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Abstract

A poly(L-lactic acid)-block-polystyrene-block-poly(methyl methacrylate) (PLLA-b-PS-b-PMMA) triblock copolymer was synthesized with
a crystalline PLLA end block. Single crystals of this triblock copolymer grown in dilute solution could generate uniformly tethered diblock
copolymer brushes, PS-b-PMMA, on the PLLA single crystal substrate. The diblock copolymer brushes exhibited responsive, characteristic
surface structures after solvent treatment depending upon the quality of the solvent in relation to each block. The chemical compositions of
these surface structures were detected via the surface enhanced Raman scattering technique. Using atomic force microscopy, the physical
morphologies of these surface structures were identified as micelles in cyclohexane and “‘onion”-like morphologies in 2-methoxyethanol,
especially when the PS-b-PMMA tethered chains were at low tethering density.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past two decades, tethered polymer systems have
attracted attention due not only to their theoretical interests but
also their potential applicability [1—9]. Specific forms of par-
ticular interest are the ‘“‘mixed brushes,” or “binary brushes”
[10,11]. In these systems, two different homopolymer brushes
are tethered to the same surface. The second form of interest is
brushes composed of copolymers, either random [12] or block,
with various architectures, such as diblock copolymers
[13,14], Y-shaped block copolymers [15,16], and others.
Theoretical studies have predicted interesting surface mor-
phologies for these systems, for example, “ripple,” “dimple,”
“onion,” ‘“‘garlic,” and ‘‘stripe” morphologies [17—20];
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however, long-rang order and periodicity are seldom observed
experimentally due to composition fluctuations and broad
tethering point distributions [21]. There are still great chal-
lenges for the conventional methods of chemical *“grafting
to” and ‘“‘grafting from” and physical adsorption. For exam-
ple, the major disadvantage of chemically “grafting to” and
physical adsorption methods is that their average grafting den-
sities are usually low due to the molecular shielding effect
near the substrate; while the disadvantages of the “grafting
from” method are the less controlled molecular weight and
molecular weight distribution as well as the non-uniform teth-
ering density. In this article, we present a novel approach with
which the tethering density can be accurately tuned with a uni-
form distribution. We believe that this approach provides a
new way to examine the theoretical predictions of surface
morphologies.

The experimental method presented here dates back to the
1960s [22]. Lotz and Kovacs found that crystalline—amor-
phous poly(ethylene oxide)-block-polystyrene (PEO-b-PS)
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copolymers can grow single crystals in dilute solution. In this
system, the PS blocks can be viewed as being tethered on the
basal surfaces of the PEO block single crystal (substrate).
Recently, we have utilized this method of growing lamellar
single crystals to probe the physics of each of the polymer
brush regimes by controlling molecular weights and crystal-
lization temperature (7%) of a PEO or poly(L-lactic acid)
(PLLA) block. Through the precise control of these parame-
ters, the thickness of the single crystal and thus, the number
of folds, are fixed. This leads to a tunable tethering density
[23,24]. In other words, the tethering density can be adjusted
by changing T, or undercooling (A7), and/or the molecular
weights of the PEO or PLLA crystalline blocks.

We now use triblock copolymers such as poly(rL-lactic acid)-
block-polystyrene-block-poly(methyl methacrylate) (PLLA-b-
PS-b-PMMA), of which the crystallizable block is located at
one end of the triblock copolymer, to generate uniformly teth-
ered diblock copolymer (PS-b-PMMA) chains. By growing
lamellar single crystals of PLLA blocks in dilute solution,
we generate tethered diblock copolymer chains on both sides
of the PLLA crystalline substrate. We are interested in the
changes of the physical surface patterns as well as their chem-
ical compositions at the surface at different tethering densities.
Namely, what will be observed for the tethered diblock
copolymers after they are treated in different types of solvent?

2. Experimental section

A PLLA-b-PS-b-PMMA triblock copolymer was prepared.
A triblock copolymer, poly(L-lactic acid)-block-polystyrene-
block-poly(methyl methacrylate) (PLLA-b-PS-b-PMMA), was
prepared by first synthesizing hydroxyl-functionalized PS-b-
PMMA as a macroinitiator and followed by a coordination—
insertion polymerization of L-lactide using the PS-b-PMMA
as the initiator and triethylaluminum as a catalyst. This macro-
initiator was synthesized via a sequential anionic polymeriza-
tion of styrene and methyl methacrylate using a protected
hydroxyl-functionalized initiator.

