rotational freedom of methyl groups and its high
hydrogen density [1]. It is naturally occurring in petroleum and
coal tar which is also is used as a solvent for resins, gums, nitro-
cellulose, in manufacturing of lacquers, paints and varnishes. It is
an intermediate for the manufacture of antioxidants, as ligand in
organometallic chemistry and due to its solvent properties; it is
used as developer for photo patternable silicones in electronics
industry. It plays an important role in the formation of tropo-
spheric ozone. Owing to identical chemical shift environment of
three aromatic hydrogen atoms of mesitylene, it is used as an
internal standard in NMR samples.

The vibrational spectra of mesitylene were studied by the ear-
lier literatures [2–8]. Lokshin et al. [9] reported and discussed
the IR and Raman spectra of mesitylene. The low frequency inter-
nal vibrations of mesitylene with neutron spectroscopy were car-
ried out with IINS spectra at 290, 100 and 18 K. The isolated
molecule was interpreted with the atomic coordinates and normal
modes frequencies using semi-empirical quantum chemistry
method [10]. The air–liquid interface and the liquid-phase of
mesitylene, benzene, toluene, and 1,3-dimethylbenzene are stud-
ied using broad bandwidth sum frequency generation spectros-
copy by Hommel and Allen [11]. Reorientation of mesitylene in
the neat liquid has been investigated using a combination of IR
and Raman techniques [12].

The potential and structural implications with rotational tunnel-
ing of methyl groups in low temperature phases of mesitylene were
carried out [13]. The calculation of the valence force constants for
the non-planar vibrations of the 1,3,5 trimethyl-benzene molecule
were studied in the earlier literatures [14]. Molecular deformations
of halogen-mesitylene in the crystal: structure, methyl group rota-
tional tunneling, and numerical modeling was performed by Trom-
msdorff et al. [15]. The distribution of mesitylene and 3,5-
dimethylbenzoic acid in tissues as well as the kinetics of mesitylene
excretion with blood and 3,5-dimethylbenzoic acid excretion with
urine in rats after termination of single and repeated inhalation
exposures to mesitylene at concentrations of 25,100, and 250 ppm
were performed [16]. The study determination of the equilibrium
constants for the hydrogenation of mesitylene was reported by Egan
and Buss [17]. The vibrational spectra of triiodo-mesitylene were
studied with the combination of DFT calculations and experimental
results [18]. The vibrational spectra of mesitylenechromium tricar-
bonyl and mesitylenemolybdenum tricarbonyl molecule were re-
ported earlier [19]. Hernandez et al. were studied the phases of
1,3,5-trichloro-2,4,6-trimethylbenzene using ab initio crystal struc-
ture determination by high-resolution powder diffraction [20].

With the aid of above seen literatures, it is clear that there is no
quantum mechanical study on this title molecule which has moti-
vated to do a detailed quantum mechanical analysis for under-
standing the vibrational modes, chemical shifts, HOMO–LUMO,
MEP, Mulliken atomic charge and thermodynamic properties, also
RDG of title compound. The aim of this study is to calculate optimal
molecular geometry, vibrational frequencies, and chemical shifts of
mesitylene. The complete analysis was performed by combining
the experimental and theoretical information using Pulay’s DFT
based scaled quantum chemical approach [21]. The vibrational
wavenumbers, geometrical parameters, modes of vibrations, atom-
ic charges, other thermodynamic parameters, HOMO–LUMO and
UV of this molecule were investigated by using HF and B3LYP cal-
culations with 6-311G(d,p) and 6-311++G(d,p) basis sets. Specific
scale factors were employed in the predicted frequencies. The de-
tailed interpretations of the vibrational spectra of the mesitylene
have been made on the basis of the calculated TED. All results
which were examined before by the experimental (IR, Raman,
NMR and UV spectra) were supported by the computed results,
comparing with experimental characterization data; vibrational
wavenumbers, absorption wavelengths, electronic properties and
chemical shifts values are in fairly good agreement with the exper-
imental results.

Computational details

The infrared and Raman spectra of the title molecule were taken
from Standard Reference Datas of National Institute of Standards
and Technology, NIST [22] and Spectral Database for Organic Com-
pounds, SDBS [23]. The ultraviolet absorption spectrum of the
mesitylene was taken NIST [22]. The data of NMR also was taken
from SDBS [23]. All the experimental reports of mesitylene were
evaluated by comparing theoretical calculations of the mesitylene.

The molecular structure optimization and corresponding vibra-
tional harmonic frequencies of mesitylene were calculated using
ab-intio HF and DFT calculations [24] with the Becke’s three-
parameter hybrid functional (B3) [25] for the exchange part and
the Lee–Yang–Parr (LYP) correlation function [26], for the compu-
tation of molecular structure, vibrational frequencies and energies
of optimized structures by using Gaussian 09 suite of quantum
chemical codes [27]. Gaussian 09 program package was used with-
out any constraint in the geometry with split valence basis sets
along with diffuse and polarization function with 6-311++G(d,p)
and split valence basis sets along with polarization function with
6-311G(d,p) both HF and DFT methods.

Firstly, the title molecule was optimized, after then the opti-
mized structural parameters were used in the vibrational fre-
quency, isotropic chemical shift and calculations of electronic
properties. The vibrational frequencies, Infrared and Raman inten-
sities for the C3h symmetry structure of the title molecule were cal-
culated. In order to improve the calculated values in agreement
with the experimental values, it is necessary to scale down the cal-
culated harmonic frequencies. Hence, the vibrational frequencies
calculated at HF level are scaled by 0.9067, and the range of wave
numbers above 1700 cm�1 are scaled as 0.958 and below
1700 cm�1 scaled as 0.983 for B3LYP [28,29]. After scaled with
the scaling factor, the deviation from the experiments is less than
10 cm�1 with a few exceptions. The TED calculations were carried
out by the SQM method [30] using PQS program [31] and the fun-
damental vibrational modes were characterized by their TED,
which showed the relative contributions of the redundant internal
coordinates to each normal vibrational mode of the molecule and
thus enable us numerically to describe the character of each mode.

The isotropic chemical shifts are frequently used as an aid in
identification of organic compounds and accurate predictions of
molecular geometries are essential for reliable studies of magnetic
properties. The 13C and 1H NMR isotropic shielding were calculated
with the GIAO method [32,33] using the optimized parameters ob-
tained from B3LYP/6-311++G(d,p) method. The GIAO method is
one of the most common approaches for calculating nuclear mag-
netic shielding tensors.

