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We present guidelines on how the solution structure of n-conjugated hairy-rod polymer
can be designed by the side chain length and branching. First, the semi-quantitative mean
field theory is formulated predicting a lyotropic phase with solvent coexistence and a
metastable membrane phases in solution with increasing side chain length, N, the phase

transition being at N *. The membrane phase transforms into the isotropic phase of

dissolved rodlike polymers at the temperature 7 *(N ) ~N72. T * is proposed to

decrease with increasing degree of side chain branching. Second, in experiment,
poly(9,9-dialkylfluorene)s with N =6—-10 were employed in methylcyclohexane. The
side chain branching was varied for N =8 by using poly(9,9-dioctylfluorene)/(9,9-bis-(2-
ethylhexyl)-fluorene) random copolymers with proportions of 9,9-dioctylfluorene to 2-
ethylhexylfluorene monomers 100:0, 95:5, 90:10, 50:50, and 0:100. In qualitative accord

with the theory, the lyotropic, membrane, and isotropic phases with the corresponding

mem

phase transitions are observed. N * is found for <6 and 7,,, *(N) decreases from 340

K to 280 K and scales as ~ N> for N >8. The membrane phase is found when the

fraction of 9,9-dioctylfluorene monomers is at least 90%, T

nem F(N) decreasing with this
fraction. In the membrane phase regime the system consists of dissolved polymers, loose
sheets of two polymer layers and better packed sheets which are identified as so called

beta phase. The connection of these fractions to the theoretical reasoning is discussed and

their abundance measured for 7 <7 *.
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I. INTRODUCTION

Understanding of macromolecular self-organization[1] is critical in the materials
science of hairy-rod polymers[2]. An important class of self-assembling hairy rods are 7-
conjugated polymers[3] amongst which polyfluorenes (PFs)[4-7] ground myriad
applications in solution processed polymer electronics[8]. The phase behavior of PFs has
been extensively studied in the solid state but the literature of their solution assemblies
remains not all-inclusive, specific exceptions including systems such as poly(9,9-
dioctylfluorene) (PF8)[9-12], poly(9,9-bis(2-ethylhexyl)-fluorene-2,7-diyl) (PF2/6)[13,
14, 10], F2/6 oligomers[15], poly(9,9-dialkylfluorene-co-fluorenone) copolymers[16]
and poly{2,7-(9,9-bis((S)-3,7-dimethyloctyl))fluorene}[17]. More systematic studies on
the various aspects of solution assemblies would yet be advantageous not least because
the solvent plays a chief role in morphology of the solvent processed thin films[18].

Theoretical phase behavior of hairy-rod solutions has been addressed by Ballauff[19] in
a framework of a Flory lattice model. It has been shown that an isotropic solution of
hairy-rods is stable only in a low concentration and high temperature regime. Upon
increasing temperature the system phase separates into virtually pure solvent and
lyotropic nematic with relatively high polymer concentration. The isotropic-nematic

liquid transition temperature 7, * is a decreasing function of the side chain length, hence

longer side chains postponing demixing. However, formation of any intermediate
(possibly metastable) structure has been left out to this picture. We have hitherto shown
that PFs provide a versatile tool to study the phase behavior of hairy-rods both
theoretically and experimentally in the solid state and aligned films[7]. We propose that

PFs can also constitute a valuable model system for the solution studies.



The solution behavior of PFs can be rationalized in terms of three experimental
variables — the nature of solvent, the fraction of polymer, and the nature of side chain.
The length of the polymer is another parameter becoming dominant for oligomers[15]. A
major structural diversity arises from the quality of solvent, the first parameter. For
example, PF8 forms sheetlike particles in 1 wt-% solution of a poor solvent
methylcyclohexane (MCH) and a rodlike isotropic phase in a better solvent, toluene[10].
Alternatively, if the polymer fraction, the second parameter, is increased from 1 wt-% to
3-7 wt-% in toluene, stiff PF8 molecules turn to a large network-like structure[20].

In our previous work[10, 12] we studied the nature of side chain length, the third
variable, using branched side chain PF2/6 and a series of linear side chain PFs —
poly(9,9-dihexylfluorene) (PF6), poly(9,9-diheptylfluorene) (PF7), PF8, poly(9,9-
dinonylfluorene) (PF9), and poly(9,9-didecylfluorene) (PF10) — in MCH. In MCH, PF6,
PF7, PF8, and PF9 form sheet-like particles whereas PF2/6 and PF10 remain fully
dissolved rodlike chains. In this work the experiments were performed at 20 °C.

