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What Morphologies Do We Want? — TEM
Images from Dilute Diblock Copolymer Solutions

Hong Zhao, Qianjin Chen, Liangzhi Hong, Lei Zhao, Jianfang Wang,* Chi Wu*

The formation of various exotic morphologies of block copolymers in dilute solutions has often
been claimed on the basis of TEM imaging. Do they really exist in solutions or are they just
some kinetically frozen structures arising from TEM sample preparation? It is shown that

different morphologies are formed due to a
competition between different time scales.
More and more people are realizing that it is

necessary to use cryo-TEM to ascertain a novel

morphology in polymer solutions, but not
everyone is able to access a modern cryo-
TEM. Our current study serves as an alarm
to those who are interested in morphologies
in block copolymer solutions that it is necess-
ary to combine different methods, such as LLS,
freeze-drying, and TEM, in their studies.
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Introduction

The formation of block copolymer
micelles with different morphologies
has fascinated polymer researchers for
more than two decades. There is no
any slow-down sign in this still-
booming field termed by some eyes-
catching words like “self-assembly,”
“supramolecules,” “nanoscience” or
“nanotechnology,” to name but a
few. It is indeed important to study
“disorder-to-order” and “order-to-
order” phase transition in systems
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made of block copolymers, especially
in melts and blends, and relate them to
various interactions among polymer
chains, different blocks, and solvent
molecules. These block copolymer
systems also have some potential
applications such as drug carrier for
cancer therapy,*?! templates to align
metal and semiconductor nano-crys-
tals into one-dimensional arrays.[**
Various morphologies of block copo-
lymer micelles in films and bulk have
been widely studied.®°! The micelle
formation is basically governed by
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the interaction among different
blocks. In solutions, a selective solvent
is often used to fine turn the associa-
tion of the insoluble blocks, which
involves the interactions between the
solvent and different blocks; namely,
the solubility difference. For neutral
block copolymers in organic solvents,
besides the loss of some translational
and conformational entropies, the
micelle morphology is mainly gov-
erned by a force balance among the
core block attraction, the corona block
repulsion, and the core-corona inter-
facial tension.*” In general, such a
force balance can be adjusted by
tuning the copolymer molecular struc-
ture, 2! block composition,**4
copolymer concentration,**! solvent
composition,®*®*”) and  tempera-
ture.['*1%) There have already been
some systematic studies on the mor-
phological transitions of copolymer
micelles among spheres, cylinders,
and vesicles. The transition kinetics
has also been found to depend on how
the micelles are initially prepared.’”!
The Bates group® observed a
sequence of shapes from vesicles
through cylinders to spheres of poly-
butadiene-block-poly(ethylene oxide)
(PB-b-PEO) diblock copolymers in
water by changing the composition
of the hydrophilic PEO block. Eisenberg
and his coworkers!***%22 investi-
gated the morphologies of polystyr-
ene-block-poly(acrylic acid) (PS-b-PAA)
ionic diblock copolymers in solvent
mixtures of water and dimethylfor-
mamide. On the other hand, some
experiments have also been devoted to
the exploration of micelle morpholo-
gies in organic solvents, where the
transitions from spheres to cylinders
are induced by controlling the solution
temperature!*® or applying an exter-
nal pressure.[2324

More and more people realize that
new cryogenic transmission electron
microscopy (cryo-TEM) is a powerful
technique to freeze different morphol-
ogies of polymeric aggregate or sur-
factant micelles in dispersions.[®#2%2°]
However, not everyone is able to
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access a modern cryo-TEM, especially
when organic solvents are used. Cur-
rently, many “novel” morphologies
are still reported only based on TEM
images without rigorous structural
characterization in solutions. On the
other hand, to our knowledge, there
has been no systematic comparison
between morphologies of polymeric
micelles obtained in solutions by
scattering methods and in cryo-TEM.

The micelle morphology also plays a
role in block copolymer lithography, a
promising potential approach for the
fabrication of nano-scale materials
and devices. It can lead to feature sizes
down to 10-30nm. External fields,
such as electricl®*?”! and magnetic
fields,®®! shear,!*®! and temperature
gradients,*® have been widely uti-
lized to control the orientation and
lateral ordering of the nano-scale
domains in block copolymer films.
Exposing copolymer films to good
solvents could generate long-range
equilibrium morphologies because of
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an increase in the chain mobility.**!

