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ABSTRACT: Using a combination of laser light scattering (LLS), YMs, and fluorescence spectrometry
methods, we comparatively examined the self-assembly and optical property of two triblock copolymers made of
polystyrene (PS, coillike) and olige{phenyleneethynylene) (OPE, rodlike) in different mixtures of toluene and
hexane. For the coilrod—coil (PS-OPE-PS) triblock copolymer, intrachain wrapping of the two soluble PS

coil blocks on the insoluble middle OPE rod block in the solvent mixture reduces-thestacking of OPE and
makes it more planar, resulting in a red shift in its U¥s and fluorescence spectra, presumably, due to the
J-type aggregation. While for the redoil—-rod (OPE-PS-OPE) triblock copolymer, two intrachain stacked
insoluble OPE blocks are wrapped and stabilized by the soluble middle PS block in toluene. The addition of
hexane, a nonsolvent of PS, leads to further interchain aggregation of OPE, resulting in large polymeric micelles
with an insoluble OPE core and a soluble PS shell. The blue shift in its\yi®&/and fluorescence spectra reflects

that intrachain stacking and interchain packing of OPE in the core are mainly H-type; i.e., they are parallel to
each other, which increases the- interaction of OPE.

Introduction 0= 17.5° 10" PS,-OPEPS,

"O" OPE-PS,-OPE,

Block copolymers made of two flexible (coil) blocks can self-
assemble into a range of microphase-separated supramolecular
structures:2 The self-assembly of block copolymers made of —_
one coillike block and one rodlike block is also theoretically @f
and experimentally studied, leading to a number of novel = 06}
morphological structures with some tunable optical and elec-
tronic proprieties7 It is not surprising that the difference in
the chain rigidity affects how they are packed during the self- 0.0 = -
assembly as well as their final supramolecular structures. 10 10 10
Polymer chains with a conjugated rodlike backbone have some R, /nm
unique physical properties due to their delocalizedlectron Figure 1. Hydrodynamic radius distributions of triblock copolymers
structures®-22 The electronic and optical properties of conju- (PSs—OPE—PSs and OPE—-PSs—OPE) chains in pure toluene.
gated polymers strongly depend on intermolecular interactions,
i.e., how they are packed together. Phenyleneethynylene poly-
mers (PPE) and oligomers (OPE) with-z* transition induced :
highef chirc)>ptical agtivities a(lre on)e kind of conjugated molecule Jugated blocks_have been rep orféd’* Most of th_em were
with a range of applications in displays, sensors, and molecularfocused on their morphology in bulk. Less attention has been

electronic€327 The PPE-type molecules were first synthesized paid to how they are self-assembled in a selective soffent.
in 198328 This is why we initiated the current study.

In order to increas_e their solubil_ity and processability, _aIkyI Using a combination of laser light scattering, BVis, and
or alkyoxy side chains are often introduced. Recently, incor- fluor n r ies. Wi mparatively studied th If-
poration of conjugated polymer blocks into a polymer chain UOrescence spectroscopies, we comparatively studied the se
has opened a new way to control the chain packing and adjustassembly and optical propertles Of, one eodd—coil ”'F"OCK
their electronic and optical properties. As expected, the self- COPolymer and one roecoil—rod triblock copolymer in dif-
assembly of A-B—A triblock copolymer chains is much more ferent solvent mixtures of toluene and hexane, where the coil
complicated than AB diblock copolymer chains in a selective ~and rod blocks are polystyrene and oligghenyleneethy-
solvent. Up to now, only a limited number of studies of the nylene), respectively. The self-assembly occurs because the coil

and rod blocks has a large difference in the FeHuggins

*To whom correspondence should be addressed at the ChineseS€gmentsegment interaction parametey) (in the solvent
UnivefSity of Hong Kong.. mixture. Different arrangements of the coil and rod blocks in

The Chinese University of Hong Kong the triblock copolymers lead to different packings in the self-

* University of Science and Technology of China. ) ) >
8 The Pennsylvania State University. assembled structure and different optical properties.

