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The optimized structural parameters, the absorption and the resonance Raman spectra have been
investigated for the bis(2-thienyl)ketone in gas phase, in cyclohexane, methanol, and acetonitrile
solvents by means of time dependent density functional theory calculations, the solvent electronic
polarization effect on the solvation shift is examined and in well accordance with the calculation.
The effect of increasing the polarity of the solvent is well represented by the polarizable continuum
model, both for the absorption spectra and resonance Raman intensities. The Raman spectra of the
C=0 stretching mode, which is sensitive to the intermolecular interaction for bis(2-thienyl)ketone
dissolved in solvents, were systematically studied. It was found that the hydrogen bond effect plays
an important role in reducing the carbonyl stretching wavenumbers. The results of Raman shifts were
interpreted through the dilution effect, solvation effects, and hydrogen bond-forming effects. Further-
more, the excitation profiles of several important Raman bands of bis(2-thienyl)ketone molecule in
different solvents have been critically analyzed. The solvent effects on structural and symmetry prop-
erties of the molecule in S2 electronic state as well as the short-time photo relaxation dynamics have

been discussed. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3697482]

Il. INTRODUCTION

Binding of biological macromolecules through weak,
non-covalent interactions is critical for living organisms. It
occurs in all kinds of biological structures.! Weak interac-
tions, including Hydrogen bonding, Hydrophobic and hy-
drophilic interactions, protein—ligand and protein—-DNA inter-
actions, solvent polarization interactions, etc., have been well
characterized and widely investigated in biological system.'~

Vibrational spectroscopy is well-suited for the study
of weak binding interactions, since the peak shape, fre-
quency, and the intensity pattern of the C=0 and amide
I vibrational bands (peptide structure) are sensitively de-
pendent on hydrogen bonding interaction between polypep-
tides or proteins and surrounding protic solvent molecules*¢
and consequently allows the investigation of the secondary
structure of proteins at different environment and to fol-
low structural changes that occur during the solvent or po-
larity transition. A number of groups have investigated the
interaction between C=0 group and solvent polarity us-
ing Raman and infrared spectroscopy. Zhao et al.>’ had
a systematic investigation of hydrogen bonding structures
and dynamics in electronic excited states for a number
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of hydrogen-bonded systems using combined femtosecond
time-resolved spectroscopy and accurate excited-state elec-
tronic structure calculations. They found that the intermolec-
ular hydrogen-bond strengthening and weakening correspond
to redshifts and blueshifts, respectively, in the electronic
spectra. This is a guide for understanding spectra for va-
riety of compounds, including our findings in this article.
Hudson’s* and Asher’s>® group reported a systematic in-
vestigation of the solvatochromic amide I mode frequency
shift of the N-methylacetamide (NMA) in a variety of aprotic
and protic solvents both in experimentally and theoretically
ab initio calculation study. They noted that the protic sol-
vents and methanol have a special ability to make the amide I
band strongly redshifted or disappeared, due to the hydrogen
bonding interaction between NMA and surrounding protic
solvent molecules.® They also reported the hydrogen bonding
strengths and conformations of NMA—water clusters.*> How-
ever, the frequency shift mechanisms and the excited state
structure information have not been reported in these stud-
ies. Therefore, the investigation of solvent dependence of pep-
tides, especially the solvent dependence of C=0O in simplest
model molecules, seems prominently important for circum-
venting the excited state structure information.

Nearly half a century ago, the decrease in the C=0
Raman wavenumber of acetone in aqueous solutions was
reported.® This wavenumber deviation was mainly attributed
to the hydrogen bond formation between the C=0O group of
the acetone and the OH group in the aqueous solvents.’ In this
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regards the C=0 stretching (vc—p) bands can be used as spec-
tral probes to investigate the interaction and local orientation
functional groups incorporated in macromolecules by moni-
toring their bands in shifts. However, while it is relatively easy
to find molecules possessing solvent-sensitive properties, it is
not always possible to provide an unambiguous interpretation
of the origin of this solvent dependence.

It has been considered that two major mechanisms cause
a wavenumber shift of the vc_o: hydrogen bonding'® and
transition dipole coupling.!" Some studies have suggested
that hydrogen bond formation will result in negative val-
ues of the non-coincidence effect and be responsible for
the decrease in the vibrational wavenumber of the carbonyl
stretching mode.'® On the other hand, it is known that a
Raman active vibration can couple via the transition dipole
to the same vibration in a neighboring molecule if some de-
gree of short-range order exists due to the large permanent
dipole moments of the molecules.!! This causes a shift of
wavenumbers of the isotropic Raman and anisotropic Raman
components v(aniso)-v(iso) in a vibrational band, namely,
non-coincidence effect.

Resonance Raman spectroscopy (RRS) provides over-
whelming superiorities over the other spectroscopy tech-
niques with the privilege to yield precious structural and
conformational information of organic compounds.'>!3
Moreover, analyses of Raman excitation profiles (REPs) may
also be helpful in getting precious information such as sym-
metry properties, displacements of the potential energy min-
imum, etc., of excited electronic states of molecules.!* !5
Comparative studies on the Raman excitation profiles of dif-
ferent solvents with respect to that of the ground state are very
supportive in this regard.

