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ABSTRACT: We designed and synthesized a series of ABA triblock copolymers containing inner soft
poly[2,5-di(n-hexogycarbonyl)styrene] (PHCS) block and outer hard poly(4-vinylpyridine) (P4VP)
block, wherein the PHCS block has the potential to form a columnar liquid crystalline phase at high
temperatures and the P4VP block can complex with metal salt or organic molecules via non-covalent
interactions. Using atom transfer radical polymerization method, we prepared successfully the triblock
samples with controlled molecular weights and compositions. The triblocks were characterized with
various experimental techniques including differential scanning calorimetry, dynamic mechanical
analysis, small-angle X-ray scattering, and transmission electron microscopy. The experimental results
indicate the occurrence of microphase separation. With the P4VP volume fraction lower than 20%, the

triblocks exhibit the phase morphologies of cylindrical or spherical hard P4AVP domains arranged in the
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soft PHCS matrix. Mechanical property test reveals that the tensile strength and maximum elongation at
break can be tuned by varying the total MW and composition of the samples, indicating that the triblock
copolymer can be used as thermoplastic elastomer while carrying functional blocks. Applying the metal-
ligand coordination interaction between P4VP and Zn>*, we prepared the hybrid of triblock and zinc
perchlorate. Domain spacing expansion and phase morphology change induced by adding the metal salt
are detected. Furthermore, because of the hybrid formation and the glass transition temperature of hard
phase increased dramatically by adding only a small amount of the salt, rubbery plateau of the hybrid is

extended, indicating a better thermal stability than that of the pure triblock.
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Introduction

Microphase separation of block copolymers at a length scale ranging from 5 to 100 nm furnishes
access to a variety of functional and technologically useful materials. In order to tune the bulk materials’
properties, control over the morphologies and stabilities of the microphase separated structures is
achieved by rational designing the size, shape, and interactions of their constituents.'™ Coil-coil diblock
copolymers can self-assemble into phase morphologies of lamellae, hexagonally packed cylinders,
bicontinuous gyroids, or body-centered cubic spheres.”® ABA triblocks can also have the similar
microphase separated structures. On the other hand, as both ends of the B block can be constrained to
the A/B interfaces, ABA triblock is obviously distinct from AB diblocks. Presence of the bridges linking
separated interfaces together strongly affects the mechanical properties of the triblock-based materials.’
Because they can possess both elastomeric and thermoplastic features due to the microphase-separated
structures, triblock copolymers have gained widely investigation.*'® Containing a soft central block of B
and the two hard blocks of A, the triblock copolymer such as polystyrene-b-polybutadiene-b-polystyrene

(SBS) is a typical thermoplastic elastomer (TPE).'"'?

The relationship between the microphase
separation behaviors and the mechanical properties of triblock copolymers has been intensely studied by
changing the segment fraction'” or the segment-segment interaction energy."*

Modern synthetic chemistry including anionic polymerization,'® ring-opening metathesis
polymerization,'® nitroxide-mediated polymerization,'” reversible addition-fragmentation transfer'® or
atom transfer radical polymerization (ATRP)" enables to tailor the chemical structures, and hence the
properties of well-defined ABA triblocks. The TPE triblock copolymers consisting of various
constituents now can be prepared in a facile synthetic way. For instances, the candidates for the hard
segments can be poly(methyl methacrylate),”® polyacrylonitrile,*' poly(a-methylene-g-

22,23

butyrolactone), poly[4-(1-adamantyl)styrene];24 and for the soft segments, poly(1,4-p01yisoprene),24
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poly(n-butyl acrylate) can be used. In the new molecular design and synthesis of TPE, one main

target is to increase the glass transition temperature (7,) of the hard segment and improve the chemical

1819212926 Noreover, it is also of interest to equip the triblock with some

stability of the soft segment.
particular functionality. For example, one option towards this aim is introducing liquid crystal (LC)
property to the ABA triblock copolymers. Gronski et al. first proposed the concept of thermoplastic
liquid crystalline triblock elastomers by attaching mesogenic units onto the PB backbone of SBS.?” Zhao
et al. prepared a similar LC TPE by grafting LC acrylic polymer onto the central PB backbone of
SBS.?* The triblock with LC/isotropic/LC sequence was also obtained with the end blocks being an
azobenzene-containing side-chain LC polymer and the midblock a rubbery polymer,*® which coupled
LC phase formation and photoisomerization of the azobenzene chromophore together. Another ABA
type triblock with LC/isotropic/LC sequence was reported by Yi, Y. et al., which consisted of poly{2,5-
bis[(4-methoxyphenyl)oxycarbonyl]styrene} (PMPCS) as the hard A block and poly(n-butyl acrylate) as
the soft B block.”’ PMPCS is a typical mesogen-jacketed liquid crystalline polymer (MJLCP), with the
mesogenic pendants laterally attached to the polyethylene backbones through a single carbon-carbon
bond. The whole MJLCP chain backbone is largely stretched due to the steric hindrance imparted by the

32,33

densely packed mesogenic side-groups. Incorporation of liquid crystallinity to the hard domains

which serves as “physical cross-links” may enhance the microphase separation and improve the stability
above T}, due to the formation of LC phase.’"**

Here, we report a new ABA type triblock copolymer with poly[2,5-di(n-hexogycarbonyl)styrene]
(PHCS) as the soft B block and poly(4-vinylpyridine) (P4VP) as the hard A block, of which the
molecular design is shown in Scheme 1. According to the molecular structure, one can notice that PHCS

bears some similarity to PMPCS, wherein the side groups belong to terephthalate. In our previous study,

we have found that the terephthalate side-group of PHCS can in fact impose “jacketing” effect strong
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enough on the polyethylene backbone, resulting in a long-range ordered hexagonal columnar (®y) phase
at high temperatures.35’36 On the other hand, the @y phase will disappear upon cooling, and PHCS
becomes amorphous at low temperatures (e.g., at room temperature). In this case, PHCS renders a sort
of “isotropic re-entrant” behavior.>™’ It is also worthy to note that the homo-PHCS possesses a 7, e
around -30 °C, far below the room temperature. Therefore, we consider that PHCS can act as the soft
segment for an ABA triblock copolymer with the TPE characteristics (see Scheme 1). Assuming that the
PHCS block exhibits the “isotropic re-entrant” behavior, heating the PHCS containing ABA triblock
may lead to the @y phase formation which may enhance the mechanical properties of the triblock.
Moreover, the @y phase of PHCS is characterized by the parallel packing of cylinder-like chains. It is
also interesting to see whether stretching of the ABA triblock specimens can change the conformation of

the PHCS blocks from coil to extended and thus result in the @y phase.
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Scheme 1 Molecular design of P4VP-b-PHCS-b-P4VP.

