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The Fourier transform infrared (FT-IR) and micro-Raman spectra of tert-butyl-hydroquinone were
recorded in the region 4000-400 cm~' and 4000-50 cm™!, respectively. Conformational space was
scanned with molecular mechanic simulations. All other calculations were performed by B3LYP/6-
311G++(d,p) level of theory. The molecular structure and vibrational frequencies of the title compound
were calculated and compared with experimental spectra. Theoretical vibrational spectra of the title
compound were interpreted by means of TEDs. Predicted electronic absorption spectrum of tert-butyl-
hydroquinone from TD-DFT calculation was analyzed and compared with the experimental UV-visible

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

It is known that quinone derivatives especially hydroquinone
and its certain derivatives are capable of inhibiting free-radical
fragmentation reactions which play an essential role in the damage
of biologically important molecules [1-3]. Because they are found
as structural units in a great variety of natural compounds showing
antifungal, antibacterial, antiviral and anticancer activity, quinone
derivatives are valuable intermediates for the preparation of fine
chemicals and pharmaceuticals [4-7]. Tert-butyl-hydroquinone
(TBHQ), an important derivative of quinones, is a highly effective
and general purpose antioxidant used to preserve various oils, fats
and food items by retarding their oxidative deterioration [8,9].
Since it is helpful to skin repairing and the cell renewing, TBHQ
is also used to prevent oxidation degradation of cosmetics [10,11].

We have studied molecular structure and vibrational spectra of
similar molecules recently [12-14]. The experimental and theoret-
ical vibrational spectrum and assignments or structural studies of
TBHQ have not been reported so far.

In the present work, an exhaustive conformational search of
the TBHQ has been performed. Vibrational frequencies and
molecular structure parameters of the title compound have been

* Corresponding author. Tel.: +90 533 556 9111; fax: +90 332 323 8225.
E-mail address: odereli@selcuk.edu.tr (0. Dereli).

0022-2860/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.molstruc.2012.01.003

calculated by B3LYP/6-311++G(d,p) level of theory. The calculated
molecular structure parameters and vibrational frequencies have
been analyzed and compared with obtained experimental datas.
In addition, HOMO, LUMO and UV spectral analysis have been
used to elucidate the information regarding charge transfer with-
in the molecule.

2. Experimental

The sample TBHQ in the powder form was purchased from
Sigma-Aldrich Chemical Company. IR measurement of TBHQ
molecule at room temperature was recorded by using a Perkin
Elmer Spectrum One FT-IR spectrometer in the region 400-
4000 cm™' with a resolution of 2cm™. The sample was com-
pressed into self-supporting pellet and introduced into an IR cell
equipped with KBr window. On the other hand, the Raman spec-
trum of TBHQ molecule was recorded with a Jasco NRS-3100 mi-
cro-Raman Spectrophotometer (1200 lines/mm grating and high
sensitivy cooled CCD) at room temperature in the region 50-
4000 cm™'. The sample was excited by using 785 nm diode laser.
The spectrometer was calibrated with the silicon phonon mode
at 520 cm~! and microscope objective 100x was used. Over 50
spectra were taken at an exposure time of 30s. The measured
and calculated FT-IR and micro-Raman spectra are shown in Figs.
1 and 2.
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Fig. 1. Experimental and theoretical IR spectra of TBHQ.
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Fig. 2. Experimental and theoretical Raman spectra of TBHQ.

3. Computational details

In order to establish stable possible conformations, the confor-
mational space of TBHQ was scanned with molecular mechanics
method. This calculation was performed with the Spartan 08 pro-
gram [15]. Then, geometry optimizations of the obtained possible
conformations were performed with B3LYP/6-311++G(d,p) level
of theory. After the most stable conformer of the title compound
was determined, geometry optimizations and frequency calcula-
tions of this conformer were performed by B3LYP/6-311++G(d,p)

level of theory. The optimized structural parameters were used
in the vibrational frequency calculations at the same level to char-
acterize all stationary points as minima. In this step, all the calcu-
lations were performed using Gaussian 03W program package [16]
with the default convergence criteria without any constraint on the
geometry [17]. The theoretical vibrational spectra of the title com-
pound were interpreted by means of TEDs using the SQM program
[18]. It should be noted that Gaussian 03 package does not calcu-
late the Raman intensities. The Raman activities were transformed
into Raman intensities by using Raint program [19].
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4. Results and discussion
4.1. Conformational stability

