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ABSTRACT: Aggregation of an amphiphilic rod—coil diblock copolymer, poly(n-hexyl isocyanate)-b-poly-
(ethylene glycol) (PHIC-b-PEG), in toluene, a selective solvent for the rodlike PHIC block, was studied
using light scattering and polarized optical microscopy. Static and dynamic light scattering data indicate
the formation of cylindrical micelles with a hydrodynamic radius of 279 nm in very dilute solutions (weight
fraction of polymer, w, from 0.0002 to 0.008) at 25 °C. The cylindrical micelles were determined to be
disklike (planar), 0.9 um in diameter and 20 nm in thickness, based on a comparison between the
experimental data and the theory of scattering and self-diffusion of ellipsoids. Planar aggregates are
expected if nematic interactions of the coronal rod block are dominant. The aggregate size decreases
with increasing temperature. The micelles were observed visually in solution with the help of a polarized
optical microscope due to the optical anisotropy of the PHIC block. Disklike objects with diameters in
the micron range were observed to undergo translational and rotational motion in and out of the focal

plane of the microscope.

Introduction

The self-assembly and phase behavior of rod—
coil block copolymers have attracted considerable
attention.1=8 Theoretical studies predict that the self-
assembly characteristics of these molecules in selective
solvents would differ considerably from those of con-
ventional coil—coil block copolymers.”~12 Aggregation of
rod—coil block copolymers is driven by both the selectiv-
ity of the solvent and the liquid crystalline character of
one of the blocks.

Some experiments on aggregation of rod—coil block
copolymers in solvents that are selective toward the rod
block have been conducted. Jenekhe and Chen? observed
that amphiphilic poly(phenylquinoline)-b-polystyrene
rod—coil block copolymers self-organized into spherical,
vesicular, cylindrical, and lamellar aggregates with
micron dimensions. The sizes of the aggregates were
about 2 orders of magnitude larger than those in coil—
coil block copolymers. Moreover, solution cast micellar
films were iridescent due to long-range ordering of the
micelles.! In another study,? micelle formation of charged
polystyrene-b-poly(isocyanodipeptide) rod—coil block co-
polymers in agueous media was studied. The morphol-
ogy of the aggregates was controlled by varying the
length of the rigid-rod block, pH, and anion—headgroup
interactions. In these experiments,2 the aggregation
was observed by microscopy of dry samples after the
solvent was removed. The theories on aggregation of
rod—coil block copolymers’—12 are restricted to solvents
that are selective toward the coil block and are thus not
applicable to these experiments.12

In this paper, we study aggregation of a poly(n-hexyl
isocyanate)-b-poly(ethylene glycol) copolymer (PHIC-b-
PEG). PHIC chains adopt a 125 helical structure® and
are relatively stiff in a wide range of solvents such as
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toluene and chloroform.*1> The stiffness of PHIC is
primarily due to short-range restrictions to rotation and
is characterized by a persistence length of 50—60 nm.
The chain stiffness leads to interesting effects such as
thermoreversible aggregation and gelation in PHIC
solutions.1® Like previous studies on rod—coil block
copolymers,2 the solvent used in this study, toluene,
is a good solvent for the rod (PHIC) block but a poor
solvent for the coil (PEG) block. The aggregation be-
havior of PHIC-b-PEG in toluene solutions is studied
by static and dynamic light scattering. We also demon-
strate that direct visualization of the aggregates in
solution is possible by polarized optical microscopy due
to the optical anisotropy of PHIC.1”

Experimental Section

Materials. The methods used to synthesize, characterize,
and isolate the PHIC-b-PEG diblock copolymer used in this
study are described in ref 18. The chemical structure is shown
in Figure 1. The weight-averaged number of repeating units
for the PHIC and PEG blocks was 50 and 12, respectively. The
polydispersity index of the copolymer was 1.20. HPLC grade
toluene was used to prepare the solutions in this study.

