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ABSTRACT: The rod orientation and crystalline packing of a model semiconducting rodlike polymer, poly-
(2,5-di(2-ethylhexyloxy)-1,4-phenylenevinylene) (DEHPPV), is shown to affect the self-assembly of weakly
segregated rodcoil block copolymers. The in-plane packing of DERPV rods in lamellar poly(2,5-di(2
ethylhexyloxy)-1,4-phenylenevinylerieisoprene) (DEH-PPV-b-PI) diblock copolymers is nearly identical to

that observed in DEHPPV homopolymers for compositions ranging from 0.42 to 0.82 vol % coil block. The
crystal structure of DEHPPV, characterized by grazing incidence X-ray diffraction and electron diffraction,
consists of a tetragonal unit cell having= 0.665 nm witha = b = 1.348 nm. The polymer chain axis is aligned
along the [001] direction, and the nearest neighbornadl spacing along@l10is 1.0 nm. As-cast thin films of
DEH—PPV homopolymer demonstrate chain alignment primarily perpendicular to the substrate in 5100 g/mol
homopolymer, while for 3500 g/mol homopolymer the chains align both perpendicular and parallel to the substrate.
For the DEH-PPVh-PI block copolymers, a sharper 001 reflection is observed due to the effect of microphase
separation, improving alignment and stacking of the rods. The lamellar phases have a smectic A-like packing
structure with the rods oriented parallel to the lamellar normal regardless of cail fraction; however, at coil fractions
above about 0.8 the crystalline lattice of the rods becomes rapidly disordered as evidenced by loss of all but the
two strongest Bragg reflections. This suggests that the constraints of packing into the unit cell outweigh the
chain stretching and segmergegment repulsion energies that are predicted to lead to a transition from normal
(smectic A) to tilted (smectic C) rod orientation within the lamellae at high coil fraction; increasing coil fraction
breaks apart the crystalline lattice rather than distorting it into a tilted polymorph.

Introduction The nanopatterning of reecoil block copolymers for organic
Semiconducting polymers have attracted a great deal of optoelectronics requires an understanding of their self-assembly
interest for their promise to produce inexpensive and flexible in thin films where geometric confinement and surface segrega-
LEDs, transistors, and photovoltaic céll$. The optimization tion play a large role in determining the microphase structure.
of these devices requires control over the morphology of the While the self-assembly of traditional block copolymers in thin
active layer}® and both the chemical structure of the semicon- fjims has been extensively studi&02! relatively little is

ducting polymers and the processing approaches used tOn6wn about roe-coil block copolymer thin films. Often, the
fabricate devices have been varied in an attempt to kinetically ¢, tion casting processes used to prepare—aail block

induce desirable but nonequilibrium morphologies in many of . . o o
; 5 ' . . . copolymer films result in the deposition of kinetically trapped
these devices.® An alternative, especially in multicomponent o7 . 30
aggregate®-?7 liquid crystalline defect patterr#&, 30 or phase-

devices, is to self-assemble a thermodynamically stable active ; : i
layer using semiconducting block copolymér&® Block co- separated morphologiésWhile these solution self-assembly

polymers are an attractive option for their ability to form techniques enable one to access a wide variety of interesting
microphase structures on the 10 nm length éaié exciton morphologies, a strong dependence of the morphology on
diffusion, and the equilibrium nature of block copolymer precise processing history provides a formidable barrier to the
microphases promises more stable structures and longer devicapplication of block copolyme®:33In addition, the nonequi-
lifetimes. While much is known about nanopatterning with |ibrium nature of these morphologies makes them likely to
traditional block copolymer¥; the incorporation of a rodlike  eyolve in a poorly controlled way during subsequent device
semiconducting block into a block copolymer results in atod  ,rocessing steps. Microphase separation has also been achieved
coil molecular structure and significant changes in the observed by thermal annealing of film&35and using the model poly(2,5-
phase behavior compared to flexible, noncrystalline block di(2 -ethylhexyloxy)-1,4- hen, lenevinylerteisoprene) (DEH’
copolymers3-17 The phase diagram for these materials has been yinexyloxy)-1.4-pheny YIENEISop .
PPVb-PI) system in which thermally reversible phase transitions

mapped out in the weakly segregated limit using model poly-
(alkoxyphenylenevinylenb-isoprene) (PP\b-PI) copolymers, may be accessed, we have recently demonstrated the growth of

demonstrating lamellar, nematic, and isotropic pha%&s. well-ordered lamellar structures in thin films starting from a
kinetically trapped as-cast isotropic stéidn thin films the
:Corresponding author: e-mail segalman@berkeley.edu. lamellae are oriented primarily parallel to the substrate, while
University of California, Berkeley. . . . . . .
¥ Massachusetts Institute of Technology. in thicker films the Ia}mellae take a bimodal orientation both
8 Stanford Linear Accelerator Center. parallel and perpendicular to the substrate.
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Table 1. Polymer Molecular Properties

polymer PPW, (g/mol) PPV PDI PIM, (g/mol) P1 PDI N Pcoil
DEH-PPV-3.5 3500 1.17 47 0
DEH-PPV-5.1 5100 1.07 68 0
DEH-PPVbPI-42 3500 1.17 2400 1.05 82 0.42
DEH-PPVbPI-67 3400 1.17 6300 1.03 138 0.67
DEH-PPVbPI-72 3500 1.17 8100 1.02 166 0.72
DEH-PPVbPI-82 3400 1.17 13900 1.02 249 0.82