For molecular analyses, '"H nuclear magnetic resonance
(NMR) was used. '"H NMR spectra were recorded in CDCl;
(99.8% D, Cambridge Isotope Laboratories) on Varian Mer-
cury 400 MHz spectrometer at room temperature. The NMR
sample concentration was usually chosen to be 10—20 wt%
in deuterated solvent. For the sample containing alkylsilyl
groups, trimethylsilane (TMS) was not used as an internal
standard. Size exclusion chromatography (SEC) experiments
were conducted using the Waters 150-C Plus instrument
equipped with a differential refractometer, a viscosity detector
(Viscotek Model 150R) and four Phenomenex Phenogel
columns (50, 102, 10% and 10* nm). The SEC measurement
was carried out in tetrahydrofuran (THF) at 30 °C at a flow
rate of 0.5 mL/min with calibration by polystyrene standards.

Since the PLLA blocks are crystalline, we can utilize the
well-established self-seeding technique [22,25] to grow single
crystals of the triblock copolymers. Typically, the copolymer
sample solution was made with amy] acetate at a concentration
of 0.005 (wt) % or less. The solution was then heated above

the dissolution temperature (130 °C) in an oil bath and kept
there for 10 min. The homogeneous solution was then
quenched to room temperature and left overnight to allow
the crystallization of the PLLA block. Subsequently, the
sample was heated to a seeding temperature (75,=110 °C)
and held there for 10 min to dissolve most of the crystals
(over 99 %) but leaving a small amount of crystal nuclei (as
seeds). The solution was then quickly transferred to another
isothermal oil bath with a preset Ty, e.g., 85 °C. Isothermal
crystallization times of about 1 day were required to complete
the single crystal growth. The exact crystallization time is
dependent on T, or undercooling (AT).

After the growth was finished, the single crystals were dried
by a stream of nitrogen. Single crystal morphology was first
observed in a transmission electron microscope (TEM, FEI
Tacnai 12) with an accelerating voltage of 120 kV. To achieve
a higher contrast in the TEM micrograph, the samples were
sometimes shadowed by Pt at a tilting angle of 25°. Selected
area electron diffraction (SAED) experiments were also
conducted to determine the chain orientation in the copolymer
single crystals. Calibration of the SAED spacing values
smaller than 0.384 nm was carried out using evaporated
thallous chloride, which has the largest first-order spacing
diffraction of 0.384 nm. Spacing values larger than 0.384 nm
were calibrated by doubling the d-spacing values of the first-
order diffractions.

In order to measure the overall single crystal thickness and
identify the surface morphologies via surface stiffness changes
on the single crystals, the crystals grown were also dried and
prepared for observations under an atomic force microscope
(AFM, Nanoscope IIIA). The height and phase images provide
insight into the surface topologies of the tethered PS-b-PMMA
diblock copolymers on the PLLA lamellar substrate. A silicon
tip in the tapping mode was utilized. During AFM scanning,
the cantilever tip-to-sample force needed to be carefully ad-
justed to avoid artifacts. For the tip-to-sample force, a large
force could lead to tip penetrations into the thin tethered chain
layers, and disturb the materials at the layer surfaces. There-
fore, we carefully adjusted the value of rg,, which is the ratio
of the set-point amplitude to the driving amplitude, to make
sure that the tip did not damage the surface topologies, yet
the surface profiles could still be monitored. All the AFM
raw data were carefully analyzed using the first-order planefit
procedure. A scan rate of 1 Hz and a resolution of 512 x 512
were selected to generate high quality images.

Surface enhanced Raman scattering (SERS) was conducted
on a Bruker model RFS 100 Fourier Raman spectrometer. The
incident laser excitation was 1064 nm from an Nd:YAG laser
source. The output was 100 mW. The Raman scattering was
measured at an angle of 180°. The silver mirror was prepared
by dipping a clean glass plate into a solution of silver ammo-
nia complex and formaldehyde. The silver ions were reduced
to form silver particles deposited on the glass plate. The glass
plate was washed with distilled water and ethanol several
times and then, dried under high vacuum overnight. The single
crystal solutions, either in cyclohexane or 2-methoxyethanol at
60 °C, were dropped onto the glass plates and quickly dried by
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a stream of nitrogen. The glass plates were then dried under
high vacuum overnight and were ready for further measure-
ments. In order to identify the FT-SERS spectra of tethered
diblock copolymers, we also carried out the SERS experi-
ments on PS and PMMA homopolymers after the same solvent
treatment procedures.

