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Push—Pull Bithienyl Chromophore with an Unusual Transverse Path of Conjugation
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The synthesis, structure, and electronic properties of a novel cross-conjugatdusiifienodithiocin-10-
dicyanoethylene are reported. The X-ray single-crystal structure of the compound reveals a nonplanar
conformation. The FT-IR and FT-Raman spectra of the compound show a great resemblance, which is a
spectroscopic observation common to many pyslil systems. The UV vis spectrum in CHGldisplays a

strong absorption at 370 nm accompanied by a shoulder at 430 nm so that the optical gap is 2.88 eV. On the
other hand, the electrochemical gap amounts to 2.38 V. DFT and TDDFT quantum chemical calculations, at
the B3LYP/6-31G** level, have been also performed to (i) determine the minimum-energy molecular structure,
(i) gain knowledge about the equilibrium atomic charges distribution, the topologies, and absolute energies
of the frontier molecular orbitals around the gap and about the molecular vibrations which give rise to the
most outstanding Raman bands experimentally evidenced, and (iii) to analyze the nature of the vertical one-
electron excitations associated to the strongest-\i¥ absorptions.

I. Introduction interest as illustrated by the design of dendralene-Basgéand
enediyne-basé&?! systems. In the few cases in which a

The. structural, electronic, _and o_ptical properties of conjugated homologous set of oligomers was available, the main conclusion
organic molecul_es and their de_nve_d °"9°mers a_nd pqumers was that cross-conjugation does not result in a fairly large
have attracted widespread attention in materials science in recent

<! Linearly z-coniugated svstems. of which ool Ién n-elect_ron delocali_zation but the electro_nic properties are

years. Linearly z-conjugated systems, ol which po yacetyléne, essentially determined by the longest linearconjugated
poly(p-phenylenevinylene)s,and polythiophendsare well- fragment8:22
known examples, have received by far the most attention; and ’ i )
the electronic and spectroscopic properties of their charged After a recent report by some of us regarding the synthesis
species, generated by chemical or electrochemical doping, have?f @ series of annulated oligothiophertésye decided to react
been the subject of extensive investigations. The importance of the compound labeled awith malononitrile. The resulting
studying the structure/property relationships on well-defined Product was a novel “bithiophene” material with its two
oligomeric models of these linearly conjugated polymers has innérmosto,o’-positions bridged by a dicyanoethylene group,
been emphasized by several authorsie benefits include whereas the mne_rmoﬂ;ﬂ'-posmons were connecte_d _through
precisely defined molecular structures free of any kind of defect, @ ~S—CH,—S— bridge (see Scheme 1). This novel “bithiophene”
ease of purification, solubility, and tractability. However, displays a nice orange color seemingly due to the intramolecular
alternative ways of conjugatidi¥,such ass-conjugation found ~ charge transfer from the electron-riet6—CH,—S— side chain
in polysilanes® s—zx-conjugation in oligo(cyclohexylidene)& toward the electron-deficier=C(CN), moiety as well as the
and silylene-arylene polymerd!12 and homoconjugation in cross-conjugation between both thienyl rings and=4@&CN),
diphenylpropanes, diphenylsilan®s?# and 7,7-diarylnorbor- group (just like in benzophenone). In this contribution we report
nane#® can also constitute the basis of interesting electronic ©n the synthesis and spectroscopic characterization of this new
features. compound (hereafter referred to Hs) in comparison with an

Cross-conjugation is a type of conjugation which has deservediSomer (ain Scheme 1) in which the-S—CH,—S— and=
only a little attention in materials research; it can be generally C(CN). electroactive groups are connected to the thienyl units
defined as the situation in which two unsaturated fragments arein the opposite fashion, thus leading to a second bithienyl
not directly linked to each other but through a third unsaturated chromophore which still displays a pushull character, but it
moiety16 3-Methylene-1,4-pentadiene, benzophenone, and 1,1- is not longer cross-conjugated. The electrochemical behavior
diphenylethene are simple examples of cross-conjugated mol-Of these two compounds is also monitored by cyclic voltam-

ecules. This type of conjugation is at present receiving increasingmetry. The experimental results are correlated with DFT and
TDDFT quantum chemical calculations (at the B3LYP/6-31G**

* Corresponding authors: E-mail: teodomiro@uma.es. (J.T.L.N.); evelof theory) about the minimum-energy molecular structure,
nen@acylium.chem.msu.ru (V.G.N.). the equilibrium atomic charges distribution, topologies, and
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NaCl or quartz windows for transmission studies. The variable
temperature cell consists of a surrounding vacuum jacket (0.5
torr), which contains a combination of a refrigerant dewar and
a heating block as the sample holder. The cell was equipped
with a copper-constanton thermocouple (for temperature
monitoring purposes) that allows any temperature frotr50

to +210 °C (123-483 K) to be achieved. The sample was
inserted into the heating block part of the dewar/cell holder
assembly in the form of a KBr pellet. Spectra were recorded
after waiting for thermal equilibrium at the sample, which
typically required 20 min for every increment of 2C.