One powerful opportunity in the self-assembly of rabil determined for the first time in redcoil block copolymer thin

block copolymers is for simultaneous control of the structure films.
on the dual length scales of block copolymer self-assembly)( .
nm) and liquid crystalline rodrod packing 1 nm). It has ~ Experimental Methods

been theoretically predicted that a liquid crystalline transition  pojy(2,5-di(2-ethylhexyloxy)-1,4-phenylenevinylene) (DEH
from smectic A-like to smectic C-like lamellar structure can PpPV) homopolymers and poly(2,5-di@thylhexyloxy)-1,4-phe-
occur with changing coil fraction without large changes in the nylenevinylenes-isoprene) (DEH-PPV-b-PI) block copolymers
nature of the microphase-separated lamellar struétof@These were synthesized as described previod&yable 1 lists molecular
changes in rod orientation may have a profound effect on the weights and_ coil _fractions for the materials studied. The number
properties of the microphase-separated state; in semiconductingf repeat unitsN, is calculated on the basis of a reference volume
polymers carrier mobility and optical properties show a strong Of On€ isoprene repeat unit. The polydispersity of the BE#V
orientational dependence due to the anisotropy of the properties2!0cks ranged between 1.07 and 1.17, and the polydispersities of

of the single polvmer moleculd@4! However. direct measure- all the PI blocks were less than 1.05. All of the block copolymers
gle polym . ; ' formed lamellar phases when thermally annealed and cooled from
ment of the rod orientation relative to the microphase structure o isotropic phase in bulk and had thermally reversible order

is difficult with polycrystalline sample¥’® and the liquid  gisorder transitions, as determined by small-angle X-ray scattering
crystalline structure of the lamellar micropha$é8has notbeen  (SAXS) and transmission electron microscopy (TEM). The com-
determined. plete phase diagram in this block copolymer system is published

Elucidation of the crystalline or liquid crystalline structure €lsewheré®!*%¥The rod homopolymers are crystalline at room

iy . . 54
within rod—coil block copolymers requires clear knowledge of t€mperature and melt at 6C.

the crystalline structure of the rod block itself. In the case of __ Thin film samples for scanning force microscopy (SFM) and
our model system with experimentally accessible phase transi-9rzing-incidence X-ray diffraction (GIXD) were prepared by spin-

. Lo casting polymers from toluene solution onto (100) silicon wafers
tions, knowledge of the DEHPPV crystal structure is critical with a native oxide surface (University Wafer, Boston, MA).

to determlne rqd orientation within the Igmellar microphase. cgoncentrations from 5 to 40 mg/mL and spin speeds between 900
Unsubstituted (insoluble) poly(phenylenevinylene) (PPV) packs and 6000 rpm were used to control the film thicknesses. Since
into a monoclinic unit cell with herringbone packing of the PPV toluene is a good solvent for both blocks and the polymer
chaing?%%> and a repeat unit length in very close agreement concentrations are low, spin-casting solutions are isotropic. The
with the theoretical value of 0.665 nff*’ The crystal structure  as-cast block copolymer films did not demonstrate liquid crystalline
of PPV changes dramatically with the addition of short side order or microphase separation due to trapping of the disordered
chains?®-50 and the polymer remains semicrystalline even with Solution state. Samples of PPVbPI-42, -67, and -72 (number denotes
the addition of relatively large side grouf}s5 The most widely coil volume fractlg)n) were annealed above the me_ltlng temperature
studied functionalized PPVs, poly(2-methyloxy-5-ethylhexy- of the rod at 80°C under vacuum for 24 h, while samples of

. . PPVDbPI-82 were annealed under ambient conditions for 48 h
loxyphenylenevinylene) (MEHPPV) and poly(2,5-dioctylox- because films dewet at elevated temperatures. Samples of-DEH

yphenylenevinylene) (DOSPPV), form semicrystalline struc-  ppy homopolymers were analyzed as-cast. Sample thicknesses were
tures where each crystallite is composed of a layered or fibrilar measured prior to thermal annealing using a Sentech SE400
structure of PPV chaifi$>with the chain axes aligned parallel  ellipsometer with a 632.8 A laser. Film thicknesses for the block
to the substrate in thin film®57 Very limited structural data  copolymers have been nondimensionalized in terms of the bulk
are available for the more soluble DEHPPV used in our block ~ domain spacing of each polymer, and the symbd used to
copolymers#54DEH—PPV is also crystalline at room temper-  represent the thickness of a single lamellar domain spacing. SFM
ature, and it transitions through smectic, nematic, and isotropic S@mples were imaged on a Digital Instruments MultiMode AFM
phases on heating. The crystalline and smectic phases formPPerating in tapping mode.

