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β Phase in Chiral Polyfluorene Forms via a Precursor
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ABSTRACT: Chiral poly{9,9-bis[(3S)-3,7-dimethyloctyl]-2,7-fluorene) shows temperature-induced aggre-
gation in 1-octanol. For polymer concentrations of>0.01 mg/mL and cooling rates ofe10 �C/h, aggregates
form, showing characteristics of the β phase of polyfluorene. At higher cooling rates, lower concentration, or
both, another type of aggregates forms (R).R and β phases are distinguished by absorption, fluorescence, and
circular dichroism (CD) spectroscopy. Temperature-dependent CD and dynamic light scattering show that
the β phase forms only via a precursor aggregate, whose formation is concentration-, temperature-, and time-
dependent. The yield of the β phase can be optimized by choosing processing conditions that favor the
formation of the precursor.

Introduction

Crystallization of macromolecules can be a multistep process.
In a number of cases, intermediates present in the early stages of
crystallization have been identified such as transient meso-
phases,1 precrystalline aggregates,2 or crystallization precursors.3

It has been recognized that the final morphology obtained in
polymer processing is often imposed by such precursor structures
present early on in the crystallization process.4 For π-conjugated
polymers, film morphology directly influences its optoelectronic
properties, such as charge carrier mobility and light emission
characteristics.5 Therefore, when trying to optimize these proper-
ties, knowledge of precursor structures in the aggregation of
π-conjugated chains is of paramount importance. Here we
investigate the aggregation of chiral polyfluorene (poly{9,9-bis-
[(3S)-3,7-dimethyloctyl]-2,7-fluorene, 1)6,7 in 1-octanol and
distinguish two chiral polymorphs (R and β). For the formation
of only one of these polymorphs, we identify a precursor
structure. The formation of this precursor is a time- and con-
centration-dependent process. By choosing processing conditions
favorable to precursor formation, one can control which of the
polymorphs is formed upon aggregation (R or β).

The polyfluorenes constitute a class of π-conjugated polymers
for which organization in solid phase and functional properties
have been investigated in considerable detail. For instance, poly
(9,9-di-n-octyl-2,7-fluorene) (PFO)8 can form a crystalline phase
(R) below 160 �C. Besides this R phase, a mesomorphic β phase
has also been identified,9 which can be induced by, for example,
solvent treatment. This β phase can be distinguished fromR by its
optical properties: the absorption and luminescence band asso-
ciated with the allowed transition between ground and lowest
excited singlet state for β are red-shifted in comparisonwith those
for the R phase. This indicates a larger effective conjugation
length for π electrons along the backbone in the β phase, result-
ing from a special conformation of the polymer backbone.10

Several processing conditions are known to favor induction
of β phase.9,11 Although a number of characteristic diffraction
features have been identified for the β phase in PF derivatives
with linear side chains,12 the structure of the β phase has not yet
been resolved, and a detailed mechanistic understanding of its
formation is still lacking.

Experimental Section

The polymer used is chiral PF (poly{9,9-bis[(3S)-3,7-
dimethyloctyl]-2,7-fluorene, 1) with amino end groups having
Mn ≈ 20 400 and Mw ≈ 37 600 (PDI 1.84). 1 was synthesized by
Suzuki polycondensation by close analogy to the procedure
reported in literature,7a with a small percentage (1%) of
p-bromonitrobenzene as the end-capper to control the molecular
weight. Subsequent reduction by SnCl2 in EtOH/EtOAc led to
reduction of the nitro end groups to amino end groups. We
prepared stock solutions of 1 by dissolving the polymer in
1-octanol at high temperatures.