3. Results and discussion

3.1. Synthesis of hydroxyl-functionalized PS-b-PMMA
and PLLA-b-PS-b-PMMA triblock copolymers

A protected functionalized initiator [the isoprene chain ex-
tended analog of 3-(trimethylsiloxyl)-1-propyllithium (NPFI-
1100CE2)] was used to initiate the polymerization of styrene.
Lithium chloride (0.19 g, 4.5 mmol) was added to the reactor
and was dried at 150 °C overnight under dynamic vacuum. Af-
ter cooling the reactor, NPFI-1100CE2 (0.61 mL, 1.5 M) was
injected into the reactor under an argon atmosphere. After the
reactor was evacuated, benzene (100 mL) was distilled into the
reactor under vacuum using a dry ice/isopropyl alcohol bath.
The reactor was then flame-sealed from the vacuum line.
THF (5 mL, 5 vol%) was added by smashing the breakseal
of the THF ampoule followed by addition of styrene (10 mL,
87.4 mmol). The orange-red color developed soon after the
addition of styrene. This indicates the onset of polymerization.
The solution was stirred overnight, and a portion of the
poly(styryD)lithium solution was removed into an ampoule
and sealed off as a base polystyrene sample. The reactor was
reconnected to the vacuum line, and benzene was removed
by distillation on the vacuum line. THF (100 mL) was distilled
into the reactor at —78 °C using a dry ice/isopropyl alcohol
bath. The reactor was again flame-sealed from the vacuum
line. The poly(styryDlithium solution was then reacted with
1,1-diphenylethylene (0.32 mL, 1.8 mmol) by breaking the
breakseal of the ampoule. The solution was allowed to react
for 2h at —78 °C. The color of the solution turned to dark
red soon after addition of 1,1-diphenylethylene. The methyl
methacrylate (9.7 mL, 97 mmol) was then added slowly to
the solution over 1 h. The dark red color gradually changed
to green. The temperature of the reactor was kept at —78 °C
using the dry ice/isopropyl alcohol bath. The reaction was
conducted for 2 h and terminated by methanol. The product
was precipitated into methanol, collected and dried on the
vacuum line for 24 h.

The PS-b-PMMA diblock copolymer with a protected
hydroxyl group (10 g, 540 mmol) was dissolved in THF.
Drops of hydrochloric acid were added to the solution using
a pipette, and it was stirred overnight at room temperature to
remove the protecting group. The product was precipitated
into methanol, collected and dried on the vacuum line for
24 h. The completion of the deprotection reaction was checked
by '"H NMR as shown in Fig. 1.

An a-hydroxylated diblock copolymer PS-b-PMMA (1 g,
0.054 mmol, M, = 18.5 kg/mol, M,,/M,, = 1.03) was dissolved
in 8 mL of purified toluene and reacted with triethylaluminum
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Fig. 1. 'H NMR (CDCl;) of PS-b-PMMA diblock copolymer (M, =
18.5 x 10° g/mol) before (top) and after (bottom) deprotection.

(0.06 mL, 0.06 mmol, 1 M, Aldrich) in the dry box. The reac-
tion solution was stirred overnight and vr-lactide (1 g,
6.9 mmol) was added to the solution in the dry box. The flask
was taken out of the dry box and heated at 60 °C using an oil
bath for 5 days. The reaction was terminated by acidic meth-
anol (0.1 % HCI) and precipitated into methanol. The purified
sample was collected and dried in a vacuum oven at room
temperature for one day. The triblock copolymer chemical
structure and molecular weights are shown in Figs. 2 and 3
based on 'H NMR and gel permeation chromatographic
results, respectively. The final molecular weights of the tri-
block copolymer are 21.6 kg/mol (PLLA), 7.5 kg/mol (PS),
and 11 kg/mol (PMMA), respectively, with a polydispersity
of 1.07.
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Fig. 2. '"H NMR (CDCl3) of PLLA-b-PS-b-PMMA triblock copolymer
(21.6 x 10° g/mol—7.5 x 10 g/mol—11.0 x 10* g/mol).
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Fig. 3. SEC chromatograms of the base polystyrene (Mysgc) = 7.5 X 10° g/mol)
(a), the hydroxylated PS=PMMA (11.0 x 10* g/mol—7.5 x 10® g/mol) (b) and
PLLA-b-PS-b-PMMA  (21.6 x 10* g/mol—7.5 x 10 g/mol—11.0 x 10° g/mol)
(©).

3.2. Single crystal growth, surface chemical composition
and morphology changes

Fig. 4 shows lozenge-shaped PLLA single crystals ob-
served in AFM (left, height image) and TEM (right, bright
image). This type of single crystal can grow to a lateral size
up to several hundred micrometers. An SAED pattern is also
included in this figure as an inset. Based on this ED pattern,
four (110) and two (200) diffractions can be identified, indi-
cating that this is a [001] zone ED pattern of an orthorhombic
lattice of the a-modification of PLLA crystals [26—29]. The
single crystals are thus bounded by four (110) crystalline
planes, and the PLLA chain direction is parallel to the single
crystal surface normal.

