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ABSTRACT. We report the synthesis and characterization of a series of conformationally asymmetric
diblock copolymers of the polystyrene-block-poly(1,3-cyclohexadiene) type or PS-b-PCHD exhibiting
chain microstructure of approximately 90% -1,4/10% -1,2 linkages between the cyclohexenyl repeat
units and highly unusual morphological behavior. A wide range of volume fractions was studied (0.27 <
dps < 0.91) in order to explore in detail the microphase separation behavior of such flexible/semi-
flexible diblock copolymers. Morphological characterization in bulk specimens was performed using
transmission electron microscopy and small-angle X-ray scattering. Morphologies consisting of PCHD

core-shell cylinders and three-phase four-layer lamellae were observed, suggesting that the chain
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stiffness of the PCHD block in combination with the strong dependence of the interaction parameter
on the 1,4- and 1,2- microstructure of PCHD are important factors that significantly contribute to this

most unusual microphase separation behavior of such PS-b-PCHD block copolymers.

INTRODUCTION

Block copolymers (BCPs) and their self-assembly has long been a field of great interest in polymer
science'” and many potential uses of BCPs in nanotechnology have been proposed based on their ability
to spontaneously phase separate in the nanoscale'”'*. The ability to tailor the micro-domain size and
shape by altering BCP composition and molecular weight and still being able to have identical
properties and model materials has made anionic polymerization a very powerful tool for designing and
synthesizing various types of linear and non-linear block copolymers . Experiments performed on coil-
coil BCPs in combination with theory and computational methods have provided significant insight into
their equilibrium and non-equilibrium behavior, and morphologies such as lamellae, perforated
lamellae, cylinders, double diamond, double gyroid and spheres have been observed and verified” ™.
However, in rod-coil BCPs the coexistence of liquid crystallinity and microphase separation leads to
non-expected behavior on different length scales in both bulk and thin films*°. Recently, there has
been increasing interest in studying non-equilibrium structures and multicomponent systems in solution
with blocks of variable functionality, combining self-assembly and directed self-assembly in addition to
covalent chemistry, partial dissolution and crystallization in order to create complex, uniform and
reproducible nanostructures>’ .

1,3-cyclohexadiene (1,3-CHD) is a monomer which has been polymerized since the early 1960s™ but
only in the last 20 years advanced techniques have been developed for preparing higher molecular
weight products with desirable properties****. Despite the fact that several research groups have studied
extensively the kinetics and various polymerization conditions for CHD, relatively little is known

concerning the morphological behavior of copolymers with PCHD as one of the blocks. Natori et al.”
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were the first to investigate the microphase separation of diblock and triblock copolymers having PS-b-
PCHD and PCHD-b-PS-b-PCHD sequences. Natori and co-workers also studied the microphase
behavior of PCHD triblock copolymers with poly(butadiene) (PB) instead of PS*. David et al.*
investigated the self-assembly of PS-5-PCHD BCPs exhibiting volume fractions of the minority
component (Cpeyp) in the range 0.30-0.38. They reported the existence of a core-shell cylindrical
morphology, with the core of the cylinder consisting of PS, surrounded by a PCHD cylinder, in a PS
matrix. Recently, Mays et al.*' reported studies on diblock copolymers containing PCHD as one block
with PS or PI or PB as the second block. By tuning the 1,4/1,2-microstructure content in the PCHD
segments, the effect of conformational asymmetry of such materials was studied. Conformational
asymmetry can play a significant role in the self-assembly of block copolymers by shifting the phase
boundaries between the ordered states in a significant manner*”*. Two of our recent studies**
confirmed that PCHD with 90% -1,4/10% -1,2 (referred to as 90/10) and 50% -1,4/50% -1,2 (referred to
as 50/50) microstructure ratios, induces high conformational asymmetry in PCHD-based copolymers
and greatly alters their morphological behavior.

Consequently, it is important to study the morphological behavior of PCHD-based block copolymers
over a wider volume fraction range in order to completely comprehend both the dramatic impact of the
Flory-Huggins interaction parameter, chi, on the tunable microstructure and the mechanisms which are
associated with the microphase separation of these systems depending on molecular weight, volume
fraction, fluctuation effects and conformational asymmetry.

