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In this paper, we analyze the degree of intramolecular charge transfer in a push-pull π-conjugated system,
5-(dimethylamino)-5′-nitro-2,2′-bithiophene, from changes in frequencies and relative intensities of its strongest
Raman scatterings in a bunch of solvents with different polarities. Density functional theory (DFT) was used
as a support of the experimental study. Solvent effects on the molecular and electronic structures and on the
vibrational properties were estimated by performing B3LYP/6-31G** calculations within the framework of
the polarized continuum model (PCM) developed by Tomasi. Calculations reveal that the molecule is highly
polarized in the ground state and behaves as a very efficient photoinduced push-pull system. The polarization
of the molecule strongly increases with solvent polarity and determines that the profile of the Raman spectra
greatly changes from one solvent to another and in going to the solid. The strongest Raman scattering associated
with the νsym(NO2) stretching undergoes a downshift of 48 cm-1 in passing from CCl4 to the solid. DFT
calculations provide a comprehensive interpretation of the evolution of the Raman spectra with solvent polarity.

I. Introduction

Dipolar push-pull chromophores are currently the subject
of great interest for their use in photonic devices for telecom-
munications and optical information processing and represent
the widest class of organic compounds investigated for their
nonlinear optical (NLO) properties.1-11 Push-pull NLO systems
are basically constituted by an electron-donor and an electron-
acceptor group interacting through aπ-conjugated spacer. It is
now well-established that the hyperpolarizabilityâ, which
characterizes the molecular NLO efficiency, depends on the
strength of the donor/acceptor pair, on the extent of the
π-conjugated path, and, forπ-conjugated spacers made up of
aromatic units, on the resonance stabilization energy of the
aromatic systems.4

Oligoenic push-pull NLO-phores can be thought at first
glance to constitute the most straightforward way to achieve
an efficient charge redistribution from the donor to the acceptor
end groups, and they have been demonstrated to exhibit huge
nonlinearities.5 However, these chromophores commonly lack
the necessary chemical and photothermal stability, which limits
their practical application in real devices. On the other hand,
the large aromaticity of the benzene ring limits the efficiency
of electron transmission in oligophenylene push-pull NLO-
phores and has detrimental effects on the second-order polar-
izabilities. Since aromaticity of thiophene is lower than that of
benzene and the stability and solubility of thiophene derivatives
are higher than those of oligoenic compounds, much effort has
been made over the past decade to the study of stable thiophene-
based second-order NLO-phores.5a,12

One of us reported some years ago on the synthesis and the
solvatochromic properties of a series of donor-acceptor end-

capped oligothiophenes.13 Among the large variety of push-
pull bi-, ter-, and quaterthiophenes studied in that work,
5-(dimethylamino)-5′-nitro-2,2′-bithiophene (Me2N-T2-NO2) was
found to show a particularly pronounced positive solvato-
chromism.13bThe UV-vis absorption maximum,λmax, of Me2N-
T2-NO2 largely redshifts, as a function of the solvent polarity,
from ∼466 nm in aliphatic solvents such asn-pentane or
n-hexane to∼577 nm in formamide. The dye was used as a
suitable probe for the determination of solvent polarity13b and
has been recently shown to be the dye with the greatest solvent
sensitivity among a family of donor-acceptor substituted 2,2′-
bithiophenes.14 The effective electronic interaction between the
ending groups is evident not only in the marked solvato-
chromism but also in the large values measured for the
hyperpolarizabilityâ.15

Since the beginning of the research in the field of conducting
organic polymers, vis-near-IR electronic absorption and vibra-
tional infrared and Raman spectroscopies have been successfully
used in conjunction to investigate many different types of
π-conjugated oligomers and polymers. Among these techniques,
Raman spectroscopy has been shown to be particularly suited
to (i) estimating the degree ofπ-conjugation in the pristine or
neutral state,16-18 (ii) characterizing the structure and extension
of charge defects in doped materials,19 and (iii) evaluating the
efficiency of the intramolecular charge transfer in push-pull
oligomers.20,21 The effective conjugation coordinate (ECC)
theory justifies the appearance of only a few, overwhelmingly
strong Raman bands, on the basis of the existence of an effective
electron-phonon coupling in theπ-conjugated systems due to
their quasi one-dimensional structures.22 In aromatic and het-
eroaromatic polyconjugated systems, the so-termedcollectiVe
ECC Vibrational coordinatehas the analytic form of a linear
combination of ring CdC/CsC stretchings, which transform
the aromatic structure of the ground electronic state to a quinoid
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structure usually associated with electronically excited states
or oxidized forms. The ECC formalism states that, as the length
of the π-conjugated backbone increases, the totally symmetric
normal modes involved in the molecular dynamics of the ECC
coordinate (i.e., those giving rise to the intense Raman bands)
undergo sizable dispersions both in peak positions and relative
intensities. Frequency changes of Raman bands upon chain
elongation are particularly useful in evaluating theeffectiVe
conjugation lengthalong a given series of neutralπ-conjugated
oligomers. On the other hand, whenπ-conjugated oligomers
(particularly oligothiophenes) become chemically or electro-
chemically oxidized or photoexcited, typically, quinoid-like
conjugational defects are created.23 These structural changes also
induce a sizable redshift of the Raman bands associated to the
skeletal vibrations of theπ-conjugated path.16-19