For the triblock we synthesized, P4VP is selected to substitute the commonly used polystyrene (PS)
as the hard segment. It has been demonstrated that block copolymers containing P4VP with polar group
of pyridine on every repeating unit has the ability to form various self-assembly structure.’**° Moreover,
the multiple interaction sites of P4VP offer the location to complex with metal salts or organic
molecules, providing a facile way to tune the phase behavior and mechanical property.*'* Block

copolymer/metal salt hybrids via metal-to-ligand coordination exhibit clear microphase-separated
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structures composed of an organic phase and a hybrid phase containing metal salts. They combine the
flexibility and processability of organic materials and the useful features of inorganic materials.**** By
introducing the metal salt into our triblock copolymer, our goal is to prepare the functional triblock
copolymer with tunable phase morphology while improving the thermal and mechanical properties (see
Scheme 1).

In this paper, we describe the synthesis of P4VP-b-PHCS-b-P4VP with different molecular weights
(MWs) and compositions using ATRP method. We studied the microphase separation of the triblock
using various techniques including thermal analysis, small-angle X-ray scattering (SAXS), and
transmission electron microcopy (TEM). The results show that the triblock copolymers with the P4VP
volume fraction less than 20% can self-assemble into the cylindrical or spherical morphologies with the
PHCS block as the continuous phase. The strong microphase separation ensures the triblock to have
stable mechanical property. Moreover, we prepared the hybrid of the triblock copolymer with zinc

perchlorate. The metal salt coordinated to the P4AVP block influences the phase behavior significantly.

Adding a small amount of the salt can have a positive impact on the mechanical property.

Experimental

Materials. 4-vinylpyridine (4VP) (Alfa Aesar, 98%) and N,N-dimethylformamide (DMF, Beijing
Chemical Reagents Co., A.R.) were distilled from CaH, under reduced pressure before use.
Chlorobenzene (Beijing Chemical Reagents Co., A.R.) was purified by washing with concentrated
sulfuric acid to remove residual thiophenes, followed by washing with deionized water, a 3% sodium
carbonate solution and with deionized water again, and then dried with anhydrous calcium chloride
before it was finally distilled. Tetrahydrofuran (THF, Beijing Chemical Reagents Co., A.R.),

dichloromethane (CH,Cl,, Beijing Chemical Reagents Co., A.R.), and 2-propanol (Beijing Chemical
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Reagents Co., A.R.) were used after distilled. N,N,N’,N”’,N”-pentamethyldiethylenetriamine (PMDETA,
TCI, 98%), tris(N,N,-dimethylamino)ethyl)amine (MesTREN, Alfa Aesar, 98%), Cu(I)Cl (Alfa Aesar,
99%), and diethyl-meso-2,5-dibromoadipate (Alfa Aesar, 98%), Zinc(Il) perchlorate (Zn(ClOy),,
Heowns, 98%) were used as received. Vinyl terephthalic acid was synthesized according to the
literature.” Synthesis and characterization of the monomer 2,5-di(rn-hexogycarbonyl)styrene (HCS)
were described in Scheme S1 of Supporting Information.

Instruments. 'H NMR (400 MHz) spectra were recorded on a Bruker ARX400 spectrometer at
room temperature using CDCl; or CD,Cl, as the solvent. Elemental analysis was performed with an
ElementarVario EL instrument. Gel permeation chromatography (GPC) was conducted on a Waters
2410 instrument equipped with 2410 refractive-index detector at 35 °C. THF was used as the eluent at a
flow rate of 1.0 ml min™. The GPC calibration curve was obtained with linear PS standards. Using a
series of THF solutions (1.0~5.0 mg/mL), the specific refractive index increment (dn/dc) of PHCS in
THF was measured by a Wyatt Optilab T-rEX equipped with a 600 nm laser. With the dn/dc value of
0.115 ml g, the absolute MW of PHCS was determined using a LS-GPC (Wyatt Technology DAWN
HELEOS) with THF as the eluent.

Differential scanning calorimetry (DSC) measurements were carried out on a TA Q100 DSC
calorimeter in a nitrogen atmosphere. The samples with a typical weight of ~8 mg were encapsulated in
hermetically sealed aluminum pans. For the triblock, the temperature range of DSC experiments was
from -80 to 170 °C. Thermogravimetric analysis (TGA) was performed on a Q600 instrument.

SAXS experiments were carried out on an Anton Paar SAXSess using Cu Ka radiation as the X-ray
source. The scattering patterns were recorded on an imaging-plate covering the g-range from 0.06 to 29
nm™' (g = 4nsin6/A, where ) is the X-ray wavelength of 0.154 nm and 26 the scattering angle). The

scattering peak positions were calibrated with silver behenate. TEM bright-field images were obtained
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using a T20 TEM operating at an accelerating voltage of 120 kV. Ultramicrotome was used to prepare
the microtomed samples. Thin sections of ~50 nm were collected on TEM copper grids, followed by
staining in RuOy4 vapor for approximately 15 min.

