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The steady-state and transient emission properties of unsubstituted terthiophene and a seflef-¢#-3
R-phenyl)ethenyl]-2,25',2"'-terthiophenes (where R H, MeO, NH,, CN, NMe,, NO,) have been examined.

The R= NO, compound is nonemissive at room temperature in all solvents but cyclohexane. All of the other
compounds show measurable steady-state emission in a variety of solvents. The behavior of these spectra
may be split into two groups. The first group, those substituted compounds withtCRI, NH, and NMe,

show solvatochromic behavior, where their Lippevtataga plots suggest changes in dipole upon photo-
excitation ranging from 12.5 to 16.0 D. For the second group, where R and MeO (and unsubstituted
terthiophene as well), the LipperMataga plots indicate dipole moment changes ranging from 0 to 7.9 D.

The difference in behavior between the two groups of emissive compounds can be attributed to a charge-
transfer character of the emitting state in the first group. This conclusion is supported by density functional
theory calculations, which show that the frontier MOs in the group one compounds are spatially separated
whereas those of group two have frontier MOs that are delocalized over both the styryl and terthiophene
moieties. Picosecond time-resolved fluorescence spectroscopy reveals that unsubstituted terthiophene has the
shortest emission lifetime of 140 ps in acetonitrile. For the styryl substituted terthiophenes, the lifetimes are
much longer and range from 320 to 670 ps for=RCN and NMe respectively, a result that can be explained

in terms of a smaller rate of intersystem crossing in these compounds.

Introduction electronic influence. The steady-st&tand transiefrt13 ab-

. ) . sorption and emission spectra of all the soluble unsubstituted

Oligothiophenes have proven to be useful components in gjigathiophenes have been reported in various solvents. A

plastic electronic devicésuch as organic light emitting diodés, number of trends have been observed upon increasing oligo-
field effect transistosand photovoltaic cell$.However, the thiophene size, in particular, there is an increase in the
charge conduction mechanism in these devices still requiress,orescence quantum yield and lifetime accompanied by a
elucidation. Advancing the understanding of organic conductors qcomitant decrease in the triplet quantum yiéld.
may allow a more rational design of these molecules, thereby
enhancing the efficiency of the resultant devices. The creation
and behavior of excitons is of particular importance in this
regard. For efficient conductivity in photovoltaic cells to occur,
charge separation of the excitons that form upon photoirradiation
is necessary.It is known that the existence of intramolecular
heterojunctions facilitates this separatfoirSuch heterojunctions
can be achieved by the inclusion of both electron-donating and
-accepting components in the same moleédleshich causes
the spatial separation of the highest occupied and lowest
gﬂng:F::d motl_eculafr t?]rbltals_t(_HOMO and LUMO), thus aiding significant modifications to the excited-state properties, with a

9 paration 0 i € excition. . ) change in the excited-state character from,a* to a charge-

It is therefore of interest to examine the excited-state iansfer state.

properties of oligothiophenes and, in particular, oligothiophenes
that have been substituted with groups possessing a StrongExperimental Section

In this paper the emission properties of several styryl-
substituted terthiophenes, &t have been investigated and
compared to those of unsubstituted terthiophene (3T). The
structures of the examined compounds are shown in Figure 1.
Picosecond time-resolved and solvent-dependent steady-state
fluorescence studies have been performed in conjunction with
density functional theory (DFT) calculations to improve the
understanding of the Ret excited-state structures. Alteration
of the electronic nature of the para group on the phenyl ring
from inert—H to the strongly electron donatingNMe, causes

* Corresponding author. Fax:+64) 3 479 7906. E-mail: kgordon@ The synthesis and purification methods of the styryl-
Ch?@ﬁ\%gf‘ggfa&gzb substituted terthiophenes studied are described elsewhere.

tThe Univﬁrsity ongbng Kong. Unsubs_tituted terthioph(_al_ne was purchased from Aldrich and