In this work, we focus on the Raman analysis of the
intramolecular charge transfer in 5-(dimethylamino)-5′-nitro-
2,2′-bithiophene (see Figure 1) as a function of the solvent
polarity. The strongest Raman bands are found to downshift
sizeably with increasing medium polarity. We also attempt to
account for the solvent effects on geometrical, vibrational, and
electronic properties of this push-pull system by performing
density functional theory (DFT) calculations in the framework
of the polarized continuum model (PCM) of Tomasi.24 Calcula-
tions nicely reproduce the experimental trends.

II. Experimental and Theoretical Details

A. Raman Spectra.FT-Raman spectra were collected by
using a Bruker FRA106/S accessory fitted to a Bruker Equinox
55 Fourier transform infrared absorption (FTIR) spectrometer.
Data were collected in a typical backscattering configuration,
and the operating power of the 1064 nm Nd:YAG laser radiation
used as Raman excitation was kept to 500 mW in all experi-
ments. The sample was analyzed as a pure solid in a sealed
Raman capillary as well as in CCl4, CH2Cl2, and DMSO
solutions (solvents of analytical grade were purchased from
Aldrich). Five thousand scans with 2 cm-1 spectral resolution
were averaged to optimize the signal-to-noise ratio. Raman
spectra of solutes were obtained, in all cases, after properly
subtracting the Raman scatterings from the solvent. UV-vis
absorption maxima of the three freshly prepared solutions were
as follows: 489 nm (CCl4), 535 nm (CH2Cl2), and 563 nm
(DMSO) in accord with previously recorded data.13b

B. Computational Methods.DFT calculations were carried
out as implemented in theGaussian 03package of quantum
chemical programs.25 All calculations, which include geometry
optimizations, electronic excitation energies, and vibrational
spectra, were performed by using the Becke’s three-parameter
exchange functional in combination with the LYP correlation
functional (B3LYP)26 and the standard 6-31G** basis set.27

Optimal geometries were determined on isolated entities and
in three different solvents (CCl4, CH2Cl2, and DMSO). On the
resulting molecular geometries, harmonic vibrational frequencies
and intensities were calculated analytically. DFT//B3LYP force
fields have been shown to yield vibrational spectra in very good
agreement with experiment28,29 and have been widely and

successfully applied to study the vibrational properties of
oligothiophenes.16-19 The nowadays usual and handy adjustment
of the theoretical force field, in which vibrational frequencies
are uniformly scaled down by a factor of 0.96, was used
throughout the work following the recommendations by Scott
and Radom.28 This scaling procedure even if quite simple is
accurate enough to disentangle serious misassignments. Thus,
all vibrational frequencies reported throughout the paper cor-
respond to scaled values. DFT//B3LYP/6-31G** Raman spectral
profiles of Me2N-T2-NO2 in the various solvents studied were
simulated by convoluting the scaled frequencies with Gaussian
functions and assuming a constant bandwidth at the half-height
of 10 cm-1. The relative heights of the Gaussians were
determined from the theoretical Raman scattering activities.
Vertical electronic excitation energies were computed for the
fifteen lowest-energy excited states by using the time-dependent
DFT (TDDFT) approach30-32 and the molecular geometries
previously optimized.

Solvent effects on the Raman and electronic spectra were
also considered by recalculating the harmonic force fields and
the vertical excitation energies within the SCRF (self-consistent-
reaction-field) theory using the PCM approach to model the
interaction with the solvent.33 The PCM model considers the
solvent as a continuous medium with a dielectric constant,ε,
and represents the solute by means of a cavity built with a
number of interlaced spheres.24 Raman scattering calculations
in solution were performed using the equilibrium approach or
the static description for the dielectric response of the solvent,
i.e., without taken into account the fact that the solvent cannot
instantaneously readjust to the oscillations in time of the solute
charge density produced by solvent vibrations or by the
polarization induced in the solute by the incident electromagnetic
field. Raman intensities can be sensitive to this kind of
nonequilibrium or dynamics effects.34,35Net atomic charges were
calculated using the natural population analysis (NPA)36 in-
cluded in the natural bond orbital (NBO) algorithm proposed
by Weinhold and co-workers.37

