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ABSTRACT: Time-resolved laser light scattering, combined with transmission electron microscopy, was
employed to study the kinetics of the sphere-to-rod transition. The brush—rod block copolymer based on
poly[poly(ethylene glycol) monomethyl ether methacrylate] and poly{(+)-2,5-bis[4’-((S)-2-methylbutoxy)-
phenyl]styrene}, PEGMA3,-b-MBPS4;, formed spherical large compound micelles (LCM) in mixed solvent
of THF and water. LCM underwent the transition to large compound rod (LCR) in the time scale of hours,
and the transition was favored at higher polymer concentration and at intermediate water content. It was also
found that a large amount of free polymer chains existed throughout the transition process. The depletion
force generated by the free polymer chains was estimated to be in the order of 0.1k 7. Therefore, besides the
instability or defects of the LCM, the depletion effect also made a positive contribution to the sphere-to-rod

transition.

Introduction

In the past few decades, many attempts have been made to gain
an insight into the assembly of amphiphilic block copolymers in
solution, which may help to understand the organization me-
chanism of cellular tissues.' ~'® The nanostructures assembled by
block copolymers were determined by a number of factors, such
as chemical nature of each block and block ratio. These factors
built a delicate balance of the overall surface tension with chain
stretching inside and outside the assembled structure.'’!?
Through a proper control over the balance, various morpholo-
gies could be obtained in solution. Besides the three basic
structures—spheres, cylinders, and bilayers'*'*—the complex
or combined morphologies, e.g., hollow tubes, branched short
rods, and interconnected bicontinuous rods, were observed under
certain conditions.'® In addition, the flexibility of the block, e.g.
rigid rod versus flexible coil, also showed a profound effect on the
assembly of the block copolymers. Rod—coil block copolymers,
consisting of both flexible and rigid segments, had the capacity to
form desirable morphologies and thus attracted a great deal of
attention from biologists, chemists, and physicists.>¢~%

As various morphologies were observed, the transition of
different morphologies became an active research area.”* > The
most widely studied case was the sphere-to-rod transition of
micelles.””~* One of the typical polymer samples was the triblock
copolymer of poly(ethylene oxide)—poly(propylene oxide)—poly-
(ethylene oxide) (EO—PO—EQ), whose sphere-to-rod transition
in dilute solution was induced by a jump in temperature. Both
laser light scattering (LLS)**® and small-angle neutron scattering
(SANS)*! have been applied to determine the changes in mor-
phology. Using polystyrene-b-poly(acrylic acid) in mixed solvents
of dioxane and water, Eisenberg and co-workers investigated the
kinetics of sphere-to-rod and rod-to-sphere transitions by turbid-
ity measurement and transmission electron microscopy (TEM).*

*Corresponding authors: e-mail dliang@pku.edu.cn, Tel 10-86-
62756170 (D.L.); e-mail xhwan@pku.edu.cn, Tel 10-86-62754187 (X.W.).
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They proposed a two-step mechanism for sphere-to-rod transi-
tion: formation of irregular “pearl necklace” via spherical colli-
sion, followed by reorganization into smooth cylindrical rods,
whereas the reverse transition began with bulb formation from
ends of the cylinders, followed by the release of bulbs to form
spheres. However, Ma et al.* suggested that the decomposition of
the cylinders did not merely begin from the ends but experienced
many morphological intermediates during the rod-to-sphere
transition. Recently, Denkova et al.** studied the sphere-to-rod
transition of EQ,)PO7EO,, induced by adding inorganic salt and
ethanol. It was suggested that the growth of micelle was controlled
mainly by random coagulation/fragmentation reactions. The
unimer was also detected by dynamic light scattering during the
growth stage. Shen et al.® investigated the sphere-to-cylinder
transition by using poly(ferrocenyldimethylsilane-b-2-vinylpy-
ridine) (PFS—P2VP) in methanol, a selective solvent for P2VP.
The block copolymer formed stiff, uniform fiber-like micelles with
cores of 10 nm and lengths between 20 and 50 um. They attributed
the driving force to the crystallization of PFS block.