An in-depth understanding of the
formation of equilibrium structures
or kinetically trapped morphologies
during solvent annealing requires not
only a proper choice of solvents but
also some judicious controls of experi-
mental parameters, such as the vapor
pressure, treatment time, and solvent
extraction rate.

We previously measured the
hydrodynamic force required to pull
individual polystyrene-b-polyisoprene
(PS-b-PI) chains out of each spherical
micelle by forcing them through a
20-nm pore,*? and further discovered
thatthe addition of a proper amount of
tetrahydrofuran (THF), a good solvent
for both PI and PS, can lead to a
transition from spherical micelles to
metastable cylindrical ones when the
solution was extruded through the
pore during an ultra-filtration pro-
cess.[*]

Further, we tried to characterize
morphologies of PS-b-PI diblock copo-
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What Morphologies Do We Want? — TEM Images from ...

lymer micelles in the solvent mixture
with different hexane/THF ratios
before the nanopore extrusion. Sur-
prisingly, LLS studies showed the
presence of only spherical swollen
micelles when the THF content
increases and a final dissolution of
the micelles into individual chains.
The laser light scattering (LLS) results
are consistent with thermodynamic
expectation. Namely, as the solvent
quality becomes better for both PS and
PI, alarger core-corona interfacial area
can be stabilized by the PI blocks.
However, TEM imaging showed an
unexplainable morphological transi-
tion from spheres through cylinders to
flower-like structures when the TEM
samples were prepared under ambient
air at the room temperature. Such
contradictive results obtained from
TEM and LLS have forced us to look
into the effect of the solvent evapora-
tion rate on the TEM sample prepara-
tion. Our results reveal that different
morphologies are obtainable by con-
trolling the evaporation rate. This
leads to a question “what morpholo-
gies do we want?” Our essential
message is that there is no correlation
between micelle structures in solu-
tions and morphologies observed in
TEM based on dilute solution-casted
thin films, especially without an
annealing at temperatures higher
than the glass transition temperature.
Therefore, one has to be careful or
cautious to claim a novel morphology
only based on TEM results.

Experimental Part

Sample Preparation

The diblock copolymer PS;7q -b-Pl140 Was
synthesized by using high-vacuum living
anionic  polymerization, which was
initiated by the use of sec-butyllithium in
cyclohexane at 45 °C. The detailed synthetic
procedure can be found in ref®? The
resultant copolymer was characterized
using size exclusion chromatography with
amulti-angle LLS detector, a combination of
static and dynamic LLS, and proton nuclear
magnetic resonance. The copolymer has a
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narrow size distribution with a polydisper-
sity index of 1.06.

The solutions were prepared by adding a
calculated amount of the copolymer into an
appropriate volume of THF. After a com-
plete dissolution of the copolymer into
individual chains in THF, a calculated
amount of hexane was added dropwise
under stirring. The final THF content in
the binary solvent mixture was in the range
3-25 vol.-%. In addition, a solution of the
copolymer in pure hexane was also pre-
pared, ie., 0 vol-% THF. In this study, the
copolymer concentration was kept at
5.0 x 10~* g-mL . Each resultant solution
was remained at the room temperature for
more than 2 months to ensure that it
reached its thermodynamic equilibrium
state before use. Both THF and hexane were
filtrated with a 0.45 wm hydrophobic poly-
tetrafluoroethylene (PTFE) membrane filter
(Millipore) before the sample preparation.

Laser Light Scattering

A commercial LLS spectrometer (ALV/DLS/
SLS-5022F) equipped with a multi-r digital
time correlator (ALV5000) and a cylindrical
22 mW He-Nelaser (632.8 nm, Uniphase) as
the light source was utilized to characterize
the obtained copolymer micelles. Dust
particles were removed by a filtration of
each copolymer solution through a 0.45 pm
PTFE membrane. All of the LLS experiments
were performed at 25 °C. In static LLS, the
weight-average molar mass, My, and the z-
average root-mean-square radius of gyra-
tion, §R§>1/ 2, of polymer micelles in dilute
solutions can be determined from the
angular dependence of the excess absolute
scattering intensity, known as the Rayleigh
ratio R,(q), according to

KC 1 1
~—(1+=(R*)q? 2A4,C (1
Re(@ Mw< +3<g>q>+ €0

where K=4r’n?*(dn/dC)*/(Ny /%), and
q = (4nn/lo) sin(6/2) with Ny, n, 6, and 4o
being the Avogadro number, the solution
refractive index, the scattering angle, and
the wavelength of the laser light in
vacuum, respectively; C is the polymer
concentration; and A, is the second virial
coefficient.