III. Results and Discussion

A. Molecular Structure and Electronic Properties. The
molecular geometry of Me2N-T2-NO2 was first optimized for
the isolated molecule without imposing any symmetry restriction
and assuming an anti arrangement of the thienyl rings. The
optimized B3LYP/6-31G** structure is almost completely planar
in agreement with previously published crystallographic X-ray
data.13aThe thienyl rings are slightly rotated around the central
C2-C2′ bond (B3LYP/6-31G**, 4.0°; X-ray, 3.7°), and the
amine nitrogen is theoretically predicted to be slightly pyrami-
dalized. Table 1 collects the bond lengths calculated for Me2N-
T2-NO2 together with solid X-ray data.13a The values obtained
at the B3LYP/6-31G** level for unsubstituted 2,2′-bithiophene
(T2), 5,5′-bis(dimethylamino)-2,2′-bithiophene (Me2N-T2-NMe2),
and 5,5′-dinitro-2,2′-bithiophene (NO2-T2-NO2) are also included
in Table 1 for comparison purposes.

Data in Table 1 indicate that the conjugated CdC/CsC chain
of the bithiophene molecule is significantly affected byR,R′-
substitution and that the effect of the electron-withdrawing nitro
groups in NO2-T2-NO2 is more pronounced than the effect of
the electron-releasing dimethylamino groups in Me2N-T2-NMe2.
For Me2N-T2-NO2, the degree of bond length alternation (BLA),
calculated as the difference between the average lengths of the
π-conjugated CsC and CdC bonds, amounts to 0.025 and 0.029
Å for the thienyl rings attached to the NO2 and NMe2 groups,
respectively. These values are much smaller than those obtained

Figure 1. Chemical structure and atomic numbering of 5-(dimethy-
lamino)-5-nitro-2,2′-bithiophene.
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for T2 (0.051 Å) and Me2N-T2-NMe2 (0.049 Å) and are even
lower than that obtained for NO2-T2-NO2 (0.032 Å). Therefore,
the presence of the acceptor group in Me2N-T2-NO2 strongly
polarizes theπ-electron cloud of the conjugated spacer and
equalizes the lengths of the CC bonds in both thienyl rings.
The polarization effect is in fact much larger than that obtained
for the closely related Me2N-T2-CN push-pull system. In
Me2N-T2-CN, both the thienyl ring linked to the electron-
acceptor CN group and the thienyl ring attached to the electron-
donor NMe2 group show higher BLA values (0.030 and 0.035
Å, respectively). The greater electron polarization occurring in
Me2N-T2-NO2 is also suggested by the shorter length calculated
for the central C2-C2′ bond (1.436 Å) in comparison with that
obtained for Me2N-T2-CN (1.440 Å). Structural data therefore
indicate that a more effective intramolecular charge transfer
takes place in Me2N-T2-NO2.

The molecular structure of Me2N-T2-NO2 can be thus viewed
as a mixing of the two limiting resonant forms sketched in
Figure 2. In the neutral form, no intramolecular charge transfer
takes place from the donor to the acceptor, and the central spacer
displays a fully aromatic structure. In the charge-separated form,
one electron is fully transferred from the donor to the acceptor,
and theπ-conjugated spacer becomes fully quinoidized. The
relative stability of the zwitterionic form with respect to the
neutral form determines the weight of the contributions of these
two canonical structures to the linear combination that describes
the structure of the push-pull chromophore.

To gain a deeper insight into the polarization of the push-
pull Me2N-T2-NO2 system, the net charges accumulated by the
different structural moieties were calculated using the NPA
algorithm. As summarized in Table 2, the negative charge
supported by the acceptor group (-0.33 e) is much higher than
the positive charge located over the donor NMe2 group (+0.01
e), which remains almost neutral. The charge of the NO2 group
is balanced by the bithienyl spacer, which bears positive charges
of +0.20 and+0.12 e on the thienyl rings linked to the acceptor
and donor groups, respectively.38 The inductive effect of the
NO2 group thus polarizes the wholeπ-conjugated backbone and
drastically reduces the aromatic character of both thienyl rings.
It is to be noted that the charge distribution obtained for Me2N-
T2-NO2 is markedly different from that calculated for Me2N-
T2-CN. In this molecule, both the CN and NMe2 groups show

small charges (-0.05 and 0.00 e, respectively), and their
adjacent thienyl rings have charges of opposite sign (-0.05 and
+0.10 e, respectively).

The optical properties of Me2N-T2-NO2 were also investigated
by calculating the lowest-energy electronic excited states using
the TDDFT approach. Experimentally, the UV-vis spectrum
of Me2N-T2-NO2 presents an intense band (εmax ) 25 000 L
mol-1 cm-1) with maximum absorption at 466.2 nm (2.66 eV)
in apolar solvents such asn-hexane.13 Time-dependent (TD)-
DFT calculations predict the occurrence of only one electronic
transition in the visible region at 2.78 eV with an oscillator
strength (f) of 0.61 (the next active transition appears at 4.03
eV (f ) 0.18)). The transition corresponds to aπ f π*
excitation to the first excited electronic state and is mainly
described by a one-electron promotion from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). Although both orbitals spread over the whole
molecule, the HOMO presents a larger electron density around
the donor group, and the LUMO mostly lies on the acceptor
part of the molecule (see Figure 3). The absorption band
observed experimentally therefore arises from a single electronic
transition, in agreement with electrooptic absorption mea-
surements,13a,15 and implies an electron density transfer from
the electron-donating to the electron-accepting moiety.