Tensile property measurements were conducted at 25 °C with TA ARES-G2 rheometer utilizing its
solid tensile fixture that gripped a dumbbell-shaped specimen. The dumbbell-shaped samples with the
width of 4 mm and thickness of ~0.5 — 1.0 mm were drawn with the rate of 0.6 mm s at room
temperature. Dependencies of stress versus strain ratio were recorded. Elongation at break, and stress at
break were determined by averaging the results of 2-3 independent drawing experiments performed at
the same conditions.

Dynamic mechanical analysis (DMA) was conducted on a TA Instruments Q800 Dynamic
Mechanical Analyzer. The samples were prepared in a rectangular mold (the sample dimension: 23
mmx4.5 mmx1 mm). The thermal DMA experiments were carried out from -80 to 275 °C at a heating
rate of 3 °C min™' using a tension film clamp keeping a constant frequency of 1 Hz and oscillating
amplitude of 20 pm.

Synthesis of difunctional macroinitiator CI-PHCS-CI. Diethyl-meso-2,5-dibromoadipate (8 mg,
0.022 mmol), PMDETA (8.9 uL, 0.045 mmol), and 2,5-di(n-hexogycarbonyl)styrene (1.6 g, 4.44 mmol),
chlorobenzene (2.4 g) were successively introduced into a 20 mL reaction tube. After one freeze-pump-
thaw cycle, the tube was filled with nitrogen and CuCl (2.22 mg, 0.022 mmol) was quickly added to the
frozen mixture. After other three freeze-pump-thaw cycles, the tube was sealed under vacuum and
inserted into an oil bath at 90 °C. A typical ratio of monomer : initiator : catalyst : ligand applied was
200:1:1:2. The polymerization process was stopped after 3.5 h, and then THF was added to the reaction
mixture. The resultant polymer solution was purified by passing through a neutral alumina column to

remove the residual copper salts. Then, the polymer solution was concentrated and precipitated into cold
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methanol for three times. The precipitate was collected and then dried in vacuum for 24 h at 40 °C.
Yield: 50%. "H NMR (CDCls, 400 MHz), & (ppm): 7.0-8.0 (s, 3H, in phenyl ring), 3.0-4.0 (m, 4H,
COOCH:CH,), 1.5-2.0 (s, 1H, CHCHy), 1.5-2.0 (s, 2H, CHCH,), 1.0-1.5 (s, 16H, COOCH,CH,), 0.5-
0.9 (s, 6H, CH,CH;).

Synthesis of triblock copolymer P4VP-b-PHCS-b-P4VP. The triblock samples with different
block length were prepared based on using a different feed ratio of the macroinitiator CI-PHCS-CI and
4VP. In a typical experiment, CI-PHCS-CI (1.146 g, 0.026 mmol) was dissolved in 5 mL of mixed dry
chlorobenzene/2-propanol (6/4) and added into polymerization tube containing 4VP (0.458 g, 4.36
mmol) and MecTREN (12.9 pL, 0.044 mmol). After one freeze-pump-thaw cycle, the tube was filled
with nitrogen, and CuCl (2.2 mg, 0.022 mmol) was quickly added to the frozen mixture. After other
three freeze-pump-thaw cycles, the tube was sealed under vacuum and inserted into an oil bath at 40 °C.
The solution turned yellow and viscous. After 7 h, the polymerization process was stopped. Then, THF
(about 50 mL) was added to the reaction mixture. The mixture was then filtered through a column of
alumina to remove the residual copper salts. The volume of the solution was reduced to approximately 5
mL, and the solution was precipitated into a 10-fold excess of diethyl ether. The polymer was isolated
and redissolved in THF (5 mL), and the precipitation cycle was repeated several times to remove the
unreacted 4VP and macroinitiator CI-PHCS-CI since PHCS has a good solubility in diethyl ether. Then
the resultant polymer was dried under vacuum for 12 h. Yield: 60%. '"H NMR (CDCls, 400 MHz), &
(ppm): 8.0-9.0 (s, 2H, in pyridine ring), 7.0-8.0 (s, 3H, in phenyl ring), 6.0-7.0 (s, 2H, in pyridine ring),
3.0 to 4.0 (m, 4H, COOCH,CH,), 1.5-2.0 (s, 1H, CHCH,), 1.5-2.0 (s, 2H, CHCH>), 1.0-1.5 (s, 16H,
COOCH,CH»), 0.5-0.9 (s, 6H, CH,CH3).

Preparation of triblock/metal salt hybrids. The hybrids of triblock/metal salt were prepared by a

solution-casting method. Zn(ClO4), was used as a readily available metal salt. Chloroform and
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acetonitrile, which are good solvents for PAVP-b-PHCS-b-P4VP and Zn(ClO4),, were used as solvents
to ensure the homogenous complexation based on the metal-to-ligand coordination interaction between
Zn*" and pyridine groups. In a typical procedure, P4VP-b-PHCS-b-P4VP solution in chloroform and a
Zn(ClQy), solution in acetonitrile solution were prepared separately, and then these two were blended
together with a desired mole ratio of Zn*" to 4VP ([Zn*']/[4VP]). After stirring for 12 h, the blending
solution was cast onto the Teflon plate. The obtained solution-cast film was dried for 72 h in vacuum at

room temperature.

Results and Discussion

Synthesis of P4VP-b-PHCS-b-P4VP. To synthesize the triblock of PAVP-b6-PHCS-b-P4VP, two
steps were taken as shown in Scheme 2. First, the difunctional macroinitiator CI-PHCS-CI was
synthesized via ATRP at 90 °C using CuCI/PMDETA as the catalyst and diethyl-meso-2,5-
dibromoadipate as the difunctional initiator. CuCl was used as the Cu(I) species to invoke the halogen
exchange and to enhance the rate of initiation over the rate of propagation. Molecular characterization
data of the obtained CI-PHCS-CI were given in Table SI-1 in Supporting Information. Since the
resonance peaks of the protons at the chain center which belong to the ATRP difunctional initiator and
the protons at the chain ends of the CI-PHCS-CI overlap with that of PHCS, the MW of the
macroinitiator cannot be determined by 'H NMR. In this case, LS-GPC was employed to obtain the
absolute MW. For the CI-PHCS-CI samples, the number average MWs (M,s) by LS-GPC are ranged
from 18 to 57 kg mol™, 1.40~1.60 times larger than that obtained by GPC calibrated with PS standards,

and the polydispersities (PDIs) are of around 1.25.