In dynamic LLS, the Laplace inversion of
each measured intensity-intensity time
correlation function G@?(tq) in the self-
beating mode gives a line-width distribu-

Macromol. Chem. Phys. 2011, 212, 663—672

© 201 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Macromolecular
Chemistry and Physics

www.mcp-journal.de

tion function G(I). For a pure diffusive
relaxation, I'is related to the translational
diffusion coefficient D by I'=Dq”> when
q— 0 and C— 0. D is further related to the
hydrodynamic radius R, by the Stokes-
Einstein equation, R,, = kg T/6mnD, where kg,
T, and n are the Boltzmann constant, the
absolute temperature, and the solvent
viscosity, respectively.

TEM Imaging

The TEM imaging was performed on an FEI
CM120 microscope operated at 120kV. The
TEM samples were prepared in three ways.
They are named as the fast, normal, and
slow evaporation. For the fast evaporation,
the samples were prepared by placing 10 pL
drops of the copolymer solutions onto
carbon-coated copper grids, followed by
drying in ambient air with a hair dryer. For
the normal evaporation, the copolymer
solution droplets deposited on copper grids
were dried naturally in air at room tem-
perature. For the slow evaporation, a glass
beaker was first filled with the binary
solvent mixture that was used to make
the copolymer solution. A solid support was
placed in the beaker, with the top of the
support kept above the surface of the liquid
solvent. A copper grid was then transferred
onto the support in the beaker. The beaker
was hermetically covered and kept still for
30 minto let the top part of the beaker filled
with the saturated vapor. A 10 pL drop of
the copolymer solution was then placed
onto the copper grid through a syringe,
followed by drying in the solvent vapor
overnight. Under the fast, normal, and slow
evaporation conditions, the solution droplets
on the copper grids were seen to disappear
after a few seconds, ~3 min, and ~30min,
respectively. The as-prepared samples on
copper grids were kept in a desiccator for 1—-
3 d before the TEM imaging.

Results and Discussion

Figure 1 shows that as the THF content
increases from 0 to 19 vol-%, the
morphology has gradually developed
from spherical to cigar-shaped
micelles, then to worm-like cylindrical
micelles, and finally to an exotic
flower-like structures made of twisted
long cylindrical micelles, where these
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Figure 1. TEM images from samples prepared by casting a solution of copolymer PS,;, -b-
Pl in different mixtures of hexane and THF: (A) pure hexane; (B) 11.5 vol.-% of THF; (C) 18
vol.-% of THF; and (D) 19 vol.-% of THF, where samples were prepared under a normal

evaporation rate.

samples for the TEM observation were
prepared by depositing each PS-b-
PI copolymer solution on copper grids
andletitdryinambient air at theroom
temperature. Such observed morphol-
ogies are reproducible and can be
divided into five categories as a func-
tion of the THF content. Namely, (i)
when the THF content is less than 10
vol.-%, only spherical micelles with an
average size of ~30 nm are observed in
TEM (Figure 1A); (ii) in the range 11-14
THF vol.-%, spherical and cigar-shape
micelles coexist (Figure 1B); (iii) when
the THF content increases to 15-18
vol.-%, worm-like long cylindrical
micelles are clearly visible
(Figure 1C); (iv) Further increase of
the THF content to 19-22 vol.-% results
in a flower-like structure made of
twisted long cylindrical micelles
(Figure 1D); and (v) finally, as expected,

Macromolecular

polymeric micelles completely dis-
solveintoindividual copolymer chains
in the solvent mixture when the THF
content reaches ~22 vol.-% or higher.
In general, a thin film made of block
copolymer chains confined between
the copolymer/substrate and copoly-
mer/air interfaces can undergo both
the surface relaxation and reconstruc-
tion. The interfacial interaction
between a polymer solution and a
substrate, such as the wetting/dewet-
ting effect, can also influence the
morphology formation on a substrate.
Note that in the current study, all the
TEM samples are prepared on the
copper grid coated with carbon so that
the contribution of the interfacial
interaction between the solution and
substrate remains the same.

