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A spectroscopic and computational study of a series of 2,5-bis(2-thien-2-ylethenyl) thiophene-based oligomers
with a para-R-arylethenyl substituent is reported. The primary aim of this investigation is to increase
understanding of how charge moves through these molecules by comparing the neutral and oxidized structures
for each molecule. To this end, the B3LYP/6-31G(d) computational method was used to calculate the geometry
and vibrational spectra for all molecules considered and their oxidation products. For vibrational data, mean
absolute deviations for frequencies between experimental and theoretical results ranging from 2 td 18 cm
were obtained. Experimental Raman spectroscopy, in conjunction with calculated bond length analyses, was
used to gain an insight into the position and delocalization of the charged defect on the oxidized oligomers.
The relative frequencies of different ethylene stretching modes served as a particularly useful probe in this
regard. It was found that the ethenyl spacers do not impeelectron delocalization and, therefore, give rise

to a longer conjugation length relative to the corresponding terthiophenes. Furthermpeaaatfearylethenyl
substituent was found to orientate the charged defect toward a specific region of the 2,5-bis(2-thien-2-ylethenyl)-
thiophene conjugation path.

I. Introduction iophenes decreases the aromaticity of the thiophene rings and

Conjugated polymers, such as polythiophenes, have been_enhances the planarity of the oligoni&rThis results in an

extensively studied in recent years because of their potential :22{; ise?V?:e(r:its“éetg%ngu%?gr?]nv\lligg;h dzetc[ rt':ggg%:ﬁéocgl' and
use in plastic electronic devices such as photovoltaic cells and - gVIng Y 9ap

: - ) . ; , redox potentiat®
field effect transistor$? The rational design of materials such Al d i ‘ugated pol h ¢
as these requires an understanding of their structural propertie% hondegenerate conjugated polymers have a preterence

in both their neutral and active (charged) states. OIigothiophenesTr: one parttlcgllar bond alterntqtlotn arr%ntgg]errkl)ent OVEFJ*f‘e other. d
have proven to be useful models for ascertaining structural € more stable arrangement IS termed the benzenoid form, an

characteristics and extrapolating these to the correspondingthe less stable geometry is called the quinoid féftupon the

polythiophene. In addition, it has been found that the oligoth- oxidation of a polymer, the positive charge is coupled via a

iophenes themselves provide the excellent conductive propertiesqUInOOIaI conjugation path to _elther an unpaired eleptron or
of the analogous polymer but are without the associated another positive charge to give the polaron and bipolaron

problems of polydispersity and lack of solubility and proces- respectively. In this manner, the unfavorable bond arrangement

sibility.®4 A number of researchers have shown that sexithiophene IS Cg“f”.‘edt’ aIIo;/v!gg tt}etgavo(;ed penz:nmd ?]rrat)ng%mlent :ﬁ
can be used to obtain efficient thin film transistor devites. predominate outside ot this domain. As such, bond lengt
The key active intermediate in these conductive materials are analyse_s and V|brat|o_nal spectroscopy are partlgula_r ly useful in
their charged species and for oligothiophenes, these are radicaFluC'd"jltlng the location and extent of delocalization of the

cations and dications (positive polarons and bipolarons in the charg_ed defect L . . .
analogous polyme#). Owing to complications associated with long chain polymers,

An interesting way to extend these systems is to alter their it i? necessary to look at a smaller system, namely the oligomer
electronic properties through substitution either off the thiophene units from which thgy are constructed. These small_er structural
fingsi®-12 or between adjacent thiophene moieties. Nonhomo- units have well-defined chemical and spectroscopic character-
geneous co-oligomers built up from different conjljgated units stics that have proven in the past to be reliable models for better
have been shown to exhibit improved electroluminescent understanding the corresponding pqum’é’r%l.Thls apprpach
properties compared with their homogeneous analofués also enables the use of the computational methods, which would
The electronic properties of oligomers are largely controlled be impractical for larger polymers. . . .
by the delocalization af-electronsé.1” For systems involving Ten molecules have been investigated and are divided into
aromatic units, the extent of delocalization is moderated by the WO Separate groups (see Figure 1). Group | comprises 2,5-bis-
resonance energy of the aromatic rings and the inter-ring (2-thien-2-ylethenyl)thiophenes in which the central thiophene

rotations!” The inclusion of ethylene bridges within oligoth- ~ 9rOUP is subst!tuted V‘(ith a styryl group containing an electron
donating or withdrawing substituent R. The four different R

t University of Otago. substituents within group | are, in order of strongest electron
* Massey University. donor to strongest electron acceptor, as follow©Me > —H
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B. Analytical Measurements.NMR spectra were recorded
at 400.13/500.13 MHz (1H) using Bkar 400/500 Avance
spectrometers running X-WIN-NMR software. The chemical
shifts are relative either to tetramethylsilane (TMS) or to the
residual proton signal in deuterated solvents (GPECI7.27).
13C NMR shifts are relative to CDg(6 77.0). Chemical shifts
are reported as positiord), multiplicity (s = singlet, d=
doublet, t= triplet, g = quartet, dd= doublet of doublets, m
= multiplet), relative integral, coupling constartift Hz), and
assignment in CDGlon a Bruker Avance 400 spectrometer
using TMS as the internal standard. High-resolution mass
spectrometry (HRMS) (fast-atom bombardment, FAB, and
electron ionization, EI) was carried out using a Varian V&70
250S double-focusing magnetic-sector mass spectrometer. Samples
analyzed by FAB-HRMS were supported onmamitrobenzyl
alcohol matrix. The data were put through a MASSPEC Il data
system to givet5 ppm error formulations on molecular ions.
Major fragmentations are given as percentages relative to the
base-peak intensity. Melting points are uncorrected.

C. Physical MeasurementsAll spectra were analyzed using
GRAMS 5.0 (Galactic Industries). Infrared spectra were re-
corded from KBr discs on a Perkin-Elmer Spectrum BX FT-IR
System using Spectrum v2.00 software. Each compound was
scanned 32 scans times, with a resolution of 4.0%amd data
point interval of 2.0 cm!. The Raman spectra of neutral
compounds were recorded from solid powder samples using a
Bruker IFS-55 FT-interferometer bench equipped with an FRA/
106 Raman accessory and a ibboled Ge D418-T Raman
detector. Radiation of 1064 nm from a Nd:YAG laser with an
operating power of between 60 and 86 mW was utilized for
Raman excitation. A total of 32 scans were recorded for each
compound with a resolution of 4.0 cthusing OPUS software.