CD and LD spectra were measured on a Jasco J-815 spectro-
polarimeter where the sensitivity, time constant, and scan rate
were chosen appropriately. Temperature-dependent measure-
ments were performedwith a PFD-425S/15 Peltier-type tempera-
ture controller with a temperature range of 263-383 K and a
controlled cooling/heating rate. In these temperature-dependent
measurements, absorption can be measured simultaneously with
the CD. The temperature corresponding to the onset of the CD
effect, Taggr, is defined as the temperature at which the CD signal
rises above the noise level (g2 mdeg). Unless otherwise stated,
CD and absorption spectra pertain to an optical path length of
1 cm. UV-vis absorption measurements at room temperature
were done on a Perkin-Elmer Lambda 900 UV/vis/NIR spectro-
meter. Fluorescence measurements were performed on an Edin-
burgh Instruments FS920 double-monochromator luminescence
spectrometer using a Peltier-cooled, red-sensitive photomulti-
plier. Scattering experiments were done using a Zetasizer Nano
ZS with 632 nm light and detection at an angle of 173� in the
temperature range of 283-263 K. We determined equivalent
hydrodynamic radii by fitting the Siegert relation13 including a
single exponential decay function to the experimental correlation
function. From the decay constant (Γ = Dq2), we estimate the
hydrodynamic radius using the Stokes-Einstein relation for a
spherical particle.

Results and Discussion

To investigate the aggregation of the chiral polyfluorene 1 in
1-octanol, we use temperature- and time-dependent CD. 1 is
dissolved in 1-octanol by heating to 90 �C.

At this temperature, the solutions show no significant CD
effect (Figure 1), indicating that the polymer chains are present as
free randomcoils.Upon cooling, the solubility of the rigid rodlike*Corresponding author. E-mail: s.c.j.meskers@tue.nl.
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polymer is lowered, and chains aggregate. During
controlled cooling of the hot solution containing 0.010 mg/mL
of polymer at a rate of 10 �C/h, we see the induction of a bisignate
CD signal at temperaturesT<50 �C. (See Figure 1a.) These CD
features are associated with the electronic transition from the
ground state to the lowest excited singlet state of the polymer
(S0-S1). The CD signal reaches a minimum at a wavelength of
350 nm and a maximum at 420 nm.We assign these features to a
(semi-) crystalline state of the polymer: R phase.

For polymer with a concentration of 0.014 mg/mL, we find
different CD features under the same conditions (Figure 1b).
At-10 �C, the CD signal showsminima at 333 and 410 nm and a
maximum at 430 nm. This indicates the formation of a different
polymorph at high concentration. This polymorph is character-
ized by a long wavelength shoulder in the absorption spectrum
near 425 nm (Figure 2a). This shoulder is also observed for the
β phase in achiral polyfluorene. Upon excitation of this phase via
this long wavelength transition with 425 nm light, we observe a
structured fluorescence spectrum with narrow vibronic bands
(Figure 2b). The bands are red-shifted with respect to those from
the R phase by about 20 nm. These features are indicative
of a highly ordered β phase. Upon heating, the long wavelength
shoulder vanishes from the spectrum at T = 70 �C (Figure 2c).
This marks the melting temperature of the β phase.

Interestingly, we find that the β phase does not form in a single
step from the molecularly dissolved state but involves a precur-
sor. This precursor can beobserved in the temperature-dependent
CD spectra at temperatures near T=50 �C just before the onset
of aggregation (Figure 1b). The precursor is characterized by a
CD band shape with a single minimum at 410 nm. Importantly,
we find that in cooling experiments, the induction of theβphase is
invariably accompanied by the occurrence of the precursor in the
early stages of aggregation. Under those conditions where the R
phase is formed, the precursor is not observed (Figure 1a and the
Supporting Information).

