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ABSTRACT: We report the first solution state circular dichroism (CD) spectroscopic properties of a newly
designed polyfluorene (PF) featuring highly enantiopure g-branched chiral alkyl side chains, poly[2,7-
{9,9-bis[(S)-2-methyloctyl]} fluorene] (PFMO), in dilute THF solution. Upon cooling the solution temper-
ature, the single positive-sign CD band at 380 nm at +50 °C gradually changed into an apparent bisignate
CD signal with two extrema of 403 and 355 nm at —80 °C, while the broad UV—vis band centered at 380
nm changed into a major intense band at 399 nm with a shoulder around 380 nm. On the basis of these
data combined with photoluminescence (PL) studies and viscometric measurement, we concluded that
PFMO in THF solution underwent a certain thermodriven, order—disorder conformational transition
around 0 °C. It was considered that, upon cooling, the randomly twisted local PF backbone motifs in the
wormlike PF backbone at higher temperature were transformed into a highly ordered PF backbone motif,
possibly a P-5; helix (the P-handedness is assumed here corresponding to the negative-sign CD band,
and vice versa), and other unclear local backbone motifs with the opposite screw sense at lower

temperature.

Introduction

sm-Conjugated polymers are promising functional ma-
terials having potential applications such as light-
emitting diodes,! plastic lasers,? photovoltaic cells,? thin
film transistors,* and chemical sensors.> Among them,
especially, polyfluorene (PF) has recently attracted
increasing interest due to its bluish photo- and/or
electroluminescence with high quantum yield, high hole
mobility, and excellent thermal, chemical, and photo-
chemical stabilities.5~12

Although much research attention has been paid to
the elucidation of the PF backbone structure, the most
probable conformational structure of the PF backbone
is somewhat controversial. On the basis of the fiber
diffraction X-ray scattering experiments, Grell et al.
concluded that PF bearing n-octyl side chains, poly[2,7-
(9,9-di-n-octyl)fluorene] (PFO), can assume a fully ex-
tended anti-coplanar structure.” However, Lieser et al.
demonstrated that PF having racemic 2-ethylhexyl side
chains, poly{2,7-[9,9-bis(2-ethylhexyl)]fluorene} (PFEH),
favorably adopts a 5, helical structure rather than the
other possible 5; helix by means of transmission electron
microscopy (TEM), electron and X-ray diffractions, and
molecular orbital calculations.®2 Moreover, from semiem-
pirical Hartree—Fock (HF) calculations, Hong et al.
suggested that the 9,9-unsubstituted PF, poly(2,7-
fluorene) (HPF), is able to adopt both 5; and 5, helices.®
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On the other hand, there have been several reports
supporting a wormlike global structure of PF in solu-
tions around room temperature. For example, based on
UV—vis absorption spectra in THF at room tempera-
ture, poly[2,7-(9,9-di-n-hexyl)fluorene] (PFH) was indi-
cated to have an effective conjugation length of about
12 fluorene repeat units,1° corresponding to a persis-
tence length, g, of ~10 nm.1! Similarly, PFO was char-
acterized to have a q of ca. 8.5 nm from the light scat-
tering experiment in THF at +40 °C.” Recently, PFEH
was reported to adopt a wormlike structure with a g of
ca. 7 nm and a cross-section diameter, d, of ca. 1.8 nm,
based on small-angle neutron scattering and transla-
tional diffusion measurements in toluene at +20 °C.11

Oda, Neher, and co-workers synthesized the first
optically active PF bearing highly enantiopure chiral
alkyl side chains, poly[2,7-{9,9-bis[(S)-3,7-dimethyloctyl]} -
fluorene] (PFDMO).12 They suggested that PFDMO may
adopt helical backbone structures in an annealed thin
film based on spectroscopic data including circular
dichroism (CD), UV—vis, electroluminescence (EL), and
circularly polarized electroluminescence (CPEL). How-
ever, any further information on the PF backbone
conformation in solution has not been reported yet, due
probably to the weakness of the CD signal in solution
at room temperature.