In the present investigation, a detailed exploration of the
electronic spectra and the solvent effects on the experimen-
tally observed Raman intensity of bis(2-thienyl)ketone has
been carried out and the Raman excitation profiles of differ-
ent Raman bands obtained from different solvent have been
compared and critically analyzed. Computational chemical
methods may be carried out to better understand vibrational
spectra, Herein, density functional theory (DFT) calculations
were carried out using the hybrid B3LYP functional to aid vi-
brational mode assignments. These studies are expected to be
helpful in understanding the photophysical and photochemi-
cal characteristics of the molecule.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Resonance Raman experiments

The methods and experimental apparatus used for
the resonance Raman experiments have been described
elsewhere,'® ' so only a short account will be given here.
The harmonics of a nanosecond Nd:YAG laser and their hy-
drogen Raman shifted laser lines were used to generate the
252.7, 266.0, 282.4, 309.1, and 319.9 nm excitation wave-
lengths employed in the resonance Raman experiments. Spec-
troscopic grade solvents such as cyclohexane, methanol, and
acetonitrile, are purchased from Sigma. Concentrations of the
bis(2-thienyl)ketone (99% purity, Sigma) solutions are main-
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tained from approximately 0.002 M to 0.006 M for RR spec-
tra and 0.0001 M to 0.0003 M for the electronic absorption
spectra. A lower power was used during the resonance Raman
measurements to avoid saturation effects and other problems
associated with high peak powers. A backscattering geome-
try was used for sample excitation and for collection of the
Raman scattered light by reflective optics that imaged the
Raman scattered light through a polarizer and entrance slit
of a 0.5 m spectrograph. The grating of the spectrograph dis-
persed the light onto a liquid nitrogen cooled charge coupled
device (CCD) mounted on the exit of the spectrograph, and
the CCD acquired the Raman signal for about 90-150 s be-
fore being read out to an interfaced personal computer. The
Raman shifts of the resonance Raman spectra were calibrated
using the known vibrational frequencies of the solvent Raman
bands. The solvent Raman bands were subtracted from the
resonance Raman spectra using an appropriately scaled sol-
vent spectrum. The Fourier transform (FT) IR and FT-Raman
spectra of bis(2-thienyl)ketone in the neat solid phase were
acquired to help assign the resonance Raman spectra.

The spectra of an intensity calibrated deuterium lamp
were used to correct the resonance Raman spectral intensities
for the variation in detection efficiency as a function of wave-
length and portions of the resonance Raman spectra were fit-
ted to a base line plus a sum of Lorentzian bands to find the
integrated areas of the Raman bands.

B. Computational methods

In this work, we present a time-dependent density func-
tional theory (TD-DFT) study of the prototype molecule
bis(2-thienyl)ketone. The experimental RR spectra exhibit
a marked dependence with respect to the polarity of the
solvent. In order to simulate these effects, the solvent has
been described by the polarizable continuum model (PCM)
and the DFT'7 were done to determine the optimized ge-
ometry and vibrational frequencies as well as the elec-
tronic transition energies for the ground or excited electronic
states in gas phase, solid state, in cyclohexane, methanol,
and acetonitrile solution individually. In addition, we also
performed the vibrational frequencies calculation for bis(2-
thienyl)ketone-(methanol); , complex to explore how the hy-
drogen bond influence on the C=0 vibrational frequency.
Vibration wavenumber determination were computed by us-
ing the B3LYP/6-311G* level of theory for the ground
state of bis(2-thienyl)ketone with a C; symmetry, while the
electronic transition energies were calculated using B3LYP-
TD/6-311G*. All of the DFT calculations made use of the
GAUSSIAN 03 program software suite. '8

C. Raman excitation profiles

The REPs are a plot of Raman band intensities versus
excitation wavelengths. Intensities were determined from the
measured peak height ratio In/Is for the bands of the sample
(N) and internal standard (S) using

on = o5 (In/1s) [(vo — vs)/(vo — va)I*(Cs/Cy),
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FIG. 1. Structure and atom labeling scheme of bis(2-thienyl)ketone.

where oy and oy are the absolute Raman cross sections of
the band being determined and of the internal standard band,
respectively, Cs/Cy is the concentration ratio, vy is the laser
excitation frequency, vy and vy are the vibrational frequencies
of the sample and standard Raman bands, respectively. In this
study, we mainly utilized solvent as an internal standard. The
o value for the 802 cm~' mode of cyclohexane, 2249 cm™!
mode of acetonitrile was previously determined. !

lll. RESULTS AND DISCUSSION
A. Molecular geometry of bis(2-thienyl)ketone

The molecular structure of bis(2-thienyl)ketone shown in
Fig. 1 has been optimized by ab initio DFT levels of the-
ories and by allowing relaxation of all the parameters, cal-
culation has been found to converge to optimized geometry,
which corresponds to the true energy minimum, as revealed
by the absence of negative values in the calculated wavenum-
bers of the vibrational modes. Subsequently, the global min-
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imum energy obtained for structure optimization of bis(2-
thienyl)ketone with 6-311G* basis set is found to be ap-
proximately —1218.111 a.u. for DFT theory in gas phase.
Selected optimized parameters of the molecule in gas phase,
in cyclohexane, in methanol, and in acetonitrile solutions are
presented in Table I for minimum energy geometry. The vi-
sual inspection with the use of GAUSSVIEW 3.0 helps us to
estimate the dihedral angles (which are also included in the
Table I).

Analysis of Table I allows some conclusions to be made.
First, the bond length C=0, C-S, and C-C (except for C¢—
Si0 and C;—Cg) systematically increase when medium polar-
ity getting stronger while for the bond length C-H, C1-Cl11,
and C9-Cl11 systematically decrease when the medium sol-
vent getting more polar. These may be explained in terms
of the facts that the stronger induced polarity of bis(2-
thienyl)ketone may induced in the stronger medium polarity.
Second, the dihedral angles of C;C;;0,Cqy approximate to
180°, and the dihedral angles of ring 1 and ring 2 are both
approximate to zero. In the mean time the dihedral angles of
CC101,Cy becomes bigger when the solvent polarity be-
comes stronger, which means that the geometry of carbonyl
group C1(C11=0)C9 becomes more planar, while the geom-
etry of ring 1 and ring 2 are all maintain roughly planar but
shows a little tilt. Third, the dihedral angle between the ring 1
plane and the ring 2 plane calculated from the dihedral angles
of D(C,C;C;;012) and D(CgCyC;110,) show that, the dihe-
dral angles of ring 1 and ring 2 increased from 36.8° to 38.7°
following with the solvent changed from gas to acetonitrile.

