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Fractal Aggregates of Conjugated Polymer in Solution State
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Semirigid conjugated polymers have received much scientific and technological interest due to their unique electrical
and photonic semiconducting properties. Spectroscopic studies have indicated that these polymers underwent interchain
aggregation in the solution state even at large dilution; however, the origin of this event and the structure of the resultant
aggregates remained the crucial issues to be resolved. In the present study, we revealed that the interchain aggregation
of a conjugated polymer, poly(2,3-diphenyl-5-hexyl-1,4-phenylenevinylene){IPP), in solutions with chloroform
and toluene generated network aggregates with the hydrodynamic radii of several micrometers. Small angle neutron
scattering (SANS) demonstrated that the internal structure of these aggregates could be characterized by the mass
fractal dimensions of 2:22.7. The networks were looser in chloroform but became highly compact in the poorer
toluene solvent due to severe segmental association. Increasing the temperature alleviated the segmental association
in toluene while largely retaining the mass fractal dimension of the aggregates. However, the interchain aggregation
was never completely dissipated by the heating, suggesting the existence of two types of segmental association with
distinct stability. The highly stable segmental association that could neither be solvated by chloroform nor be disrupted
thermally in toluene was attributed to the-r complex already present in the DPBPV powder used for the solution
preparation. The chains tied firmly by this complex formed network aggregates in the solution and hence reduced
the entropy of mixing of the polymer. In the poorer toluene solvent, further segmental association took place within
the preexisting aggregates, making the networks more compact. This type of segmental association could be disrupted
by moderate heating, and its occurrence was ascribed to the poor affinity of the aliphatic side chains-BPYP6
for toluene.

photophysics of these materidl$:1! Considering that the
. . ) . aggregation is not accompanied with apparent macrophase

Conjugated polymers have gained much interest due to their ggaration and it may take place at very low polymer concentra-
unique electrical and photonic semiconducting properties for i, it hecomes difficult to make a straightforward connection
optoelectronicgpplications suchas polymerlight-emitting diodes ¢ this process to the phase transformations having been
(PLED).~2 This class of polymer is usually composed of 8 oncountered in solutions of rigid macromolecules, such as
sem|r|g|d conjugated backbone gttached W|th flexible short S|d.e crystallization and lyotropic nematic phase formatiéMicel-
chains to render the polymer nominally soluble incommon organic |izaion driven by the possible amphiphicility of the polymer due
solvents and hence facilitate the device processing using spin o the disparity in the solvent affinity of the conjugated backbone
drop casting techniques. Spectroscopic studies have indicated,, the aliphatic side chains may be a plausible mechanism for
that qonjugated polymers und_ergo interchain aggregati_on intheihe aggregatiof® Nevertheless, more in-depth studies are
solution state even at large dilutién’ However, the origin of  hecessary to test this postulate, in particular as to whether the
this eventand the structure of the resultant aggregates still remaingicelies are “segmental micelles” (formed by the local association
the cru_cial issues to be resolved as the presence of aggregategfsegmems) or “molecular micelles” (formed by the aggregation
even in trace amount can have profound impact on the of the whole polymer molecules as encountered in block
copolymer solutions).

