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ABSTRACT: We report on the nanoscale structure and solvent-induced phase behavior of two, nearly similar
m-conjugated hairy-rod polymers, branched side chain poly[9,9-bis(2-ethylhexyl)fluorene-2,7-diyl] (PF2/6) and
linear side chain poly[9,9-dioctylfluorene-2,7-diyl] (PFO or PF8), in good and bad (or poor) sohdsuserated

toluene and deuterated methylcyclohexane (ME&t)20°C. Small-angle neutron scattering (SANS) measurements
exploiting contrast variation with side chain deuterated PFO polyfluorene have been employed and complemented
by optical absorption measurements. In toluene both PF2/6 and PFO adopt an elongated (rodlike) conformation
containing predominantly only a single polymer chain (diameter of the order of 1 nm), which indicates dissolution
down to the molecular level. In contrast, in MCH, PF2/6 shows an elongated structure while PFO forms sheetlike
structures (characteristic thickness of2 nm), thus dissolving down to the “colloidal” level. The elongated
structure of PFO consists of individual polymer chains adopting dominantly a conformational isQmEneC
thickness of sheetlike PFO particles corresponds to that of around two polymer layers and side chain contrast
variation gives an evidence for an even distribution of the backbones within the sheets. These sheets are potentially
an initial stage of PFO crystallization and also contain conformational isomef fiose chains observed in the
so-called beta-phase (or beta-sheets) in the solid state. The observed phenomena were not found to depend on
concentration over the concentration rangel® mg/mL.

I. Introduction

Understanding of macromolecular self-organizatin es- O.Q O.Q
sential in the physics and materials science of hairy-rod n "
polymers? An important class of self-assembling hairy rods are PF2/6 PFO

ﬂfconquatEd polymg?$uch as pon(quoreneTZ,7-d|yl)s_ (.PR{) Figure 1. Chemical structures of poly[9,9-bis(2-ethylhexyl)fluorene-
with excellent stability and optoelectronic versatility. The 2,7-diyl] (PF2/6) and poly[9,9-dioctylfluorene-2,7-diyl] (PFO).
branched side chain poly[9,9-bis(2-ethylhexyl)fluorene-2,7-diyl]

7-13 i i 15 i i i
(PF2/6)™"* corresponding oligomers,"and linear side chain its phase and processing. In contrast, the chain planarity of PFO

_di _ —di —27 i
poly[9,9-dioctylfluorene-2,7-diyl] (PFO or PF8j, 2 and its can vary in wide limits representing various different confor-

homologues such as poly[9,9-dihexytfluorene-2,7-diyl] (PF6) mational isomers (denoted ag,C;, ...) defined by the torsional

represent structural archetypes of PFs. . These_ po_Iymers z%reangle between the monom@psThis variation is in turn reflected
excellent model compounds and are heavily studied in the solid

state and films. Distinctive to all the findings to date is the by the polymorphism of crystaliine-phase and metastabié-

striking physical difference between these two materials despitephase’ mesomorphic and metastgighase, and amorphous,

their close chemical resemblance; they have almost the Sameglassy, nematic, and isotropic phases with complex transitions,
; . ey - Accordingly, the isomers and different “phases” of PFO show
chemical formula and chemical structure (Figure 1). Yet the

major distinguishing feature is that of the chain morphology. zlr?gr'r?iiz?tstﬁ?c()tﬁzhyacal differences despite their identical
(F;FtZ/g ?Iways ago'pts a ?ellx \;‘."th al sw(;gle einsemblci avlfrage Not surprisingly, most efforts in structural and phase behav-

Istribution n chain conformations l€ading to nématic, nex- , investigations of PF2/6 and PFO have hitherto been focused
agonal, and isotropic phases. Consequently, the photoabsorptio

nd photolumin N t PE2/6 ar ntially independent n the studies of thin films, the application environment of
and photoluminescence o are essentially independe 0:z-conjugated polymers. Instead, the literature of solution

structures of these polymé?g°30 is less comprehensive.

1 i i .
University of Durham. However, as shown for example for poly(9,9-dioctylfluorene-

¥ GKSS Research Centre.