B. Vibrational analysis

In regard to the above structural information, the
molecule of our interest, bis(2-thienyl)ketone, belongs to the

TABLE I. Equilibrium geometry of bis(2-thienyl)ketone in internal coordinate system.

Ring 1 Gas phase InCgHj2 In CH30H In CH3CN Ring 2 Gas phase InCgHj2 In CH30H In CH3CN
Selected atomic distance (A)
Recres R(C;-Ss5) 1.8192 1.8204 1.8235 1.8236 R(Cs-S10) 1.7944 1.7946 1.7946 1.7946
R(C4-Ss5) 1.7895 1.7904 1.7928 1.7928 R(Co-S10) 1.8264 1.8269 1.8276 1.8277
R(C3-Cy) 1.3657 1.3658 1.3658 1.3658 R(Cs—C7) 1.3641 1.3646 1.3658 1.3658
Rcu R(C2-Hj3) 1.0779 1.0785 1.0803 1.0802 R(Cg-Hi3) 1.0787 1.0799 1.0820 1.0820
R(C3-Hj4) 1.0794 1.0804 1.0822 1.0823 R(C7-Hy7) 1.0794 1.0804 1.0823 1.0823
R(C4-Hjs) 1.0754 1.0767 1.0794 1.0795 R(Cs—His) 1.0753 1.0767 1.0794 1.0794
Rex R(C{-C11) 1.4623 1.4610 1.4584 1.4583 R(Cy-Cy1) 1.4722 1.4698 1.4654 1.4654
Selected atomic angles (deg)
Acccr/ces/cse A(S5C1Cy) 110.60 110.54 110.44 11043 A(S10CyCs) 110.05 110.05 110.06 110.07
Accuisch A(C1CH;3) 123.05 123.15 123.35 123.37 A(CoCgHig) 120.81 121.12 121.58 121.59
Accx/sce A(SsC1Cyy) 116.86 117.06 117.34 117.30 A(S10CoCi1) 125.67 125.30 124.72 124.72
A(C,CCyy) 132.46 132.31 132.13 132.17 A(C3CoCy1) 124.17 124.54 125.10 125.09
Substitute atomic distance (A)
Rco R(C1-012) 1.2584 1.2613 1.2670 1.2670
Atomic angles (deg)
Acco A(C1Cy1012) 119.76 119.76 119.69 119.68 A(C9Cy1012) 118.23 118.41 118.67 118.66
Dihedral angles (deg)
Dccoc D(C;C11012Cy)  179.58 179.68 179.87 179.87  D(C9C1012Cy) —179.58 —179.68 —179.87 —179.87

#Note. Calculation method B3LYP/6-311G* for gas phase; PCM for others.
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FIG. 2. Raman spectra of bis(2-thienyl)ketone (A) simulated Raman spectra
within the frame work of DFT levels of theory with B3LYP/6-311G* basis
set. Experimental Raman spectra with excitation wavelength 309.1 nm (B)
in crystal state, (C) in cyclohexane, (D) in acetonitrile, and (E) in methanol
solutions. Asterisks indicate respective solvent bands.

lowest symmetry C1 along with the two sulfur atoms placed
asymmetrically with respect to the carbonyl group and the an-
gle between two ring planes is about 37°. In the case of previ-
ous reported study on benzophenone molecule,'’ it was esti-
mated from the same levels of theoretical calculations that the
two phenyl rings have been placed symmetrically with respect
to CgCCp plane keeping an angle of about 60° between them.
Thus, it is proposed that in the ground state this molecule is
more planar than its parent molecule benzophenone. The loan
pair electrons of sulfur atoms are useful for electron transfer
process in different types of photophysical and photochemical
reactions.

We have carried out DFT frequency calculations for
bis(2-thienyl)ketone in order to help elucidate the vibrational
bands observed in the experimental FT-Raman and FTIR
spectra of bis(2-thienyl)ketone as well as in the resonance Ra-
man spectra of bis(2-thienyl)ketone. The 18 atoms of bis(2-
thienyl)ketone give rise to 48 normal modes of vibration. Ob-
viously, all the vibrations are expected to be both Raman and
IR active. The observed 309.1 nm resonance Raman spec-
tra of the sample in different environments are described in
Fig. 2 along with the theoretically calculated DFT spectra.
The vibrational wavenumbers of bis(2-thienyl)ketone in crys-
tal form and in different solutions along with their IR coun-
terparts are included in Table II. Theoretical bands calculated
form DFT levels of theory are also included in this table in
separate columns. Theoretically obtained IR spectra are com-
pared with the experimental spectra of the compound and
are shown in Fig. 3. It is to be emphasized that the calcu-
lated wavenumbers correspond to vibrational signatures of
the molecule in its gas phase. Hence, the experimentally ob-
served spectra of the solid and solution may differ to some
extent from the calculated spectrum. In the DFT calculation,
the B3LYP function tends to overestimate the wavenumbers
of the fundamental modes compared to the experimentally ob-
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served values due to the combination of electron correlation
effects and basis set deficiencies. In order to obtain a consid-
erably better agreement with the experimental data, scaling
factor has to be used. The wavenumbers of the C-H stretch-
ing vibrations are scaled down by the factors of 0.9594 for
DFT analyses, whereas for all other vibrations a uniform lin-
ear scaling function of 0.9504* calculated +25.9095 has been
applied.’>?! Therefore, DFT vibrational wavenumbers pre-
sented in Table II have been linear scaled by the scaling func-
tion of 0.9504* calculated +25.9095.