The different conformational structures of a compound are cor-
related with many of the physical and chemical properties. Hence,
their investigation is important for drug designs and to understand
several medicinal effects. To found stable conformers, a meticulous
conformational analysis was carried out for the title compound.
Rotating 10° each degree intervals around the free rotation bonds,
conformational space of the title compound was scanned by
molecular mechanic calculation. The geometry optimizations of
the obtained conformers were performed by B3LYP/6-
311++G(d,p) level of theory. Results of conformational analysis
indicated that the title compound has eight conformers as shown
in Fig. 3. The molecular structure with atom numbering scheme
for conformer is given in Fig. 4. In all cases, given in Fig. 3 trans ori-
entations of the hydroxyl groups are favored. At first glance, the
main reason of the energy distribution seems to be the tert-butyl
group orientation relative to the nearest hydroxyl group. For this
reason, we investigated whether the most stable structure 1 result
from formation of C-H---O contact (hydrogen bonding-like inter-
action) or not. Because the calculated C-H---O distances are
approximately 2.4 A, we have concluded that hydrogen bonding-
like interactions does not responsible for stability of conformer 1
but long-range electrostatic interactions can be responsible for it
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Fig. 3. Stable conformers of TBHQ.

Fig. 4. Molecular structure and atom numbering scheme adopted in this study for
TBHQ.

due to the fact that it was observed at one of our previous study
[20].

Ground state energies, zero point corrected energies
(Eelect + ZPE), relative energies of conformers and dipole moments,
were presented in Table 1. From the calculated energies of eight
conformers, given in Table 1, the conformer 1 is the most stable.
Zero point corrections have not caused any significant changes in
the stability order.

The difference between the total energies of the most stable two
conformers is 0.301 kJ/mol for total energies and 0.157 kJ/mol for
zero point corrected energies. The only difference between molec-
ular structures of these two conformers is in the orientation of H;3
atom. A detailed potential energy surface (PES) scan in Cg—C,-015-
H;3 dihedral angle was performed. This scan was carried out by re-
laxed PES scanning calculations in all geometrical parameters by
changing the torsion angle for every 10° rotation around the bond.
The shape of the potential energy as a function of the dihedral an-
gle is illustrated in Fig. 5. As seen in Fig. 5, the conformer 1 with a
zero degree Cg-C,-012-H;3 dihedral angle is the most stable con-
former. Optimized energy of the conformer 2 is slightly larger than
those of conformer 1. Therefore, both forms were used in the future
calculations such as molecular structure, vibrational and UV-visi-
ble and molecular electrostatic potential analysis of the title
molecule.

4.2. Molecular geometry

The optimized geometric parameters (bond lengths, bond an-
gles and dihedral angles) of the conformer 1 and conformer 2 were
given in Table 2. In the literature, we have found neither experi-
mental data nor the calculation results on molecular structure of
TBHQ, therefore the molecular structure of conformer 1 and con-
former 2 was compared with XRD data of closely related molecule
like 2,6-di-tert-butylphenol [21].

For the most stable conformer, two hydroxyl groups are planar
and lies in the same plane of the benzene ring moiety which can be
seen from the torsion angle value of C3-C;-0,¢o—-H;; = 180° and Cs-
C,-012-Hy3 = 180°. The optimized geometry shows that two of the
CHj5 groups CysHs and Cy9Hj3 substituted in ortho position of phenyl
ring are out-of-plane as evident from the dihedral angles C;-C3-
C14-Cy5=60.6°, C;-C3-Cy4-Cy9=60.6°. The optimized geometry
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Table 1
Energetics of the conformers calculated at the B3LYP/6-311++G(d,p) level.
Conformers E (Hartree) AE Eo (Hartree) AEo Dip. mom.
(kJ/mol) (kJ/mol) (D)

—540.096910  0.000
—540.096795  0.301
—540.093818  8.118
—540.093402  9.210
—540.091251 14.85
—540.091184 15.03
—540.090617 16.52
—540.090147 17.75

—539.876901 0.000 0.43
—539.876841 0.157 2.51
—539.874153 7.214 0.66
—539.873722 8.346 3.33
—539.871588 13.94 0.33
—539.871502 14.17 2.46
—539.870758 16.12 0.84
—539.870337 17.23 3.48

0NV W=

Eo, zero point corrected energy.