Dynamic and Static Light Scattering. The PHIC-b-PEG/
toluene solutions were made by adding filtered toluene to the
polymer. The solutions (without further filtration) were an-
nealed at 60 °C for 48 h and then cooled to room temperature
to allow equilibrium to be reached. Solutions are identified by
the weight fraction of polymer, w. Samples with w ranging
between 0.0002 and 0.05 were studied. The measured char-
acteristics of the PHIC-b-PEG/toluene solutions in the tem-
perature range of interest were independent of history after
annealing. This is a necessary (but not sufficient) condition
for establishing equilibrium. Static and dynamic light scat-
tering (SLS and DLS, respectively) studies were performed at
25 and 40 °C using an ALV-5000 instrument with a 100 mW
solid-state frequency-doubled Nd:YAG laser (A = 532 nm) as
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Figure 1. Chemical structure of the synthetic rod—coil diblock
copolymer, poly(n-hexyl isocyanate)-b-poly(ethylene glycol)
(PHIC-b-PEG).
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Figure 2. Normalized autocorrelation functions obtained from
the PHIC-b-PEG/toluene solution (w = 0.004, 25 °C) at various
scattering angles.

the incident source. Data were obtained at several scattering
angles between 30° and 150°. The SLS signals were converted
to absolute intensities 1(q) using pure toluene as a secondary
standard. The time autocorrelation function of the scattered
intensity g(r) was accumulated in the homodyne mode and
used to obtain the intensity-weighed distribution of mobilities
G(I') by solving the integral eq 1:1°2°

9() = Bla{ [, G(I) exp(~Tr)dI}” + 1] (1)

The solution was obtained using the CONTIN software pack-
age developed by Provencher.?! In most of the data sets, the
distribution of mobilities was dominated by a single broad
relaxation mode. This mode was seen consistently in all of the
data, and we report the characteristic decay rate associated
with this relaxation mode (I'¢), given by the ratio of the first
and zeroth moments of the peak. A very slow relaxation mode
(well separated from I';) was seen in some of the data sets,
particularly those at the lowest scattering angle (6 = 30°). We
attribute the slow mode to the presence of dust; we did not
filter our polymer solutions because we were unsure of the
effect of filtration on the aggregates that form in solution. At
the lowest scattering angle (30°), the dust signal contribution
ranged between 30% and 50% of the total signal.

Polarized Optical Microscopy (POM). The morphologies
of the aggregates in dilute PHIC-b-PEG/toluene solutions were
observed using a Nikon Optiphot polarized optical microscope
(bright field, crossed polarizer, and 300-fold magnification)
with a Nikon FX-35A camera at room temperature. A home-
made glass liquid cell was used in this study with a 5 mm
deep hole and a thin glass cover.

Results and Discussion

We begin by discussing results obtained in PHIC-b-
PEG/toluene solutions with w less than 0.01. Typical
DLS data obtained from these dilute solutions are
shown in Figure 2 where we show data from the w =
0.004 solution at 25 °C. The dependence of I'; on g? [q
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Figure 3. The g? dependence of T'; for PHIC-b-PEG/toluene
solutions of various concentrations (w < 0.01) at 25 °C. The
solid line is the least-squares linear fit through all of the data.
The slope of the line (1.4 x 1078 cm?#/s) is the apparent diffusion
coefficient.

= 4an sin(0/2)/1, where 6 is the scattering angle, n is
the refractive index of the solution, and 1 is the
wavelength of the incident beam] is shown in Figure 3.
Within experimental error, I'; at a given g is indepen-
dent of concentration. The relaxation mode identified
in the dilute solutions is thus approximately diffusive
with an apparent diffusion coefficient (given by the slope
of the T'¢ vs g2 plot) of 1.4 x 10~8 cm?/s. Because of the
concentration independence of the relaxation mode, we
assume that this corresponds to the self-diffusion coef-
ficient of the PHIC-b-PEG aggregates in solution (D).
The Stokes—Einstein relationship is then used to esti-
mate the hydrodynamic radius (Rp) of the diffusing
aggregates:

Dy = BT 2
° R, L

where kg is the Boltzmann constant, T is the absolute
temperature, and 7 is the viscosity of the solvent at T.
The average hydrodynamic size of the diffusing species
R thus obtained is 279 nm [70(25 °C) = 0.558 cps].