Online monitoring the kinetics of sphere-to-rod transition is a
practical approach to reveal the transition mechanism. Laser
light scattering is a powerful technique to discover the details,
provided that the transition is in the order of minutes or slower.*
In 1996, Eisenberg and co-workers observed large compound rod
(LCR) with a diameter of ~550 nm from 3.0 wt % PS,1¢-b-PEQys
in DMF."® Besides the rod, a large amount of solid spheres with
diameters less than 70 nm was also observed in TEM image. Our
previous study on the brush—rod diblock copolymer with poly-
[poly(ethylene glycol) monomethyl ether methacrylate] as the
hydrophilic segment and poly{(-+)-2,5-bis[4’-((S)-2-methylbutoxy)-
phenyl]styrene} as the hydrophobic segment, PEGMA;;-b-
MBPS, 41, also evidenced the coexistence of solid spheres and LCRs
by TEM.* Since the diameter of the LCR was much larger than the
length of the fully stretched polymer chains, the LCR must be
constructed by the aggregation of some primary structures via
possibly the sphere-to-rod transition. The LCR was much larger
in size and volume than regular rod; the formation and transition
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Scheme 1. Chemical Structure of the Brush—Rod Diblock Copolymer
PEGMA 37,-b-MBPS 4,

PEOMA;7-b-MBPS 14,

process could be slow in kinetics, which allowed us to monitor
the process in detail by time-resolved laser light scattering. In this
work, we studied the PEGMA;,-b-MBPS,4; in THF at 1.0 mg/
mL by dynamic light scattering, static light scattering, and TEM.
The aggregation of PEGMA;;,-b-MBPS,4; was initiated by the
addition of water, which was a selective solvent for PEGMA
block. LCR was formed at certain water content. Another reason
for choosing PEGMA37-b-MBPS 4, was that the single polymer
chain was detected easily by LLS, and we can determine the role
of single polymer chains during the sphere-to-rod transition.

Experimental Section

Laser Light Scattering (LLS). The brush—rod block copoly-
mers, PEGMA3,-b-MBPS 4, (Scheme 1), were synthesized and
purified according to a known procedure.** The polymer sam-
ples with known amount were dissolved in THF (HPLC grade)
at least one night before the measurement to obtain homoge-
neous solutions. For the laser light scattering measurement,
about 2 mL polymer solution was filtered directly into a dust-
free cylindrical light-scattering cell through a 0.22 um pore size
Millex filter unit (Millipore, Billerica, MA). Deionized water
(Milli-Q, 18.2 MQ) filtered through a 0.22 um pore size filter
unit was added to the copolymer solution. During the study on
the effect of water content, one drop of water (~2.0 wt % of the
solution) was added at each interval, and the polymer solution
was vortexed at 600 rpm for about 2 min. The sample solution
then sat at 25 °C for about 0.5 h before carrying out the mea-
surement. During the study on kinetics, a known amount of
water was added in polymer solution in one batch. The time
point right after the 2 min vortex at 600 rpm was set as .

A commercial laser light scattering spectrometer (Brookhaven
Inc., Holtsville, NY) equipped with a BI-200SM goniometer and a
BI-TurboCorr digital correlator was used to perform both static
light scattering (SLS) and dynamic light scattering (DLS) over
scattering angles ranging from 20° to 120°. A 100 mW, vertically
polarized solid state laser (GNI, Changchun, China) operating at
532 nm was employed as the light source. In SLS, the angular
dependence of the excess absolute time-averaged scattering inten-
sity, also known as the Rayleigh ratio R,,(6), was measured. From
the angular dependence of R,,(6) in a single concentration, the
apparent z-average root-mean-square radius of gyration R ,,, was
obtained. In dynamic LLS, the intensity—intensity time correlation
function G®(7) in the self-beating mode was measured. It is related
to the normalized first-order electric field time correlation function
gV(¢). A Laplace inversion program, CONTIN, was applied to ana-
lyze gV(7) to obtain the hydrodynamic radius, Ry, app» s well as its
distribution. The Ry spp/Rh app Values were calculated by a combina-
tion of the results from SLS and DLS.*

Transmission Electron Microscopy (TEM). Right after LLS
measurements, the resulted solution at each stage was poured
into a large amount of water to instantly freeze the aggregate
structure.>*'2 A drop of the sample solution was mixed with a drop
of 2% (w/v) aqueous solution of uranyl acetate. The mixture was
deposited onto a carbon-coated copper EM grid for a few minutes.
Excess solution was blotted away with a strip of filter paper, and the
sample grid was dried in air. The morphologies of the aggregates
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Figure 1. (A—C) CONTIN results of PEGMA37,-b-MBPS, 4, at differ-
ent water contents. (D) Changes in the excess scattered intensity. The
initial concentration was 1.0 mg/mL.

were observed on a JEM-200CX TEM operating at an acceleration
voltage of 120 kV.