Inthis paper, we investigate the interchain aggregation behavior
of a conjugated polymer dissolved in two solvents of different
qualities. Here we use small angle neutron scattering (SANS) as
the major tool for resolving the aggregation behavior. SANS is
known as a powerful tool for characterizing the conformational
structure and aggregation behavior of macromolecules in
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solutions!*15This technique makes use of the distinct contrast flexibility may enhance the solubility of the polymer in the solution
in neutron scattering length between deuterated solvent andand thus reduces the aggregation power of BPBV compared
hydrogenous polymer (or vice versa), which offers decent with that of PPE. Consequently, the structure of the aggregates
scattering intensity and effectively reduces the incoherent may be largely different from the compact plate structure formed
background for probing the solution structure at relatively low by PPE. In the present study, we investigated the aggregation
polymer concentration. SANS can effectively complement the behavior of DP6-PPV in chloroform and toluene. Chloroform
spectroscopic techniques such as photoluminescence spectroswas considered as a relatively good solvent for the polymer,
copy, where the attribution of the lower energy emission to the whereas toluene was arelatively poor one. With the aid of dynamic
presence of aggregates is sometimes complicated by othedight scattering (DLS), we will demonstrate that DPBPV
emission species such as excinéts'® and chemical defects. 23 underwent interchain aggregation in both solvents, generating
In a recent study, Perahia et al. have utilized SANS to probe aggregates with the hydrodynamic radii of several micrometers.
the aggregate structure of a conjugated polymer, poly(2,5- The corresponding SANS profiles reveal the network internal
dinonylparaphenylene ethynylene) (PPE), in the solution with structure for these aggregates with the mass fractal dimension
toluene?425 The triple bonds along the backbone imparted of 2.2—2.7. The origin of the interchain aggregation will also be
conformational rigidity to the molecule; therefore, PPE chains discussed in connection with the highly persistentr complex
were essentially rodlike. The rodlike molecules were found to present in the DP6PPV powder before dissolution.
aggregate into large flat clusters driven by thex interaction
below ca. 40°C. When the aggregates were too large to freely Experimental Section

move in the solution, a trans!non Into a constralne_d or jammed DP6-PPV was synthesized according to the procedure described
phase took place, transforming the viscous solution into gel. gjsewher@s-2° The weight-average molecular weightl) and
The conjugated polymer studied here is poly(2,3-diphenyl- polydispersity index of the polymer were 448000 and 1.3,
5-hexyl-1,4-phenylenevinylene) (DP®PV) with the chemical respectively. The polymer solutions with concentrations of 0.1, 0.5,
structure shown below DPEPPV is an attractive green-emitting  and 1.0 wt % were prepared by dissolving the appropriate amount
of the polymer in chloroform and toluene. Deuterated solvents were
used for enhancing the contrast in neutron scattering length densities
(SLD). The mixtures of polymer and solvent were stirred at ca. 40
°C for 12 h, where macroscopically homogeneous solutions were
observed by naked eyes after the stirring. The solutions were allowed
to equilibrate at room temperature (ca.Z®) for 12 h prior to the
SANS and DLS measurements.
The SANS measurements were performed am 8 m SANS
\ instrument (NG1) at the National Institute of Standard and
Technology (NIST)! The incident neutron wavelength was= 8
A with a wavelength dispersion @/A = 0.14. The configuration
CeH s of the SANS instrument, including the collimated pinhole size and
the sample-to-detector distance, was optimized to give an effectively
) o ) ) . measuredj-range of 0.008-0.12 A1, The scattering intensiti)
material for PLED application due to its high glass transition \yas corrected for transmission, background, and parasitic scattering
temperature, high fluorescence efficiency, and ease of monomerand normalized to an absolute intensity (scattering cross section per
and polymer synthes@8.2° In contrast to PPE, the conjugated unit sample volume) as a function of the scattering vegtevhere
double bonds in the backbone of DPBPV render the chaina  q= (47/A)sin(0/2) (0 is the scattering length angl&The incoherent
certain degree of flexibility, such that its conformation is more backgrounds from the pure solvents were also measured, corrected
properly described by the semirigid “wormlike chain” instead gzgggc\{gg?:gnf]r?ﬁgiggiggcseg'\?é :jhaigliseorhlsgrgm\(czrl]igrated
i 13,30 i i i .
of & rigid rod:*=The entropic gain from the conformational and controlled within+0.1 °C) of the solution during SANS
measurement was achieved by use of a 10-piston heating/cooling
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Figure 1. The room-temperature SANS profiles in lelpg plots
of DP6—PPV in solutions with chloroform at different concentrations.
Two power-law regimes were identified in the scattering profiles,
irrespective of the concentration. The intensity exhibited a power
law of 1(g) ~ g~27in the middle- to low-region characterizing the
mass fractal dimension of the network aggregatesdfdependence
transformed to another power law d&fq) ~ g1 at high g,
corresponding to the form factor of the rodlike subchains between
the junction points in the networks. The solid curves are the fitted
results using the unified equation.