By immersing the single crystals in cyclohexane (good sol-
vent for PS) or 2-methoxyethanol (good solvent for PMMA) at
60 °C and an immersion time of 30 min, we have found that
the tethered diblock copolymer (PS-b-PMMA) chemical com-
position at the surface and physical morphology are switched.
First, for the determination of the chemical composition

(a)
2
=
e
: 1
PMMA 8¢y,
T T T T T T T T T T
2900 2800 1600 1500 1400 1300 1200 1100 1000 90! 800
Wavenumber (cm™!)
(b)
<«—PSv,,
2
7
=
z \\/\H«
=

T

PMMA 8¢y

e e e
2900 2800 1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumber (cm™!)

Fig. 5. SERS spectra of PLLA-b-PS-b-PMMA single crystals after immersion
in cyclohexane (top) and 2-methoxyethanol (bottom) at 60 °C for 30 min (a);
SERS spectra of homopolymer PS (top) and PMMA (bottom) after treatment
in the same conditions as in (a) (b).

change, we chose to utilize the SERS technique that is
sensitive to surface chemical composition at a depth of about
1 nm [30—32]. The top spectrum of Fig. 5a is obtained after

Fig. 4. AFM height image (left) TEM bright image (right) of a PLLA-b-PS-b-PMMA lamellar single crystal grown in amyl acetate at 75 °C. The inset is the [001]
zone ED pattern of the single crystal in TEM (the electron diffraction pattern is not in the orientation with the single crystal morphology). The maximum Z-scale of

AFM height image is 30 nm.
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(a)

(c)

Fig. 6. AFM images of the PLLA-b-PS-b-PMMA triblock copolymer single crystal surface after treatment with cyclohexane when the crystal was grown in
p-xylene at T, =60 °C with the lowest tethering density (a), the crystals were grown in amyl acetate at T, =75 °C (b) and 85 °C (c). The figures in the top
are height images, the maximum Z-scale is 5 nm. The figures on the bottom are phase images, the maximum Z-scale is 5°. The scalar bar is 100 nm.

treatment with cyclohexane, a good solvent for PS. It shows
two characteristic vibrations associated with PS, one at
1605 cm ™' (C—C in-plane stretching of the benzene rings)
and one at 1000 cm~' (“breathing” mode of benzene rings).
These results indicate that the PS middle blocks were brought
to the surface and contacted the silver mirror substrate for en-
hanced signal response. It can be assumed that the PMMA end
blocks form collapsed cores in this case and are surrounded by
the PS blocks. After the single crystals were treated with
2-methoxyethanol, the vibrations associated with PS are no
longer observed, only the characteristic vibration of PMMA
at 1453 cm™! (—CH; symmetric deformation) can be seen
(the bottom spectrum of Fig. 4a). The PMMA blocks now
stay at the surface, and the PS blocks form the collapsed cores.
The peaks at 2850 cm ™' are attributed to —CH,— stretching,
which exists in both PS and PMMA blocks. The identification
of the PS and PMMA blocks at the surfaces can be further
verified by comparing the spectra in Fig. 5a with the SERS
spectra of homopolymer PS and PMMA after immersion in
the same solvents (see Fig. 5b).

The physical morphologies of the PS-b-PMMA tethered
chains on single crystal substrates were studied using AFM
in tapping mode. The single crystals of the PLLA-b-PS-b-
PMMA triblock copolymer were grown at different Ty’s,
85 °C and 75 °C in amyl acetate and 60 °C in p-xylene. The
thicknesses determined by the AFM height images are about
14, 12, and 10 nm, respectively. After calculation of the

volume fraction of the crystalline blocks, we can estimate
the thickness of the single crystal part (PLLA) to be 7.1, 6.1,
and 5.1 nm, respectively [23,24]. Based on the molecular
weight and crystal unit cell of the a-modification of PLLA
(orthorhombic, a = 1.06 nm, b =0.61 nm, ¢ =2.88 nm) [28],
we can obtain the tethering densities of the system. They are
0.13nm "> at 85°C, 0.11 nm™> at 75 °C, and 0.091 nm > at
60 °C, respectively.