§ Research Institute for Solid State Physics and Optics. co-benzothiadiazole}, thin film morphology is related to the
"DBergische UniversitaWuppertal. solution structure and can be controlled by varying the casting
. L'Jnnsigte“rg d‘;%g‘a'gcgg;’l‘)‘f:es- solvent. A prime parameter to control the solution structure of
* Corresponding author: Teh-44-191-33-43558, Fax-44-191-33- polymers is of course the phenomenological solvent quality:
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polymer—solvent contacts becoming extended is referred to as the existence gf-phase in solution. Considering the significant
a good solvent. Correspondingly, a solvent where the flexible difference in concentration between these two studies, any
polymer minimizes solventpolymer contacts to such a degree analogy is as yet quite phenomenological.
where the polymer chain forms a condensed globule is referred  We build our arguments on the decays of the SANS curves
as a poor solveritRigid® or semiflexiblé® polymers are not  with the magnitude of the scattering vector and thereafter on
able to form close collapsed globules, and therefore the termthe indirect Fourier transform method and on the fits to the form
poor solvent refers rather to the phenomenological state wherefactor of rod and sheet as well as characteristic features found
several chains start to form condensed aggregates. When limitingin the optical densities. We find that both PF2/6 and PFO assume
our discussion tar-conjugated hairy-rod polymers, we may for  a thin (~10 A) and long & 700 A) rodlike*> conformation in
example note that polg{phenylenesulfonate)s form cylindriéal toluene. However, the situation is different in MCH, where
and poly[2-methoxy-5-(2ethylhexyloxy)-1,4-phenylenevinylene]  PF2/6 adopts an elongated structure, whereas PFO forms large
(MEH—PPV) diskliké® micelles in a poor solvent. (~1000 A) and thin £20 A) sheetlike aggregates. PFO takes
PFO is known to show solvatochromic effedisin one predominantly a conformation isomer,Gn toluene and a
particular example it has been demonstrated that the variationcombination of at least £and G in MCH. The thicknesses of
between a phenomenologically good (toluene) and a poor all rodlike objects are in accord with those of single polymer
solvent (methylcyclohexane (MCH)) influences absorption/ chains. The thickness of PFO sheets in MCH corresponds in
emission of PFG! This effect depends on temperature but is turn to the thickness of around-3 polymer layers. The internal
independent of the polymer concentration in the range-c% structure of these aggregates cannot be revealed in detail, but
ug/mL37 On the basis of optical observations, the following the backbones are potentially evenly distributed within the
hypothesis was put forward. It has been thought that PFO formssheets. Thus, the rodlike particles indicate dissolution down to
“ordered” regions which act as efficient energy traps and quench molecular and the sheetlike particles down to colloidal level.
the fluorescence from the “disordered” regions. As it is No evidence for three-dimensional aggregates (at or beyond
controversial how order is realized in solution, explicit structural nanoscale) was seen. The observed phenomena were found to
data would be useful. be essentially concentration independent over the concentration

In the above mentioned previous study the “ordered” regions fange 5-10 mg/mL.
of PFO were denoted asfaphase’” Attention should be paid

to the loose variations in the interpretation and/or terminology Il. Experimental Section

concerning the3-phase. This may either refer to the intermo- ~ PF2/6 M, = 39 kg/mol, the weight-averaged molecular weight
lecular solid-state structure or one conformational intramolecular (Mw) = 58 kg/mol) and PFON, = 49 kg/mol,M,, = 132 kg/mol)
isomer with torsion angle of the order of 160165". Most (Figure 1) were prepared following the microwave-assisted Yama-

moto-type polymerization with Ni(CORxatalyst¢ Poly[9,9-bis-

generically, the tern-phase simply refers to the low-energy (di-n-octyl-dy)fluorene-2, 7-diyl] (PFOthy (M = 119 kg/mol M,

absorption/emission state of the chain, rigorously disregarding = 194 kg/mol) was prepared similarly but with the nondeuterated

any implications about the 3-d|mep3|on§1| o.rder. All this may 2,7-dibromo-9,9-dioctylfluorene monomer being replaced by the
also be a phenomenological oversimplification, and the origin geyterated equivalent containing ootigk-side chains. The estimated
of the discussed absoption/emission state may stem from fargensities used were 0.97 g/&for PF2/6 and 1.0 g/crifor PFO23
more Complicated Self-Organization in terms of mean packing For SANS, the po|ymers were dissolved either in to|ud§]e_
between two distinct average chain shapes over short distanceg99.5% D, Cambridge Isotope Laboratories Inc.) or in methylcy-
In general, it is inaccurate or wrong to talk about solution using clohexaned, 4 (99.6% D, GOSS Scientific Instruments Ltd.), MCH-
terms that elsewhere refer to the real solid-state order, anddi. Concentrations were-510 mg/mL. PFO and PF@;, were
therefore the analogy is phenomenological at best. The explicit dissolved in toluene and PF2/6 in both solvents by stirring for 5

structural studies of the solutions where fliphase is suggested ~Min at 20°C. These samples were then measured as such. PFO is
to exist might presumably clarify this issue in part not soluble in MCH at room temperature at the highest concentra-

. tions. Therefore, it was first heated t0-885 °C and stirred for 5
Small-angle X-ray scattering (SAX8)*® and small-angle  min until completely transparent solutions were observed. These

neutron scattering (SAN®)4335are commonly used to study  samples were then cooled from-885 °C to —25 °C for 30 min

m-conjugated hairy-rod polymers in solutions. The characteristics and then slowly warmed to 2TC before measurements. Parallel

of PF2/6°12 and PF copolymef4 have been probed in sets of materials were cooled to 20 without the low-temperature

deuterated toluene, but studies in other solvents seem to becycle. Prepared MCh, solutions of PFO are very viscous or gel-

scarce. As small-angle scattering probes specifically the na-like at room temperature, and PFOs tend to macrophase separate

nometer scale, the particular dimension of self-organized phases!n @ few days after preparation. However, all measurements were
this is an ideal but little utilized tool. done immediately after sample preparation, and macrophase separa-