Laplace inversion routine of®(r) was performed to yield the
distribution of relaxation time#\(z), viz.

a"(@) = [A@) exp(-t/r) dr )
The translational diffusion coefficient distribution was obtained from
A(r) and the hydrodynamic radius distribution was eventually
obtained using the Stoke&instein equationR, = kgT/(67117D),
wherekg is the Boltzman constant, is absolute temperaturB, is

the diffusion coefficient, and is solvent viscosity.

Result and Discussion

Aggregate Structure in DP6-PPV/Chloroform Solutions.
Figure 1 shows the room-temperature SANS profiles of BP6
PPV in the solutions with chloroform at different concentrations.
The SANS intensities followet(q) ~ q~! dependence in the
high-q region @ > ~0.03 A1) irrespective of the polymer
concentration, indicating the presence of rod entity under large
spatial resolutiod*15 The scattering intensity in thig region
was dominated by the form factor of the rod entity, Vz.,

(@) = NAG™Y,o Proi() 2)
wherel(q) is the absolute intensity in crb, N is the number
density of rod particlesAp is the SLD contrast between the
solvent and the particl&,q4is the volume of the rod, arfél,q(q)
is the form factor function of the rod particle. Détq= zvy, with
zandy, being the number of monomer units in a rod and volume
of amonomer unit, respectively, aNd= cN,/(zM,), with ¢, My,
and N,y being the concentration in g/mL, molar mass of the

Langmuir, Vol. 22, No. 26, 200®11

10

o

1.0 wt%

G(q)q (A7)

24— g T T T T

Figure 2. g(g)qvsqgplotof 1.0 wt % DP6-PPV/chloroform solution
for the determination of the molar mass per unit lendth)(from
the asymptotic value of the plot

monomer unit, and Avogardro’s number, respectively, then eq
2 can be reorganized to give

(@M G(a)
Prod(q) = ; 2 = Z (3)
CN, ZA P2
In the highg limit, Prog(q) — 7/(gL)'5, eq 3 thus translates to
. (M, Mz M
lim G(q) =—=12zP = =—— (4
(o (q) CNaVApZUUZ rod(q) C]LMU Muq ( )

whereM_ is the molar mass per unit length of the rod. Equation
4 prescribes that the productg(@j) andg reaches an asymptotic
value given byzM_/M,. Figure 2 displays thg(q)q vs q plot

for the 1.0 wt % DP6-PPV/chloroform solution. The plot was
generated using the following parameter valuggsps-ppv =
1.321x 1010cm*1, Pchloroform-d = 3.16x 101°cm’2, andUu,Dp&ppv

= 5.73 x 10722 cn®. M determined from the plateau was 4.3
gmol~tnm™L. This value closely agreed with the molar mass per
unit length of the monomer unit of DP&@PPV (=5.0 gmol?
nm1) calculated by dividing the molecular weight of the
monomer unit 1, = 338 g moi?) by the length of a monomer
unit (=6.7 A)3® This attested that the rod entity probed in the
high-g region corresponded to the rodlike segments constituting
DP6-PPV chains.

The conformation of semirigid polymers is usually described
by the “wormlike chain” possessing relatively large persistent
length,lps (Ips < contour length$5-3° In the lowq region @ <
ls 1) where the global conformation is probed, the wormlike
chain approaches the coil behavior and the corresponding form
factor exhibits an asymptotic power lawigf) ~ g~ with v =
2.0and 1.7 i and good solvent, respectivé8Rodlike behavior
corresponding to the rigid nature of the polymer chain on local
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q(A7) chloroform but became highly compact in toluene.
Figure 3. The concentration-normalized SANS profiles of DP6 ) ] )
PPV/chloroform solutiond(g)/c in the low-q region was found to The largerl(g)/c at higher concentration was attributable to
increase with increasing overall polymer concentration, indicating the significant aggregation of DP&PV chains in chloroform.
that DP6-PPV exhibited significant interchain aggregation. We asserted that the observed SANS profiles were overwhelmed