1.2¢

in pure toluene
C=1.64x10" g/mL

self-assembly of triblock copolymers with one or twecon-
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Table 1. GPC and LLS Characterization of Triblock Coil —~Rod—Coil (PSz3—OPE7—PSs3) and Rod—Coil—Rod (OPEs—PSis—OPEs) Copolymers,
Respectively, in THF and Pure Toluene at 25C

sample Mh theory(9/mol) Mn.cpc(g/mol) Mw/Mn)eec Mw,LLs (@/mol) Mw/Mp)LLs Ryd(nm)
PS3—OPE—PS;s 7.6x 10° 7.5x% 10 1.15 1.7x 104 151 4.2
OPE—PS;s—OPE 5.7x 10 6.1x 10° 1.14 5.0x 103 1.68 3.2
Experimental Section I' is related to the translational diffusive coefficiem)(by D =

(I/9?)q—0,c—o and further to the hydrodynamic radiu.) by R, =
kgT/(62myD), wherekg, 77, and T are the Boltzmann constant, the
solvent viscosity, and the absolute temperature, respectively.
Therefore,G(I') can be converted to a distribution of translational
diffusion coefficient G(D)) or a hydrodynamic radius distribution

Analytical grade solvents, toluene and hexane, from Labscan Asia(f (Ry)). The details of the LLS instrumentation and theory can be

; ; ., found elsewheré>36

Co were used as received. The triblock copolymers were first i )
dissolved in toluene with a concentration of 1.64 mg/mL at room UV —Vis and Fluorescence Measurementslhe UV-vis ab-
temperature. The solutions were clarified with a 0:48 nylon sorption and fluorescence spectra were recorded with a Varian cary
filter to remove large dust particles. Different amounts of dust- °G UV—Vis—NIR spectrometer and a Hitachi F-4500 fluorescence
free hexane were added to the clarified copolymer solution. Such SPectrometer, respectively. The excitation wavelength used in the
prepared solutions were kept at room temperature for at least 24 nfluorescence measurement was 332 nm. It should be stated that in
before laser light scattering measurements to ensure that hexan@rder to compare results from different methods we used the same
was completely mixed with toluene. One month later, the measure- COpolymer concentration for LLS, UWis, and fluorescence
ments were repeated to check whether the measured self-assembl{i€asurements. Since LLS required a more concentrated solution,
of the triblock copolymer chains in the solvent mixtures had truly We had to use a 1 mrhin quartz cuvette instead of a normal 10
reached a stable state. mm one in the UWvis measurement. All the U¥vis and

Laser Light Scattering. A modified commercial light scattering ~ fluorescence measurements were done &5
spectrometer (ALV/SP-125) equipped with an ALV-5000 multitau ) )
digital time correlator and a HeNe laser (output power 22 mW Results and Discussion
atlo = 632 _nm) was used. In static LLS, we were able to obtain First. we used both LLS and GPC to characterizesPS
both the weight-average molar ma#4,) and thez-average root OPE—PSs and OPE—PSs—OPE, respectively, in pure

mean-square radius of gyratiofiR{?(¥? or written asRy[) of . )
scattering objects in a dilute solution from the scattering vecfor (  toluéne and THF. Their number- and weight-average molar

dependence of the excess absolute scattering intensity, known agnassesNi» and My) and the polydispersity indexe#{/M,)

Sample Preparation.The P3;—OPE—PS3;and OPE—PS;s—
OPE triblock copolymers were prepared by the condensation
coupling between the amino-terminated OPE block and the car-
boxyl-terminated PS block that was synthesized by anionic polym-
erization. The synthetic details can be found elsewPferg.

the Rayleigh ratidR,(q) are summarized in Table 1. Figure 1 shows hydrodynamic radius
distributions { (R,)) of PS3—OPE—PS3; and OPE—PS;s5—
KC xi(l-FlERgzmz)JrZAQC 1) OPE; in pure toluene. The intensity-average hydrodynamic
R.@ My, 3 radius (R.) calculated from each(R;) is also summarized in

