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ABSTRACT: The structure of poly(9,9-dioctylfluorene-2,7-diyl) (PF8) in deuterated toluene solutions at
concentrations ranging from 0.60% to 7.0% (w/v) has been investigated by means of small-angle neutron scattering
(SANS) and nuclear magnetic resonance (NMR) spectroscopy. PF8 chains exhibited aggregation above 1.0%,
where the corresponding SANS profiles were characterized by the superposition of an aggregate component and
a dynamic component associated with the transient network formed by interchain overlaid. NlWR resonance

lines for both the polymer as well as for the residual protons in the solvent showed large upfield shift at higher
concentrations, indicating strong polymesolvent interaction. At a higher concentration (4.5%) an additional
resonance line was observed in the aromatic regions of botktlzed the?H spectra that has been attributed

to a residual anisotropic chemical shift of the solvent molecules. The later phenomenon is suggestive of the
existence of magnetically anisotropic aggregate domains of PF8 dispersed in an isotropic bulk.

1. Introduction Scheme 1. Structure of Poly[9,9-dioctylfluorene-2,7-diyl]
. . . . (PF8, 1)
sm-Conjugated polymers constitute a class of organic materials

whose unique electrical and photonic semiconducting properties
have led to a variety of optoelectronic applications ranging from
light-emitting diode’ to photovoltaicg. These polymers are
composed of rigid conjugated segments containing flexible short
side chains to render nominal solubility in common organic
solvents and hence make it easy to process the otherwise
infusible and insoluble parent polymer. At the coarse-grained
level, the segments of conjugated polymers can be represented
as “hairy rods”. These polymers are thus expected to develop
liquid crystalline order, as rodlike molecules are known to form
thermotropic as well as lyotropic liquid crystalline phages.
Polyfluorenes (PFs) are a very attractive class of conjugated21
polymeré=6 due to their great potential uses in blue-light
emitting deviced:® Poly[9,9-dioctylfluorene-2,7-diyl] (abbrevi-  aiso upon the physical treatments of the solid polymer a
ated as PF8, structuf@ is a structural archetype of PFs having - mesomorphic phase that emits at a lower energy in photolumi-
been eXtenSiVely studied in the solid state as a model Compounchescence (PL)’ Comm0n|y known as mehase, may deve|op_
for the clas$7?° PF8 is able to crystallize with the crystals |t s pelieved that these treatments induce twists between
melting atca 170 °C to a liquid crystalline phase up to the  neighboring monomer units to facilitate a more planar backbone
clearing temperature range of 27B80°C.2*?5The thermotropic  conformation and hence a more extendedonjugation in this
LC phase of PF8 has been homogeneously aligned on treatethhases-1013-17.19
surfaces and subsequently frozen into a nematic glass or slowly  The application ofr-conjugated polymers in optoelectronic
cooled to a crystalline film, both of which show strongly devices requires thin films that can be suitably cast from
enhanced optical anisotropy in photoluminescence with a appropriate solutions. Although the solution structure of the
dichroic ratio of about 25@‘27Apart from the stable Cl'ystalline p0|ymer greaﬂy influences the morph0|ogy and the Optoe|ec-
a-phase, the polymer exhibits a variety of metastable phasestronic properties of the cast fili#28 only a few studies focusing
with characteristic photophysical properties depending on the on the dilute £1%) solution structure has been reported for
processing condition. For example, in certain poor solvents and prg9.21 For instance, the conformational structure of PF8 in
the solutions has been investigated by light scattering. The
*To whom correspondence should be addressed. E-mail: hsichen@ Persistent length ) of the polymer deduced from the measured

21

20 20

mxT.nthu..edu.tw., o radius of gyration with the assumption of wormlike chain model
- ational ;Sg‘r?eg‘;aR%’;g’::ggy- indicates that the chain is semirigid with ~ 8.5 nm? A recent
$Kun Shan University. ' study by small-angle neutron scattering (SANS) reveals that PF8
'Moscow State University. can be dissolved down to the molecular level in dilute {0.5
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1.0%) toluene solutions where they remain as stiff rods. By
contrast, the dissolution only reaches the colloidal level giving
rise to disklike aggregates in a poor solvent, methylcyclohexane
(MCH).2%