by the structure of the interchain aggregates. In this case, the
power law ofl(q) ~q~27 signaled that over the length scale
covered by the lowg region the structure of the aggregates was
characterized by a mass fractal dimension of ca. 2.7 irrespective
of polymer concentration. The proximity of the observed fractal
dimension to that<2.5) displayed by the percolation clusters
suggested that the aggregates of BP®V were networks
generated by the segmental association of the polymer chains,
as schematically illustrated in Figure 4. The sites of the segmental
association acted as the (physical) junction points for the chains
(with the average distance between the junction points denoted
by &s). Two structural levels of the aggregates were hence probed
by the SANS profiles. Aty > &2, the scattering behavior was
dominated by the form factor of the subchains between the
junction points in the networks. § was smaller than the Kuhn

correspondmg_slope in the ledog plot becz_ime ca-2.7 and length of the chain, these subchains were essentially rodlike and
was virtually independent of concentration. Therefore, the hence gave rise to thg1 power law in the highg region in

scattering profiles of the three concentrations shared essentlaIIyFigure 1. ARy 1< q < & (with Ry being the radius of gyration
the same feature, namely, the intensities exhibited a power law
of the aggregates), where the structure at a more global length

T . i : .
Ofdtla(q()en d er?c e trel1rr]1 S;gfmg]é&dl)ew t(_)l Lt)tvr\]/? I:e%g)rr;ésblétm;ms scale dominated the scattering behavior, the intensity displayed
Gadep @~a gnha P 9 another power law of(g) ~ q~27 characterizing the fractal

to the rodlike behavior of the chain segment. Since polymer . . )
. ; .~ dimension of the networks. Consequently, the overall scattering
chain conformation usually depends weakly on concentration, rofile exhibited a crossover froar: to q-27 with decreasin
the observed SANS profiles may be ascribed intuitively to the protie m-toq -reasing
g. Similar crossover between the power lawgot andg~ with

form _factor of the molecularly dissolved polymer chains in the o lying between 2.0 and 3.0 has also been noted recently for the
solution. However, the power law exponent of 2.7 at lgwas . .
scattering patterns of the aggregates of carbon nanotubes in

not prescribed by the asymptotic scattering behavior of wormlike . 1
. . : solution staté!
chain or other form factor models of linear polymer chains. The .
o . - . The fractal aggregates revealed here for BPBV was in
attribution of the observed scattering pattern to single-chain form R .
-~ clear distinction with the compact plate aggregates formed by
factor was further ruled out by the strong concentration : . 2405 ;
g > . the rodlike PPE chain¥:2 The latter was consider to possess
dependence of theoncentration-normalizedhtensity ((qg)/c), . o425
C . . a uniform density*2>whereas the fractal aggregates of BP6
as shown in Figure 3. It can be seen that, instead of collapsing e ;
) . N . PPV had an opened structure, as a significant fraction of the
onto a single master curve, the concentration-normalized intensity ; . . .
) o L . unassociated segments remained mixed with the solvent molecules
in the low-q region increased with increasing overall polymer . e .
- contained within the aggregates (cf. Figure 4).
concentration. ’
It can be seen from Figure 1 that the crossover between the

The concentration dependencd(ap/cwas not prescribed by two power-law regimes (marked by the arrow) shifted to higher
the dynamic network structure formed by the interchain overlap PO /Teg y 9
g with increasing polymer concentration (e.g., from 0.022 A

in the semidilute solution either, because in this ¢&péc should o : o i . :
decreasewith increasing concentration in the logvregion at 0.1% to 0.037 A at 1.0%), |mply|ng a smallef at higher