The photophysics of so called S phase is another motivation for our phase behavioral
investigations. The £ phase[9] is well-known for solid state PF8§ that is polymorphic with
a range of crystalline[21] and non-crystalline[22] phases. These phases originate from
classes of conformational isomers (denoted as C,, Cg, ...), defined by the torsional angle
between the repeat units[23, 24]. The S phase is a solid state manifestation of the single
isomer Cz with torsional angle of 160-165°. It is extraordinary amongst n-conjugated
polymers with very narrow linewidths in its optical spectra[25] showing even potency in

lasing[26]. As MCH mixtures of PF7, PF§, and PF9 contain large amount of this nearly



planar conformational isomer[12] the question remains whether its fraction could be
controlled by nanoscale solution assemblies or whether the opposite is true.
The objectives of the present paper are as follows. Firstly, we aim at connecting the

formation of 2-dimensional structures (or membranes) to the experimental framework of

PFs as a function of side chain length (N ) . Instead of focusing on room temperature, we

probe full accessible temperature range. Secondly, we keep N constant and vary the
degree of side chain branching by means of copolymerization. We find that the lyotropic
phase and the metastable (and potentially stable) membrane phase exist in solution with

increasing N . The phase transition is observed at N* ~ 6. The membrane phase turns to

the isotropic phase of dissolved rodlike polymers at 7, * (N =7 —10), this value sharply

decreasing for N >8. The side chain branching is also found to decrease T *(N = 8) and

the membrane phase found when the fraction of linear chain monomers is at least 90%.
The details of the polymer demixing and loose and better packed beta sheets are
moreover given. These results form the principle on how the solution structure of hairy-

rod polyfluorene can be controlled by the side chain length and side chain branching.



Il. THEORY

A. Free energies
An idea of hairy-rod solution and a solution of 2-dimensional hairy-rod sheets (or
membranes) is plotted in Fig. 1. Based on this scheme we estimate the scaling behavior
of the transition temperature as a function of the side chain length as follows. First, the

free energy of the isotropic solution phase reads as

(sol) __ (sol) (sol) (sol) (sol)
F _F;Jrush +FRS +FRA +F;r ) (1)
where the brush term £,0”) includes the excluded volume interaction between the alkyl

chains in a good solvent and their stretch (which has been calculated e.g. in Ref. [27]).

Per side chain this reads as

vN

12
E(so/) — kBT (Tj , (2)
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where v is the excluded volume of a side chain monomer in a good solvent, N and a
the number of monomers per side chain and its statistical segment length, respectively.
Here b is the grafting distance along the backbone. The next two terms Fiy" and F"
represent the interaction of the backbone rod (“R”) with solvent (“S”) molecules and

alkyl chains (“A”), respectively. Finally, the last term incorporates the translational free-

energy of the hairy-rod molecules.



FIG. 1. (a) An idealized view of a hairy-rod solution. (b) A scheme of hairy-rod
membranes in a solution. In both cases a simplified 2-dimensional picture is drawn with

the rods being perpendicular to the drawing plane.

In order to proceed the approach developed in Refs.[28, 29] is employed to estimate the

rod-solvent interaction free energy as

F(sol) ,
Ly v ()

tot

where the “interfacial” energy parameter y,, is used to describe the interaction

between backbone monomers and solvent[28]. L and d are the length and the diameter

of the backbone rod, N,, is the total number of molecules in the system, v, the

monomeric volume, and ¢ the concentration of the solvent molecules in the vicinity

of the backbone. Using the same arguments we get

F(sol)
% 2Ldy Vo, 4)

tot

where ¢, is the concentration of the alkyl monomers around the backbone so that
v, (cé‘"’” + cz) =1. In the formulas above some numerical constants of the order of unity

have been omitted. The last term in the Eq. (1) accounts for the translational entropy and

has the same form as in the Flory type theories



— 2 —
F;isol) — kBTNwt lni—kl f wd L n VONL lnl f ’ (5)
e vof\ 4 b e

where f is the volume fraction of the polymer in the system. Finally, the free energy

of the isotropic solution phase, Equation (1) takes the form
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with ¢, = (azbzd zv)_l/3 calculated based on the formulas given in Ref. [27].

The free energy of other competing phase, the solution with membranes, can be

calculated along the same lines which yield

(mem) 2/3 _ 2 _
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where ¢, =v™"* (abd )_2/3 is the concentration of the alkyl monomers around a double

layered sheet of backbones. We also made use of £ =2N (V/ (abd ))2/3 for the planar

brush free energy per chain[30]. The interaction free energy is corrected by the fact that
only a half of the surface area of the rods is in contact with solvent or side chains (cf.,
Fig. 1).
B. Rod-sheet transition
The free energies lead to an estimation of the isotropic solution - membranes transition
*. By equating Egs. (6) and (7) we get

temperature 7

mem
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It is assumed above that v, y,,, and y,; do not depend on the temperature. Although

generally incorrect, these assumptions do not change the scaling behavior of 7  *.