. . tion was not observed during the measurements (in a few hours).
In this paper, we present a SANS study of PF2/6 and PFO in sANS measurements were performed using the Yellow Subma-

toluene and MCH at 20C with contrast variation achieved rine instrument at the BNC in Budapest, Hung&rgind the SANS-1
using deuterated side chain PFO. The same systems were alsistrument at the GKSS Research Centre in Geesthacht, Geffhany.
studied by optical density measurements. The objectives of thisSeveral sample-to-detector distances (from 0.7 to 9.7 m) and
paper are threefold. First, the aim is to demonstrate essentialwavelength from 5 to 12 A were employed to cover the range of
differences in the solution dependent phase behavior of the Scattering vectog from 0.005 to 0.3 A%. The samples were filled
archetypical hairy-rod polyfluorenes in good and poor solvents. in Hellma quartz cells of 5 mm path length and placed in a
Second, the aim is to provide a quantitative structural charac- thermostated holder, kept at 20 0.5 °C. The raw scattering
terization for the prime PFs in the concentration range used in patterns were corrected for sample transmission, room background,

film f tion i toelectroni licat Th rticular ai and sample cell scattering by conventional procedtfreBhe
lim formation in optoelectronic appiications. The particular aim isotropic 2D scattering patterns were azimuthally averaged, con-

is to extend our previous experimental and modeling studies of yerted to an absolute scale, and corrected for detector efficiency
PF2/6 in toluené? Third, the aim is to relate the findings of  dividing by the incoherent scattering spectra of 1 mm thick pure

the previous optical study of PFDin structural features, in  water. The scattering from deuterated solvents used for the sample
particular in the case where absorption and emission data suggestreparation was subtracted as a background; the small incoherent
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scattering due to the nondeuterated polymer was disregarded. The RN T '
data for each sample was collected ch onaverage. Overall, the
SANS experiments were reproduced using several parallel samples
and two distinct instruments.

The SANS patterns absolute intensities were analyzed using
models of rodlike and disklike (or sheetlike) objects according to
Pederset?>2 and using a model independent indirect Fourier
transform method (IFT) developed by Glattér.

For a solution of stiff cylinders the general expression of the
scattering intensity is written as

dx(g)1_ 1 Ll | .
i ¢ M a@s@ (1) 0.01 0.1
q (A"
whereM is the mass of particle anB(q) is the scattering of a  fjgure 2. SANS data of PF2/6 in toluergy (solid squares) and in
single particle. It reflects scattering contrast and depends on theMCH-d,4 (open squares). Solid lines are the fits based on the cylindrical

-
o
~

-
o

(d=(q)/dQ)/c (cm?g)

length and radius of the homogeneous cylindeandR. S(q) is model. The slopes of the linear fits (not shown) are in turn, respectively,
the effective structure factor. It reflects the interaction among 0.96 + 0.01 and 1.07+ 0.01 in the interval 0.01:10.04 A%
particles and depends on volume fractibrandR. Concentration was 10 mg/mL.
For sheetlike particles, the general expression of scattering
intensity is written as observed for polyfluorenefluorenone random copolymeté.
In particular, the SANS curve of PF2/64f = 91 kg/molM,,
d=(q) 1 sin(Tg) » 2 |' Jy(20R) () d = 190 kg/mol) in toluene (9 mg/mL) has been found to be in
dQ ¢ Tq fquzll T gR (r) dr @ accord with the molecular mechanics model of the 5/2-helical

20-mer incorporated into the featureless toluene médrikius
The polydispersity of the radiuR can be accounted by the means connecting experimental data to the reasonably sophisticated
of the Schultz distributiorf (R) as molecular model. The prior stu#f/also suggests that there is
oi1 no concentration effect in the concentration regime used in the
f(R) = [&1] [ R ] exd — M] 3) present work.

RO [T(p+1) RO Figure 2 plots the SANS data of PF2/6 in 10 mg/mL toluene-
where RUis the average sheet radius gmds the polydispersity ?8 agdthMCF:dl“ folu_lt_lkc])nsd_;l'fhe shap_es oll:‘)culrvtes artla qwt_e S;;m”ir
index. The latter is related to the spread of the radius distribution or both solvents. The difference in absolute values IS due to

— — ~1/2 different scattering contrast normalized to the density of the
asor = ARIRO= (p + 1) 12 ] X
In the IFT analysis, the scattering intensities of rodlike particles Polymer in tolueneds and MCHd14, Apm(PFO in tolueneds)
are related to the pair distance distribution function of cross section, = —5.2 x 10'° cm/g andApm(PFO in MCH4d14) = —6.2 x
Pes(r), as 10 cm/g. Unsurprisingly, the data of toluedgsolution (Figure
o 2) are consistent with the previous findirgF with a slope of
9d1_ (ﬂ) © _ (ﬂ) around —1 over largeq range, indicating one-dimensional
—-=(=]2n rJy(anr dr = (=]l 4 ’
a2 c \q fo Ped(r)(ar) q o) @) rodlike structures. The slope obtained from the data of PF2/6
whereJ, is the zeroth-order Bessel function ag(q) is the cross- in MCH-hs s also around-1, suggesting essentially similar