The fully extended length of this PHIC-b-PEG copoly-
mer is calculated to be only around 12 nm as follows.
The fully extended length of the PEG block (12 repeat-
ing units) is around 3 nm, using 0.154 nm as the C—-C
bond length, 0.143 nm as the C—O bond length, and
108° as the C—C—0 bond angle. For the rigid-rod PHIC
block, the translation per monomer of poly(n-alkyl
isocyanate) was reported to be in the range of 1.8—2.0
A from X-ray?? and light scattering?®24 data. Thus, the
length of the PHIC block (50 repeating units) is esti-
mated to be around 9 nm.

The large disparity between Ry (279 nm) and the
length of the fully extended PHIC-b-PEG molecule (12
nm) rules out the possibility of spherical micelles. We
thus examine the possibility of the micelles being
ellipsoids of revolution.?°=27 The hydrodynamic radius
of ellipsoids obtained by revolving an ellipse with
semiaxes a and b about the a axis was obtained by
Perrin.?8 The results of Perrin are given in eqs 3—5:

©)
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Figure 4. Estimated chain length of the PHIC-b-PEG mol-
ecule with the PEG block (a) fully extended and (b) unper-
turbed.

Table 1. Dimensions of Ellipsoidal Particles That Yield a
Hydrodynamic Radius of 279 nm Based on Perrin’s

Theory?8
minor semiaxis major semiaxis (nm) radius of sphere
(nm) prolate oblate (nm)
10 1611 432
279

For prolate ellipsoids (a > b),

1+ 1 — b%a?
n—

I b/a

f(b/a) = (4)
V1 — b%a?
While for oblate ellipsoids (a < b),
tan ‘[vb%¥a® — 1
f(ora) — 2N _LVbTa" — 1] )

vb?a? -1

For micellar aggregates, the minor semiaxis is re-
stricted to molecular dimensions. Since the rigid-rod
block does not have conformational degrees of freedom,
the lower bound for the minor semiaxis is 10 nm (9 nm
for the PHIC chain and 1 nm for the unperturbed PEG
chain), and the upper bound is 12 nm (9 nm for the
PHIC chain and 3 nm for the fully extended PEG chain)
(Figure 4). These values are much smaller than the
value of Ry, of the micelles. The exact amount of chain
stretching of the PEG block has negligible effect on the
computed scattering characteristics of the micelles. For
simplicity, we assume a value of 10 nm for the minor
semiaxis. Using this constraint, we use egs 4 and 5 to
find the values of the major semiaxes of prolate and
oblate ellipsoids that would yield R, = 279 nm. The
dimensions of the ellipsoidal particles thus obtained are
given in Table 1. For prolate ellipsoids, the major
semiaxis is estimated to be 1611 nm. For the oblate
ellipsoids, the major semiaxis is estimated to be 432 nm.
The large disparity between a and b for both cases
indicates that the micelles are, to a very good ap-
proximation, either rodlike (1-dimensional) or disklike
(2-dimensional). The DLS data from anisotropic micron-
sized objects in the accessible g range may contain
additional contributions due to the flexibility of the
aggregates. This may be the reason for the fact that the
T vs g2 plot does not go through the origin (Figure 3).

In Figure 5 we show the DLS data from dilute PHIC-
b-PEG/toluene solutions at 40 °C. The data are quali-
tatively similar to those obtained at 25 °C. The slope of
the I'; vs g2 plot is determined to be 2.0 x 1078 cm?/s
with a corresponding Ry of 232 nm [#0(40 °C) = 0.471
cps]. The aggregates are thus 20% smaller at 40 °C than
they were at 25 °C.
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Figure 5. The g? dependence of T'; for PHIC-b-PEG/toluene
solutions of various concentrations (w < 0.01) at 40 °C. The
solid line is the least-squares linear fit through all of the data.