10
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Scheme 2 Synthetic route of the macroinitiator CI-PHCS-CI and the triblock P4VP-6-PHCS-5-P4VP.

In the second step of synthesis, the triblock copolymer was prepared by ATRP method with CI-
PHCS-CI as the macroinitiator. Controlled polymerization and incorporation of P4VP into block
copolymers based on ATRP method is challenging, because the strong coordination pyridine could
compete for the binding with the metal catalysts in these systems.*”*® Pyridine-coordinated copper
complex will significantly slow down the polymerization rate, leading to a low yield. Therefore, a much
stronger ligand MecTREN rather than the common ATRP ligand of PMDETA was introduced into the
system to compete with 4VP monomer. For the 4VP polymerization, a protic solvent is necessary.
However, the macroinitiator of CI-PHCS-CI cannot be dissolved in the protic solvent such as 2-propanol.
In this case, we used a mixed solvent of chlorobenzene and 2-propanol as the reaction media. Using Br
as the halogen and CuBr/MesTREN as the catalyst could result in an amount of termination

reactions,‘w’5 0

and thus the chlorine-based macroinitiator is required. During polymerization of 4VP, the
strong C-Cl bond balances the activation/deactivation by the CuCl/MesTREN complex for a suitable

concentration of the active radicals. To ensure the end reactivity and higher initiator efficiency, the

conversion should be controlled in a relatively low range (i.e., conversion lower than 50%).

11
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Fig. 1 Typical '"H NMR spectra (400 MHz) of CI-PHCS-CI (degree of polymerization of 123, upper

panel) and P4VP-b-PHCS-b-P4VP (sample V3oH 23 V30, lower panel) in CD,Cl,.

After optimizing the polymerization condition, the triblock copolymers of P4VP-5-PHCS-b-P4VP
with different MW and compositions were successfully obtained. All the GPC traces of the resultant
triblocks were unimodal, with the retention times obviously shorter compared with that of macroinitiator
(see Fig. SI-3 in Supporting Information). It should be noted that when pure THF was used as the eluent,
P4VP block can adsorb to the column material of GPC. This adsorption can cause the broadening of
GPC traces and also the baseline shifting, leading to the apparently larger PDI which is of around 1.4.
Fig. 1 shows a typical "H NMR spectrum (lower panel) of a triblock sample obtained, also suggesting
the success of the triblock synthesized. Using the resonances of -OCH, protons (J = 3.0-4.0 ppm) in the
PHCS block and that of protons on the pyridine ring (6 = 8.0-9.0 ppm, or 6.0-7.0 ppm), we can estimate
the composition of PHCS and P4VP based on the 'H NMR result. The weight fraction of the P4VP

block (wpsyp) was calculated according to Eq. 1:

12
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weavp= 21y *Mavp/ [2In*Mavptle*Mucs] (1)
where Myyp of 105 g mol ™! and Mycs of 360 g mol ™! are the molar masses of the two repeating units, 7,
and [ are the integral intensities of the signals at 8.0 to 9.0 and 3.0 to 4.0 ppm shown in Fig. 1. The MW
of P4VP can be calculated based on the MW of PHCS measured by LS-GPC and wpsyp by 'H NMR.
Furthermore, we estimated the volume fraction of P4VP (fpavp) using Eq. 2:

fravp= 1.04xwpayp/[(1.04—1.17)xwpgypt+1.17] (2)
where 1.04 g cm™ and 1.17 g cm™ are the densities of PHCS and P4VP, respectively. The molecular
characterization results of the PAVP-b-PHCS-b-P4VP samples studied in this paper are listed in Table 1.
The sample code shown Table 1 and below reads “VxHyVx”, wherein the subscripts of X and Y are the
degrees of polymerization (DPs) of PHCS and P4VP block, respectively. To obtain the triblock with the
typical elastomeric property, the fpavp was controlled lower than 20%. While the fpavp exceeded 20% the
sample became more or less brittle (for example, VeoHsaVeo (fpave = 26.7%) gave the ultimate tensile

strength of 5.1 MPa and tensile strain at break of 60%).

Table 1. Molecular characterization data P4VP-b-PHCS-b-P4VP

Sample code * Conversion (fg“’nig Cl_ll)) PDI® (ﬁ”gﬁ?f) Wpayp O Jfpavp €
Vi7Hs51 V17 40% 26.0 1.41 21.9 15.9 14.4
V2H77Va 35% 32.1 1.39 32.3 14.5 13.1
V36H77V36 48% 32.6 1.33 35.1 21.4 19.5
V30H123V30 45% 43.2 1.39 50.9 12.5 11.3
VasH130V26 38% 46.7 1.37 52.4 10.5 9.4
VssHis57Vss 35% 50.6 1.37 68.2 17.0 15.5

* Sample code VxHyVy, where the subscripts X and Y are the DPs for P4VP and PHCS, respectively. b
Apparent MW of triblocks by GPC calibrated with PS standard, THF as eluent. MW of triblocks
measured by LS-GPC and 'H NMR. ¢ Calculated according to Eq. 1. ¢ Calculated according to Eq. 2.