Herein we study the structure of PF8 in toluene solution over
a broad concentration range (0.6%.0% (w/v)) using (NMR)
spectroscopy as the major tool complemented with SANS
results. We will demonstrate that the polymer shall undergo
aggregation when the concentration exceeds 1.0%. The NMR
study further reveals an unusual anisotropic diffusion mode of
the solvent molecules suggesting that the segments in the
aggregate domains are aligned, resembling a lyotropic liquid-
crystalline (LC) state.
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2. Experimental Section

Poly(9,9-dioctylfluorene-2,7-diyl) (PF8) end-capped with dim-
ethylphenyl groups was obtained from American Dye Source, Inc.,
Quebec, Canada. Its molecular weight measured by GPC using THF
as the eluting solvent and polystyrene as the standardviyas ———r—r—rrrry
49 800 and PD# 2.0. Weighed amount of PF8 was first dissolved 01
in 1 mL tolueneds (99.6 atom%?H, Aldrich) by gently warming q ;A‘1
in a water bath at 50C and stirring overnight at room temperature
(25°C). 0.8 mL of this solution was transferred into the NMR tube  Figure 1. Room temperature (25C) SANS profiles of PF8/toluene-

(5 mm diameter) and capped with a rubber septum. It was ds solutions at indicated concentrations (g of solute/100 mL solution).
subsequenty degassed (o remove cissolved orygen by repeatedOlS SIVES e e o e oesponng S o o5 cee ) The
freeze—thaw cycles, _and the vacuum was released by dry nitrogen. from the square of the radius of gyration vs molar mass data of Grell
The final concentration of the solutions before measurements wereg; 5je

calculated from the height of the solution in the NMR tube

calibrated to the voluméH NMR spectra of the PF8 in toluerdg-
solutions at temperatures ranging betwee?0 and+75 °C were
measured at 499.84 MHz on a Varian Unitylnova-500 NMR
spectrometer at the Department of Chemistry of the National Tsing
Hua University, Hsinchu, TaiwadH spectra were obtained by the
same instrument at 76.73 MHz. A 1.0% solution and a 4.5%
solution of PF8 in THFds (99.4 atom%@H, Aldrich) were similarly
prepared and investigated by the NMR spectrometer.

SANS experiments were performed on the 30 m SANS instru-
ment at the National Institute of Standard and Technology (NIST)
Center for Neutron Research (NCNR)The sample-to-detector
distance was 30 m and the incident neutron wavelehgtas 8 A
with a wavelength dispersioA/A of 0.142° This resulted in an
effective g range of 0.0030 Al < g < 0.40 AL The polymer
solutions in deuterated toluene were encapsulated into quartz banjo
cells having path lengths of 2 mm and were placed in the
demountable titanium cell holder. The scattering intenégywas
corrected for transmission, background, and parasitic scatterings
and was normalized to an absolute intensity (scattering cross section
per unit sample volume) as a function of the scattering vegtor
whereq = (4n/A) sin(6/2), with A and 6 being the wavelength of
the neutrons and the scattering angle, respecti&hhe incoherent
background from the pure solvent was also measured, corrected
by the volume fraction displaced by the dissolved PF8, and
subtracted from the reduced scattering data.
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Figure 2. Concentration-normalized SANS profiles of PF8/toluene-
ds solutions at indicated concentrations. The normalized intensity is
independent of concentration in the highlegion whereas it decreases

3.1. SANS Study.Figure 1 shows the room-temperature with increasing concentration in the middle-q region (0:00926 A1),
SANS profiles in log-log plots of PF8/toluene solutions with

concentrations ranging from 1.0% to 7.0%. The scattering the polymer concentration lies above 1.0%. The upturn of the