Nevertheless, after applying the scaling factor, the theo-
retical calculation reproduces the experimental data well. The
observed slight disagreement between the theory and the ex-
periment may be attributed to anharmonicity. Besides, it is
well known that the general tendency of the quantum chemi-
cal methods is to overestimate the force constants at the exact
equilibrium geometry.??

For a proper understanding of IR and Raman spectra, a
reliable assignment of all vibrational bands is essential. In this
part of vibrational analysis, benzophenone!” is considered as
the parent molecule. The notations and assignments of the vi-
brations are based on the visualization GAUSSVIEW software,
previous studied on the Raman spectra of 2,2-dipyridylketone
were used as valuable references.?! Figure 4 shows the Carte-
sian displacements of some selected vibrations considered
from DFT calculation.

The FT-Raman and FT-IR spectra of bis(2-thienyl)ketone
are shown in Fig. 3 and summarize in Table II. Spectra of
bis(2-thienyl)ketone consist of A symmetry, which are al-
lowed according to the selection rules of the C1 point group.
These modes carry the A1 A2 B1 B2 symmetry label in C2V
point group, applicable in case of the benzophenone. In bis(2-
thienyl)ketone, splitting of the A symmetry modes can be in-
terpreted in terms of point group symmetry of the molecule,
because of the fact that there are two thiophene rings in bis(2-
thienyl)ketone. These two thiophene rings have a different
orientation relative to the carbonyl group. Therefore, corre-
sponding to the frans position, the spectra bands theoreti-
cal (DFT) calculation for benzophenone were split into pairs
of bands for bis(2-thienyl)ketone. The Raman band at
1414 cm™! is assigned as the ring breathing mode (in-phase
triangular mode) for both the rings, though the FT-IR and
DFT removes this degeneracy, two bands are observed near
1400 cm~! both in IR spectra and DFT calculation. The
in plane C-H bending mode is observed at slightly higher
frequency at 1224 and 1234 cm™' for the two rings. The
C-H wagging mode is observed at 698 and 721 cm™! for
the two rings. Other two Bcuam +Vascaycn co) + Vo)
-+ vec) vibrations appear in the 1350 and 1325 cm™! re-
gion. The remaining assignments of the two thiophene rings
and of the carbonyl group of the molecule are in accordance
with those reported elsewhere.'2!:23

Table II and Fig. 2 show the Raman shift contrast of the
C=O0 stretching mode v, for bis(2-thienyl)ketone in cyclo-
hexane, methanol, and acetonitrile solution. The Raman shift
of the solute molecule in the solutions is in general deter-
mined both by interactions between the solute molecules and
by interactions between solute and solvent molecules. When
the solute-solute mechanisms dominate, the dilution effect
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TABLEII. Assignment of observed and calculated vibrational wavenumbers (in cm™') v-stretching, a-in plane ring bending, 8-in-plane bending, y-wagging,
8-in-plane substitute bending, ¢-torsion, I-S(5) ring, II-S(10) ring.

Mode Raman DFT Assignment
(C1) Solid CgHj» CH30H CH3CN IR PCM scaled® PCM calcuated 1CH30HP 2CH30HC

A v 3110 3242 3241 3243 VC(6)H

2 3109 3240 3240 3242 VC@H

V3 3106 3097 3228 3229 3230 VCH(D)

V4 3101 3097 3097 3228 3210 3214 VCH(I)

Vs 3082 3080 3075 3205 3205 3207 veuan + Beean

Ve 3074 3204 3189 3200 veu + Beca)

vy 1616 1627 1614 1609 1612 1626 1683 1651 1626 veo + ve@e)ea) + vee)co)
BcH + veee) + veE)cw)

vg 1578 1513 1565 1563 1559 + veweer) T ve®)co) T Vasc)ean o)

Vg 1514 1505.8 1510 1506 1514 1509 1560 1559 1556 Bcuan + vee)ca) + ve®)co)

V10 1414 1411 1406 1402 1417 1413 1459 1460 1458 Ring breathing(n) + ﬂCH(II)

Vi1 1392 1412 1458 1458 1454 Ring breathing(l) + ﬂCH(I)
BcHn + Vaschedn o)

V12 1352 1352 1350 1350 1393 1395 1396 + vee)e@) + veee)

V13 1325 1343 1386 1386 1386 BcHam + Vsyncsa)

Vig 1284 1279 1290 1256 1294 1309 1314 BeHan + VAsc(HC(11) C9)

vis 1234 1234 1227 1264 1265 1264 Beuw

Vig 1224 1203 1238 1255 1256 Bcuan

V17 1120 1104 1134 1137 1141 ﬂCH(l,ll) + vSynC(])C(ll) C(9)

Vg 1081 1110 1110 1111 BeamBewnBewonbemn

vig 1080 1082 1071 1100 1103 1105 BcouBc@uBcwouBc®H

vy 1049 1049 1051 1078 1087 1090 BeHa,m

V2 1027 1053 1071 1074 BeeuBeHuBcmHEBC®H + VSynC1)C(11) CO)

V22 925 920 924 910 930 991 965 ¥ CH(I)

V23 894 913 917 918 Y CH(®I)

V4 866 834 886 887 Bce) cocd + veran

V25 858 860 855 841 860 850 867 883 881 Y CH(LII)

V26 848 865 866 868 Y CH(1I)