To more clearly investigate PF conformational struc-
ture in the solution state, an optically active PF exhibit-
ing an intense CD signal in solution even at room
temperature is required. For this purpose, we have
designed and synthesized a new PF, poly[2,7-{9,9-bis-
[(S)-2-methyloctyl]} fluorene] (PFMO, Scheme 1),6d10 on
the assumption that the stereocenter at the S-position
in the side chains would effectively induce a more
chirally ordered PF backbone structure than that at the
y-position and that a longer side chain may afford
greater solubility of PF in organic solvents even at lower
temperatures.

© 2002 American Chemical Society

Published on Web 06/26/2002



6440 Tang et al.

Macromolecules, Vol. 35, No. 16, 2002

Scheme 1

Hy

HsC

+

cl

N CH, R_R

1) Ni(COD),/2,2"-bipyridyl (1/1, mol/mol)
DMF/toluene (1/4, v/v)
80 °C

R-Br, r.t.

2) 2-bromofluorene

NaOH,, (50%), DMSO

B U
R: CHg

The present paper reports the first CD spectroscopic
properties along with UV—vis, photoluminescence (PL),
and photoluminescence excitation (PLE) spectra, and
photoluminescence anisotropy (PLA) of PFMO in a
molecularly dispersed solution state. On the basis of
variable temperature CD and UV—vis measurements,
photoluminescence studies, and viscometric measure-
ments, we concluded that PFMO undergoes a certain
thermodriven, order—disorder transition of conforma-
tional motifs with a weak cooperativity around 0 °C.
This transition was discerned to be a significant ther-
modriven chiroptical change associated with thermo-
chromism. The randomly twisted disordered motifs in
the wormlike PF backbone at higher temperatures were
considered to be transformed into a highly ordered PF
motif, possibly a P-5, helix, along with additional plural
motifs at lower temperatures.

Experimental Section

Materials. All commercial chemicals were used without
further purification. Spectrophotometric grade THF (Kanto)
was used for preparing polymer solutions for measurements.
(S)-2-Methyloctyl bromide was synthesized at the Chemical
Soft Co. (Kyoto, Japan) by bromination of (S)-2-methyl-1-
octanol (Japan Energy, Tokyo, Japan, [0]*°p = —9.6° (neat),
>89% e.e. noted in Chiral Reagents 1600, p 213).

General. 'H (300.0 MHz) and *3C (75.4 MHz) NMR spectra
were recorded in CDCI; at room temperature with a Varian
Unity 300 NMR spectrometer using tetramethylsilane as an
internal standard. Elemental analyses were performed at the
Toray Research Center (TRC, Shiga, Japan) using a Vario
elemental analysis apparatus. Optical rotation at the Na b line
was measured with a JASCO DIP-370 polarimeter using a
quartz cell with a path length of 1.0 cm at room temperature
(23—24 °C). Molecular weights were evaluated by size exclu-
sion chromatography (SEC) on a Shodex KF806M column
(eluent THF, +30 °C) using a Shimadzu liquid chromatogra-
phy instrument equipped with a photodiode array detector
based on the calibration with polystyrene standards. CD and
UV—vis absorption spectra were recorded simultaneously on
a JASCO J-725 spectropolarimeter equipped with a Peltier
control for temperatures from +80 to —10 °C (cell path: 1.0
or 0.1 cm) and a liquid nitrogen-controlled quartz cell with a
path length of 0.5 cm in a cryostat, ranging from —20 to —80
°C. PL and PLE spectra were collected from the front surface
of a quartz cuvette (0.5 cm) or a thin film on a quartz substrate
in 45°/45° angle geometry to minimize the self-absorption
effects due to high optical densities using a Hitachi 850
spectrofluorometer equipped with a Daikin cryotec control for
temperatures from 24 to —80 °C. PLA was measured using a
quartz cell with a path length of 1.0 cm in right angle
geometry.

Syntheses. The synthetic procedure is outlined in Scheme
1. Using the phase transfer catalyst, triethylbenzylammonium

chloride (Kanto), the monomer, 2,7-dibromo-9,9-bis[(S)-2-me-
thyloctyl]fluorene, was synthesized from 2,7-dibromofluorene
(Aldrich) and (S)-2-methyloctyl bromide in a high yield of
90%.6d¢ Polymerization was carried out using a zerovalent
nickel reagent, bis(1,5-cyclooctadiene)nickel(0) (Ni(COD),) (Kan-
to), and the end termination was accomplished using 2-bro-
mofluorene (Acros).6¢e10

2,7-Dibromo-9,9-bis[(S)-2-methyloctyl]fluorene: [a] *p
= —1.5° (neat). 1°C NMR: ¢ (ppm) 14.10, 21.67, 22.66, 26.25,
28.84,29.22,31.73, 38.28, 47.98, 55.29, 121.06, 121.14, 127.20,
130.14, 139.16, 152.56. Calcd for C3;H44Br2: C, 64.59; H, 7.69.
Found: C, 64.65; H, 7.60%.