124
ERL o\ VA
g 8 /./ \o o/ \.\
a [ ] L]
se |/ \ ,'/ \
n / | \
2 44 oL
5 e v \../ \
2o frx AT/ \

0 30 60 90 120 150 180 210 240 270 300 330 360
Cg-Cy-015-H, 3 Dihedral Angles (Degrees)

Fig. 5. Potantial energy surface scan.

also shows that two carbon atoms (C;4 and Cy3) are in the plane of
the ring as evident from the torsional angles C;—C3-Cy4-Cp3 = 180°.
The small differences between experimental and calculated geo-
metrical parameters may come from the environment of the com-
pound. It is clear that the experimental results belong to solid
phase while theoretical calculations belong to gaseous phase.

4.3. Vibrational assignments

The TBHQ molecule has 26 atoms, which possess 72 normal
modes of vibrations. All the vibrations are active in the infrared
and Raman spectra. Usually the calculated harmonic vibrational
wavenumbers are higher than the experimental ones, because of
the anharmonicity of the incomplete treatment of electron correla-
tion and of the use of finite one-particle basis set. The harmonic
frequencies were calculated by B3LYP/6-311++G(d,p) level of the-
ory and then scaled by 0.967 for wave numbers under 1800 cm™!
and 0.955 for those over 1800 cm™'. In order to correct the overes-
timations of the calculated harmonic wavenumbers, three different
scaling procedures referred to as scaling procedure-1: “scaling
wavenumbers with dual scale factors [22]” and scaling proce-
dure-2: “Scaled Quantum Mechanics Force Field (SQM FF) method-
ology [18,23,24]” or scaling procedure-3: single scaling factors,
were performed independently. It can be seen that the calculated
results with dual scaling is better than single scaling and SQM
method resulted in the best agreement with the experimental
wavenumbers [25]. In this study, we have used the first method.
Experimentally observed and theoretically calculated harmonic
vibrational frequencies and their correlations were gathered in Ta-
ble 3. From the calculations, the computed values are in good
agreement with the observed values. The vibrational bands

assignments have been made by using the animation option of
Gauss View 3.0 graphical interface for Gaussian programs [26]
along with available related molecules and also by means of TEDs
using the SQM program [18].

4.3.1. O-H vibrations

The O-H group gives rise to the three vibrations viz., stretching,
in-plane bending and out-of-plane bending vibrations. The O-H
group vibrations are likely to be the most sensitive to the environ-
ment, so they show pronounced shifts in the spectra of the hydro-
gen-bonded species. In the case of unsubstituted phenol it has
been shown that the frequency of O-H stretching vibration in
the gas phase is 3657 cm™! [27]. In our previous study of 2,5-di-
tert-butylhydroquinone [13], a strong band in FT-IR spectrum at
3402 cm~! was assigned to O-H stretching vibration. In the FT-IR
spectrum of title compound, the band observed at 3445 cm™! is as-
signed to O-H stretching mode. The theoretically computed and
scaled value of O-H band is 3669 cm~! (mode no. 1). In addition
to this, as it is seen in Table 3, the theoretically computed wave-
number of mode no. 2, which was calculated as 3667 cm ™}, is an-
other O-H stretching vibration of the title compound. A
comparison of these bands with experimental data predicts that
there are negative deviations owning to the fact that the presence
of strong intermolecular hydrogen bonding. In general, for phenols
the in-plane bending vibrations lies in the 1150-1250 cm~! region
[27]. The band observed at 1183 cm™! and the band observed at
1133 cm™! in FT-IR spectrum were assigned to OH in-plane bend-
ing vibration (mode nos: 35 and 36). The same vibration was ob-
served in FT-Raman spectrum as a weak band at 1133 cm™!. The
theoretically computed values of these bands are 1165 and
1141 cm™', respectively. These vibrations were observed at 1190
and 1118 cm™! in FT-IR spectrum of 2,5-di-tert-butylhydroquinone
[13] In this study, the scaled values of OH out-of-plane bending
vibrations are 264 and 265 cm™! (mode nos: 64 and 65).

4.3.2. C-H vibrations

The aromatic CH stretching vibrations of heteroaromatic struc-
tures are expected to appear in the 3100-3000 cm™' frequency
ranges, with multiple weak bands. The nature of substituents can-
not affect the bands much in this region [27,28]. The CH in-plane
bending vibrations appear by sharp but weak to medium intensity
bands in the 1100-1500 cm™! region. These bands are not sensitive
to the nature of substituents [28]. The out-of-plane bending vibra-
tions occur in the wavenumber range 800-1000 cm ™! [28].