Crystals were grown by slow evaporation of solvent at room
temperature. The solvents used in each case wgtleGQH for
la and CHBr;, for 1b. All X-ray diffraction patterns were
collected at 293 K on an Enraf Nonius CAD4 diffractometer

0 (Mo Ko, 0.71073 A). The structures were previously solved
7 X & Br with direct methods and further refined with a full-matrix least-
54 \ ¢ 51 IS) squares technique by using the SHELXL-97 program package.
S-S \ g~ All non-hydrogen positions were refined anisotropically, whereas
4a 3b those of the hydrogen atoms were found in the difference map.
1.1 eq. CHx(CN)z, 1)4 eq. t-Buli, Et20, -80 € All electrochemical measurements were performed in aceto-

90% | 1.6eq. TiCly, 96 eq. Py 65%

CH2Cl2, rexiux 24h

2) 1 eq. Me2NCOCI, 40 © nitrile of reagent grade (Uvasol, Merck) with a water content

<0.01%. Tetrabutylammonium perchlorate of reagent grade was

0 .

NC.__CN S S purchased from Fluka and used as the supporting electrolyte
_ | N \ / \ (0.1 M) as received, without further purification. Cyclic volta-
X/ \_d 5._¢ mmetry analysis was run in three-electrode cells afQn

5. < P solutions previously deaerated by, Nubbling, keeping a
continuous nitrogen gas flow during all the experiment. The
1a 1.1 eq. CH2(CN)2,

counter electrode was platinum; the reference electrode was
silver/0.1 M silver perchlorate in acetonitrile (0.34 V vs SCE).
The voltammetric apparatus (AMEL, Italy) included a 551

1.6 eq.TiCls, 9.6 eq. Py 60%
CH2Cl3, rexlux 24h conv. 92%

NC CN potentiostat modulated by a 568 programmable function genera-
s s tor, coupled to a 731 digital integrator. The working electrode
\_/ \ 7 for cyclic voltammetry was a platinum (0.003 &minidisk
5._S electrode. To record the UWis—NIR absorption spectra of

solution-cast solid films, 0.8 cmx 2.5 cm ITO sheets¥80%
transmittancer~20 ohms/sqg standard square resistance, from
Balzers, Liechtenstein) were used. FT-IR spectra of polymer
films were recorded in a reflectierabsorption configuration

on the working electrode (a platinum sheet electrode) by means
of a Perkin-Elmer 2000 FT-IR spectrometer.

Il. Experimental and Computational Details DFT calculations were carried out using revision A.7 of the

UV —vis—NIR absorption spectra in different solvents were GAUSSIAN 03 program packagferunning on an SGI Origin
recorded at room temperature with a Lambda 19 Perkin-Elmer 2000 computer. Calculations of the optimized geometry, elec-
dispersive spectrophotometer or by means of an Agilent 8453 tronic excitation energies, and vibrational spectra were per-
instrument equipped with a diode array for fast recording of all formed on a single molecule in the vacuum using the Becke’s
electromagnetic absorptions in the $9DL00 nm spectral three-parameter B3LYP exchange-correlation functiéh@ihe
region. FT-IR spectra were recorded on a Bruker Equinox 55 6-31G** basis séf was chosen as a compromise between
spectrometer. The compound was ground to a powder andaccuracy and applicability to large molecules. Geometries were
pressed in a KBr pellet. FT-IR spectra, with a spectral resolution OPptimized with the eigenvector-following routine. In order to
of 2 cm?, were collected over an average of 50 scans. keep the molecular symmetry, appropriate geometry constraints
Interference from atmospheric water vapor was minimized by Were imposed on the bond lengths, bond angles, and dihedral
purging the instrument with dry argon before starting the data angles. Force calculations were run to ensure that the resulting
collection. FT-Raman scattering spectra were collected on ageometries were minima on the potential energy surface and to
Bruker FRA 106/S apparatus with a Nd:YAG laser Souﬁ(éec( calculate vibrational spectra. Nonetheless, the geometry Opti-
= 1064 nm) in a backscattering configuration. The operating Mization without symmetry constraints could perhaps render a
power for the exciting laser radiation was kept to 100 mW in slightly more stable twisted conformer.
all the experiments. Samples were analyzed as pure solids in Vertical excitation energies were computed for the 15 lowest-
sealed capillaries and dilute GEl, solutions (supplied by  energy electronic excited states by using the time-dependent
Aldrich with analytical grade). Typically, 1000 scans with 2 DFT (TDDFT) approaci&-23° This approach has been widely
cm~! spectral resolution were averaged to optimize the signal- used to study the electronic spectra of largeonjugated
to-noise ratio. systems such as polyen&spolycyclic aromatic hydrocar-

Variable temperature experiments were carried out using abons3233fullerenes’* a-oligomers of thiophengy-phenylene,
Specac P/N 21525 cell provided with interchangeable pairs of p-phenylenevinylené> porphyrin-type macrocycles, oligo-

absolute energies of the frontier orbitals around the gap, IR-
and Raman-active vibrations, and vertical one-electron excita-
tions involved in the optical absorptions recorded in the visible
spectral region.
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mers3%:37and so on. Standard hybrid functionals such as BLYP for some molecules ofla atom C5A2 was found to be
and B3LYP provide excitation energies that are roughly within statistically disordered over two different spatial orientations,
0.3 eV to the experimental data. Despite these encouragingdenoted as C5A2(1) and C5A2(2) in Figure 1.

results, the TDDFT approach should be used with caution, since |j1.b.1. Compound.a yellow prism, monoclinic, 0.3% 0.13
predicted excitation energies can be affected by quite different x 0.11 mn#, C2/c, Z = 12. Cell dimensions:a = 17.264(3),
errors. Overestimations/underestimations by-@#& eV are not b = 9.878(2),c = 24.127(5) A;a. = 90.00, g = 91.45(3},
unusuakl32efwhich can lead to misassignments when trying y =90.00, V = 4113.2(14) R, 20max = 48.98,dcqica = 1.543

to provide a full interpretation of the whole electronic spec- g-cm 3. Of 3539 reflections, 3417 were independeRi(=
trum 38 Molecular orbital contours were plotted using Molekel 0.0154), 262 parameters, R40.0390 (for reflection witH >
4,389 26(1)), wR2 = 0.0993 (for all reflections).