PFMO: *C NMR: 6 (ppm) 14.09, 22.02, 22.68, 26.63, 29.11,
29.40, 31.78, 38.87, 48.42, 55.06, 119.90, 122.68, 126.21,
140.21, 140.36, 151.55. Calcd for Ca1Haa: C, 89.36; H, 10.64.
Found: C, 88.74; H, 10.70%. M,, = 56 600, M,, = 18 300. PFMO
was readily soluble in organic solvents such as THF, chloro-
form, and toluene.

Viscosity. Intrinsic viscosity—molecular weight relation-
ships in THF and in toluene were performed using an in-line
configuration of a viscometer (Viscotek T60A) and the SEC
(Shimadzu) instrument described previously and an in-line
configuration of a viscometer (Viscotek H502a, equipped with
a capillary of the dimensions 0.5 mm i.d. x 61 cm length) and
SEC (Waters 150C) at TRC, respectively. The Mark—Hou-
wink—Sakurada equation obtained for PFMO were [] = 0.70
x 1075M97 in THF at +30 °C and [5] = 8.92 x 10°5M%# in
toluene at +30 °C.

Spectrum Deconvolution. The peak fitting of the UV—
vis spectrum was performed using scientific graphing and
analysis software, Origin, version 6.1 (OriginLab Corporation,
Northampton, MA), with a Gaussian peak function.

Results and Discussion

Chiroptical Properties. Figure 1 shows the variable
temperature CD and UV-vis spectra of PFMO in
THF.13 The CD spectrum at +50 °C exhibits a positive-
sign CD signal (Ae = 2.1 (FL-repeat-unit)~* dm® cm™1),
matching the maximum of the corresponding UV—vis
absorption (Amax = 380 nm, € = 3.35 x 10* (FL-repeat-
unit)~ dm® cm™1) due to the 7—x* transitions of the
PF backbones, indicating that PFMO may assume a
certain chiral conformation, e.g., a helix, in THF at +50
°C. The broad UV—vis absorption band is probably due
to the inhomogeneity of the backbone conformations
with the various effective conjugation lengths. However,
on lowering the solution temperature, the broad UV—
vis band changed gradually into well-resolved bands
exhibiting red shifts at the wavelength of the absorption
peak; the single positive-sign CD band gradually changed
into an apparent bisignate CD signal. For example, the
CD spectrum at —80 °C exhibits a positive-sign CD
signal at a shorter wavelength of 355 nm (Ae = 2.4) and
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Figure 1. Variable temperature CD and UV—vis spectra of
PFMO in THF (c = 3.0 x 1075 M of the FL repeat unit, path
length of 1.0 cm above —10 °C and 0.5 cm below —20 °C,
respectively).

a negative one at a longer wavelength of 403 nm (Ae =
—4.7), corresponding to the resolved UV-vis band
peaking at 399 nm with a shoulder around 380 nm.

Two possible assignments should be considered for the
origin of the resolved UV—vis bands at lower temper-
ature: one is the first 7z—a* transition and its vibronic
(C=C stretching vibration) sideband; another is the
consequence of the different 7—a* transitions due to
different backbone conformational motifs. The existence
of a clear isosbestic point at 370 nm in the variable
temperature UV—vis spectra indicates the latter pos-
sibility. At least two different PF motifs with different
excitation energies may coexist in the short wavelength
region around 360 and 380 nm. It was reported that,
among sr-conjugated polymers, vibronic sidebands in the
UV—vis absorption can be seen clearly in the regioregu-
lar polythiophene with an anti-coplanar z-stacking
structure in aggregates and/or in films415 and ladder
poly(p-phenylene) having a geometrically fixed planar
s-structure.'® Therefore, the resolved absorption band
of PFMO at low temperature is ascribed to the different
motifs incorporated in the PF backbone, and the vibronic
sidebands are probably not observable due to the
flexibility of the PF backbone, which is caused by the
somewhat rotational freedom in the o-bonds between
the adjacent fluorene rings.