sectional scattering intensity. For sheetlike particles the scatteringOne'd'menSlonal rodiike structures. SANS data were then

intensity is related to the pair distance distribution function of ana_lyzed further using two distinct approa(_:hes.
thickness r(r), as First, the data over the whoterange were fitted to the model

of stiff cylinders of lengthL and radiusR taking excluded-
dx(@)1_ (2_;1)” ﬂ: .(r) cosgr) dr = (Z_Z)IT @ 5) volume interaction between particles into account. Solid lines

d@ ¢ |\ q in Figure 2 represent fits to the cylindrical (rodlike) model.
Model fitting indicates very long and very thin particles in both
wherel+(q) is the thickness scattering function. cases, similar to our previous results on PF2/6/toluene solu-

From these expressions (eqs9) the structural parameters of  tions12 A corresponding Holtzer plot representation without any
rodlike and sheetlike particles were calculated. More details of the sjgn of flexibility for Kuhn lengths of 420 nm is shown in
procedures used are described in the Supporting Information. the Supporting Information.

Photoabsorption measurements of solutions were performed using Second, the data in the largepart @ > 0.02 A1) were

a Perkin-Elmer Lambda 19 spectrometer and quartz cell 0 . ) ;
path length at 20+ 2 °C. Thg small path Ieng?h was neggsﬂsary analyzed using the IFT method assuming rodlike geometry. The

because of the high absorbance of the samples. The monochromatoP2rameters obtained are integral characteristics of cross-sectional

resolution was 1 nm. radius of gyrationRcs g and the cross-sectional scattering at
Differential scanning calorimetry (DSC) measurements were z€ro angle](O)cs From these parameters we can calculate an

performed using a Perkin-Elmer Pyris 1 DSC. Dry samples of 2 average radius of cross section in homogeneous approximation,

mg and a sweep rate of PC/min were used. R., and the mass per unit length of rodlike objddi, (see the
Supporting Information).
IIl. Results Furthermore, the IFT method enables us to calculate the cross-

Poly[9,9-bis(2-ethylhexyl)fluorene-2,7-diyl], PF2/6PF2/6 sectional pair distance distribution (correlation) functip(r).
has been previously studied using SANS in toluene soldtigh. Figure 3 plots the cross-sectional pair distance distribution
In toluene, PF2/6 has been found to form one-dimensional functions corresponding to the data shown in Figure 2. It is
elongated particles over the concentration rang&ILmg/mL. conspicuous that the diameter of cross section of PF2/6 is
These particles have been interpreted to be composed bysmaller in MCHéi4 (8 A) than in tolueneds (12 A). This
individual chains, which imply that PF2/6 is dissolved down to indicates that toluene swells the polymer presumably by
the molecular level. Similar results have been qualitatively allowing the side chains to elongate.
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Figure 3. Cross-sectional pair distance distribution functiop§),
obtained from the SANS data of PF2/6 in tolueke(solid squares)
and in MCH4,4 (open squares).

The visual consideration of Figure 2 shows that the tail of
the curve of the MCHidy4 solution falls more steeply than that
of tolueneds. Therefore, one might expect that the radius of
PF2/6 is larger in the former solution while the analysis shows
the opposite. This intuitive disagreement stems from the fact
that the incoherent residual background relative to the real
scattering is higher in tolueng-than in MCH<dy4. This effect
is distinctive here as the particles are very thin, and therefore
we need to probe them at very largeHowever, the full form
factor together with the incoherent background was taken into
the account in the IFT analysis and model fitting.

Essential structural parameters fitted to these data both by
modeling of homogeneous cylinders and IFT are compiled in
Table 1. The difference in radius of gyration of cross section
obtained by IFT and model fitting (the former is larger) suggests
that the scattering length density is higher in the outer shell of

the cross section. We note that the obtained lengths of cylinders

are actually near the limit of our instrument/¢mi, ~ 1000 A)

and should be considered as an approximate lower limit. On
the whole, Table 1 indicates strongly that PF2/6 maintains its
rodlike conformation both in toluengsand MCHdy4, becoming
somewhat thinner in MCHhg4.

The results also indicate that the mass per unit length of PF2/6
is essentially the same, 5:56 10715 g/cm, in toluenedg and in
MCH-di4 (Table 1). The mass per unit length of PF2/6 was
also calculated from the chemical formula and standard solid-
state molecular parametétgaking a hexagonal lattice with
lattice parametera = b = 16.7 A andc = 40.4 A (a length of
five monomers) and with density0.97 g/cni.3” The result is
the same order of magnitude as the measured one 18715
g/cm.

Poly[9,9-dioctylfluorene-2,7-diyl], PFO. Sokent-Induced
Self-Organization of PFCFigure 4 plots SANS data of 10 mg/
mL PFO in toluenedg and in MCH+y4. It is conspicuous that
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Figure 4. SANS data of PFO in toluends with concentration of 10
mg/mL (solid squares) and in MCHr (open squares). Solid lines are

the fits of the data based on the models of rodlike and disklike objects.
Dashed lines show thel and—2 decays for comparison.
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Figure 5. Pair distance distribution function obtained from the SANS
data of PFO in toluends shown in Figure 4.
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structural reorganization of PFO when the solvent is changed
from tolueneds to MCH-dy4. In tolueneds there are rodlike
particles similar to those in PF2/6 solutions, but in M@H-
there are much larger objects with apparent planar geometry
(sheets or disks). We first discuss the rodlike PFO particles in
tolueneds. Then we move on the sheetlike PFO aggregates in
MCH-d4.