3. Results and Discussions

intensity closely followsq~! dependence in the higipregion
(~0.03 A1 < q<~0.11 A %) irrespective of concentration,
indicating the presence of rod entity under larger spatial
resolution3!? The rods correspond to the hairy rod segments
constituting the PF8 chain, as the molar mass per unit length
(45.6 g mot® A-1) of the rods determined from the absolute
intensity closely agrees with that calculated from the monomer
unit of PF8 £46.4 g mot! A-1)°

The scattering intensity tends to level off in the middle-
region (0.009-0.026 A1) and shows an upturn at logawhen

low-q intensity attests that the hairy rod segments of PF8
undergo aggregation in toluene forming domains of aggregated
chain segments that dominate the Iqvirtensity.

Further insight into the observed scattering patterns can be
deduced from the concentration-normalized intensity profiles,
I(g)/c, as displayed in Figure 2. It can be seen that the
normalized intensity in the high-region is independent of
concentration, whereas at the middjeit decreases with
increasing concentration. This feature is prescribed by the
transient network structure formed by the interchain overlap in
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1(0)
[1+ £, exp@°R/4)]

I(a) = ®3)

in which Ris the radius of the rod. This is a modified Ornstein
Zernicke equation modeling the scattering intensity arising from
the transient networks with the mesh size being smaller than
the Kuhn length.

In addition to the dynamic component due to the transient
network, an additional component associated with the aggrega-
tion of a portion of the segments (cf. the shaded regions in
Figure 3) contributes to the upturn of the lapintensity for
the 3.0 and 7.0% solutions. Here we adopt the well-known
Debye-Bueche equatici3°to model this component,
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] ) ) ) whereé; is the correlation length which may characterize the
Figure 3. Schematic representation of the aggregate domains (shadedaverage distance between the aggregate domains. The combina-

area) tying the PF8 chains to form a cluster. The overlap of the ti f 3 and 4 vields the following t t del
unassociated chains in the cluster as well as in the bulk of the semidilute Y01 OT €4S 5 and 4 yields the following two-component mode

solution generates a dynamic network with the characteristic mesh sizefor fitting the entire scattering curve:

of &q.
__ o 1(0)
A+ EXG)  [1+ Eqexp@Ri4)]

the solutiors? as illustrated schematically in Figure 3. In this 1(q) (5)
case, the scattering intensitycat- &4~ (4 = mesh size of the
dynamic network) is dominated by the form factor of the
subchains (each enclosed by a blob as shown in Figure 3
between the dynamic overlap points. dit< 471 the solution

may be described as a molten system of blobs with little
fluctuations in density and thus the scattering intensity tends to ) = ) )
y d y overall concentration, which is consistent with the drof(qf/c

level off32 For PF8, the subchains within the blobs are “V&'c - S0 .
essentially rodlike as long as the mesh size is smaller than the'Vith increasingc observed in Figure 2. Figure 4 plofg as a

Kuhn length. Therefore, the scattering intensity display% function of overall concentration in legog plot. The slope of
dependence at> &L. Thel(q)/c associated with the transient the plot isca. —0.89. For uniform dispersion of rod particles

. . i 1/2 i i i
network structure is proportional to the mesh volugeat g the mesh size scales as™s, and f%;;ex'[_)iz coils |n_® angl
< £47132 Normally the mesh size is smaller at higher polymer gﬁOd solvent the mesh s}|12e scalesasndc ", re.srf)ehctlvelf. ,
concentrations, such thaig)/c decreases with increasing The exponent observed here is not consistent with that prescribed

concentration in the middlg-region. by any of the three cases. This can be attributed to the
Within the context of random phase approximation, the aggregation of the chains at the concentrations 3.0% and 7.0%,

scattering intensity of a semidilute solution of ideal Gaussian Which yield network clusters. In these clusters the polymer
chains is given by the OrnsteiZernicke equatiof chains are tied together by the aggregate domains (cf. Figure
3). The dynamic mesh size in the cluster network is expected

) The fitted results are shown by the solid curves in Figure 1
and the parameters obtained from the fits are shown in
Table 1.

