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Polystyrene-block-poly(2-cinnamoylethyl methacrylate) Nanofibers—
Preparation, Characterization, and Liquid Crystalline Properties
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Abstract: The two blocks of a polystyr-
ene-block-poly(2-cinnamoylethyl meth-
acrylate), PS-b-PCEMA, sample, with
1.25 x 10° styrene and 158 CEMA units,

solving PS in toluene or THF yielded
isolated nanofibers with PCEMA core
and PS shell. Light scattering studies in
toluene or chloroform revealed that the

nanofibers were wormlike with a persis-
tence length of ~400 nm, a molar mass
exceeding 10 gmol~!, and a radius of
~43 nm. The nanofibers formed lyo-

segregate in bulk films. PCEMA forms
cylinders that disperse in the continuous
matrix of PS when annealed at 110+
2°C. UV photolysis cross-linked the
PCEMA cylinders. Separating the
cross-linked PCEMA cylinders by dis-

nanofibers -
self-assembly
chemistry

Introduction

A diblock copolymer is a macromolecule consisting of two
linear polymer chains joined together in a head-to-tail
fashion. Polystyrene-block-poly(2-cinnamoylethyl methacry-
late), PS-b-PCEMA, is a diblock copolymer. In this paper, we
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tropic liquid crystalline phases in bro-
moform and the order—disorder transi-
tion temperature of the liquid crystals

increased with nanofiber concentration.
supramolecular

give a full description of a previously communicated meth-
od[ 2 for the preparation of nanofibers from a PS-b-PCEMA
sample containing 1.25 x 10% styrene and 158 CEMA units. We
also report our new results on nanofiber characterization by
light-scattering experiments and the lyotropic liquid crystal-
line properties of the nanofibers in bromoform.

Nanofibers in this paper are long cylinders with a cross-
linked PCEMA core and PS shell. They are prepared by
taking advantage of the self-assembling properties of the
diblock in bulk and the photo-cross-linkability of PCEMA.
The two blocks of a diblock copolymer, (A),(B),,, segregate
from one another in bulk owing to their incompatibility. The
smallest dimension (radius for cylinders and thickness for
lamellae) of a segregated A or B domain is similar to that of
the individual A or B coils in a good solvent.*= The shape of
the A or B domain varies with the relative n and m values and
the temperature. As the volume fraction of B increases
gradually to ~50%, the shape of the B domain normally
changes from spheres (~17%) to cylinders (~28%), to
gyroids (~38%), and finally to lamella (~50%). Domains
with different shapes are formed to minimize the system’s free
energy. For preparing nanofibers, the PS-b-PCEMA sample
was annealed at 110+£2°C, so that PCEMA existed as
cylinders dispersed in the continuous PS matrix. The PCEMA
cylinders cross-linked upon photolysis. When separated from
one another by dissolving PS in THF or toluene, the different
cross-linked cylinders are dispersed as isolated “hairy” rods or
nanofibers in dilute solutions.'2]

Nanofibers here are similar in structure to diblock cylin-
drical micelles. Cylindrical micelles may form upon the
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addition of a block-selective solvent into a concentrated
diblock solution in a mutual solvent for the two blocks.[*!1]
Alternatively, they can be prepared by levitating preformed
cylinders out of a diblock solid with a solvent that selectively
dissolves the matrix block.'”) The fundamental difference
between our nanofibers and cylindrical micelles lies in their
stability. While the nanofibers retain their structural integrity
in all organic solvents, the cylindrical micelles are stable only
in the solvent in which they are prepared and disintegrate in
solvents that solubilize both blocks of a diblock. Cylindrical
micelles may also undergo morphological transitions or
change their aggregation number even in the same solvent
by changing polymer concentration. The nanofibers have a
similar structure as molecular “hairy rods”,!'> which consist
of a rigid polymer backbone with pendant, flexible alkyl side
groups. The nanofibers are, however, much larger in size. They
differ from cylindrical micelles of small-molecule surfac-
tants!'”l not only in size but also in their structural stability.

While the PS-b-PCEMA nanofibers prepared may not have
immediate practical applications, the methodology utilized
here is general and can be used for preparing nanofibers from
other diblock copolymers. Nanofibers with appropriate chem-
ical composition can, for example, be pyrolyzed'® '] to yield
carbon, metal carbide, or silicon carbide nanofibers. Replac-
ing the core block with a conductive polymer, one should be
able to prepare nanowires with an insulating outer layer. The
carbon, metal carbide, or silicon carbide nanofibers should be
useful in nanocomposite preparation.?> 2!l The nanowire with
an insulating layer, that is, the nanocable, should be useful in
nanoelectronic devices.’”) While many methodologies exist
for the preparation of carbon nanofibers,?: 2! carbon
nanotubes,2°?! semiconductor nanowires,?*3!! and metal
nanowires,P] our methodology, like the electrospinning
method,?> 3 has the potential advantage for large-scale and
cheap production of nanofibers.