Results and Discussion

Behavior of PEGMA 37-b-MBPS 4, in THF /H,O: Thermo-
dynamic Study. THF is a good solvent for both PEGMA and
PMBPS. The addition of water, a selective solvent for
PPEGMA, would induce the aggregation of PEGMA3;-b-
MBPS4; when its content reached a certain ratio. As shown
in Figure 1A, PEGMA;;-b-MBPS4; stayed as single poly-
mer chains in THF at 1.0 mg/mL. Its Ry, o, Was about 7 nm.
After adding 3.1 wt % water, an aggregate was observed at
30° (Figure 1B). The size and area ratio of the aggregate
increased with increasing water content. At 12 wt % water,
the aggregate with Ry, ., of 148 nm coexisted with the single
polymer chains (Figure 1C). Further adding water led to a
heavy turbidity, which deteriorates the quality of LLS data.
Figure 1D shows that the excess scattered intensity increased
almost linearly with the water content and displayed notable
angular dependence after the appearance of aggregates at
3.1 wt % water.

The conformation of the aggregates could be inferred from
the Ry app/Rnapp ratio. 4546 Using the method proposed by
Sato and co-workers,*”** we calculated the static structure
factors (S(q)) of the slow mode by combining the data from
SLS and DLS. The R, of the aggregate was then deter-
mined to be 102 nm from the S(g) at 12 wt % water. So
the Ry app/ Ri app ratios of the aggregates was calculated to be
0.69, close to the value (0.775) of solid sphere.*® The presence
of vesicle and disklike morphologies were ruled out because
of their Ry 4pp/Rh app values should be close to 1.0 and larger
than 1.5, respectively.****>° On the other hand, the contour
length of PEGMA;;-b-MBPS 4, was calculated to be about
24 nm, far less than the Ry ,p, of the aggregate (148 nm).
Therefore, the aggregate formed by PEGMA;;-b-MBPS 4
was large compound micelles (LCM) instead of the primary
micelles with PMBPS being the core and PEGMA being the
corona.

Figure 2 shows the TEM images made from the above LLS
solution at 12 wt % water content. Two types of spherical
structures were observed. The large spherical structure with
diameter more than 100 nm was attributed to the aggregates
formed by PEGMA;;-b-MBPS,4;. Since uranyl acetate
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Figure 2. TEM images of PEGMA;7-b-MBPS 4, in THF with 12 wt %
water.

mainly stained the PEGMA block, the dark hue of the large
spheres confirmed the formation of large compound
micelles.>**°152 The small spherical structure with diameter
around 50 nm was attributed to primary micelles with
PMBPS being the core and PEGMA being the corona. They
were formed by the single polymer chains (Figure 1C) when
pouring the solution to a large amount of water to prepare
the sample for TEM.**

Further Aggregation of LCMs to Cylinder: Kinetic Study.
The formation of the LCMs by PEGMA;;-b-MBPS 4, was
observed right after adding water, and no other morphology
was observed during the process of adding water to 12 wt %
at ~2wt % water per 1 h (Figure 1). The LCMs formed at the
ending stage were stable; no morphology transition occurred
in more than 24 h at room temperature. In the next experi-
ment, we added 12 wt % water in one batch and monitored
the system for more than 10 h. As shown in Figure 3, the
bimodal distribution (Figure 3A) was maintained, but the
size and area ratio of LCM increased with time and so did
the excess scattered intensity (Figure 3B). After about 11 h,
another aggregate with size in the order of micrometer was
observed at 30°. Even though it was not distinguished at 90°,
the broadening of the large fragment indicated the existence
of the aggregate in the size of micrometer (Figure 3C). Since
the excess scattered intensity was roughly proportional to the
sixth power of size, the intensity-averaged size distribution in
Figure 3C suggested that the number of the aggregate in
micrometer was extremely small. Figure 3D shows the TEM
image after 11 h. No micrometer scale structure but occa-
sionally the fusion of few LCMs was visualized. Compared
with Figure 2, the amount of LCMs increased.

It has been reported that the movement of single chains is
easier with less selective solvent added.> In our next experi-
ment, we added less amount (6.6 wt %) of water in PEG-
MA;;-b-MBPS4; in one batch and monitored the kinetics.
In this case, the micrometer aggregate became much clearer.
As shown in Figure 4A, LCMs with Ry, ., peaked at 132 nm
coexisted with the single chains once the experiment started.
After an additional 2 h, the area ratio of the LCMs increased
and the distribution narrowed (Figure 4B). At 5.5 h, the
micrometer-scale aggregate was again observed at 30°, which
was similar to that with 12 wt % water after 10 h (Figure 3C).
The distribution at 90° was also broadened (Figure 4C).
After 10 h, the large aggregate was observed at all the
scattering angles, and its size and area ratio increased signi-
ficantly. At this stage, the three components—single polymer
chains, LCMs, and the newly formed aggregate—coexisted
in the system (Figure 4D).