layered structures where each layer is the width of a single StGIfXDd eSxperrilmtints geé‘? tPeffE”Eed at beamline 1|1§’ of _ttl)wed
molecule, and the chain axes are aligned normal to the layers> 2'ord synchrotron Radiation Lab using a previously describe
experimental geometf. Experiments were performed using a

in bhoth the qrysta_llme_ and smectic phases; however, the 0.9736 A X-ray beam with a width of 15@m and a height of 50
crystallographic lattice is not know. um. Data were recorded on a 2D MAR345 image plate detector
The present work presents a detailed characterization of the(pixel size 0.15 mm) with a sample-to-detector distance of 433 mm.
crystalline structure of DEHPPV homopolymer and within ~ Data were acquired for 20 min per frame at an incident angle of
weakly segregated lamellar DEHPPV-h-PI block copolymer 0.1° (above the critical angle for these films but below the critical

films in order to understand the liquid crystalline rod alignment @angle for Si such that the X-rays penetrated throughout the depth

within the microphase-separated structures. We determine the®f the polymer film but did not penetrate into the 3i8) substrate).

type of unit cell, its dimensions, and the Laue class of DEH Scattering angles were converted imf@pace accounting for the

: . . planarity of the detector. Theg andqy, axes were calculated using
PPV. Comparing the homopolymer diffraction patterns to those the direct beam as the reference beam. Linecuts were taken by

of DEH—PPV-b-PI rod—coil block copolymers shows thatthe  5eraging over a width of 21 pixels perpendicular to the direction
crystalline structure is not significantly altered in the block of the cut. Scattering intensities were reported in arbitrary units,
copolymers. The bimodal orientation of the microphase structure and all 2D images were plotted on a linear scale.

within thin films results in partially aligned samples, allowing Single crystals of DEHPPV homopolymer were prepared by
the rod orientation relative to the microphase structure to be dissolving a small amount of polymer in chloroform and adding
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Figure 1. TEM electron diffraction from a single crystalline region N RS =
of DEH—PPV homopolymer. (a) Single crystals of DERPV-5.1 .
show diffraction patterns with 4-fold symmetry when imaged along
the 001 zone axis. The 110 peak indicates a—nadl spacing of 0.95 ’
nm. The defocused diffraction image in the inset shows that the Figure 2. Electron diffraction of polycrystalline region of DEHPPV
diffracting region is composed of several crystals; however, because homopolymer. Because of the increased scattering volume in a
of variations in the crystallographic orientation, only a small number polycrystalline sample of PPV-5.1, a larger number of reflections are
of slightly rotated crystals satisfy the diffraction condition. (b) Schematic observed in the electron diffraction pattern of the polycrystalline sample
of the reciprocal lattice shows dark spots for observed peaks and light than in that of the small single crystalline regions. The peak indexing
spots for absent peaks. In particular, 00 and ®O reflections are matches that of the GIXD patterns, and the peak positions measured
absent. by the two techniques are in agreement to within a few percent. The
bright field image (inset) shows aggregates of a large number of micron-
sized single crystals.

methanol until the polymer became barely soluble. The solution
was allowed to sit overnight to induce precipitation through the
preferential evaporation of chloroform from the solution. Crystallites
collected at the air/liquid interface due to the high density of the GIXD ED

chloroform/methanol solution. Crystallites were then pipetted off peak  o/g* (exp)  o/g* (theory)  o/g* (exp)  o/g* (theory)
the surface of the solution onto carbon-coated copper grids. Samples

Table 2. Peak Locations in DEH-PPV Homopolymer

were not stained. Electron diffraction patterns were taken on a JEOL %ig i;ggg i:ggg i:ggg i:ggcl)
2010F TEM equipped with a field-emission gun and a postcolumn 5oq 2.007 2.000 1.975 2.000
Gatan imaging filter (GIF) operating at 200 keV. Polycrystalline 310 2.286 2.236 2.247 2.236
diffraction patterns and bright field images were taken on a JEOL 320 2.565 2.550 2.530 2.550
2000FX with a LaB filament operating at 200 keV. Both 330 2.984 3.000 2.928 3.000
microscopes were operated in low dose/beam sensitive mode. 001 1.449 1.449