8 Massey University. used without further purification. The solvents (Aldrich, spec-
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a) and the instrument response was approximately 1 ps. The magic
se M N s angle configuration was employed to eliminate the effect of
N/ S \/ sample reorientation on the time-resolved emission. A computer

controlled optical delay line was used to set the different time-

delays employed in the Kerr gated time-resolved fluorescence
experiments. The time zero delay between the pump and probe
laser beams in the Kerr gated experiments were determined by

A\ employing fluorescence depletion tthns-stilbene. The time

zero was detemined by varying the optical delay between the
se M N s pump and probe beams to a position where the depletion of the
N/ S \/ stilbene fluorescence was halfway to the maximum fluorescence
Figure 1. Chemical structures of the compounds studied here: depletion by the probe laser and the accuracy of the time zero

unsubstituted terthiophene, 3T (a), ang&-wherepetrefers to phenyl measurement was estimated to-56.3 ps. The fluorescence
ethenyl terthiophene and R —NMe,, —NH,, —OMe, —H, —CN and depletion oftrans-stilbene was also used to obtain a typical cross

—NO.. correlation time between the pump and probe pulses and was
found to be about 1 ps (fwhm).

trophotometric grade) considered here are cyclohexagté: §C
chloroform (CHC}), dichloromethane (CyLl,) and acetonitrile
(CH3CN), in order of increasing dielectric constant and polarity. 1. Steady-State Emission Spectroscopylhe absorption,
Electronic absorption spectra were measured of4Q0~7 emission and Stokes shift data for 3T ang&n the various
mol L~ solutions in GH;2, CHCl, CH,Cl, and CHCN for all solvents are presented in Table 1. The photophysical parameters
compounds at room temperature from 200 to 800 nm on a of 3T have been previously investigated in a variety of solvents
Varian Cary 500 Scan UWvis—NIR spectrophotometer using and it has been found that solvent has little influence on the
Cary WinUV Scan Application software. emission propertie¥;1* a result reproduced here. The 3T
Steady-state fluorescence spectra were measured of the samabsorption spectrum contains one broad unstructured band with
106—10"7 mol L~ solutions used in the absorption measure- a maximum at~352 nm, and the emission spectrum possesses
ments. A Perkin-Elmer Luminescence Spectrometer LS50B with a band maximum at+430 nm and a shoulder at410 nm. The
FL Winlab v. 4.00.02 software was used over the range-300 more structured appearance of the emission spectrum suggests
800 nm. Various excitation wavelengths over 3@@0 nm were that the excited state is more planar and rigid than the ground
trialed for each compound. Each fluorescence spectrum wasstate!® This is believed to be a result of the quinoidization of
corrected using a quinine sulfate spectrum provided by Dr. R. the thiophene backbone upon creation of the excited state. The
A. Velapoldi. Fluorescence quantum yielgs, were measured  increased double bond character of the inter-ring bonds thus

Results and Discussion

for the GHj,, CHClL and CHCN solutions using 1x 1077 leads to the planarization of the molecule upon excitatfon.

mol L~ quinine sulfate in 0.1 mol t* H,SO, as the standard Introduction of the styryl group, to create p&t{ causes

(¢r = 0.546)16 significant changes to the absorption and emission spectra
Picosecond time-resolved fluorescence (TRF) spectra were(Figure 2). The absorption maximum now lies812 nm, the

measured using a system previously describéat the com- result of the new styryl-based molecular orbitals HOMDand

pounds 3T, NMgpet NH.-pet MeOpetand CNpetin 5 x LUMO+1,2° whereas the prominent 350 nm shoulder is at