Table 1. For P§—OPE—PSs, R\~ 4 nm andMy, 1 s is 1.7
whereK = 472n2(dn/dC)?/(Nalo?), q = (47n/Ao) sin(0/2), andNa, x 10* g/mol, nearly 2 times higher thaviy cpc Moreover, M/
dn/dC, n, and4o are the Avogadro number, the specific refractive ) | 5 is much higher thanMw/M)cpc Note that toluene as a
index increment, the solvent refractive index, and the wavelength solvent is only good for PS but poor for OPE. The previous
of the light in a vacuum, respectively. The extrapolatiorﬁ:zte* 0 SANS measurement showed that on average fivg-RIPE—
andg = 0 can lead ta,. The plots of KC/Ry(q)lc-o vs ¢* and PSs chains can self-assemble to form spherical micelles in

[KC/RAM(Q)]¢—0 Vs C lead toR2Hand A,, respectively. For small S .
scattering objects, the Zimm plot on the basis of eq 1 is usually foluene when the polymer concentration is 26 mgfhL5 times

used, which incorporates the extrapolation€of- 0 andg — 0 in higher than what we used in the current LLS study. The SANS
a single grid. For the rodcoil—rod triblock copolymer (OPE- study also showed that the insoluble OPE core has a diameter
PSis—OPE), large self-assembled structures are formed due to of 4.4 nm, similar to the fully extended length of one OPE block
strong intermolecular interaction in some solution mixtures so that (~4.7 nm), and the radius of gyratioRg) of the PS corona is
the Berry plot 1.2 nm% The higher theM,,, the broader distribution (higher
KC \os 1\os 1 Mw/Mp) and the largefR,Cindicate that some of R OPE—
( ) T = (_) ' (1 += qugz)(l + AM,C) () PS;; chains are still associated with each other even the solution
Rn(@) M, 6 is much dilute in the current case.

was used to determiné, andRy. It is helpful to note that it is | Fort(r)]PENTPS‘S_OEEj g/l""'LLS :dS'O 7“/:}03 g/n_"loi, ggg?_trl]y
problematic to use static LLS to characterize the absollgef a ower thanMw,cec Ry nm, and Mw/Mn)uis = 1.68. The
copolymer or aggregates of copolymer chains because the preferesults suggest that OREPS;s—OPEs mainly exists as indi-
ential adsorption of solvent on different comonomers. In the current Vidual chains in pure toluene, presumably due to its longer PS
study, the situation is even worse because we have to use a mixedlock and shorter OPE blocks in comparison withP®PE—
solvent of toluene and hexane for some LLS measurements. EachPS3. Likely, the two OPE end blocks in OBEPS;s—OPE;
solvent has a potential preferential adsorption problem. The classicundergo an intrachain association in a dilute solution and then
LLS characterization of a copolymer in at least three solvents with wrapped and stabilized by the longer PS middle block so that
different refractive indexes is not feasible here. Therefore, the valuesthe jnterchain associationr £ stacking) is suppressed. Note
of My, andRy measured in this study are apparent ones, which will o o4 current LLS results are different from some previous
not affect the determination of the average aggregation number.I.ENI results®® The TEM micrographs of ORE PSis—OPE

Nago) because it is the ratio ol in INn dynamic LLS, . . . .
Eh;g%aplace inversion of eaclvwv’a%ggasﬁ%v:ﬂcﬁt}ensii’n);ensity time in toluene showed various large microstructures, varying from

correlation function [G(q,7) — B)/B] of scattering objects in a hollow vesicular to spherical _mlcellt_as, dep_endlng on the initial
dilute solution can lead to a line-width distributioB((")), where OPEB—PSs—OPE concentration. Itis possible that these large
B is the measured baseline. The CONTIN Laplace inversion structures were formed during the TEM sample preparation,
program in the correlator was used. For a pure diffusive relaxation, namely, toluene was removed by evaporation at the ambient




6694 Huo et al.

?qu)-1

Figure 2. Typical normalized intensityintensity time correlation
functions of copolymer (Ps—OPE—PSg3) chains in different solvent
mixtures of toluene and hexane.
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Figure 3. Scattering vectory) dependence d?,(q)/KC of copolymer
(PS3—OPE—PS3) chains in different solvent mixtures of toluene and
hexane.
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Figure 4. Characteristic line-width distributions of copolymer
(PS3—OPE—PS3) chains in different solvent mixtures of toluene and
hexane.
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Figure 5. Scattering vectord) dependence of average characteristic
line-width ("D} of copolymer (P&—OPE—PS3) chains in different
solvent mixtures of toluene and hexane.