In order to understand the electronic properties, such as
HOMO–LUMO energies, dipole moment, absorption wavelengths,
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and oscillator strengths were calculated using B3LYP method of the
TD-DFT [34–37] and 6-311++G(d,p) basis set, based on the opti-
mized structure. The changes in the thermodynamic functions
(the heat capacity, entropy, and enthalpy) were investigated for
the different temperatures from the vibrational frequency calcula-
tions of title molecule.

Besides of these calculations, the group contributions of the
molecular orbitals and to prepare TDOS (or DOS), PDOS and OPDOS
spectra GaussSum 2.2 [38] was used. The contribution of the group
to a molecular orbital was calculated using Mulliken population
analysis. The PDOS and OPDOS spectra were created by convolut-
ing the molecular orbital information with Gaussian curves of unit
height and a FWHM (Full Width at Half Maximum) of 0.3 eV. Also
The Reduced density gradient (RDG) of the title molecule were
graphed by Multiwfn and plotted by VMD program [35,39].
Fig. 1. The theoretical geometric structures of mesitylene.
Results and discussion

The molecule of the mesitylene has three substituents such that
CH3 groups attached to a planar benzene ring. The mesitylene con-
sists of 21 atoms and it has 57 normal vibrational modes. On the
basis of a C3h symmetry, the 57 fundamental vibrations of the
mesitylene can be distributed as 14E00 + 7A00 + 24E0 + 12A0. The ener-
gies of the title molecule were calculated using by HF and B3LYP
calculations with 6-311G(d,p) and 6-311++G(d,p) basis sets. The
relative energy of the other basis sets was as: DE = Et � Ea, the t:
other basis sets and a is the lowest energy as reference point are
given in Table S1. The energies and energy difference of the mole-
cule also reported in the same table. The variation in zero-point
vibrational energies (ZPVEs) seems to be significant. The ZPVE is
much lower by the DFT B3LYP method than by the HF method.
The biggest value of ZPVE of title molecule is 121.22076 kcal/mol
obtained at HF method whereas the smallest value is
113.85491 kcal/mol obtained at B3LYP/6-311++G(d,p). The energy
value is obtained DFT calculation with 6-311++G(d,p) basis set is
computed more stable from 1.7557 kcal/mol to 1507.0756 kcal/
mol than the other basis sets. As we can see the Table S1, imaginary
frequencies of the title molecule were leaped out using by B3LYP
calculations with 6-311G(d,p) basis set however were not seen
by HF method with 6-311G(d,p), 6-311++G(d,p) basis sets and
B3LYP method 6-311++G(d,p) basis set. Specific heat, Cv, is calcu-
lated 33.237 (cal mol�1 K�1) for HF method for two basis sets.
However this value were obtained 29.592 and 35.561 (cal mol�1

K�1) with B3LYP method 6-311G(d,p) and 6-311++G(d,p) basis
sets. The similar changes were seen entropy values. The geometric
parameters (bond lengths and bond angles), vibrational frequen-
cies, NMR shifts and UV absorption of title were molecule reported
by comparing experimental results in following sections.
Geometrical structures

The crystal structure of the trichloro-mesitylene [20] structur-
ally similar molecules with our tittle molecule were studied; how-
ever mesitylene is not available in the literature until now,
therefore, the geometric parameters, bond lengths and bond an-
gles, compared with this molecule. The atomic numbering scheme
of the mesitylene is shown in Fig. 1. The optimized geometry
parameters (bond lengths and bond angles) of the molecule are gi-
ven in Table 1, comparing to the experimental values, in accor-
dance with the atom numbering Fig. 1. It is seen that from
Table 1, the B3LYP levels of theory is computed slightly bigger than
experimental values of mesitylene. However HF method is calcu-
lated more closely than the B3LYP method. The calculations of geo-
metric parameters were performed both 6-311G(d,p) and 6-
311++G(d,p) basis sets for each method (B3LYP and HF). There is
not seen important difference between 6-311G(d,p) and 6-
311++G(d,p) basis sets of the methods. The CAC bond lengths of
between ring and methyl groups (CH3) are bigger than the CAC
bond of in the ring. The CAH bonds (CH3) for the title molecule
are approximately equal to for experimental values [20]. The
CAH bond lengths are computed in the range 1.080–1.095 Å ob-
served as a 0.980 Å [40] for CH3 groups and the bond CAH are also
computed between 1.070 and 1.085 Å (exp. 0.950 Å [40]) for the
ring part. Also average CAH bond lengths for methyl group was
computed at 1.094 and 1.085 Å B3LYP and HF method with the
6-311++G(d,p) basis set for 2,5-Lutidine [40]. The similar behaviors
are valid between the CAC bond lengths and angles (ring) by using
for each method. The optimized bond lengths of CAC in benzene
ring were calculated between 1.379 and 1.404 Å [40]. In our pres-
ent study the CC bond lengths are computed from 1.380 to 1.402 Å
showing a closer agreement with the experimental data and liter-
ature [40,41]. As the seen some differences between calculated and
experimental could be due to the fact that the calculations are ob-
tained from gas phase however experimental results are taken so-
lid phase. The ring CACAC, bond angles observed in the range of
115.5–124.5� [20] show well correlation with the calculated val-
ues. The symmetry of the benzene ring is distorted, yielding ring
angles smaller than 120� and slightly larger than 120� at the point
of the substitutions (methyl groups). All calculated bond angles
showed the small difference from experimental values, also this
can be due to calculation belongs to vapor phase and experimental
result belong to solid phase. One can quite easily see from Table 1,
all the calculations of bond angles are in very consistency with the
compared experimental values and similar literature [20,41–43].
Vibrational spectral analysis

The vibrational frequencies were obtained from the DFT/B3LYP
and HF methods by using split valence basis sets along with diffuse
and polarization function with 6-311++G(d,p) and split valence ba-
sis sets along with polarization function with 6-311G(d,p). The re-
corded infrared [22] and Raman [23] spectra of mesitylene and also
the calculated vibrational wavenumbers (the energy of the 6-
311++G(d,p) basis set are more stable than 6-311G(d,p) basis set
were given due to head of the mesitylene of the most stable energy
for each method) and assignments with the TED are given in Tables
2 and S2 for title molecule.



Table 1
Bond lengths (Å) and bond angles (�) for experimental and optimized of mesitylene.