The slope of the line (2.0 x 1078 cm?/s) is the apparent diffusion
coefficient.
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Figure 6. The g2 dependence of T'; for PHIC-b-PEG/toluene
solutions of various concentrations (w = 0.01) at 25 and 40

°C. The solid lines are least-squares linear fits through the
data.

The DLS data at relatively high concentrations (w =
0.01 and 0.05) are shown in Figure 6 where we plot I,
vs g2 We see a distinct decrease in the apparent
diffusion coefficient (Dapp = T'c/g?) with increasing
concentration. The concentration dependence of Dy at
25 and 40 °C is shown in Figure 7. The sharp decrease
in Dapp seen at w = 0.01 indicates an abrupt change in
the structure of the solution. This may be due to an
abrupt change in the structure of the micelle or the
organization of the micelles into a weakly ordered state.
Resolution between these two possibilities will be
presented shortly.

Static light scattering measurements were performed
in the concentration regime of w < 0.01 at 25 °C to
determine the structure of the micelle. The g depen-
dence of the scattered intensity 1(q) is shown in Figure
8 where we plot the concentration-normalized scattered
intensity I(g)/w. As can be seen from Figure 8, the data
from all of the solutions collapse to a single curve, which
indicates that the size and shape of the aggregates do
not change within the concentration range studied. This
is consistent with the DLS results. For both the possible
aggregates that we consider (oblate and prolate el-
lipsoids), the g range of our instrument is such that qL
> 1, where L is the characteristic size of the aggregate.
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Figure 7. Dependence of the apparent diffusion coefficient
on the weight fraction of PHIC-b-PEG in toluene at 25 and 40
°C.
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Figure 8. The q dependence of SLS intensity normalized by
the weight fraction of PHIC-b-PEG in toluene, I(g)/w, at 25
°C.
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Figure 9. A log—Ilog plot of the SLS intensity vs g for PHIC-
b-PEG/toluene solutions of various concentrations (w < 0.01)
at 25 °C. The solid lines are power law fits through the data.

In this q regime, the fractal dimension of the aggregate
can be obtained from the slope of the log(l) vs log(q) plot.
The plots of log(l) vs log(q) for each solution are shown
in Figure 9. The lines through the data in Figure 9 are
power law fits with slopes ranging between 2.15 and
2.22. 1t is thus clear that the aggregates are ap-
proximately two-dimensional, i.e., disklike. SLS mea-
surements performed at 40 °C give similar results and
are not shown.
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Figure 10. The g dependence of the SLS intensity of the w =
0.004 PHIC-b-PEG/toluene solution at 25 °C. The solid line

through the data is the theoretical scattering profile for an
oblate ellipsoid with yields R, = 279 nm.

The static scattering intensity 1(q) of a solution of
randomly oriented ellipsoids is given by eqs 6—8:

2
I(q) = 9771 OnIZ—[Jg/zgu)] cos A df (6)

where

b? .
u= qa\/coszﬂ + ;smzﬂ 7)

and Jz;p(u) is the 3/,-order Bessel function:

Y ®)

The theoretical 1(q) for oblate ellipsoids with a = 10
nm and b = 432 nm was computed using eqs 6—8, and
the resulting curve is compared with the experimental
data from the w = 0.004 solution in Figure 10. The
experimental curve was multiplied by 0.017 to obtain
the best agreement between theory and experiment. We
have chosen to show only one experimental data set in
Figure 10, since all of the experimental curves can be
superimposed by the use of scaling factors. It is evident
in Figure 10 that the measured static scattering profile
is consistent with the computed scattering profile, using
parameters obtained independently from DLS. We note
that the computed 1(q) of the other structures in Table
1 are qualitatively inconsistent with the measured data.
This confirms the disklike nature of the PHIC-b-PEG
aggregates in toluene.