Experimental Section

Polymer synthesis and characterization: The precursor to PS-b-PCEMA is
PS-b-P(HEMA-TMS), where P(HEMA-TMS) denotes poly(2-trimethylsi-
lylethyl methacrylate). PS-b-P(HEMA-TMS) was prepared by anionic
polymerization as described in detail previously.?**¢ The TMS group
hydrolyzed readily in methanol. Treatment of polystyrene-block-poly(2-
hydroxylethyl methacrylate) with cinnamoyl chloride converted the
HEMA groups quantitatively to CEMA, as revealed by NMR spectro-
scopic analysis. The sample was characterized by GPC, NMR spectroscopy,
and light-scattering (LS) measurements; the characterization results of the
polymer are shown in Table 1. From the ratios of the intensity of 'H peaks
of PS to those of PCEMA, the repeat unit ratio between PS and PCEMA,
n/m, was determined to be 7.9. The GPC polydispersity index, Mw/Mn, of
1.12 in terms of PS standards suggests a narrow molar mass distribution.
Using n/m =79 and the LS molar mass of 1.71 x 10° gmol~, we obtained
the weight-average n and m values of 1.25 x 10> and 1.58 x 10? for the
sample.

Table 1. Characteristics of the PS-b-PCEMA sample used.

n/m MM, 104 M, 104M, 102n  102m
from NMR from GPC [gmol'] GPC [gmol!] LS

79 1.12 15 17.1 12.5 1.58
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Bulk films or disks: PS-b-PCEMA solid films or disks, 1 to 4 mm thick,
were prepared by evaporating ~20% (by mass) polymer solution in
toluene in polyethylene bottles or capsules over three to four days. The
films were then annealed at 60 &+ 5°C under 30 cm Hg pressure for another
three days and then at 110 £ 2°C for three weeks. Two circular disks with a
thickness of 1.5 mm and a diameter of ~12 mm were used for small-angle
X-ray scattering (SAXS) studies. Measurements were carried out with Cuy,
radiation (A=0.154 nm) from a 18 kW rotating anode generator (MAC
Science, Yokohama, Japan). For examining PCEMA cylinder orientation,
two-dimensional imaging plates, 1.4 m away from a sample were used to
obtain the X-ray diffraction patterns. In the through-scattering mode, the
diffraction pattern was obtained by using a point-collimated X-ray beam
impinging at the center of a diblock disk along the disk normal. In the edge-
scattering mode, a rectangular strip of the size of 4 x 3 x 1.5 mm?® was cut
from the center of the disk, and the incident beam struck the sample along
the direction parallel to the sample surface.’’!

Nanofiber preparation: PS-b-PCEMA bulk films that had been annealed at
110 £ 2°C for three weeks were irradiated for 40 min, on each side, with UV
light filtered through a 310 nm cut-off filter. The films were irradiated on
different sides at the tail of the PCEMA absorption peak rather than at its
maximum at 274 nm to achieve uniform CEMA cross-linking across the
whole film thickness. After photolysis, the films were immersed in THF and
stirred. The films swelled and disintegrated in one day. Such a solution was
centrifuged to remove the insoluble product. The supernatant, which had a
bluish tinge, was concentrated and precipitated into methanol to yield
nanofiber powders with ~50% yield. FTIR spectroscopic measurements
were carried out with both the THF-soluble and THF-insoluble products in
the powder form in order to estimate the PCEMA double-bond con-
version.

TEM studies: Bulk samples were divided by ultramicrotomy (Ultracut-E,
Reichert-Jung) into slices with a thickness of ~50 nm. The divided samples
were stained with OsO, vapor overnight before being viewed under a
Hitachi-7000 electron microscope (TEM) operated at 100 kV. For TEM
studies of the nanofibers, a dilute nanofiber solution in THF was spread on
a water surface. The nanofiber film formed was then transferred onto a
carbon-coated copper grid and stained by OsO, vapor.

Light-scattering studies of nanofibers: Nanofibers were purified for light-
scattering study. The crude product (15mg) was dissolved in THF
(~0.5 mL). Cyclopentane was added to a volume fraction of ~80%. The
nanofibers were then centrifuged and separated from the supernatant,
which contained some low molar mass material. The nanofibers were
dissolved in THF again. After filtration through tightly-packed glass wool
to remove large dust particles, the nanofibers were precipitated into filtered
methanol, centrifuged, and dried. Light-scattering studies were performed
with a Brookhaven model 9025 instrument equipped with an Argon ion
laser operated at 488 nm. Purified nanofibers were dissolved in spectrog-
rade toluene or chloroform that had passed through a 0.2 um filter to yield
the desired concentration. Light intensities were measured for such
samples at different dilution at the scattering angles, 0, of 16, 18, 21, 24,
27, 30, 33, 36, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, and 140°. Light-
scattering measurements were performed for samples at three sets of
concentrations in toluene and one set of concentrations in chloroform. The
highest and lowest concentrations used in a given experiment with five
samples differ typically by a factor of 4 to 6. The highest concentrations
used in the three sets of experiments carried out in toluene were 3.55 x
1073, 1.20 x 103, and 0.18 x 10~ gmL~!, respectively, and that in chloro-
form was 2.55 x 10~ gmL~". Light-scattering experiments for samples with
relatively high nanofiber concentrations were tricky, because instrument
settings suitable for nanofiber solution study gave a negligible scattering
intensity from toluene, the calibration solvent. This difficulty was circum-
vented by measuring the scattered intensities of toluene and the nanofiber
solutions in the absence and presence of a neutral density filter placed in
the incident beam. The instrument calibration constant thus obtained from
toluene was subsequently corrected by taking the optical transmission of
this filter at 488 nm into account.

