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ABSTRACT: Poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2) exhibits two distinct conformations in
solution depending on the temperature and solvent. The transition from the high- to low-temperature
conformation resembles the S-phase formation of poly(9,9-dioctylfluorene) (PFO), in the sense that there is
an increase of the conjugation length, while involving less pronounced enthalpy and entropy changes (AH =
—7.1 kcal/mol and AS =—22.9 cal/(mol K) vs AH = —18.0 kcal/mol and AS = —68.4 cal/(mol K) for PFO).
The entropy loss indicates a substantial increase in the polymer order in the low-temperature conformation.
Fluorescence decays of F8T2 in solvents with various viscosities, at different temperatures and collected at
different emission wavelengths, are triple-exponential in character (e.g., 20, 440, and 650 ps in methylcyclo-
hexane, at 20 °C). The two longer decay times are related to the lifetimes of the two conformations. The
shorter decay time appears as either a decay or rise time, at the onset or the tail of the emission band,
respectively, and is assigned to conformational relaxation on the basis of its dependence on solvent viscosity

and temperature.

Introduction

Conjugated polymers represent a very promising alternative
for flexible and large area electronics and optoelectronics appli-
cations." Although fully operational prototypes exist already,
there is still the need to further improve device performance and
lifetime, increasing this technology competitiveness with respect
to the traditional one, based on the inorganic semiconductors. In
order to achieve this goal, a deeper understanding of the
photophysics of conjugated polymers and the role of processing
conditions and structural/molecular and supramolecular order
are of key importance.

It is well established that the photophysical behavior of
conjugated polymers depends on their intra- and/or interchain
ordering. This ordering may be influenced by solvents, self-
organization phenomena, and interactions arising in solid films.
Polyfluorenes, one of the most studied conjugated luminescent
polymer family, provide a good example for such variety of
states. A particularly ordered state was first identified in poly(9,9-
dioctylfluorene) (PFO, Chart 1), and designated by f-phase,
where ordered chain segments/or domains coexist within the
disordered bulk (o phase).* ° The observation of the f-phase in
single PFO molecules® is quite remarkable. The S-phase has a
clear spectroscopic signature: a narrow absorption peak at
438 nm and an unusually well-resolved fluorescence spectrum.’
This process is translated by an equilibrium that involves intra-
chain ordering followed by aggregation and growth into the
commonly named “hairy rod” blocks.” In PFO, other crystalline
and noncrystalline phases have been identified.*'° Some of these
phases may coexist in a solid sample, each showing specific
spectral signatures.

Similar ordered states to that of PFO f-phase have been
observed in other polyfluorene homopolymers,''™'* but the
stability and formation yield of such ordered domains are
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dependent on the length and structure of the solubilizing side
groups, n-octyl being the most efficient one.

The origin of the mechanism leading to such high ordered
states in polyfluorene homopolymers is still a matter of debate.
The investigation of other systems, in particular of polyfluorene
copolymers, is therefore of significant relevance.

Poly(9,9-dioctylfluorene-alt-bithiophene), F8T2 (Chart 1),
has gained recognition as an exceptionally promising material
for OFETs.'*!* Previous studies have addressed its operational
stability,'® and protocols have been developed to produce films
of highly organized character.'>'”™" In particular, chain
alignment of conjugated polymers has been shown to lead to
significant increase of charge carriers’ mobility.'” The mani-
pulation of liquid crystalline phases to achieve such high
ordering in polymeric and oligomeric semiconductors has been
reported.'>** In F8T2, macroscopic alignment after annealing
in the nematic LC phase above 265 °C produces directional
layers.>! Moreover, epitaxial growth can be achieved via
alignment layers.'>*? At variance with extensive photophysical
studies for a large variety of polyfluorenes, in particular PFO, a
thorough examination of F8T2 photophysics is lacking.?

In this work we report a thermally induced conformational
transition for F8T2 in solution, resembling the 3-phase formation
of PFO. We also report on the findings of F8T2 photophysics
in the excited state and present evidence of conformational
relaxation.