In this research work we report the synthesis of a series of diblock copolymers consisting of PS and
PCHD via anionic polymerization by applying the sequential monomer addition method, high vacuum
techniques”’ and the polar additive 14-diazabicyclo-[2.2.2]octane (DABCO) in order to minimize side
reactions and to achieve the highest percentage of 1,4-microstructure (~90 %). The volume fraction of

the final copolymers ranged from 0.27 to 0.91 for the PS block, while the total number average



molecular weights varied from 39,500 to 57,300 g/mol (Table 1). Throughout this manuscript we use
the molecular weight of each block to label the samples. Therefore, the nomenclature used for example
in sample S,,C, in Table 1 identifies it as having a PS block with number average molecular weight (M)

of 42 Kg/mol and a PCHD block with M, equal to 4 Kg/mol.

Table 1. Molecular characterization and thermal analysis results for the synthesized diblock copolymers.

M, M,
Sample ystpicke diblock diPl;E)Ick (OTé) D’ Naou” Zéif[zid Z’éﬁfé’d
(Kg/mol) (Kg/mol)

S,C, 41.8 46.3 1.04 1019 0.86 459 5 95

S.sCh, 450 573 1.12 1143 0.75 586 9 91
CuS,y 220 512 1.20 107.1  0.55 556 8 92

S1:Coy 18.4 39.5 1.07 1202 045 441 12 88
CisSis° 34.7 47.7 1.23 1221 027 559 9 91

“Determined by SEC-TALLS. *Volume fraction O calculated from the equation ¢, = M(g‘ﬁ , where

dy = dps = 1.05 g/ml, dg = dpeyyp = 1.07 g/ml*' and f, and f; are the weight fractions of PS and PCHD
respectively, determined by 'H-NMR spectroscopy. ‘Degree of polymerization, N, calculated from the

MES | MECHD CHD

equation Nps_pcyp = Nps + Npcyp = + D where M35t = 104 g/mol and M§HP = 80 g/mol are
0

M3t
the molecular weights of styrene and CHD monomer units, respectively. ¢ Determined using 'H-NMR

spectroscopy®. “PCHD is the first block and then styrene is polymerized.

EXPERIMENTAL SECTION

Materials. All BCPs were prepared by anionic polymerization through sequential addition of
monomers using high-vacuum techniques in evacuated, n-Buli washed, and benzene-rinsed
glass vessels. Detailed descriptions of the high-vacuum technique as well as the purification

procedures for styrene, benzene (solvent) and sec-BuLi (initiator) required for anionic



polymerization standards have already been reported in the literature”’. The purification
procedure for the second monomer, 1,3-cyclohexadiene (1,3-CHD, Aldrich, 97%) as well as for
the polar additive 1,4-diazabicyclo-[2.2.2]octane (DABCO, Aldrich, 98%) is described in our
previous work™®.

Diblock Copolymer Synthesis (Sample S,;C,,). All polymerizations were accomplished by
using benzene as solvent, sec-BuL.i as the initiator, DABCO as the polar additive and methanol
as the termination reagent. In a typical experiment for the synthesis of a PS-b-PCHD copolymer,
4 g of styrene (38.4 mmol) are added to the solvent followed by the introduction of an
appropriate amount (2.85 ml) of sec-BuLi solution (concentration calculated equal to 0.4 M).
Depending on the needed molecular weight, the reaction is left to proceed between 12 to 24
hours. After the complete polymerization of styrene, a small aliquot for molecular
characterization via SEC was obtained inside one of the attached samplers. Then 2.05 ml of the
polar additive DABCO (0.111 mmol/ml in benzene) were introduced into the orange solution
and the solution is left under stirring for approximately 10 minutes. Prior to the addition of CHD,
the solution is gently cooled down to 6-7 °C. A quantity of 2.69 g of CHD (33.6 mmol) are added
into the reactor flask and the color of the solution changes to light yellow which indicates the
initiation of polymerization of the second monomer. The polymerization of CHD is left to
proceed for 6 hours under stirring at constant low temperature of 6-7 °C. The copolymer is then
terminated by rupturing the seal of the methanol. Finally, the desired BCP is precipitated into
methanol already stabilized with proper antioxidant reagent (butylated hydroxytoluene, BHT),
dried under vacuum at room temperature, and stored at -20 °C for future use.