10~4mol L~ acetonitrile solutions. Briefly, the Kerr gated time-  approximately the same wavelength as the original 3T absorption
resolved emission measurements were done using a Ti:sapphirgnaximum. This shoulder is assigned to the HOMOLUMO
regenerative amplified laser operated at 1 mJ/pulse, 150 fs, 1transition, the two orbitals being localized primarily on the
kHz and 800 nm and its 400 nm frequency doubled output. The terthiophene backbone. The calculated spatial distribution and
320 nm excitation pulses were made by mixing the 800 nm relative energies of the HOMO and LUMO are unperturbed by
pulses and the 533 nm output from a home-built OPA system styryl substitution and this is consistent with the observation of
pumped by the 400 nm laser pulses. The excitation pulses (abougn unshifted absorption band with respect to 3T. The HOMO,
1 uJ) were lightly focused (about 1Qam diameter) onto a 0.5  as calculated by DFT theoty and seen in other polyenic
mm thickness liquid stream of sample placed at one focus of systems}! has the same phase across the terthiophene CC double
an elliptical mirror. The elliptical mirror collected the emission bonds whereas the LUMO has the same phase across the single
from the sample and imaged the collected light through a film bonds. Thus the;State of Hpet(and 3T) is predicted to possess
polarizer. The collected light was then focused into the Kerr 7t character. The Hpetfluorescence spectrum is broad and
medium (a 2 mm UV cell with benzene in it) at the other focus featureless with a maximum at455 nm in all solvents except
point of the ellipse. The Kerr medium for the experiments was cyclohexane, where the maximum is slightly blue-shifted to 447
located between a crossed pair of polarizers with an extinction nm and a shoulder is apparent at 436 nmpéttherefore has
ratio of about 16, The Kerr gating pulse (800 nm) was polarized only modest solvatochromic behavior that may be quantified
at 45 and focused into the Kerr medium with an adjusted by a determination of the relative Stokes shifts in the various
intensity so as to create a “half-waveplate” that rotates the solvents.

polarization of emission from the sample. This allows some of  The Stokes shift is determined as the difference in wave-
the emitted light to be transitted through the Glan Taylor number between the lowest energy absorption (a shoulder in
polarizer for the duration of the induced anisotropy produced all of the spectra and thus subject to uncertainty) and the highest
by the femtosecond gating pulse. Then the emission that passe@&nergy florescence band (a shoulder in the case of some of the
through the second polarizer was focused into a monochromatorspectra). The way in which the Stokes shift alters with solvent
and detected by a liquid nitrogen cooled CCD detector. All of reveals information about the emitting excited st&t@ne way

the time-resolved fluorescence spectra were found by subtractingto gain some insight into the nature of the emitting exciting
the negative time delay signal from the positive time delay signal state is to determine thehange in dipole momerin going
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TABLE 1: Absorption, Fluorescence, and Stokes Shift Data for Each Compound in Each Solvent
cyclohexane chloroform dichloromethane acetonitrile

abs/ en?/ StokesshifY abs/ em/ Stokesshiftt abs/ em/ Stokes shift/ abs/ em/ Stokes shift/

nm nm cm?t nm nm cmt nm nm cmt nm  nm cm?t AulD®
3T 427 432 431 427

350 410 4200 355 415 4100 354 413 4000 352 408 3900 0
H-pet 308 448 312 312 310

349 436 5700 350 453 6500 350 455 6600 350 456 6600 7.9
MeO-et 318 445 324 451 324 451 322 449

362 425 4100 363 435 4600 363 436 4600 358 433 4800 6.7
NH2-pet 328 449 333 336 337

366 428 4000 370 458 5200 368 468 5800 370 510 7400 14.7
CN-pet 318 470 324 322 320

356 456 6200 358 495 7700 359 501 7900 353 508 8600 12.5
NMes-pet 345 460 350 351 350

372 440 4200 383 478 5200 382 504 6300 377 544 8100 16.0
NO,-pet 335 497 345 345 342

385 474 4900 405 401 395

241 nm.? £200 cnt. ¢ Calculated from LippertMataga plot.
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Figure 2. Normalized absorption (250400 nm) and emission (460
600 nm) spectra of Hbetin cyclohexane (6H12), chloroform (CHCY),

dichloromethane (CkCl,) and acetonitrile (CECN).

from the ground gg) to excited stateu(). Estimates of these
values may be obtained experimentally using the Lippert
Mataga equation (1). This relates the Stokes shiff ¢m™?1)

_ z(ﬂe - /ug)z Af
4re

Al
hca

@)

with the solvent polarity parameteAf), the Onsager radius of

the fluorophores of interest(m) and the fundamental constants

(h, J s;e0, F1 CZ2m~%; andc, cm s).
For the Onsager radius, we have used the value of 6.2
which is half of the long axis of the 3T and jfet molecules.