The involvement of the precursor in the formation of the
β phase can be further illustrated by looking at the CD signal at
416 nm as a function of temperature (Figure 3a). At low
concentration (0.006 mg/mL), the CD signal measured at
T = 45 �C is slightly positive, showing that the precursor does
not form under these conditions. Upon further cooling, we
observe the formation of theR phasewith an onset of aggregation
atTaggr=40 �C.Upon further cooling to-10 �Cand subsequent
heating, this phase melts again at around 50 �C. By contrast, at
higher polymer concentration (0.014mg/mL), the emergence of a
negative Cotton effect for T < 50 �C indicates the formation of
the precursor. Below 40 �C, the negative CD signature for the
precursor signature gives way to the positive CD of the β phase.
Upon cooling to-10 �C and subsequent heating to 90 �C, we see
that the β-phase melts around 70 �C. The large hysteresis
indicates that the precursor structures further assemble in a
cooperative manner forming the β phase. Consistent with this,
the precursor signature is not observed in the heating run of CD
experiments. The CD band shape of the β phase hardly changes
upon heating to 70 �C,14 which indicates that this phase is
homogeneous on the length scale corresponding to the typical
aggregate size. The intensity under the long wavelength shoulder
at 425 nm that is the main characteristic of the β phase is only a
fraction of the total intensity under the S0-S1 absorption band
near 390 nm. This low relative intensity, which is also observed
for achiral polyfluorene,15 indicates that not all polymer chains in
the β phase may have a backbone conformation with extended
conjugation causing the long wavelength absorption. This sug-
gests that the β phase accommodates different backbone con-
formations and may not be a ‘pure’ phase at the molecular level.

Time-dependent CDmeasurements show that the precursor is
stable in time at T= 45 �C (Figure 3c). At this temperature, the

precursor is characterized by a monosignate CD spectrum
(Figure 3b). After rapid cooling (>600 �C/h) of the solution
containing the precursor from 45 to -10 �C, a CD spectrum
results (Figure 3d) that shows some similarity with that of the
precursor but is markedly different from that of the β phase

Figure 1. CD spectra of (1) chiral PF in 1-octanol at (a) 0.010 and
(b) 0.014 mg/mL concentration (bottom) at T = 90 �C (-0-), T =
50 �C (-O-), and T = -10 �C (;) at a cooling rate of 10 �C/h.

Figure 2. (a) Absorption and CD spectra for 1 (0.014 mg/mL) in
1-octanol at room temperature. (b) Corresponding fluorescence and
fluorescence excitation spectra. Wavelength of excitation (425 nm) and
of emission detection (480 nm). The blue dashed lines show absorption
and fluorescence (excitation at 380 nm) for 1 at 0.001 mg/mL.
(c) Temperature dependence of the long wavelength shoulder in the
excitation spectrum of 1 as shown in b. Fluorescence monitored at
490 nm. (d) Corresponding fluorescence intensity upon excitation at
430 nm as a function of temperature.
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(Figure 1b). Therefore, the formation of the β phase from the
precursor is a time-dependent phenomenon and may be inter-
preted in terms of cooperative aggregation of precursor struc-
tures. From the same solution, the R phase is obtained when
quenching directly from 90 to -10 �C.

Further evidence of the involvement of a precursor in the
temperature-induced aggregation of 1 at slow cooling rates comes
from dynamic light scattering experiments. Figure 4 illustrates
changes in light scattering upon cooling a solution of 1 in octanol
(0.33 mg/mL) at fast (60 �C/h) and slow (10 �C/h) cooling rates.
As can be seen in Figure 4a at slow cooling rate, the scattered
intensity rises above the base level already at a temperature of
64 �C, whereas at fast cooling rates, the onset occurs at lower
temperatures. By examining the intensity of scattered light in a
broader temperature range (Figure 4b), we observe a distinct
shoulder in the temperature range of 64-55 �C upon slow
cooling. This is consistent with a biphasic aggregation involving
a precursor. At fast cooling, the shoulder is absent. The analysis
of the autocorrelation function of the intensity of scattered light
for slow cooling (Figure 4c) confirms that in the temperature
range of 64-55 �C, small aggregates are formed that grow into
larger ones at lower temperature. Taking into account the
temperature dependent viscosity and refractive index of 1-octa-
nol,16 we estimate an average equivalent hydrodynamic radius of
the aggregates upon slow cooling of (1 and 2) � 102 nm at
respectively 57.5 and 20 �C. For fast cooling (Figure 4d), the
corresponding numbers are (0.6 and 1)� 102 nm. Here the lower
value of the correlation function at 1μs shows that the intensity of
light scattered by the aggregates is still comparable to the
intensity of light scattered by the solvent.