Experimental Section

Samples. F8T2, with M,,=22400 and M,,=38 500 (PD=1.7),
was synthesized by a Suzuki coupling of the two comonomers.
Decalin (Riedl-deHéden), methylcyclohexane (Fluka), and
cyclohexane (Labscan) of spectroscopic purity grade were
used without further purification. F8T2 solutions were pre-
pared with concentrations in the 10~> M range (based on
monomer unit).
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Methods. UV—vis absorption spectra were recorded on a
Beckman DU-70 spectrophotometer. Fluorescence spectra were
measured using a SPEX Fluorolog 2121 spectrofluorimeter, in
the S/R mode, and corrected for optics and detector wavelength
dependence, except for the anisotropy measurements. For
fluorescence anisotropy measurements, the excitation was ver-
tically polarized and the emission was collected parallel £ and
perpendicular 7, to the excitation (Glan-Thompson polarizers).
The steady-state anisotropy 7 was calculated with eq 1, where G
is the ratio of the instrument response to vertically and horizon-
tally polarized light.

5 =Gl

= _ h=GL |
g Iy +2GI, (1)

The fluorescence decays were measured with the time-corre-
lated single photon counting technique. The pumping system
consists of a Millennia Xs/Tsunami lasers system from Spectra
Physics, operating at 82 MHz, frequency-doubled to produce
horizontally polarized pulses with 2 ps fwhm. The polarization
of the excitation beam was rotated to vertical by first depolar-
ized and then vertically polarizing (Glan-Thompson polarizer).
The sample emission was collected at the magic angle (Glan-
Thompson polarizer), passed through a monochromator
(Jobin-Yvon H20 Vis), and detected with a microchannel plate
photomultiplier (Hamamatsu R3809u-50). The R3809u-50 out-
put pulses were used as the start pulses for a SPC acquisition
module (Becker & Hickl GmbH, SPC-630). The Tsunami pulses
were monitored with a fast photodiode (Becker & Hickl,
GmbH) and used as the stop pulses for the SPC-630.>* The
fluorescence decays were deconvoluted from the excitation pulse
using G. Striker’s Sand program.>

Results

Absorption Spectra. At room temperature (24.6 °C,
Figure 1), the absorption spectrum of F8T2 in methylcyclo-
hexane (MCH) has a maximum at 452 nm with a characteri-
stic shoulder at ca. 490 nm (Figure 1). The substantial red
shift of the wavelength maximum with respect to those of
both PFO (381 nm in MCH)?® and dithiophene (303 nm in
MCH)?’ indicates strong conjugation of the fluorene and
dithiophene moieties.

Increasing the temperature up to 89 °C induces a signi-
ficant blue shift of the spectrum, with loss of vibrational
structure, while decreasing the temperature (—70 °C) has the
opposite effect. In decalin, similar observations were made
(Supporting Information).

On the other hand, the absorption spectrum of F8T2 in
poor solvents (e.g., ethanol), at room temperature, resembles
the low-temperature spectra in MCH. This indicates that the
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Figure 1. Absorption spectra of F8T2 in the temperature range 89 °C
(gray) to —70 °C (black) with 10 °C increments in methylcyclohexane
(dark gray for 24.6 °C). The spectra are corrected for the concentration
change with temperature.
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Figure 2. Fluorescence excitation (left) and emission (right) spectra of
F8T2 in methylcyclohexane (MCH) at 20 °C. Excitation spectra were
obtained with emission wavelengths at 480 nm (gray) and 590 nm
(black), and emission spectra were obtained with excitation at 400 nm
(gray) and 490 nm (black).

spectral changes observed in MCH on lowering the tempera-
ture (red shift and better vibrational resolution) are not
simple temperature effects of increasing the solvent refrac-
tive index reducing inhomogeneous broadening.

Fluorescence Spectra. The shape of the fluorescence
spectra (emission and excitation) of F8T2 depends upon
the excitation and emission wavelength, respectively (Figure 2).
At 20 °C, the emission spectrum shows a slight red shift
and narrowing with increasing excitation wavelength from
400 to 490 nm. The excitation spectrum is broad and
unresolved when fluorescence collection is made at the onset
of the emission band (480 nm). Conversely, when the fluore-
scence is collected at the band tail (590 nm), the spectrum
shows the two first vibronic transitions that are observed in
the absorption spectrum, at room temperature. The wave-
length dependence of the emission and excitation spectra
indicates the presence of at least two different species that
absorb and emit at different wavelengths.

The shapes of the fluorescence emission and excita-
tion spectra of F8T2 also strongly depend on temperature.
Figure 3 shows the temperature effect on the emission
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Figure 3. Emission spectra of F8T2 in MCH with (a) Aexe = 400 nm
and (b) Aexe = 490 nm with decreasing temperature (taken at 10 °C
intervals) from 20 °C (black) to —80 °C (dark gray).
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Figure 4. Excitation spectra of F8T2 in MCH with A, = 480 nm (left)
and Ae, = 590 nm (right) with decreasing temperature at 10 °C intervals
from 20 °C (black) to —80 °C (gray).

spectra obtained with the two excitation wavelengths of
Figure 2: 400 nm (a) and 490 nm (b). Upon decreasing the
temperature from 20 to —80 °C the spectra show a progre-
ssive decrease in intensity of the first vibronic peak
and increased prominence of the second vibronic band. At
—80 °C, the emission spectra obtained with excitation at 400
and 490 nm (in gray) become practically the same.