The aromatic CH stretching vibrations of the title compound
were observed as very weak bands at 3067, 3035 and 3016 cm™!
in the FT-IR spectrum (mode nos. 3-5). In the FT-Raman spectrum,
these vibrations were observed at 3064 and 3031 cm™'. The theo-
retically computed wavenumbers at 3054, 3037 and 3002 cm™!
were well correlated with the experimental values. The in-plane
CH bending vibration was observed at 1310 cm™! in FT-IR spec-
trum (mode no. 29). According to the TED analysis given in Table
3, the theoretically computed harmonic wavenumber of mode no
37 was assigned to the another in-plane CH bending vibration.
The bands observed at 820 and 771 cm™! in the FT-IR spectrum,
the bands observed at 820 and 774 cm™! in the Raman spectrum
(mode nos. 46, 48) and the theoretically calculated value of mode
no 45 were assigned to out-of-plane CH vibrations. These results
were found to be in the same range as in literature [29-32]. The
calculated wavenumbers of in-plane and out-of-plane CH bands
were well reproduced the experimental ones in the infrared and
Raman spectra.

4.3.3. Tert-butyl group vibrations
Isopropyl and tertiary butyl groups give characteristic doublets
in the symmetric CH3 bending region of the IR spectrum. The tert
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The calculated geometric parameters of tert-butyl-hydroquinone by B3LYP/6-311++G(d,p)method, bond lengths in angstrom (A) and angles in degrees (°).

Parameters Calculated Experimental® Parameters Calculated Experimental®
Conformer1 Conformer 2 Conformer1 Conformer 2

Bond lengths (A) Bond angles (°)

Ci-G5 1.409 1.413 1.415 Ce—C5-Cig 1214 121.3 121.0
C1-Cy 1.394 1.391 1.414 C1-C4-Cs 1215 121.3 121.6
C;-O10 1.381 1.381 1.386 C-Cs-Cy4 118.6 118.8 116.8
010-H11 0.962 0.962 0.846 C-Cs-C3 122.8 122.7 121.6
012-Hys 0.962 0.962 - C3-C14-Cy5 109.9 109.9 110.0
C-Cs 1.389 1.389 1.386 C3-C14-Cyg 109.9 109.9 1104
C,-Cs 1.395 1.395 1.391 C3-C14-Ca3 112.0 111.9 111.8
C,-012 1.375 1.376 - C15-C14-Cig 110.0 110.0 1104
C3-Cs 1.401 1.397 1.395 Ci5-C14-Ca3 107.5 107.5 106.9
C3-Cqq 1.542 1.542 1.545 C19-C14-Ca3 107.5 107.5 107.3
Cy4—Cs 1.390 1.394 1.400 Selected dihedral angles (°)

Ci14-Cys 1.548 1.548 1.544 040-C;-C3-C¢ 180.0 180.0 178.3
C14-Cio 1.548 1.548 1.544 010-C1-C3-C1a 0.0 0.0 1.441
Ci4-Co3 1.541 1.541 1.539 012-C>-C5-C4 180.0 180.0 -
Bond angles (°) 012-C,-C6-C3 180.0 180.0 -
C3-C1-Cy4 1209 120.9 1229 C1-C3-C14-Cy5 60.6 60.6 61.5
C5-C1-0O10 119.1 119.1 116.5 C1-C5-C14-C1o 60.6 60.6 60.6
C4~C1-0O19 120.0 120.1 120.6 C1-C5-Cy4-Ca3 180.0 180.0 179.7
C5-C,-Cs 119.8 119.8 - Ce—C3-C14-Cy5 1194 1194 118.2
C5-C2-012 117.8 1235 - Ce—C5-C14-C1o 1194 1194 119.7
Ce-C2-012 1224 117.0 - Ce—C5-C14-Ca3 0.0 0.0 0.7
C-C3-Cs 1164 116.6 116.9 C3-C1-040-Hyy 180.0 180.0 179.2
C1-C5-Cyg 122.2 1222 122.0 C5-C2-012-Hi3 180.0 0.0 -

¢ X-ray data taken from closely related molecule like 2,6 di-tert-butylphenol. Ref. [21].