It is worth noting that throughout
such a morphological transition, the
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average diameters of spherical and
cylindrical micelles remain similar
(~26nm) in TEM imaging. Initially,
we were attracted by such a systema-
tical morphological transition, espe-
cially the formation of the flower-like
structure in which each loop on its
periphery is clearly made of a twisted
and folded cylindrical micelle when
Figure 1D is enlarged. However, when
really thinking about such a change,
we found that such a phase transition
contradicts our general understanding
of the formation of polymeric micelles
with different morphologies. Thermo-
dynamically, when a common good
solvent is added into a solvent selec-
tively poor for one block, the solubility
of that block increases so that the
interfacial energy between the soluble
and insoluble blocks should decrease.
In other words, the soluble blocks
should be able to stabilize a larger
interface area. The direction of increas-
ing the interface area should follow
the change from alamellar structure to
cylindrical micelles and then from
cylindrical micelles to spherical
micelles; namely, as the THF content
increases, we would see the break-
down of long cylindrical micelles into
small spherical micelles, not the other
way around as shown in Figure 1. Such
a contradiction led us to the current
study; namely, using a combination of
static and dynamic LLS to examine
their morphologies in different solvent
mixtures in the solution state.

Figure 2 shows that both (R,) and
(Rg) of the copolymer micelles gradu-
ally increase with the THF content
when it is below 15 vol-%. Further
increase of the THF content first leads
toasharpincrease inboth (Ry,) and (Rg)
and then followed by an abrupt drop
when the THF content reaches ~22%,
revealing the dissolution of each
copolymer micelle into individual
chains. Note that each LLS measure-
ment was only performed after the
copolymer solution reached a steady
state that was assessed by monitoring
the intensity of the light scattered
from the solution as a function of time
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I Figure 2. THF content dependent average hydrodynamic radius (Ry) and radius of gyration
(Rg) of diblock copolymer in a mixture of THF and hexane.
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I Figure 3. THF content dependent time-averaged scattered light intensity (/) of diblock
dashed line just guides the eyes.

Q
3.0F . 4
o
(\lo \‘
S 20t
~ D\,
g
o S
Z 1.0F pOpg
S
=
0.0} . ? o
0.0 0.1 0.2

Vo /! (Vo +V )

Figure 4. THF content dependent association number (N,) of diblock copolymer in a
mixture of THF and hexane, where the dashed line just guides the eyes.
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after the solvent mixing. Surprisingly,
the equilibrating processisrather slow
even in the solution, typically taking
1-2 months for each copolymer solu-
tion to reach its steady state in the
solvent mixture. A literature search
shows that such a point has been
overlooked in the past to some extent.
Likely, some of previous studies might
be conducted when the copolymer
solution mixtures were not in their
thermodynamically stable states.
Apparently, the results in Figure 2
agree well with those from the TEM
measurements; namely, the average
size of the scattering subjects,
measured in both static and dynamic
LLS, presumably polymeric micelles
according to the TEM imaging,
increases as the THF content increases
in the solvent mixture.

However, Figure 3 shows that the
time-averaged intensity of the light
scattered from the copolymer micelles
in the solvent mixture decreases
linearly as the THF content increases.
Note that in  Equation (1),
Rl =~ {)~M,, when g=0 and
C=0;and My =3;n;M?/3;n; M;, where
n; and M; are the number and molar
mass of the ith scattering subject,
respectively. Polymeric micelles are
often narrowly dispersed so that
A_/Iszchain Nass; where Mchain and
N, are the average molar mass of the
chains and the average number of the
chains inside each micelle, respec-
tively. For a given copolymer concen-
tration, the decrease of (I) can be
roughly related to the decrease of Ny
since Muain is @ constant. After cor-
recting the value of differential refrac-
tive index increment (dn/dC) for each
solvent mixture and extrapolating (I)
to g=0, we can convert the THF
content dependent (I), _, to its corre-
sponding M,, on the basis of
Equation (1) and then calculate N
since Nypss = My /Mchain.