This value was determined by examining the calculate

structures of the compounds of inter&sT he solvent polarity
parameterAf) is calculated from the dielectric constaa} &nd

refractive index (i) of the solvent of interest, as shown in eq 2.

— € - _
Af_(2€-|-1) (2n2+1

1

n2—1)

)

Af
Figure 3. Lippert—Mataga plots: (a) CNpet(O); (b) NMex-pet(D);
(c) NHz-pet (+); (d) H-pet (m); (e) MeOpet (®); 3T (a). Solid lines
are lines of fit for each data set.

The Lippert-Mataga plots are shown in Figure 3; gradient
values range from-980 cnt? for 3T to 12 500 cm* for NMe,-
pet23 The plots appear linear havirig? > 0.9. This observed
linearity suggests that the large solvent-dependent shifts in the
fluorescence spectrum are a consequence of the dipipele
interactions between solvent and sol#té® The values for the
change in dipolefu = ue — ug) calculated from (1) and (2)
are shown in Table 1.

The compounds studied fall into two categories in their
Lippert—Mataga plot behavior; the 3T, petand MeOpethave
much shallower gradients-@80, +3000, and+2200 cnt?,
respectively, Figure 3) than N+pet CN-pet and NMe2pet
(+10 600,+7700, and+12 500 cnT! respectively). The Sstate
of 3T has previously been assigned asa* state'® and given
the close similarities between the HOMO and LUMO of 3T
and Hpet and their smaller calculatedu values, it seems
reasonable that the, State of Hpetis also ofz,n* character.
The calculated HOMO and LUMO of Me@et (Figure 4a,b)

A show that both orbitals are almost fully delocalized over both

styryl and terthiophene moieties (although the LUMO does have

d less density on the phenyl ring), implying that the HOM®©

LUMO transition would also possessz* character.

The substitution of groups in the para position of the phenyl
ring with stronger electron donating or accepting character
causes appreciable solvent dependence in the optical properties
of the compound® This is evident most clearly in the NMe
pet emission spectra (Figure 5). The absorption maximum of
this compound is at 345349 nm, and the emission maximum
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b) ; TABLE 2: Fluorescence Quantum Yields,¢g, of Each
4 9 Compound in Cyclohexane (GH12), Chloroform (CHCI 3),
and Acetonitrile (CH3;CN), Calculated Using Corrected
d" Fluorescence Spectra and Quinine Sulfate in B8O, as the
Standard
CsH12 CHClz CH3;CN
J"( 3T 0.051 0.049 0.052
H-pet 0.047 0.042 0.048
MeO-et 0.054 0.048 0.037
NH2-pet 0.061 0.037 0.022
CN-pet 0.074 0.026 0.013
c) d) NMe-pet 0.160 0.052 0.028
NO,-pet 0.018 - -

o+

{
vﬁw Lt

Figure 4. Calculated (B3LYP/6-31G(d)) HOMO (a) and LUMO (b)
of MeO-petand the HOMO (c) and LUMO (d) of Clpet

by the reorientation of the solvent molecules to accommodate
the increased dipole, lowering the energy of the systTihis
phenomenon of solvent relaxation and the accompanying
increase in Stokes shift with increasing solvent polarity are well-
known in CT compound&?7

The fluorescence spectra of Gt and NH-pet are also
strongly solvent dependent and large dipole moment changes
are calculated for these compounds. In the case op€Nvhere
the—CN group is an electron acceptor, the HOMO is localized
on the terthiophene and the LUMO on the styryl substituent, as

—CH, shown in Figure 4c,d.

--- CHcCl, In summary, the solvatochromic behavior of these compounds
----- CH.C, may be rationalized within the framework of the Lippert
==+ CH.CN Mataga model. Analysis using this model reveals that for those

compounds that possess a spatially separated HOMO and
LUMO, large dipole moment changes upon photoexcitation are
determined from the experimental data. Interestingly, both CN-
pet and NH-pet show appreciableAu (12.5 and 14.7 D,
respecitvely) despite the fact that their substituent groups have
opposing inductive effects. In the case of @Btthe HOMO

is localized on the terthiophene backbone and the LUMO on
the styryl substituent; for NiHpetthe converse is true. Thus it

is the spatial separation of the frontier MOs that is the key to
the existence of a charge-transfer state rather than a specific
direction of the electronic transition.