Another important point is that the Eq. (8) is valid for relatively long side chains, at least

so long that the distance between their grafting points is smaller than their Flory radius
R, :a(v/a3 )1/5 N¥,ie, N>N =(b/a)” (v/a3)1/3. For shorter side chains one can

expect a picture where isotropic liquid demixes with decreasing temperature[19].
C. Polymer-solvent demixing
We have so far ignored the polymer-solvent demixing. Without addressing it in detail
we note that for long enough side chains demixing can give rise to a melt phase (with
lamellar morphology) and virtually pure solvent. The free energy after demixing will be

of the order of

(demix) 2
F :3NL(vj+Ld7;M,
N, k,T  2b \abd k,T

tot

©)

where F"“" =3/2k,TN (VO / (aba’))2 is the elastic energy per side chain (see Ref.[28]

for details). The free energy, Eq. (9), scales in the same way as that of the membrane
phase, Eq. (7), which implies that either the regime of thermodynamic stability of
membranes is quite narrow or they are thermodynamically unstable.
D. Phase diagram
Overall, the solution membranes and isotropic-nematic transition temperatures are

predicted by Egs. (8) and (9). This result is illustrated in Fig. 2.
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FIG. 2. The schematical presentation of transition temperatures, 7,, *(N) and 7, *(N)

,as a function of side chain length N . For long side chains, membranes can appear as an
intermediate step between isotropic solution and demixed state. The demixing

temperature 7, * (N ) , here shown schematically, has been calculated in Ref. [19].

1. EXPERIMENT

A. Materials

The chemical structures of used PFs are shown in Fig. 3. PF6, with the number
averaged molecular weight (M,)=84 kg/mol, and the weight averaged molecular weight
(My)=200 kg/mol), PF7 (M,=63 kg/mol, M,=144 kg/mol), poly(9,9-dioctylfluorene),
PF8 (M,=48 kg/mol, M,=132 kg/mol), poly(9,9-dinonylfluorene), PF9 (M,=109 kg/mol,
My=221 kg/mol), and poly(9,9-didecylfluorene), and PF10 (M,=86 kg/mol, M,=236
kg/mol) were prepared following the Yamamoto-type polymerization with Ni(COD),
catalyst[5]. Poly(9,9-dioctylfluorene)/(9,9-bis-(2-ethylhexyl)-fluorene) random
copolymers (or F8-F2/6) (M, >>5 kg/mol) and poly(9,9-bis-(2-ethylhexyl)-fluorene)/(9,9-

bis-fluorenone) random copolymer (or F2/6-fluorenone) were prepared similarly but
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starting from the corresponding dibromofluorene monomers[31]. The applied
stoichiometric weight fractions of 9,9-dialkylfluorene (F8) and 2-ethylhexylfluorene
(F2/6) units were 95:5 (a corresponding polymer denoted as F89s-F2/6¢¢s), 90:10
(F80.90-F2/6¢.10), and 50:50 (F8¢50-F2/6¢50). For F2/6-fluorenone the proportion of 2-
ethylhexylfluorene units to fluorenone units was 95:5 (the polymer denoted as F2/6¢ 9s-
fluorenoney os).

The PFs were dissolved either in 10 mg/mL MCH (Sigma-Aldrich) or deuterated
methylcyclohexane (MCH-dj4) (99.5 % D, Apollo Scientific Ltd). MCH-d;4 was
employed in the case of neutron scattering, whereas MCH was used otherwise. Only
PF10 is soluble in MCH at room temperature at the applied concentration. Therefore, for
neutron scattering, the solutions of all polymers except PF6 were first heated up to 80-85
°C and stirred for 5-10 minutes until completely clear solutions were observed. These
samples were then cooled from 80-85 °C down to -25 °C for 30 minutes and subsequently
warmed to 20 °C before measurements. PF6 solution was prepared similarly but was
heated up to 100 °C, a temperature limited by the boiling point of MCH (101 °C).
PF6/MCH, PF7/MCH, PF8MCH, PF9/MCH, F8o9s-F2/609s/MCH, and F8qo-
F2/60.10/MCH systems are viscous or gel-like at 20 °C while other mixtures appear as
transparent liquids. PF6/MCH is not transparent even at 100 °C. The small-angle neutron
scattering (SANS) measurements were made immediately after sample preparation at two
constant temperatures. Small- and wide-angle X-ray scattering (SAXS/WAXS)
measurements and differential scanning calorimetry (DSC) were used to monitor the
thermal process in-situ. No significant macrophase separation was observed during the

measurements (over a few hours).
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FIG. 3. (A) Chemical structure of PFs studied as a function of side chain length. The side
chain length varied from 6 to 10 beds. (B) Chemical structure of random copolymers
constituting different degree of side chain branching. In this case F8, (a), and F2/6
monomers, (b), were mixed with the molar ratios of 95:5, 90:10, and 50:50. Additionally

F2/6 (b) was mixed with 9,9-bis-fluorenone units, (c), with the ratio of 90:10.

B. Small-angle neutron scattering
SANS measurements were performed using the SANS-1 instrument at the GKSS
Research Centre in Geesthacht, Germany[32]. Several sample-to-detector distances (from
0.7 to 9.7 m) and wavelength from 5 to 12 A were employed to cover the g-range from
0.004 to 0.25 A™". The samples were filled in Hellma quartz cells of 2 mm path length.
The temperature was controlled by Julabo thermostat. The raw scattering patterns were

corrected for sample transmission and air sample cell scattering by conventional
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procedures[33]. The isotropic 2D scattering patterns were azimuthally averaged,
converted to an absolute scale and corrected for detector efficiency dividing by the
incoherent scattering spectra of 1 mm thick pure water. The scattering from MCH-d4
used for the sample preparation was subtracted as a background. The small incoherent
scattering due to the non-deuterated polymer is taken into account in fitting procedures.
The data for each sample was collected for 6 hours on average.
C. Small-angle and wide-angle X-ray scattering