Figure 4 shows that N, gradually
decreases from ~320 in pure hexane to
~30 in 19 vol.-% of THF, and finally
becomes one when the THF content
reaches ~22 vol.-%, where we did not

Macromolecular
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subtract the critical association con-
centration (CAC) of the coplymerinthe
solvent mixture when calculating My,
because it is extremely low. In princi-
ple, the addition of a common good
solvent into a selective solvent, in
which a diblock copolymer forms
spherical micelles, should result in
the formation of smaller spherical
micelles with a less number of chains
inside each micelle if the two solvents
are completely mixable because the
decrease of the interfacial energy;
namely, we would see smaller micelles
and a decrease of N,;; when the THF
content increases in the solvent mix-
ture.

However, Figure 2 shows an oppo-
sitetrend, i.e., the sizeincreases. Onthe
other hand, the increase of the size of
the scattering subjects could be due to
the fusion of spherical micelles
together to form different morpholo-
gies, as shown in Figure 1.In contrast, a
comparison of Figure 3 and 4 shows
that N, decreases when (Rg) and (Ry,)
increases, clearly revealing that the
size increase with the THF content in
Figure 2 is not due to formation of
cigar-shape orlong cylindrical micelles
or the flower-like structure in the
copolymer solution. The only explana-
tion should be the preferential parti-
tion of THF in the PS core because it is
an extremely good solvent for PS. To
furtherillustrate possible structures of
the chain aggregates in the solution,
we calculate the THF content depen-
dent ratio of (Rg)/(Rn) because it
directly reflects the mass distribution
of the copolymer chains in space, ie.,
the structure of the micelles.

Figure 5 shows that (Rg)/(Rpn)
slightly increases in the THF content
range 0-15 vol.-%, but around ~0.6,
even smaller than 0.774, predicted for
a uniform solid sphere. Such a smaller
(Rg)/(Ry) value is expected for poly-
meric micelles with a dense core and a
relatively loose shell; namely, the
loose shell contributes more to (Ry)
but less to (Rg) in comparison with a
uniform sphere with an identical
radius of (Ry). Further increase of the
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I Figure 5. THF content dependence of ratio of average radius of gyration to average

where the dashed line just guides the eyes.

THF content in the range 17-19 vol.-%
leads to a steep increase of (Ry,) from
~35 to ~90 nm, indicating the swel-
ling of individual copolymer micelles.
Meanwhile, (Rg)/(Ryn) increases from
0.7 to 0.9, smaller than 1.0, a value
predicted for a hollow sphere with an
infinite thin wall. The increase of (Rg)/
(Rp) to ~0.9 indicates that the PS core
of each micelle is highly swollen with
THF, as schematically shown in
Figure 5.Finally, when the THF content
reaches ~22 vol.-%, both (R,) and (Rg)
drop to few nanometers (Figure 2) and
(Rg)/(Ry) increases to ~1.5-1.6, a value
predicted for a random coiled chain in
good solvent, clearly revealing that the
completely dissolution of the micelles.

Further, we can estimate the THF
content dependence of the average
radius of the micelle core ((R)core), the
shell thickness (ARgpen = (Rn) — (R)core)
and the average chain density inside
each micelle (<p>micelle = MW/(4TE
(Rp)?N,a/3) by combining static and
dynamic LLS results together. Pre-
viously, after assuming that a core-
shell micelle has a uniform core and
shell with different chain densities, we
were able to estimate (R)core from its
(Re)/(Rn).1>*

Figure 6 shows that initially, the
shell and the core have a similar size,
but (R)core increases while ARgnen
slightly decreases as the THF content
increases in the range 0-10 vol.-%.
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I Figure 6. THF content dependence of average radius of the core ((R)ore) and shell thickness

comparison, especially in the highly swollen state (19 vol.-% of THF).
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I Figure 7. Variations of the average densities of the spherical micelle ((p)micene), its core
({0)core) and shell ({p)shen) as a function of the THF content.

Further increase of the THF content
leadstoamuchhigh degree of swelling
of the core. The results in Figure 6
directly reveal that THF swells the PS
core, presumably due to the preferen-
tial partition of THF inside the PS block,
and the slight contraction of the
stretched PI blocks in the shell when
the core is small. A combination of
Figure 2,4 and 6, i.e., (R)core, ARspenp and
N, enables us to estimate the chain
densities of the core and the shell
((0)core and {p)snen), respectively from
Mps Nags/(4n <Rcore)3NA/3) and My
Noss/[4n((R)® — (R)3, . )Na/3]. Figure 7
shows a large decrease of (p)core as the
THF content increases, further indicat-
ing that the core is gradually swollen
and become less dense due to the
preferential partition of THF in the
core. Figure 7 also shows that (p)snen
decreases in the same THF range. This
is because the increase of the THF
content leads to the decrease of Ny
and the increase of (Ry), but ARgpen
nearly remains.