V27 833 849 853 854 Y CH(I)

V28 781 781 815 830 835 838 Ring breathing + Bco

V29 752 743 748 738 744 742 753 758 757 YCH(Q 1) + YoC

V30 742 753 752 753 YCH(Q 1) + YoC

V3] 727 731 735 746 746 747 YCH(, 1) + YocC + VAsynCS

V32 721 712 722 724 728 Y CH()

V33 698 691 696 705 698 705 714 721 724 Y CH(I)

V34 649 648 673 681 683 684 Ring breathing(T)

V35 617 622 621 623 Ring breathing(II)

V36 578 578 577 580 584 585 Y CH(LID)

V37 561 559 568 570 572 571 Y CH(LID

v3g 523 523 528 531 ycHam + Bemcan co)

v39 499 464 461 463 464 Y CS(LIN

V40 455 474 455 455 451 452 452 Y CS(LIN

V41 388 381 389 398 Bco

V42 258 298 286 291 293 S(IT)

V43 226 210 223 221 8(I)

Va4 218 235 235 235 218 202 210 211 ycc in CCS

V45 187 172 154 165 178 YCHQIN) + Yco

Va6 164 135 115 116 119 S(LID)

V47 72 48 64 72 ¢cc in C(1)C(11)C(9)

V4g 65 41 42 50 ¢cc in C(1)C(11)C(9)

Scaling factors for DFT are Y = 25.9095 + 0.9504*X for the region (36—1700 cm~") and 0.9594 for the region (3000-3300 cm™"'), respectively. Calculated method: DFT B3LYP/6-
311G*.

bVibrational frequencies calculated for bis(2-thienyl)ketone-(methanol) complex.

¢Vibrational frequencies calculated for bis(2-thienyl)ketone-(methanol); complex.
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FIG. 3. The correlation of experimental FT-Raman and FT-IR spectra of
bis(2-thienyl)ketone with the DFT simulated Raman and IR spectra under
B3LYP/6-311G* basis set.

will simply increase the intermolecular distance of the so-
lute molecules and, hence, induce changes in the vibrational
wavenumber owing to the weakened interactions. The Raman
shift of the C=0 stretching mode v, of bis(2-thienyl)ketone
increases in non-polar cyclohexane solvents and decrease in
polar solvents acetonitrile or methanol. However, if the so-
lute and solvent can form hydrogen bonds, then the Raman
shift dependence of the vibrational wavenumber will be de-
termined by the competition of two opposite effects: the di-
lution effect mentioned above, which will increase the vibra-
tional wavenumber,'! and the solvation and hydrogen bond
effect, which will decrease the vibrational wavenumber when
the solvation effects or hydrogen bond is formed or is be-
ing replaced by stronger effects.!” In accordance with this
interpretation for the hydrogen-bonded solutions, such as ke-
tone methanol mixtures, we implicitly assume that all inter-
actions, except the hydrogen bond effect, will be weakened
by dilution, and that stronger hydrogen bond formation, if
any, is the major mechanism responsible for the decrease of
the C=0 Raman shift v,. Therefore, the vast increase of the
Raman shift v, in the cyclohexane solution shown in Table II
and Fig. 2 can be attributed to the constructively effect of
the dilution, and the Raman shift in the methanol solution
can be attributed to the combined effect of both the dilu-
tion and the formation of ketone-methanol hydrogen bonds.
Consequently, we would also expect that the C=0 Raman
shift v, of the bis(2-thienyl)ketone in acetonitrile solutions
should be related to the relative strength of the dilution and
ketone-acetonitrile solvation. Based on these arguments, a
further discussion of the observed C=0 Raman shifts v; in
the bis(2-thienyl)ketone-methanol and bis(2-thienyl)ketone-
acetonitrile solutions is presented below. The most obvious
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FIG. 5. Steady state electronic absorption spectra of bis(2-thienyl)ketone in
methanol, cyclohexane, and acetonitrile environments, respectively.

evidence for the competition between the salvation or hydro-
gen bond effect and the dilution effect is the C=0 Raman shift
v4 in the bis(2-thienyl)ketone solution shown in Fig. 2. Ob-
viously the situation for bis(2-thienyl)ketone-methanol solu-
tion the hydrogen bond dominates the effects while for bis(2-
thienyl)ketone-acetonitrile the two opposite effects of dilution
and salvation get to a close match.

In order to exam the hydrogen bond solely influence
on the C=0 Raman shifts v;, we have also performed the
vibrational frequencies calculation for bis(2-thienyl)ketone-
(methanol); , complex, which is included in the Table II.
From Table II we can know that the hydrogen bond in
bis(2-thienyl)ketone-(methanol), complex really effectively
reduced the C=0 vibrational frequency, which is in good con-
sistent with the literature.'’

The Raman shift vg in Table II decrease in both the non-
polar solvent cyclohexane and polar solvents acetonitrile or
methanol. It is a very week broad peak and shows big uncer-
tainty in the absolute wavenumber of the C=O0 centroid. Also,
Fermi resonance interaction should be considered for the re-
duction Raman shift of vg involving the single C=0 vibration
fundermental vy (1514 cm™') vibrational coupling with the
overtone 2v59(752 x 2 cm™ ).

1. Absorption spectrum

Figure 5 presents the absorption spectrum of bis(2-
thienyl)ketone in cyclohexane, methanol, and acetonitrile so-
Iutions with the wavelengths for the resonance Raman ex-
periments indicated above the spectrum. Table III lists the
B3LYP-TD/6-311G* computed electronic absorption spec-
trum, the corresponding electric dipole transition orbitals, the
oscillator strengths, and the description of molecular orbital
associated with the dominant one electronic vertical

FIG. 4. Cartesian displacements (DFT//B3LYP/6-311G*) of some selective vibrational modes of bis(2-thienyl)ketone.
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TABLE III. Experimental electronic absorption bands and theoretical /TD-DFT/6-311G*/ vertical one-electron excitations in different environments. Only CI expansion coefficients with absolute value 0.2 are shown
in the table.