< EL with £ being the dynamic mesh size), Hg)/c is polymer concentration due to higher degree of segmental
proportional to the mesh size, which decreases with the increase 41y gayer, B. J.; Hobbie, E. K.; Becker, M. Macromolecule2006 39,
of concentratior{? 2637.

scale emerges in the highregion @ > lps 1). In principle, the
persistent length of the wormlike chain may be determined from
the crossovenry;) from the rodlike behavior to the coil behavior
vialps= 3.5/, 3% provided that the scattering profile over the
g range of interest represents the form factor of the single chain
or the subchain that is long enough to manifest the wormlike
behavior. Exact determination &js was however implausible
here because, as will be shown later, the scattering profiles at
g < ~0.03 AL in Figure 1 were not dominated by the form
factor of molecularly dissolved DP&PV chains. Nevertheless,
the fact that the~ power law extended to ca. 0.03 Aindicated
thatl,s of the chain was larger than 3.5/0.038=117 A.

The scattering intensities of DP®PV/chloroform solutions
exhibited obvious upturns aff < ~0.03 Al where the
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Table 1. Values of the Parameters Obtained from the Unified 1.2
Equation Fits for DP6—PPV/Chloroform Solutions —— DP6-PPV in CHCI,

0.1wt% 0.5 wt % 1.0 wt % T DP6-PPV in toluene

Gs 0.01440.008 0.026+ 0.09 0.02+ 0.012 1.0
Bs (10°) 7.7+0.45 5.9+0.05  11.6:£1.3
P 2.71+0.43  2.65-0.05 2.62+0.6
Rs (nm) 8.5+ 2.9 6.4+ 1.1 4.4+ 0.9
E(=12RD)Y2(nm) 29.4 221 15.2

0.84

=]
association. We attempted to deduce the quantitative valiie of &
through fitting the SANS profile by the “unified equation” )]
developed by Beaucadé#3The unified equation describes the E 0.6
scattering profiles of fractal objects in terms of hierarchical levels -g.,
of structure in the system. Each structural level is described by "g
a Guinier’'s law and a structurally limited power law. The unified <

scattering function in terms of two structural levels is given

by42,43
2 2 2,2 0.2
ARy p(_q Rs) 1\P
I(q)=[Gexp( 3 + Bex 3 (q*) | I )
2 2 } y a
gR 1\Ps )0 AP VA N M —-—
+[Gsex;{— 3 )+Bs(@) } ®) 10° 100 10f 100 10' 10° 108 107

Hydrodynamic Radius (nm)

whereg* = g/[erf(qkRy/6"2)]* andgs* = g/[erf(qkR/6"?)]3 with Figure 5. The distribution of hydrodynamic radit in the 1.0 wt

k ~ 1.05;G = NpAp?Vy?, with N, andV, being the number of 9 chloroform and toluene solutions at@5. TheR, profile displayed
particles in the scattering volume and the volume of the particle, three peaks with each stemming from a characteristic relaxation
respectivelyB andBs are the prefactors specific to the types of mode in the system. The largdgt was attributed to the average

power-law scattering characterized by the exponBrasdP hydrodynamic radius of the aggregates in the solution, while the two
respectively: they are given by s small peaks were attributed to the internal relaxation mode of the

networks and the motions of the rodlike segments.

0.4+

B= GP r i (6) been manifested by the shift of the crossover between the two
Rgp 2 power-law regimes to highef.
p P Since the accessibterange in the present SANS experiment
B — GPs ’s @) did not allow theRgys of the aggregates to be determined, a DLS
s RSPS 2 experiment was conducted to reveal the hydrodynamic iagii,

of the aggregates. Figure 5 shows the distributiofRpin the
1.0 wt % DP6-PPV/chloroform solution at 25C. TheR, profile
displayed three peaks with each stemming from a characteristic
relaxation mode in the system. The dynamics of BP®V in
the solution was hence characterized by three modes, namely,
the fast, medium, and slow modes. The larggsof 3.8 um
associated with the slow mode may be attributed to the average
hydrodynamic radius of the aggregates in the solution. Conse-
guently, the interchain aggregation of DPBPYV in chloroform
generated relatively large aggregates micrometers in size; down
to the nanometer length scale the internal structure of the
aggregates could be described by a rather well-defined fractal
dimension of ca. 2.7. The physical range of mass fractal dimension
dm is between 1.0 and 318:151n general, a smaller value df,