The next question is whether the apparent bisignate
CD signal at low temperature originates from the
individual PF molecules, aggregates, or both. The
continuous changes in the UV—vis and CD absorption
profiles upon cooling indicate that the bisignate CD
signal is likely due to plural PF motifs with different
excitation energies and the opposite handedness incor-
porated in the individual molecules rather than the
aggregates, because in the case of aggregation, abrupt
changes in the CD and UV-—vis spectra are usually
observed.1517.18

A comparison between the UV—vis spectra of PFMO
in the film and solution states may be useful to test this
idea. As shown in Figure 2, the UV—vis spectrum of
PFMO in the film state at —80 °C exhibits a moderately
intense tail to a longer wavelength above 430 nm,
whereas that of PFMO in THF at —80 °C does not show
any such absorption tail, indicating that no significant
aggregates formed in solution even at —80 °C. This idea
is corroborated by the more significant difference be-
tween the CD spectra in the solution and thin film
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Figure 2. UV—vis and CD spectra of PFMO in a thin film at
—80 °C, which is prepared by spin-coating on a quartz
substrate from a 1.0 x 1072 M THF solution, 3000 rpm/min,
30 s; UV—vis spectra of PFMO in THF at three concentrations
at —80 °C; UV—vis spectrum of PFD in THF at —60 °C.

states at —80 °C. Indeed, the aggregates in the film state
at —80 °C showed a CD spectrum with three extrema
at 352 nm (Ae = —2.6), 395 nm (Ae = +17.1), and 417
nm (Ae = —3.0), which is completely different from that
of the THF CD spectrum.

The other evidence is the absence of concentration
dependence on the CD and UV—vis spectral shapes and
the € and Ae values in THF between +50 and —80 °C.172
For example, as shown in Figure 2, the UV—vis spectra
of PFMO in THF at —80 °C are almost identical at
concentrations of 1.5 x 1075, 3.0 x 107>, and 8.0 x 10~°
M within experimental error.

To further confirm this conclusion, we compared the
UV—vis spectrum of PFMO in THF at —80 °C with that
of the PF bearing n-decyl side chains, poly[2,7-(9,9-di-
n-decyl)fluorene] (PFD, M,, = 211 300, M,, = 88 100),
in THF at —60 °C. In the —60 °C UV—vis spectrum of
PFD, a narrow, well-resolved absorption band peaking
at 434 nm newly appeared, in addition to the main band
at 411 nm with a shoulder around 380 nm. Such a
characteristic absorption profile has already been re-
ported for PFO, due to the formation of an intrachain
packing structure of fully extended planar zigzag struc-
tures (2; helix).6®7 Therefore, it is reasonable that
PFMO dissolved in the good solvent, THF, has difficulty
producing aggregates even at low temperature of —80
°C due to the presence of the branched, bulky side chain
structure of (S)-2-methyloctyl groups.

Photoluminescence Properties. Figure 3A com-
pares two PL spectra of PFMO in THF at —50 °C and
at room temperature. The PL spectrum at room tem-
perature exhibits two peaks at 415.5 and 439.0 nm with
a shoulder around 470 nm, while that at —50 °C shows
two well-resolved bands at 417.5 and 442.5 nm with a
shoulder around 475 nm. The difference in the energy
between the 417.5 and 442.5 nm bands is 1353 cm™1.
The red shifts in the PL spectra upon cooling suggest
that the emitting motif gradually changed into that with
lower energy due to increasing of the effective conjuga-
tion length, which is caused by the better ordering of
the PFMO backbone at lower temperature.

Figure 3B shows the PLA plot of PFMO in THF at
room temperature. The plot is very weakly dependent
on the wavelength and exhibits a small value of ~0.05
between 250 and 360 nm and a slightly larger value of
0.12 at 400 nm, probably due to the fast energy
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Figure 3. (A) PL spectra of PFMO in THF at room temper-
ature and —50 °C (¢ = 3.0 x 107° M, excitation at 383 nm).
(B) PLA plot as a function of wavelength of PFMO in THF,
and PLE spectra monitored at 420 and 550 nm emissions
together with the UV—vis spectrum of PFMO in THF (c = 3.0
x 1075 M) at room temperature. (C) PL spectra of PFMO in
THF at various concentrations and in a thin film at —50 °C
(excitation at 383 nm).

migration within the PF backbone motifs from the
shorter conjugated ones with higher energy to the
longest conjugated motifs with the lowest energy. This
may be related to the observation that the PL spectra
are insensitive to the excitation wavelength.