The fluorescence quantum yielg, of each compound has
been calculated for each solvent using quinine sulfate as the
S S - standard (Table 2P For 3T and Hpet the quantum yield
remains the same across the three solvents trialed (acetonitrile,
chloroform and cyclohexane). The valueggf= 0.052 for 3T,
measured in acetonitrile, is close to that previously repoged (
Figure 5. Normalized absorption (250450 nm) and emission (460 = 0.056)* The absence of change in the quantum yield with
700 nm) spectra of NMepet in cyclohexane (€Hi), chloroform solvent in these two compounds is consistent with the lack of
(CHCL), dichloromethane (CTl;) and acetonitrile (CHCN). solvent dependence observed in the emission spectra. péeO-

shows a very small increase in quantum yield with decreasing
ranges from 440 nm (in cyclohexane) to 554 nm (in acetonitrile). solvent polarity, frompe = 0.037 in acetonitrile tgr = 0.054
As with the previous compounds, cyclohexane provides a morein cyclohexane.
structured fluorescence spectrum and the emission maximum However, for those molecules with more pronounced CT
is accompanied by another peak at 460 nm. The slope of thecharacteristics and a strong solvent dependence in the emission
Lippert—Mataga plot for NMe-petis 4 times that of Hpet maxima, the increase igr with decreasing polarity of the
The considerable solvent sensitivity observed in the fluorescencesolvent becomes appreciably more marked. For example, the
spectra of NMepet arises due to the nature of the emitting fluorescence quantum yield of Nietin acetonitrile is 0.028
state?® The state created by the HOM& LUMO transition, but this increases to 0.16 in cyclohexane. Nt which is
the S state, has intramolecular charge-transfer character becauseirtually nonfluorescent in acetonitrile, has a measurable
the HOMO of this molecule is localized primarily on the styryl quantum yield of 0.018 in cyclohexane. It is known that aromatic
substituent whereas the LUMO is located on the terthiophene molecules containing-NO, groups have only weak emission
backbone? This prediction is supported by the solvent depen- due to efficient nonradiative procesgéshe rise in quantum
dence observed in the emission spectra. Due to the transfer ofyield from acetonitrile to cyclohexane is consistent with the
electron density from the styryl to the terthiophene moiety upon previous result of increasing Stokes shift with solvent polarity.
excitation, a dipole is created in the excited state, much larger The larger Stokes shift provided by polar solvents such as
than that possessed by the ground state. Acetonitrile is a polaracetonitrile indicates a greater change in the molecular geometry
solvent and therefore able to stabilize this polarized excited statefrom the ground (§ to the excited (§ state and therefore a

Normalised Absorption / Emission Intensity
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Figure 6. Picosecond time-resolved fluorescence spectra of-pét Figure 7. Picosecond time-resolved fluorescence spectra of MeO-
(5 x 1074 M) in acetonitrile at various delay times (ps). (5 x 107* M) in acetonitrile at various delay times (ps).

greater displacement of the Botential energy surface relative
to the $ surface. This would cause a larger overlap between 4~ NMe,-pet
the wave functions of the relaxed; State and the higher —*— MeO-pet
vibrational levels of the &state, leading to more efficient
nonradiative processes and therefore lowering the quantum yield.
This statement relies upon the assumption Kyat- k,, which

is common in organic specié% Conversely, nonpolar cyclo-
hexane is associated with a significantly smaller Stokes shift;
thus the pertinent wave functions will have only a small overlap,
reducing the nonradiative rate constant and increasing the
guantum yield of fluorescencé.