Parameters HF B3LYP

6-311G(d,p) 6-311++G(d,p) 6-311G(d,p) 6-311++G(d,p) Exp. values a

Bond lengths (Å)
C1AC2 1.397 1.397 1.402 1.402 1.409
C1AC6 1.380 1.380 1.392 1.393 1.382
C1AC10 1.511 1.511 1.511 1.511 1.491
C2AC3 1.380 1.380 1.392 1.393 1.374
C3AC4 1.397 1.397 1.402 1.402 1.374
C3AC14 1.511 1.511 1.511 1.511 1.512
C4AC5 1.380 1.380 1.392 1.393 1.421
C5AC6 1.397 1.397 1.402 1.402 1.397
C5AC18 1.511 1.511 1.511 1.511 1.525
CAHring (average) 1.077 1.077 1.086 1.087 –
CAHmethyl (average) 1.085 1.085 1.093 1.094 1.089

Bond angles (�)
C2AC1AC6 118.7 118.7 118.5 118.5 115.7
C2AC1AC10 120.0 120.0 120.3 120.3 121.3
C6AC1AC10 121.3 121.3 121.2 121.2 122.9
C1AC2AC3 121.3 121.3 121.5 121.5 123.5
C2AC3AC4 118.7 118.7 118.5 118.5 117.8
C2AC3AC14 121.3 121.3 121.2 121.2 121.4
C4AC3AC14 120.0 120.0 120.3 120.3 120.7
C3AC4AC5 121.3 121.3 121.5 121.5 122.8
C3AC4AH8 119.2 119.2 119.2 119.2 A
C4AC5AC6 118.7 118.7 118.5 118.5 115.5
C4AC5AC18 121.3 121.3 121.2 121.2 122.9
C6AC5AC18 120.0 120.0 120.3 120.3 121.6
C1AC6AC5 121.3 121.3 121.5 121.5 124.5
C1AC6AH9 119.5 119.5 119.3 119.3 A
CACAHmethyl (average) 111.0 111.0 111.3 111.3 109.6
HACAHmethyl (average) 107.9 107.9 107.6 107.6 107.6

a The X-ray data from Ref. [20].
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The experimental [22,23] and calculated (both B3LYP and HF
methods for two basis sets) infrared and Raman spectra were given
in Fig. 2. The calculated IR and Raman spectra are shown in figure
for comparative purpose, where the calculated intensity is plotted
against harmonic vibrational wavenumbers.

This part of the study deals with assignment of the vibrational
absorptions to make a comparison with the related molecules
and also the results obtained from the theoretical calculations.
There are some strong frequencies useful to characterize in the
IR and Raman spectra.

CAH stretching modes
The title molecule gives rise to CAH modes such as stretching,

in-plane and out-of-plane bending vibration. Aromatic compounds
commonly exhibit multiple weak bands in the region 3000–
3100 cm�1 [44] due to aromatic CAH stretching vibrations. The
CAH in-plane bending frequencies appear in the range of 1000–
1300 cm�1 and CAH out-of-plane bending vibration in the range
750–1000 cm�1 for aromatic compounds [45,46]. The aromatic
CAH stretching bands are found to be weak, and this is due to a de-
crease in the dipole moment caused by reduction of negative
charge on the carbon atom. The title molecule has two type CH
modes; CH modes in the ring and the CH3 modes of substituted
methyl groups. As indicated by the TED, these twelve modes
(m46–57) involve ca. 95–100% contribution.

The CAH stretching modes in the ring were calculated 3013–
3016 cm�1 and recorded at 3007 and 3009 cm�1 in infrared and
Raman spectra [22]. In the present study, the three adjacent hydro-
gen atoms left around the ring the title molecule give rise three CH
stretching modes (modes 55–57), which corresponds to stretching
modes of C2–H7, C4–H8, C6–H9 units. In the ring, the symmetric
stretch is at slightly higher wavenumber than the asymmetric
stretch. In this study, the CAH symmetric stretching mode is calcu-
lated at 3016 cm�1 and recorded strong mode at 3017 cm�1 in
infrared [9]. The asymmetric stretching mode is obtained at
3009 cm�1 [22] and calculated at 3013 cm�1. These modes also
are pure and show characteristic properties for the molecule. The
calculated CH stretch modes scaled down showing good correla-
tion with the experimentally observed vibrations. The theoretical
vibrational spectrum (Fig. 2) and calculated wavenumbers (Tables
2 and S2) of the molecule show very good correlation with their
experimental results. The CAH (methyl group) stretching vibra-
tions are lower than the ring CAH (ring) stretching vibrations.

The CAH bending vibrations are predicted in the region ca. 900–
1650 cm�1 (in-plane) and ca. 170–222 and ca. 600–900 cm�1 (out-
of plane) (Tables 2 and S2) and observed values are coinciding very
well with these frequencies. As one can see tables the CH in plane
bending modes are range after 900 cm�1 for example; 927, 1167,
1274, 1299, 1323,, 1433, 1461, 1470, 1487 and 1613 cm�1 with
the B3LYP method and 909, 1153, 1159, 1299, 1425, 1458, 1476,
and 1619 cm�1 with the HF method. The experimental [22] results
were recorded at 927, 1065, and 1608 cm�1 in FT-IR and 1070,
1302, and 1610 cm�1 in FT-Raman spectra. Also the TED were
showed that the mode 28 and 29 have been biggest contribution
(nearly%50). However the in-plane bending vibrations are contam-
inated other modes. Some modes of CH3 in plane modes are as-
signed as the rocking and twisting. These modes are also given
next part in their named.

The CAH out plane bending modes are defined the lower fre-
quencies than the in plane modes. The out of plane CAH modes
are showed nearly pure modes according to TED and assignment
of Gaussview program. These modes are computed at 169,
217(double), 521 (double), 695, 838, 879 cm�1 (double) using by
B3LYP method and also at 171, 221(double), 526 (double), 693,
850, 898 cm�1 (double) using by HF method, showed a good agree-
ment with the experimental data. The recorded results [9] were at
179, 836 and 881 cm�1 in FT-IR and 183, 231, 835 and 881 cm�1 in
FT-Raman spectra. The TED contributions of modes are also highly



Table 2
Comparison of the calculated harmonic frequencies and experimental (FT-IR and FT-Raman) wavenumbers (cm�1) using by B3LYP method 6-311++G(d,p) basis set of mesitylene.