Solid films of the oxidized species were produced electro-
[-R/R'; R = OMe, H, CN, NO; R' = H, Me chemically on indium tin oxide (ITO) glass immersed inx1
II-R:R'=H. M 10~4mol L™ solution of compound in k 10~ mol L~ TBAP/

-R'; , Me - L ) .

acetonitrile. An oxidizing potentialfol V was applied over
deposition times of 35 min. The auxiliary electrode was a
platinum mesh and a Ag/AgCl reference electrode was used.
> —CN > —NO,. The group Il molecules are the two parent Resonance Raman spectra of the oxidized films were measured
2,5-bis(2-thien-2-ylethenyl)thiophenes. with an excitation wavelength of 752 nm using a system

The polymerization of thiophene-based oligomers has beendescribed previousl2 Molecules 11-Me and I-N@Me did not
proposed to proceed via a radieahdical coupling mechanism form films because the oxidation products were too soluble.

Figure 1. Adopted labeling scheme and bond numbering for all
oligomers in this study.

involving thea. positions of the terminal thiophene ringfsThis However, the resonance Raman spectrum of (ll+Mayas
is a facile process, such that terthiophene radical cation speciegecorded with a 632 nm excitation wavelength using a system
only exist on the microsecond time sc&l&2*before undergo- ~ described previousl§2 Chemical oxidation was performed by

ing rapid o-dimerization to form the sexithiophene. However, adding 5QuL of 8 x 10~* mol L™ Cu(CIQx), in acetonitrile to

the reaction does not proceed when methyl “end caps” are on0.5 mL of 1 x 10~ mol L™* ll-Me in acetonitrile.

the a-positions of the terminal thiophene rings. Each molecule  D. Computational Studies. Optimized geometries, vibra-

in this study has been analyzed both with and withwoat-end tional frequencies, and the corresponding IR and Raman
caps. The end-capped and open-ended molecules provide @ntensities were calculated using the density functional theory
means of examining the oxidized monomeric and dimeric (DFT) B3LYP/6-31G(d) method on the Gaussian 03 progtam.
species respectively. The adopted naming scheme and bondrhe calculated frequencies have been scaled by a factor of 0.96,

numbering systems are outlined in Figure 1. as recommended by Scott and Rad®to compensate for the
_ _ tendency of DFT methods to overestimate force fields. All
Il. Experimental Section eigenvector diagrams were produced using the Molden software
. 9
A. Materials. AR grade solvents and reagents were used for Package:

synthesis and were obtained from commercial sources. Dry THF  E. Synthesis. The syntheses of 2,5-bis(2-(thiophen-2-yl)-
was prepared by passing argon-degassed solvent throughinyl)-3-styrylthiophenes (I-R/H; R= OMe, H, CN, NQ) have
activated alumina columns. Column chromatography employed been described previoust§2,5-Bis(2-(5-methyithiophen-2-yl)-
silica gel (0.032-0.063 mm, Merck Kieselgel 60) or the Vinyl)thiophene (Il-Me) was synthesized according to a literature
equivalent. Thin-layer chromatography (TLC) was performed procedure?

using precoated silica gel plates (Merck Kieselgel 60F254). (E,E)-2,5-Bis(2-(5-methylthiophen-2-yif)yl)thiophene-3-car-
Either gravity or flash chromatography was used for compound baldehyde.3-(5,5-Dimethyl[1,3]dioxan-2-yl)thiophene-2,5-di-
purification. carbaldehyd® (1.53 g, 6 mmol), (5-methylthien-2-yl)methyl-
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triphenylphosphonium bromié&(8.16 g, 18 mmol), and DBU  vinyl-H), 6.67—6.65 (m, 2H, H4+ H4"), 2.50 (d, 3HJ = 0.7
(7.50 g, 49 mmol) were dissolved in THF (75 mL), and the Hz, M€), 2.49 (d, 3H,J = 0.7 Hz, M¢'). 13C NMR (100
solution was refluxed under argon overnight. The reaction MHz): 6 141.9, 140.3, 140.26, 140.2, 140.0, 139.1, 135.9,
mixture was poured into aqueous HCI (150 mL, 10%) and 133.8, 132.5, 127.3, 127.2, 127.0, 126.7, 126.2, 126.0, 124.0,
extracted with dichloromethane (DCM). The organic phase was 123.5, 123.4, 123.2, 119.6, 118.0, 117.1, 110.3, 15.8, 15.7. MS
separated, dried over magnesium sulfate, and evaporated tdEl, %): 455 (100), 344 (10), 111 (24), 69 (10), 57 (12), 43

dryness under a vacuum. The dark residue was purified on silica(11). HRMS (EI): found, 455.0835; requires fopE21NS;,
(ethyl acetate:hexane, 1:2). The fraction containing a mixture 455.0836.
of protected and deprotected aldehyde was collected and (E,E,E)-(2,5-Bis(2-(5-methylthien-2-yihyl)-3-(2-(4-nitrophe-

dissolved in DCM (10 mL), and the resulting solution was stirred
with trifluoroacetic acid (10 mL) and water (3 mL) for 1.5 h,

nyl)vinyl)thiophene (I-N@Me). [(4-Nitrophenyl)methyl]triph-
enylphosphonium bromide was used in the general Wittig

then washed with aqueous sodium bicarbonate, and dried overcondensation procedure above to give 115 mg (58%) of #NO
magnesium sulfate. The solvent was removed, and the residueMe as fine red prisms, mp 26810°C. 'H NMR (500 MHz):

was purified on silica (DCM) and recrystallized from DCM-
methanol to give fine red crystals ofg E)-2,5-bis(2-(5-
methylthiophen-2-yl)vinyl)thiophene-3-carbaldehyde (0.95 g,
44%), mp 143-142°C.*H NMR (400 MHz): 6 10.06 (s, 1H,
CHO), 7.56 (d, 1HJ = 16.0 Hz, vinyl-H), 7.21 (s, 1H, H4),
7.16 (d, 1H,J = 16.0 Hz, vinyl-H), 6.95 (d, 1HJ = 3.5 Hz,
H3'), 6.92 (d, 1HJ = 15.8 Hz, vinyl-H), 6.85 (d, 1HJ = 3.5
Hz, H3'), 6.78 (d, 1H,J = 15.8 Hz, vinyl-H), 6.69 (dq, 1HJ