The above LLS results unambigu-
ously demonstrate an expected PS-
core-swelling process as a common
good solvent (THF) is mixed with
hexane (a solvent selectively poor for
PS). During the swelling process, the
morphology of the diblock copolymer
micelles remains spherical. There is no
surprising from the thermodynamic
point of view. As the quality of the
solvent mixture becomes better forthe
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PS Dblock, the interfacial energy
between the PS core and PI shell
reduces. As a result, the given amount
of the PI blocks can stabilize a larger
interfacial area, resulted from the
preferential partition of THF in the
PS core. The apparent disagreement
between the TEM and LLS results leads
us to conclude that those non-sphe-
rical morphologies must be formed
during the TEM sample preparation.
Actually, the control of the solvent
evaporation was utilized to alternate
the micelle morphology and the orien-
tation and lateral ordering of the
domains made of block copoly-
mers 3473

In order to test such an effect of the
solvent evaporation rate, we purpo-
sely prepared the TEM samples in
three different ways when the THF
content is in the range 11 to 22 vol.-%;
namely, (1) very quick evaporation in
air by drying each sample with a hair
dryer; (2) normal evaporation in ambi-
ent air at the room temperature; and
(3) very slow evaporation in the
saturated vapor of the solvent mix-
ture. The procedures have been
detailed in the Section of the TEM
sample preparation.

Figure 8 show that when the THF
content is 11.5, 14, and 16 vol.-%, the
copolymer samples prepared with the
normal evaporation rate show both
spherical and cylindrical micelles
(Figure 8B, E, and H), while for higher
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THF contents, long cylindrical micelles
are clearly formed. The cylindrical
micelles in these samples have an
average diameter of ~26 nm.

The effect of the evaporation rate is
obvious, resulting in dramatically
different micelle morphologies. As
expected, the very quick evaporation
rate enables us to frozen and capture
spherical morphology of the micelles
in the solutions with an average
diameter of ~25nm, especially when
the THF content is relatively low
(Figure 8A). This is because individual
micelles in the solution have no
sufficient time to fuse together. In
the presence of more THF, the copoly-
mer chains are more mobile inside
each spherical micelle in the solution
so that it is easier for them to fuse
together to form cigar-shape micelles.
This is why for the samples prepared
with 14 and 16 vol.-% THEF, spherical
micelles are dominant but a small
amount of fused micelles are also
observable (Figure 8D and G). Note
that a considerable fraction of the
spherical micelles are larger, presum-
ably due to the fusion of several
smaller ones together. On the other
hand, the very slow evaporation
results in the morphologies which
are more close to the thermodynami-
cally stable state in the copolymer
melt; namely, long cylindrical micelles
and even lamellar structure (Figure 8C,
F,andI). The cylindrical micelles or the
lamellar structure in these samples
have a slightly smaller average dia-
meter or layer space of ~22 nm, which
is reasonable because a cylindrical
micelle has aless space-filling problem
than a spherical one for a given diblock
copolymer.

A comparison of the results of LLS
and TEM, obtained with different
evaporation rates, clearly shows that
there are only spherical micelles in the
copolymer solutions, which agrees
with the reported phase diagram.[*”]
The cylindrical micelles and the
flower-like structure (Figure 1) are
formed during the drying process
in the TEM sample preparation,
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16 vol%, fast
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200 nm

Figure 8. TEM images of micelle samples obtained from the solution containing 1.5, 14, and 16 vol.-% THF under different solvent

evaporation rates, respectively.

which involves two important pro-
cesses;!*4% namely, the evaporation
of solvent and the fusion of small
spherical micelles. The boiling points
of THF and hexane are 66 and 69 °C,
respectively. After the copolymer solu-
tionisdeposited onthe copper grid, the
two solvents start to evaporate with a
similar rate.