Modes Sym. B3LYP/6-311++G(d,p) Experimentalb Experimentalc B3LYP/6-311++G(d,p)

No. Species Unscaled freq Scaled freq.a FT-IR FT-Raman Infrared gas Infrared liquid Raman liquid TEDd (P10%)

m1 E00 26 26 uCH3 (87) [sCCCH (87)]
m2 E00 26 26 uCH3 (96) [sCCCH (96)]
m3 A00 28 28 uCH3 (96) [sCCCH (96)]
m4 A00 172 169 183 179 s 183 vs cCH [sCCCC (57) + sCCCH (10)]
m5 E00 221 217 231 231 vs cCH [sCCCC (72) + sCCCH (10)]
m6 E00 221 217 cCH [sCCCC (58) + sCCCH (18)]
m7 E0 270 265 dCCACH3 (83)
m8 E0 270 265 277 274 274 s 276 s dCCACH3 (82)
m9 A0 461 453 459 vw dCCACH3 (90)
m10 E0 522 513 517 519 516 w 515 vw dCCC (50) + mCC (16) + dCCACH3 (10)
m11 E0 522 513 dCCC (43) + mCC (14) + dCCACH3 (10)
m12 E00 530 521 sCCCH (39) + sCCCC (20)
m13 E00 530 521 sCCCC (32) + sCCCH (31)
m14 A0 576 567 578 567 577 vw 578 vs mCACH3 (48) + mCC (25)
m15 A00 707 695 688 650, 678, 687, 694 648 vw, 687 s 652 vw, 688 vw sCCCC (42) + sCCCH (33) [cCH]

729 vw 719 vw
737 vw 730 vw
754 vw 750 vw

m16 A00 853 838 833 828, 836, 845 836 s 835 vw cCH [sCCCH (70)]
m17 E00 894 879 880 881 w 881 w cCH [sCCCH (84)]
m18 E00 894 879 cCH [sCCCH (88)]
m19 E0 943 927 927 937, 929 929 w 930 w mCACH3 (33) + mCC (18) + dCCH (12)) ring breathing
m20 E0 943 927 mCACH3 (33) + mCC (22) + dCCC (11) + dCCH (10)) ring breathing
m21 A0 1009 992 999 989 sh, 999 vs mCC (31) + dCCC (29)
m22 E0 1029 1012 CCH3 [dCCH (40)] + mCACH3 (19) + mCC (11)
m23 E0 1029 1012 CCH3 [dCCH (45)] + mCACH3 (18) + mCC (10)
m24 A0 1036 1018 1017 w CCH3 [dCCH (28)] + mCC (19)
m25 E00 1059 1041 1038 1040 1038 s 1038 s CCH3 [dCCH (62)] + sCCCH (21)
m26 E00 1059 1041 CCH3 [dCCH (60)] + sCCCH (20)
m27 A00 1060 1042 1042 CCH3 [dCCH (59)] + sCCCH (19)
m28 E0 1187 1167 1065 1070 1056 1166 w 1168 m dCCH (53) + mCACH3 (18) + mCC (19)
m29 E0 1187 1167 1218 vw dCCH (53) + mCACH3 (18) + mCC (16)
m30 A0 1296 1274 mCC (42) + mCACH3 (18) + dCCH (11)
m31 A0 1321 1299 1302 1290 vw, 1301 vs dCCH (57) + mCACH3 (17)
m32 A0 1346 1323 mCC (48) + dCCH (27) + mCACH3 (10)
m33 E0 1411 1387 1372 1382 1387, 1376 1376 m 1379 vs uCH3 [dCHH (51) + dCCH (44)]
m34 E0 1411 1387 uCH3 [dCHH (47) + dCCH (42)]
m35 A0 1414 1390 uCH3 [dCHH (50) + dCCH (42)]
m36 E0 1457 1433 1418 w 1423 m mCC (24) + dCHH (17) + sCCCH (12) + dCCH (10)
m37 E0 1457 1433 1439 1443 w 1448 m mCC (29) + dCHH (17) + dCCH (12) + sCCCH (10)
m38 A00 1486 1460 1460 CCH3 [dCHH (58)] + sCCCH (21)
m39 E00 1487 1461 CCH3 [dCHH (52)] + sCCCH (13) + dCCH (10)
m40 E00 1487 1461 CCH3 [dCHH (57)] + sCCCH (16)
m41 A0 1496 1470 1470 1473 vs 1475 sh uCH3 [dCHH (56)] + dCCH (12)
m42 E0 1513 1487 uCH3 [dCHH (29)] + dCCH (19) + mCC (13)
m43 E0 1513 1487 1490 uCH3 [dCHH (34)] + dCCH (18) + mCC (10)

1519, 1505 1511 vw
m44 E0 1641 1613 1563 vw, 1579 vw 1580 w mCC (62)ring + dCCH (15)
m45 E0 1641 1613 1608 1610 1615, 1609 1608 vs 1607 vs mCC (64)ring + dCCH (15)
m46 E0 3022 2895 2727 2750 2745 w 2730 m 2730 m mCHsym. (96) [CH3]
m47 E0 3022 2895 2853 2890 2877 m 2860 s 2769 w mCHsym. (95) [CH3]
m48 A0 3022 2895 2916 2918 s 2867 m mCHsym. (100) [CH3]
m49 E00 3070 2941 2919 2932 s 2917 vs mCHasym. (100) [CH3]
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pure modes. All results for the above conclusions are in well agree-
ment for the literature of the similar molecule for CAH parameters
[9,18,20,42,43].

CH3 (Methyl group) modes
The mesitylene molecule has three methyl groups in the first,

third and fifth position. For benzene derivatives containing a CH3

group two bands which asymmetrical and symmetrical stretching
occurs. The asymmetric stretching for the CH3 and CH2 groups as
magnitude higher than the symmetric stretching. The CH stretch-
ing vibration of methyl groups appears at lower frequencies than
those of aromatic ring (3000–3100 cm�1). The asymmetric and
symmetric stretching modes of methyl group attached the benzene
ring are usually downshifted due to electronic effects and are ex-
pected near 2990, 2940 cm�1 asymmetric and 2860 cm�1 symmet-
ric stretching vibrations. The asymmetric CH stretch vibrations of
methyl group is expected around 2980 cm�1 and the symmetric
one [47,48] occurs at ca. 2870 cm�1. These modes (asymmetric
and symmetric) were recorded at 3100–-2900 cm�1, the in-plane
deformation around 1450–1370 cm�1 and the rocking around
1040–990 cm�1 [49]. In this work, observed wavenumbers were
recorded at 2970, 2946 cm�1 (FT-IR) and at 2950, 2917 cm�1 (FT-
Raman) for asymmetric and at 2918, 2860, 2730 cm�1 (FT-IR)
and at 2867, 2769, 2730 cm�1 (FT-Raman) [9,22] symmetric and
computed at 2970, 2895 cm�1 (B3LYP) and at 2934, 2865 cm�1

(HF) as a asymmetric and symmetric mode, respectively.
The title molecule mesitylene has three CH3 groups at the sub-

stitution. The CH3 stretching modes were discussed in the previous
part. The rocking and twisting vibrations are also commented here.
The methyl rocking mode usually appears within the region 1070–
1010 cm�1 [50,51]. The intense infrared bands observed at
1373 cm�1 are among the CH3 rocking [52]. The observed bands
at 1045 and 1038 cm�1 are assigned to out-of-plane CH3 rocking
vibrations [53]. In the present investigation the modes CH3 rocking
were calculated at 1012 (double), 1018, 1041 (double), 1042, 1460
and 1461(double) cm�1 using B3LYP method, and also at 995, 1005
(double), 1049 (double), 1050, 1451 and 1452 (double) cm�1 with
the HF method. These bands were observed at 1017, 1038 and
1460 cm�1 FT-IR and 1038 and 1040 cm�1 FT-Raman spectra [9].