2. Picosecond Time-Resolved Fluorescence Spectroscopy.
The picosecond time-resolved fluorescence (TRF) spectra of
some styryl terthiophenes have also been measured in aceto-
nitrile. The three compounds exhibiting charge-transfer char-
acteristics in the steady-state emission spectra (Ndé¢ NH,-
petand CNpef) do so in their TRF spectra as well. At very
early delay times;=5 to +0.25 ps, the emission maximum is
blue-shifted relative to the corresponding steady-state maximum. i i i
At 0.25 ps, for example, NHpethas its emission maximum at 1000 2000 3000
473 nm (the TRF spectra have not been calibrated for Time delay (ps)

Wavelengt'h sgnS|t|V|ty, so the data indicate the relgt.lve profile Figure 8. Decay of the fluorescence intensity of NMeet(a), MeO-
change with time delay but not the absolute position of the pet(®) and 3T @) in acetonitrile measured at the emission maximum
emission maximum), as shown in Figure 6. As the delay (steady-state wavelength), fitted to first-order exponential curves.
increases toward 5 ps, the emission red shifts toward 510 nm,

where it remains at t_his steady yalue for delay times-66600 displayed in Figure 8. The lifetime, of the 3T S state is 140
ps. The corresponding red shifts observed for Mdet and ps, a value very close to those previously measured in other
CN-petare 37 and 19 nm, respectively. In contrast, 3T and g4 entsi430-32 The lifetimes of the styryl terthiophenes are
*
MeO-pet compounds that possessar* Sy state rather than a i nisicantly longer than this. Clgetand MeOpethave similar

CT S, state, do not show this red shift and the emission e .
) P o ; S, lifetimes (320 and 360 ps, respectively) whereas Mdet
maximum remains constant over the entire time range (Figure has the longest singlet lifetime of 670 ps. Unsubstituted

7). The red shift is a manifestation of the greater extent of terthionh 3T is k ] d ficient int ¢
solvent relaxation that is required for the CT molecifes, erthiophené, 31, IS known to undergo €eflicient intersystem

process that occurs on the early picosecond time scale anoC.rOSSing (IS,C),’ forming the triplet state in high quantum
lowers the energy of the charge-separated s&te. The yield 1332 This is due to the Sand T, states being almost

fluorescence spectra measured at very early delay times thereforésoenergetit’ and has been deemed the reason for the short S
represent emission prior to Solvent relaxation_ ||fet|me. For |0nger Ol|goth|0phenes, the rate Of ISC deCreaseS

The lifetime of the $state for each molecule in acetonitrile ~ because of the increase in the energy difference between the S
was calculated by measuring the decay of the emissionand T, states® and consequently the fluorescence lifetime
maximum with time. In each case the fluorescence decay canincreases. It is therefore probable that the styryl terthiophenes,
be fitted to a first-order exponential curve. Some examples are which have an effective conjugation length of the equivalent

—=— 3T

Normalised Emission Intensity

o -



Charge-Transfer States in Styryl Terthiophenes J. Phys. Chem. A, Vol. 110, No. 24, 2006701

TABLE 3: Photophysical Properties of Each Compound in chromism in the emission spectra, the increase in fluorescence
Acetonitrile quantum yield with decreasing solvent polarity and the red
7/ps 10 7k/st 10 %,/ s71 Knr/ K shifting observed at very early delay times in the ps-TRF spectra

3T 140 37 6.8 18 for theS(_e three compounds. In addition, density functional theory
MeO-pet 360 10 27 26 calculations have suggested that the HOMO and LUMO are
CN-pet 320 4.1 3.1 76 spatially separated, supporting the assignment of a charge-
NH-pet 410 5.9 2.4 41 transfer $ state. In contrast, kpet MeO-petand 3T show little
NMe-pet 670 4.2 15 35 to no trends with solvent polarity and the delocalized nature of
aThe lifetimes have been calculated from the decay of the emission both the HOMO and LUMO indicate the presence of.a* S;

maximum (steady-state wavelength). state. By judicious choice of the para R group in styryl

terthiophenes, therefore, it is possible to tune the nature of the
of five thiophene ringg% have longer & lifetimes than 3T first excited singlet state fromrz* to a charge-transfer
because of a decrease in the rate of ISC. character. Charge-transfer states may offer possible strategies

For some compounds, the fluorescence decay is dependentor solar cells in which charge separation is a key step.
upon the wavelength at which the decay is examined. In the
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