The temperature effect on the excitation spectra moni-
tored at two different emission wavelengths at the onset
(480 nm) and tail (590 nm) of the band is shown in Figure 4.

With the emission monitored at 480 nm, the excitation
spectrum corresponds, at all temperatures, to the broad
absorption band observed at 89 °C (Figure 1) with maximum
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Figure 5. Steady-state fluorescence anisotropy (7) traces of F8T2 in
decalin, at 20 °C, measured with Ao, = 400 nm (gray) and 1., = 491 nm
(black).

at 440 nm and decreases in intensity on lowering the tem-
perature. On the other hand, by monitoring the emission at
590 nm, the excitation spectrum progressively red shifts
and acquires vibrational resolution upon decreasing the
temperature. Identical observations were made in decalin
(Supporting Information). The fact that the two excitation
spectra, obtained at —80 °C with emission at 480 and 590 nm
(gray spectra), are totally different from each other confirms
the presence of at least two different species that absorb and
emit at different wavelengths.

Summarizing the foregoing observations, (1) the absorption
spectrum changes drastically with temperature (Figure 1), (2)
the fluorescence spectrum depends on the excitation wave-
length, shifting to the red and changing the vibrational struc-
ture at longer excitation wavelengths, (3) the excitation spec-
trum collected at longer emission wavelengths is vibrationally
resolved and red-shifted when compared to those collected at
shorter emission wavelengths, and finally (4) the temperature
dependence of the fluorescence emission and absorption spec-
tra confirms the prevalence of the structured red-shifted
spectrum at low temperature and the opposite for high tem-
peratures. Thus, we tentatively assign the high-temperature
absorption and fluorescence spectra to random conformations
of polymer chain segments and those same spectra observed at
low temperature to more planar/ordered local conformations.’
We will herein call these conformations the A-conformation
and B-conformation, respectively.

Fluorescence Anisotropy. Fluorescence anisotropy of
F8T2, in decalin at 20 °C, was measured with excitation at
400 nm (predominant absorption of the A-conformation)
and at 491 nm (predominant absorption of the B-con-
formation). The steady-state anisotropy trace resulting from
excitation at 400 nm shows a value of ca. 0.16 at the onset of
the emission spectrum, which decreases to an average value
around 7 = 0.09 at 500 nm, and thereon remains constant
(gray spectrum in Figure 5). This low value indicates efficient
depolarization of the fluorescence. On the other hand, the
anisotropy trace obtained with excitation at 491 nm
(dominant absorption of the B-conformation) shows uni-
formly larger values (ca. 0.18), from the emission band onset
to ca. 600 nm (Figure 2).

This excitation wavelength effect on the fluorescence
anisotropy resembles that observed with PFO, in which case
the excitation at longer wavelengths also induced larger
7 values due to the presence of the -phase.’ In the case of
PFO, it was possible to excite exclusively the S-phase and
measure a steady-state anisotropy value (7 = 0.35 in MCH
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Figure 6. Global fits of the fluorescence decays of F8T2, measured at three emission wavelengths (480 nm, blue; 511 nm, green; and 590 nm, red) in
MCH (left) and in decalin (right), with sums of three exponential terms. The excitation wavelength was A, = 437 nm. The weighted residuals (W.R.),
autocorrelation functions (A.C.), reduced chi-squared (5°) and the pre-exponential coefficients (4) are also shown.
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Figure 7. Pre-exponential coefficients obtained from global analysis of
all the fluorescence decays of F8T2 in cyclohexane, at 20 °C, measured
over the entire spectral range. The values of the pre-exponential
coefficients were divided by 4| + A4,.

at 20 °C) close to the anisotropy limit, consistent with the
highly ordered and rigid structure®® of the -phase.” With
F8T2, exclusive excitation of the B-conformation is not
possible (at 20 °C), and the anisotropy change is smaller.
However, it is sufficiently large to indicate a higher order of
the B-conformation as compared to the A-conformation.