Studies of the liquid crystalline properties of the nanofibers: Nanofibers
were mixed with distilled bromoform. This mixture was gently warmed
until a transparent and uniform solution was formed. As the solvent
evaporated, the solution weight was monitored until the desired concen-
tration was reached. At high concentrations, the solution was gel-like. An
aliquot of this solution was deposited in the well of a culture slide. For
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shearing a sample, a stainless-steel spatula was pressed down on the sample
and was used to “smear” it, with a pressure of about 3 MPa, in the same
fashion that one applies jam to bread. The slide was then sealed against
further evaporation of the solvent. The liquid crystalline properties were
studied by using an optical microscope equipped with polarizers and a
heating stage.

PCEMA density determination: A ~20 %, by mass, of PCEMA solution in
toluene was cast on a glass slide. The film was dried at room temperature
for one day and at 110°C under vacuum for another day. The film was then
cut into five pieces each of which was 9 mm? large and 1 mm thick. The
small pieces were placed in a 8 mL vial with CaCl, (0.9909 g). Water was
gradually added into the vial under stirring. At the critical point when the
PCEMA films were to about settle but were still suspended water addition
was stopped, and the total amount of water added was determined to be
4.16 g. The density of the final aqueous solution at this stage at 20°C was
found from a handbook®! to be 1.25 gecm—3; this is assumed to be the same
as that of PCEMA.

Results and Discussion

This section starts with TEM results demonstrating PCEMA
cylinder formation in a PS matrix. Information on the
orientation of the cylinders is obtained from SAXS results.
Following evidence for nanofiber preparation, the nanofiber
characterization results from light-scattering experiments are
presented. This section finishes with the report of the liquid
crystalline properties of the nanofibers in bromoform.

Morphologies of block-segregated PS-b-PCEMA films: The
density of PCEMA is 1.25 and that of PS is 1.05 gem=3.[*
Using these densities and n/m =79, we obtained a volume
fraction of 21 % for PCEMA. At this volume fraction, the
equilibrium PCEMA domain shape should be between
spheres and cylinders.*! Figure 1 illustrates a representative
TEM image obtained of thin slices of PS-b-PCEMA annealed
at 110+ 2°C, which is above the glass transition temperatures
of 69 and 101°C for PCEMAM! and PS.P” Since the TEM
specimens were stained with OsO,, which should react
selectively with PCEMA, the PCEMA regions should appear
darker. The dark circles in Figure 1 must represent PCEMA
cylinders pointing out of the picture. The dark ellipses may
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Figure 1. TEM image of a 50 nm thick PS-b-PCEMA slice. The sample was
dried at room temperature for three days and annealed under 30 cm Hg
pressure at 65+ 5°C for three days and 110 £ 2°C for three weeks.
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represent cylinders lying slightly off the electron-beam
direction. The radius of the PCEMA cylinders, rcgma,
estimated from the dark circles, is ~13 nm.

The cylinders in Figure 1 are, however, not packed with
hexagonal symmetry. Rather, the cylinders are packed
rectangularly. The short and long sides, D, and D;, for the
rectangles are ~45 and ~57 nm, respectively. A rectangular
unit cell should contain one PCEMA cylinder with its cross-
sectional area given by smrigy . The total cross-sectional area
of a unit cell is D x Dg. This gives a PCEMA cross-sectional
area ratio or volume fraction of 0.21. This is in exact
agreement with the value calculated from n/m =79 and the
densities of PS and PCEMA. This agreement supports the
cylindrical morphology for PCEMA.

The rectangular packing of the cylinders is surprising. This
might be an effect of shearing from the microtoming process.
To shed light on this phenomenon, SAXS studies were
performed. Figure 2 displays two-dimensional X-ray diffrac-
tion patterns obtained for a sample in both the edge- and

1.5mim

cisk Trickness
Figure 2. Edge (left) and through (right) two-dimensional small-angle
X-ray diffraction patterns obtained for a PS-b-PCEMA disk annealed at
110 £2°C for three weeks.

through-scattering modes. The intensity and the halos ob-
tained in the through-scattering mode have approximately
circular symmetry. This suggests no preferential orientation of
the PCEMA cylinders in the disk plane on the size scale of the
X-ray beam cross-sectional area, 0.25 x 0.25 mm?, despite
their ordering in grains of the size of micrometers, as probed
by TEM. The diffraction pattern obtained in the edge-
scattering mode is, however, not circularly symmetric, and
stronger scattering is observed along the horizontal direction.
This indicates that the PCEMA cylinders lie preferentially in
the plane of the disk. The primary peaks along the horizontal
direction of the SAXS are further away than those along the
vertical direction. This suggests that the spacing of the
cylinders that lie in the cylinder plane is smaller than that
normal to disk surface. This is a nonequilibrium effect
encountered frequently in solution-cast samples.