13
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Phase morphologies of P4VP-b-PHCS-b-P4VP. In order to obtain the ABA triblock copolymer
with the properties of TPE, microphase separated structure should be constructed by designing the two
components appropriately. The A and B block employed have to be immiscible, guaranteeing that the
triblock can undergo microphase separation to form the soft rubbery phase and the hard thermoplastic
microdomains which can act as “physical cross-links” for the rubbery matrix. In our system, PHCS was
selected to be the inner soft block as its unique LC phase behavior might bring some new features to the
TPE. The usually used hard segment of PS was also employed in our experiments at first, as it could be
synthesized more easily. However, the copolymer containing PS and PHCS block could only segregate
weakly, particularly when the PS content was controlled to be minor. We expected that P4VP with the
polar pendant group of pyridine and PHCS should exhibit stronger separation tendency. The
homopolymers of PHCS and P4VP underwent macrophase separation when they were blended together,
indicating that P4VP is immiscible with PHCS. P4VP possesses the T, of ~140°C, nearly 40 °C higher
than that of PS. Moreover, its pyridine sites can complex with other species such as metal salts or
carboxylic acid via non-covalent interaction, and thus the properties of PAVP domains in a copolymer
can be readily tuned. Therefore, using P4VP to replace the conventional hard segment of PS in the ABA

type TPE is attractive.

Table 2. Glass transition and phase morphology of P4VP-b-PHCS-b-P4VP

Sample code Tgl’OPHCS a ng’OPWP a ¢i(nm™)° D (nm) © Morphology ¢
(O O
Vi7Hs1 V7 9.1 108.8 0.45 14.0 spherical
V2uH77Va -18.9 116.3 0.31 20.1 spherical
Vi6H77V36 -16.0 138.3 0.27 23.3 cylindrical
VioH123V30 -11.0 126.7 0.26 242 cylindrical
V26H130V26 -14.9 126.9 0.25 25.1 spherical

14
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VssHis7Vss -15.2 127.0 0.21 29.9 -

* Determined from tand of the DMA result. ° Position of first-order scattering observed by SAXS at
room temperature. © d-spacing corresponding to ¢. 4 Phase morphology determined based on the
combination of SAXS and TEM results.

Thermal behaviors of P4VP-b-PHCS-b-P4VP were first examined by DSC. The 7, of PHCS in the
triblocks was found at around -25 °C, slightly higher than that around -30 °C of the homo-PHCS. For
the triblock with the P4VP content higher than 25%, a glass transition at around 130 °C could be clearly
observed, which is attributed to the P4VP block (Fig. SI-5 in Supporting Information). However, with
the P4VP content lower than 20%, the triblocks could not render clearly glass transition process of
P4VP on the DSC traces recorded upon either cooling or heating. We further employed DMA to identify
the glass transitions of the triblocks. Shown in Fig. 2a are the storage modulus (G’), loss modulus (G”),
and tano of V3sH77Vse (fpave = 19.5%) as functions of temperature. In the temperature range investigated,
G’ displays two steps of decrease during the heating process at a rate of 3 °C min™. According to the
curve of tand, the temperatures of two peaks can be assigned to the 7,s of PHCS and P4VP block, which
are at -16 and 138 °C, respectively. The two distinct glass transitions corresponding to the PHCS and
P4VP indicate microphase separation of the triblock. The T, of PHCS obtained by DMA is higher than
that measured by DSC. In DMA measurement, the sample was subjected to cyclic loading, and thus the
chains became flexible at relatively higher temperatures compared to that in DSC.”' From Fig. 2b, we
observe that increase of the MW of P4VP can cause the increment of 7, of P4VP. On the other hand,

with a similar fpsvp, the triblocks exhibit almost identical 7, of PHCS when the M, of PHCS is higher

than 25k g mol™ (Table 2).

15
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Fig. 2 (a) DMA result of the triblock VicH77V36. (b) Comparison of the thermomechanical properties of
different triblock samples. (1) Vi7Hs1 V17 (fpave = 14.4%), (2) V22H77V2s (fpave = 13.1%), (3) V3oH123V30
(feave = 11.3%), (4) V36H77V36 (fpave = 19.5%). For (1), (2), and (3), the samples possess similar content
of P4VP but different total MW; for (2) and (4), the samples possess similar PHCS block but different
content of P4VP.

The DSC and DMA results suggest the existence of microphase separation of P4VP-H-PHCS-b-
P4VP. To further investigate the phase morphologies, we carried out SAXS experiments. The samples
were annealed in vacuum for 24 h at 160 °C, where is above the T, of P4VP blocks but far below the
decomposition temperature of 320 °C. Typical SAXS profiles of the samples are shown in Fig. 3,
evidencing the microphase separation of the triblocks we synthesized. Increasing the total MW of the
triblock results in the peak position of the first-order scattering (g;) shifting to lower angles, indicating
that the periodicity of microphase separated structure becomes larger. Varying the composition of
triblock can change the phase morphology. For instance, the samples of V3oH23V30 and Va6H 30V
possess the inner PHCS block with a similar MW. While the former one (fpavp = 11.3%) exhibits two
scattering peaks with the g-ratio of 1:13, three scattering peaks can be fairly observed for the later one
with fpavp of 9.4%, which follows the g-ratio of 1 N2:43. Therefore, the two samples should form the

cylindrical and spherical morphology, respectively. We also note that some of the triblock samples just

present the higher-order scatterings weak and diffusive, implying that the long-range order was just
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poorly developed. This may be mainly due to that the samples possess a relatively large MW
distribution.>? Also, existence of the residue homo-PHCS which was the macroinitiator and some
diblocks of PHCS-b-P4VP formed during the ATRP chain extension reaction may cause the microphase

separation imperfect.

Log/

0:2 ' 0:4 ' 0:6 ' 0:8 ' 1:0 ' 1:2 ' 1:4
g (nm”)

Fig. 3 SAXS proﬁles of P4VP-b-PHCS-b-P4VP samples. (a) V17H51V17 (fp4vp = 14.4%), (b) V22H77V22
(feave = 13.1%), (¢) V36H77V36 (frave = 19.5%), (d) VacH130Vas (frave = 9.4%), (€) VioH123V3o (fpave =
11.3%), (f) VssHis7Vss (feave = 15.5%).