SAXS/WAXS measurements were carried out using a sealed tube based pinhole
camera. The radiation (CuK,, A=1.54 A) was monochromatized with multilayer mirrors
(Montel Optics by Incoatec), whereafter the double bounced beam was selected with slits
and collimated to the size 0.5 mm x 0.5 mm. The scattering patterns were measured using
HI-STAR multi-wire proportional counter (Bruker AXS). The sample detector distance
was 170 mm and the covered g-range from 0.05 to 1.3 A™. The transmitted flux was
monitored during the measurement through the transparent beam stop, a 3 mm disc press-
cut from 0.25 mm thick copper foil. The samples were measured in flat sample holders
with 1 mm path length and 6 um thick mylar windows[34]. The temperature was
controlled using Linkam TP93 hot stage and liquid nitrogen. The background depends on
the temperature and was subtracted for each temperature separately. The intensity was

normalized to electron scattering units per unit volume using water as a primary standard.

1(0) is 0.208 electrons/A> for water.

The samples were prepared as described above, by dissolving in MCH on a hot plate.
Then they were transferred with a syringe rapidly to the preheated sample holders, sealed

with epoxy, and measured at 80 °C for 15 min to check whether they are dissolved to the
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molecular level. Thereafter they were quenched in approximately 1 min to -12 °C,
measured (and kept) there for 30 min and heated slowly (0.1 °C/min) back to 80 °C while
measuring. An exception was PF10/MCH which was dissolved at 30 °C, quenched at -
100 °C, and heated 0.5 °C/min.
D. Differential scanning calorimetry

DSC measurements were performed using a Perkin-Elmer Pyris 1 DSC under a
nitrogen environment. After the first heating-cooling (85- -25 °C) cycle the samples were
cooled from room temperature down to the - 25 °C for 30 minutes and heated again up to

the 85 °C. The scanning rate was 5 °C/min and the sample size ca. 10 mg.
IV. DATA ANALYSIS

A. Analysis of neutron scattering
The SANS patterns were first qualitatively analyzed by comparison of absolute
intensities, shape of curves and the determination of the slope. The scattering cross

section data can be approximated by simple power law dependence as

aiq) .
g (10)

where the obtained value of o obtained reflects the likely shape of aggregates in the
solution on the studied length scale. If the exponent a is 1, this points to the rodlike
objects. If a is slightly larger than 2 then the particles can be sheetlike. The scattering
curves from all samples followed either one of two types of exponential behaviors. These

observations allowed the further analysis of the scattering data by applying the Indirect

Fourier Transformation Method (IFT)[35] with rodlike and sheetlike shapes of particles.
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In the IFT analysis the scattering intensities are expressed via the pair distance

distribution function.

The scattering intensities of cylindrical particles are related to the pair distance

distribution function of cylindrical cross section, p (r) ,as

di_gj)éz(gjzﬁz ﬁcs(r)Jo(qr)rdr=(§)Ics(q), (11)

where Jj is the zeroth-order Bessel function and /¢ (q) is the cross-sectional scattering

intensity.

For sheetlike particles the scattering intensity is related to the pair distance distribution

function of thickness, p; (), as

dZ(q)1 (27 7. 27

0 ol ﬂz')‘pT (r)cos(gr)dr= 7 1.(q). (12)
where 1, (g) is the thickness scattering function.
From the pair distance distribution functions, the mass of aggregates (mass per unit

length or unit area) and the radius of gyration can be obtained. The latter is associated

with the distribution of scattering length density, and with certain assumptions this

distribution can be transformed to thickness (7') or radius of cross section (R ).

B. Analysis of X-ray scattering

The clear-cut data allowed us to use idealized models for SAXS as described in

Ref.[36]. As a starting point, we describe the dissolved hairy-rod polymers and the sheets

as stiff cylinders. Their scattering intensity is given as
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where @ is the angle between g-vector and cylinder axis. L is the length and R the

radius of the cylinder. The two Bessel functions in Eq. (13) are defined as

2z

Jy(x) =i 0 exp|i(xsin@-0)]do, (14)
and
jo(x)=5i2x. (15)

The angular averaged scattering intensity is obtained by numerical integration over 6.
For the rodlike polymers (R< L) the scattering curve /(g) follows the power law
I(q)~q" for /L <q<1/R. This slope levels off at low angles ¢ <L to the Guinier
law regime, whereas at ¢ > R it has a downturn corresponding to the cross-sectional
scattering ¢l (q)~ exp(—qu2 / 4) and, finally, to the Porod slope /(g)~g™. Similar

arguments can be used for the sheetlike particles with the relative magnitudes of R and
L interchanged. In this case the intermediate slope ~ ¢~ is obtained for 1/R < g <1/L.

For these anisotropic extremities the essential form of the intensities may be reduced to

the Ornstein-Zernike type scattering factors[20] as

1
S(qg)= , 16
(q) 1+qLexp(q2R2 /4) (16)
for the rods and
1
S(qg)= , 17
(q) 1+(qR)2 exp(CfL2 /12) ()
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for the sheets. In these Equations L and R, respectively indicate the upper limit of
validities where the particles still can be regarded as individual rods or sheets.