The torsional modes appear in general in the low-wavenumber
regions. Govindarajan et al. calculated normal modes involving the
out of plane motion of CH3 (torsion CH3) start appearing below
250 cm�1 wavenumbers [53]. In the present work, these modes
are assigned as torsional (twisting) modes and calculated below
the 40 cm�1. Other twisting (uCH3) modes are computed at 1387
(double), 1390, 1470 and 1487 (double) cm�1 by using B3LYP
method and at 1389 (double), 1395, 1458 and 1476 (double)
cm�1 with the HF method. The observed data were presented at
1376, 1473 cm�1 (FT-IR) and at 1379, 1475 cm�1 (FT-Raman),
respectively [9].

CC modes
The ring stretching vibrations are very much important and

highly characteristic of the aromatic ring itself. The CC stretching
vibrations modes in the phenyl ring are generally occur in the re-
gion 1430–1625 cm�1. Varsanyi [54] observed at 1625–1590,
1575–1590, 1470–1540, 1430–1465 and 1280–1380 cm�1 from
the frequency ranges given by for the five bands in the region
and generally the bands are of variable intensity. The wavenum-
bers observed in the FT-IR spectrum at 1589 and 1516 cm�1 have
been assigned to C@C stretching vibrations [55]. The C@C corre-
sponding vibrations appear in FT-Raman spectrum at 1596 and
1541 cm�1 [55]. In this paper, the CC modes were computed at
513 (double), 567, 927–1018, 1167–1323, 1433 (double), 1487
(double) and 1613 (double) cm�1 by B3LYP method for mesitylene.
The experimental values are in very good coherent observed data



Fig. 2. The experimental and calculated infrared and Raman spectra of mesitylene.
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as 516, 519, 567, 577, 929, 937, 1017, 1056, 1166, 1443, 1608,
1609, 1615 (FT-IR) [9] 927, 1065, 1439 and 1608 (FT-IR) [22]
515, 578, 930, 1168, 1448 and 1607 (FT-Raman) [9] 517, 578,
999, 1070 and 1610 (FT-Raman) [22]. The biggest contribution
modes of CC stretching vibrations are calculated at 1613 (double)
and 1619 (double) cm�1 with the TED contribution 64, 62 and
60, 62 percentages with B3LYP and HF method respectively, num-
bered modes no 44 and 45. As revealed by TED, the ring-breathing
mode which can be described as the trigonal ring breathing vibra-
tion of the aromatic ring at 927 (double) with B3LYP and at
909 cm�1 (double) with HF, which was observed [9] at 929 and
930 cm�1 in infrared and Raman spectrum, respectively.

The ring modes in toluene [56] which contain one substituent
attached to an aromatic ring are compared with mesitylene. Most
of the ring modes of toluene are found to have significantly lower
frequencies in mesitylene, which is trisubstituted in benzene. For
example, the ring modes labeled 57, 55, 44, 37, 19 and 10 down-
shift, respectively, from 3079 cm�1, 3072 cm�1, 1587 cm�1,
1445 cm�1, 961 cm�1 and 522 cm�1 in toluene [56]. The frequency
changes in the modes 44, 37, 19, and 10 are due to the changes in
the force constant-reduced mass ratio resulting mainly from differ-
ent extents of mixing between vibrations of the ring and substitu-
ent groups. The frequency reduction seen in the pure ring modes
(57 and 55) with the inclusion of a substituent group to toluene
can be explained based on the corresponding changes in the re-
duced masses and force constants.

The torsion and CCC bending modes are mixed with other
modes. The calculated wavenumbers of these modes almost coin-
cide with experimental data after scaling. The CCC bending modes
(7–11) are assigned between ring and methyl group carbons.
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CACH3 stretching modes
The CACH3 vibrations are important modes for the molecules

had methyl groups. These modes are generally contaminated with
CAH in-plane bending vibration [57]. The active fundamental
mode identified as CACH3 was observed at 1214 cm�1 in FT-IR
and at 1217 cm�1 in FT-Raman [58]. The CACH3 stretching mode
shows good agreement with computed wavenumber at 567, 927
(double), 1012 (double) 1167 (double), 1274, 1299 and
1323 cm�1 using B3LYP method. The most contributions of CACH3

stretching vibrations are showed 567 cm�1 modes number 14. This
mode (m14) is observed at 567, 577 cm�1 in FT-IR [9] 578 cm�1 FT-
Raman [9,22]. These modes also showed parallel the calculations of
HF method. Our results are best agreement the literature [57].
NMR calculations

Nuclear magnetic resonance is a research technique that ex-
ploits the magnetic properties of certain atomic nuclei to deter-
mine physical and chemical properties of atoms or the molecules
in which they are contained. It relies on the phenomenon of nucle-
ar magnetic resonance and can provide detailed information about
the structure, dynamics, reaction state, and chemical environment
of molecules. NMR most frequently is used by researchers to inves-
tigate the properties of organic molecules, though it is applicable to
any kind of sample that contains nuclei possessing spin. We also
have been studied NMR calculations, because of the accurate pre-
dictions of molecular geometries are essential for reliable calcula-
tions of magnetic properties.

In this paper, 1H and 13C chemical shifts of the title molecule in
chloroform solution solvent are gathered in Table 3. The atom stat-
ues were numbered according to Fig. 1. The experimental 1H and
13C NMR spectra of the mesitylene are given in Fig. S1a and b,
respectively. In the first instance, the full geometry optimization
of the studied molecule was performed at the gradient corrected
density functional level of theory using the hybrid B3LYP method
based on Becke’s three parameters functional of DFT and gauge-
including atomic orbital (GIAO) [32,33]. 1H and 13C chemical shift
calculations of the compound was made by the same method using
6-311++G(d,p) basis set in chloroform solution. The isotropic
shielding values were used to calculate the isotropic chemical
shifts d with respect to tetramethylsilane (TMS).