The magnitude of the CD effect after cooling to 50 �C as a
function of concentration is shown in Figure 5. For concentra-
tions below 0.01 mg/mL, the CD effect is negligible. For
concentrations exceeding 0.01 mg/mL, we observe negative
CD, marking the formation of precursor. This nonlinear depen-
dence of the negative CD effect from the precursor on concentra-
tion shows that precursor formation involves intermolecular
interactions between several polymer chains coming together to
form the precursor. This is reminiscent of the formation of the
triple helix from collagen-mimicking peptides.17 The mono-
signate CD band shape of the precursor may be explained by a
helical conformation of the backbone of the polyfluorene.18,19

Diffraction studies20 and molecular modeling6,21 on achiral

Figure 3. (a) Circular dichroism of 1 in 1-octanol monitored at 416 nm
as a function of temperature upon cooling at 10 �C/h fromT=90 to-
10 �C. Data for two different concentrations: 0.006 mg/mL (open
symbols) and 0.014 mg/mL (filled symbols). (b) CD spectra of 1 at
T=90 and 45 �C (0.04mg/mL, 1mmoptical path length, cooling from
90 �C at 10 �C/h). (c) Time evolution of the CD at 416 nm and 45 �C.
(d) CD spectra at -10 �C upon rapidly cooling (>600 �C/h) the
solutions shown in b from 90 �C (-9-) and from 45 �C (-O-). Slow
cooling from 90 �C at 10 �C/h (-4-).

Figure 4. Dynamic light scattering measurements on a solution of
1 in 1-octanol (0.33 mg/mL) upon cooling the solution from 90 �C to
room temperature at different cooling rates. (a,b) Intensity of scattered
light for cooling rates of 10 �C/h (-9-) and 60 �C/h (-O-). (c,d)
Autocorrelation function for the fluctuating intensity of scattered light
recorded at 57.5 and 20 �C for cooling rates of 10 �C/h (-9-,-0-, c)
and 60 �C/h (-b-, -O-, d).

Figure 5. (a) Maximum precursor CD observed at 50 �C in the
neighborhood of 416 nm for different concentrations upon cooling
fromT=90 �C at a rate of at 10 �C/h. The curved solid line illustrates a
linear relation between CD and concentration. (b) Temperature at
which the CD signal at 416 nm sets in and the nature of the CD band
shape (R/β, see text) upon further cooling to -10 �C at 10 �C/h (filled
symbols). Open symbols: corresponding data for faster cooling rates.
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polyfluorene have indicated that helical conformations approxi-
mately described by 51 (or 52) are particularly stable. For the
β phase, helices close to 21 have been proposed.10 The absence of
the bisignate CD band shape expected for exciton coupling
between chains held in a chiral arrangement22 can only be
explained assuming that in the precursor, the polyfluorene chains
are oriented in the same direction.A possible structural model for
the precursor could be intertwined helices. Molecular modeling
studies on chiral oligofluorene indicate the possibility of such
intertwined helices.23

At cooling rates exceeding 10 �C/h, the precursor (and β phase)
are not formed.14 This indicates that the formation of precursor is
an intrinsically slow process, involving e.g. concerted folding of
long random coils. The dependence of β-phase formation is
further illustrated in Figure 5b. Here the temperature at which
the CD sets is plotted as a function of concentration upon
cooling. The character of the aggregates obtained at -10 �C
(R/β) is illustrated by the different symbols. As can be seen, the
β phase is obtained for concentrations >0.01 mg/mL. This
demarcation between R/β formation coincides with the onset
concentration for the formation of precursor. The formation of
the β phase can also be inhibited by increasing the rate of cooling.
For cooling rates of 30 �C/h and higher, the R phase is obtained
instead of β.

Conclusions

In summary, we have shown that a particular polymorph (β) of
chiral polyfluorene exists whose formation involves a metastable
precursor. Because of the fact that the formation of the other
polymorph (R) apparently does not proceed via this precursor,
one can promoteβ-phase formation by choosing those processing
conditions that favor precursor formation.
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