Theo gas phase Cyclohexane Methanol Acetonitrile
Molecular Molecular Molecular Molecular
Band orbital Band (nm) orbital Band (nm) orbital Band (nm) orbital
Slno. (nm) f excitation CIco-eff. Theo. Expt. f excitation CIco-eff. Theo. Expt. f excitation CIco-eff Theo. Expt. f excitation CIco-eff. Transitions
1 344 46 — 51 0.3883 341 00.0006 46 — 51 0.4916 336 0.0010 46 — 51 0.5355 336 0.0007 46 — 51 0.5338
48 — 51 0.3041 48 — 51 0.2370 49 — 51 0.3592 49 — 51 0.3654
49 — 51 0.3496 49 — 51 0.3657
2 303 0.2919 49—>51 —0.3082 305 301 0.2990 50 — 51 0.6193 309 312 03104 50— 51 0.6322 309 309 0.3103 50— 51 0.6363 G — S
50 — 51 0.5787 49 — 51 —0.2132
3 284 0.0030 46— 51 —0.3746 285 0.0028 46 — 51 04212 287 0.0025 46 —51 —0.3932 287 0.0027 46 — 51  —0.4006
47 — 51 0.3257 47— 51 —0.2081 47 — 51 0.3321 47 — 51 0.3150
49 — 51 0.3667 48 — 51  —0.2088 49 — 51 0.4057 49 — 51 0.4034
50 — 51 02114 49 —- 51 —0.3965
4 275 0.0177 46 — 51 0.3428 277 0.0213 46 — 51 0.2049 282 0.0268 47 — 51 04216 282 0.0269 47 — 51 0.4818
47 — 51 0.5358 47 — 51 0.6327 48 — 51 0.4956 48 — 51 0.4412
5 270  0.0698 46 — 51 —0.2292 271 267 0.0675 48 — 51 0.5769 273 267.6 0.0654 47 —51 —0.3959 273 267 0.0650 47 —51 —03428 G—>$S;
48 — 51 0.5430 49 —- 51 —0.2679 48 — 51 0.4061 48 — 51 0.4506
49 — 51 —0.2373 49 — 51 0.2960 49 — 51 0.2983
6 233 0.0499 46 — 52 0.2306 231 0.0552 46 — 52 0.2592 229 0.0628 46 — 52 0.2276 229 0.0627 46 — 52 0.2265
49 — 52 0.5723 49 —» 52 0.6103 49 — 52 0.6363 49 — 52 0.6379
50 — 52 0.2213
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FIG. 6. Comparison of five highest occupied and two lowest unoccupied orbitals for the A absorption band of bis(2-thienyl)ketone in gas phase, cyclohexane,

methanol, and acetonitrile environments, respectively.

transition for bis(2-thienyl)ketone. Table III shows that
among the calculated electronic transitions above 230 nm op-
tical region there are two transition-allowed absorption bands
at 305 and 271 nm (A- and B-band with the oscillator strength
of f=0.2990 and 0.0675, respectively) in cyclohexane solu-
tion. This is in good agreement with the intense experimental
absorption band at 303.0 and 267 nm (A- and B-band with the
experimental oscillator strength of f = 0.31 and 0.17, respec-
tively) in cyclohexane solution. Experimentally, these two ab-
sorptions exhibit redshifts of 8.8 and 0.8 nm, respectively, in
methanol solution, and redshifts of 7.6 and 0.2 nm, respec-
tively, in acetonitrile solution. This was attributed to the fact
that additional stabilization by the solvent electronic polar-
ization is larger in the more polar ground state than the 7 *
state. This trend was corroborated by the spatial distribution
of solvent electronic polarization around the solute carbonyl
sites. The influence of the solvent electronic polarization be-
comes prominent in a polar solvent, though the overall blue
shift is small.

The TD-DFT method predicts appreciable shift of energy
for singlet G—S2 states in going from gas phase to solvent
phases and the results are coincident with the experimental
absorption spectra very well (Table III). The topologies of
molecular orbitals may be considered as a guide to the TD-
DFT analyses of the optical absorptions (Fig. 6). Figure 6 dis-
plays the seven orbitals associated with the electronic transi-
tion of the calculated A-band absorption. It shows that all the
unoccupied and occupied orbitals energy were elevated by the
solvents, but the elevation degree is different, the occupied or-
bitals energy were elevated more relative to the unoccupied
ones, and this situation exhibits more remarkably in the polar

solvent than that in the non-polar solvent. It means that the
solvents could reduce the energy gap of the orbital transition
from the highest occupied molecular orbital (HOMO) to low-
est unoccupied molecular orbital (LUMO) and consequently
lead to the red shift of the electronic transition band. The or-
bital topologies also show that all the unoccupied orbital with
different solvent are of the same type and with minor energy
difference while that for the occupied orbital are of very dif-
ferent electron cloud topography. Conclusions could be draw
that the solvent dependant properties are mainly manipulated
through the HOMO, HOMO-1, HOMO-2, and HOMO-3 or-
bital. The orbital topologies in Fig. 6 show that orbital 50
(HOMO) are 7 orbitals of C;—C,/C3—C4, and C¢—C7/Cg—Co—
Sio bonding with electron cloud prevailing distributed over
the C¢—C7/C3—Cy—Sj¢ in gas phase while that with electron
cloud average distributed over two rings in solutions. Sim-
ilarly, the Orbital 49 (HOMO-1) in gas phase are 7 orbital
with electron density being prevailing delocalized on C,—C;—
S5/C3—C4 over Cg—Co/S|p—C¢—C7 bonding while that in solu-
tions are  orbitals delocalized averagely on C,—C|—Ss/C;3—
C4 and Cg—Co/S19—Cs—C7 bonding. Contrast of the 50, 49,
48, and 47 orbital topologies between bis(2-thienyl)ketone in
gas phase and in solution phase, the electronic density appears
more dispersed and uniform in solution phase.