Owing to the circular symmetry of the through-scattering
pattern shown on the right of Figure 2, its averaged circular
intensities are plotted in Figure 3 as a function of ¢,, the
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Figure 3. Plot of scattered X-ray intensity as a function of the magnitude of
the scattering wave vector, g,. The intensities are the averages over circles
with different distances from the center of diffraction pattern shown on the
right of Figure 2.

magnitude of the scattering wave vector [Eq. (1)]. In Equa-
tion (1) 26, is the scattering angle and A =0.154 nm is the
wavelength of the X-ray used.

4 .
q.= T sinf, (1)

The first-order peak occurs at ¢,=0.094 nm~'. The higher-
order peaks are broad and do not necessarily occur at the
positions expected of hexagonally packed cylinders. Thus, the
cylinders may have inherent nonhexagonal packing in agree-
ment with the TEM results. The broadness of the peaks
suggests that there is a wide distribution in the inter-cylinder
distances.

A more quantitative description of the cylindrical mor-
phology was obtained by analyzing the experimental SAXS
profile (Figure 3) with an equation derived from a paracrystal
model.[* ¥l This model assumes that 1) the aspect ratio of the
cylinders is large, 2) the cylinders are packed parallel to each
other with hexagonal symmetry in micrometer-sized grains, 3)
the orientation of the grains is random, and 4) the interface
between the PrBA and PCEMA domains is sharp. Parameters
used in the curve-fitting equation are the mean closest
neighbor distance D (78 nm), with a standard deviation AD
(9.8 nm), and the mean radius of the cylinders R (14.5 nm),
with a standard deviation AR (2.5 nm). From (2r\/3)(R/D)?,
the volume fraction of the PrBA domain was determined to be
0.125, a value lower than the volume fraction (0.21) obtained
from TEM and mass-fraction calculations. The difference
between 0.125 and 0.21 and the large AR and AD values again
point to nonhexagonal cylinder packing.

In order to obtain hexagonal cylinder packing, we annealed
the samples at higher temperatures. Figure 4 illustrates a
TEM image of a sample annealed at 135+2°C for three
weeks. The pattern shown was not localized but found
throughout the sample, and the observation was reproducible.
The PCEMA block seems to form crossed cylinders here.
After annealing at 145 + 10°C for one week, TEM images as
shown in Figure 5 were obtained. PCEMA seems to form
spherical domains dispersed in the PS matrix and the spheres
have irregular packing with a wide size distribution. Thus,
hexagonal packing could not be obtained by annealing the
samples at higher temperatures.

Chem. Eur. J. 1999, 5, No. 9

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

Figure 4. TEM image of a 50 nm thick PS-b-PCEMA slice. The sample was
dried at room temperature for three days and annealed under 30 cm Hg
pressure at 65 + 5°C for three days and 135 +2°C for three weeks.

Figure 5. TEM image of a 50 nm thick PS-b-PCEMA slice. The sample was
dried at room temperature for three days and annealed under 30 cm Hg
pressure at 65+ 5°C for three days and 145 £ 2°C for one week.

The formation of spherical PCEMA domains at 145°C is
reasonable for the PCEMA volume fraction of 21%.5-
However, we do not know the reason for the observation of
the seemingly new “crossed-cylinder” morphology at 135°C
or for the wide distribution in the sizes of the spheres at 145°C.
The answers to these question were not further pursued
because of the limited scope of this research.

Locking in the PCEMA domains: CEMA dimerizes as a
result of photo-induced cyclo-addition of the double
bonds.[** *] The dimerization can occur between two CEMA
units of the same chain, which does not effect structural
“locking in” of the cylinders. PCEMA cross-links because of
dimerization between CEMA groups of different chains in the
cylinders. Owing to the expected high degree of PCEMA
inter-chain mixing, the cross-linking process should be
effective. In fact, PCEMA photo-cross-linking has been used
by us to prepare a wide range of nanostructures including
nanospheres,®> #- 4l cross-linked polymer brushes (monolay-
ers),”l and nanochannels in polymer thin films.[“5 4]
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Figure 6. TEM image of nanofibers. To prepare the TEM sample, a drop of
a dilute toluene solution was dispensed on water surface, and the solvent
was allowed to evaporate. The nanofiber, thin film formed was then
transferred onto a carbon-coated copper grid and was stained by OsO,.

The locking in of the PCEMA domains is unambiguously
demonstrated by the stability of the nanofibers in THF, a
solvent which dissolves both PS and uncross-linked PCEMA.
Figure 6 illustrates a TEM image of the nanofibers. They have
a narrow width, but a relatively wide length distribution. They
are wormlike and can be tens of micrometer long.

The cross-linking of PCEMA can also be appreciated from
the FTIR spectroscopic results shown in Figure 7. UV
irradiation substantially reduced the carbon—carbon double-
bond peak intensity at 1635 cm~!. At the PS-b-PCEMA film
thickness of ~0.5 mm, the PCEMA double-bond conversions
are 18 % and 22 % after the films were irradiated on each side
for 20 and 40 minutes, respectively. The nanofibers used in this
study had a CEMA conversion of 22 %.
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0.0 !
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Wave Number/cm

Figure 7. Comparison between FTIR spectra of PS-b-PCEMA (bottom)
and the nanofibers (top). The 1635 cm™! peaks are marked with arrows.