Table 3
Comparison of the observed and calculated vibrational spectra of TBHQ.
Mode nos. Experimental Theoretical TED (%)
IR RAMAN Conformer 1 Conformer 2
Scaled Freq? Pk I°RAMAN Scaled Freq? Pk I°RAMAN

Vi 3445 m - 3669 8 14 3670 24 14 96 vy OH

Vo - - 3667 37 4 3667 22 9 96 v, OH

V3 3067 vw 3064 m 3054 2 25 3075 1 10 98 vsCH,ring

i 3035 vw 3031 m 3037 4 10 3021 5 31 99 v,CH,ring

Vs 3016 w - 3002 7 18 3001 8 14 98 vsCH,ring

Ve 3002 w 3002 w 2993 7 12 2992 7 12 99 v, (CHs),tb

\Z - - 2991 0 2 2990 0 2 94 v (CH3),tb

Vg 2962 s 2965 s 2952 26 27 2952 25 27 97 v, (CHs),tb

Vo - - 2948 16 10 2952 14 10 92 v, (CHs),tb

Vio - - 2940 10 14 2940 9 14 97 v (CH3),th

Vi1 - 2938 4 3 2938 5 3 91 v, (CHs),tb

Vi 2911w 2917 s 2892 17 88 2893 16 88 97 vs (CH3),tb

Vi3 - - 2885 15 1 2886 8 3 97 v, (CHs),tb

Via 2867w 2871w 2884 9 2 2885 14 1 95 v (CH3),tb

Vis 1608 w 1608 m 1597 5 17 1605 3 14 68 v CC, ring + 11 & HCC

Vie 1590 s 1591 vw 1590 7 6 1579 16 7 58 v CC, ring + 14 & CCC

Vi7 1498 w - 1489 23 0 1480 22 1 42 v CC, ring + 19 § HCC

Vis 1484 w - 1479 5 2 1478 24 1 87 34 (CH3),tb

Vi - 1463 m 1464 3 3 1464 2 3 82 34 (CH3),tb

Voo 1454 vw 1452 vw 1454 2 13 1453 5 13 80 34 (CH3),tb

Va1 - - 1448 0 10 1448 0 10 90 34 (CH3),tb

Voo - - 1445 0 1 1444 2 1 87 34 (CH3),tb

Va3 1441 vs - 1431 0 3 1433 15 2 87 84 (CH3),tb

o - - 1416 81 1 1431 0 2 39 v CC, ring + 115 HCC

Vas 1390 w 1393 w 1381 6 1 1382 3 1 87 3s (CHs),tb

Va6 1367 m - 1351 3 0 1352 4 0 94 35 (CHs),tb

Va7 1360 w 1359 w 1349 4 0 1349 4 0 97 3s (CHs),tb

Vag 1349 w - 1312 11 1 1312 6 6 46 v CC, ring + 128 HCC + 155 HOC
Vag 1310 m - 1289 4 2 1281 63 4 343 HCC, ring + 218HOC + 16 vCC
V3o 1280 m 1284 s 1257 5 29 1255 3 29 5500C + 128HCC

V31 1235 vw 1243 w 1218 6 20 1220 14 20 31 v CC,tb + 18 vVOC

V3o 1210 m 1205 45 3 1201 18 2 41v OC + 318 HCC

Vi3 - 1200 m 1184 1 8 1184 1 9 308 CCC+21v CC

V3q - - 1181 2 10 1181 1 11 46 ps (CH3),tb +23v CC

V35 1183 vs - 1165 2 13 1162 100 3 53 § HOC + 14 5 HCC

V36 1133 m 1133 w 1141 100 2 1144 3 9 455 HOC + 22 § HCC + 20v CC
V37 - - 1112 31 1 1116 8 2 38 5 HCCring + 10 v CC
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Table 3 (continued)

Mode nos. Experimental Theoretical TED! (%)