To aid in understanding how the polymer packs within its unit i(ﬁ i?;i i%g
cell, the size of the DEHPPV monomer unit was estimated using 211 5179 5143 2143 2143

a MM2 molecular mechanics simulation in ChemSoft Chem3D 55 2619 2567
Ultra. Energy minimization calculations were carried out on a
DEH—PPV trimer, and estimates of the molecular size were made to arise between the equivalent in-plane packing directions of
using the central repeat unit to most accurately reproduce the stericthe layered crystal structure ([100] and [010] directions). Two-
environment found in the polymer chain. fold symmetric patterns show only 110 and 220 peaks. These
crystallites are viewed along &Hl] zone axis such that 110
reflections are observed but@teflections are not. Polycrys-
Crystal Structure of DEH—PPV Homopolymer. The talline regions are also commonly observed due to the random
crystalline structure of DEHPPV homopolymer is partially  tilt and overlap of the crystallites; the spots in these patterns
determined using a combination of selected area electronmay be accounted for by the superposition of a small number
diffraction (SAED) on small single crystals and GIXD of thin of 4- and 2-fold symmetric patterns from independently scat-
films. While electron diffraction allows diffraction patterns to tering crystallites.
be observed from single crystals and helps to identify the Selected area electron diffraction (SAED) of a strongly
symmetry of the unit cell, GIXD reveals a larger number of scattering aggregate of DEHPPV single crystals shows a series
reflections due to the increased stability of the polymer to X-rays of higher-order peaks beyond those observed by SAED, as
that allows all three of the unit cell parameters to be quantified. shown in Figure 2. The strong scattering that results in a larger
Electron diffraction of small areas producé() single-crystal number of high-order peaks is due to the increased scattering
diffraction patterns that illustrate the symmetry of the DEH  volume in the polycrystalline sample. The diffraction pattern
PPV unit cell and show a significant number of higher-order shows four strong reflections corresponding to the 110, 220,
peaks, as shown in Figure 1. We examined a large variety of 310, and 320 spots observed by electron diffraction from larger
crystallite orientations and found only 2-fold and 4-fold sym- single crystals. In addition, three weaker reflections are observed
metric patterns. The electron diffraction pattern with 4-fold corresponding to the 210, 211, and 330 peaks. We note that
symmetry in Figure la has been indexed according to the although crystallites of many orientations were examined, few
smallest unit cell convention such that the 110 peak is the first peaks from first- or higher-order Laue zones are observed in
peak and higher-order peaks correspond to the 220, 310, andhe electron diffraction patterns. Table 2 shows theoretical and
320 reflections. The location of the 320 peak is inconsistent experimental ratios of the peak positions to the primary 110
with the indexing scheme where the primary peak correspondspeak, indicating agreement between the experimental ED pattern
to the 100 reflection. The diffraction pattern is identified as being and the peak indexing scheme to within a few percent.
taken along the 001 zone axis (along the chain axis of the PPV Combining GIXD data with the electron diffraction results
molecule) due to the fact that 4-fold symmetry is most likely allows all three unit cell parameters to be quantified. GIXD

Results and Discussion
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Figure 3. GIXD of DEH—PPV homopolymers: (a) DEHPPV-5.1, film thickness 92 nm; (b) DEHPPV-3.5, film thickness 94 nm. DEHPPV shows
crystalline structures when spun-cast into thin films. The peak/ring at about 6.6 1/nm is the 110 peak from-tbhd patking in the plane of the smectic
layers, and the peak at approximately 9.5 1/nm alongyhaxis corresponds to the monomer unit length aligned along the 001 crystallographic direction.
The angular distribution of intensities suggests that in the 5100 g/mol PPV the molecules are aligned primarily perpendicular to the film, w@0e the 3
g/mol PPV has a mixed distribution parallel and perpendicular to the film. The highesik in (a) is an experimental artifact due to silicon dust on the
sample.

patterns, shown in Figure 3, demonstrate a large number of
Bragg reflections representative of all three directions in

reciprocal space. Refraction shifts of peak positions due to 250
scattering in the distorted wave Born approximation are
negligible for the angles at which reflections are observed in
this study. In both DEH-PPV homopolymers investigated, an

intense ring is clearly observable at 6.60 1/nm, corresponding
to the 110 peak in the electron diffraction pattern. In the 5100 100
g/mol sample, the ring has greatest intensity neargive 0
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is observed orthogonal to the 110 plane, this peak is assigned
as the 001 reflection in DEHPPV. e

axis. An intense reflection is observed orthogonal to the 110 L

reflection (along the vertical cut) at 9.57 1/nm, as illustrated in i1 e T A N N A il
Figure 4. The location of each cut from the 2D scattering pattern 160[- | LS ST = S
is illustrated in the insets. After adjustment for the refraction sl 20hm. 5
effects in the thin film using the DWBA, the peak aloggrom : Eig ..\ -
the vertical cut (close to specular) corresponds to a spacing of B = DO |7
0.665 nm. This spacing matches very closely with the 001 unit 5 100 ) 00 20 ]
cell dimension measured for unsubstituted PPV Consistent £ s} , (1m) ]
with the fact that the length of a PPV monomer unit should not 60 - 110 220 211310 &
depend strongly on the side group and the fact that the reflection T ) 4 320 ]