Molecular Characterization. A size exclusion chromatograph (SEC), equipped with an

isocratic pump (SpectraSystem P1000), column oven (LabAlliance) heated at 30 °C, three



columns in series (PLgel 5 um Mixed-C, 300x7.5 mm), one pre-column (PLgel 5 pym Guard, 50
x 7.5 mm), refractive index (RI, Shodex RI-101), ultraviolet absorbance (UV, SpectraSystem
UV1000) and two-angle laser light scattering (TALLS) detectors, and tetrahydrofuran (THF) as
the eluent, was calibrated with eight PS standards (M,: 4,300 to 3,000,000 g/mol). In every case,
prior to calculating the PDIs of the synthesized polymers as well as prior to making estimations
on the average molecular weights (M,, and M,,), a series of standard PS solutions were always
tested in order to examine the accuracy of the measurements. Proton nuclear magnetic resonance
('"H-NMR) spectroscopy was used in order to determine the composition and the isomeric
microstructures of PCHD blocks and was carried out in CDCl; at 30°C using a Bruker AVANCE
II spectrometer and resonance frequency of 'H-250 MHz.

Thermal Analysis. For measuring the glass transition temperatures (T,) of the materials,
differential scanning calorimetry (DSC) was employed. The measurements were accomplished
with a Q20 TA instrument. The heating ramp was 10 °C/min and the temperature range from
25°C (room temperature) to 180°C. Two heating and one cooling cycles were performed and the
results of the second heating cycle were reported and analyzed using Advantage v5.4.0 (TA
instruments) software.

Morphological Characterization. A Zeiss Libra 120 energy filter transmission electron
microscope (TEM) operating at 120 kV in bright field mode was employed for the
morphological characterization of the samples. The instrument was equipped with the Kohler
illumination system, which is suitable for high resolution since it provides parallel beams to the
optical axis resulting in aberration-free, homogeneous illumination and higher depth of field.
Furthermore, it was equipped with an in-column OMEGA filter which prevents inelastically

scattered electrons from hitting the sample leading to improved contrast. Small angle X-ray



scattering (SAXS) was performed with an Anton Paar SAXSess mc” instrument. Environmental
ultramicrotoming was performed in a Leica Ultracut UCT ultramicrotome. Cryogenic conditions
were not employed for two reasons: the hardness of each sample was improved even more by
embedding in a suitable media (epoxy resin) and the glass transition temperatures of both PS and
PCHD are approximately 100-120°C. To increase the mass-thickness contrast, staining was
performed and all grids with the necessary sections were exposed for approximately 45 minutes
to fresh osmium tetroxide (OsO,) vapors generated from an appropriate aqueous solution (2%

0Os0, in water).

RESULTS AND DISCUSSION

The molecular characteristics of the BCPs, along with their glass transition temperatures, are
presented in Table 1. In the two cases where CHD was polymerized first, our aim was to achieve
higher molecular weights for the PCHD block. A disadvantage of polymerizing CHD first is that
the molecular weight distribution of the final copolymer is slightly increased when compared
with the reverse block sequence. Nevertheless, the polymerization of styrene as the second
monomer from the macroinitiator composed from the PCHD anionic living ends was successful
and the propagation proceeded as expected due to the presence of DABCO.

The molecular characterization via proton nuclear magnetic resonance (‘'H-NMR) spectroscopy
was employed in order to verify the SEC molecular characterization results (especially weight
fraction) as well as to confirm the existence of the desired high 1,4-microstructure of the PCHD
segments. The polymerization system sec-BuLi / DABCO / benzene led approximately to 88-
95% 1.4-microstructure and 5-12% 1,2-microstructure respectively for the PCHD blocks. A
method reported by Quirk et al.* was utilized for the calculation of the 12- and 14-

microstructure ratios for each sample.