The calculated harmonic vibrational frequencies were scaled | p 2. Compound.b: yellow prism, monoclinic, 0.3% 0.22
down uniformly by a factor of 0.96 as recommended by Scott .12 mn3, C2/c, Z = 4. Cell dimensions:a = 16.357(3),
and Radont? All the theoretical vibrational data quoted along b = 9.943(2),c = 10.168(2) A:a = 90.00, B = 123.73(3),
the manuscript thus correspond to scaled values. The theoretical, — 90,00, vV = 1375.3(5) &, 20max = 55.94, dearca = 1.538
infrared and Raman spectra were obtained by convoluting the g.c;y=3, Of 1712 reflections, 1658 were independeRi(=
scaled frequencies with Gaussian functions (10 twmidth at 0.0364), 101 parameters, R40.0308 (for reflection witH >
the half-height). The height of the Gaussians was determined ¢ |y), wR2 = 0.0963 (for all reflections).
from the IR intensities and Raman scattering activities calculated lll.c. Structure Calculations. DET/B3LYP/6-31G* model

e e i chemisy predict  Wisted - energy e, or bt
with respect to the normal coordinates, while molecular polar- la gnd 1b, as the highly prgvalllng geometry for the isolated
A S o entity in the vacuum (see Figure 2), with the two sulfur atoms
izability derivatives for Raman activities were deduced from o electron-rich-S—CH,—S— bridge pointing out at either
the numerical differentiation of the analytical dipole moment side of the bithienyl core. These two gas-phase theoretical

derivatives with respect to the applied electric field. structures are in good agreement with those derived from the
experimental single-crystal X-ray diffraction data, although the
optimized B3LYP/6-31G** bond lengths are in general longer

lll.a. Synthesis and Purification. Herein we describe a short ~ than the experimental quantities (see Tables S3 and S8 in the
synthesis of two yet unknown isomericH#bisthienodithiocin- ~ Supporting Information). Among the factors that primarily
10-ylidenemalononitriles. The synthesis 1b was carried determine the relative stability of the conformers of these two
out according to Scheme 1 starting from cheap commercially isomeric eight-membered bisthienodithiocin unsaturated het-
available 3-bromothiophene. Earlier, we have elaborated anerocycles are angle strain, lone paione pair repulsion,
effective procedure for preparation of two isomericHtO m-electron-lone pair repulsion, and conjugative interactions
bisthienodithiocin-10-ones46, 4b).23 The key step of the  between the-S—CH,;—S— and C=C(CN), side groups and the
method involves cyclization of methylene-bis(thio)-bisbro- thienyl rings.
mothiophenes3a, 3b). Although the two formally CG-C single bonds connecting the

The intermediates for the synthesisdatand4b are isomeric C=C(CN), acceptor group to the innerpositions of the thienyl
bisdibromothienylsulfanyl-methane3g 3b). We elaborated a  rings of 1b, with optimized B3LYP/6-31G** bond lengths of
one-pot procedure for the preparation 8& from 3-bro- 1.467 A, belong to the long fraction of C@&p-C(aryl) bonds,
mothiophené? The treatment of 3-bromothienyl-2-lithium with ~ for which the average is 1.470 %&,the olefinic G=C bond
sulfur followed by the addition of 1 equiv of dibromomethane length of 1.394 A is however rather long as compared with the
gave targeBa in 65% yield. While using the calculated 0.5 C=C bond length of 1.339 A in conjugated aryl-substituted
equiv of dibromomethane the yield 8 was less than 35%.  alkenes' Judging merely from the optimized bond lengths, the
Isomeric3b was prepared in two steps from 3-bromothiophene C=C(CN). group seems to be somewhat more conjugated in
via 2. 3-Thienyllithium was treated with 1 equiv of sulfur, and 1b than in 1a, although the degree of conjugation is less
the resulting lithium thiolate was alkylated with 0.5 equiv of pronounced than iro-linked thiophene-based-conjugated
dibromomethane to give after distillation in portions (no more heteroquinoid analogues of TCNt®We also see that, although
than 0.05 molp in 85% yield. On the second stage consequent the CC bonds of the thienyl rings have normal B3LYP/6-31G**