pressure and temperature, in which the copolymer concentration

gradually increases.

addition of hexane makes the PS blocks less soluble and shrunk

In order to enhance the interchain association, hexane as aso that interchain OPE association is promoted. It is helpful to
nonsolvent for both the OPE and PS blocks was added. Figuresnote that the shrinking of the PS blocks decrea®§] but

2 and 3 reveal that for RS~ OPE—PS3, both the intercept of
normalized time correlation function®?(q,7) — B)/B], o, i-€.,

the apparent coherence factgt),(and the excess scattering
intensity R.(Q)) increase with the hexane content, but there is
no significant change in the characteristic relaxation time, which
can be better viewed in their corresponding line-width distribu-
tions from the Laplace inversion o&(2(q,r) — B)/B, as shown

in Figure 4. In Figure 3,R(0)/KC]q—0 leads to an apparent
Mw,LLs because of a small concentration effect in the dilute

interchain association of OPE increa8&g. This might explain
why the average hydrodynamic radilR,Jof PS3—OPE—

PSS in different solvent mixtures remains a constané(nm),
close to the size of individual Rs-OPE—PSs3 chains. The
increase oM, with the hexane content suggests that there exists
equilibrium between individual chains and some self-assembled
structures in the solvent mixture. With an increasing hexane
content, the equilibrium shifts toward the self-assembly. The
line width is narrowly distributed with a relative width of1.1—

regime and the previously discussed preferential adsorption 5 The distribution becomes narrower when the hexane content

problem. The results clearly show that interchain association is
promoted after the addition of hexane. There is no angular

dependence dR(g)/KC, implying that most of the scattering
objects in the solutions are fairly small in comparison with the
wavelength of the laser light, or more precisely, with. Zach
G(I) in Figure 4 leads to an average line widiiCl (=
JSoG(D)I dr).

Figure 5 shows that plots dI'(vs ? from PS3—OPE—
PS; in different mixtures of toluene and hexane collapse into
a single straight line passing the origin, revealing that the
relaxation measured in Figure 2 is purely diffusive. Moreover,
it shows that the self-assembly or interchain association in
different solvent mixtures leads to microstructures with a similar
size (R\C~ 4 nm). Table 2 summarizes effects of the hexane
content onMy, the average number of aggregatidiyg), and
[R.[J When the hexane content is lower than 43%g, slightly
increases with the hexane content &gy is less than 5. Further
addition of hexane sharply increaskly, and finally leads to
the precipitation when the hexane content is higher th@h%.
The maximum measurabM,gg is about 28.

As expected, the soluble and swollen PS blocks in pure
toluene can wrap and stabilize the insoluble OPE block. The

increases, showing a gradual formation of well-defined ag-
gregates. Note that the self-assembled structures are much more
visible in light scattering, especially in dynamic LLS, because
the scattering intensitylY is proportional to the square of the
mass |) of scattering objects, i.el, 0 M2 and G(I') is a
scattering intensity-weighted distribution.

How are the OPE blocks self-assembled in the solvent
mixture? It has been known that the YVis absorption
spectrum can reflect the status of the interchaifir stacking.
Figure 6 shows several UWis absorption spectra of B>
OPE—PS; in different mixtures of toluene and hexane at the
room temperature. When the hexane content is lower than 67%,
there is only one broad peak in the absorption, located at 368
nm, typical for Pg;—OPE—PS; in toluene, but the peak
slightly shifts to red as the hexane content increases. When the
hexane content reaches 67%, the peak shifts3@2 nm and
an additional peak appears-a#04 nm. A comparison of LLS
and UV—vis results shows that the equilibrium between
individual chains and self-assembled structures significantly
shifts toward to interchain association when the hexane content
is higher than 67%. Clearly, LLS is more sensitive than-JV
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Figure 6. Typical UV—vis absorption spectra of copolymer @S content increases.
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Figure 9. Typical normalized intensityintensity time correlation
Wavelength / nm functions of copolymer (ORPE-PS;s—OPE;) chains in different solvent
Figure 7. Typical fluorescence spectra of copolymer {PSOPE— mixtures of toluene and hexane.