Identification of the 110 and 001 reflections allows for . T
complete indexing of the GIXD pattern, as shown in the linecuts “oE E
in Figure 4. Figure 4a shows a linecut along the= 0.22 1/nm 120 -
axis that corresponds to tlagfor specular reflection; this linecut 100 E =
primarily contains reflections from the zeroth-order Laue zone. o E -
Figure 4b shows a vertical linecut, showing the intense 001 3 ®f E
reflection as well as several weaker reflections perpendicular ] -
to the film interface. Figure 4c shows a linecut alapg= 9.57 s F -
1/nm corresponding to the location of the 001 peak; this linecut . ]
illustrates a number of reflections in the first-order Laue zone. 20 E E
A comparison between the theoretical and experimental peak o v Ly Ly L 1
ratios between reflections in the zeroth- and first-order Laue 0.0 0.5 1.0 15 20
zones and the 110 peak is shown in Table 2, indicating that the q (1/nm)

patterns and predicts the peak positions to within a few percent. mopolymer (PPV-5.1, 92 nm thick): (a) horizontal linecut takeg,at
. . . 0.22 1/nm, they, for specular reflection; (b) vertical cut; (c) horizontal
On the basis of the symmetry of these diffraction patterns, ¢y taken aw, = 9.57 1/nm corresponding to the position of the 001
DEH—PPV packs into a tetragonal lattice with a lattice constant reflection. Bold lines in the insets show the positions of the linecut

of 0.665 nm in the 001 direction and 1.348 nm in the 100 and through the two-dimensional image. Peak indexing corresponds to a
’ ’ tetragonal lattice. Assuming a centered unit cell, the 110 peak corresponds

010 directions. Since the GIXD patterns are generated from (o an'in-plane packing distance of 0.97 nm, and the 001 peak corresponds
samples that are polycrystalline in the plane of the film, it is to a chain repeat length of 0.665 nm. While peaks predominantly from

not possible to differentiate between the two different Laue the zeroth-order Laue zone are observed in the lineayt=t0.22 1/nm
| h d | unit cet.atid 4Mm and primarily peaks from the first-order Laue zone are observed in the
classes that correspond to a tetragonal unit cef, mm linecut atg, = 9.57 1/nm, the distribution of crystallite orientation causes

The 001 dimension of the unit cell very nearly matches the some of the reflections to be observed in multiple linecuts.
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Figure 5. Schematic of the DEHPPV unit cell and molecular dimensions. (a) DEFPV chains pack into a tetragonal unit cell with dimensions

1.348 nm in the [100] and [010] directions and 0.665 A in the 001 direction. Chains are oriented parallel to the [001] direction, and the monomer
length corresponds closely to the [001] unit cell dimension. Two chains pack into each unit cell. The absenb@Qfedlections indicates that

this is a primitive unit cell, so the center chain is structurally unique from the corner chains. Potential differences between the center chain and
corner chains include a translation along the [001] direction, opposite helical twist, and differences in side-chain conformation. (b) $@ucture o
DEH—PPV monomer unit in its energy-minimized conformation gives an approximate monomer length of 0.659 A measured along the chain axis
and a total end-to-end side-chain width of 1.982 nm with the side chains in an extended conformation. Although the side-chain conformation cannot
be determined from the diffraction data, the fully extended length suggests that the chain dimensions are reasonable given the size of the unit cell.
Brackets denote the DEHPPV repeat unit.

length of a DEH-PPV monomer unit (0.659 nm calculated by
quantum chemical energy minimization or 0.665 nm for
unsubstituted PP4?-45), suggesting that the PPV molecules are
oriented parallel to the 001 direction. The density of DEH
PPV thermally annealed into a semicrystalline state has been
previously determined to be 0.99 gfenusing a density
column!® On the basis of a unit cell volume of 1.208 fiamd
a monomer molecular weight of 347 g/mol, this corresponds
very closely to two monomer units per unit cell and a unit cell
density of 0.95 g/cth The unit cell density may be lower than
the total density due to dense packing of end groups outside
the crystalline regions.

A number of systematic absences are observed in the
diffraction pattern, most strikingly the absence of @00 and
0kO peaks in both the SAED and GIXD patterns. These absences
imply the presence of additional symmetries within the unit cell.
On the basis of the low-order diffraction peaks that are observed,
the lattice may be identifiedsea P (primitive) type. This overall 3 i _ :
structure is illustrated schematically in Figure 5, showing two A o V75 A = =

chains packed into a tetragonal lattice with the chain axes rigre 6. SFM imag of a DEHPPVbPI-42 block copolymer film.
parallel to the 001 direction. The exact arrangement of the two SFM phase images of the GIXD samples show surface structures of

chains within the unit cell cannot be experimentally determined. alternating light (PPV-rich) and dark (PI-rich) regions indicative of
Instead, one of the chains has been arbitrarily centered a|0nglamellar structures aligned perpendicular to the surface of the film. For