Ill. Results and Discussion

treatment of2 with 2 equiv of NBS gives3b in 90% yield. lengths, the inner &=Cs distance of both isomers is signifi-
Ketones4a and 4b have been prepared from the lithium cantly larger than the outer one by nearly 0.03 A. The mean
derivatives and\,N'-dimethylethylcarbamate andiN'-dimeth- single-double CC bond length alternation pattern (BLA)

ylcarbamyl chloride accordingly, which are known as one of parameter for each thienyl ring, computed at the B3LYP/
the best and very convenient reagents for the synthesis of6-31G** level of theory asr(Cs—Cs — 0.5(Co=Cs) —
symmetric aryl ketone®43 Lithiation of 3a and 4b using 4 0.5r(C;=C,), amounts to+0.062 A for 1a and +0.040 A for

equiv of t-BuLi followed by addition of 3.5 equiv ofN,N'- 1b, in agreement with an increasing degree of quinoidization
dimethylethylcarbamate and 0.5 equigN'-dimethylcarbamyl ~ from the former to the latter bisthienodithiocin.
chloride gaved4a and 4b correspondingly in 65% yield (opti- As for the electrostatic picture dfb, the B3LYP/6-31G**

mization of the reaction conditions to afford the synthesis of net atomic charge over theS—CH,—S— bridge, calculated
4a is outlined in Figure S1 in the Supporting Information). using natural population analysis (NPA), amounts-&351e
Finally, target compound4a and 1b were obtained by the  (see Figure 3), which is balanced by negative charges over each
condensation of 18-bisthienodithiocin-10-one4g, 4b) with thienyl ring (—0.051e) and the dicyanoethylene acceptor group
malononitrile in the presence of TiCl* (—0.247¢). DFT calculations thus predict a partial degree of
Ill.b. Crystal Structures. The structures ofaandlb were intramolecular charge transfer fbb from the electron-rich-S—
determined by single-crystal X-ray analysis. The two compounds CH,—S— bridge toward both the thienyl rings and the=C
display a twisted molecular conformation in the solid state, and C(CN), acceptor moiety. As a result of the ground-state
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Figure 1. X-ray structures ofla and 1b.

Figure 2. Lateral views of the optimized molecular structureslaf
andlb and B3LYP/6-31G** values for selected skeletal bond lengths.

—
H2

- B

lll.d. Electronic Absorption Spectra. Figure 4 shows the
UV—vis—NIR spectra recorded fola and 1b in CH.CI;
solution. The spectrum dib displays a broad feature extending
from near 300 to 470 nm, with a maximum at 370 nm (3.35
eV, e = 13386 M1 cm™1) and a distinct shoulder near 430
nm (€ = 6518 M1 cm™1). The corresponding spectra in gEN
and DMSO solutions show a quite similar profile to that in
CHCI, and only a moderate shift of the main absorption band
(364 nm in CHCN and 375 nm in DMSO). At first sight, the
electronic absorption olb is close to ther—s* transition
commona-linked aromatic oligothiophenes display in the visible
spectral region at350-450 nm. In this regard, tha—a*
absorption ofo-terthiophene occurs at 355 nm (3.49 eV),
whereas it red-shifts to 390 and 432 nm (3.18 and 2.87 eV) for
quaterthiophene and sexithiophene, respectitfain the other
hand, the main visible absorption band & is upshifted, by
~60 nm, up to 329 nm (3.77 e\, = 24536 M1 cm™1) and
the distinct shoulder to 390 nm (3.18 &4 13 163 M1 cm ™).
This experimental finding is again in full agreement with a lesser
degree of conjugation ida.

To gain a deeper insight into the optical propertiedlofve

polarization, the molecular dipolar moment calculated for this decided to perform calculations of vertical one-electron excita-
compound amounts to 7.57 D. Regarding the second isomer,tion energies (i.e., by considering at least the 15 lowest-energy

1a, the B3LYP/6-31G** NPA charges over theS—CH,—S—
bridge and the thienyl units now increasett6.408 and-0.119
e, respectively, whereas that over the=C(CN), acceptor side
group decreases t60.171e (in agreement with a lesser ICT
or push-pull character).

electronic excited states) by means of the time-dependent DFT
formalism on the previously optimized ground-state DFT//
B3LYP/6-31G** structure. Calculations predict the appearance
of two visible bands at 2.73 eV (454 nm) and 3.04 eV (408
nm) due to the HOMO—~ LUMO and HOMO-2— LUMO
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la

Figure 3. B3LYP/6-31G** net NPA charges on various molecular domaind@fnd 1b.
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Figure 4. UV—vis absorption spectrum afa and 1b in CH.Cl;
solution.

transitions, with oscillator strengths éf= 0.028 and 0.038,
respectively, together with other two stronger electromagnetic
absorptions at 3.27 eV (379 nih= 0.193) and 3.56 eV (348
nm, f = 0.103) arising from the HOMO-1> LUMO and the
HOMO-4 — LUMO excitations, respectively.

The experimental oscillator strength., for the optical
absorption ofLb at 370 nm was estimated from the conversion

J. Phys. Chem. A, Vol. 111, No. 5, 200345

+0.351 e

1b

between the extinction coefficient and oscillator strenfjts,
4.319 10° (M cm?)A, whereA is the integrated absorption
coefficient. The value ofA is found by determining the area
under an absorption band that is displayed xasxis =
wavenumber (cmb) againsty-axis = molar absorption coef-
ficient (M~1 cm™1). The units ofA (M~ cm~2) and the value

of 4.319 10° M cm? cancel to give the dimensionless value of
fexpr The accurate estimate of the integrated absorption coef-
ficient for 1b from Figure 4 led tofexy =~ 0.471, which is in
reasonable agreement with the sum of the oscillator strengths
for the four lowest-lying calculated transitions as quoted in the
paragraph abové;,c = 0.362; and this provides another piece
of evidence for the quality of the TDDFT calculations.