= 3.5 and 0.7 Hz, H3, 6.65 (dg, 1H,J = 3.5 and 0.7 Hz,
H4'"), 2.50 (d, 1H,J = 0.7 Hz, Mé), 2.48 (d, 1H,J = 0.7 Hz,
Me"). 13C NMR (100 MHz): 6 184.0, 150.1, 142.0, 140.3,

0 8.22-8.21 (m, 2H, Ar-H), 7.62-7.61 (m, 2H, Ar-H), 7.35

(d, 1H,J = 16.1 Hz, vinyl-H), 7.15 (s, 1H, H4), 7.08 (d, 1H,

J = 15.5 Hz, vinyl-H), 6.99 (d, 1H,) = 15.5 Hz, vinyl-H),
6.94 (d, 1H,J = 15.5 Hz, vinyl-H), 6.93 (d, 1HJ = 16.1 Hz,
vinyl-H), 6.89 (d, 1H,J = 3.5 Hz, H3), 6.85 (d, 1H,J= 3.5

Hz, H3"), 6.83 (d, 1H,J = 15.5 Hz, vinyl-H), 6.68 (dqg, 1HJ

= 3.5 and 0.7 Hz, H3, 6.66 (dgq, 1H,J = 3.5 and 0.7 Hz,
H4'"), 2.51 (d, 3H,J = 0.7 Hz, Mé), 2.50 (d, 3H,J = 0.7 Hz,
Me"). 13C NMR (100 MHz): 6 146.6, 144.0, 140.4, 140, 37,
140.2, 140.1, 140.0, 139.6, 135.8, 127.4, 127.1, 126.8, 126.7,
126.2, 126.0, 124.5, 124.2, 123.9, 123.6, 123.3, 119.6, 117.1,

140.0, 139.7, 139.5, 136.6, 128.8, 127.3, 127.2, 126.3, 126.0,15.8, 15.7. MS (El, %): 475 (100), 445 (34), 256 (10), 149

123.8, 119.0, 116.5, 15.8, 15.7. MS (El): 356 (100), 323 (13),

294 (11), 280 (10), 178 (9), 111 (9). HRMS (EI): found,
356.0368; requires for gH160S;, 356.0363.
General Procedure for Wittig Condensatiob,5-Bis(2-(5-

(13), 129 (20), 97 (22), 91 (37), 83 (29), 69 (52), 57 (63), 43
(58). HRMS (EI): found, 475.0734; requires fopdH1NO,Ss,
475.0734.

(E.E,E)- and (E,E,Z)-(2,5-Bis(2-(5-methylthien-2sjy1)-3-

methylthiophen-2-yl)vinyl)thiophene-3-carboxaldehyde (150 mg, (2-phenylinyl)thiophene (I-H/Me)(Phenylmethyl)triphenylphos-
0.42 mmol), the appropriate phosphonium salt (0.5 mmol), and Phonium bromide was used in the general Wittig condensation
DBU (1.50 g, 9.8 mmols) were dissolved in THF (15 mL), and Procedure above to give 60 mg (33%) of a 92:8 ratio of an
the solution was refluxed under argon overnight. The reaction E,E,E and E,E,Zisomeric mixture of I-H/Me as fine orange
mixture was poured into agueous HCl (20 mL, 10%) and irregular crystals, mp 125132 °C. 'H NMR (400 MHz): ¢
extracted with DCM. The organic phase was separated, dried7-53-7.50 (m, 2H, Pk-H), 7.39-7.36 (m, 3H, Pk-H), 7.20
over magnesium sulfate, and evaporated to dryness under vacudd, 1H,J = 16.2 Hz, vinyl-H), 7.16 (s, 1H, H4), 7.11 (d, 1H,
The dark residue was purified on silica (DCM) and recrystallized J = 15.5 Hz, vinyl-H), 6.94 (d, 1HJ = 15.5 Hz, vinyl-H),
from DCM/methanol. 6.93 (d, 1H,J = 15.5 Hz, VinyI-H), 6.92 (d, 1HJ) = 16.2 Hz,
(E.E.E)-(2,5-Bis(2-(5-methylthien-2-yiyl)-3-(2-(4-methox-  YiY-H), 6.85 (d, 1H,J = 15.5 Hz, vinyl-H), 6.86-6.82 (m,
yphenylyinyl)thiophene (I-MeO/Me)[(4-Methoxyphenyl)m- 2H, H3 + H3"), 6.66-6.64 (m, 2H, HA+ H4 )’lz'f'g (d, 3H,
ethyl]triphenylphosphonium bromide was used in the general J = 0.7 Hz, Me), 2.48 (d, 3H,J = 0.7 Hz, Me"). *C NMR

Wittig condensation procedure above to give 55 mg (28%) of (112%0 GMTZZ%:? 112(%3 1142%28 lfzoécii 11329681 11327640 134251%208
I-MeO/Me as irregular yellow crystals, mp 17274 °C. H g P - o T o - ~ N