We intended to identify the phase structures of triblocks by combining the SAXS and TEM results.
The TEM samples were prepared by microtome followed by staining with RuO,. Since it was easier to
be stained, the P4VP domain looked darker under TEM compared to the PHCS domain. The TEM
images corresponding to the samples used in Fig. 3 are presented in Fig. 4. For V7Hs51 V17 (fpavp =
14.4%) with the two distinct scatterings at 0.45 and 0.64 nm™ (i.e., the g-ratio of 1:V2), Fig. 4a shows
that the P4VP spheres are dispersed in the PHCS matrix. Similar morphology is observed for V,,H77V2,
(fpave = 13.1%) (Fig. 4b) and V,6H130V26 (fpave = 9.4%) (Fig. 4d), suggesting that these two also form

the sphere phase. However, the TEM images revealed the lack of long-range ordering of the microphase
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separation structure. The dark domain looks larger, which should be due to that the PHCS blocks were
also stained to some extent. For VisH77V36 (fpave = 19.5%) and V3oH123V30 (fpave = 11.3%), both the
dark dots and dark lines can be seen in Fig. 4c and 4e, respectively. Moreover, the dark dots are
arranged in the matrix with the hexagonal symmetry. These observations indicate the cylinder phase
(also see Fig. SI-6 in Supporting Information), consistent with the SAXS results showing the scatterings

with the g-ratio of 1: v 3.

(b)

(d)

Fig. 4 TEM image of P4VP-b-PHCS-b-P4VP samples. (a) Vi7Hs; V17 (fpave = 14.4%), (b) V2oH77V 22
(fpave = 13.1%), (¢) V36H77V36 (frave = 19.5%), (d) VasHi30Vas (feave = 9.4%), () V3oH123V30 (feave =

11.3%), (f) VssHi57Vss (feavp = 15.5%). To enhance contrast between the soft and hard phase, the
samples were stained with RuO, vapor.

The phase identifications of the triblocks are summarized in Table 2. It is noted that for the samples
with relatively low total MW (e.g., V22H77V2,), reducing the fpavp to below 15% can result in the
spherical phase; however, the sample of V3gH 23V30 (fpavp = 11.3%) which possesses a smaller fpayp of
11.3% remains the cylinder phase. This shall be because that the larger total MW gives the larger value

of yN (x is the Flory-Huggins interaction parameter and N the degree of polymerization of triblock),

leading to a wider composition range of cylinder phase. For the sample with the highest MW, namely,
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Vi30H 123 V30, the primary scattering peak observed corresponds to a d-spacing of 29.9 nm. However, the
higher-order scatterings of the sample were hard to be detected, and no TEM image with typical
morphology was obtained (Fig. 4f). Therefore, its phase morphology remains unclear.

From the X-ray scattering profiles, we could find that all the samples give a scattering halo at g =
3.60 nm™', which is attributed to the PHCS block (Fig. SI-7 in Supporting Information). The homo-
PHCS with sufficiently high MW exhibits an interesting LC behavior with the feature of “isotropic re-
entry”. Namely, its LC phase of @y can develop upon heating to above ~100 °C, evidenced by the a
sharp diffraction peak appearing at the ¢ of 3.79 nm™';*® during cooling to room temperature or below,
the LC diffraction peak will disappear, resulting in an amorphous state. For all the triblocks synthesized,
we found that the PHCS blocks always gave the scattering halo, even when the samples were heated to
200 °C, indicating no LC ordering of PHCS developed. This may be mainly due to that the MW of
PHCS block is not high enough (e.g., higher than 100 kg mol™), and thus the cylindrical conformation of
PHCS chains cannot be stabilized.*® On the other hand, the microphase separated structures of the
triblock might also disfavor the LC phase formation of PHCS in the quiescent condition.

Mechanical properties of P4VP-h-PHCS-b-P4VP. Microphase separation caused by the
incompatibility between P4VP and PHCS block enhances mechanical properties. The homo-PHCS with
a T, of -30 °C is sticky and easy to flow at room temperature, while the homo-P4VP is quite brittle.
P4VP-H-PHCS-b-PAVP with fpsyp lower than 20% can show the feature of elastomer. Its elastic behavior
is largely affected by the total MW of the triblock and the composition of P4VP.

As shown in Fig. 2b of the DMA results, the triblocks are typical glassy at below the 7, of PHCS,
with G’ of ~1 GPa. Above this 7, the copolymers become elastic and show a rubbery plateau with a G’
of ~10 MPa extending up to the softening temperature of P4VP. The existence of the rubbery plateau

shall be attributed to that the P4VP blocks form glassy domains that connect the soft PHCS segments.
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The height of the plateau strongly depended on the P4VP content. When the length of inner soft segment
is fixed, the sample with a lower P4VP content has a smaller G’ in the rubbery plateau region. In Fig. 2b,
curve 2 and curve 4 show that at room temperature the G’ values of V,,H77Vas (fpave = 13.1%) and
Vi36H77V36 (fpavp = 19.5%) are 6.6 and 18.7 MPa, respectively. It is also noted that the latter one has the
T, of P4VP significantly higher than the former one (138.3 °C vs. 116.3 °C), and thus has a wider
plateau region. These observations confirm that the elasticity and the thermal property of the triblock
can be tuned by controlling the content of hard segment when the inner soft PHCS is fixed. In Fig. 2b,
curves 1, 2, and 3 of G’ vs. temperature correspond to three triblocks of Vi7Hs1 V17 (fpavp = 14.4%),
V22H77V2, (fpave = 13.1%), and V30H 23 V30 (fpave = 11.3%), respectively, which have similar PAVP
contents (10% < fpavp < 15%) but different total MW. With increasing the total MW, the G’ values at
room temperature increase from 2.8 to 6.3 and to 10.9 MPa. Moreover, the sample with the lowest total
MW (i.e., Vi7Hs,V7) possesses the lowest G’ in the whole temperature range in comparison with the
others.