Figure 5 displays the atomic orbital compositions and energies
of the HOMO-4, HOMO-2, HOMO-1, HOMO, LUMO, and
LUMO++1 levels oflb around the band gap region. From the
TDDFT and DFT calculations we learn that the three optical
absorptions at 3.04 eV (HOMO-2- LUMO), 3.27 eV
(HOMO-1 — LUMO), and 3.56 eV (HOMO-4— LUMO)
imply a partial transfer of electron density from the electron-
rich aliphatic S atoms toward the electron-deficiert@(CN),
group, through the innermost,€Cs bonds of the thienyl rings.
These B3LYP/6-31G** calculations also evidence that the
HOMO spreads over the entire chromophore, an observation

LUMOAIL (-1.539)

HOMO-1 (-6.972)

LUMO (-3.240)

HOMO-2 (-

HOMO (-6.474)

6.988)

HOMO-4 (-7.463)

Figure 5. B3LYP/6-31G** electronic density contours (0.@%°) and absolute energies (in eV) for selected molecular orbitaldbafround the

band gap.
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which is in agreement with a quite effective conjugative
interaction between the various constituting building blocks.

It usually happens that the computed TDDFT energies for
vertical one-electronic transitions from doubly occupied MOs
to empty MOs are predicted to be somewhat smaller than the
corresponding difference between the absolute energies of both g 1a
orbitals, as a consequence of the mitigated interelectronic
interaction upon the single electronic excitation. This seems also
be the case for the HOMO-1 LUMO transition of 1b: the
TDDFT approach predicts a 3.27 eV electromagnetic absorption 1b
for this one-electron excitation to occur, while the B3LYP/6-
31G** HOMO—-LUMO gap amounts to a higher value of 3.73
eV; the 0.46 eV difference should likely be ascribed to a sizable

I (mA/cm

reduction of the Coulomb interelectronic repulsion provided that -1,5 -1 -05 0 05 1 15
the LUMO spreads over a larger molecular domain than the E (V) vs AglAg
HOMO (see Figure 5). Figure 6. Cyclic voltammogram ofla and 1b in 0.1 M BwNCIO4/

CHsCN solution. The scan rate was 100 mVt,sand the reference

The TDDFT predicted energies for the HOMO-2LUMO electrode was Ag/0.1 M AgCIOin CHiCN (0.34 V vs SCE).

and HOMO-4— LUMO transitions (i.e., 3.04 and 3.56 eV)

are alsp found to be substantial!y lower by 0.71 and 0;26 e\(, be smaller, for instance, than that reported for a perfluorinated
respectively, than the corresponding DFT/B3LYP/6-31G™ gap; ; _sexithiophenePF-6T, which also shows an amphoteric redox

although here the origin of such stabilizations upon the behavior AE® = 2.81 V)#° However, as aforementionedb
corresponding single electronic excitation seems to be the resultypsorbs at 370 nm, whereBs-6T doés at 421 nm. It has been
of the interplay between both Coulomb and exchange interac- .jaimeq in the literature that the transition energies measured
tions since the MOs involved in each electronlg transition NOW ¢.00 the optical spectra can provide a different conjugation
spread over two more closer molecular domains of the chro- iy e o that suggested by the energies of the individual MOs
mophore, thus giving rise to a larger overlap between them.  isq|ogeqd by either cyclic voltammetry or quantum chemical
Some considerations of general validity can be drawn from cajlculations. This is particularly evident when studying a
the detailed analysis of the optical propertieslof provided homologous set of cross-conjugated oligomers: the increase in
by these TDDFT//B3LYP/6-31G** calculations. First, in spite  the number of units might be not accompanied by a noticeable
of being very often assumed as a direct measure of the pathochromic shift of the UV vis absorptions (i.e., the optical

effectiveness of ther-conjugation in a system, UWis—NIR properties reach saturation again very quickly with chain length),
absorption data are not unambiguous for this purpose. Forwhereas the redox potentials continue to vary for longer
instance, when analyzing a homologous set of lineaonju- systemd8.22500n the other hand, it is well-known that solvation