NMR (400 MHZ): 0 7.46-7.43 (m, 2H, A-H), 7.14 (s, 1H,  1225,120.3,120.0,117.8, 15.72, 15.70. MS (E, %): 430 (100),
H4), 7.10 (d, 1HJ = 15.5 Hz, vinyl-H), 7.07 (d, 1HJ = 16.0 319 (10), 129 _(11), 77 (10), 57 (12). HRMS (EI): found,
Hz, vinyl-H), 6.95-6.83 (M, 8H, A-H + 4 x vinyl-H + H3 ~ 430-0884; requires for £5H5,S;, 430.0884.
+ H3"), 6.66-6.64 (m, 2H, H4 + H4"), 3.84 (s, 3H, OMe),
2.50 (d, 3H,J = 0.7 Hz, M&), 2.48 (d, 3H,J = 0.7 Hz, M¢").
°C NMR (100 MHz): 6 159.4, 140.7, 140.3, 139.9, 139.7, A. Molecular Structure. The oligomers studied here have
139.6, 137.3, 136.4, 130.1, 129.2, 127.7, 126.7, 126.6, 126.0,many degrees of freedom. As such, the particular conformation
125.9, 124.5, 122.7, 122.2, 120.0, 118.3, 117.9, 114.2, 55.3,5 which to perform computational analyses is an important
15.70, 15.69. MS (EI, %): 460 (100), 349 (20), 339 (18), 217 consideration. The energy of a conformation is determined
(11), 111 (10). HRMS (EI, %): found, 460.0987; requires for primarily by two opposing forces: steric effects and conjugation.
Co7H240Ss, 460.0989. Steric interactions between the thiophene rings are unfavorable
(E,E,E)-(2,5-Bis(2-(5-methylthien-2-yityl)-3-(2-(4-cyanophe- and would result in a twisted structure if not for the decrease in
nyl)vinyl)thiophene (I-CN/Me)[(4-Cyanophenyl)methyl]triph- energy imparted by planarity and the ensuing conjugaédime
enylphosphonium bromide was used in the general Wittig inclusion of ethylene spacers minimizes steric interactions
condensation procedure above to give 122 mg (64%) of I-CN/ between the thiophene rings and increases effective conjugation
Me as bright orange fine irregular crystals, mp @90 °C. length. Accordingly, the coplanarity of the thiophene rings are
IH NMR (400 MHz): 6 7—64-7.62 (m, 2H, Ar-H), 7.56- expected to be enhanced in II-H as compared with oligoth-
7.54 (m, 2H, Ar-H), 7.27 (d, 1H,J = 16.0 Hz, vinyl-H), 7.12 iophenes! The conformation used in these studies is a planar
(s, 1H, H4), 7.05 (d, 1HJ = 15.5 Hz, vinyl-H), 6.96 (d, 1H, arrangement in which each ethylene=C bond is in ananti
J = 15.5 Hz, vinyl-H), 6.93 (d, 1HJ = 15.5 Hz, vinyl-H), disposition to the €&C of the neighboring thiophene ring (Figure
6.90-6.83 (m, 2H, H3 + H3"), 6.81 (d, 1H,J = 15.5 Hz, 1). This is in accordance with crystal structure data reported on

Ill. Results and Discussion
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a similar S-substituted thieneylenevinylene:E,E)-3-(5,5-
dimethyl[1,3]dioxin-2-yl)-2,5-bis(2-thien-2-ylvinyl)th-
iophene)t® DFT studies of other thienylenevinylene oligomers
have also found this anti conformation to be significantly more
stable than the syn arrangeméht’ The orientation of the
substituent for molecules of group | has been chosen to minimize
steric interactions with the thienylenevinylene backbone.

In the case of the-dimers, a number of regio-isomers are
possible depending on the orientation of the substituent groups
with respect to each other; these are termed head-to-head, tail-
to-tail, and head-to-tail. All discussion aef-dimers concerns : ! : .
the head-to-head arrangement of the substituents; i.e., the 800 1000 1200 1400 1600
arylethenyl substituents are both orientated toward the center Wavenumber / cm”
of the dimer. This was selected as the lowest energy conforma-rjgyre 2. Experimental (bottom) and calculated (top) IR spectra for
tion following point energy calculations of the different sub- |-CN/H. The experimental spectrum was taken of a solid KBr disc,
stituent arrangements for (I-H/kusing the B3LYP/6-31G(d) the theoretical spectrum was calculated using the B3LYP/6-31G(d)
method. Furthermore, we will show in this report that for the method.

SEeries of oxidized monomers (.l'R/ﬁ) the free _radlc_al IS TABLE 1: Mean Absolute Deviation (MAD) Data Derived
orientated more toward the terminalC, and that gives rise to  om the Comparison of the Frequencies of Matched Bands

Calculated
1583

IR Intensity / arb. units

Experimental

the head-to-head conformer upon dimerization. in the Experimental and Theoretical Vibrational Spectra for
Geometry optimizations have been performed on all mol- All Molecules in This Study

ecules in their neutral state using the B3LYP/6-31G(d) method. MAD

The bond Iengths cIeany exhib'it the si'ngle-d.ouble (Iesgprt) molecule IR (cmY) Raman (cm?)

bond alternation that is associated with Peierl’s distortion and

the resulting benzenoid resonance contributor. The degree of ::Sme/H é’ 12

bond length alternationAg.) can be taken as a measure of I-CN/H 6 8

effective conjugation lengthl” and is defined as the average I-NO,/H 11 5

difference in the lengths of alternating single and double bonds. I-H 18 2

Comparing the bond lengths of the central thiophene ring for I-OMe/Me 5 9

II-H and terthiophene itself, bonds 7 and 8 (Figure 1) are ::(":'{\l'vl"\e/le g g

calculated as 1.384 and 1.412 A, respectively, for l1Ag,(= 1-NO,/Me 9 10

0.028 A) and the corresponding bonds within terthiophene have II-Me 12 6

been calculated using the same method at 1.379 and 1.417 A . . .
(As. = 0.038 A)32 The decrease in the bond length alternation of the corresponding peak frequencies, measured in wavenum-

of II-H relative to terthiophene indicates that the ethylene bridges P€'S- The assessment criteria for this study were as follows:

serve to increase the effective conjugation length and thereforefb‘II peaks in the experimental spectra that are above a relative

enhance the delocalization afelectrons intensity of 20% have been identified and related to peaks in

. . e equivalent theoretical spectrum based upon peak position
Both the shortest and longest bond distances are assouateg1 . : f
. . . d int t tt . A MAD h th t t
with the double and single bonds of the ethylene bridges nd Intensity patterns approaching the spectrometer

respectively. For example, bonds-@ of Il-H have been resolution of 4 cm! represents an excellent correlation between
’ ’ § . xperimental and theoretical ra. Analysis within this work
calculated at 1.442, 1.356, and 1.438 A respectivaly, = experimental and theoretical spectra alysis within this wo

i ithi 1
0.084 A. The increase in the degree of bond length alternation has been restricted to within the 890800 cm * range because

relative to the thiophene moieties is indicative of the larger band this regions contains the and C=C stretching modes,
- ; . which are particularly useful in the analysis of conjugated
gap associated with the ethylene moiefies>® P y y 1ug

. . systems. Furthermore, in experimental studies no Raman bands
The calculated bond lengths along the thienylenevinylene of significant intensity are observed outside of this region. Al

backbone (bonds-115 as detailed in Figure 1) are effectively  gxperimental and theoretical intensities were normalized to the
equivalent for all group | molecules with or without end caps. highest peak in the region of interest.