The charge-transfer nature of the optical absorption band is
supported by the enhancement of the dipole moment associated
to the electronic transition. Experimentally, it is measured to
increase by a factor of 2.75 in passing from the ground state (8
D, in benzene) to the excited state (22 D).13a,15Theoretically, it
is calculated to augment by a similar factor, from 10.5 to 26.0
D, for the isolated molecule. In comparison, the dipole moment
of the Me2N-T2-CN system, which presents an absorption
maximum at 398 nm (3.12 eV)13b calculated at 3.20 eV (f )
0.69), is computed to increase from 9.2 to 19.7 D with the
electronic transition. Calculations therefore suggest that Me2N-

TABLE 1: B3LYP/6-31G**-Optimized Bond Lengths (in Å)
for r,r′-Substituted 2,2′-Bithiophenes

bond Me2N-T2-NO2
a T2

b Me2N-T2-NMe2
b NO2-T2-NO2

b

C2-C2′ 1.436 (1.438) 1.451 1.447 1.447
C2-C3 1.379 (1.372) 1.378 1.373 1.387
C2′-C3′ 1.393 (1.385) 1.378 1.373 1.387
C3-C4 1.412 (1.402) 1.424 1.425 1.412
C3′-C4′ 1.408 (1.399) 1.424 1.425 1.412
C4-C5 1.388 (1.383) 1.367 1.379 1.372
C4′-C5′ 1.374 (1.363) 1.367 1.379 1.372
C5-N6 1.371 (1.356) 1.388 1.434
C5′-N6′ 1.421 (1.417) 1.388 1.434
N6-C7 1.456 (1.445) 1.454
N6-C8 1.456 (1.423) 1.458
N6′-O7 1.237 (1.237) 1.232
N6′-O8 1.240 (1.240) 1.236

a Experimental solid-state X-ray values from ref 13a are given within
parentheses.b Geometries optimized withinC2 symmetry constraints.

Figure 2. Neutral and charge-separated limiting resonance forms for
Me2N-T2-NO2.

TABLE 2: B3LYP/6-31G**-NPA Charges (in e) Calculated
in Different Media for the Chemical Groups Constituting the
Me2N-T2-NO2 Molecule

solvent NMe2 T(NMe2)a T(NO2)a NO2

isolated molecule +0.01 +0.12 +0.20 -0.33
CCl4 +0.04 +0.13 +0.20 -0.37
CH2Cl2 +0.06 +0.15 +0.21 -0.43
DMSO +0.08 +0.16 +0.21 -0.45

a T(NMe2) and T(NO2) denote the thienyl rings attached to the NMe2

and NO2 groups, respectively.

Figure 3. Electron density contours calculated for the HOMO and
the LUMO of Me2N-T2-NO2.

8726 J. Phys. Chem. A, Vol. 109, No. 39, 2005 Ortı́ et al.



T2-NO2 behaves as a more efficient push-pull system than
Me2N-T2-CN both in the ground state and as a photoinduced
charge-transfer compound.

B. Solvent Effects.To evaluate the influence of the solvent,
the structural and electronic properties of Me2N-T2-NO2 were
recalculated in CCl4, CH2Cl2, and DMSO using the PCM
approach. As expected, the molecule becomes more polarized
in the presence of the solvent (see Table 2), and the molecular
dipole moment increases with solvent polarity (CCl4, 12.5 D;
CH2Cl2, 14.7 D; DMSO, 15.4 D).

Table 3 summarizes the values of selected bond lengths
calculated in the different solvents. The largest changes cor-
respond to the CR-N bonds connecting the donor and acceptor
groups to the bithienyl spacer that undergo shortenings of 0.015
and 0.020 Å, respectively, in passing from the isolated molecule
to DMSO. These changes are accompanied by a shortening of
the central CR-CR′ bond (0.013 Å) and by a reduction of the
BLA values calculated for the respective thienyl rings, which
decrease from 0.029 and 0.025 Å in the isolated molecule to
0.011 and 0.010 Å in DMSO. Thus, the quinoidization induced
by the intramolecular charge transfer taking place in Me2N-T2-
NO2 significantly increases in going to more polar media. In
other words, the charge-separated quinoid form sketched in
Figure 2 contributes more to the structure of the push-pull
chromophore.