gated oligomers, itis not unusual that the optical properties reachenergies change the electrochemical gap compared with the
saturation for rather short chain lengths, whereas the energyoptical gaps! so this effect could be also attributed to this fact.
levels around the band gap region are still predicted to vary for  For 14, the values ar&%eq= —1.15 V andE,* = 1.40 V,
even quite longer oligomers. For these one-dimensie#alked namely, the electrochemical gap is somewhat larger than for
chains, the Coulomb and exchange terms, which conceptually 1p (in agreement with the optical data). Thus, the electrochemi-
describe in an easy way the interelectronic interactions, should cal analysis of the two isomeric bisthienodithiocins also indicates
decrease as the number of repeating units in the chain increasegat 1a is less conjugated thatb.
(namely, this hypothetic trend of variation is related to the  No film formation was observed during the potentiostatic
thought that as the oligomer grows longer the interelectronic gxidation of 1b but only soluble products. Bulk oxidized
repulsion for a given doubly occupied MO should progressively monomer was obtained by oxidation at 1.3 V of 32 mg in 25
mitigate, particularly if such MO spreads over the whole m| of CHsCN/0.1 M BuNCIO,. After the passage of ca. 2.2 F
m-conjugated path). Nonetheless, it is commonly found that mol~* the orange-brown solution was evaporated, and the
along a given homologous series of oligomers, the narrowing resulting product was separated by extraction withbClbiH,0.
of the HOMO-LUMO energy gap with increasing number of  The FT-IR spectrum of the purkb monomer recorded in the
units in thez-conjugated chain is however more pronounced form of a KBr pellet is plotted in Figure 8, whereas that collected
so that the interplay between the Coulomb and exchangefor its oxidation product in a reflectierabsorption configuration
integrals is less relevant in determining the energy of the singlet on the working electrode (see Figure 7) shows the appearance
excited state involved in the HOMO- LUMO excitation®’ of an additional strong absorption near 1700 énindicative
The situation outlined here could be more troublesome when of overoxidation. This result could be anticipated in view of
trying to derive meaningful structure/property relationships from the chemical structure of this cross-conjugated system: the first
the optical spectroscopic data of a series of alternating donor oxidation potential ofLb is so high that its radical cation is
acceptorr-conjugated cooligomer§.Thus, it is preferable that  prone to fast deprotonation and further oxidation.
the analysis of the experimental UWis—NIR data is not lILf. Infrared and Raman Spectroscopic Results. The
merely based on thehemical intuition but performed upon  structural and conjugative propertiesdf were further inves-
the ||ght of some sort of accurate quantum chemical calculation tigated with infrared and Raman Spectroscopiesl Figures 8 and
about topologies and energies of the MOs and of the multicon- 9 depict the solid-state FT-IR and FT-Raman spectrd lpf
figurational character of the different UWis—NIR absorptions.  respectively. At first sight, its IR and Raman spectral profiles
Ill.e. Electrochemical Properties. As shown in Figure 6, display an extraordinary resemblance, regarding both the
1b is reversibly reduced d@Peq= —1.05 V in CH,CN/0.1 M positions and relative intensities of the main vibrational features.
BusNCIO4 solution and irreversibly oxidized &,°* = 1.33 V. This spectroscopic behavior is common to many families of
The electrochemical gap db, AE = 2.38 V, is thus found to push-pull 7-conjugated oligomer® and it has been accounted
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Figure 7. FT-IR spectrum collected for the oxidation productlddf
as a film on the platinum working electrode by using a reflection
absorption configuration.
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Figure 8. FT-IR spectrum ofla and 1b recorded in the form of a
pressed KBr pellet over probe energies of 23@00 cnt™.
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Figure 9. Solid-state FT-Raman spectrum bé and 1b over probe
energies of 2300400 cnt?.
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Figure 10. Enlarged profile of the FT-Raman spectrumldfshowing
the selective enhancement of a few skelef@lC) stretching vibrations
between 1500 and 1300 ciwith respect to the many Raman
scatterings appearing below 1000 ¢m
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Figure 11. DFT//B3LYP/6-31G** Raman spectrum fdib.

become undetectable in the IR spectrum and vice Véf%Sa.
Furthermore, for common aromatic oligothiophenes, the out-
of-planey(C—H) bending modes, appearing around 800¢m
give rise to by far the strongest IR absorptions, while for push
pull oligothiophenes, the main IR features are usually found
above 1300 cm! and are associated to skeleta]C=C)
stretching vibrations. Thus, a great resemblance between the
IR and Raman spectra can be taken as a proof of effective ICT,
and this should also be true for the cross-conjugated bithiophene
studied here.

Let us now pay particular attention to the Raman spectral
profile: as one can see, it is mainly built up of a strong scattering
at 2209 cm? together with other few sharp lines between 1550
and 1350 cm?, while the remaining Raman features appearing
below 1300 cm? display a significantly lower intensity. The
enlarged Raman spectral profile shown in Figure 10aserves to
illustrate in a more precise way this finding, which nowadays
constitutes a well-documented spectroscopic characteristic to

for by the fact that the large molecular dipole moment directed any sort of 7-conjugated system (i.e., both oligomers and
from the acceptor to the donor groups makes the same polymers)>*-56

vibrational normal modes of the-conjugated backbone, which

The B3LYP/6-31G** Raman spectrum @b (see Figure 11)

give rise to the main Raman scatterings experimentally recordednicely accounts for the overall appearance of the experimental
to further gain an extralarge IR activity. This is due to the sizable one, regarding the number of selectively enhanced Raman
fluxes of charge induced along the highly polarized alternating scatterings and their approximate peak positions and relative

sequence of conjugated=&/C—C bonds. Contrarily, for

intensities. We however observe that the theoretical IR/Raman

nonpolar centrosymmetric oligothiophenes, the mutual exclusion frequency values are in general lower than the experimental
principle holds due to the existence of an inversion center in ones, which can be attributed to the well-known tendency of
the middle of the system so that the Raman-active vibrations DFT calculations to overestimateconjugation. Anyway, the



848 J. Phys. Chem. A, Vol. 111, No. 5, 2007 Ortiz et al.

in Figure 12, the bonding interactions in the HOMO between
the three innermost-€C bonds become weaker, whereas the
strong antibonding interaction in the LUMO between the carbon
atoms of the olefinic double bond is largely relaxed. Therefore,
the LUMO is stabilized in energy by such structural distortion
at the time that the HOMO is raised up, thus leading to a
narrowing of the HOMG-LUMO gap.