In a word LUMO orbital of the molecule are of 7*
nature, whereas HOMO, HOMO-1, and HOMO-2 are en-
riched with contributions from 7 nature and spread over
both the rings. The experimental 303 nm absorption band
(A-band) in solution could be assigned as 7 (C;—C,/C3—Cy)
— JT*(Cl—Cz/C3—C4) and JT(C6—C7/C8—C9—SI()) — ﬂ*(C6—
C7/Cg—C9y—S1g) transition. Our 319.9, 309.1 nm excitation
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FIG. 7. Comparison of the 309.1 nm resonance Raman spectra of bis(2-thienyl)ketone in methanol, acetonitrile, and cyclohexane environments, respectively.

wavelengths used in the resonance Raman experiments should
be mostly on resonance with the A-band absorption of bis(2-
thienyl)ketone while 266.0, 252.7 nm excitation wavelengths
is resonance with the B-band and 282.4 nm excitation wave-
lengths is resonance with the overlap absorption of A- and B-
band. Since, the A-band transition transfers electron density
from C]—CQ/C3—C4 and C6—C7/C8—C9—Slo to C“ of carbonyl
(see Fig. 6), a localized charge transfer nature is expectable
for bis(2-thienyl)ketone in a short time upon absorbing
303 nm excitation. The molecular orbital coefficient analysis
also supports the electron density redistribution.

2. Resonance Raman spectroscopy and Raman
excitation profiles

We note first that since our laser line frequencies fall in
the electronic absorption region (Fig. 5) we may expect to see
resonant Raman effects.

In order to explore the solvent dependent variation of
Raman intensity, sum-over-states approach has been utilized
as discussed earlier. In the framework of Albrecht’s theory,
the Born-Oppenheimer approximation is employed to sepa-
rate the vibronic states into products of electronic and vibra-
tional states, and the transition dipole moments are expanded
as a Taylor series in the nuclear coordinates. The Raman in-
tensity, which are subject to enhancement when the incident
radiation approaches a contour of an intense absorption band,
get intensity contribution by either (i) Frank-Condon A-term,
(i1) Herzberg-Teller B-term, or (iii) both.

Figure 7 displays the comparison of the 309.1 nm res-
onances Raman spectra of bis(2-thienyl)ketone in methanol,
acetonitrile, and cyclohexane solutions. The spectra shown in
Fig. 7 have been corrected for sample reabsorption as well
as the wavelength dependence response of the detection sys-
tem and the solvent Raman bands were removed from the
spectra by subtracting an appropriately scaled solvent spec-

trum and regions of the solvent subtraction artifacts are in-
dicated by asterisks. The dashed lines in Fig. 7 indicate the
correlation of nine A; type fundamental vibrational modes
labeled as v7, Vg, V10, V12, V14, V19, U0, U29, and U33 and
several overtones and combination bands of 309.1 nm RRS of
bis(2-thienyl)ketone in methanol, acetonitrile, and cyclohex-
ane solutions. A total of 309.9 nm radiation is in the region of
discrete vibronic transitions and is termed discrete resonance
Raman scattering. Figure 7 shows that the resonance Raman
patterns, including the wavenumbers and relative intensities
of all the fundamental, combination bands, and overtones,
show no distinct difference with increasing polarity of the
medium. Most of the resonance Raman features in Fig. 7 can
be assigned to the fundamentals, overtones, and combination
bands of about four Franck-Condon active vibrational modes
based on the information provided in Table II: the nominal
ring breathingr+Bcuar stretch vy (1414 cm™!), the nom-
inal vco + VeR)c3) T Vee)co) stretch v; (1616 cm_l), the
nominal YCHI, 1) + Yoc stretch vy9 (752 cm_l), the ¥ CH(ID)
v33 (698 cm ™).

The normal modes vy [breathing + Vsync(ic(inco)
stretch] and vy [vco + veeyea) + Ves)co) stretch] get ma-
jor intensity contribution for the bis(2-thienyl)ketone in all of
the solvent from the 309.1 nm excitation (A-band absorption),
which means that photoexcitation of bis(2-thienyl)ketone in
the A-band absorption causes larger motions along the ring
breathingq, + Bcuap stretch, veo + veped) + Ve
stretch, the ycug, m + Yoc stretch, and the y cyar and have
not been influenced by the medium. It could be inferred that
they get major intensity enhancement from the diagonal A-
term of the scattering tensor through the S2 electronic state
(A-band) (Table III). The diagonal A-term contributions from
the relevant S2 states (A-band) for the above modes indicate
that the relevant ring C—C bond, C=0 bond, and C;,C11)Cy)
asymmetric bond distances undergo appreciable change due
to excitation from the ground to the respective excited states.
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Thus, the electronic state S2 may be expected to have a good
amount of charge transfer between the 7 charge cloud of the
ring and the charges of the ketone group. The RRS patterns
show that the polarity of the solvent has not change the photo-
induced reorganization energy dissipation, the displacement
for the S2 state and the photo relaxation reaction path.