Calculations show that the interaction with the solvent has a
different effect on the frontier orbitals of Me2N-T2-NO2. While
the energy of the HOMO slightly increases with solvent polarity,
that of the LUMO decreases, and the HOMO-LUMO energy
gap becomes narrower. This monoelectronic picture can be used
as a first-approach explanation of the positive solvatochromism
exhibited by Me2N-T2-NO2. The absorption maximum shifts
from 466.0 nm (2.66 eV) in a nonpolar solvent liken-hexane
to 563.2 nm (2.20 eV) in a polar solvent like DMSO.13b As
discussed above, the absorption is due to a charge-transfer
electronic transition that implies a huge increase of the molecular
dipole moment. The interaction of polar solvents with the solute
molecules therefore produces a higher stabilization of the excited
state, and the energy of the transition decreases with solvent
polarity. TDDFT-PCM calculations provide excitation energies
of 2.57 eV (f ) 0.75) inn-hexane, 2.54 eV (f ) 0.77) in CCl4,
2.46 eV (f ) 0.82) in CH2Cl2, and 2.42 eV (f ) 0.85) in
DMSO.39 Thus, the calculations correctly predict the batho-
chromic shift and the increase of intensity with solvent polarity,
but they underestimate the magnitude of the shift.

C. Raman Spectra.Figure 4 displays the FT-Raman spectra
of Me2N-T2-NO2 as a solute in CCl4, CH2Cl2, and DMSO
solutions as well as a pure solid sample. Table 4 correlates the
wavenumbers measured for the main Raman scatterings in the

different media. We first observe that the sample exhibits the
spectroscopic characteristics commonly found for many classes
of π-conjugated molecular materials: (i) The Raman spectrum
shows an unexpectedly simple appearance for a system, like
Me2N-T2-NO2, which has a complex structure and lacks any
molecular symmetry element (i.e., mirror planes,n-fold rotation
axis of symmetry, center of symmetry, and so on),16-18,22 and
(ii) Raman lines associated to particular stretching vibrations
are found to display intensities much stronger than most of the
Raman-active normal modes.18eWe also observe that, similarly
to other highly polarized oligothiophenes end-capped with
electron-donor and electron-acceptor groups,20,21Me2N-T2-NO2

displays an increased number of Raman scatterings as compared
with nonpolar unsubstituted oligothiophenes16,17 or with olig-
othienyl chains symmetrically end-capped with non-electroactive
groups.18

The Raman spectra of nonpolar oligothiophenes usually show
only four characteristic lines, overwhelmingly enhanced with
respect to the other Raman-active vibrations predicted by the
optical selection rules.18 As mentioned in the Introduction, the
observation of this phenomenon for pristineπ-conjugated
polymers was rationalized, in terms of lattice dynamics, by
assuming the existence of a large electron-phonon coupling
in these quasi one-dimensional systems.22 As for the nonpolar
oligothiophenes, the few Raman lines were termed as lines A,
B, C, and D and were assigned to the following vibrations:

(i) Line A is due to aνasym(CdC) stretching, along which
the two CdC bonds of each thienyl ring vibrate out-of-phase
(i.e., asymmetrically) and the displacements of symmetry-
equivalent atoms from their equilibrium positions occur fully
in-phase (i.e., the corresponding normal vibration belongs to
the totally symmetric species).18a,22

(ii) Line B is always the strongest Raman scattering and is
associated to a totally symmetricνsym(CdC) stretching having

TABLE 3: B3LYP/6-31G** Optimized Bond Lengths (in Å)
Calculated for Me2N-T2-NO2 in Different Solvents

bond isolated molecule CCl4 CH2Cl2 DMSO

C2-C2′ 1.436 1.430 1.426 1.423
C2-C3 1.379 1.382 1.385 1.386
C2′-C3′ 1.393 1.395 1.399 1.400
C3-C4 1.412 1.408 1.404 1.403
C3′-C4′ 1.408 1.405 1.401 1.400
C4-C5 1.388 1.391 1.395 1.396
C4′-C5′ 1.374 1.376 1.379 1.380
C5-N6 1.371 1.364 1.359 1.356
C5′-N6′ 1.421 1.413 1.405 1.401
N6-C7 1.456 1.456 1.459 1.459
N6-C8 1.456 1.456 1.456 1.456
N6′-O7 1.237 1.239 1.242 1.244
N6′-O8 1.240 1.243 1.246 1.248

Figure 4. FT-Raman spectra of Me2N-T2-NO2 recorded in CCl4, CH2-
Cl2, and DMSO solutions and in solid state over probe energies of
1600-500 cm-1. Arterisks denote solvent bands.

TABLE 4: Vibrational Raman Frequencies (in cm-1)
Measured for Me2N-T2-NO2 in Different Solvents and in
Solid State

CCl4 CH2Cl2 DMSO solid

1419 1417 1414 1411
1322 1317 1312 1306
1306 1301 1290 1274
1232 1230 1226 1216
1137 1137 1136 1134
1032 1033 1036 1023
813 808 804 802

Solvent Effects on Intramolecular Charge Transfer J. Phys. Chem. A, Vol. 109, No. 39, 20058727



a collectiVe character,since it spreads over the wholeπ-con-
jugated backbone, and along it, all thiophene rings vibrate in-
phase and with similar amplitudes.