Minor differences between the substituted molecules and II-H/ The calculated and experimental IR spectra for I-CN/H are
II-Me occur adjacent to the substituent position. Bonds 8 and 9 gepjicted in Figure 2, with the wavenumbers of all modes

are 0.016-0.021 A Ion.ge.r in group | moleculg§ compared 10 rgjevant to the calculation of the MAD indicated. In addition
those of group II. This is because the additional resonance g the good correlation as quantified by the MAD, there is also
structures that involve the substituent impart more single bond 4 qualitative correlation in the peak intensity. The MAD data
character on bonds 8 and 9 (Figure 1). for all IR and Raman spectra are presented in Table 1. The MAD
B. Vibrational Spectra of Neutral SpeciesDFT vibrational varies from 2 to 18 cmt, and the average value across the data
calculations have been performed on all molecules in their setis 7 cm?. As such, the calculated geometries and vibrational
neutral states to assess the reliability of the geometry optimiza-frequencies for all compounds in their neutral states can be
tions and to identify significant Raman vibrational modes. The considered reliable models of the true systems.
calculated Raman amplitudes were related to Raman band The experimental Raman spectra are generally less complex
intensity for 1064 nm excitation, as used in the experimental than the IR spectra, as is typical of conjugated oligorieThis
measurements. No imaginary wavenumbers were observed folsuggests that the ethylene bridges do not interrupt the delocal-
any of the compounds, consistent with a molecular geometry ization of z-electrons®® The calculated spectra are similarly
within an energy minimuni® uncomplicated, enabling an unequivocal correlation between
The correlation between the theoretical and experimental experimental and theoretical data. This is explicit in the
spectra is quantified with the mean absolute deviation (MAD) comparison of the experimental and theoretical Raman spectra
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§ The band observed at 1208 chin the Raman spectrum of

T [I-Me (Figure 3) corresponds to the calculated mode at 1192
cm~1 (Figure 4). It is composed of a totally symmetrig(C—

C), primarily involving the central thiophene and the ethylene

moieties. The band is consistent throughout the spectra of all
the molecules studied here.

The Raman bands of 1I-Me observed experimentally at 1601
and 1289 cm! are characteristic of the ethylene moiety. The
former has been assigned to the symmetreCCstretch; the
upshift in frequency relative to that of the thiopherree€C mode
is consistent with the smaller bond length calculated for the
ethylene double bond. The band situated at 1290'dras been

Fi 3. Exper (b ) and calculated (top) R assigned to €H bending of the ethylene moiety.
igure 3. Experimental ottom) and calculated (top) Raman spectra . o .
for 1l-Me. Experimental spectrum taken from solid statg, & 1064 The thiophene-based modes show only small deviations in

nm), spectrum calculated using the B3LYP/6-31G(d) method. frequency across all experimental Raman spectra. However, the
ethylene stretch mode at approximately 1600 &splits into
for 1l-Me, which is depicted in Figure 3; the spectra are Separate modes in the experimental Raman spectra of group |
strikingly similar and give an accordingly small MAD of 6 cfn molecules. Substitution at the central thiophene ring lowers the
The eigenvectors corresponding to the dominant bands areSymmetry of the molecule; this results in the two ethylene
depicted in Figure 4 and will be referred to during the Moieties of the thienylenevinylene backbone having different
succeeding discussion on the Raman spectra of all moleculesVibrational frequencies due to different spatial relationships with
The Raman spectra of oligothiophenes are often characterizedN€ substituent. Furthermore, the substituent itself has an
in terms of four main lines termed lines A, B, C and.§$4.35 ethylene moiety. The behavior of the ethylene modes is
Line A is primarily made up of the totally symmetrigyC= exemplified in the theoretical and experimental Raman spectra
C) of the outer thiophene rings, corresponding to the mode for I-QN/Me (Figure 5a,b). Three distinct bands are observed
observed at 1540 cm in the spectrum of Il-Me (Figure 4). e_xperlmentally at 1594_, 1612, and 1620ﬂmThe_ calculated
The mode decreases in frequency as the number of thiophenéigenvectors for the different ethylene stretching modes are
rings increases; the extent of the shift can be used as a parametéfePicted in Figure 6. The band observed experimentally at 1620
for measuring effective conjugation lendf?.:3 Line A is cm! evidently corresponds to that calculated at the same
observed for all molecules in this study except II-H. It is frequency, with the eigenvector centered on bond 18. Similarly,
observed between 1532 and 1535 érfor the remaining open-  the band observed at 1612 cincorresponds to the mode
ended molecules (cf. 1558 ciror terthiophend) and between ~ Calculated at 1608 crt and centered bond five. The two
1539 and 1545 crit for all end-capped molecules (cf. 1546 calculated modes at 1594 and 1581 €énare constituted
cm1 for end-capped terthiophefe These data represent a Primarily by the stretching of bond 11. These differ in that they
decrease in the vibrational frequency of line A relative to the &ré Symmetrically and asymmetrically coupled to the contraction
nonintercalated terthiophenes, indicating that the ethylene Of the phenyl ring respectively. These two calculated modes
bridges serve to increase the effective conjugation length, ~ correspond to the broad and intense peak observed experimen-