The proton chemical shift (1H NMR) of organic molecules gener-
ally varies greatly with the electronic environment of the proton.
Hydrogen attached or nearby electron- withdrawing atom or group
can decrease the shielding and move the resonance of attached
proton towards to a higher frequency, whereas electron-donating
atom or group increases the shielding and moves the resonance to-
wards to a lower frequency [59]. The chemical shifts of aromatic
Table 3
Experimental and theoretical, 1H and 13C NMR isotropic chemical shifts (with respect
to TMS) of mesitylene with DFT (B3LYP 6-311++G(d,p)) method.

Atoms Exp.a Gas CDCl3 Atoms Exp.a Gas CDCl3

C(1) 137.66 144.02 144.69 H(7) 6.78 7.00 7.09
C(2) 126.99 130.90 130.56 H(8) 6.78 6.95 7.04
C(3) 137.66 143.85 144.50 H(9) 6.78 6.89 6.99
C(4) 126.99 130.37 130.14 H(11) 2.26 2.48 2.52
C(5) 137.66 143.79 144.48 H(12) 2.26 2.48 2.52
C(6) 126.99 130.83 130.56 H(13) 2.26 1.79 1.86
C(10) 21.17 22.06 21.75 H(15) 2.26 2.42 2.46
C(14) 21.17 21.90 21.58 H(16) 2.26 1.81 1.88
C(18) 21.17 21.90 21.58 H(17) 2.26 2.42 2.46

H(19) 2.26 2.42 2.46
H(20) 2.26 1.77 1.84
H(21) 2.26 2.42 2.46

a Taken from Ref. [23].
protons of organic molecules are usually observed in the range of
7.00–8.00 ppm. The signals of the 3 aromatic protons (1H) of the ti-
tle compound were calculated theoretically 6.89–7.00 and 6.99–
7.09 ppm, for gas and chloroform solvent, respectively, reported
at 6.78 ppm as showed triplet experimentally in chloroform sol-
vent. The chemical shift value of H7, H8 and H9 attached the carbon
atoms of the phenyl ring is larger than the methyl proton signals
due to the electron withdrawing properties of attached groups
and high symmetry of the molecule. On the other hand the methyl
protons lower than protons of the ring this can be due to the elec-
tronic charge density around of the ring. The protons resonance in
this region could not be assigned unambiguously one by one due to
overlap experimentally.

Aromatic carbons give signals in overlapped areas of the spec-
trum with chemical shift values from 100 to 150 ppm [60,61].
The molecule has nine carbons however these carbons three differ-
ent groups as in the ring (attached H atoms and CH3) and methyl
carbons, which is consistent with the structure on basis of molec-
ular symmetry. If we consider 13C NMR the chemical shifts of the
title molecule there are three symmetric groups (C1, C3 and C5),
(C2, C4 and C6) and (C10, C14 and C18) are observed 137.66, 126.99
and 21.17 respectively, calculated nearly same correlations and
slightly larger than experimental data. The C1, C3 and C5 carbons,
attached the methyl groups, is larger than the other carbons of
the ring at about 10 ppm. This increment can be due to the CH3

groups. Namely, these groups that electronegative substituent
polarizes the electron distribution in its bond to carbon. The chem-
ical shifts value of C1, C3 and C5 bonded to methyl was observed
137.66 ppm, which was calculated ca. 144 ppm. The other 13C
NMR chemical shifts in the ring for the title molecule C2, C4 and
C6 were recorded 126.99 ppm and predicted ca. 130 ppm. 13C
NMR chemical shift of C10, C14 and C18 atoms is smaller than the
other ring carbon atoms.

Both experimentally and theoretically chemical shifts are show-
ing good correlation with each other (Table 3). The correlation
graphics between the experimental and calculated 13C NMR and
1H NMR chemical shifts of title molecule are represented in
Fig. 3. The relations between the calculated and experimental
wavenumbers chemical shifts (dexp) are usually linear and de-
scribed by the following equation:

dcalðppmÞ ¼ 1:0388dexp � 0:1204 R2 ¼ 0:9999

In present study, the following linear relationships were obtained
for 13C and 1H chemical shifts.
Fig. 3. The correlation graphics of calculated and experimental chemical shifts of
mesitylene.
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13C : dcalðppmÞ ¼ 1:039dexp � 0:1455 R2 ¼ 0:9997

1H : dcalðppmÞ ¼ 1:0445dexp � 0:1350 R2 ¼ 0:9821

The performances of the B3LYP method 6-311++G(d,p) basis set
with respect to the prediction of the relative shielding within the
molecule were nearly close. However, 13C NMR calculations gave
a slightly better coefficient and lower standard error (R2 = 0.9997)
than for 1H (R2 = 0.9821) chemical shifts. Also the correlation graphs
of the 1H and 13C NMR are given Figs. S2 and S3.

Electronic properties

UV spectra
To investigate UV spectrum analyses of the mesitylene were re-

searched by theoretical calculation with combined experimental
results [22]. The electronic absorption spectra of title molecule
had been measured in ethanol at room temperature. To obtain
some electronic properties such as; the excitation energies, absor-
bance and oscillator strengths for the title molecule, we were
optimized geometry of the molecule in the ground state by using
TD-DFT calculations with the B3LYP/6-311++G(d,p) method in
some organic solvents. The TD-DFT method predicts the electronic
absorption spectra of the mesitylene as a quite reasonable method.
The experimental absorption wavelengths (energies) and com-
puted electronic values, such as absorption wavelength (k), excita-
tion energies (E), oscillator strengths (f), and major contributions of
the transitions and assignments of electronic transitions are tabu-
lated in Table 4. The strong p–p* and r–r* transition of the mole-
cule are emerge from in the UV–Vis region with high extinction
coefficients [62]. Experimentally recorded maximum absorption
values are 211.05 and 265.00 nm owing to p–p* transition in eth-
anol [22]. The absorption values are computed at 218.68 and
243.05 nm in also ethanol solvent.

Frontier molecular orbital analysis
The FMOs, called highest occupied molecular orbital (HOMO)

and lowest unoccupied molecular orbital (LUMO) are generally
more important than the others of them. These orbitals play a sig-
nificant role to determine the way the molecule interacts with
other species. Also the energy is very useful for physicists and
chemists and the main orbital taking part in chemical reaction.
The HOMO energy characterizes the ability of electron giving;
LUMO characterizes the ability of electron accepting. While the en-
ergy of the HOMO is directly related to the ionization potential,
LUMO energy is directly related to the electron affinity. This elec-
tronic absorption corresponds to the transition from the ground
to the first excited state and is mainly described by one electron
excitation from the highest occupied molecular orbital to the low-
est unoccupied molecular orbital. [63,64].