wherel is the gamma function. For the present system, the first
two terms in eq 5, which revealed the fractal feature of the
aggregates, dominated the intensitygat & 1. The last two
terms, which dominated the intensity@t- £571, captured the
building block (i.e., the rodlike subchains between the junction
points) with the characteristic radius of gyration Rf of the
networks.

Because the Guinier region prescribed by ®Reof the
aggregates was not accessible overghrange of the present
SANS experiment due to relatively large aggregate size, the first
termin eq 5 was omitted for the fitting. For the curve fitting we
have fixedPs = 1.0 (corresponding to the power-law exponent

of the rodlike subchains), thereby leaviBgGs, Bs, Rs, andP . LT
as the fitting parameters )The fitte)c/i resuItBs?Wére Sdis;S)Iayed by the Wouldimply thatthe structure of the fractal objectis more opened
: or has a lower dimensionality. The rather large fractal dimension

solid curvesin Figure 1, and the numerical values of the parameters : L9
obtained from the fits are listed in Table 1. The fractal dimensions, of DP6-PPV aggregates in chloroform indicated that these

P, obtained from the fits were close to those estimated directly gfg%zggf?;ifg;/zri?n%ﬂ;?&e%s: |na|sst£)utk:)tgrﬁéletflusl r}g'ﬁeg;;?\t/me \t/r?leue
from the slopes of the intensity profiles in lotpg plots. mechanism of the cluster rc);wth from the aggregation of%mall
Rs corresponded to the radius of gyration of the rodlike 9 ggreg

" .
subchains between the junction poirfis,and was hence given ig?nur;gffoﬁtﬁ\ggverré Sgt?gn ?)?Ioinalﬁlsmzfgﬂgﬁz E(\a/ggu;ne%ee
by & =~ (12RA)Y2 The values of; thus calculated were 29.4, P ggreg gpoly ’

22.1, and 15.2 nm for the concentrations 0.1%, 0.5%, and 1.0%,bUIIdIng block by itself is a fractal Obje.Ct' .
. . . The small peak at 72 nm (corresponding to the medium mode)
respectively. The smallefs at higher polymer concentration

: : . . in the R, profile was attributed to the internal relaxation mode
signaled a higher degree of segmental association, as having alséfthe networks, while the other peak with~ 8 nm was ascribed

(42) Beaucage, Gl. Appl. Crystallogr. 1995 28, 717. to the motions of the rodlike segments in the aggregates. It is
(43) Beaucage, Gl. Appl. Crystallogr. 1996 29, 134. noted that theR, of a rod entity is usually smaller than its




11014 Langmuir, Vol. 22, No. 26, 2006 Li et al.

10% 5 o
3 i o chloroform 25°C
: o 0.1wt% o %« toluene 85°C
i A 0.5wt% 10'4,
%o o 1.0 wt% s
10 4 v
= 100—5 ‘TE 10°
5 ] 2
= Cs
= 10+ B
] 10" 4
107 4
] T T T T
1 0.01 -1 0.1
. q(A™)
0_61 _ of1 Figure 7. The temperature-dependent SANS profiles of 1.0 wt %
1 . ) .
q (A ) DP6—PPV/toluene solution collected in a heating cycle. The tpw-

Figure 6. The room-temperature SANS profiles in lotpg plots intensity depressed progressively with increasing temperature, while
of DP6-PPV in the solutions with toluene at different concentrations. |2r9ely retainingits slope. Accompanied with this intensity depression
was the gradual emergence of thé power law in the higtgregion.