The increase of total MW also has a positive impact on the tensile property. Fig. 5a depicts the
stress-strain curves of three triblocks with the fpsyp of around 14%. It can be seen that both the ultimate
tensile strength and the elongation at break of the triblocks increase with increasing the total MW, which
reach 6.6 MPa and 400% for the sample of VssH;s57Vss (fpavp = 15.5%) (see Table 3). The samples show
a ductile failure under elongation with a moderate tensile strength, a common feature of TPE. Assuming
that the PHCS block might develop into LC phase when the triblock was subjected to elongation, we
attempted to see if the LC formation can offer some unique mechanical properties to the P4VP-b-PHCS-
b-P4VP. However, even for the sample with the highest MW of PHCS synthesized, i.e., VssH;s7Vss, we

just observed a normal behavior of TPE.
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Fig. 5 Stress-strain curves of PAVP-b-PHCS-b-P4VP. (a) The sample with similar compositions but
significantly different MWs. (b) and (c), The sample with similar MW of the soft segments but different
hard phase compositions.

It is known that the composition also has a major effect on the tensile properties of the ABA
triblock copolymers. As shown in Fig. 5b of V,oH77V2, (fpave = 13.1%) and VieH77V36 (fpave = 19.5%),
with the MW of inner soft segment fixed, increasing the P4VP content resulted in a significant increase
of ultimate tensile strength but a sacrifice of elongation at break. Same situation can be found from the
comparison between VycHi30Vas (fpave = 9.4%) and V30H 23V30 (fpave = 11.3%) (Fig. 5¢). The limitations
in the tensile properties of triblock copolymers may be related to the intrinsic brittleness of the P4VP
hard segment. It should be noted that V,,H77V2, (feave = 13.1%) and Va6Hi30Vas (fpave = 9.4%) form a
sphere phase, while V3sH77V36 (fpave = 19.5%) and V3oH23V30 (fpave = 11.3%) form a cylinder phase.
While in Fig. 2b no obvious dependence of the G’ on the phase morphology can be seen, we can see
from Fig. 5 that the triblocks with a sphere phase can elongate more than that with a cylinder phase. For
the triblocks sharing same phase morphology, the higher the MW of P4VP, the higher ultimate tensile

strength will be. The tensile properties of the samples are summarized in Table 3.

Table 3. Tensile properties of P4VP-b-PHCS-h-P4VP

Sample code Ultimate tensile strength (MPa) Tensile strain at break (%)

Vi7Hs51 V7 2.70 99.7
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V2uH77V2, 3.05 241.7
Vi6H77V36 6.43 177.5
Va6Hi130V26 5.07 172.6
V3oH123V30 3.36 260.0
VssHis7Vss 6.60 400.5

P4VP-b-PHCS-b-P4VP/Zn(ClQOy4), complex. To tune the thermal and mechanical properties of
P4VP-b-PHCS-b-P4VP, one can take advantage of the P4VP block which can complex with other
organic and inorganic species via non-covalent bonding interaction.***=*" It has been reported by Kuo
et al. that P4AVP can well complex with Zn(ClO,),, resulting in a hybrid with enhanced thermal and
mechanical properties.5 8 Using the triblock of V3oH;23V30, we prepared the P4VP-b-PHCS-b-
P4VP/Zn(Cl0O4),; complex samples (Scheme 3) by solution blending. For pure V3oH;23V30, the cylinder
phase morphology has been well evidenced by SAXS and TEM experiments. This allows us to elucidate
more clearly how the phase morphology will change with adding different amount of salt. The blending
samples are denoted as Zn2+/V30H123V30 (x:y), where x:y is the molar ratio of 7Zn*" to the repeating unit
of P4VP. The coordination interaction between pyridine and Zn*" can be confirmed by FTIR.>**® Two
distinct absorption peaks for the pyridine ring stretching mode of pure PAVP exist at 1590 and 992 cm™,
respectively. Upon addition of Zn(ClO4),, new bands appear at 1616 cm™ and 1033 cm™ (Fig. SI-8 in

Supporting Information), which should be due to the zinc cation coordinating with pyridine rings.

Scheme 3 Schematic illustration of a Zn**/VHV hybrid via mental-ligand complexation.
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Adding Zn(ClOy); into V30H|23V30 can indeed change the phase morphology substantially. The
cylinder phase of V3oH 23 V30 renders the first-order scattering located at g; = 0.26 nm’! (d-spacing of
24.2 nm). As shown in Fig. 6 of the SAXS results, after complexation with Zn(ClOy),, the samples give
the first-order scattering continuously shifting to lower ¢ side with increasing the amount of salt. At a
molar ratio of 1:6, the first-order scattering is peaked at ¢ = 0.19 nm’'. For Zn*>"/V 30H123V30 (1:18), two
scatterings with the g-ratio of 1:V3 can be identified. However, adding more the salt will eventually lead

to the g-ratio of the scatterings changing to 1:2, indicating a lamellar phase.

Log /

012 ' 014 ' ofe ' 018 ' 1t0 ' 112 ' 114
q (nm”)

Fig. 6 SAXS profiles of pure V3oH123V3 and the hybrids of Zn2+/V30H123V30 (x:y). From bottom to top,

the ratios of x:y are of 0, 1:18, 1:15, 1:12, 1:6.

Fig. 7 shows the TEM pictures of Zn2+/V30H1 23 V30 (X:y). While dark dots and short cylinders can
be observed in Zn2+/V30H123V30 (1:18) (Fig. 7a), the sample of Zn2+/V30H123V30 (1:15) seems to present
both cylinders and lamellae (Fig. 7b), indicating a not well developed lamellar phase, or the coexistence
of cylinder phase and lamellar phase. For Zn>"/V3oH 23V (1:12), the TEM picture (Fig. 7¢) shows that

the dark lines parallel to each other are not very long and the ordered domains look not large, implying

the lamellar phase is still more or less disordered. When the amount of metal salt is further increased,
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Zn*"/V30H 23V (1:6) exhibit the typical morphology of lamellar phase (Fig. 7d). The phase
morphology changing from cylinder to lamella shall be attributed to the incorporation of zinc salt. As
Zn(ClOy4), complexed with the nitrogen in pyridine ring, the ions strongly affect the conformation of
P4VP chains and lead to the significant increase in excluded volume rather than the simple swelling by
the intrinsic volume of the zinc salt. The strong association of the metal-ligand complex profoundly

creates extra volume in the P4VP microdomains so as to cause the phase morphology transformation

41,59

and domain spacing expansion.