The three IR/Raman bands at 1451, 1394, and 1380tcm
are due to stretching vibrations of the aromatic rings: (i) that
at 1451 cmlis to be assigned to the stretching of the olefinic
bond of the dicyanoethylene group coupled to an in-phase
antisymmetricvasyn{ C=C) stretching of the thienyl rings, (ii)
the mode at 1394 cmt is mostly due to the out-of-phase
vsym(C=C) stretching of the thenyl units, whereas (jii) the
Raman scattering at 1380 cfrarises from the in-phase,{C=
C) stretching of both aromatic rings. Finally, in this region, the
IR absorption around 1354 crfy appearing as a shoulder at
the lower-energy side of the strong and sharp peak at 1394 cm
is due to a(CH,) bending of the-S—CH,—S— bridge. From
the comparison between the vibrational eigenvectors and the
electronic density contours for the MOs around the band gap,
we see that whefb is distorted along the Raman mode at 1451
cm~1, toward the opposite direction as shown in Figure 12, the
bonding interactions in the HOMO between the outermost
Co=Cg bonds of the thienyl rings and the olefinic double bond
become weaker, whereas the strong antibonding interaction in
Figure 12. B3LYP/6-31G** vibrational eigenvectors associated to the the LUMO between the carbon atoms of the olefinic bond is
main IR- and Raman-active normal modes b (experimental relaxed. On the other hand, along the structural distortion of
wavenumbers are given in ). 1b at 1394 cm?, the bonding interactions in the HOMO
between the two £=Cz bonds on one thienyl ring become
weaker, whereas those on the another thiophene ring become
stronger. Finally, the skeletal distortion Db along the Raman
mode of 1380 cm' toward the same direction depicted in Figure
12 weakens the bonding interactions in the HOMO between
the four G=Cs bonds of the electron-rich thieny5—CHy—
S—thienyl core, thus significantly raising up in energy this
frontier orbital.

theoretical support to our experimental work allows us to
propose a tentative full vibrational assignment for the main IR/
Raman bands.

The in-phase &N stretching vibration is measured as a sharp
peak at 2209 cmmtt in both the IR and Raman spectra. The shift
toward lower frequencies of this vibration on complexation of
TCNQ with electron donors has been related in the past to the
degree of charge transfer in organic conducting salts, since its ) . .
peak position is highly sensitive to the electron density borne AS mentioned above, the remaining Raman scatterings
by the electron-deficient€N groupss” The IR absorption due  'écorded below 1300 cri display a comparatively much
to thev(CN) mode also largely shifts for a few novel amphoteric \_Neaker intensity, since they are not mvolvec_i to so large an extent
heteroquinoid TCNQ analogues upon oxidation/reduction of the INto the conjugation of the systems. For instance, the Raman
neutral compound to their various redox forfgor instance, ~ Scatterings oflb at 657 and 624 crt are due, respectively, to
the »(CN) mode is measured at 2225 chior neutral TCNQ, ~ @n in-plan@ring bending and an out-of-plangig folding mode
at 2197 cmi for TCNQ radical anion, and at 2164 cinfor of the t_hlenyl rings. On the other hand, its two stronger IR
TCNQ dianion%60 Under the assumption of the applicability absorptions in the low-frequency range are those recorded as a
of the data summarized in Figure 1 of ref 57a to the compounds broad feature around 765 ciand as a sharp peak at 622.¢m
subject of study, the electron density transferred from the the former arises from the overlap of three almost degenerate
thienyl—S—CH,—S—thienyl core to the electron-withdrawing out-of-planey(CH) bending modes with different phases., while
=C(CN), moiety is estimated to be-0.40 e (namely, nearly the Ia_tter results frqm the overlap of the samgg folding
35% larger than the computed B3LYP/6-31G** NPA overall vibration meagured in the.Raman spectrum at 624'cand a
charge). The large involvement of the nitrile groups in the Second IR-activering vibration for which the displacements of
7-conjugation oflb can be also derived from the correlation Symmetry equivalent atoms from their equilibrium positions take
between the rather low frequencies of their IR/Raman-active Place in opposite directions with respect to the thier§t
stretching modes and the corresponding values for a noncon-CHz—S—thienyl backbone.
jugated compound like commercial @ENy: 2273 cmit (IR) On the other hand, the lessexconjugation ofLlaas compared
and 2265 cm! (Raman). with 1b could be anticipated in view of its quite different IR

The infrared and Raman features recorded over the-4600 and Raman spectral profiles. Thus, the FT-IR spectrurbeof
1300 cn! frequency range can provide useful information displays the usual appearance of any organic chemical with a
regarding ther-conjugational properties. As sketched in Figure covalent structure (namely, it is made up of several sharp
12, the strongest IR and Raman features at 1500t@re due absorptions of comparable intensities spreading over the whole
to an in-phase antisymmetrigasyn{C=C) stretching of the spectral range), whereas only two outstanding by far Raman
thienyl rings coupled to the stretching of the olefinic bond of scatterings are measured at 2220 and 1512'catcompanied
the dicyanoethylene group. Whéib becomes distorted along by other two weaker features at 1498 and 1488 %rifihe fact
this molecular vibration, toward the opposite direction as shown that the selectively enhanced Raman-active modes appear at
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Figure 13. Thermal evolution of the FT-IR spectrum db from room
temperature to 176C.
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Figure 14. FT-Raman scattering profiles db as a dilute solute in
CHCl,, CHsCN, and DMSO solutions, in the 166300 cnT* Raman
shifts spectral ranges (asterisks denote residual solvent scatterings).