The results from DSC thermograms show that only one T, is evident leading to the conclusion
that the T,s for both blocks overlap within the range of 102-122°C (Figure 1). Such a behavior is
observed even when the step in the DSC experiments is slow (1K/min). No crystallization occurs
below 180 °C and also no melting temperature (T,,) is observed within the regime of 25°C to
180°C which was the one used either in the heating or the cooling cycles during the DSC
experiments.

Another important observation is that the BCPs with PCHD as the majority component exhibit
increased values for the glass transition temperature in comparison with the BCPs of PS
majority, which can be attributed to the chemical structure of PCHD (90/10) and to the presence
of cyclohexenyl rings in the main chain of PCHD, which provide increased thermal stability. It
should be pointed out that the variation in molecular weight does not affect significantly the T,
values.

Transmission Electron Microscopy (TEM) and Small Angle X-Ray Scattering (SAXS) were
employed to study the microphase separation of the final BCPs. Proper sample preparation for
the morphological characterization, especially for TEM measurements, is critical if the intent is
to determine equilibrium morphologies. Slow evaporation of the solvent (casting) from a 5 %wt

solution, must be performed.
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Figure 1. DSC thermographs corresponding to (a) S,,C, (b) S;5C;, (¢) C,0S,4 (d) S;4C,; and (e) CisSi5

diblock copolymers respectively.

All linear diblock copolymers were cast from toluene which is a good solvent for PS [0, = 19.75
((J/em*)/mol)] and low molecular weight PCHD (90/10) [Spcypworiey = 18.87 ((J/em®)*/mol)]
while it is relatively poor solvent for higher molecular weight PCHD (90/10)*'. Casting was

accomplished approximately over 5 days and the produced films were dried under vacuum at



room temperature in order to remove any solvent traces and avoid the creation of bubbles during
thermal annealing and therefore lack of uniformity in the films. Annealing was performed for 5
days under vacuum at 130°C which is above the highest T, measured for both segments and for
all the BCPs studied in this work. Then, each film was removed from the annealing oven and
was quenched rapidly in liquid nitrogen in order to keep the microphase separated structure at
the high annealing temperature. As long as casting and annealing are properly executed, the films
of the samples can be used immediately for SAXS measurements, while for TEM studies further
procedures must be adopted (e.g. embedding in a resin if needed, trimming, ultramicrotoming for
thin section preparation and staining of the PCHD blocks with vapors of OsO, to enhance
contrast during TEM observation.

In Figures 2a and 3a, the TEM image and the corresponding SAXS pattern of sample S,,C,
(annealed at 130°C) are observed. The sample exhibits randomly oriented spheres of the minority

PCHD block in the matrix of the majority PS block. The SAXS pattern exhibits three peaks

((1:4/3:v/4) corresponding to spherical microdomains with d-spacing for the (100) plane d,, = 29

nm.

(a) JOL
Figure 2. TEM images of the PS majority annealed (at 130 °C) BCP films. (a) Randomly oriented spheres
of PCHD in PS matrix for S,,C, sample. (b) Hexagonally close packed cylinders of PCHD in PS matrix

for S,5C,, sample. (c) Alternating lamellae of PCHD and PS blocks for C,,S,, sample.
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Figure 3. SAXS patterns of the PS majority annealed (at 130 °C) BCP films. (a) The peak ratio
corresponds to spherical morphology for sample S,,C4. (b) The peak ratio corresponds to cylindrical

morphology for sample S;sC,. (c) The peak ratio corresponds to lamellar morphology for sample C,,S,.

Figures 2b and 3b show the TEM image and the corresponding SAXS of the annealed (at
130°C) sample S,sC,, respectively. Hexagonally close packed cylinders of the minority PCHD
blocks (dark regions) in a matrix of the majority PS blocks (white regions) are observed and the

structure is very well ordered, without exhibiting any defects or dislocations. The relative peak

ratio of the SAXS data (1:4/3:/7) with d,, = 38.8 nm verifies the cylindrical morphology.
Figures 2c and 3c show the TEM image and the corresponding SAXS pattern of the C,,S,y
annealed (at 130°C) sample. Both techniques indicate alternating lamellar morphology of PS and
PCHD blocks, since the relative peak ratio from the SAXS plot is equal to 1: 2: 3 indicative of
alternating lamellae while d,, was calculated approximately equal to 31.4 nm. These three
samples are of PS majority and consequently the effect of conformational asymmetry on their
morphological behavior imparted by the PCHD block is not very pronounced. According to
previous experiments by Mays et al.*', almost symmetric ((ps ~ Opeyp) diblock copolymers melts
of PS-b6-PCHD (50% 1,4-/50% 1,2-microstructure for the PCHD segments) do not show any
microphase separation in contrast with their respective symmetric diblock copolymers of PS-b-