-1

Of interest here is the power law behavior [ (q) ~q~" or ~g7. It can be shown[37]

that the intensities from a single rod or sheet take, respectively, the form

Il(q)zLAz(Ap)zgzZitqlL, (18)
for the rods and
1(q)= AL (Ap) =22, 22 (19)

for the sheets. A is the area of the cross section, Ap the scattering contrast, and Z

the effective number of scattering electrons in the chain as a whole.
Next we calculate the volume of normalized intensity for hairy-rods dissolved to

concentration ¢ (expressed in mass/volume) as
i(q)=nt,(4), (20)
where n=cN p; / M, is the number density. The intensities are proportional to
concentrations and depend on the specific properties of polymers through
q-i(q)zc-ﬂNApf/M,, (21)
for the rods and
q*i(q)=c:2zN,p} /M, (22)
for the sheets. Here M, and p, are, respectively, the molar mass and scattering
amplitude (number of electrons) per unit length whereas M , and p, are the molar mass

and scattering amplitude per unit area. The asymptotic forms of Egs. (21) and (22) do not

depend explicitly on the length of rods or size of sheets and are valid even for flexible

17



polymers or sheets. When the rods are assumed to be single polymer chains M, and p,

can be estimated from the bulk properties of polymer and solvent. The values calculated

in that way for PFn/MCH systems are given in Table I.

TABLE I. Parameters for linear side chain PFs: p is density, p, electron density, M,
molar mass per unit volume, and p, scattering amplitude per unit length in MCH solvent.

The concentration is 10 mg/mL.

Material p/A  p.(e/A’)  M(gmold)  p (e/A%)

PF6 1.054 0.348 40.0 5.22
PF7 1.035 0.343 43.4 5.42
PF8 1.020 0.339 46.7 5.61
PF9 1007 0.335 50.1 5.81
PF10 0.996 0.332 53.5 6.01
MCH 0.77 0.265 n/a n/a

If the polymers self-organize (e.g., in sheetlike membranes) further assumptions
concerning the packing density are needed. The density can be calculated in a converse
fashion as the properties of single polymers are known. As discussed in the Section II, we

presume a transition of rods into sheetlike membranes. Let d_ be the average lateral

distance of the polymers in the sheets and assume that the other factors remain constant,

we obtain p, = p,/d, and M =M, /d, . The ratio of two asymptotes is then

hm qzishee 2
o (23)
Iqu)I(}q lrod d

s
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In other words, the crossover point of the intensity curves i, and i , gives directly

sheet

the packing density at g =2/d, . As the phase transition takes place as a function of

temperature, the change in the scattering contrast has to be corrected with regard to
temperature. However, inasmuch as we are dealing with two distinct phases that yield the
same intensity per unit mass at the special point, a total transition between the phases is
not essential, in analogy with the isobastic point known in spectroscopy.

A polymer in dilute solution may also show a crossover from rodlike form to Gaussian
(random walk) form for which the scattering scales as ¢ for g <2z /&, where & is the
Kuhn segment. A polymer in a dense solution or gel may contain large scale density
fluctuations which result in a ¢~* upturn at small angles. These alternatives should be
easily distinguished from the above forms by considering where the particular power law
regimens appear in comparison with the experimental data of the structures.

The overall idea of scattering powers is illustrated in Fig. 4. While a mixture of rods
and sheets might be mistaken as Gaussian coils, for example, the crossover point between
-2 and -1 behavior should occur at very low angles and an extensive -2 region at very low
concentration due to the scarcity of such random walk chains. In the present work the

clear-cut thermal behavior alone will refute the notion of Gaussian coils.
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FIG. 4. An idealized description of the small-angle scattering data and proposed solution
structures of hairy-rod PFs. (a) A network-like structure with cross-linked nodes, (b) a
structure of rodlike particles forming Gaussian coils (scenario I) or sheetlike membranes
(scenario II) in the longer length scales, and (c) a structure of fully dissolved rodlike

particles (essentially single polymer chains).
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V. RESULTS AND DISCUSSION

A. Solution structure as a function of side chain length

The influence of the side chain length on the solution structure of linear side chain PFs
in MCH at room temperature has been described in our previous work[12]. In general
terms PF6, PF7, PF8, and PF9 show sheetlike aggregates MCH whereas PF10 dissolves
down to the molecular level. These sheets show an odd-even effect so that PF7/MCH and
PF9/MCH sheets are thicker but laterally smaller than those of PF6/MCH and PF8/MCH.
We have also found that the internal details of the sheets depend on the side chain length
in complicated manner. In brief, relatively sharp reflections at ¢g=0.60 A, g=0.48 A™',
and ¢=0.43 A'l, respectively, are seen for PF6/MCH, PF8/MCH, and PF9/MCH with
accompanying peaks at the wide angles. Moreover, PF7/MCH, PF8/MCH, and PFO/MCH
contain a conformational isomer Cg[12]. This picture is, however, limited to the room
temperature. Hereafter, the intermolecular nanometer scale assemblies are presented in a
wide temperature range.