(iii) Line C is usually recorded with some intensity only for
R- and â-substituted oligothiophenes,18,19,22 while it is rather
weak for unsubstituted oligothiophenes.16,17 Its associated
vibrational eigenvector is similar to that of line B, having also
a marked collective character, with the difference that now the
motions of the adjacent rings take place out-of-phase.

(iv) Finally, line D arises from a totally symmetricδsym(C-
H) in-plane bending of the hydrogens attached to theâ-positions
of the thiophene rings and is mechanically coupled to line B.

To illustrate the vibrational nature of lines A, B, C, and D,
Figure 5 sketches the eigenvectors (atomic vibrational displace-
ments) calculated for the normal modes associated to these lines
for R,R′-dimethylbithiophene (Me-T2-Me). At the B3LYP/6-
31G** level, the vibrational modes giving rise to lines A, B,
and D are respectively computed at 1561, 1491, and 1032 cm-1,
in good agreement with the wavenumbers observed experimen-
tally for solid Me-T2-Me (1560, 1492, and 1045 cm-1).18a,40

The normal vibration associated to line C is calculated at 1455
cm-1, but it has almost no intensity for Me-T2-Me.

Upon oxidative doping to form radical cations and dications,
the structure of oligothiophenes becomes more quinoid-like. This
structural change is evidenced in the Raman spectra by a large
displacement toward lower frequencies of the strongest line B,
which shifts from∼1480 cm-1 for neutral oligothiophenes, to
∼1440 cm-1 for radical cations, and to∼1415 cm-1 for
dications.19 The shift has been attributed to the large softening
of the conjugated double bonds induced by quinoidization.

The situation for the class of highly polarized push-pull
oligothiophenes such as Me2N-T2-NO2 is markedly different.
On one hand, Me2N-T2-NO2 presents a molecular structure
intermediate between the aromatic structure of neutralR,R′-
oligothiophenes and the quinoid structure of the cations/
dications. On the other hand, two different molecular domains
coexist in the bithienyl backbone of Me2N-T2-NO2; the thienyl
ring attached to the donor group displays a structure slightly
more aromatic than the thienyl ring attached to the acceptor

group. The recognition of the characteristic Raman lines A, B,
C, and D is therefore not straightforward in this class of
compounds, and they are commonly found to split into two
components associated to the two structural environments that
coexist in the molecule. Thus, for this class of push-pull
materials, it is especially useful to compute the Raman spectrum
before reaching any empirical conclusion.

We have previously found for some push-pull systems
incorporating a bithienylene-like spacer that their Raman
profiles, in the form of a solute in a bunch of solvents, were
almost superposable to those of the corresponding solids,
independent of the solvent polarity.21b,dFor Me2N-T2-NO2, we
find a different behavior. As observed in Figure 4, the Raman
profile greatly changes from one solvent to another and in going
to the solid. The strongest Raman features undergo a continuous
redshift in passing from CCl4 (1419, 1322, 1306 cm-1), to CH2-
Cl2 (1417, 1317, 1301 cm-1), to DMSO (1414, 1313, 1290
cm-1), and to the pure solid (1411, 1306, 1274 cm-1). This
shift is accompanied by important changes in the relative
intensity of the bands. While the bands above 1400 cm-1

decrease in intensity, those below 1300 cm-1 augment their
relative intensity with solvent polarity, and additional growing
features are observed at 1225, 1135, 1030, and 810 cm-1. To
account for these observations, the influence of the solvent on
the Raman vibrational properties is theoretically analyzed in
the next section.

D. Theoretical Raman Spectra.Figure 6 illustrates the
evolution of the Raman spectrum, calculated for Me2N-T2-NO2

at the B3LYP/6-31G** level using the PCM model, upon
changing the dielectric constant of the solvent. The “gas-phase”
spectrum, evaluated on an isolated molecule, is also displayed
for comparison purposes. Figure 7 correlates the experimental
spectrum recorded in CCl4 solution with the respective B3LYP/
6-31G** spectrum. The theoretical spectra nicely reproduce the
peak positions and relative intensities of the Raman lines (see
Figure 7) and correctly predict the evolution of the Raman
profile with the solvent polarity (cf. Figures 4 and 6).

The experimental Raman spectra show two main bands in
the 1600-1400 cm-1 region (see Figures 4 and 7). The first
band has a medium intensity and presents a double-peak
structure (1504 and 1491 cm-1) in CCl4 solution. Calculations
assign this band to the two vibrations computed at 1505 and
1481 cm-1, which are associated toνasym(CdC) motions of the
thienyl rings coupled with the asymmetric stretching of the NO2

group. The contribution of this group increases with the polarity

Figure 5. Schematic eigenvectors calculated at the B3LYP/6-31G**
level for the most intense Raman-active symmetric vibrations of Me-
T2-Me (C2 symmetry). Calculated wavenumbers are given within
parentheses.