Figure SA compares the correlation functions at 0.5 and
5.5hat 30°. It clearly indicated the increase in the relaxation
modes. However, the presence and the growth of the large
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Figure 3. Aggregation of PEGMA;;-b-MBPS,4; in THF with 12 wt %
water: (A) size distributions after 3.0 h; (B) time dependence of the
excess scattered intensity at zero angle, the line is the fitting curve; (C)
size distributions after 11 h; (D) TEM image after 11 h. The initial
concentration was 1.0 mg/mL.
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Figure 4. CONTIN results of PEGMA3;-b-MBPS 4, in THF with
6.6 wt % water contents after (A) 0.5, (B) 2.5, (C) 5.5, and (D) 10 h.
The initial concentration was 1.0 mg/mL.
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Figure 5. (A) Correlation functions at 0.5 and 5.5 h at 30°. (B) Time
dependence of the excess scattered intensity of PEGMA;3;,-b-MBPS 4,
in THF with 6.6 wt % water contents at zero angle; the line is the fitting
curve. The initial concentration was 1.0 mg/mL.

aggregate exhibited a weak effect on the excess scattered
intensity. As shown in Figure 5B, the sharp increase in the
excess scattered intensity was observed before 5.5 h, during
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Figure 6. TEM results of PEGMA;7-b-MBPS 4, in THF with 6.6 wt % water at different aging times: (A) 2.5, (B) 5.5, and (C, D) 10 h. The initial

concentration was 1.0 mg/mL.

which period the LCMs was formed and became matured.
After the appearance of the micrometer size aggregate, the
excess scattered intensity was kept almost constant, indicat-
ing that the growth in the large aggregate was at the cost of
the LCMs instead of the single polymer chains.

The size of micrometer-scale aggregates surpasses the limit
of our instrument. It was not valid to calculate the Ry 4pp and
the Rgapp/Rhapp ratio of the aggregate by using Sato’s
approach.*’*® Therefore, we conducted the TEM experi-
ment. As shown in Figure 6A, after adding 6.6 wt % water
for 2.5 h, only primary micelles and LCMs were observed,
similar to those in Figure 2, which was also in agreement with
the LLS data (Figure 4B). The connection and fusion of the
spherical LCMs occurred at 5.5 h (Figure 6B). After 10 h,
LCRs with length more than micrometer was observed in the
system (Figure 6C,D). The large diameter and the dark hue
indicated that the LCRs were formed by LCMs. Figure 6C
also shows some branched sections on the LCRs. The coexi-
stence of LCRs, LCMs, and primary micelles (formed by
single polymer chains during quenching) after 10 h evidenced
by TEM were consistent with the findings by LLS.

Besides water content, initial polymer concentration was
another key parameter affecting the kinetics of the transition
from LCMs to LCRs. Figure 7 shows the results of PEG-
MA;;-b-MBPS 4, at 0.1 mg/mL, a concentration diluted by
a factor of 10. All other conditions are the same as those in
Figure 4. As shown in Figure 7, the micrometer-scale aggre-
gates were observed by DLS at 30° after 19 h (Figure 7A),
about 3 times longer than that at 1.0 mg/mL. Its amount was

also significantly reduced. The TEM image (Figure 7B)
shows mainly primary micelles, LCMs, and a few occasion-
ally fused LCMs.

LCM-to-LCR Transition: Driving Forces. Clearly, the
formation of LCRs underwent two stages: aggregation of
single polymer chains to form LCMs, followed by the fusion
of LCMs to LCRs. The kinetics of the later stage was much
slower than that of the former one. Since the excess scattered
intensity is directly related with the morphological transi-
tion, we can evaluate the characteristic relaxation time, 7,
and 7,, by fitting the intensity curves (Figures 3B and 5B)
with a double-exponential equation:

[ =L+A(1—e ™)+ B(1—e /™) (1)

where 7 is time and 4 and B are adjustable parameters. The
fitting in Figure 3B (12 wt % water) yielded 7; = 0.6 min and
7, = 1.6 h, indicating that the LCM-to-LCR transition was
more than 150 times slower than the formation of LCM from
single polymer chains. When the water content was reduced
to 6.6 wt % (Figure 5B), the fitting curve gave r; = 1.4 h
and 7, = 37 h. The increase in 7, by a factor of more than 100
suggested that the formation of LCM was highly dependent
on water content. It was reasonable since the driving force
for micelle was due to the selectivity of solvent. 7, also
increased with decreasing water content, but only by a factor
of 23. Since LCR was formed via the fusion of LCM, the
increased 75, and the observance of large amount of LCR at
earlier time (5.5 h at 6.6 wt % water, but 11 h at 12 wt %
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Figure 7. Aggregation of PEGMA;7-b-MBPS 4, in THF with 6.2 wt %
water after 19 h: (A) size distributions; (B) TEM image. The initial
concentration was 0.1 mg/mL.

water) suggested that LCR had a tendency to growth longer
in length and greater in number at lower water content. The
TEM images (Figures 6 and 3D) demonstrated this point.