Rodlike PFO Particles in Toluen&he data analysis in the
case of PFO/toluends was identical to that performed for PF2/6
solutions, and the results are presented in Figure 4, where a
solid line represents fit to the cylindrical model. Figure 5 plots
the corresponding pair distribution function obtained by IFT.
For comparison, Figure 6 plots SANS data of lower concentra-
tion (5 mg/mL) PFO in toluenels alongside the higher one (10
mg/mL) normalized to the concentration. Solid lines are the fits
to the model of stiff cylinders. Deviations between the data could

the change of solvent leads to the drastic changes in scatteringndicate interaction between PFO patrticles in toluepender

intensity. Atqg = 0.01 A1 this is 100 times higher for the PFO
in MCH-d;4 than for PFO in toluenés. Furthermore, the decay
of scattering intensity changes distinctively froni (toluene-
dg) to —2 (MCH-d14). The corresponding Holtzer plot of PFO
in tolueneds (Supporting Information) indicates rigidity in the
length scale 220 nm. These observations indicate significant

the conditions studied. However, the data for both concentrations
are practically identical, suggesting that there is no major
aggregation of polymer molecules in these concentrations. This
implies that the interaction between polymers is quite low.
Essential structural parameters obtained from both methods are
listed in Table 2.

Table 1. Parameters Fitted to the SANS Data of 10 mg/mL PF2/6 in Toluends and in MCH- d;4

material L (A) R(A) Resg(A) R (A) M (g/cm) x 10715
PF2/6 in toluenalg 740+ 80 54+0.2 47+0.1 6.6+ 0.2 5.47
PF2/6 in MCHél4 920+ 90 3.3+ 0.1 3.1+0.1 4.440.2 5.54

aL andR respectively are the length and radius of homogeneous cylinder obtained by the modelRi#tigandR; are respectively the cross-sectional
radius of gyration and the radius and corresponding radius of homogeneous cross d&ci®ithe measured mass per unit length obtained by the IFT

method.
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Figure 6. SANS data PFO in 5 mg/mL (open squares) and 10 mg/mL
(solid squares) toluengs normalized to the concentration. Solid lines
are fits to model of stiff cylinders. The dashed line shows the slope of
the scattering curve from an ideal rodlike particle.
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Figure 7. SANS data of PFO in MCHl4 with concentration of 10
mg/mL (solid squares) and 5 mg/mL (open squares) as well as 10 mg/
mL PFOds, in MCH-d,4 (open spheres) normalized to concentration.
Solid lines are corresponding fits based on the disk model. A dashed
line shows the-2 decay for comparison.

Essentially no scattering was detected for side chain deuter-
ated PFO, PFQ@k,, in tolueneds (data not shown). The
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Figure 8. Pair distance distribution functions of thicknegs(r),

obtained from the SANS data of PFO (solid squares) and 8 @pen

spheres) in MCHiis. The latter is multiplied by the ratio between
1(0)pro and 1 (0)pro-ds, 210. Concentration was 10 mg/mL.

to the completely nondeuterated polymer, and the ratio between
|(0)p|:o and |(O)PFO—d34 is 210.

SANS data of PFO/MCH 4 were analyzed by fitting models
of sheetlike particles, polydisperse disks with the mean radius
[RC) standard deviation of normal distributed mean radiys,
and thicknesd. Moreover, the data were treated using a model-
independent IFT approach for sheetlike aggregates, which gave
the radius of gyration of thicknesBy g, the scattering at “zero
angle”, I(O)r, and the pair distance distribution function of
thickness,pr(r). These results allowed us to obtain the mass
per unit areaMs, and thickness of homogeneous shégt,
Figure 8 plots the corresponding pair distribution functions
obtained from the SANS data of PFO and P&£in 10 mg/
mL MCH-d,4 solutions. The structural parameters thus obtained
are compiled in Table 3.

The thickness of the PFO sheets in M@klis 27.8+ 1.0 A
and that of PFQk, sheets in MCHdg practically the same,
28.8+ 1.0 A. Although the difference between the obtained

nondeuterated PFO backbone is not detectable due to the sizehicknesses is within the experimental error, the small difference

of the monomer. This finding supports our previous conclusions
that PFO is dissolved down to the molecular level and that the
thickness of the fused-ring system containing only one layer of
nuclei is likely not enough to produce sufficient signal to be
detected by SANS.