Further PL studies support the above idea that PFMO
is dispersed molecularly in THF at a concentration of
~3.0 x 107%> M. One form of evidence is the fact that
the PLE spectra are independent of the emission
wavelengths.® For example, as shown in Figure 3B, the
PLE spectrum monitored at 420 nm emission (c = 3.0
x 107° M) in THF at room temperature is almost
identical to that monitored at 550 nm emission. Another
form of evidence is that the PL spectra of PFMO in THF
at concentrations between 3.0 x 107%and 1.0 x 1073 M

Macromolecules, Vol. 35, No. 16, 2002
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Figure 4. UV—vis spectrum of PFMO in THF at —80 °C and
the deconvoluted curves (solid line). UV—vis spectrum of
PFMO in THF at +50 °C (normalized for comparison, dotted
line).

do not exhibit any featureless emission bands at the
longer wavelength around 550 nm. The featureless
emission band is generally ascribed to the ground state
aggregates and/or the excited state excimers and sig-
nificantly appears in the PL spectra of PFMO in a thin
film and in THF solutions at higher concentrations
above 1.0 x 1072 M.® As an example, Figure 3C
compares the PL spectra of PFMO in THF solution at
low and high concentrations and in a thin film at —50
°C.

Viscometric Study. To qualitatively determine the
global conformation of PFMO in solution, the viscomet-
ric measurement is useful. The high viscometry index,
o, of 1.07 indicates a wormlike structure of PFMO in
THF even at +30 °C, as well as such PFs as PFH, PFO,
and PFEH. Consequently, it is believed that the PF
backbones adopt much stiffer structures at lower tem-
peratures, relating to the apparent bisignate CD signals
and the red-shifted UV—vis absorption bands at —80
°C.

Thermodriven Conformational Transition. To
elucidate the structures responsible for the positive-sign
CD signal at 355 nm and the negative-sign one at 403
nm in the CD spectrum of PFMO in THF at —80 °C, it
is necessary to perform peak fitting of the corresponding
UV—vis spectrum. Initially, we attempted to perform
the peak fitting using the two UV bands centered at 355
and 403 nm but failed to reproduce the original spec-
trum. Therefore, we tried to perform this operation
using three deconvoluted curves centered at 355, 380,
and 403 nm and successfully obtained the deconvoluted
curves as shown in Figure 4. This is probably because
that two PF backbone motifs with different excitation
energies may coexist in the short wavelength region
around 360 and 380 nm, evidenced by the clear isos-
bestic point at 370 nm in the variable temperature UV—
vis spectra (Figure 1).

The deconvoluted curves indicate that the mz—a*
transitions of PFMO in THF at —80 °C constitute three
z—* transitions, corresponding to band | with Amax =
355 nm, band Il with Amax = 380 nm, and band 111 with
Amax = 403 nm. On the other hand, the 7—=* transitions
in THF at +50 °C seems to consist mainly of two 7—a*
transitions, corresponding to bands I and II.

Figure 5 shows the changes in the intensities of the
CD and UV—vis spectra at three maximum wavelengths
as a function of solution temperature. On lowering the
temperature from +50 to —80 °C, the ¢ value at the
shorter wavelength of 355 nm gradually decreased, but
that at the longer wavelength of 380 nm gradually
increased, especially that at 403 nm increased signifi-
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Figure 5. Thermodriven changes in the UV—vis (A) and CD
(B) absorptions of PFMO in THF (c = 3.0 x 1075 M). The
discontinuous changes between —10 and —20 °C are probably
due to experimental error from the different cells used and
the different ratios of the temperature decrease.

cantly (Figure 5A); the Ae value at 355 nm gradually
increased and then remained at an almost constant
value starting from —20 °C, that at 380 nm decreased
gradually, and that at 403 nm shifted drastically from
a positive value of 0.8 to a large negative value of —4.7
through zero at 0 °C (Figure 5B). These UV—vis and
chiroptical changes indicate that PFMO in THF solution
may undergo a certain thermodriven conformational
transition around 0 °C.