Line B is always very intense for thiophene-based oligomers tally at 1594 cm.
and is composed of a fully in-phase symmetrilC=C) mode. C. Raman Spectra of Oxidized SpeciedHaving identified
This corresponds to the mode calculated at 1422cior 11- the key bands in the Raman spectra of the neutral species, it is
Me (Figure 4). Line B is observed from 1413 to 1419@ém  possible to determine the corresponding vibrational modes in
and 1428 to 1435 cnt for all open-ended and end-capped the Raman spectra of the doped oligomers and deduce structural
molecules, respectively. This increase in the vibrational fre- information from any changes in frequency or intensity that
quency of line B associated with methyl end caps is similarly occurs. The precise calculation of absolute intensities and
observed in the Raman spectra of non-ethylene bridged frequencies is the domain of high-accuracy, small molecule
thiophenes. For example, line B is observed at 1463dior calculations’® However, for larger oligomer systems the predic-
open-ended terthiopheté8and 1488 cm for the end-capped ~ tions of changes in spectra upon oxidation can be very
terthiophené337 These data also indicate that the mode is at €ffective!334391f the experimentally observed shifts in fre-
significantly lower wavenumber in the spectra of II-H and 1I- guency associated with oxidation (resulting from a benzenoid
Me compared to the corresponding oligothiophenes. The eth-to quinoid transformation and/erdimerization) are accurately
ylene bridging groups increase the effective conjugation length predicted in the theoretical spectra, then the calculations can
and act to mediate the bond length alternation present in thebe regarded as reliabfé.The relevant oxidized species upon
o-bonded thiophene units. Thus the=C double bonds that ~ which to perform vibrational calculations were selected in
are active in the line B vibrational mode have a lower double accordance with electrochemical and electronic absorption data
bond character and therefore lower vibrational frequency in that are not reported. All open-ended molecules exhibit evidence
comparison to terthiophene. of o-dimerization in oxidizing media and vibrational calculations

Line D corresponds to the fully in-phase symmetric bending have consequently been performed on the cationic dimers.
of the C—H bonds on the terthiophene rings and is assigned to  The analysis of the end-capped species, which do not form
the mode calculated at 1038 cinfor 11-Me (Figure 4). Little o-dimers, is undertaken initially. The comparison between the
structural information can be gleaned from line D, which is experimental and theoretical Raman spectra of (II-Me$
observed between 1043 and 1046 ¢ror all molecules in this depicted in Figure 7. The calculations do not account for
study. In contrast, line C is only observed for a few classes of resonance enhancement and as such the intensity patterns of
oligomerg6 and is not observed in any of the Raman spectra the two spectra are disparate; however, the correlation is still
obtained in this study. apparent. We now discuss the spectra in terms of the line A, B,
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1208 (exp) / 1192 (calc)

Figure 4. Schematic eigenvectors for the main Raman active vibrations of [I-Me. The experimental (exp) and calculated (calc) values are given

Earles et al.

1540 (exp) / 1541 (ealc)

1045 (exp) / 1038 (calc)

in cm™%. The modes observed experimentally at 1540, 1432, and 1045 eomrespond to lines A, B, and D, respectively, as defined in refs 16,
34, and 45. These diagrams were produced using the Molden software pétkage.

a

© —
-
h ©
3 0

1476
1583

1526

Raman Intensity / arb. units
1557

T T T
1400 1500 1600
Wavenumber / cm™

Figure 5. (a) Theoretical Raman spectrum for I-CN/Me, calculated
using the B3LYP/6-31G(d) method. (b) The experimental Raman
spectrum for I-CN/Me, taken from solid staté.(= 1064 nm). (c)
Theoretical spectrum for (I-CN/M#), calculated using the B3LYP/
6-31G(d) method. (d) Experimental spectrum for (I-CN/Mgjaken

of a solid-state oxidized film using an excitation wavelength of 752
nm.

and D classification. The very weak band observed at 1507 cm
has been assigned to the line A mode, on the basis of the
theoretical eigenvector which is calculated at 1499 tnthe
weak nature of this mode has been observed previously for
similar oxidized thienylenevinylenégLine B is not observed

in the Raman spectrum of (II-M#&). A two band feature is
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Figure 6. Schematic eigenvectors for the Raman active ethylene
stretching modes of I-CN/Me, calculated at the B3LYP/6-31G(d) level
(both values given in cri). These diagrams were produced using the
Molden software packagé.

instead prominent at 1473 and 1448dmline D is observed
as a weak absorption at 1056 T

The band observed at 1568 chin the experimental spectrum
of (II-Me)** has been assigned to the ethylene stretching mode,
and the analogous mode in the spectrum of neutral 1I-Me is
observed at 1601 crd (Figure 3). The decrease in frequency
upon oxidation is indicative of the benzenoid-to-quinoid geo-
metrical distortion, as the double bond of the ethylene group
gains more single bond character. This shift in frequency is
accurately predicted with the bands calculated at 1555 and 1598
cm™! for the theoretical spectra of (II-M¥) and II-Me,
respectively. The ethylené:-—y bending mode is observed at
1284 cntt in the experimental spectrum of (II-Me)and is
predicted at 1276 cni.

The theoretical and experimental Raman spectra for (I-CN/
Me)* are depicted in Figure 5c,d respectively. Three separate
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_ o+ i
for (Il-Me)**. The experimental spectrum was taken from 1 mL of a 1 for (I-NO2/H)*. The experimental spectrum is that of the solid-state

4 -1 itri 1 - i 4
x 10 % mol L™ acetonitrile solution of Il-Me, with < 10“mL of 8 oxidized film using an excitation wavelength of 752 nm. The theoretical

x 107 mol L™! Cu(CIQy), in acetonitrile added. An excitation :
wavelength of 632 nm was used. The asterisk denotes a solvent band_spectrum was calculated using the B3LYP/6-31G(d) method.