IR RAMAN Conformer 1 Conformer 2

Scaled Freq? °r I“RAMAN Scaled Freq? PR I°RaMAN

V3g 1077 s 1078 w 1054 6 2 1056 5 2 538 CCC,ring breathing + 115 HCC
V3g 1021w 1023 w 1019 0 2 1019 0 2 71 ps (CH3),tb
Vao 1005 2 2 1006 3 2 69 ps (CHs),th
Va1 934 s 935 vs 933 0 0 933 0 0 86 ps (CHs),tb
Vi - 914 5 45 916 10 43 65 v CC
Va3 - - 907 1 12 908 1 11 49 vCC +33 § HCC
Vaa 872s 877 w 898 0 10 899 0 13 57 vCC + 261" HCCC
Vas - 896 0 3 874 3 2 90 v (HC).ring
Vas 820 vw 820 w 838 7 1 857 1 1 83 v (HC).ring
Va7 784 m 784 m 795 0 9 795 0 9 72 v CC
Vag 771 s 774 vw 789 14 0 771 17 0 83 v (HC).ring
V49 735w 734 w 754 19 17 753 22 18 50 & CCC ring trigonal bending + 18 v OC
Vso 692 w - 715 0 2 718 1 2 59 v (CC),ring + 11 7y (HC).
Vs1 657 vw 695 vs 683 2 33 681 0 39 57 § CCC+30 v CC
Vs 610 vw 616 vw 597 1 1 597 2 2 69 v (CC)ring
Vs3 583vw 585 s 559 0 40 559 4 35 34 v CC+14 5 CCC+10 5 CCC
Vsa 516 w 520 m 502 1 11 502 2 15 73 v (CC),ring
Vss 473 m 476 m 476 6 0 477 3 0 68 v (CC),ring
Vs6 - - 460 0 32 460 0 32 67 & CCC
Vs7 411 vw 416 vw 399 0 3 399 2 2 75 & CCC
Vsg - 403 vw 391 1 1 392 0 1 79 v (CC)
Vsg - 385s 374 5 7 373 0 7 73 8 CCC
Veo - - 363 1 12 364 0 12 65 v (CC)
Ve1 - 337w 325 0 0 323 0 0 67 T (CH3)+ 27 1 (CO)
Vo2 - 315 3 8 315 1 8 70 §(CCO)+ 25 §(CCC)
V63 - 293 w 303 1 2 303 0 2 68 5 CCC
Vea - - 265 0 19 266 0 16 77 v (OH)
Ves - - 264 42 13 265 40 16 70 y (OH)
Vee - - 246 34 14 242 0 1 68 5 CCC
Ve7 - 230 m 243 0 1 233 33 18 92 1 (CH3)
Ves - - 213 1 1 213 1 1 87 1 (CH3)
Veo - - 198 0 6 198 1 5 79 8 CCC
V70 - - 165 1 6 165 1 9 79 v (CO)
V71 - 135 vs 110 0 100 109 1 100 87 1 (CC),tb
V72 - 66 m 68 0 33 68 0 31 91 1 (CC),tb

v - stretching, a - antisymmetric, s - symmetric, § - in-plane bending, y - out-of-plane bending, T - torsional, tb. - tert-butyl group.
3 Obtained from the wave numbers calculated at B3LYP/6-311++G(d,p) using scaling factors 0.967 (for wave numbers under 1800 cm™') and 0.955 (for those over

1800 cm™1).

b Relative absorption intensities normalized with highest peak absorption equal to 100.

¢ Relative Raman intensities normalized with highest peak absorption equal to 100.

d Total energy distribution calculated B3LYP/6-311++G(d,p) level of theory. Only contributions >10% are listed.

butyl group gives rise to two CH bending modes, one in the 1395-
1385 cm ™! region and another one near 1370 cm™!. In the tert-bu-

Conformer 2

Conformer 1

HOMO

HOMO

Fig. 6. The atomic orbital compositions of the frontier molecular orbitals for two
conformers of TBHQ.

tyl doublet, the longer wavelength is more intense [33] than the
shorter wavelength. In the FT-IR spectrum of TBHQ the band ob-
served at 1367 cm~! and the band at 1390 cm™! were assigned
to tert-butyl doublet (mode nos. 25, 26). The Raman counterpart
of one of this bans was observed at 1393 cm™! in the Raman spec-
trum. The theoretically computed wavenumbers are the best corre-
lated with the experimental values.

The skeletal C-C vibrations of tert-butyl group appear around
1255 and 1200 cm ™!, with medium intensity bands [33]. The band
observed at 1235 cm™! in the FT-IR spectrum and the band ob-
served at 1243 cm ™! in the Raman spectrum were assigned to skel-
etal C-C vibrations of tert-butyl group (mode no. 31). The
theoretically predicted wavenumber is in good agreement with
the observed wavenumber.