Figure 8 shows a magnified view of a small area in Figure 6.
Evidently, the nanofibers here have a dark core and a gray
shell. Since PCEMA was selectively stained, the core must be
made up of PCEMA, as expected. The diameter of the core as
measured from Figure 8 is ~26 nm, which is the same as that
determined for the PCEMA cylinders in Figure 1. The
diameter of the fiber including the shell is ~92 nm. Since
the volume fraction of PCEMA is 21 %, the diameter of a dry,
cylindrical nanofiber, calculated from the PCEMA core

2744 ——
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Figure 8. A close-up view of a small area of the sample shown in Figure 6.

diameter of ~26 nm, should be ~57 nm. The much larger
diameter suggests that the PS chains were substantially
flattened on water surfaces on which the TEM samples were
prepared. This is reasonable because the PS chains would not
stretch below the water surface owing to their hydrophobicity.

Light-scattering results: The TEM image of Figure 6 gives an
idea of the conformations of “dry” nanofibers. Their con-
formations in solution were probed by light-scattering experi-
ments. Light-scattering measurements were performed in
either toluene or chloroform. In each experiment, five
polymer concentrations were used. Figure 9 shows plots of
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Figure 9. Plot of Kc/AR, vs. sin?(6/2) + 35¢ for nanofibers in toluene. Data
were obtained at five nanofiber concentrations and those for the concen-
trations of 3.55 x 10~ (m) and 2.06 x 10~* (@) are shown. Also shown are
the Kc/AR, values (o) obtained by extrapolating to zero nanofiber
concentration.

the Kc/AR, versus [sin*(6/2) +35¢] data obtained for nano-
fibers in toluene at the concentrations of 3.55x 10~* and
2.06 x 10~ gmL~!, whose K is the optical constant, AR, is the
excess Rayleigh ratio, 6 is the scattering angle, and c is the
nanofiber concentration in gmL-!. Also shown are the
Kc/AR,| ., data obtained by extrapolating the Kc/AR, data
at five concentrations to zero nanofiber concentration at each
angle. Similar Kc/AR,|._, data were obtained for the nano-
fibers in toluene when the extrapolation was performed for
nanofiber samples about 20 times more dilute or when the
experiment was carried out in chloroform. The Kc/ARy| .
versus sin?(6/2) line is curved, suggesting the large size of the
nanofibers.
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Owing to the nanofiber size, such data should not be treated
following the Zimm method.”” Instead, the Kc/AR, data are
analyzed by the more general relation given in Equation (2),

Kc 1

TS 2A,c )
in which P(0), the particle structure factor or scattering
function, is a function of the relative positions of the different
units in the particle being analyzed. If a particle consists of
sub-units, which are much smaller than the wavelength of
light, with ith and jth sub-units separated by distance h;;, P(6)
is given by Equation (3).% In Equation (3), P(q) is replaced
by P(60), because the magnitude of the scattering wave-vector
q is related to the scattering angle 6 by the relation shown in
Equation (4).

1 I Csingh,
PO)=— — 3
nzz:;; qh;
4mn,
q= n sin(6/2) 4)

In Equation (4), n,, the refractive index of toluene, is 1.496,
and A, the wavelength of the laser light used, is 488 nm.
Equation (2) can be simplified by extrapolating to zero
concentration to yield Equations (5) or (6).

Kc 1

o ee——— 5

ARq‘ " M,P(q) ®

) AR,

MWP(‘]):il‘cao (6)
Kc

Since M, is a constant for a given sample, AR,/Kc|,
defines the shape of the particle structure function, P(q). As
P(q) can be calculated based on an assumed shape for the
particle, the comparison between AR, /Kc|,_, and theoretical
P(g) functions provides a means for checking the conforma-
tion of the nanofibers in solution and for determining the
molar mass M,,.

AR [Kc|, , data analysis by the wormlike-thread model: The
TEM image in Figure 6 suggests that the nanofibers are long
wormlike threads with a persistence length b upto sub-
micrometers. We started by treating the AR, /Kc |, data with
the wormlike-thread model by assuming a nanofiber contour
length of L and hydrodynamic radius R.

There have been numerous studies, including those exem-
plified in refs. [51-53], of scattering functions of wormlike
threads with an infinitely thin cross-section. Such studies
normally involved the evaluation of Py;,(¢) by using Equa-
tion (3) and segment distribution functions established either
theoretically®" 2 or from Monte Carlo simulations.3) The
resultant Py, (q) expressions are generally complex and
difficult to handle in data treatment. More recently, Pedersen
and SchurtenbergerP fitted Py,;,(q) generated from Monte
Carlo simulations with expressions containing relatively few
terms. Their Py;,(g) will be used in treating our experimental
data.

The Py,;,(q) functions used by Pedersen and Schurtenberg-
erb3 consisted of two parts. One part, Pge(q), is responsible for

Chem. Eur. J. 1999, 5, No. 9
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the semi-flexible coil behavior®? on size scales larger than b
or gb <2 and is given in Equation (7), in which u = g*(Lb/6).