Time-Resolved Fluorescence. Fluorescence decays of F8T2
in MCH and decalin were measured at several emission
wavelengths of the fluorescence spectrum from 460 to
686 nm. Figure 6 shows global analysis of three decays
measured at representative emission wavelengths in the
two solvents: the onset (480 nm), first vibronic (511 nm),
and tail (590 nm) of the spectrum. The decays are triple
exponentials with decay time values of 650, 440, and 20 ps in
MCH, and 610, 410, and 40 ps in decalin.

Figure 7 shows the pre-exponential coefficients resulting
from fitting the fluorescence decays, measured in cyclo-
hexane (CH) at 20 °C as a function of the emission wave-
length, with sums of three exponentials. The pre-exponential

coefficient 4, of the longest time (t; = 653 ps) is close to zero
from 460 to ca. 480 nm, and increases up to 0.57 at 686 nm,
while that of the middle decay time (A4,) decreases from ca.
1 to 0.43 at 686 nm. Thus, on the basis of the foregoing
spectral data, we propose the assignment of the longer decay
time (610 or 650 ps) to the B-conformation (absorbing and
emitting at longer wavelengths) and the shorter lifetime (410
or 460 ps) to the A-conformation (absorption and emission
at shorter wavelengths) for decaline and methylcyclohexane,
respectively.

The shortest time (73 =31 ps) is a decay time (positive pre-
exponential coefficient, A3 > 0) from 460 to 515 nm and a
growing in (43 < 0) at longer wavelengths, meaning that
part of the emission at short wavelength generates part of the
emission at longer wavelengths. This behavior can a priori
result from solvent/conformational relaxation®® or intra-
molecular energy transfer from nonordered to ordered chain
segments>’ (see Discussion).

The fluorescence decay times and pre-exponential coeffi-
cients of F8T2 in MCH were also measured at three emission
wavelengths (480, 511, and 590 nm), with excitation at
434 nm, as a function of temperature (Supporting In-
formation). Decreasing the temperature from 19 °C to
—45 °C induces two relevant changes in the decays. First,
the shortest decay time 73 increases from 21 to 46 ps, which
indicates that 73 is associated with an activated process
(Figure 8a). Second, the pre-exponential coefficient 4, of
the longest decay time (probably associated with the
B-conformation) at 590 nm increases from ca. 0.5 to ca.
0.7, and A, decreases from 0.5 to ca. 0.3 (Figure 8b).
The second observation seems to support our tentative
assignment of 7, and 7, to the B- and A-conformations,
respectively.

Discussion

The foregoing data indicate the presence of two conforma-
tional changes in F8T2: one occurring in the ground state as a
result of temperature changes (or solvent quality) and a second
one occurring in the excited state, in the picoseconds time range.
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Figure 8. Data from fluorescence decays of F8T2 in MCH at several temperatures (tables in Supporting Information): (a) shortest decay time 73 and
(b) the pre-exponential coefficients A4 and A4, of the two longer decay times measured at 590 nm.
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Figure 9. Arrhenius plot of (a) the reciprocal short time 1/73 in MCH and (b) log—log plot of 1/z3 vs solvent viscosity including data at different
temperatures in MCH (black) and decalin (gray). The overlap of MCH and decalin data in (b) shows that the value of 73 depends exclusively on viscosity

independently from solvent and temperature.

Conformational Relaxation. The presence of a short fluore-
scence decay and growing in, appearing respectively at the
onset and tail of the emission spectrum, indicates the pre-
sence of solvent and/or conformational relaxation, or intra-
molecular energy transfer from nonordered to ordered chain
segments, or both.?®% The solvent viscosity and temperature
effects on the short time are a signature of conformational
relaxation but do not exclude energy transfer.”® Figure 9
shows the Arrhenius plot of the reciprocal short time 1/75 in
MCH and a log—log plot of 1/73 vs solvent viscosity includ-
ing data in MCH and decalin.

From the Arrhenius plot (Figure 9a), an activation ener-
gy E, = 1.74 kcal/mol is obtained for MCH, identical to
values obtained in MCH for PFO (ca. 2 kcal/mol)® and
for phenylenevinylene trimers (1.7 kcal/mol)®**! (in which
energy transfer cannot occur), all having eight-carbon lateral
chains (with the same van der Waals volume). Moreover, the
linearity of the log—log plot shows that the relaxation rate is
proportional to the reciprocal of the solvent viscosity; i.e., it
is solvent viscosity controlled. The slope value is lower than
unity, as previously found®? and rationalized®® in other
systems. The two observations indicate that solvent/confor-
mational relaxation is the principal cause for the presence of
the short decay/rise times in the fluorescence decays of F8T2.