For the methyl group vibrations in the tert-butyl group, the
bands observed at 3002, 2962 cm™' in FT-IR spectrum and the

Table 4
HOMO-LUMO energies and energy gaps of two conformers of TBHQ.
HOMO energy LUMO energy HOMO-LUMO
(a.u) (a.u) energy gap (a.u)
Conformer 1 —0.20934 -0.01721 0.19312
Conformer 2 —0.20942 —-0.01699 0.19243
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Fig. 7. The electrostatic potential maps for two conformers of THBQ.

bands observed at 3002 and 2965 cm~! in Raman spectrum were
assigned to CH3 antisymmetric stretching vibrations.The CH3 sym-
metric stretching vibrations were observed at 2911 and 2867 cm™!
in the FT-IR spectrum. In the Raman spectrum, these vibrations
were observed at 2917 and 2871 cm™'. The theoretically predicted
asymmetric and symmetric CHs stretching vibrations show good
agreement with the experimental values. The bands observed at
1484, 1454 and 1441 cm™! in the FT-IR spectrum and the bands
observed at 1463 and 1452 cm™! in the Raman spectrum were as-
signed to degenerate bending (mode nos. 18-23); the bands ob-
served at 1390, 1367 and 1360 cm™! in the FT-IR spectrum and
the bands observed at 1393 and 1359 cm™! in Raman spectrum
were assigned to symmetric bending (mode nos. 25-27); the bands
observed at 1021 and 934 cm™! in the FT-IR spectrum and the
bands observed at 1023 and 935cm™' in the Raman spectrum
were assigned to rocking vibrations of CHs of tert-butyl groups
(mode nos. 39,41). The experimental and theoretical wavenumbers
of tert-butyl group and CH3 group vibrations show the good corre-
lation with the literature data [12-14].

4.3.4. C-0 vibrations

The CO stretching vibrations in phenols are expected to appear
as a strong band in the 1300-1200 cm™! frequency ranges [34].
These vibrations were observed at 1265 and 1226 cm™! in FT-Ra-
man spectrum of 2,5-di-tert-butylhydroquinone [13]. In our pres-
ent work, The bands observed at 1280 and 1210cm™' in FT-IR
spectrum and the band observed at 1284 cm™! in Raman spectrum
were assigned to C-0 stretching mode of C-OH vibration (mode
nos. 30,32), which is in agreement with the literature data
[31,13]. In addition to this, the theoretically calculated wavenum-
bers in this study show good agreement with measured experi-
mental data. In the vibrational studies of some phenols,
Sundaraganesan et al. [29] and Subramanian et al. [30] have as-
signed the frequencies at 326 and 314 cm™! to in-plane C-0 bend-
ing mode and 221 and 170cm™! to out-of-plane C-O bending
mode of vibration. In our case, the calculated values of in-plane
and out-of plane C-O bending modes are at 315cm~! and
165 cm™! (mode nos. 62 and 70), respectively.

4.3.5. (=C vibrations

The ring carbon-carbon stretching vibration occurs in the re-
gion 1625-1430 cm . In general, the bands are of variable inten-
sity and are observed at 1625-1590, 1590-1575, 1540-1470,
1460-1430 and 1380-1280 cm ! from the frequency ranges given
by Varsanyi [27] for the five bands in the region. In the present
work, the frequencies observed in the FT-IR spectrum at 1608,

1590, 1498 and 1349 cm™!, the frequencies observed in Raman
spectrum at 1608 and 1591 cm~! and predicted wavenumber at
1416 cm™! were assigned to C-C stretching vibrations (mode
nos: 15-17, 24 and 28). The ring breathing mode at 1077 and
1078 cm™! in FT-IR and Raman spectra, respectively coincide with
the predicted value at 1054 cm~! (mode no. 38). The predicted
wavenumber at 754 cm~! was assigned to trigonal bending mode
(mode no. 49). This vibration was observed at 735 and 734 cm™!
in our FT-IR and Raman spectra, respectively. The bands at 610,
516 and 473 cm™! in FT-IR spectrum and the bands observed at
616, 520 and 476 cm™! in FT-Raman spectrum were assigned to
C-C-C ring out-of-plane bending modes (mode nos. 52, 54, 55).