(©) | (@
Fig. 7 TEM images of Zn*"/V3H 23 V30 (x:y). The ratios of x:y are (a) 1:18, (b) 1:15, (c) 1:12, and (d)

1:6. To enhance contrast between the soft and hard phase, the samples were stained with RuO,4 vapor.
The metal-ligand complexation of P4VP and Zn(ClOy); influenced the thermal and mechanical
properties greatly. Fig. 8 shows the tensile property of the Zn*"/V3oH 23 V3o (x:y) samples. The ultimate
tensile strengths of all the complexed samples prepared are around 5 MPa, similar to that of the pure
V30H123V30. As the amount of zinc salt increased, the elongation at break decreased dramatically. For
Zn2+/V30H123V30 (1:12) and Zn2+/V30H123V30 (1:6), which can form lamellar phases, it is obvious that the

modulus is much larger than that of pure triblock. Fig. 9 describes the DMA results of Zn2+/V30H123V30
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(x:y). As Zn>" in fact can act as a cross-linking agent within the P4VP domain, the hard phase of the
triblock is enhanced, resulting in the raising of G’ of the rubbery plateau. At 50 °C, the value of G’
increases from 5.3 MPa for the pure V3oH;23V30 to 13.0 MPa for Zn>' /v 30H123V30 (1:6). The most
important enhancement is the extended rubbery plateau. For the pure triblock, the end of the rubbery
plateau, where the G’ starts to decrease, is about 100 °C. However, for the blend samples with x:y of
1:18, 1:12, and 1:6, the decrease of G’ takes place at 130, 150, and 220 °C, respectively, indicating a

greatly enhanced thermal stability.
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Fig. 8 Stress-strain curves of Zn*"/V3oH 23V3 (x:y). The ratios of x:y are (a) 0, (b) 1:18, (c) 1:12, and

() 1:6.
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Fig. 9 DMA results of Zn?"/VHV (x:y). The ratios of x:y are (a) 0, (b) 1:18, (c) 1:12, and (d) 1:6.(solid
dot: storage modulus G’, open dot: loss modulus G”). T, and Ty are Tys of PHCS block and hard phase,
respectively.

As shown in Fig. 9, the T, of PHCS, which corresponds to the first drop of G’, is little affected by
adding the zinc salt. Therefore, the widening of the rubbery plateau of Zn2+/V30H123V30 (x:y) is mainly
caused by the substantially increased 7, of the hard phase. The mobility of P4VP block becomes
restricted after complexed with Zn>". According to G” shown in Fig. 9, the T, , of hard phase of
Zn2+/V30H123V30 (1:18) is found to be 168 °C, 52 °C higher than that of pure V3H;23V3. For x:y = 1:6,
the T, of hard phase even reaches 247 °C. However, with such a high T, Zn** /v 30H123V30 (1:6) becomes
brittle and its elongation at break is of ~40%. Therefore, to obtain the overall good performance of the
triblock we synthesized, the amount of zinc salt added should be carefully chosen. For example,
according to the data shown in Fig. 8 and Fig. 9, Zn>'/V 30H123V30 (1:18) exhibits the thermal stability
better than the pure V3oH 23V30. On the other hand, when the cylinder phase is remained, the sample has

the tensile properties decreased not too much, compared with those containing more zinc salt with the

phase morphology changed to lamellae. In general, blending salt with the P4AVP-b6-PHCS-b-P4VP can be
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considered as a facial way to strengthen the hard phase of PAVP, which can give a much better thermal

stability of the materials.

Conclusion

In summary, linear ABA triblock copolymers containing inner soft PHCS block and outer hard
P4VP block with different MWs and compositions have been synthesized by ATRP with the aid of
halogen exchange. Microphase separated morphology of cylindrical or spherical P4VP domains
arranged in the PHCS matrix are observed when fpavp is less than 20%, and the triblock can be used as a
stable thermoplastic elastomer. Balancing the parameters such as MW and volume fraction of P4VP can
tune the morphology and thermomechanical properties of P4VP-b-PHCS-b-P4VP. Incorporation of
Zn(ClOy), to the triblock copolymer induces a significant change of phase morphology as well as
expansion of domain spacing. The hybrids of triblock and zinc salt show greatly improved thermal
stability, the modules much higher than the pure triblock copolymer, along with a sacrifice of elongation
at break. To find a balance, the complex with only a little amount of metal salt should be a good
candidate, as it has both good elastic property and thermal stability. In the present work, probably due to
the MW of inner segment is not high enough, the LC properties of PHCS with an “isotropic re-entry”
feature did not observed. Nevertheless, it is still intriguing to explore how the orientation of inner soft
phase and LC phase formation impact on the phase morphology and mechanical properties of the PHCS

containing triblock copolymers. The research on this line is ongoing in our laboratory.
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An ABA triblock containing a central soft block of poly|[2,5-di(7-
hexogycarbonyl)styrene]and outer hard block of poly(4-vinylpyridine): synthesis,

phase behavior and mechanical enhancement

Xin Liu,” Rui-Ying Zhao,” Ti-Peng Zhao,* Chen-Yang Liu,* Shuang Yang"" and Er-Qiang Chen”"
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A new ABA triblock copolymer (P4VP-PHCS-P4VP) with strong microphase separation was successfully synthesized

and showed phase transformation and mechanical enhancement by blending with metal salt.
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