The solvent evaporation is charac-
terized by the evaporation time con-
stant (z.), which can be controlled by
the drying condition. The fusion of two
spherical micelles togetheris governed
by two characteristic times; namely,
the interaction time (r;) and the fusion
time (7). 7; is related to the diffusion
time and the inter/micelle interaction

«’ Macromolecular

distance; while ¢ mainly depends on
the mobility (relaxation) of the chains
in each micelle. When 1; < 15, each
micelle behaves like a tiny glass ball so
thatthefusioniskinetically frozen and
the micelles are stabilized by the
viscoelastic effect.***”) During the
solvent evaporation, small spherical
micelles are pushed together so that z;
increases. The addition of a common
good solvent looses the core and
increases the solubility of the PS blocks
inside so that tf decreases. This
explains why small spherical micelles
are fused together to form structures
with different morphologies when
THF is added in the copolymer solu-
tion. On the other hand, if > 7.,
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spherical micelles formed in the solu-
tion are frozen during the TEM sample
preparation.

Practically, in order to obtain a true
morphology of polymeric micelles/
aggregates in dispersion, one should
use a’cryo-TEM or a combination of
freeze drying of a solution and a
normal  room-temperature TEM.
Namely, (i) placing a TEM copper grid
on the bottom of a glass cell; (ii)
transfer a small amount (250 uL or
less) of polymer solution intothe cell to
make sure that the grid is completely
immerged in the solution; (iii) insert-
ingtheglass cell intoliquid nitrogen to
quickly freeze the solution into a solid;
(iv) transferring the solution in its

-ﬁ\
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Figure 9. TEM image of a micelle sample prepared by freeze drying of a solution of
copolymer in a mixture of hexane and THF (16 vol.-%).

frozen solid state into a freeze-drying
device; (v) removing solvent directly
from its solid state to its vapor state
without melting; and (vi) imaging its
morphology in a normal TEM at the
room temperature after the solvent is
completely removed. By following the
above procedure, we were able to

obtain the true spherical morphology
of the polymeric micelles in the
solvent mixture (16 vol.-% THF), as
shown in Figure 9, without any visible
cylindrical micelles. Figure 10 sche-
matically summarizes our discussion
about how diblock PS-b-PI micelles
with different morphologies are

Pl
{cH,—cH )W(CH2—$=CH—CH2)?40

A

In solution

Fast

“

100 nm

CHs

Slow

%‘%})'zf

Figure 10. Schematic of solvent evaporation rate-induced morphological transition of
diblock PS-b-PI micelles in a mixture of THF and hexane: (A) Spherical; (B) partially fused
spherical micelles; (C) formation of cylindrical micelles; and (D) formation of long

cylindrical micelles or lamellar structures.
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formed in the solvent mixture and in
the TEM sample preparation with
different solvent evaporation rates.

Conclusion

A comparative study of the micelle
formation of poly(styrene-b-isoprene)
(PS170 -b-Pliyg) diblock copolymer in
different binary solvent mixtures of
THF and hexane by LLS and the
morphologies observed in TEM reveals
that there are only spherical micelles
in the solution. The addition of a
common good solvent (THF) gradually
swells the PS core so that the size of the
micelles increases, and at the same
time, gradually dissolves the micelles
so that the average number of the
chains inside each micelle decreases.
The cigar-sharp and long cylindrical
micelles as well as the exotic flower-
like structure observed in TEM at the
room temperature are simply formed
during the solvent evaporation pro-
cess in the TEM sample preparation.
The formation of different morpholo-
gies is governed by the solvent eva-
poration rate and the micelle fusion
and interaction times. Our current
results clearly demonstrate that it is
really necessary and vitally important
to combine different methods, instead
of using only a normal TEM to
characterize the morphologies of block
copolymer micelles in solution, espe-
cially when computer simulations are
compared with the morphologies gen-
erated from a copolymer solution.
Fairly speaking, more and more people
are realizing that it is really necessary
to use cryo-TEM to characterize differ-
ent morphologies formed in polymer
solutions. However, there still lack
sufficient attention in this aspect,
partially due to the fact that most of
researchers are not able to access cryo-
TEM at this moment, especially when
organic solvents are used. Our current
study serves as afurther alarmtothose
who are interested in morphologies of
block copolymers in solutions. We
have demonstrated that, instead of
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cryo-TEM, one could use the freeze-
drying method described in this paper
to prepare TEM samples, which can
lead toabetter description of morphol-
ogies in solutions if it is done properly.
It should be noted that the kinetic
effect discussed here is not completely
evil because we can play it to obtain
some desired morphologies or nanos-
tructures for various potential appli-
cations.
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