. the thicknesses studied the lamellar nanodomains at the vacuum
the edge of the unit cell and the second has been placedinterface are predominantly oriented perpendicular to the film surface

approximately equidistant from the four edges based on the yile parallel oriented laméllae persist within the film. Rod orientation
single observed nearest-neighbor+odd spacing peak in the  within these lamellar structures is determined by X-ray diffraction. The
diffraction patterns. The fact that the diffraction peaks cannot film thickness is 222 nm (16.0 lamellar layers).
be indexed according to a smaller unit cell indicates that the
conformation of the central chain is distinct from that of the single crystalline electron diffraction patterns, the polycrystalline
corner chains, though the details of this conformational contrast electron diffraction pattern (Figure 2), and the equatorial
are unclear. The unique coloring of the central chain indicates direction of the GIXD patterns of homopolymers and block
that it distinct from the corner chains, to depict that the copolymers (Figures 4a and 8). In addition, previous studies of
diffraction pattern is not consistent with a body-centered-cubic bulk DEH—PPV and DEH-PPVb-PI showed extremely weak
lattice. or absent 001 reflections around 9.55 1/HP The presence
The intensity of peaks in the first-order Laue zone is of only weak reflections from the first-order Laue zone in ED
dependent upon the alignment of the DEPIPV rods due to and bulk X-ray diffraction measurements indicates that the
the effect of the film interface on the degree of crystalline order crystallites contain a large amount of axial disorder, similar to
observed along the-axis of the unit cell. Although the 001  that observed in aromatic polyest®& and poly(-propiolac-
reflection is very strong in the beamstop direction of the GIXD tone) crystal§? When thec-axis is oriented parallel to the
patterns for both DEHPPV homopolymers and DEHPPV- interface normal, surface templating of the rod layers results in
b-PI block copolymers, it is extremely weak or absent in all increased axial registration between rods and strong scattering




Macromolecules, Vol. 41, No. 1, 2008

a) 42% PI

a, (1imm)

NI BT I N AT A ENET S AT AT AT AR

0 5 10 15 20
q,y (1/nm)

LI T L LN L L

c) 72% Pl 7

a, (1imm)

0 5 10 15 20
q,y (1/nm)

Thin Films of DEH-PPV and PP\k-Pl 63

b) 67% PI -

q, (1/nm)

0 5 10 15 20
q,, (1/nm)

d) 82% PI

q, (1/nm)

0 5 10 15 20
q,y (1/nm)

Figure 7. GIXD of PPV--PI block copolymers: (a) PPVbPI-42, film thickness 141 nm ()0(®) PPVbPI-67, film thickness 212 nm (9)9(c)
PPVbPI-72, film thickness 175 nm (T)1(d) PPVbPI-82, film thickness 154 nm (5)1The DEH-PPV rod crystalline structure in PPP| block
copolymers is nearly identical to that observed in DEPMPV homopolymers. Sharper peaks in the first Laue zone indicate an improvement in
ordering along the 001 direction due to the effect of microphase separation on restricting rod translation. Increasing coil fraction resutts in a rap
disordering of the lattice between 72% and 82% PI. At the highest coil fraction studied, scattering from thd°PEHattice is overwhelmed by

the amorphous halo from the PI block that overlaps with the 220 peak.

N
iy 20\

B P — Y g P —
=B5A -_:f'ﬂ- O S 4-._.4:‘& avg

Figure 8. Schematic of smectic A-like lamellar structure in thin films
of rod—coil block copolymer. Films of DEHPPV-b-PI rod—coil block

the in-plane ordering: while the 110 peak has a full width at
half-maximum (fwhm) of 0.25 1/nm (close to the instrumental
resolution), the 001 peak has a fwhm of 0.60 1/nm. This
templating results from the presence of a sharp interface that
serves to enforce a registry on all of the rods, resulting in a
highly ordered three-dimensional crystal. The hard interface
provided by the film is required, as evidenced by the lack of
axial registration in bulk weakly segregated block copolymers
where the interface is relatively diffudé.

The 4-fold symmetry of the unit cell suggests that the DEH
PPV molecular conformation and interactions are significantly
different from those observed in other alkoxy-PPVs. Previous
studies of MEH-PPV and DOG-PPV report that these
molecules crystallize in a boardlike arrangement of flat, rigid
molecules with extended side chains and strangr interac-
tions51:52 The higher symmetry of the DEHPPV crystal
structure implies that the molecules do not assume a flat
conformation and that—s associations, which would typically
result in 2-fold symmetry for in-plane packing, are weak or
absent. Relatively weak intermolecular interactions in DEH

copolymers show smectic A-like lamellar structures where the rod PPV are consistent with its lower melting temperature and higher
normals are oriented parallel to the lamellar normals across a wide solubility in most solvent§* Molecular dynamics simulations

range of coil fractions. The bimodal orientation of the lamellae within
the film also creates a bimodal orientation of the rod crystallites both

parallel and perpendicular to the film surface.