We want to understand the bonding scheme of the mesitylene
and pictured the surfaces of FMOs as a Fig. 4. The HOMO and LUMO
energy calculated by B3LYP/6-311++G(d,p) method. The energy
gap between HOMO and LUMO orbital which is a critical parame-
ter in determining molecular electrical transport properties be-
cause it is a measure of electron conductivity, were calculated
Table 4
Experimental and calculated absorption wavelengths k (nm), excitation energies (eV), osc

Experimental Calculated TD-DFT/B3LYP/6-311++G(d,p)

k (nm) E (eV) k (nm) E (eV) Assignm

265.00 4.6566 243.05 5.1019 p–p*

211.05 5.8470 218.68 5.6705 p–p*

a H: HOMO, L: LUMO.
6.22 eV for title molecule. The knots of HOMO and LUMO are
placed nearly similarly in terms of location on the ring or methyl
groups. However there are four nodes of the HOMO on the ring
and two nodes on methyl for two of three groups. However, the
nodes of LUMO located as two nodes on ring. Also on the methyl
groups the nodes changed but the same image are seen. The red
and green colors are positive and negative phase, respectively.
Moreover, energy gap of the title molecule are presented in
Fig. 4. The percentages of the transition of the molecule are given
in Table 4 only major contributions. The most contribution were
predicted at 218.68 nm as a p–p* transition percentage 67
(H � 1 ? L + 2). However the H ? L and H � 1 ? L + 1 transition
are computed the same percentage (34%) at the 243.05 nm highest
transition.

Total, partial, and overlap population density-of-states
The DOS (or TDOS) plot is to presentation of molecule orbital

(MO) compositions and their contributions to chemical bonding
through the OPDOS (or COOP) plot. The bonding, anti-bonding
and nonbonding natures of the interaction of the two orbitals,
atoms or groups explain the OPDOS (or COOP) diagrams. The value
can be positive, negative or zero, the OPDOS it indicates a bonding
interaction (because of the positive overlap population), an anti-
bonding interaction (due to negative overlap population) and non-
bonding interactions, respectively [65]. Additionally, the OPDOS
diagrams allow us to the determination and comparison of the do-
nor–acceptor properties of the ligands and ascertain the bonding,
non-bonding. In the boundary region, neighboring orbitals may
show quasi degenerate energy levels. In such cases, consideration
of only the HOMO and LUMO may not yield a realistic description
of the frontier orbitals [66–68].

To provide a pictorial representation of MO compositions and
their contributions to chemical bonding, The TDOS, PDOS and OP-
DOS density of states of the mesitylene are plotted in Figs. 5–7,
respectively, created by convoluting the molecular orbital informa-
tion with Gaussian curves of unit height and Full width at half
maximum (FWHM) of 0.3 eV using the GaussSum 2.2 program
[38]. If one sees these Figs. 5–7 can conclude HOMO and LUMO en-
ergy construction and groups energy distribution (benzene and
methyl) and also defined the bonding character of the title mole-
cule according to TDOS, PDOS and OPDOS figures respectively. As
also seen Fig. 4 HOMO orbitals are localized on the ring and three
CH3 (methyl) groups their contributions about 92 and 8% respec-
tively. Similarly, the LUMO orbitals are localized on the ring
(83%) and two CH3 groups (17%) of the compound. However the
OPDOS diagram is shown Fig. 7 and some of orbitals of energy val-
ues of interaction between selected groups which are shown from
figures easily, Phenyl ring M CH3 groups (blue line) system is neg-
ative (bonding interaction).

Molecular electrostatic potential surface
In order to understand the molecular electrostatic potential sur-

face (MEPs) of mesitylene molecule in 3D plots is mapped and gi-
ven in Fig. 8 by using checkpoint file of the output file of the DFT/
B3LYP method 6-311++G(d,p) basis set due to having the most sta-
ble energy for the molecule. The molecular electrostatic potential
illator strengths (f) in ethanol solution.

ents Major contributes a

H ? L (34%), H-1 ? L + 1 (34%), H ? L + 1 (15%), H-1 ? L (15%)
H-1 ? L + 2 (67%), H ? L + 2 (31%)



Fig. 4. The frontier molecular orbitals of mesitylene.
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surface (MEPs) is a plot of electrostatic potential mapped onto the
constant electron density surface. The MEPs superimposed on top
of the total energy density as a shell. Because of the usefulness fea-
ture to study reactivity given that an approaching electrophile will
be attracted to negative regions (where the electron distribution
effect is dominant). In the majority of the MEPs, while the maxi-
mum negative region which preferred site for electrophilic attack
indications as red color, the maximum positive region which
Fig. 5. The calculated TDOS diagrams for mesitylene.
preferred site for nucleophilic attack symptoms as blue color. The
importance of MEPs lies in the fact that it simultaneously displays
molecular size, shape as well as positive, negative and neutral
electrostatic potential regions in terms of color grading and is very
useful in research of molecular structure with its physicochemical
property relationship [69,70].

According to the MEPs of mesitylene molecule in 3D plots
(Fig. 8), the different values of the electrostatic potential at the
Fig. 6. The calculated PDOS diagrams for mesitylene.



Fig. 7. The OPDOS (or COOP) diagrams for mesitylene.

Fig. 8. Molecular electrostatic potential map of mesitylene.

Table 5
Mulliken charges of from benzene to mesitylene [B3LYP/6-311++G(d,p)].

Benzene Toluene m-xylene Mesitylene

Atoms Charges Atoms Charges Atoms Charges Atoms Charges

C1 �0.156 C1 0.663 C1 1.828 C1 1.533
C2 �0.155 C2 �0.328 C2 �2.149 C2 �1.685
C3 �0.155 C3 �0.273 C3 1.828 C3 1.533
C4 �0.156 C4 �0.100 C4 �1.097 C4 �1.685
C5 �0.155 C5 �0.273 C5 0.262 C5 1.533
C6 �0.155 C6 �0.328 C6 �1.097 C6 �1.685
H7 0.155 H7 0.144 H7 0.064 C10 �0.408
H8 0.155 H8 0.144 H8 0.098 C14 �0.408
H9 0.155 H9 0.144 H9 0.098 C18 �0.408
H10 0.155 H10 0.155 H10 0.155 H7 0.090
H11 0.155 H11 0.155 C11 �0.345 H8 0.090
H12 0.155 C12 �0.539 H12 0.108 H9 0.090

H13 0.158 H13 0.108 H11 0.162
H14 0.139 H14 0.134 H12 0.162
H15 0.139 C15 �0.345 H13 0.145

H16 0.108 H15 0.162
H17 0.134 H16 0.145
H18 0.108 H17 0.162

H19 0.162
H20 0.145
H21 0.162
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surface are represented by different colors in the map of MEPs. The
potential increases in the order from red to blue color. The color
code of the maps is in the range between �0.02771 a.u. (dark
red) and 0.02771 a.u. (dark blue) in compound, where blue indi-
cates the strongest attraction and red indicates the strongest repul-
sion. As can be seen from the MEPs map of the title molecule, while
there is no region having the positive potential, there is the nega-
tive potential middle of the ring of the title molecule. As a result,
the molecule has no strongest attraction but, has the strongest
repulsion (see Fig. 8).
Table 6
Thermodynamic properties at different temperatures at the B3LYP/6-311++G(d,p)
level for mesitylene.