2lexp(—u) + u—1] 14 7 1 7
Pse(q) I E— [EJrE* (EJFE) eXP(*U)} (/L) (7)
The other part, P ,(q), is derived from the rodlike structure
of wormlike chains on scales comparable or smaller than b or
1< gb <10 [Eq. (8)]. The semi-flexible to rigid rod transition
in the scattering function is made by modifying the two parts

T

Poc@) =5+
10c(q) quz Lq

®
with exponential functions so that Pg:(q) and P,,.(q), respec-
tively, contribute decreasingly and increasingly more towards
Puin(q) as g increases [Eq. (9)].

Puin(q) = Pse(q)expl— (gb/q1)"] + Pro(@){1 — exp[— (gb/g.)"]} ©)

The fitting of Pui,(q), generated from Monte Carlo
simulations of chains with different L and b to satisfy L/b >
2 and gb < 10 with Equation (9), established that p; =5.33 and
q,=5.53.

Our nanofibers have a finite cross-section with a core-shell
structure just like that of cylindrical surfactant micelles. Jerke
et al.;¥ developed the cross-section scattering functions of
such micelles by taking the different scattering contrast of the
core and shell into consideration. As will be evident later, the
q range of our light-scattering data is narrow and would not
justify the use of such a sophisticated model containing many
fitting parameters, which include the core radius, shell radius,
core refractive index, and shell refractive index. Thus, we
assume that our nanofiebrs have a homogeneous cross section
with a hydrodynamic radius R. The scattering function for
such a cross section is given in Equation (10), in which J,(Rg),
the first-order Bessel function of the first kind, is given by
Equation (11). The overall scattering function for the nano-
fibers is then given by Equation (12), with L, b, and R as the
variables.!

2J,(Rq)?
Pesa) - | I;q 2] (10)
0 —1) R 2n+1
2803 s 72 o
P(Q):thin(‘])Pcs(‘l) (12)

Two sets of P(g) functions are displayed in Figure 10, with L
and R fixed at 20 um and 50 nm and with b equal to 200 and
400 nm, respectively. The data are presented by following the
Holtzer method, that is, gP(gq) rather than P(q) is plotted
against g, so that the different regions of P(q) are more clearly
seen. ¢P(q) initially increases with ¢, because the Guinier
region, in which P(g) changes slowly with ¢, associated with
the overall size of the fiber is observed. After reaching a
maximum, gP(q) decreases because P(g) crosses over to a
power-law dependence on ¢g. This region is characteristic of
the coil behavior of the fibers with an exponent of —2 in theta
solvent and —5/3 in good solvent. For the set of data
generated with b=400 nm, a flat region is seen after g =
0.01 nm~". This is characteristic of the local stiffness of the
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Figure 10. Curves of ¢P(q) and qPy(q) as a function of . Curves 1 and 2
were constructed by using L =20 pm, R =50 nm, and b values of 200 and
400 nm, respectively. While /=400 nm, the R values are 30 and 40 nm for
curves 3 and 4, respectively.

chain and of P(q)x1/q. gP(q) further decreases with g at
even higher g values because of the Guinier scattering
behavior of the cross-section of the nanofibers.

A broad and small peak is seen at ¢ =0.18 nm™! for qP(q)
generated by using L =20 pm, R =50 nm, and b =400 nm. We
have examined systematically how changing L, b, and R
affected the shape of gP(q). Increasing L and b shifted the
maximum of gP(q) to lower g values. Increasing R made
qP(q) decrease more sharply in the high ¢ region. This
systematic study also suggested that the broad and small peak
in the gP(q) curve was due to the empirical nature of
Equation (12) and the error associated with the large gb of 7.2.

The experimental g(AR,/Kc),_,, values are illustrated in
Figure 11. The presence of few data points in the high g region
that suggests the downward bending of gP(q) justifies our
previous adoptation of the simplified cross-section model for

_  6e+006 w
. =
g 1 £
20 <

| b <

é 4e+006 5
~ &/\
= 1 =

I | ] -

E\\) 2e+006 5
o 1 )
>< =}
lgi 1 L L 'o_“

o b
0.00 0.01 0.02 0.03 0.04
g/ nm

Figure 11. Comparison between 1.78 x 10'°qP(q) (e) or 3.13 x 10°qPy(q)
(#) and experimental ARy/Kc|., data (m). The gP(q) and gPy,(q)
functions are valid only in the low and high ¢ regions, respectively. The
qP(q) function was generated by assuming L =20 um, R =50 nm, and b =
400 nm. The gP(q) function was obtained by using /=400 nm and R=
43 nm.

nanofibers. More data points are also needed at the low g end
so that the gP(q) maximum can be located for an accurate
determination of both L and b. Because of the narrow g
region probed, the results obtainable from any data treatment
procedure cannot be more than qualitative. For this, we took a
crude approach by fixing L at 20 um and R at 50 nm and
examined the results to see if a reasonable b value could be
obtained. The contour length of 20 um should be reasonable
as judged from Figure 6. As will be shown later, the R value of
50 nm is reasonable as well. Furthermore, the choice of R

2746

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

values only affects the gP(q) shape in the high g region where
Equation (12) is not valid.