of MEH—PPV and DOG-PPV suggest that PPVs may assume
nonplanar chain conformatiofi$and dense substitution with
achiral and bulky side groups may further disrupt a regular

peaks in the first-order Laue zone. In particular, a strong 001 arrangement of chains in a flat and fully extended conformation.

reflection is only observed when theaxis of the PPV unit

On the basis of quantum mechanical energy minimization

cell is oriented parallel to the surface normal. Even when this calculations, the fully extended width of the DEIRPV repeat
reflection occurs, the axial ordering remains much poorer than unit is 1.982 nm, of the same relative size as the unit cell. While
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Table 3. Comparison of Domain Spacing Estimated by ED, GIXD,
and WAXS

technique roetrod spacing (nm)
GIXD 0.95
ED 1.05
WAXS 0.97

the diffraction information is insufficient to localize the atomic
positions in the side chains and the achiral nature of the
ethylhexyl groups makes perfectly regular packing impossible

several different packing mechanisms may be envisioned. One
plausible structural mechanism is a staggered orientation of the

center chain relative to the corner chains so that the side group
of the center chain may pack diagonally across the unit cell.
This structure may resemble herringbone packing in unsubsti-
tuted PPW2745 and would result in large differences in side-
chain orientation between the two chains. Axial disorder and
twist along the polymer backbone result in differences in the
side-chain positions between unit cells, contributing to a
relatively disordered crystalline structure.

The thin film structure of DEH-PPV determined by GIXD
and ED is in agreement with our previous less detailed WAXS
study of bulk DEH-PPV54 The thin film GIXD linecut atg;,
= 0.22 1/nm shows many of the same peaks as the bulk WAXS
profiles, and the rodrod packing distances (Table 3) are in
close agreement. These studies demonstrate square packing
the plane of the rods in both thin films and the bulk, though
peak indexing has been refined due to the added information
provided by the many higher-order reflections observed in the
better ordered thin films.

Analysis of the angular distribution of peak intensities in the
GIXD patterns indicates that the 5100 g/mol homopolymers are
primarily aligned with the 001 axis perpendicular to the film
surface, while in the 3500 g/mol homopolymers the 001 axis is
oriented both parallel and perpendicular to the film surface (see
Figure 3). In DEH-PPV-5.1, all peaks in the zeroth-order Laue
zone are most intense along tipe= 0 axis, indicating that the
(110) plane is perpendicular to the sample surface for most of
the crystalline regions. However, the intensities of the reflections
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the vacuum interface increases until it is covered by entirely
perpendicular lamellae. Figure 6 shows an SFM image of the
film studied by GIXD for the polymer with a coil fraction of
0.42. This SFM indicates that for the film thicknesses studied
the vacuum interface is dominated by lamellae with a perpen-
dicular nanodomain orientation, and the overall films are
composed of a mix of parallel and perpendicularly oriented
lamellar nanodomains.

X-ray diffraction allows the crystalline structure and rod
orientation within the lamellar nanodomains to be determined.
GIXD patterns for four PP\-PI block copolymers with varying
coil fraction (Figure 7) show that the crystal structure of the

DEH-PPV is largely preserved in the block copolymers when

they are annealed at elevated temperature to induce self-
assembly, then cooled, and studied at room temperature (22
23°C). However, there are subtle changes in the crystal structure
with changing coil fraction. The peak positions and indexing
in the GIXD for the block copolymers are identical to those for
the DEH-PPV homopolymer. The primary difference is that
the reflections in the first-order Laue zone become much clearer
in the block copolymer; particularly the 101, 111, and 301
reflections become more pronounced. This is due the interplay
between microphase separation and smectic alignment and
improved alignment in the block copolymer films. After film-
casting, the polymers are annealed above the melting temper-
'Bture to induce microphase separation and then cooled to form
crystallites. Microphase separation templates the crystallite
growth, resulting in the observation of these higher-order
reflections. Increasing coil fraction eventually leads to a strong
disruption of the lattice, as shown in Figure 7d for a sample
with 82% coil. In this case only the 110 and 220 peaks are
visible, and the other reflections are relatively diffuse rings,
indicating a relatively large amount of disorder in the rod
crystalline lattice. The scattering intensity from the rod lattice
is decreased dramatically, and the 220 ring is dwarfed by the
amorphous scattering halo from the polyisoprene block.