Sheetlike PFO Aggregates in MCIRigure 7 plots SANS
data of 10 and 5 mg/mL PFO as well as 10 mg/mL Pd®n
MCH-di4. As mentioned above, the decay off 2 seen over
large g range for 10 mg/mL of PFO in MCHh, is a strong

seen in the shape of correlation function can give a hint for the
inner structure. Ther(r) of PFOds4 is somewhat broader and
shifted toward larger compared to that of PFO (Figure 8),
suggesting that the nondeuterated backbones of thed3fsO-
lie close to the outer surface of the sheet, and the side chains
are more accumulated inside the sheets. However, a rigorous
picture cannot be given at present.

An important question is whether all PFO is forming sheetlike
aggregates in the MCldz4 solutions. SANS gives aaverage

indication of the existence of 2-dimensional aggregates (sheetspicture suggesting dominance of the sheetlike particles for PFO

or disks) and a striking contrast to the rodlike particles in
toluene. A small deviation from-2 behavior at lowg can arise
from the bending of the obviously not ideally rigid sheets. The
scattering patterns of PFO dissolved in M@kk-at 5 and 10
mg/mL are essentially similar after normalization to concentra-

in MCH-d14. The presence of rodlike particles was investigated
at largeq where scattering from sheetlike structures in MCH-
d14is significantly lower than that from single chains in toluene-
ds (Figure 4). Incoherent background was also taken into
account. However, as shown in Figure 4, the scattering curve

tion. The strong scattering due to the aggregation produces cleainf PFO in MCH<dy4 is dominated by-2 behavior even at high

signal from side chain deuterated PlEg)-as well and it shows
a similar—2 decay as nondeuterated PFO. Unsurprisingly, side-

g, indicating dominance of sheets. Altogether, the data show
that PFO is dissolved down to the colloidal level in MCldr

chain deuteration decreases the scattering intensity comparednd forms sheetlike particles. Free rodlike conformations may

Table 2. Parameters Fitted to the SANS Data of PFO in Toluenés?

material L (A) R(A) Res,g(A) R (A) M. (g/cm) x 10715
PFO in tolueneds, 10 mg/mL 710+ 50 7.5+0.2 6.2+ 0.1 8.7+ 0.3 5.4+ 0.2
PFO in tolueneds, 5 mg/mL 850+ 50 43+0.1 4.3+0.1 6.1+ 0.2 58+0.2

aL andR respectively are the length and radius of homogeneous cylinder obtained by the modelRitggndR; respectively are the cross-sectional
radius of gyration and corresponding radius of homogeneous cross sédtigs the mass per unit length obtained by the IFT method.
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Table 3. Parameters Fitted to the SANS Data of PFO and PF@s4 in MCH- d;2

material concn (mg/mL) Rrg (A) Ts(A) Ms (g/cn?) x 108 RIA) o2 (A) TA)
PFO in MCH¢14 5 8.6+ 0.2 29.8+1 9.6+ 0.1
PFO in MCH<dy4 10 8.0+ 0.2 278t 1 9.7+ 0.1 1000+ 100 0.35+ 0.05 27+ 1
PFOdz4in MCH-d14 10 8.3+ 0.2 28.8+1 1000+ 100 0.35+ 0.05 29+ 1

@Ry g and Ts respectively are the radius of gyration of thickness and the corresponding thickness in homogeneous approMgiatite measured
mass per unit area obtained by the IFT meth&i) o, andT respectively are the mean radius of disks, standard deviation of disks, and disk thickness.

O o o I e L e The PFO data indicate that in toluedgPFO forms rodlike
1.8 - particles regardless of the concentration; both the mass per unit
16F 3 length and the length of particles are essentially the same for 5
140 ] and 10 mg/mL samples. Like for PF2/6 these aggregates are
2.0 E ] very long 70 nm) and very thifrthe radius of cross section
212 3 .
g 10L o ] of the order of~0.5-1 nm. A small radius suggests that the
S o8l ) N observed _part_icles are essentially individual polymer cha@ns and
gx osh % A that PFO is dissolved down to the molecular level. This is also
“t 3 1 the level where similarities and differences of PF2/6 and PFO
04r B ] in tolueneds should be understood. When the system consists
0.2 Y 7 of individual polymer chains, the nanometer scale behavior is
0 &l -32[0- ' -36'50- ' -4(')0- WT" essentially determined by the rigidity of the backbone which is
Wavelength (nm) the samein both polymers, and hence foectively the same
Figure 9. Optical density of PFO in toluends immediately after structural parameters are _the most plausible result. In contrast,
dissolution at 8C°C (solid squares) and after cooling afO for 4 h the pmem_'al dlﬁgrences in torsion angle due to the slightly
(open squares). Concentration was 10 mg/mL. different side chains are not observable by SANS.
PF2/6 M, = 55 kg/mol,M,, = 89 kg/mol) in toluené& and
2.0 T PFO M, = 34 kg/mol,My, = 56 kg/mol) in tetrahydrofuraf}
18F h have been previously studied using light scattering, and the
160 h persistence lengths of 700.5 and 8.5+ 1.1 nm, respectively,
1aF h have been reported. In our work neither polymer shows major
Z 120 h signs of flexibility in the Holtzer plots in the range of-20
§ 1ok 3 b nm (Supporting Information), and the data fit visually well to
S o8l 2 . b t_he rodlike_ model. Alsq, the Holtzer _pIots (Suppc_)rting _Informa-
S osf S 50 b tion) are in accord with the polydisperse chains with Kuhn
0al =% 5° b segments of the order af15—20 nm.
02k '._‘%ﬁ g E When con.sidering the relgtion between prgvious reffotts
o Lo Lol \ % 1 and the rodlike model (section II) the following further notes
320 360 400 440 480 can be made. The values (Tables 1 and 2) do not correspond
Wavelength (nm) to the Kuhn segments reported in refs 16 and 29. These values
Figure 10. Optical density of PFO in MCHhs immediately after are just parameters which reflect the total length of particles
dissolution at 8C°C (solid squares) and after cooling afO for 4 h and do not mean their complete stiffness. However, even though