Also shown in Figure 11 is the comparison between the
experimental g(ARy/Kc)._,, values and 1.78 x 10'° (gmol~") x
qP(q) with gP(q) calculated from Equation (12) with L=
20 pm, R=50nm, and =400 nm. The agreement in the
low and high g regions is excellent. The discrepancy in the
intermediate region is probably due to error inherent in
Equation (12) at large gb values.

The good agreement between 1.78 x 10'° (gmol~")gP(q)
and q(AR,/Kc)., in the high g region is fortuitous as
Equation (12) can be erroneous for gb > 10. The agreement
in the low g region suggests that the persistence length of the
nanofibers is ~400 nm; a result in qualitative agreement with
what one deduces from Figure 6. According to Equation (6),
the molar mass of the nanofiber should be 1.78 x 10'° gmol-1.
The molar mass of the nanofibers can also be calculated from
the contour length L of 20 um by using Equation (13), in

M, = Napcemaeema LIWeema 13)

which N, is Arvogadro’s number; p, density of PCEMA, is
1.25 gecm™3; Wegma, the weight fraction of PCEMA, is 0.24;
and rcgypa, the radius of PCEMA core, is ~ 13 nm as revealed
from Figure 1. The molar mass of 3.33 x 10" gmol~' calcu-
lated from Equation 13 is in qualitative agreement with 1.78 x
10'° gmol~!, suggesting the validity in the choice of the L
value.

AR /Kc|, , data analysis in the high g region: As a result of
the break down of Equation (12) in the high g region, the data
were treated differently in this region to obtain the cross-
sectional hydrodynamic radius of the nanofibers in toluene. In
the high g region, the nanofibers essentially behave as rigid
rods with length / approximately equal to the persistence
length b and so the rigid-rod model was used. For randomly
oriented, cylindrical rigid rods with a radius R, length /, and
I/R>>1, Equation (14) can be derived for Py (¢),”> > in which
J1(qRsinp) is again the first-order Bessel function of the first
kind. The second term in the square bracket on the right-hand
side denotes the contribution from the cross-section to the
scattering function.

' : 2
Pu@) = / [Sl"qfcf:;fz/z ;iifn;ﬁ | singa (14)

Equation (14) is clearly a function of / and R. In Figure 10
two sets of Py, (q) curves are compared that were generated by
using /=400 nm, R=30, 40 nm. As R increases, the P,(q)
curve bends downward more sharply at the high ¢ end, but is
not affected at the low g end. We also examined the effect of
varying / on the shape of the P,(g) curve. Increasing [
decreased the height of the Py(q) curve and shifted the
position of the first bending point in the curve to lower g
values. Since the analysis here is only qualitative owing to the
narrow g range probed, we set / equal to the persistence length
b obtained from the wormlike-thread model, that is, /=
400 nm. At this fixed / value, good agreement between the
experimental g(AR,/Kc)._, values and Py,(q) is obtained by
setting R =43 nm and M, =3.13 x 10% gmol-". This M,, is very
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reasonable for a 400 nm rod considering that the molar mass
for a 20 um rod is 1.78 x 10! gmol~! from the wormlike-
thread model.

Although not shown here, the light-scattering data of the
nanofibers in chloroform can also be fitted by use of the same
models to yield L =20 um, b =400 nm, and R =43 nm. The R
value of 43 nm is substantially larger than 28 nm, the radius
estimated for dry nanofibers, but smaller than the TEM radius
of 46 nm determined from Figure 8. It is larger than 28 nm,
because the nanofiber chains are swollen in toluene or
chloroform. On water surfaces the nanofibers are flattened;
this makes the TEM radius larger than that in the organic
solvents. Thus, the value of 43nm is very reasonable.
However, we will treat 43 nm only as a semi-quantitative
value owing to the various assumptions associated with its
determination and no further discussion will be made about
its implications.

Liquid crystalline properties of the nanofibers: The TEM
images in Figures 6 and 8 suggest that the dry nanofibers are
quite rigid. They are also quite rigid in toluene or chloroform,
as confirmed by their large persistence length. As a result of
their rigidity and the large b/R value, the Onsager theoryl™’]
for “hard rods” and the Semenov and Kohhlov theory®®! for
semi-flexible rods predict that the nanofibers should have
liquid crystalline properties. We examined the optical bire-
fringence of such nanofibers in bromoform by means of
polarized optical microscopy.

The nanofiber solutions as prepared in bromoform showed
little or no birefringence, an indication of the absence of long-
range orientation order. However, the optical birefringence or
nanofiber ordering developed upon gel shearing. Figure 12 is
a photomicrograph, taken through crossed polarizers, of a
42.5% by weight solution of the nanofibers in bromoform.
The central region looks brighter, because a spatula was used
to smear the sample across this region. Such birefringence
persisted until the sample was heated above a critical temper-
ature as shown in Figure 13, in which the variation in the

Figure 12. Micrographs taken through crossed polarizers a 42.5 wt%
solution sample of nanofibers in bromoform smeared with a spatula. The
right-hand picture was taken at a position with the shearing direction
parallel to the analyzing polarizer axis. The left-hand picture was taken
after the sample stage was rotated by 45°. The width of each frame in the
figure is about 5 mm.
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Figure 13. Variation in the transmitted light intensity through crossed
polarizers, with a 42.5 % nanofiber solution between them, as a function of
temperature.

intensity of light transmitted through crossed polarizers is
plotted as a function of temperature. As the temperature
increased, the intensity initially stayed constant and then
decreased suddenly until the birefringence essentially disap-
peared. This suggests an order—disorder transition for the
nanofibers. Unfortunately, this transition is not reversible,
because the birefringence of a sample heated above its
order—disorder transition temperature returns only very
weakly if at all.