The normal modes analysis is in coincidence with the
TD-calculations and absorption spectrum (Fig. 5). The elec-
tronic transition associated with the A-band absorption is fea-
tured by the localized 7 (C|—-C,/C3—C4) — 77(C1=C,/C5—Cy)
and 7T(C6—C7/C8—C9—Slo) —> JT*(C6—C7/C8—C9—SH)) transi-
tion. Since the charge density at the site of the C=0 group
increases markedly after orbital transition from the HOMO
to the LUMO, which inevitably strengthen the C1)C(11,C(9)
bond and weakens the C—C(7,/C(1y~C(2) bond (see orbitals
49 and 51 in Fig. 6), the C(;)C(11yC(9) bond shortening and
C6)—C7/C(1)~C(2) bond lengthening is expected. This is
consistent with the observed predominant overtone progres-
sions of the nominal ring breathingayy + Bcuarn stretch v
(1414 cm™") in 309.1 nm resonance Raman spectra in
Fig. 7 and this also indicates that the molecule undergoes large
excited state geometry structure change along C—C7/C(1)—
C(2) and C(1)C(11)C9) reaction coordinate. But the polarity of
the solvent exerted its influence on differentiation the energy
elevation of occupied and unoccupied orbits to reduce the en-
ergy gap of the orbital transition from the HOMO to LUMO
and then lead to the redshift of the electronic transition band.
TD-calculations show that the solvent dependant properties
are mainly manipulated through the elevation of the energy of
occupied ground electronic state.

Figure 7 shows that while the vibrational modes in
wavenumber, in description, and in intensity patterns for dif-
ferent solvent resonance Raman spectrum are very similar, the
band full-width at half-maximum (FWHM) for C=0 stretch-
ing mode vy is very different. The FWHM for band v is
37.5 cm~! in methanol, 26.8 cm™! in acetonitrile, 21.4 cm™!
in cyclohexane, and 15.4 cm™! in pure solid state.

Devi et al.>* have studied systematically the function be-
tween the bandwidth of C=0 stretching vibration, the van
der Waals’ volume, and the solvent concentrations and found
that repulsive type of intermolecular forces are responsi-
ble in the line broadening mechanism. The question of how
to handle the solvent in analyzing and modeling resonance
Raman intensities is still a matter of considerable debate. One
proposal advanced a KHD-like equation in which the slow
solvent degrees of freedom are included as inhomogeneous
broadening at the Raman cross-section level while the fast sol-
vent motions are included by replacing the simple exponen-
tial lifetime damping, e, with the more general broadening
function e~¢®. Solvent induced inhomogeneous broadening
is nearly always treated as a Gaussian distribution of elec-
tronic zero-zero energies while homogeneous broadening is
more in dispute. The solvent induced inhomogeneous broad-
ening in this case may imply for the prolonged life time of S2
electronic state.

In order to quantitatively analysis the solvent effect on
normal modes intensity in the resonance Raman spectrum, the
observed REPs of several normal modes of vibration of bis(2-
thienyl)ketone molecule in methanol, acetonitrile, and cyclo-

J. Chem. Phys. 136, 124509 (2012)
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FIG. 8. Comparison of the REPs for several vibrational modes and combi-
nation modes obtained from the 309.1 nm resonance Raman spectra of bis(2-
thienyl)ketone in methanol, acetonitrile, and cyclohexane environments, re-
spectively.

hexane solutions are calculated and presented in Fig. 8. The
observed profiles in 309.1 nm laser excitation at room tem-
perature (around 30 °C) are presented. From the Fig. 8, the
REPs of the individual normal modes are very close among
the different solvent. The REPs of the fundamental, combina-
tion, and overtones of v; seem different from others for the
relative lower REPs in methanol solvent. This may ascribe
to the strong hydrogen bond interactions between the solvent
and solute molecules.

See supplementary material for additional excita-
tion wavelengths resonance Raman spectroscopy of bis(2-
thienyl)ketone in different solvent to notice the C=0 Raman
shift.?

IV. CONCLUSION

The purpose of the paper is to confirm theoretically the
experimental findings of the solvent effect on electronic en-
ergy levels, vibrational signals, and molecular geometry of
bis(2-thienyl)ketone. The angle between the two ring planes
is increased from 36.8° to 38.7° following with the solvent
changed from gas to acetonitrile as found from DFT calcula-
tion, although the geometry of carbonyl group (C;C;;=0Cy)
becomes more planar. DFT is not only found to give rea-
sonably good singlet vertical excitation energies vary with
medium polarity and vibrational signatures of the molecule
but are also compatible with the findings from the REP stud-
ies too. The Raman shift of the C=0 stretching mode v; of
bis(2-thienyl)ketone increases in non-polar cyclohexane sol-
vents and decrease in polar solvents acetonitrile or methanol.
The results were interpreted through the dilution effect, solva-
tion effects, and hydrogen bond-forming effects. DFT method
is used to aid the accurate description of the vibrational fre-
quencies for the ground state. 309.1(A-band) nm excitation
wavelengths RRS for bis(2-thienyl)ketone in various solvents
were acquired and the Raman effect was analyzed. Our re-
sults indicate that the short-time So — S, photo relaxation dy-
namics of bis(2-thienyl)ketone have substantial multidimen-
sional character mainly in the nominal the ring breathing
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+ IBCH(H) stretch, vco + vee)e3) + Ve@)co) stretch and the
ycua + Yoc stretch, with smaller contributions from the
nominal y cyary and the polarity of the solvent has not change
the photo-induced reorganization energy dissipation, the dis-
placement for the S2 state and the photo relaxation reaction
path. But the Raman shift of the C=0 stretching mode v
indicate the molecular symmetry changes of the excited S2
states relative to the ground states.
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