significantly higher frequencies than their counterpartsbris
once again in agreement with a less effective conjugation
between the various building blocks. In this regard, tFeNC
stretching vibrations are measured as sharp peaks at 2220 cm

J. Phys. Chem. A, Vol. 111, No. 5, 200349

polarity of the surrounding medium does not seemingly enhance
the degree of ICT (i.e., which in its turn could be a direct
consequence of the undulated and strained structure of the
compound subject of study) and (ii) the observation that the
r(CN) Raman scatterings in solution are no longer recorded as
a very strong and sharp peak as for the pure solid but as a
medium-weak and broad feature with various components
suggests that the rotation of the=C(CN), acceptor moiety
about the G—Csz bonds with respect to the thierys—CH,—
S—thienyl core could give rise to a statistical equilibrium
between different conformers. This hypothesis also meets
support in the 8 cm! upshift underwent by the stretching
vibration of the olefinic bond near 1500 cfupon the removal

of the crystal packing forces. Finally, from the comparison
between the solid state and solution Raman spectroscopic data
it becomes apparent that the prevailing molecular structure for
1b should be more flat and conjugated as a pure solid, even at
high temperatures, than in any polar or nonpolar solvent. One
point that gives support to this conclusion is the fact that the
electron density transferred from the electron-rich thier§/+
CH,_S—thienyl core to the electron-withdrawing dicyanoeth-
ylene group is estimated to lower upon solution to around 0.25
e (namely, assuming again the applicability of the data sum-
marized in Figure 1 of ref 57a to the bisthienodithiocins subject
of study), a value even smaller than the B3LYP/6-31G** net
NPA charge computed for the gas-phdseminimum-energy
molecular structure.

IV. Conclusions

The synthesis of a novel cross-conjugated bithienyl chro-
mophore with amphoteric redox behavior is reported. The
analysis at the molecular scale of its structure/property relation-
ships has been performed by means of selected spectroscopic
techniques (electron absorption and IR and Raman spec-
troscopies) whose data are compared and combined with
electrochemistry and supported by DFT quantum chemical
calculations. The whole set of data has been compared with
those obtained for another isomeric puglull chromophore
which however is not longer cross-conjugated.

The main aim of this research was to design nowelon-
jugated chromophores suited for electropolymerization in order

in both the IR and Raman spectra, indicating a more pronouncedt© afford new polymeric structures with multifunctional proper-

triple bond character than ifb, and consequently a lower
involvement of the CN groups in the overaliconjugation of
the targetla chromophore.

We also analyzed the thermal evolution of the FT-IR spectrum
of 1b from 25 to 170°C (see Figure 13). No drastic spectral

ties. However, the targetb cross-conjugated compound did
not lead to good polymers due to overoxidation. The next step
to avoid degradation of the monomer should be that of trying
to reduce its first oxidation potential. A feasible strategy to this
end should be the substitution of the fr@egositions of the

changes were evidenced upon heating the KBr pellet until the thienyl rings by donor groups (such as MeO or others) or by
highest temperature was reached, but merely an overall angsolubilizing long alkyl side chains. An alternative synthetic route
continuous downshift of the IR absorptions (namely, in any case could be the replacement of the single thienyl rings at either
by less than 23 cni %), which could be likely attributed to the ~ Side of the pusfpull chromophore by longea-linked olig-

thermal expansion of the solid and that may be thereby reflecting Othienyl chains. The copolymerization of this type of cross-

the little or negligible effect of the intermolecular interactions conjugated structures with other uswabligoheteroaromatics

on the vibrational potential of thikb cross-conjugated system.

should also deserve attention, in order to develop nesvon-

On the other hand, solid-state Raman scatterings at 2209 jugated polymers with a likely multifunctionality.

1500, 1451, and 1394 crh(i.e., all of them being associated
to skeletal stretching vibrations oE&N and C=C bonds) upshift

to 2218, 1508, 1460, and 1397 chrespectively, upon solution
of the1b compound in CHCI,, CH;CN, or DMSO (see Figure
14). Since the Raman profiles collected for the various dilute

This manuscript illustrates the importance of developing novel
types of w-conjugated organic structures. Physicochemical
investigations of these materials at the molecular scale can
provide fundamental new insight into mechanismsreafonju-
gation and the interplay between the puglull character and

solutes are quite similar to each other, it may be concluded thatcross-conjugation observed for thke bisthienodithiocin subject

(i) the average conformational distortionf in solution must

of study. On the basis of the results reported here, it is suggested

be nearly the same in any solvent, and thus the increasingthat the design of the chemical structures of these compounds



850 J. Phys. Chem. A, Vol. 111, No. 5, 2007

Ortiz et al.

may be further improved as to provide promising advanced V.; Skinner, P. J.; Bosshard, C.;’@Ger, P.; Gross, M.; Diederich, Ehem.
molecular materials with high-performance electronic and optical EUr: J.2001 7, 3263.

properties.
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