The theoretical spectrum was calculated using the B3LYP/6-31G(d)

Wavenumber / cm”
Figure 8. Experimental (bottom) and calculated (top) Raman spectra

method. bipolaron. This is in agreement with the experimental resonance
Raman spectrum in which a broad peak is observed at 1558
TABLE 2: Comparison between Ethylene Stretching cm L.
Frequencies (cm?) for (I-CN/Me) * and I-CN/Me All group | oxidation products are considered todseiimers
(Numbering System Depicted in Figure 1) . - " O
with a single positive charge, as opposed to the dicationic state
I-CN/Me  (I-CN/Mey"  Av = vparent— Voxidized  pond mode considered for the-dimer of II-H. This is in accordance with
expt calc expt calc expt calc is centered on electrochemical data that are not reported. The experimental
1620 1620 1582 1583 —38 -37 18 and theoretical Raman SpeCtI’a of thelimer (l-NOZ/H)z'+ are
1612 1608 1560 1557 —52 -51 5 shown in Figure 8 and discussed below as a representative
1594 1581 1529 1526 —65 —55 11 example. Although a comparison with the Raman spectrum of

the neutralo-dimer (I-NOyH), would be ideal, these data are

ethylene stretching modes are observed experimentally at 1582 not available.
1560, and 1529 cri. These correspond to calculated modes  The two-peak feature in the Line B region is again observed
at 1583, 1557, and 1526 crhrespectively. The eigenvectors at 1380 and 1422 cm, line D is observed at 1045 crh
associated with these modes are entirely analogous to those ofind the ethylenéc—y bending mode is observed at 1262¢m
the corresponding neutral species I-CN/Me discussed previouslyThree distinct ethylene stretching modes are observed at
(Figure 6); i.e., they are centered on bonds 18, 5, and 11 1552, 1590, and 1614 crhin the experimental Raman spectrum
respectively. of (I-NO2/H)>* (Figure 8). These correlate to the modes

Table 2 details the comparison between analogous ethylenecalculated at 1545, 1577, and 1611 @nrespectively, for
stretching modes for I-CN/Me and (I-CN/Mg&) The relative which the eigenvectors are depicted in Figure 9. The differences
shift (Av = vparent — Voxidized Of €ach vibrational mode upon in the observed frequencies of the three modes can be used
oxidation can yield structural information pertaining to the to derive the location of the polaron in the same manner as
location of the polaron. The ethylene stretch centered on bondabove. Considering the vibrational mode associated with
11 is observed at 1529 crhin the experimental Raman the two central ethylene moieties, the corresponding peak
spectrum of (I-CN/Me)". This constitutes @&v = —65 cnT?! is observed experimentally at 1552 thwhich is signifi-
relative to the corresponding band in the spectrum of the neutral cantly lower than the stretching mode of the outer two ethenyl
species. Therefore, within (I-CN/Me) the polaron is orientated  bonds, observed at 1590 ci This indicates that the polaron
more toward bond 11 than bonds 5 and 18, which experienceis more prominent toward the center of the thienyleneviny-
Av = =52 and—38 cn1?, respectively. lene backbone. The mode associated with the arylethenyl

These results can be explained in terms of the two distinct substituent is observed at 1614 chand shows negligible shift
conjugation paths within the oxidized oligomer. The polaron is in frequency from the corresponding mode in the spectrum of
predominantly located across the thienylenevinylene backbone.the neutral monomer. This suggests that the substituent does
However, the arylethenyl substituent is conjugated with bonds not interact appreciably with the polaron; i.e., the polaron is
9—-15 of the thienylenevinylene backbone, providing an ad- situated almost exclusively along the thienylenevinylene back-
ditional resonance contributor that can harbor polaron structure.bone.
Both scenarios direct the polaron over bond 11, whereas D.Bond Length Analysis The vibrational data for both the
competing resonance structures impart single bond charactemeutral and oxidized species indicate that theoretical calculations
on bonds 5 and 18 separately. have reliably predicted the structures of all species. Conse-

Separate and distinct ethylene stretching modes are similarlyquently, the comparison between the carboarbon bond
observed for thes-dimers that are formed upon the oxida- lengths of a neutral oligomer and the corresponding oxidized
tion of open-ended molecules. This includes the oxidation species can be used to examine the position and delocalization
product of the unsubstituted 1l-H, which we have concluded of the charged defect. These data reveal the benzenoid-to-
to be the bipolarors-dimer (II-H),2". One mode is centered quinoid geometric distortion that occurs upon oxidation, where
on the outermost ethylene moieties and another on the inner-double bonds gain single bond character and vice versa within
most moieties, calculated at 1560 and 1547 §mespectively. the confines of the charged defect. Bond length alternation
The fact that there is only a small difference between the two diagrams (bond length versus bond number) are often utilized
frequencies is indicative of the delocalized nature of the to depict these changé%32-34.39.40
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Figure 9. Schematic eigenvectors for the ethyleneC stretch of
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Figure 10. (a) Bond lengths for the thienylenevinylene backbone of
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Figure 11. Change in bond lengths of the thienylenevinylene backbone
upon oxidation of II-Me @), I-NO./Me (), and II-OMe/Me @).
Calculated using the B3LYP/6-31G(d) method. The bond labeling
system is shown in Figure 1.

For the group | compounds, the effect of thesubstituents
alters the nature of the polaron structure. The change in bond
lengths (neutral minus oxidized) for bonds -11® of the
arylethenyl substituent are largest for I-OMe/Me&-((018,
—0.013, and+0.019 A respectively), the molecule with the most
electron donating substituent. Conversely, the changes are the
smallest for the molecule with the most electron withdrawing
nitro group @-0.003,—0.002, and+0.001 A). This result is
entirely intuitive: the-+I| substituent is better able to donate
electron density to the positive polaron and therefore can
stabilize the charged defect by partially extending the structural
distortion to the phenylethenyl substituéht.