The dynamic mesh size is found to decrease with increasing

1(0) to be smaller than that prescribed by the uniform dispersion of
() =—"55 Q) the polymer chains throughout the solution. It should be noted
1+ géEy) that the aggregate domains in the clusters formedatl.0%
should not be highly populated, as the dominance of the dynamic
where 1(0) is the zero-angle intensity proportional 62. component in the SANS profiles indicates that most meshes in

According to this equation, the scattering intensity displays an the system are "dynamic meshes”. This is in clear distinction
asymptotic power law ofq~2, which corresponds to the  With the constrained networks formed by the prevalent aggrega-
asymptotic behavior of the form factor of Gaussian chains. In tion of another conjugated polymer, DP6-PPV, in tolu&fithe

the case where the subchains within the blobs are non-GaussianSANS profiles of these constrained networks have been found

the scattering intensity is given By to exhibit well-defined power laws characterizing their fractal
dimensions. The aggregate structure observed here is also
1(0) different from the compact disklike aggregates formed by the
I(q) = W (2) same polymer in the even poorer solvent, M&H.
[1+(acy™] 3.2. NMR Study. Figure 5 shows the 500 MH¥ NMR

spectra of 0.60% and 4.5% solutions of PF8 in toludnet
wherev is the scaling exponent of the dimension of subchains. 25 °C. The spectra contain all the assigffgaroton resonance

For a swollen coil in good solvent = 0.6. lines of the polymer along with signals from the residual protons
The scattering intensity of the present system exhibits the in the solvent. The resonance lines due to the polymer are broad
asymptotic power law of{* followed by a steeper drop (gt in general; however, the spectrum of 0.60% solution is much

> 0.15 A1) due to the contribution of cross section of the rod better resolved than that of the 4.5% solution. Also, tHe
subchains in the blobs. Therefore, the scattering intensity is resonance frequencies of PF8 in the former solution show close
given by proximity with those in the literature in a dilute CDCI
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b Figure 6. 500 MHz*H NMR spectra of a 4.5% PF8 solution in toluene-
dg at indicated temperatures. The signal from the residual methyl protons
b in the solvent centered at 2.09 ppm was used as the reference. Inset:
Expanded view of the residual aromatic proton resonances of the solvent
1 in the solution at corresponding temperatures (in color). The same region
10 T —TTTT in neat tolueneds at indicated temperatures are shown for comparison

0.01 1 0.1 (in gray).
c/gml

Figure 4. Log—log plot of dynamic mesh size as a function of overall

polymer concentration.
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Figure 5. 500 MHzH NMR spectra of 0.60% and 4.5% PF8 solutions 4.5% PF8 solution in toluends at indicated temperatures. values
in tolueneds at 25°C. The signal from the residual solvent protons refer to the resonance signal from methyl deuterons set at zero ppm.

(0.40 atom% H) centered at 2.09 ppm is used as the reference. Numbers

in parentheses refer to Structure 1. Although the motionally narrowed line shape of the residual

aromatic protons of neat toluenlg-is retained in the solution

at lower temperatures, at higher temperatures the shape changes

p— dramatically. The line due to theara-protorf® gradually ap-

%) 140)emY)  E&R)  140) (e Ea(A) R(A) proaches toward that due to thetho-protons at lower frequen-
cies, first creating a shoulder and eventually merging with the

1.0 0.58+0.01 170.1£5.0 3.3+0.2 . . . .
30 2894125 5508-87.2 068+003 69.2-45 3.3+01 latter at higher temperatures, while the additional peak shifts