The order—disorder transition temperature has been de-
fined the temperature at which the transmitted light intensity
drops half way between its low and high temperature values.
The variation in the transition temperature as a function of
nanofiber concentration in bromoform is plotted in Figure 14.
As nanofiber concentration increases, the transition temper-
ature increases.

90
80
70
60

Transition T/°C

50

40 ; . L )
20 40 60 80 100

Nanofiber Wt% Conc.
Figure 14. Plot of variation in order-disorder transition temperature (@) as
a function of nanofiber concentration in bromoform. The solid line
represents the best fit to experimental data by a second-order polynomial.

Birefringence development under shearing: Since many long,
rodlike macromolecules such as tobacco mosaic virus,% %)
poly(benzyl-L-glutamate),!>] and DNAI! are lyotropic
liquid crystals, the absence of birefringence from nanofiber
solutions in bromoform not sheared was a surprise to us
initially. This was probably caused by the structural difference
between the nanofibers and those species studied previously.
The nanofibers are not really “hard rods”, which are repulsive
only in their mutual interactions. At sufficient low nanofiber
concentrations, the nanofibers are mutually repulsive because
of the osmotic forces acting on the PS chains.®?l At high
nanofiber concentrations, the PS chains of different nano-
fibers may interpenetrate into and entangle with one another.
The entanglement should slow down or kinetically impede the
self-ordering of the nanofibers. It is only upon shearing that
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the nanofibers align. This slow nanofiber motion also explains
why the birefringence did not reappear after a sample heated
above its order—disorder transition temperature was cooled
down again. A further study should involve annealing nano-
fiber solutions slightly below the order—disorder transition
temperature for a long time to see if the birefringence
redevelops.

Shear-induced ordering is well known. Cylindrical micelles
of small-molecule surfactants form nematic phases in water at
weight fractions typically > 30 %.[% %l Under shearing, they
align along the shearing direction at concentrations as low as
0.1%.0>%1 Similarly, the cylindrical domains formed in a
diblock melt can be aligned to form “single crystals” by
shearingl®®] or electric forces.[”

Banded texture: The polarized optical microscopic (POM)
image of Figure 12 shows a banded texture. This has also been
observed in many other sheared lyotropic or thermotropic
liquid crystalline polymer systems."-l The banded textures
were seen in polymer systems because of an optical effect
caused by the switching in polymer chain orientation from one
band to another. While the average chain orientation is along
the direction normal to the bands, the chain orientation from
one band to another deviates positively and negatively from
the average direction.”” 78l Such nematic phases with banded
textures are unique!™ and particularly common®! for main-
chain liquid crystalline or rigid-rod polymers. This is because
polymers have large splay constants or it is energetically
unfavorable for rigid-rod chains to align in a fan-out
fashion.™ The observation of the banded texture in the
nanofiber solution suggests the alignment of the nanofibers
along the shearing direction and that the nanofibers behave
similarly to rodlike macromolecules” ®! and hairy rods.[*-]

Temperature dependence of the critical concentration for
liquid crystalline phase formation: Figure 14 clearly shows
that the order —disorder transition temperature increases with
nanofiber concentration in bromoform. This temperature
dependence seems to make sense intuitively. As the nanofiber
concentration increases, the PS chains get more entangled
with one another and the nanofiber mobility decreases. A
higher temperature will be required to randomize the nano-
fibers.

This temperature dependence is, however, not predicted by
existing theoriest”*! that consider “hard” or semi-flexible
“hard” rods. The temperature dependence is absent in these
cases because the rods do not have any other energetic
interactions, as two rods can never penetrate one another
owing to their physical volume. Our nanofibers are obviously
not wormlike hard rods.

Conclusion

The PCEMA block of a PS-b-PCEMA sample has been
shown by TEM to form cylinders dispersed in the continuous
phase of PS when annealed at 110+£2°C. The SAXS data
indicates that the cylinders lie preferentially in the polymer
disk plane. The PCEMA cylinders were cross-linked by
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photolysis. Separating the cross-linked PCEMA cylinders by
dissolving PS in THF or toluene yielded isolated nanofibers
with PCEMA cores and PS shells. The nanofibers can be tens
of micrometers long. This represents a general method for
nanofiber preparation from block copolymers.

The nanofibers were soluble in a wide range of solvents
including THF, toluene, chloroform, and bromoform. Light-
scattering studies in toluene or chloroform revealed that they
were wormlike and had molar masses exceeding 10 gmol~}, a
persistence length of ~400 nm, and a radius of ~43 nm. They
formed lyotropic liquid crystalline phases with a banded
texture under shearing above a critical weight fraction, as
observed under a polarized optical microscope. The liquid
crystals underwent an order—disorder transition at a critical
temperature. The order—disorder transition temperature
increased with nanofiber concentration in bromoform.
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