PSs3) chains in different solvent mixtures of toluene and hexane.

For OPE—PS;5—OPE;, its two end blocks become insoluble,
vis because it can detect a trace amount of large interchainwhile its middle block is now soluble. Figure 9 shows their
aggregates. typical intensity-intensity time correlation functions in different

Figure 7 shows several fluorescence spectra g§PSPE— mixtures of toluene and hexane. Note that hereythgis is in
PS; in different mixtures of toluene and hexane, where the the logarithmical scale because GPPSs—OPE in pure
excitation wavelength is 332 nm. In toluene, there are one peaktoluene scatters little light in comparison with fSOPE—
at ~444 nm and one shoulder &t547 nm. The addition of PS; for a given concentration. The addition of hexane also
hexane shifts the peak from 444 to 452 nm and makes theincreases the intercept ofg{)(q,r) — B)/B] at T — 0, just as
shoulder disappear. Further addition of hexane leads to thein the case of P—OPE—PSs The dramatic change occurs
emergence of another peak at 463 nm. The red shift and thein the hexane content range-386%. Such a change is better
second peak indicate the J-type s interchain stacking. Figure  and directly reflected in the excess scattering intens$ityR(,-
8 schematically shows the shift of the equilibrium from (q)), as shown in Figure 10. On the basis of eqs 1 and 2, the
individual PS3;—OPE—PS; chains toward large self-assembled  extrapolation oKC/R,(q) atqg — 0 and the slope dKC/R(q)
microstructures. The triblock copolymer mainly exists as vs¢? lead toM, andRy[] respectively, which are summarized
individual chains in toluene because the insoluble OPE middle in Table 2.
block is wrapped and stabilized by the two soluble PS end Figure 11 shows two hydrodynamic radius distributions of
blocks. The addition of hexane reduces the solubility of PS so OPE—PS;5—OPE; in pure toluene and in a toluene/hexane (60/
that the PS blocks collapse, resulting in interchain aggregation. 40) mixture. When the hexane content is low, there is only one
The intrachain wrapping greatly reduces the interchainr fast relaxation mode i5(I'). As the hexane content reaches
stacking of the OPE blocks and leads to the J-type aggregation.40%, another slow mode appears due to the formation of some
On the other hand, the intrachain wrapping also keeps the OPElarge structures. At smaller scattering angles, the peak located
backbone less bending so that it is in a more planar conforma-at 0.3 ms gradually disappears as the hexane content increases,
tion. but it is still observable at large scattering angles, revealing the

Table 2. LLS Characterization of Triblock Coil —Rod—Coil (PSz;3—OPE;—PSs3) and Rod—Coil—Rod (OPEs—PSi5—OPEs) Copolymers in
Different Mixtures of Toluene and Hexane at 25°C

PS3-OPE-PS3 (Coil—Rod—Coil)

Violuené Vhexane 100:0 82:18 71:29 65:35 55:45 47:53 33:67 29:71
Mw/10* (g/mol) 1.7 1.7 2.2 3.4 4.5 9.9 22 24
R(nm) 4.2 4.1 4.2 4.3 4.3 4.7 4.6 4.6
Nagg 2 2 3 4 5 11 25 28
OPEB—PS;5—OPE; (Rod—Coil—Rod)
Violuené Vhexane 100:0 94:6 78:22 70:30 67:33 66:34 64:36 60:40
Mw/10* (g/mol) 0.5 0.5 0.5 0.7 6.4 12 140 4600
Ry(nm) 106 152 199 226
(Rnlihst (NM) 3.2 3.2 3.2 3.1 3.3 3.2 3.4 3.3
(Rl diow (NM) 366 374 381 385