7.0 453+22.1 514.7+78.4 0.86+-0.03 29.8+25 3.7+0.3 in the opposite sense (toward higher frequencies, see Figure
6).
solution38 All the resonance lines of the 4.5% solution shift to 76.73 MHz 2H spectra of the same sample are shown in
frequencies significantly lower than the corresponding lines of Figyre 7. The extra line in the aromatic region is also prominent
the 0.60% solution. Moreover, the spectra of the 4.5% solution pere confirming its association with the solvent. While the shape
contain an additional line in the aromatic region (6.43 ppm). of the resonance lines of the aromatic region of pure toluene-
Figure 6 shows the NMR spectra of the 4.5% solution dg persists at 5.0 and 28, at higher temperatures the shape
collected at temperatures between 5.0 anféi5The resonance  changes to a great extent: The lines due to the aromatic
positions of the residual aromatic protons of the solvent in the deuterons of the solvent shifts to lower frequencies with the
solutior?® shift to frequenciesnfeta 7.07— 7.03 ppmj° much para-deuteron resonance having a higher rate of the upfield shift,
lower than the corresponding motionally narrowed resonance merges with the line due to thatho-deuteron. On the other
lines of the neat solvent as a function of temperature (11  hand, the additional resonance line shifts to higher frequencies
7.07 ppm; inset of Figure 6). The additional absorption line in with increasing temperature. It is also noticed that the width of
the aromatic region shifts gradually to higher frequencies (6.17 the 2H resonance lines of the solution remarkably broadens at
— 6.56 ppm) as the temperature is raised. higher temperatures, contrary to what one should expect from

Table 1. Parameters Obtained from the Fit of the SANS Profiles to
Eq 5
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field directiorf® and the rotational diffusion of the solvent
molecules local to the LC domains is known to be anisotirépic.
In the bulk of the solution, however, the environment for the
Brownian diffusion of the solvent is isotropic. Existence of
similar lyotropic aggregate domains (droplets) in equilibrium
with the isotropic bulk phase at ambient temperatures has been
speculated in a recent study in dilute toluene solutions of another
hairy-rod conjugated polymer, poly(2,5-didodecyl-1,4-phe-
nylene) by osmometry and transmission electron microséopy.
The observed extra resonance line can be presumed to be due
e e to the RAS of thepara-proton (deuteron) in toluene, as the line

80 75 70 65 due to thepara-proton suffers a larger rate of upfield shift with

&/ ppm increasing temperature and eventually merges with the line for

Figure 8. 500 MHz 'H NMR spectra of a 0.60% PF8 solution in  theortho proton (cf. Figure 7 and inset of Figure 6). The reason
tolueneds at indicated temperatures. Inset: Expanded view of the why only thepara proton gives rise to the RAS and not the

residual aromatic proton resonances of the solvent at corresponding th lvent prot lies in th lex d . fh vent
temperatures (color coded). The same region in neat toldgrae- other solvent protons lies in the complex dynamics ot the solven

indicated temperatures are shown for comparison (in gray). moleculed! local to the aggregate domains, of which we do
not have a complete understanding as yet. However, in order

to minimize the extra magnetic energ € — yB?2, y is the
molar diamagnetic susceptibility) incurred from large induced
currents in the aromatic ring in the magnetic field (B), toluene
molecules would tend to orient with the plane of the molecule
(along whichy is minimum) parallel to the field directiof?. It
turns out that the £€molecular axis (containing the plane of
the aromatic ring and thpara C—H bond) of toluene has a

TLEbh bbb

72} preference for orientation along the direction of the static
5£;o magnetic field and as such, the shift anisotropy for plaea

40° proton being not averaged completely, gives rise to the residual
3355_ anisotropic shift. We can observe the two separate resonance

12; lines for thepara-proton because the rate of exchange of the

3 solvent molecules between the two domains is rather slow on

y 00 the NMR time scale. However, as the temperature rises,
515' T '5:0' T '415' o '4:0' 3‘2 ' 0:0 ' _0'.2 increasing rate of exchange of the solvent molecules between