The presence of conformational relaxation in F8T2 is at
first sight surprising because the bithiophene unit does not
bear lateral chains, and without lateral chains the solvent
friction is practically absent, leading to fast downbhill relaxa-
tion. However, the “free” bithiophene motion permits

coplanarization with only one of the two adjacent fluorene
units, which does not suffice for extended planarization of
the chain. This would always require rotations of several
fluorene units.

Temperature-Induced Self-Organization. In order to char-
acterize the ground-state conformational change of F8T2,
the mole fraction of the B-conformation (xp) was evaluated
as a function of temperature, from the absorption spectra of
the B-conformation, obtained from spectral decomposition
of the absorption spectra shown in Figure 1. Spectral decom-
position was carried out by assuming that the mole fraction
of the B-conformation is equal to unity at —70 °C and equal
to zero at 89 °C, i.e., xg(7) =OD(T)/OD(—70 °C). Figure 10
shows the plot of xg(7) vs temperature. The pattern of this
plot does not change when the total polymer concentration is
changed (increased), ruling out significant aggregation.

Under the assumption that each conformational transi-
tion is independent from all the others we can write

£Lp (2)

where K is the equilibrium constant of formation of the B-
configuration. A similar approach has been used to analyze
the formation of the PFO f-phase in the preaggrega-
tion regime.” The equilibrium constant, K, is then given
by eq 3 and can be related to the enthalpy AH, entropy
AS, and specific heat capacity AC, changes, using the
Gibbs—Helmholtz equation (eq 4)** to derive eq 5, where
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Figure 10. Mole fraction of the B-conformer xp as a function of
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the black circles are the result of fitting the data with eq 5.

Table 1. Values of Enthalpy (AH"™) and Entropy (AS™") at the
Transition Temperature (7,,) and Specific Heat Capacity (AC,)
for the A- to B-Conformation Transition of F8T2 and for the a- to
f-Phase Transition of PFO, Both in MCH

AH""[kcal/mol ~ AS™™/cal/(mol K)  AC,/cal/(mol K)  Tn/K
F8T2 —7.06 —23.6 —552 299
PFO* -18 —68.4 263

“Data from ref 5.

AH"™ is the enthalpzy change at the transition temperature
T (T =AH"/AS™™).

XB

K = (3)

_I_XB

AG = AH™ (1 —Tl) +AC, [(T—Tm) —TIn 1} (4)

m

AHn
RInK = < 7 ~AG)(1+In Tm)> +

1
(AC, Ty —AH™ J7+AC In T (5)

The minimization of the weighted deviations of the experi-
mental and calculated values of xg [wd = (x5P — x§1)*/x5P)]
was achieved by the iteration of the enthalpy (AH"™), specific
heat capacity (AC,), and transition temperature (77,) values.
The results are compared to those obtained for PFO 3-phase
formation in Table 1.

The negative values of both AH”™ and AS” indicate that
the A- to B-conformation transition is exothermic with
substantial entropy loss, as expected for a transition from a
less ordered to more ordered conformation. The less pro-
nounced enthalpy and entropy changes of F8T2 as compared
to those observed with PFO indicate that the B-conforma-
tion is less ordered than the PFO S-phase, as the milder
spectral changes observed with F8T2 suggest. In the case of
polyalkylfluorenes, it was shown that the S-phase is a quasi-
planar conformation of the polymer resulting from the
alignment of the lateral chains with the backbone.*'!° The
necessary matching of chain length and available space in
the backbone is optimal for alkyl = n-octyl, i.e., for PFO.
The milder transition observed with F8T2 is thus attributed
to the presence of the bithiophene units that, although having
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approximately the same size as the fluorene unit, do not bear
the octyl side chains.

The isotropic domain of F8T2 is currently used, through
annealin% in the production of aligned layers for electronic
devices.'*!> However, the current understanding of the
dynamics of F8T2 in solution suggests a possible transfer
of a preferential B-conformation onto films. Therefore, some
parallelism between the reported liquid crystalline phases of
F8T2 in the solid state'® and the A- and B-conformations in
solution may exist.

Conclusions

F8T2 shows conformational relaxation (ca. 27 ps in CH at
20 °C) in the excited state, joining the growing number of
polymers and oligomers bearing side chains that show this kind
of process. In the ground state, F8T2 undergoes a temperature-
induced transition between differently ordered conformations,
the more ordered conformation resembling the -phase confor-
mation of PFO.
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