The different inductive effects of the substituents are likewise
reflected in the bond lengths of the thienylenevinylene backbone.
Figure 11 depicts the changes in the bond lengths of the

The discussion of the end-capped molecules, which remain backbone that occur upon the oxidation of molecules II-Me,
as monomers upon oxidation, is undertaken initially. The bond 1-OMe/Me, and I-NQ/Me (the last two representing the two
length alternation diagram of lI-Me and its charged species (ll- extremes of inductive effects within group 1). The smallest
Me)t is shown in Figure 10(a). This indicates that the formation changes in the length of bonds-& are calculated for I-OMe/
of a quinoidal structural domain in the molecule is more Me. This is because the electron donating methoxy arylethenyl
pronounced toward the center of the conjugation path, indicating substituent acquires much of the polaron structure. This in turn
some bias of the charged defect to that region. This has means that less of the polaron is localized along the thienyle-
previously been observed for a large number of thiophene-basedhevinylene backbone for (I-OMe/Me€) The larger changes in

oligomers!3:32-34,39,40

The bond alternation diagram for I-H/Me and (I-H/Me)s

bond length observed for I-N{Me reflect the more electron
withdrawing nature of the nitro phenylethenyl substituent.

presented (Figure 10b) to discuss the effects of the substituent. Interestingly, the nature of the substituent has no significant

As with the unsubstituted (II-M&), the polaron structure is

effect on the lengths of bonds Q5. Indeed, there is negligible

extended across the entire thienylenevinylene backbone; how-difference in bond length between the substituted (I-OMe/Me
ever, the full quinoidal bond sequence is limited to bond 9 only, and I-NGQ/Me) and unsubstituted (II-Me) molecules across this

in comparison with bonds-79 in (II-Me)**. This was likewise

section of the thienylenevinylene backbone (Figure 11). These

calculated for all group | molecules with end caps in their results echo the trends discussed previously in relation to the

oxidized states.

resonance Raman spectra: that the phenylethenyl substituent
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<1.44] . . . . 144 bonds 8 and 14 for the unsubstituted (II2#4) This effect is
£1.421 AVSAEVA % L AL 142 also apparent when comparing the calculated changes in bond
31401 X}{ A OGKT 140 length of the polaron relative to the neutral species (Figure 13b).
glzz ‘ :22 There is a noticeable difference in the magnitude of bond length
£ oo T T T T T T oo change between the region that is conjugated to the phenylethe-
£2002] . A A N R A A Loo nyl substituent (bonds-916) and that which is not (bonds-B).
g% 0001 Nv [ 0.00 This demarcation is not predicted for the unsubstitutetimers
o £ 00 ¢ ou oW WV oo (1-H) >+ and (lI-H)?" (Figure 12b), further evidence that the
R I S o substituent orients the charged-defect toward the center of the
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Bond Number

conjugation path. This effect was found to be more prominent
when electron donating substituents are present.

Figure 12. (a) Calculated bond lengths for the thienylenevinylene
backbone of (1I-H) (®), (II-H) >+ (m) and (II-H)?* (a). (b) Change in

the thienylenevinylene backbone bond lengths relative to the neutral
dimer (II-H), for both (1I-H),** (M) and (lI-H)?* (a). Calculated using

the B3LYP/6-31G(d) method. The bond labeling system is shown in

IV. Conclusion

We have investigated the spectroscopy and electronic struc-

Figure 1.
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ture of a series of ethylene-bridged thienylenevinylene oligomers
with arylethenyl substituents on the central thiophene ring and
with and without methylo-end caps. The vibrational spectra
(Raman and IR) are well modeled by DFT calculations with
frequency MAD of 2-18 cnr? for the compounds studied.
From the structure calculations we find that there is a decrease
in the bond length alternation of these bridged systems relative
to the corresponding terthiophene compounds. This indicates
that the ethylene bridges serve to increase the effective conjuga-
tion length and therefore enhance the delocalizatiom-efec-

neutral - cation Bond Length (A

V V [ 0.04 trons. The experimental Raman spectra of these compounds are
' also consistent with an increase in delocalization-@lectrons

with both line A and line B bands being at lower frequency in
Figure 13. (a) Calculated bond lengths of the thienylenevinylene comparison to analogous terthiophene species. In addition to
backbone of (I-H/H) (@) and (I-H/H)"* (W). (b) The changes inthe  thiophene-based bands, the thienylenevinylene oligomers show

bond lengths of the thienylenevinylene backbone of (I-/Helative — phands attributed to the ethylene linkages in the thienylenevi-
to the neutral dimer (I-H/H) Calculated using the B3LYP/6-31G(d) nylene backbone and due to the ethylene linkage in the
method. The bond labeling system is shown in Figure 1.

arylethenyl groups.

will orient the charged defect toward the region of the  The radical cations of the oligomers exhibit structural changes
thienylenevinylene backbone to which it is conjugated. That is associated with charge localization at the central portion of the
to say, two distinct conjugation pathways are possible for the thienylenevinylene backbone; negligible structural changes are
oxidized systems, involving either the aryl ethenyl substituent present on the arylethenyl substituent. This is manifest in both
or bonds 18 of the thieneylene vinyelene backbone. However, calculated structures and spectra and in experimental resonance
both of these resonance structures direct the polaron defect oveRaman spectra, particularly the ethlylene stretching modes.
bonds 9-15, which are as such unaffected by the relative However, the arylethenyl substituent is predicted to orientate
prominence of the two paths. the charged-defect toward regions of the thienylenevinylene

Analysis of the open-ended oxidation products requires conjugation path to which it is conjugated. This leads to higher
consideration of the bond lengths of thrlimeric species. The  spin densities at the headtermini resulting in head-to-head
bond alternation diagram for (II-k) (1I-H)>**, and (II-H)?*" is o-dimers with chemical or electrochemical oxidation. Further-
presented in Figure 12a. The polaron is evidently delocalized more, this leads to a partial confinement of the charged defect
over the entire structure. However, the terminal bonds lengthenassociated with cationic dimers, wherein the polaron structure
by only 0.005 A compared with 0.015 A in the corresponding is predominantly located between the two substituents. This
monomer (II-Me}* because the effects of the polaron are effect is more pronounced in oligomers with stronger electron
distributed over a longer conjugation length in thdimer. The donating groups. The extent of defect delocalisation is thought
changes in bond length generally increase toward the center ofto be critical to conduction, as such this type of study is essential
the o-dimer. A reversal of bond order is predicted for bonds 8 to understanding the physical properties of conducting polymers
and 14 of the central four thiophene rings. The bond length and their function within electronic materials such as solar cells,
data for (II-H)?*" show increases in the magnitude of bond order organic light-emitting diodes and field effect transistors.
reversal, with bond reversal predicted between the two equiva-
lent bond 7’s. Both charged defects appear to be distributed in  Acknowledgment. The support of the Foundation of Re-

a similar manner, i.e., concentrated toward the center of the search Science and Technology (NERF), the Royal Society of
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The bond alternation diagrams for the substitutedimers
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