Figure 6. B3LYP/6-31G** Raman spectra calculated for Me2N-T2-
NO2 in gas phase and in CCl4, CH2Cl2, and DMSO solutions.
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of the solvent, and both vibrations shift to lower frequencies
and reverse their relative intensities (see Figure 6). In DMSO,
they are calculated at 1485 and 1467 cm-1, in good accord with
the observed values (1493 and 1466 cm-1). The vibrational
mode corresponding to line A ofR,R′-dimethylbithiophene
(Figure 5a) is calculated at about 1545 cm-1 and is observed
as a very weak band at∼1560 cm-1.

The band recorded at 1419 cm-1 (CCl4 solution) undergoes
a slight shift in passing to DMSO (1414 cm-1) and presents a
shoulder at about 1435 cm-1. Calculations attribute this band
to the peaks at 1436 and 1409 cm-1 (see Figure 7), which are
due toδ(C-H) motions of the CH3 groups with some contribu-
tion of the C-C stretchings of the spacer. In particular, the peak
at 1409 cm-1 results from the vibrational normal mode depicted
in Figure 8a and mainly involves the umbrella motion of the
CH3 groups. The mode includes someνsym(CdC) stretching of
the thienyl rings that recalls the mode associated to line B

calculated at 1491 cm-1 for Me-T2-Me (see Figure 5b). The
mode appears at much lower frequencies for Me2N-T2-NO2,
owing to the softening of theπ-conjugated backbone induced
by the intramolecular charge transfer that equalizes the CdC/
CsC bonds. The peak theoretically downshifts from 1409 cm-1

(in CCl4) to 1402 cm-1 (in DMSO) in agreement with the
experiment.

The strongest Raman scattering in CCl4 solution appears at
1322 cm-1 with a shoulder at∼1306 cm-1. As the polarity of
the solvent increases, the low-frequency feature gains in
intensity, and both scatterings shift to lower frequencies (CH2-
Cl2, 1317 and 1301 cm-1; DMSO, 1312 and 1290 cm-1) (see
Figure 4). Calculations predict that the scatterings are mainly
due to vibrations of the donor and acceptor groups, although
coupled with motions of theπ-conjugated spacer. In CCl4

solution, the experimental line at 1322 cm-1 is due to the normal
vibration calculated at 1305 cm-1 (see Figure 7). This vibration
is mainly associated to a mixture of the symmetricνsym(NO2)
stretching of the acceptor group with the in-phase stretching of
the two end CRsN bonds (see Figure 8b). The shoulder at 1306
cm-1 is assigned to the less intense vibration calculated at 1285
cm-1, which implies theνasym(NsCMe) stretching of the donor
group mixed with a ringν(CdC) stretching (see Figure 8c). In
passing to CH2Cl2 and DMSO, the two vibrations are calculated
to interchange their positions. While theνsym(NO2) vibration
moves to lower frequencies (CH2Cl2, 1268 cm-1; DMSO, 1260
cm-1) and increases its intensity, the vibration associated with
theνasym(NsCMe) stretching slightly shifts to higher frequencies
(CH2Cl2, 1292 cm-1; DMSO, 1290 cm-1). This crossing fully
explains the evolution of the experimental band (see Figure 4).
As the polarity of the solvent increases, the most intense peak
associated to theνsym(NO2) stretching downshifts from 1322 to
1290 cm-1, gains in intensity, and interchanges its position with
the less intense feature attributed to theνasym(NsCMe) motion
that slightly upshifts from 1306 to 1312 cm-1.

The experimental Raman spectra present three bands in the
1250-1000 cm-1 region that increase in intensity with solvent
polarity (see Figure 4). The first band appears at 1232 cm-1

and slightly shifts to lower frequencies in going to CH2Cl2 (1230
cm-1) and DMSO (1226 cm-1). The second and third bands
are found at 1137 and 1032 cm-1, respectively, and their
positions remain mainly unaffected upon changing the solvent.
B3LYP/6-31G** calculations nicely reproduce these trends (cf.
Figures 4, 6, and 7). The first band is calculated at 1208 cm-1

in CCl4 and downshifts in passing to CH2Cl2 (1202 cm-1) and
DMSO (1199 cm-1). It is due to the vibrational mode sketched
in Figure 8d that mainly implies the donor environment. The
second band results from the mixing of two vibrational motions
respectively associated to the acceptor and donor groups and is
calculated at 1125 cm-1. The third band arises from theδsym-
(C-H) in-plane bending of the hydrogens attached to the
â-positions of the thienyl rings and clearly corresponds to line
D of R,R′-dimethyloligothiophenes (cf. Figure 5d and 8e). For
Me2-T2-NO2, the line actually splits into two components,
calculated at 1054 and 1016 cm-1, that are associated to the
donor and acceptor environments, respectively. The two com-
ponents are clearly observed in the Raman spectra recorded in
CCl4 (1062 and 1032 cm-1) and CH2Cl2 (1068 and 1034 cm-1)
solutions (see Figure 4).