Figs. 5 and 6, respectively, show examples of SAXS data of PF/MCH mixtures with
odd and even numbered side chains as a function of temperature. At the room
temperature, the data show similar solution structures as reported earlier[12]. A sharp
visual transition from gel to liquid is seen when heating them from -25 °C to 85 °C. This
transition corresponds to the sudden chance in the SAXS data essentially from -2 decay
to -1 decay. This alteration indicates the structural order-disorder transition from
sheetlike structures to fully dissolved rodlike chains. The length of the polymer is not
seen in the SAXS data but the downturn at low angles is likely due to the concentration

effects (polymer-polymer interference) and/or onset of larger scale morphology (e.g.
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cross links or branching). The wider angles reveal in turn a Bragg reflection at around 0.5
A its strength and exact location depending on the polymer. This maximum refers to the

mesomorphic £ phase its known for solid state PF8[22] and PF6[38].
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FIG. 5. Open circles present selected SAXS data of PF7/MCH (a) and PF9/MCH (b),
during very slow heating (0.1 °C/min) after a heating-cooling cycle from 80 °C to -12 °C.
Solid lines correspond to the model described in Section IV. For PF7/MCH curves
corresponding temperatures below 60 °C follow ¢~ slope whereas this is true for

PF9/MCH below 31 °C. The concentrations were 10 mg/mL
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FIG. 6. Selected SAXS data of PF8/MCH (a) and PF1IO0MCH (b) during heating (0.1
°C/min); after a heating-cooling cycle from 80 °C to -12 °C. A distinctive “beta”

maximum is present for PF8/MCH at 0.46 A'. The concentration was 10 mg/mL

In Fig. 7 we plot characteristic SAXS/WAXS curves for all systems below and above
this transition. An exception is PF6/MCH which shows -2 decay but no clear phase
transition. Moreover, it is likely that PF6/MCH system is to certain extent macrophase
separated as indicated by strong light scattering. In this rather high concentration its
solution structure is interpreted as lyotropic liquid crystal and surplus solvent. A beta
reflection 200[12] is visible to varying degree. The radii of the rods and thicknesses of

the sheets as determined by SAXS and WAXS data are compiled in Table II.

23



Interestingly, the sheet thicknesses are equivalent to two polymer layers. This justifies the

idea of double layer membrane, an assumption made in Section II.

n.,.”'.._uw-' Bl
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FIG. 7. The SAXS/WAXS data multiplied by ¢* of linear side chain PE/MCH mixtures.
Solid lines represent the situation below and dotted lines above the membrane-isotropic

phase transition. The arrows mark the crossing points of -1 and -2 slopes.

TABLE II. Various parameters characterizing the thicknesses of the sheets of linear side
chain PFs in 10 mg/mL MCH as determined by SAXS: R has been obtained from fitting

Eq. (17), d; from the sharp “beta” maximum, and d; from the crossing point of the data.

Material R(A) dg(A) ds (A)
PF6 n/a 13.1 n/a
PF7 39 n/a 12
PF8 n/a 13.1 11
PF9 3.9 13.7 15

PF10 44 n/a 11
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FIG. 8. Estimated scattering powers of the S phase (solid circles), loose sheetlike
membranes (open circles), and dissolved rodlike polymers (open squares) in PF§/MCH
system on heating. The solid lines are the best fits to the data. The order-disorder
transition is marked by the vertical dotted lines. The S phase is located within the

membranes and can be distinguished from the loose membrane by a Bragg reflection.

Overall, we interpret that the experimentally observed lyotropic-membrane and
membrane isotropic phase transitions are equivalent to the N* and 7, * concepts
predicted by theory. These results set the ground on the phase behavior of PF/MCH
system. Furthermore, considering SAXS/WAXS data combined with the previous
findings in optical spectroscopy[12], we are able to identify three distinct material
fractions present in the membrane phase. Firstly, the 2-dimensional aggregates primarily
consist of loose membranes generally leading to the g™ scaling. Secondly, they contain a
fraction of well packed B sheets which lead to the Bragg reflection at around 0.46 A™.
This part of the membrane also leads to the optical features of the conformational isomer

Cp, a picture initially put forward in our previous paper[12]. Thirdly, the samples contain
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small fraction of the fully dissolved rods being responsible for the -1 contribution in the
SAXS data. Fig. 8, then, presents scattering powers of these material fractions as
developed as a function of temperature for PF§/MCH. The scattering powers cannot be

understood as exact materials fractions except for isotropic phase for 7>7  *.

mem

B. Solution structure as a function of side chain branching

As the case N =8 represents a magic number when maximizing the amount of Cg
isomer in PF/MCH system[12], it deserves more attention. We have previously shown
that while PF§/MCH organizes into the membranes at the room temperature the system
composed by a branched side chain PF2/6 forms only an isotropic phase[10]. PF2/6 and
PF8 have the same amount of side chain beds they differing only in terms of side chain
branching (cf., Fig. 3). The other factors influencing phase behavior are constant. In order
to study the solution structure as a function of side chain branching for N =8 further, we
synthesized F2/6¢ ¢s-fluorenone os random copolymers and varied the fraction of F8 and
F2/6 monomers from one extreme to another. A PF2/6 with fluorenone units (or F2/6 9s-
fluorenone os) was used for comparison. Fluorenones represent keto defects arising from
PF oxidation[38, 16] and this latter experiment mirrors whether 5% oxidation influences
the PF solution structure in MCH. We note that this copolymer represents serious
oxidation and already 0.1% oxidation level is optically pronounced[38].