PCHD (90% 1,4-/10% 1,2- microstructure for the PCHD) with identical molecular weights,
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which actually self-assemble forming cylindrical domains of the minority block in the matrix of
the majority. Therefore, near the order-disorder transition temperature the values of the Flory-
Huggins interaction parameter, 7y, between PS and the different type of PCHD are not similar and
actually it seems that: Y ps pcnpsoso) < Xps.pcupoono- Taking into account that the Kuhn segment
length of PCHD (90/10) block is higher than that of the PCHD (50/50) block™, it was concluded
that these differences between the two interaction parameters Y pspcupsoso) a0 Xpsperpooio)
originate only from enthalpic factors such as the z-effect. The same group reported also that for
PS-b-PCHD (90/10) diblock copolymers with 0,4 ~ 0.45 there is a relatively small area, where
the cylindrical morphology becomes more stable than the lamellar, when the conformational
asymmetry parameter € is increased and that the rigid semi-flexible PCHD block (majority
block) will form the core. Sample S,;C,, lies within this narrow area but instead of the simple
case of hexagonally close packed cylinders, a core-shell cylinder morphology is observed
(Figure 4a). The cylindrical structure is also confirmed by the SAXS pattern (Figure 4b) with
relative peak ratio 1:v4:v/12:4/21 and d,, = 34nm. The system is well-ordered with the ‘grey’
core areas corresponding to the stained PCHD block and the light matrix areas to the PS
segments. Recent experiments conducted by Kilbey and Mays groups™ on PS-b-PCHD diblock
copolymers with different microstructure ratios for the PCHD block (90/10, 70/30 and 50/50)
could suggest an explanation for the 3" observed dark phase. It should be pointed out that the
additional 3" phase is not a misleading Fresnel fridge due to overfocus effects. Actually during
this study a set of underfocus, slightly underfocus, on focus and overfocus images were taken in
order to verify the 3" dark phase as a real extra phase and not artifacts due to the wrong TEM

conditions.
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Figure 4. (a) TEM micrograph of the S,;C,, BCP annealed at 130 °C showing a core-shell cylindrical

morphology. (b) SAXS pattern of the same diblock copolymer verifying the cylindrical structure.

More specifically, the BCPs with high 1,4-linkages (90/10) microphase separate in contrast to
the diblock copolymers with increased 1,2-linkages (70/30 and 50/50) and similar molecular
weights which seem to be in the disordered state. The 90/10 microstructure has a rod-like
configuration which is mainly responsible for the microphase separation since, due to steric
hindrance, frans addition to the growing chains dominates when a repeat unit of 1,2-linkage is
added while on the other hand, the addition of a 1,4-linkage repeat unit occurs in both cis and
trans fashion. Structural models of PCHDs having 90/10, 70/30 and 50/50 microstructures were
constructed which show that as the 1,2-linkages increase, the effective chain persistence length
decreases [for a PCHD (90/10) in THF, the persistence length was experimentally determined to
be 0.65 nm]™. The rod-like configuration of the PCHD (90/10) blocks could possibly promote
microphase separation in such a manner that the defect energy is reduced, compensating for the
entropic penalty paid for the extended PS chains (due to solvent selectivity) and creating an
interfacial layer (shell) between the PCHD core and the PS matrix. The same explanation can be
adopted for a 3" dark phase that was also observed through TEM in a 3-phase 4-layer alternating
lamellae morphology for C,5S,; diblock copolymer and verified via SAXS with the relative peak

ratio 1:2:3 and d,, = 37.5 nm (Figure 5). Such a morphology is common in linear triblock ABC
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terpolymers with almost identical volume fractions of each block O, = Oy = O, and almost
identical interaction parameters ¥ 5 ~ Xac ~ Xsc- Additionally such a 3-phase 4-layer lamellae
structure has been mentioned in the literature® for an almost symmetrical diblock copolymer
consisting from poly(ferrocenyldimethylsilane) (PFDMS) and poly(dimethylsiloxane) (PDMS)
blocks, and the third phase was attributed to the interfacial staining caused by the vapors of RuO,
which was used in order to stain the PDMS domains. The PDMS segments as well as the
interface between PFDMS and PDMS stained by the RuO, vapors attributed to a competition

between reactivity and diffusion.