. the two domains contributes to the gradual averaging of the
Relative 5 / Ppm two signals (they approach each-other) suggesting that the
Figure 9. 76.73 MHz2H spectra of 0.60% PF8 solution in toluedg- exchange rate is in fact comparable with the chemical shift
at indicated temperatured.values refer to the resonance signal from  difference between the two sitest ~ |01 — J|, intermediate
methyl deuterons set at zero ppm. Inset: Expanded view of the aromat'cexchange regimeéf The unusual fattening of the solvent

region at corresponding temperatures (color coded). The same region - - - .
of neat toluenas at 5 and 75°C are shown for comparison (in gray).  fesonance signals much prominent a_t hlgher temperatureg in the
2H spectra of the 4.5% PF8 solution is due to the higher

enhanced thermal Brownian diffusion of the solvent molecules contribution of the exchange broaderfifigp the line width at
(compare with spectra a and f of the solvent in Figure 7). higher temperatures. The protons (deuterons) in toluene other

1H and2H NMR spectra of the 0.60% PF8 in toluedg- than thepara one might also h_ave producgd RAS to sma_1||
solution are displayed in Figure 8 and Figure 9, respectively. extents and contrlb_ute_d to the line broadening. _The formation
Both the spectra show regular shift in the motionally narrowed ©f 2ggregate domains is, however, not reflected in NMR study
resonance lines of the aromatic region of the solvent with ©f the dilute solution (0.60%). These results nicely go with the
temperature. No additional resonance lines can be observed ir>ANS profiles of the solutions that have been characterized by
the aromatic region of the spectra. The resonance lines in thefh€ Superposition of an aggregate component and a dynamic
?H spectra are not broadened to any significant extent either.component in the 3.0% and the 7.0% solutions with the

The presence of an extra resonance line in the 4.5% solution239r€gate component being absent from the 1.0% solution.
due to a solvent aromatic proton that persists up to°C0 Now the question remains as to the molecular mechanism
(highest studied temperature) along with its strong temperaturefor the formation of the aggregate domains. It is known that
dependency leads us to think of two domains for the reorien- 7-conjugated systems containing aromatic moiety are able to
tational Brownian diffusion of the solvent molecules in this form aggregate domains through-sz stacking in solutiort’
solution: (a) an isotropic domain, where rotations of toluene For efficient stacking, a planar conformation of the backbone
molecule about its principal rotation atésare motionally has been presumé8In such systems, an upfield shift in the
averaged giving rise to the resonance lines characteristic of thetH NMR resonance lines from the aromatic protons with
pure liquid, and (b) an anisotropic domain, where some of the increasing concentration has been obsefé8 While such
rotational diffusion modes are only partially averaged, giving interactions may be the dominant mechanism for aggregation
rise to a residual anisotropic chemical shift (RA3)This is in aliphatic solvents, in aromatic solvents the sotgeluter—m
consistent with the formation of aggregate domains of PF8 interaction should be unimportant due to the predominance of
segments of the lyotropic LC type dispersed in the isotropic the solute-solventz—s interactions in the system. We have
solution matrix since the LC domains orient in the strong observed that the aromatic proton resonance lines of PF8 in
magnetic field of the NMR with their director parallel to the 4.5% tolueneds solution shifts upfield by a large extent (0.28
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of the study (70°C) resemble lyotropic LC domains in that

they become aligned in the static magnetic field of the NMR

: & spectrometer imposing the rotational diffusion of the solvent

. I 2 molecules local to these aggregate domains to be anisotropic.

2 = The exchange of the solvent molecules between the LC domains

and the isotropic bulk is slow on the NMR time scale, giving

rise to two separate resonance absorptions for the solvent

° aromatic proton/deuteron MH/2H spectra. The strong concen-

(a) tration dependence of the resonance frequencies from the
R R & aromatic protons of both the polymer and the solvent suggests

7.9 7.8 7.7 7.6 strong polymersolventzz—a interaction in the system.
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