The three block copolymers with less extreme coil fractions
(¢coil = 0.42, 0.67, and 0.72) show peaks corresponding to

are arced, indicating that there is a distribution of crystallite Crystallites oriented with the 001 direction both perpendicular
orientations. Because of vertical cuts not intersecting the speculadParallel lamellar microphase) and parallel (perpendicular lamel-

axis, the arc intensities are not directly indicative of the
orientation distribution. In DEHPPV-3.5, there is a bimodal

lar microphase) to the film surface. In the 42% PI film, the
parallel oriented crystallites show a mixed orientation where a

distribution, with scattering intensities from the zeroth-order fraction of the crystallites have the 110 vector perpendicular to
Laue zone concentrated along both the= 0 and the vertical the mtgrface and a f.rac.tlon have the ;00 vector perpenqllcular
cut axes. This suggests that in the 3500 g/mol material the rodstO the interface, as indicated by the intermediate peak in the
become trapped in a mixed orientation with crystallites both 110 reflection ring at~45°. However, at 67% or 72% coil
perpendicular and parallel to the sample surface. The |argefr_act|qn, all of the_crystallltes are either om_anted with the 001
intensity of the 110 and 220 reflections along the vertical cut direction perpendicular to the surface or with the 110 crystal-
indicates that the molecules in the parallel orientation pack with lographic direction perpendicular to the surface. At 82% PI the
the 110 axis perpendicular to the substrate. The intensities ofcrystal orlentatlon distribution bepomes_very broad, as indicated
the reflections for DEH-PPV-3.5 are much more strongly arced  PY the relatively large angular distribution of the 110 and 220
than for DEH-PPV-5.1, indicating that there is significantly ~Scattering intensities. As with DEHPPV homopolymers,
more disorder in crystallite orientation for the lower molecular Surface templating of the block copolymers results in decreased
weight sample. axial disorder and the_ appearance of a stron_g OQl reflection only
Liquid Crystalline Structure in PPV- b-PI Thin Films. The for lamellar layers oriented parallel to the film interface.
crystalline structure of the DEHPPV homopolymer persists GIXD data indicates that the DEHPPV rods pack parallel
in rod—coil block copolymers, and this has a large effect on to the block copolymer lamellar normal, indicating a smectic
the self-assembled microdomain structures observed in films A-like lamellar phase for the three block copolymers with the
of these materials below the melting temperature of the BEH lower coil fractions where the crystalline structure is clearly
PPV. As described previously, DEHPPV$-PI diblock co- resolvable. These structures show long-range order typical of
polymers self-assemble into lamellar structures in thin films that self-assembled block copolymers and crystalline DEMPV
demonstrate a mix between lamellae oriented parallel to the nanodomains, so the nomenclature smectic A-like refers to the
surface and lamellae oriented perpendicular to the suffake. orientation of the rod director normal to the lamellar interface,
thickness is increased, the fraction of perpendicular lamellae atas shown in Figure 8. There is little change in the crystal
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structure of the block copolymers with increasing coil fraction. surface for molecular weights around 5000 g/mol, but at lower
Neither the 110 nor 001 peaks shift in position, indicating that molecular weights (3500 g/mol) the chains have a mixed
neither the volume nor any of the linear dimensions of the unit orientation with some parallel and some perpendicular to the
cell change with increasing coil fraction. Not only do the DEH  substrate. When chains are oriented parallel to the surface, the
PPV nanodomains exclude the PI block but also the in-plane 110 crystallographic direction is perpendicular to the interface.
tensile stress on the DEHPPYV crystallites caused by extension For DEH-PPV-b-PI rod—coil block copolymers, the crystalline

of the PI block causes little distortion of the lattice constants. structure of the rod is largely preserved. The block copolymers
This indicates that the rod orientation within the unit cell and self-assemble into lamellae in thin films, and the rod packing
the number of monomers per unit cell remain constant in a within the lamellar layers is nearly identical to that of the PPV
smectic A-like structure to above 72% coil. Several small homopolymer. This gives the lamellae a smectic A-like structure
changes in the relative peak intensities are observed withwith the rods oriented parallel to the lamellar normal. However,
changing coil fraction. The 220 reflection and other higher- a greater degree of order is observed in the 001 direction due
order hkO reflections decrease in intensity relative to the 110 to the effect of microphase separation at registering the chains.
peak with increasing coil fraction, indicating a decrease in the The rod tilt relative to the lamellar normal does not change with
higher-order structure. However, up to 72% coil the fwhm of increasing coil fraction, suggesting that below the melting
the 110 peak remains roughly constant at 0.24 1/nm, very closetemperature system specific crystallization effects dominate over
to the instrumental resolution, demonstrating a large crystallite chain stretching considerations that would favor an increase in
size. When coil fraction is increased to 82%, the 110 fwhm rod tilt with increasing coil fraction. Only minor changes in
jumps to 0.33 1/nm, consistent with a decrease in crystal size peak intensities are observed up to a coil fraction of 72%, but
and disordering of the in-plane lattice. The 001 peak also gets further increasing the coil fraction eventually results in a
progressively less intense relative to the 110 peak, consistentoreakdown of most of the crystalline structure between 72%
with interfacial broadening and increased axial disorder as the and 82% PI.

segregation strength is decreased.
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