Only one asymptotic power law was identifiedept- ~0.02 A2, _ : h X
The corresponding power law exponents were attributed to the mass! 1€0_* regime became clear at 86. The inset displays the SANS

; ; ; profiles normalized by the contrast factors for 1.0 wt % BP6
If:]?gg]g:;n Zgzlgésat(i):)rt]hgf %%PC\? rir:‘pta;](;t gglt\\:\g;]rtlf s formed by the PPV/toluene solution at 8% and 1.0 wt % DP6&PPV/chloroform

solution at room temperature. It can be seen that the two scattering
correspondingRg. 1545 However, as can be seen from Table 1, profiles were nearly identical.

the radius of gyration of the rodlike subchains between the junction
points Rs = 4.4 nm) in the 1.0 wt % solution was smaller than
the value ofR, (~ 8 nm) deduced from DLS. This discrepancy

were smaller than those in chloroform, due to more compact
internal structure. The other two peaks corresponded to the
may be reconciled by considering tatis related not only to network internal relaxgtion mpde and the motion of the rodlike
the size of the object but also to its dynamics of motion. In the Ségments. ThR, associated with the former was larger than that
aggregates, the motions of the rodlike subchains were indeegfound for the chlorofprm solution, as the corresponding motion
constrained by the junction points; therefore, the corresponding P€came more restricted due to higher degree of segmental
Rn became larger than that of the free rods. association in the aggregates.

Aggregate Structure in DP6-PPV/Toluene SolutionsWe Owing to the higher boiling point of toluene, a temperature-
now turn to the structure of DPEPPV in the poorer solvent,  dependent SANS experimentwas conducted to examine the effect
toluene. Figure 6 displays the room-temperature SANS profiles of elevating temperature on the aggregation behavior of-bP6
of DP6—PPV in the solutions with toluene. In contrast to the two PPV in this solvent. Figure 7 displays the SANS profiles of 1.0
distinct power-law regimes observed for the chloroform solutions, Wt % toluene solution collected in situ at different temperatures
only one asymptotic power law was identified herg at~0.02 inthe heating cycle. The lowintensity depressed progressively
A-1. The corresponding slopes in the telpg plots were—2.2, with increasing temperature, signaling the occurrence of de-
—2.4, and—2.7 for the concentrations 0.1 wt %, 0.5 wt %, and aggregation upon heating. Interestingly, the fractal dimension of
1.0 wt %, respectively. These power law exponents were againthe aggregates remaining in the solution was found to remain at
attributed to the mass fractal dimensions of the networks formed ca. 2.7, as the lowtslope in the log-log plot was essentially
by the interchain aggregation of DP®PV in toluene. The unaffected by increasing temperature. Accompanied with the
absence of thg~! power-law regime in the scattering profiles ~ depression of the lowrintensity was the gradual emergence of
implied that the networks were highly compact with very small theq~* power law in the highg region ¢ > 0.04 A™%). Theq ™
& due to severe segmental association. In this casegthe  power-law regime became clear at 85, which was about the
regime was located at the region beyond the measugahlege highest achievable temperature before the intervention of solvent
of the SANS experiment. The smaller fractal dimensions boiling. In this case, the scattering pattern was characterized by
(compared with that observed for the chloroform solutions) two distinct power-law regimes and became nearly identical with
coupled with highly compact internal structure indicated that the the room-temperature SANS profile of the corresponding
aggregates in toluene tended to collapse into objects (such aghloroform solution after being normalized by the respective
disks) with lower dimensionality due to severe segmental heutron contrast factors (cf. the inset in Figure 7).
association. The temperature-dependent SANS experiment hence revealed