(open squares). Concentration was 10 mg/mL. In the latter, the ratio the rodlike model underestimates the local bending, it is still
of optical densities at 400 nm aver 436 nm is 0.66. illustrative and useful when making a phenomenological distinc-
tion between one- and two-dimensional particles. As the
be present, but their fraction is smaller. Comparing the intensities apparent flexibility of PFs spreads out of the measured interval
at largeq, it is likely to be much less than 50%. of scattering vectors, an application of the semiflexible model

Conformational Isomers of PFO in Toluene and MCH. would be complicated.

Figures 9 and 10 respectively plot the steady-state photo- Despite the minimal chemical difference (cf. Figure 1), PF2/6
absorption spectra of PFO in toluedgand in MCH€4. The and PFO behave completely differently in MQhl: As
spectra shown in Figure 9 are characteristic for all PFs, and inindicated by Figure 2, there is only a marginal solution
the case of PFO they are interpreted to arise from the dependence in the structure of PF2/6 which in both solvents
conformational isomer £ (as defined in ref 26). Figure 10  shows a thin rod configuration. In contrast, PFO shows a major
displays a different situation; an additional absorption peak difference between rodlike particles in toluethgand sheetlike
appearing upon cooling at 42445 nm is commensurate with  in MCH-dy4 (Figure 4). Both polymers in both solvents show
the conformational isomer,C® Essentially similar behaviorwas  only a minimal or negligible concentration effect in the
observed for 5 mg/mL solutions. concentration range-510 mg/mL.

Like sheets, the Gaussian coils also lead to & power
law. It is however not easy to imagine how indisputably stiff
Considering the results above the following overall notes can PFO can be described as a coil in a poor solvent. We can also
be made. The PF2/6 data are in agreement with an assumptiorexclude the coil conformation from the behavior at lage
of individual PF2/6 chains in solvents; bunches of several (or interval for 5 mg/mL solutions (Figure 7) where we observe a
even two) chains would not pack well. These observations are slope between-3 and—4. This indicates the presence of distinct
well in the line with our previous combination of experiment interfaces between the aggregate and the solvent, while in the
and molecular modelin& A cross-sectional diameter of the case of coils the slope should not excee@l.
same order of magnitude (18 0.5 nm) has been observed It is an issue how the individual chains and sheetlike PFO
elsewhereé? aggregates in MCH solutions relate to the crystalline, semi-

IV. Discussion
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crystalline, liquid crystalline, or amorphous solid-state phases.
To clarify this issue, we discuss PFO in terms of both
intermolecular crystalline and noncrystalline phases and in-
tramolecular conformational isomers.

In intermolecular (crystallographic) terms, nematic and

isotropic phases can occur at high temperaturds0—300°C
and above) while it is generally accepted that at the room

Solvent-Dependent Self-Assembly of Polyfluorenégb11

was thus indirectly studied by photoabsorption.

Considering the intermolecular structural states, we obtained
markedly different conformations of PFO in the two solvent.
However, we do not detect any crystalline or o’'-lattices as
understood in solid-state literature but long and thin (radius
around 1 nm) rodlike particles and large sheets with thickness
of ~2—3 nm.

temperature the solid state is dominated by a stable crystalline Considering intramolecular terms, we note in turn that SANS

a-phase, for which an orthorhombic lattice of eight chains with
lattice parametera = 25.6 A,b = 23.4 A, andc = 3.36 A
(crystallographic-axis being along the polymer backbone) and
density~1.0 g/cn? has been proposéd.Another crystalline
form, metastablea’, is comprised of a slightly modified
orthogonal lattice along thé-axis @ = 23.8 A)25 Room
temperature forms also include an (optically isotropic) amor-
phous phase and noncrystalline, metastgbbdase. Although

does not probe local, angstrom scale variations arising from
conformational isomers £and G which, however, are clearly
present according to the optical density measurements (Figures
9 and 10).