On the mixing and heating-cooling cycle F8.95-F2/6¢9s/MCH and F8.99-F2/6¢.1¢/MCH
form viscous gels resembling PF8/MCH whereas F8s0-F2/69s50/MCH and F2/6¢.9s-
fluorenone os/MCH remain clear liquids akin to PF2/6/MCH. Fig. 9 plots SANS data of

the copolymers studied after the heating-cooling cycle at 20 °C. The data of F8s-
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F2/6¢0s/MCH and F8 90-F2/6¢.10/MCH differ clearly from those of F8 s50-F2/6¢ 50 /MCH
and F2/6¢ ¢s-fluorenone os /MCH. The former show a distinctive -2 decay and the latter
follow -1 slope. These observations point to the membrane and isotropic phases likening
PF8/MCH and PF2/6/MCH. Note that the intensity curves cross at the high g which
implies that most of material must be in one single phase. This means that any difference

between the solution structure of F8 99-F2/60 10/MCH and PF8/MCH is subtle.
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FIG. 9. SANS data of F8y9s5-F2/6¢0s (open squares), F8y90-F2/6010 (open triangles),
F80.50-F2/6¢.50 (solid circles), and F2/6¢s-fluorenoneyos (open diamonds) in 10 mg/mL

MCH-d4 at 20.0 °C+0.5. The dashed line shows the -2.6 decay for comparison.

When the F8 95-F2/6,0s/MCH and F8 99-F2/6¢.10/MCH mixtures showing the existence
of 2-dimensional structure at room temperature are heated (up to 85 °C), they undergone
a visual phase transition to transparent fluid. The obvious question is whether this affects
the structure in the same way as in PF§/MCH. Fig. 10 plots SANS data of these samples
at 84 °C. Corresponding data of PF8/MCH are shown for comparison. All data confirm a
distinctive -1 decay indicating a phase transition from the membrane phase to the fully

dissolved rods. These characteristics allowed us to fit the data to models of cylindrical or
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sheetlike particles. The essential structural parameters so obtained are compiled in Table
III. The thicknesses of sheets correspond to two polymer layers. Thus the experiment is

commensurate with the theory based on an idea of a double layer membrane.
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FIG. 10. SANS data of PF8 (solid squares), F8y9s5-F2/6¢s (open squares), and F8.go-
F2/60.10 (open triangles) in MCH-d;4 at 84 °C+l. The two latter data are shifted for
clarity. The dashed line shows the -1 decay for comparison. The concentrations were 10

mg/mL

TABLE III. Various parameters characterizing the structures of PF copolymers in 10

mg/mL MCH as determined by SANS:

Polymer in MCH Temperature (°C) Model Analyzed g- Dinax (A) Resg (R) Ry (A)
range (A)
F80.95-F2/60.05 20.0+0.5 cylinder 0.03-0.3 50+6 12.8+0.6 n/a
F8.00-F2/60.10 20.0£0.5 sheet 0.004-0.3 ~30 n/a 8.8+0.2
F80.50-F2/60 .50 20.0+0.5 sheet 0.004-0.3 ~30 n/a 8.7+0.2
F80.00-F2/60.10 841 cylinder 0.03-0.3 50+6 11.0+0.7 n/a
F80.50-F2/60.50 84+1 cylinder 0.03-0.3 5045 11.1+0.7 n/a
PF8 84+1 cylinder 0.03-0.3 5017 13.1£0.6 n/a
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C. Phase diagram

The exact transition temperature 7, * was studied for all abovementioned systems in

detail by SAXS and DSC. These results are compiled in Table IV. Fig. 11 plots the
proposed experimental phase diagram. In the Section II we predict an intermediate
membrane phase upon cooling of an isotropic hairy-rod solution this is indeed

experimentally confirmed. Most importantly, the theoretically predicted scaling of

T...*(N)~ N illustrated in Fig. 2 is in accord with that seen for N =8 in Fig. 11.

mem

Several issues ought to be commented.

TABLE IV. Transition temperature (T *) for the membrane-isotropic phase transition

mem

of the PF samples in 10 mg/mL MCH as determined by the DSC and SAXS.