The distribution oR;, of 1.0 wt % DP6-PPV/toluene solution  that heating the toluene solution tended to reduce the degree of
at 25°C is also shown in Figure 5. TH®, profile also exhibited segmental association in the network aggregates. The segmental
three peaks centering at lu®& and 95 and 10 nm. The largest dissociation loosened the networks, and the increasssbffted
R, of 1.3um was again attributable to the average hydrodynamic the g~ power-law regime to the accessilfjg@ange. Although
radius of the aggregates. Therefore, the aggregates in toluenéhe aggregates became less compact at higher temperature, their
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a DP6-PPV film cast from chloroform solution with a very
l rapid solventremoval is also displayed in Figure 8. It can be seen

that ther—z complex peak still existed, which implied that the
complex present in the powder remained unsolvated in chlo-
roform, such that it was transferred into the film after solvent
removal. Consequently, the WAXS results suggested the presence
of a highly stabler—sz complex in DP6-PPV powder. This
species could neither be solvated by chloroform nor be disrupted
by heating; as aresult, the chains tied firmly byther complex
formed network aggregates in the solution. This interchain
clustering reduced the entropy of mixing of the polymer compared
with the case where all the chains were uniformly dispersed. In
the poorer toluene solvent further segmental association might
then take place within the preexisting aggregates to reduce the
- free energy of the system. This segmental association might be
5 10 15 20 25 30 35 driven by the amphiphicility of the DP6PPV segments, since

20 (deg.) toluene was a relatively poor and good solvent for the aliphatic

) ) side chains and the aromatic backbone, respectively. In contrast
Lsbdlfor the Soluion préparations, the powder having been annealed?, 118777 complex, the ‘micelle-lie” segmental association
at 330°C and the film cast from chI’oroform.Apeak associated with hus generated had a poorer thermal stability and could be
71— complex was observed at 2¢r all samples. disrupted by moderate heating.

film cast from chloroform

powder annealed at 330°C

Intensity (a. u.)

as-received powder

Conclusions

fractal dimension remained essentially unperturbed. Itis further  op, pasis of the SANS and DLS study, DPBPV was found
noted that the interchain aggregation was never completely i exhibitinterchain aggregation in solutions with both chloroform
dissipated even by heating to 8&, at which the aggregate  anq toluene. The aggregation generated relatively large network
structure was analogous to thatin chloroform at room temperature.aggregates with their internal structures characterized by the
The results suggested that two types of segmental associationyass fractal dimensions of 2:2.7. In chloroform, the segmental
with distinct stability existed in the aggregates of DFEPV. association was attributed to the-7 complex already present
The first type was prevalent in the poorer toluene solvent and i, the Dp6-PPV powder used for the solution preparation. This
could be disrupted by moderate heating. The other type of pighly stable complex remained unsolvated in chloroform and
segmental association was highly stable in the sense that they,ance tied the polymer chains to form network aggregates. The
could neither be solvated by the good solvent such as choroformgans profiles associated with these networks displayed two
nor be dissipated thermally at 8% in toluene. _ power-law regimes characterizing the mass fractal dimension of

The Nature of the Segmental Associationsiere we attributed  the networks and the rodlike subchains between the junction
the highly stable segmental association to ez complex points in the networks. Further segmental association took place
already present in the DP@PV powder used for the solution  jn toluene due to the poor affinity of the aliphatic side chains
preparation. This kind of complex was formed by the in-plane of pp6-PPV to the solvent. The resultant aggregates were highly
stacking of the phenylene or phenyl moiety in BH&PV, and compact and the smajl caused the shift of the~ power-law
the characteristic distance of ca. 3.0 A between the aromaticregimeto the region beyond the measurapkenge of the SANS
groups forming the complex would lead to a peak @229 experiment. The aggregates of DFBPV in toluene thus
in the wide-angle X-ray scattering (WAXS) profité Figure 8 consisted of two types of segmental associations, namely, the
shows the WAXS scan of the DP®PV powder used for the ;7 complex, which persisted even after heating t6@85and
solution preparations. The two peaks located at 18 arfd 22 the micelle-like segmental association, which could be disrupted
corresponding to the interplanar spacing of 4.9 and 4.0 A, by moderate heating.
respectively, were associated with the packings of the aliphatic
side chains of DP6PPV 3% A 7—x complex peak was clearly
discernible at2 =29°. This scattering peak was found to persis
even after annealing the powder at 380(cf. Figure 8), showing
that ther—mz complex was highly stable. The WAXS profile of
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