Figure 7 implies that the concentration of sheetlike particles
in the PFO/MCHd;4 system is directly proportional to the
overall concentration of PFO. Elsewhéfdt has been reported
that the feature at 436 nm in the optical spectrum of the

this 8-phase is generally denoted as noncrystalline, it does give ultradilute PFO/MCH system is also directly proportional to the
rise to sharp Bragg reflections commensurate with lamellar order concentration of PFO. These observations may have an implica-

with a long period of 12.3 R4 1t, however, differs from “real”

tion of equilibrium nature of the coexistence of rodlike

crystals in a sense that it is rather a mesomorphic phase andnolecules and sheetlike particles.
requires a presence of absorbed solvent, arising from extended e finally note that the PFO/MCldy4 samples are meta-

treatment with solvent vapor, for instance. In particular, it has

stable, and they undergo slow macrophase separation in a few

been found as an intermediate stage of transformation from theqays after preparation. It is well-known that tephase is
solvent-induced clathrate structure to the solvent-free crystalline metastablé? which supports the idea that PFO/MGhis

order, a-phase?* These phases can further coexist; they are

samples are closely related to this phase. Phaghase is,

coupled with each other, and it should be understood that the however, stable enough to enable diffraction studies (see e.g.

B-phase is structurally incompatible with?? Yet this picture
is an oversimplification. The overall behavior includes moreover
a glassy g-phas®.

In intramolecular terms, the local inhomogeneities in PFO
structure stem from the side-chain conformation (anti and anti-
gauche-gauche), leading to at least three different conforma-
tional isomers @, Cs, and C,25 which respectively have torsion
angles between the fluorene monomers 01360, and 15026
(or 138, 165, and 15527). These variations in the local
planarity can have a crossover, byt nsists only of a single
isomer. The intramolecular variations then relate to the inter-
molecular framework, most distinguishablyde andg-phases.

It is worth noting that the-phase is also a generic term that

ref 24). In our work all samples were measured immediately
after preparation, and the data of an immediately measured
sample were found to be identical to that of a test measurement
performed 24 h after preparation. Therefore, the phase separation
does not significantly influence the measurements or alter our
interpretation. However, even in the (hypothetical) case where
macrophase separation was quicker, SANS wadtldetect
solid PFO as the scattering arises from the contrast between
proton- and deuterium-rich domains of nanometer scale. Thus,
the sheets observed for PFO/MQCHir are not crystalline, and
they do not locate at the (hypothetical) macrophase-separated
particles.

can simply refer to the low-energy absorption/emission state V. Conclusions

of the chain without any rigorous connection to the true
microscopic structural framework.

To dissolve PFO in MCH, 4, heating to 80C was necessary

In summary, we have investigated solvent-induced phase
behaviors of PF2/6 and PFO in deuterated toluene and in
deuterated MCH solutions at 20C. Essential structural

(cf. section 11). DSC measurements indicated that PFO studied parameters based on fits to cylinders and sheetlike structures

in the solid state has an ordedisorder transition (ODT) at 79.3
+ 0.5°C. It is known that in solid state above this transition
PFO exhibits only the--phase. On cooling polymer reverts back
to the g-type conformation although substantial amounts of
o-phase remain in materiél. This represents a kind of solid-
state background of our study.

In this work we didnot observe an ordered solid-state phase

and on the IFT method have been given.

Although the chemical difference between PF2/6 and PFO
is marginal, the physical difference in the solution structure is
distinctive. PF2/6 forms thin~1 nm) and long £70 nm)
elongated particles in toluene and in MCH, those being
somewhat thinner in MCH. We interpret these particles as
predominantly single polymer chains with the side chains

on the nanometer scale. No Bragg peaks or three-dimensionaforming more compact corona in the poorer solvent (MCH).
packing were seen. The thickness of PFO rods is always thatPFO shows a rodlike structure in toluene but sheetlike stucture

of the single molecule while the thickness of PFO sheets
corresponds to the thickness of-3 polymer chains. In this

in MCH. The rodlike structure is analogous to that seen for
PF2/6 and also composed mainly by individual chains adapting

respect solution and solid state are simply and fundamentally dominantly a conformational isomer,Cas evidenced from
different. Therefore, we have chosen not to mix the solid state photoabsorption spectra. The sheetlike particles (characteristic
and solution phenomena or terminology in our discussion and thickness of~2—3 nm) are suggested to comprise of around
do not denote observed aggregates by term used for the orderedwo polymer layers. Their exact internal structure cannot be

solid state elsewhere. Yet, the intramolecular framework is an

given at present, but the measurement with the side-chain

issue, and to probe these distances by SANS is unreachable. Imeuterated PFO gives some evidence that the backbones are

contrast, the optical properties of PFO are intrinsic in origin

evenly distributed within the sheets. The optical absorption

relating to the planarization of the chromophores and thus the arising from the samples with sheetlike conformation of PFO

conformation isomers. The planarity of conformational isomers

in MCH correlates well to the absorption of tfiephase in the
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solid state. Hence, the sheets contain conformational isopier C (20) Winokur, M. J.; Slinker, J.; Huber, D. lPhys. Re. B 2003 67,

These sheets can be the initial stage of PFO crystallization, and

whether they relate to the-phase of the solid-state PFO has

184106.
(21) Misaki, M.; Ueda, Y.; Nagamatsu, S.; Yoshida, Y.; Tanigaki, N.; Yase,
K. Macromolecule2004 37, 6926-6931.

been discussed. All observations were found not to depend on(22) Rothe, C.; King, S. M.; Dias, F.; Monkman, A. Pays. Re. B 2004

the concentration over the range-50 mg/mL.
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