Figure 6 shows the difference spectra obtained by
subtracting the UV—vis and CD spectra at —20 °C from
the corresponding ones at —80 °C. The difference UV—
vis spectrum clearly exhibits a sharp positive peak at
403 nm with a full width at half-maximum, fwhm, of
15.6 nm (0.12 eV), which perfectly matches the negative
sharp band at 403 nm in the difference CD spectrum.
This may be related to the progressive growth of a motif
(corresponding to band 111 at 403 nm) upon cooling from
—20 to —80 °C. On the other hand, the weak negative
band around 360 nm and the weak positive shoulder
around 380 nm in the difference UV—vis spectrum are
respectively due to the decrease in ¢ at 355 nm (corre-
sponding to band | at 355 nm) and the increase in ¢ at
380 nm (corresponding to band Il at 380 nm), while the
difference CD spectrum shows less significant bands at
355 and 380 nm, due to the near invariability in Ae at
355 and 380 nm from —20 to —80 °C. Therefore, we
concluded that, upon cooling from —20 to —80 °C, the
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Figure 7. Schematic models of the thermodriven conforma-
tional transition from (A) disordered local motifs with overall
M-helicity in the stiff wormlike PF backbone to (B) a highly
ordered PF backbone motif of a P-5;, helix along with other
unclear local PF backbone motifs.

planarization of the local motifs having Amax values of
355 and 380 nm resulted in the formation of a highly
ordered motif. The highly ordered structure at 403 nm
is assumed to be a P-5, helix (the P-handedness is
assumed here corresponding to the negative-sign CD
band, and vice versa),®® which shows Kuhn’s dissym-
metry ratio, gaps (= (Ae—go — Ae—20)/(e—g0 — €-20), defined
here), of —2.7 x 1074, having a large absolute value.2°
This value is typical for rodlike helical organopolysilanes
with single-screw-sense in solution.?°

Although PFMO may assume a stiff wormlike struc-
ture in THF at high temperature of +50 °C, several local
motifs would coexist in the PF backbone (Figure 7A),
e.g., helically structural precursors (for example, looser
M- and/or P-5; and 5,), exact alternately twisted (AT)
structures (optically inactive),®?! and AT structural
precursors with different torsional angle (¢) values along
the local motifs (optically active), due to the somewhat
free rotation in the o-bonds between the adjacent
fluorene rings. Consequently, although the exact struc-
tures responsible for the bands I and Il are difficult to
assign, the origins of the two bands may be due to the
mixing of such local plural motifs. The bulky (S)-2-
methyloctyl side chains are expected to lead to excess
M-handed structures, resulting in the weak positive-
sign CD signal at +50 °C.

However, upon cooling the THF solution of PFMO
from +50 to —80 °C, the backbone (Figure 7B) is
expected to become much stiffer, and the local motifs
gradually transformed into a highly ordered structure,
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possibly a P-5, helix,8® along with other unclear local
motifs with the opposite screw sense.?? The highly
ordered motif responsible for the band 11l at 403 nm
formed gradually at the expense of other local motifs,
corresponding to the bands I at 355 nm and Il at 380
nm.

Conclusions

We reported the first solution state CD spectrum of
a newly designed PF featuring highly enantiopure
p-branched chiral alkyl side chains, PFMO, in dilute
THF solution. Upon cooling the solution temperature
from +50 to —80 °C, the broad UV—vis band centered
at 380 nm changed into a resolved band peaking at 399
nm with a shoulder around 380 nm; the single positive-
sign CD band gradually changed into an apparent
bisignate CD signal. PL studies indicated that the
energy migration along the PF backbones proceeded
rapidly and that the emitting backbone motifs with the
lowest energy gradually changed into those having
longer conjugation lengths at lower temperature. The
high viscosity index of 1.07 for PFMO in THF at +30
°C revealed a stiff, wormlike structure. PFMO in THF
solution underwent a certain thermodriven, order—
disorder conformational transition with a weak coop-
erativity around 0 °C. It was considered that, upon
cooling, the randomly twisted local motifs in the worm-
like PF backbone at higher temperature were trans-
formed into a highly ordered PF backbone motif, pos-
sibly a P-5; helix, along with other unclear local motifs
with the opposite screw sense at lower temperature.
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