The surface morphologies are found to be responsive to
different solvent treatments. As shown in Fig. 6a of which
the single crystal was grown in p-xylene at T, =60 °C with
the lowest tethering density, after the sample was treated
with cyclohexane, the surfaces appear to contain nodules.
The nodular morphologies are thought to be micelles with
the PMMA end blocks collapsed to form cores, supported
and covered by the PS middle blocks. Since the glassy PS
and PMMA at room temperature exhibit different hardnesses,
AFM can thus be used to distinguish the difference between
them. Macroscopically, PMMA is harder than PS based on
the Rockwell hardness. For PMMA, the Rockwell hardnesses
is M80—M105, while for PS, it is M65—MS85 [33]. Micro-
scopically, the depth of a static indentation for an AFM tip
penetrating into PS domains is approximately 5 nm, while
a tip penetrating into PMMA domains is less than 1 nm
[34]. The PMMA nodules in the phase image should be
attributed to the fact that the AFM tip was penetrating into
the PS matrix. This does not indicate that the PMMA nodules
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Fig. 7. AFM images of the PLLA-b-PS-b-PMMA triblock copolymer single crystal surface after treatment with 2-methoxyethanol when the crystal was grown in
p-xylene at T, = 60 °C with the lowest tethering density (a), the crystals were grown in amyl acetate at T = 75 °C (b) and 85 °C (c). The figures in the top line are
height images, the maximum Z-scale is 5 nm. The figures on the bottom are phase images, the maximum Z-scale is 5°. The scalar bar is 100 nm.

are on the surface. In fact, the SERS results have shown that
the PS blocks are the only chemical composition on the
surface. The characteristic size is much smaller than those
generated by the chemically “grafting from” method [13,14].
As the tethering density increases, the micelles stay closer.
This can be seen in Fig. 6b and 6¢. Note that these two figures
show the surface morphologies as the tethering density in-
creases (the single crystals were grown at Ty =75 °C and
85 °C in amyl acetate).

On the other hand, after treatment with 2-methoxyethanol,
the middle PS blocks collapse to form the cores, and the
PMMA blocks surround them to be the shells. In particular,
when the crystal was grown in p-xylene at Ty = 60 °C with
the lowest tethering density, the morphologies become more
blurred and rather broad as seen in the height image of
Fig. 7a. The phase image in Fig. 7a shows more or less regular
“onion”’-like morphologies with softer (dark) PS cores sur-
rounded by harder (bright) PMMA shells at a low tethering
density (see arrows in Fig. 7a). We believe that in the charac-
teristic size of the surface structures in our system the AFM tip
can reach both the soft PS cores and the hard PMMA shells of
the onion structure. As theoretically predicted [17—20], the
surface morphologies are more pronounced at sparse tethering
densities, and when the tethering density increases, the neigh-
boring PMMA shells start to overlap. This overlap gives rise to
continuous domains as revealed by the phase images of teth-
ered PS-b-PMMA diblock copolymer at higher tethering

densities as shown in Fig. 7b and 7c. A schematic drawing
of these nodular and ‘“‘onion”’-like morphologies at a low
tethering density is shown in Fig. 8.

Reasons for this observation could be that in our approach
the tethered polymer chain system is well-defined and the
tethered diblock copolymer possesses uniform chemical com-
positions and tethering density. Note that since the tethered
diblock copolymers are on both sides of the PLLA block sin-
gle crystal, the tethering density calculation needs to take this
factor into account. Since the tethering density of this diblock
copolymer is 0.091 nm 2 and the average area occupied by
one “onion” is ~400 nm? (the number of “onions” per unit
area in Fig. 7a), the number of the tethered PS-b-PMMA
chains in one “onion” can be estimated to be ~36 chains.

e
NN
N

Micelle

LU

“Onion”

Fig. 8. Schematic drawing of these nodular and ““onion”-like morphologies at
a low tethering density.
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4. Conclusion

In summary, we have synthesized a triblock copolymer
PLLA-b-PS-b-PMMA and generated uniformly tethered
PS-b-PMMA diblock copolymers by growing lamellar single
crystals of a triblock copolymer with a PLLA crystalline end
block. The tethered copolymers respond to the selective sol-
vent treatment to form characteristic surface morphologies.
At a sparse tethering density, the “onion”’-like morphology
has been observed after treatment with 2-methoxyethanol.
We are also selecting other possible neutral solvents for this
system to further extend our study on the surface morphol-
ogies of the PS-b-PMMA diblock copolymer. This approach
is potentially applicable to other tethered polymer systems,
such as Y-shaped polymer brushes using 3-arm block copoly-
mers with one crystalline block. Work is currently being done
with these systems. We hope these resulting model systems
can provide a robust approach to verify the predictions of
theoretical work and offer guidance for further active research
on tethered polymer systems.
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