The increase in intensity with solvent polarity of the Raman
bands below 1300 cm-1 can be related with the polarization of
the C-H and N-O bonds involved in the vibrations associated
to these bands. As the polarity of the solvent increases, these
bonds become more polarized, the charges supported by

Figure 7. Comparison of the experimentally recorded (a) and theoreti-
cally calculated (B3LYP/6-31G**) (b) Raman spectra of Me2N-T2-
NO2 in CCl4 solution over probe energies of 1600-500 cm-1.

Figure 8. B3LYP/6-31G** eigenvectors calculated for selected normal
modes of Me2N-T2-NO2 in CCl4 solution. Calculated and experimental
(within parentheses) wavenumbers are given in cm-1.
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hydrogen and oxygen atoms are higher, and larger changes of
the molecular polarizability should be therefore expected during
the molecular vibrations. Since the intensities of the Raman
bands depend on the magnitude of these changes, higher Raman
intensities are found for more polar solvents.

Finally, an experimental band is observed at∼800 cm-1 that
grows in intensity and shifts down in frequency with solvent
polarity (CCl4, 813 cm-1; CH2Cl2, 808 cm-1; DMSO, 804
cm-1). Calculations accurately predict the intensity increase and
the frequency downshift (CCl4, 809 cm-1; CH2Cl2, 804 cm-1;
DMSO, 801 cm-1) and attribute the band to the bending of the
NO2 group strongly coupled with the breathing motion of the
adjacent thienyl ring. The frequency downshift is due to the
softening with solvent polarity of the bonds mainly involved in
the vibration. The NsO bonds lengthen by 0.005 Å, the C2′d
C3′ and C4′dC5′ bonds by 0.005 Å, and the S′sC′ bonds by
0.003 Å.

Single-molecule DFT//B3LYP/6-31G** calculations usually
provide vibrational spectra that nicely agree, after a proper
scaling-down process of the frequencies, with the solid-state
Raman features of many types ofπ-conjugated molecular
materials.18,21 This is not, however, the case for Me2-T2-NO2,
for which the theoretical “gas-phase” Raman spectrum shown
on the top of Figure 6 is found to be rather different from that
recorded for the pure solid sample (Figure 4, bottom). It follows
that the solid-state packing forces and/or the extra polarization
induced in the molecules of this push-pull system when they
come close together in a well-ordered arrangement strongly
affect the vibrational potential and the conjugational properties.
This is in fact supported by the experimental spectra. As shown
in Figure 4, the strongest Raman bands in the solid-state
spectrum appear at lower frequencies than those recorded in
the more polar DMSO solvent.

IV. Conclusions

Theπ-conjugated push-pull 5-(dimethylamino)-5′-nitro-2,2′-
bithiophene chromophore has been investigated in a variety of
solvents by using FT-Raman spectroscopy and DFT//B3LYP/
6-31G** calculations. Theoretical calculations show that the
molecule is highly polarized in the ground state because of the
effective intramolecular charge transfer that takes place between
the electron-donor and electron-acceptor end groups. The charge
transfer is enhanced in passing to the first excited electronic
state, and the molecule behaves as a very efficient photoinduced
push-pull system.

Solvent effects have been taken into account by means of
the Tomasi PCM model. As the polarity of the solvent increases,
the intramolecular charge transfer is more effective, and the
structure of the molecule becomes more quinoidized. In addition,
more polar solvents produce a higher stabilization of the excited
electronic state involved in the main optical absorption band,
thus explaining the strong bathochromic shift the band undergoes
with solvent polarity.

The large influence of the solvent on the molecular structure
is strongly evidenced by the Raman spectra. The spectral profile
greatly changes from one solvent to another and in passing to
the solid. The Raman bands experimentally recorded have been
found to undergo noticeable downshifts and intensity changes
with increasing solvent polarity. The evolution of the Raman
spectral profile with the solvent has been well-accounted for
by the SCRF-PCM B3LYP/6-31G** calculations, which have
provided a comprehensive assignment of the spectral features.
In contrast to the nonpolar oligothiophenes, whose Raman
spectra are dominated by the vibrations of the conjugated

backbone, the strongest features in the spectrum of Me2N-T2-
NO2 correspond to the end-capping polar groups, even in a
nonpolar solvent like CCl4. The Raman spectrum recorded for
the pure solid markedly differs from that calculated for a single
molecule in a vacuum, which suggests that the intermolecular
forces and/or the solid-state polarization exert a strong influence
on the vibrational potential of this 5-(dimethylamino)-5′-nitro-
2,2′-bithiophene.
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