4.4. Absorption spectra

On the basis of fully optimized ground-state structures of two
conformers, TD-DFT//B3LYP/6-311++G(d,p) calculations have been
used to determine the low-lying excited states of TBHQ. The calcu-
lated results involving the vertical excitation energies, oscillator
strength (f) and wavelength of the most stable two conformers
were carried out and compared with measured experimental
wavelength. Typically, according to Frank-Condon principle, the
maximum absorption peak (max) corresponds in an UV-visible
spectrum to vertical excitation. TD-DFT//B3LYP/6-311++G(d,p)
predict one intense electronic transition at 4.5695eV
(271.33 nm) with an oscillator strength f=0.1014 for conformer
1 and one intense electronic transition at t 4.5749eV
(271.01 nm) with an oscillator strength f=0.0995 for conformer
2. These are in good agreement with the measured experimental
data in water solution (exp =292 nm) [35]. Similar calculations
were performed for other solutions that were given in experimen-
tal UV-visible study [35] and the results of these calculations were
presented in Table S1 (Supplementary information).

This electronic absorption corresponds to the transition from
the ground to the first excited state and it is mainly described by
one electron excitation from the highest occupied molecular orbi-
tal (HOMO) to the lowest unoccupied molecular orbital (LUMO).
The atomic orbital compositions of the frontier molecular orbitals
of the conformers are sketched in Fig. 6.

The calculated HOMO-LUMO energies and HOMO-LUMO en-
ergy gaps, which reflect the chemical activity of the molecule, of
conformers are given in Table 4. LUMO as an electron acceptor rep-
resents the ability to obtain an electron, HOMO represents the abil-
ity to donate an electron. As it is seen in Fig. 6, the HOMO is located
over the OH group and phenyl ring and the LUMO located over the
phenyl ring, the HOMO — LUMO transition implies an electron
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density transfer to ring from OH group. Moreover, these orbitals
significantly overlap in their position for TBHQ conformers.

4.5. Molecular electrostatic potential

The Molecular Electrostatic Potential (MEP) is the most useful
electrostatic property to study the relation between structure
and activity. The MSEP has been also employed as an informative
tool of chemistry to describe different physical and chemical fea-
tures, including non-covalent interactions in complex biological
system.

The electrostatic potential created by the nuclei and electrons of
a molecule in the surrounding space is well established as a guide
to the interpretation and prediction of molecular behavior. It has
been shown to be a useful tool in studying both electrophilic and
nucleophilic processes, in particular, to be well suited for studies
that involve the identification of key features necessary for the
“recognition” of one molecule by another. The molecular surface
electrostatic potential (MSEP) is rigorously defined as the first or-
der interaction between a positive unit charge at any point in the
vicinity of a molecule and its charge distribution contributed by
both electrons and nuclei. The potential V(r) can be calculated
through the folowing equation:

Z p(fdf

F=7]
where Z, is the charge on nucleus A; at a distance R4; and p(r) is the
electronic density function defined by the 0.001 a.u. contour.

The electron density isosurfaces on which the electrostatic po-
tential surface have been mapped are shown in Fig. 7 for two con-
formers of title compound. The different values of the electrostatic
potential at the surface are represented by different colors'; red
represents regions of most negative electrostatic potential, blue
represents regions of most positive electrostatic potential and
green represents regions of zero potential.

As seen in Fig. 7, the positive energy area (blue color) is ob-
served over the H atoms of O,¢o—H;; and O,-H;3 group. The red re-
gions refer to an area that would favor interactions with
approaching electrophiles. The blue regions interact extensively
with incoming nucleophiles and thus the sites of hydrogen bond
donor groups. The red region is the site of hydrogen bonding
acceptors (0, atom). O19—-H;; group is not the site of hydrogen
bonding acceptors, due to tert-butyl group [36-39].

(1)

5. Conclusion

The FT-IR and FT-Raman spectra were studied. The equilibrium
geometries, harmonic wavenumbers and TD/DFT calculations
(Conformer 1 and Conformer 2) were carried out for the first time
at DFT/B3LYP/6-311++G(d,p) level of theory. Optimized geometri-
cal parameters of the title compound were in agreement with
the crystal structure data obtained from XRD studied. B3LYP level
of theory with the higher basis set 6-311++G(d,p) calculations
showed better correlation with the experimental results. Ab initio
programs were used to find the most stable conformer of TBHQ.
The theoretical TD-DFT/ B3LYP/6-311++G(d,p) level of calculated
results also complemented with measured UV-visible spectral
data. The theoretically constructed FT-IR and FT-Raman spectra
showed good correlation with experimentally observed FT-IR and
FT-Raman spectra.
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