It is important to note that our analysis of the
scattering data is based on a highly simplified model of
the micellar aggregates. We assume that the aggregates
are monodisperse, homogeneous, rigid, oblate ellipsoids.
In reality, micellar aggregates are polydisperse,?® in-
homogeneous, and flexible. It is likely that the lack of
guantitative agreement between the model and experi-
ments (e.g., finite intercept seen in Figures 3, 5, and 6)
is due to the simplicity of our analysis.

We now return to the abrupt change in Dapp Noted at
w = 0.01 in Figure 7. For disks with radius R and
thickness d, an isotropic-to-nematic transition is ex-
pected when spheres swept by adjacent disks overlap.2°
We thus expect organization of the disklike micelles
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Figure 11. Polarized optical micrograph of the cylindrical aggregates formed from the PHIC-b-PEG/toluene solution (w = 0.004)

at room temperature.

when their volume fraction ¢ exceeds 3d/4R. Substitut-
ingd = 10 nm and R = 432 nm, we obtain ¢ = 0.017.
This compares well with the concentration at which the
abrupt change in Dy Was noted (Figure 7). We thus
conclude that diffusion in solutions with w > 0.01 is slow
due to the organization of the disklike micelles.

In the literature,»2 the morphologies of the aggregates
from rod—coil block copolymers in solutions were ob-
served from solution-cast films on substrates using POM
and electron microscopy. In this study, the solution
characteristics of the micellar structures were directly
observed in solutions using POM. This is enabled by the
relatively large size of the micelles (0.9 um based on
light scattering) and the optical anisotropy of the PHIC
block. In Figure 11, we show a typical image that was
observed under the microscope (w = 0.004). Bright
aggregates of uniform size were found to be rotating and
diffusing in and out of the plane of focus of the
microscope. In most cases, snapshots of the aggregates
appeared to be cylinder-like with widely varying cross
sections. This apparent polydispersity is probably re-
lated to the projections of the disklike aggregates in the
plane of view. In a few cases, when we observed flat
disklike structures in the plane of view, their diameter
was about 1-2 um (see Figure 11). For randomly
oriented disks undergoing Brownian motion, the prob-
ability of the plane of the disk coinciding with the plane
of observation is extremely low. Thus, most of the time
the aggregates would appear cylinder-like. The exact
dimensions of the aggregate were difficult to determine
due to their motion. However, the visual observed length
scales are not very different from our conclusions based
on light scattering (about 1 um).

The aggregation behavior of this PHIC-b-PEG copoly-
mer in toluene was further investigated by converting
the PHIC block from the helix to the coil configuration
to obtain a PHIC-b-PEG coil—coil block copolymer. Poly-
(n-alkyl isocyanates) are reported to undergo a coopera-
tive helix—coil phase transition in solutions induced by

pentafluorophenol (PFP).31 Chemical chain scission is
not involved in the transition. We added excess PFP to
our PHIC-b-PEG/toluene solution (mole ratio of PFP to
the monomer HIC was 70) to ensure complete conver-
sion of the helices to coils. When such a solution (w =
0.004) was studied by POM, no structure was observed.
The aggregation phenomena that we have studied are
thus intimately dependent on the helical (or rodlike)
nature of the well-solvated PHIC block.

Conclusions

Aggregation of an amphiphilic rod—coil diblock co-
polymer, poly(n-hexyl isocyanate)-b-poly(ethylene glycol)
(PHIC-b-PEG), in toluene, a selective solvent for the rod
block, was studied by light scattering. In the concentra-
tion range of w < 0.01, planar disklike micelles with
0.9 um diameter and 20 nm thickness are consistent
with both SLS and DLS measurements. Planar ag-
gregates are expected if nematic interactions between
the rodlike moieties in the corona are dominant. A
sudden decrease in the diffusion coefficient, seen when
w > 0.01, is attributable to nematic ordering of the
micelles. The optical anisotropy of the PHIC block
enables direct observations of the micelles in solution
by polarized optical microscopy. The size of the ag-
gregate observed under the microscope is comparable
to that inferred from light scattering.
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