It was commonly believed that the driving force for the
sphere-to-rod transition was derived mainly from the elastic
free energy of the core.* In our case, the LCMs did not have
well-defined interface between the core and the corona.
Therefore, the theory based on primary micelles may not
be applied here. Since the LCM-to-LCR transition was
prone to occur when adding water in one batch, it was con-
trolled mainly by kinetics. The most possible explanation
was that the freshly formed LCMs generated some defects on
its surface. The defects could be a domain rich of PEGMA
and water, or a small zone rich of PMBPS blocks, and they
served as stick points to connect LCMs together. The initial
aggregation of LCMs was not necessarily in rod morphol-
ogy. However, fusion into rod decreased the surface tension
or free energy. The TEM image in Figure 6C indicated the
existence of the stick points connecting LCM and LCR
together. Adding water dropwise and aging enough time to
reach equilibrium “cured” most of the defects on LCM
surface, preventing the occurrence of LCM-to-LCR transi-
tion. The formation of large amount of LCR at lower water
content also supported this point.

Another new feature about PEGMA;;,-b-MBPS 4, was
that the single polymer chains existed throughout the LCM-
to-LCR transition. Since the scattered intensity was roughly
proportional to the sixth power of particle size, the amount
of single polymer chains was pretty high even under the
conditions where the micrometer-scale aggregate was fully
developed, e.g., in the case of Figure 4D. The existence of the
single polymer chains led to the attraction of the LCMs via
the depletion effect.”* % Recently, Lodge and co-workers®’
demonstrated that the depletion interaction caused by
homopolymer was able to effectively tune the morphology
formed by block copolymers. According to Asakura and
Oosawa,>* the free energy gain, AF, via depletion could be
estimated by

3D
AF = ~(1 +ﬁ)¢kBT (2)

D and d are the diameters of the large and the small particles,
and ¢ is the volume fraction occupied by the small particles.
We can roughly estimate the ¢ value from the overlap
concentration and the critical micelle concentration (cmc).
Assume that the polymer chains are in random coil confor-
mation, and R, = 1.5R;, = 10 nm. The overlap concentra-
tion, C*, was calculated according to

or = 3)
gnR;jNA
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with N being Avogadro’s number. The C* of PEGMA5;-b-
MBPS,4; in THF was 31 mg/mL. The cmc of PEGMA;7-b-
MBPS4; in THF after adding 6.6 wt % water was deter-
mined by the dilution method (see Supporting Information).
The obtained cmc value was 0.08 mg/mL, corresponding to
the volume fraction of 0.08/31 = 0.0026. Taking the dia-
meter of LCMs as 500 nm, the calculated energy gain by
depletion attraction was about 0.1kg7. Even though the
calculated value was much lower than kg7, it could still
make positive contribution to the LCM-to-LCR transition
and could be used to qualitatively explain the observed
phenomena. In the case of adding 12 wt % water, the cmc
was much smaller, leading to a negligible attraction between
LCMs, and thus weakened the formation of LCR (Figure 3).
When the concentration was diluted by a factor of 10, the
depletion attraction was the same since its concentration was
still above cmc, but the amount of LCMs was sharply
reduced (Figure 7). During the sphere-to-rod transitions of
regular micelles, the single polymer chains may also exist, but
they are difficult to be detected because of the small size.

Conclusions

Using the LCMs formed by rod—coil diblock copolymer,
PEGMA ;;-b-MBPS 41, as an example, we monitored the kinetics
of sphere-to-rod transition by time-resolved laser light scattering.
Our study revealed that both the instability (or defect) of the
sphere and the depletion force generated by the free polymer
chains made positive contributions to the sphere-to-rod transi-
tion. This rule may also be applied to the transitions of even more
complicated morphologies. Actually, the depletion effect, origi-
nated from entropy, has been proven to account for the forma-
tion of many advanced structures in cellular environment. Our
study, based on a simple mode, not only helps in the preparation
of desirable morphology by using synthetic polymers but also
gains insight into the mechanism of the complicated process in
cellular activity.
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