Nagg 1.0 1.0 1.0 1.4 13 24 280 9200
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Figure 11. Characteristic line-width distributions of copolymer (GRPE
PSs—OPE;) chains in pure toluene and in different solvent mixture of Figure 14. Typical fluorescence spectra of copolymer (QPBS;s—

toluene and hexane. OPE) chains in different solvent mixtures of toluene and hexane.
% —~ hexane makes the PS block less soluble so that interchain OPE
20l OPE,-PS,-OPE, association starts, resulting in large self-assembled structures.
- In the range 3340%, [(R,[dow Nearly remains a constant, but
g 15t VoV [RyOincreases with the hexane content. Note that individual
— T 100 0 Vorere' Viewns chains in the solvent mixture also scatter light &Rglreflects
ﬁ 10 -z A an average of individual chains and large aggregates. As the
N " 67133 <« 64 36 hexane content increases, the equilibrium shifts toward the
5 "or 661 34 "> 60: 40 formation of more large aggregates so tiR{ lincreases.
0laa %D ———— Table 2 shows thalRy[I[R,Capproaches 0.6 when the hexane
0 1 2 3 4 5 6 7 8 content reaches40%. It is known that for a flexible random
q /10"em” coil chain in an athermal solvenfiRy@R,(~ 1.5, and for a

Figure 12. Scattering vectorq) dependence of average characteristic uniform hard sphereRy[IR,[~ 0.774. The lower values of

line width ((T0) of copolymer (OPE-PSis—OPE) chains in different [RyIR:[Teflect that the center of large self-assembled structures
solvent mixtures of toluene and hexane. has a higher density than the periphery. On the other hand, the

scattering intensityl] is scaled to the scattering vectay) @sl
coexistence of small individual chains and large self-assembled g?° when the hexane content reaches 40%, suggesting that
microstructures. The intensity contribution of such large ag- the self-assembly is a reaction-limited process and the aggregates
gregates at small scattering angles is so high that individual have a more compact structure since the wrapping of the middle
chains become “invisible” in LLS. For both of the peakB[is PS block reduces the sticking probability. Our LLS results reveal

a linear function ofg? and the extrapolation at ¢f'(vs o to that due to the structure difference of the two triblock
q— 0 passes the origin, as shown in Figure 12, indicating that copolymers, OP&-PSs—OPE; can form large self-assembled
both the fast and slow modes are diffusive. The collapsE@; structures, but not R$-OPE—PS3, in the same solvent
vs?to a single line is expected because the fast mode is relatedmixtures.

to individual chains. Unexpected, plots @fldow VS 2 also Figure 13 shows that several absorption spectra of SOPE
collapse into a single straight line, revealing that large interchain PSs—OPEs in different solvent mixtures. When the hexane
aggregates have a similar size. The value8Rgfifor both the content is low, the spectrum is insensitive to the addition of
fast and slow modes calculated froff lo?)q—o also listed in hexane. As the hexane content reach€&2%, the main peak
Table 2. slightly shits to blue from 355 to 345 nm and another peak

The values ofM,, and [R,Jof OPE—PSs—OPEs in pure emerges at 395 nm, signaling the formation of large self-
toluene as well as in the mixtures with a small amount of hexane assembled microstructures. Previous studies also showed a
reveal that the solution mainly contains individual chains. similar blue shift after short unsubstituted oligothiophene,or-
Presumably, two insoluble shorter OPE end blocks undergo substituted oligothiophene chains were placed in a Langmuir
intrachain association and then wrapped and stabilized by theBlodgett or vacuum-deposited thin filt&37-3° Such a blue shift
relatively longer soluble middle PS block. The addition of more has been attributed to a parallel alignment of the conjugated
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Figure 15. Schematic of shift of equilibrium between individual copolymer (@PES;s—OPE) chains and large self-assembled cesgell
structures with a H-type OPE core as the hexane content increases.

\d

OPE blocks along their long axes, i.e., the so-called H-type in different optical properties. The J-type aggregation shifts the

aggregation. UV —vis and fluorescence spectra of #SOPE—PS; to red,
Further, Figure 14 shows that the fluorescence spectra ofwhile the H-type aggregation shifts the BVis and fluores-

OPEB—PSis—OPE; in toluene has two peaks located at 415 and cence spectra of OBREPSs—OPEs to blue.

435 nm plus one shoulder at 455 nm. The spectrum slightly
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