T (K) C (cal mol�1 K�1) S (cal mol�1 K�1) H (kcal mol�1 K�1)

100 16.575 72.004 1.421
150 20.944 80.355 2.458
200 25.506 87.569 3.717
250 30.463 94.229 5.214
298.15 35.561 100.386 6.898
300 35.761 100.610 6.968
350 41.175 106.836 8.991
400 46.473 112.947 11.282
450 51.494 118.948 13.832
500 56.159 124.828 16.624
550 60.448 130.574 19.641
600 64.376 136.177 22.862
650 67.972 141.633 26.271
700 71.268 146.940 29.853
Mulliken atomic charges
The atomic charges are an important for the application of

quantum mechanical calculations of the molecular system. The
Mulliken atomic charges of the mesitylene, toluene m-xylene and
benzene are computed by the DFT/B3LYP method 6-311++G(d,p)
basis set. We chose benzene and these three molecules according
to number of CH3 (methyl) groups attached the benzene ring.
The Mulliken atomic charges of from benzene to mesitylene are gi-
ven in Table 5. The results show that substitution of the aromatic
ring leads to a redistribution of electron density. To show this ef-
fect of methyl groups the result of atomic charges are given and
evaluated.

The carbon atoms attached the methyl are showed different
charges according to evaluations of number of methyl group. Also
the carbons near the methyl group or groups are tending to same
charges. The charges of hydrogen atoms methyl groups are nearly
close magnitude all CH3 in the molecules. However the results
show that substitution of the phenyl ring by CH3 groups lead to a
redistribution of electron density symmetrically. Namely, the
charge of molecule show symmetric distribution (negative or posi-
tive) due to the symmetry of CH3 groups for the molecule. The all
carbons of benzene are showed negative charges. But when the
methyl group attached the carbon atom, the carbon charges are
changed from negative to positive. As a result the carbon atoms
showed different charges due to the CH3 groups.
Thermodynamic properties

The thermodynamic parameters supply helpful and extra infor-
mation about the title molecule. Therefore, some values (such as
zero-point vibrational energy, thermal energy, specific heat capac-
ity, rotational constants, entropy and dipole moment) of the stud-
ied molecule by DFT/B3LYP/6-311++G(d,p) method at 298.15 K in
ground state are listed in the Table S1. The global minimum energy
obtained for structure optimization of B3LYP with 6-311++G(d,p)
basis set is �350.29372209 Hartree. At the same time, we investi-
gated and listed in Table 6 the statically thermodynamic functions:
heat capacity (C), entropy (S) and enthalpy changes (H) for the title



Fig. 9. Reduced density gradient for mesitylene.
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molecule, obtained from the theoretical harmonic frequencies. As
seen from the Table 6, it can be observed that these thermody-
namic functions are increasing with temperature ranging from
100 to 700 K, varied every 50 K due to the fact that the molecular
vibrational intensities increase with temperature. The correlation
equations between heat capacity, entropy, enthalpy changes and
temperatures were fitted by quadratic formulas and the corre-
sponding fitting factors (R2) for these thermodynamic properties
are 0.9985, 0.9998 and 0.9999, respectively. The corresponding fit-
ting equations are as follows and the correlation graphics of those
shown in Fig. S4.

C ¼ 4:7250þ 0:1157T � 2:6380� 10�5T2 ðR2 ¼ 0:9985Þ

S ¼ 57:8622þ 0:1534T � 3:8004� 10�5T2 ðR2 ¼ 0:9998Þ

H ¼ 0:0050þ 0:0088T � 4:8534� 10�5T2 ðR2 ¼ 0:9999Þ

Also one can be used to compute the other thermodynamic energies
according to relationships of thermodynamic functions and esti-
mate directions of chemical reactions according to the second law
of thermodynamics in Thermochemical field. Notice: all thermody-
namic calculations were done in gas phase and they could not be
used in solution.

Reduced density gradient (RDG)

In order to investigate the weak interactions in real space based
on the electron density and its derivatives were developed an ap-
proach by Johnson et al. [71]. The RDG is a fundamental dimen-
sionless quantity coming from the density and its first derivative:

RDGðrÞ ¼ 1

2ð3p2Þ1=3

jrqðrÞj
qðrÞ4=3

RDG density tails show that; large, negative values of sign(k2)q are
indicative of attractive interactions (such as dipole–dipole or hydro-
gen bonding); while if sign(k2)q is large and positive, the interaction
is nonbonding. Values near zero indicate very weak, van der Waals
interactions. The sign of k2 is utilized to distinguish the bonded
(k2 < 0) from non-bonded (k2 > 0) interactions. [71]. The RDG of
mesitylene were graphed by Multiwfn and plotted by VMD program
[35,39] and this representation is given in Fig. 9. According to this
representation of the RDG showed non-bonded (k2 > 0) interactions
and red indicates strong non-bonded overlap. The molecule had the
symmetrical structure both electron density and the bonding
character. The region interaction marked by red can be identified
as steric affect.

Conclusion

The detailed interpretations of the molecular structure, vibra-
tional spectra, electronic and Mulliken charge analysis; thermo-
dynamical properties and RDG of mesitylene were presented in
this paper. The geometrical parameters of mesitylene were com-
puted by DFT and HF calculations with a good accuracy when com-
pared with experimental analysis of structurally very similar
compound. The correlations of the statistical thermodynamics
according to temperature are also presented. All results which
were examined before by the experimental (IR, Raman, NMR and
UV spectra) were supported by the computed results, comparing
with experimental characterization data; vibrational wavenum-
bers, absorption wavelengths, electronic properties and chemical
shifts values are in fairly good agreement with the experimental
results. The predicted calculations are compared with experimen-
tal and showed an acceptable general agreement.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.saa.2013.07.070.
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