Material DSC SAXS
Ten™ (°C) Tnen™ (°C)
PF6 n/a n/a
PE7 not observed 59+4
PF8 6512 701
PF9 not observed 3043
PF10 1312 75
F80.95-F2/6¢ 05 564 56+5
F80.90-F2/60.10 50+2 4816
F8¢.50-F2/6 50 not observed not observed
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FIG. 11. The experimental phase diagram showing the membrane isotropic phase

transition temperature of PFs, 7  * as a function of side chain length, N, based on

SAXS (solid squares) and DSC (open squares) data. Also shown are corresponding

transitions 7 *(N =8) for F8¢90-F2/6¢10 (triangles) and F899-F2/6¢10 (diamonds)

random copolymers based on SAXS (solid symbols) and DSC (open symbols) data. The
dotted lines correspond to the experimentally studied N . The solid line separating 2

phase regimes is a guide to eye. The theoretical counterpart is shown in Fig. 2.

Firstly, although the equations shown in Section II are interpreted as semi-quantitative
rather than exact but the physics behind the solution-to-membranes transition is easily
reasoned. Apparently, the free energy of the system includes two major contributions.
The first one, the elastic energy of the “blurs” formed by the alkyl chains, is mainly of
entropic of origin. The other, interaction between rods and a poor (for the backbones)
solvent, has a significant enthalpic component. This means that at high temperatures
when the entropy is dominating, the state with the lower stretching should be more

advantageous. The hairy-rods are thus dissolved in the solvent because the elastic energy
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of the side chains of such a cylindrical brush is apparently lower than that of a planar one
(cf, Fig. 1). Lowering the temperature amplifies the enthalpic term responsible for the
solvent-backbone interaction. Hence, at a certain point the system strives to reduce the
backbone-solvent contact area in spite of the higher stretching of the side chains and
membranes are formed. Upon further cooling the system macroscopically demixes in line
with the earlier predictions[19]. It is expected that analogous n-alkanes would be

dissolved in MCH[39]. The question remains whether 7, * is related to the melting

temperature of n-alkanes that increases with increasing N [40]. We may argue that
dissolution and melting of the side chains are entropically inverse phenomena and
therefore opposite behavior seems logical.

Secondly, although not directly included in the model, a two branched side chain

having N monomers can be roughly seen as two N/2 chains with twice as high grafting

density, i.e., a distance /2 between the grafts. As follows from Eq. (8), T, *~ bY 3/ N

decreases in such a case. This qualitatively corresponds to the experimentally observed
behavior.

Thirdly, the samples in the membrane phase are metastable, slow macrophase
separation occurring in a few days after preparation. This separation is so slow and it
does not infer the measurements. We expect that for the long side chains the membranes
can survive for long times even in the phase regime where demixing should have had
place. The free energy difference between memberanes and macrophase separated system
is quite low and, if membranes are interconnected (as it is expected[12]), their restricted
mobility will considerably slow down the process. Interestingly, the £ phase is generally

understood as an intrinsically metastable state, intermediate between a solvent-induced
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clathrate and the equilibrium crystalline order of the undiluted state[22]. The
metastability in the solid state is in agreement with both the proposed theoretical model
and the experimentally proposed £ phase in PF/MCH mixtures.

Fourth, in the theory (Eq. 1) the interaction between the hairy-rods is neglected, which
is plausible assumption in a low concentration regime. The used concentration (10
mg/mL ~ 1 wt-%) should constitute an uncorrelated particle system and no concentration
effect is seen, when the concentration is lowered down to 5 mg/mL[10]. However, it is
shown elsewhere[20] that the PF aggregates can form larger, network like structures. We
have furthermore proposed that the observed crystallites can act as nodes of the network
which implies that PF/MCH sheets are interconnected. Therefore, the interaction
assumption should be considered with care.

Fifth, the transition between membrane phase and isotropic rodlike polymers could also
be understood as a gelation transition well known for n-alkanes[41] and for instance for
poly(methyl methacrylate) in toluene[42]. The latter system shows a two-step
thermoreversible gelation mechanism where a fast intramolecular conformational change
is followed by an intermolecular association. The theory presented in Section II
represents equilibrium statistical mechanics and therefore do not reflect the mechanism of
the aggregation. PF/MCH system could yet be understood in similar terms but with a
very large hysteresis.

We finally note that the phase transitions can be determined for all membrane systems
by SAXS but they cannot be observed for PF7 and PF9 by DSC. Whether this relates to

the odd-even sequence in sheet structures[12] remains an open question.
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VI. CONCLUSIONS

In conclusion, we have conducted a systematic experimental study on how the phase
behavior of PFs is controlled by the side chain length and branching. This study is
founded on the theoretical predictions. MCH has been used as a representative solvent.
The lyotropic phase with solvent coexistence, the membrane phase, and the isotropic
phase are found in solution with increasing side chain length, N . A lyotropic phase
transition is seen at N*~ 6. The membrane phase turns into the isotropic phase of

dissolved rodlike polymers when the temperature is increased up to the limit

T,.. *(N =7-10), decreasing with N for N >8. The polymer branching is found to

decrease 7*, an effect which is in accord with the theoretical reasoning. Polymer
demixing and two types of membranes are theoretically predicted. The membrane phase
is found to consist of loose sheets of two polymer layers, well packed beta sheets and
smaller amount of fully dissolved polymers. The change of these fractions is given as a
function of temperature. These results give a solid insight to the tailoring solution

assemblies of hairy-rod polyfluorenes.
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