logl(a)

(a) ! (b)

Figure 5. (a) TEM micrograph of the C55S,; BCP annealed at 130 °C showing a 3-phase 4-layer lamellar

morphology. (b) SAXS pattern of the same diblock copolymer verifying the lamellar structure.

Additionally, the perceived differences between Y ps penpisoso) @0 Xps.perpooio) 11 combination
with the restricted trans formulation that the 1,2-linkages are added to the polymer chain and the
reduced solubility of 1,2-linkages in toluene could lead to microphase separation between the
two microstructures (1,4- and 1,2- respectively) leading to grey areas consisting of PCHD rich in
1.4 linkages, dark areas corresponding to PCHD with increased 1,2-linkages and the light areas

are the PS domains (Figures 6 and 7).
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Polystyrene chains
Poly(cyclohexadiene) chains with 1,2-microstructure
Poly(cyclohexadiene) chains with 1,4-microstructure

Figure 6. Schematic 3D representation of the possible conformation of chains in order to explain a 3-
phase core-shell cylinder morphology for S;sC,; BCP. The core consists of PCHD rich in 14-linkages
(purple areas) surrounded by very narrow shell of PCHD with increased in 1,2-linkages (grey-blue areas)

in a matrix of the PS block (white area).

Polystyrene chains
Poly(cyclohexadiene) chains with 1,2-microstructure
Poly(cyclohexadiene) chains with 1,4-microstructure

Figure 7. Schematic 3D representation of the possible conformation of chains in order to explain a 3-
phase, 4-layer lamellar morphology for sample C;sS,;. Light purple areas correspond to PCHD rich in 1 ,4-
linkages, dark purple areas correspond to PCHD segments with increased 1,2-linkages and the light green

areas correspond to PS.

It is important to point out that the existence of the lamellar morphology for the asymmetric

Cs5S,; diblock copolymer (O,s = 0.27) is a result of the high conformational asymmetry
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parameter induced in the system by the semi-flexible PCHD (90/10) block. We are currently
conducting experiments with PCHD (90/10), PCHD (70/30) and PCHD (50/50) homopolymers
as well as with PS-b-PCHD (90/10) and PS-b6-PCHD (50/50) diblock copolymers in order to
detect any possible microphase separation (for the homopolymers) between the microstructures

and to experimentally determine the interaction parameters y for the specific BCPs.

CONCLUSIONS

The self-assembly of a series of semi-flexible/flexible diblock copolymers consisting of PS
and PCHD with high 1 4-microstructure was investigated. The bulk films were cast from toluene,
a slightly selective solvent for PS. Morphological characterization indicates that the two different
conformationally asymmetric blocks (PS and PCHD) can self-assemble leading to typical
morphologies (lamellae, hexagonally close packed cylinders and spheres) as well as to unique
morphological behavior. A three-phase four-layer alternating lamellae morphology was observed
in sample C4;S,; exhibiting high PCHD majority (O,q,, = 0.73), while the core-shell cylindrical
morphology was observed for the S,;C,, diblock copolymer with Opeyp = 0.55. Both TEM
images exhibit black, grey and white regions where we believe that the grey regions correspond
to PCHD domains with high 1.4-microstructure (~90%), the white regions correspond to PS
while the black areas correspond to either an interfacial layer formed due to the rod-like behavior
of PCHD (90/10) which enables the chains to pack in a fashion that reduces the defect energy of
the system or to PCHD segments exclusively with 1,2-linkages which enable microphase
separation between the two microstructures, since 1,2-linkages have low solubility in toluene and

a restricted addition manner to the polymer chain.
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