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Polymer Chemistry

Abstract

Physically mixing two dissimilar polymers often results in a macroscopically segregated blend
with poor optical clarity and mechanical properties. Previously, we demonstrated that chain end
functionalization of immiscible polymer blends with oppositely paired acid and base groups leads
to an ionic supramolecular block copolymer with electrostatically stabilized microdomains that
suppress macroscopic phase separation. In this work, a functionalized polydimethylsiloxane with
a photochromic diarylethene (DAE) end-group (PDMS-w-DAE) is blended with a sulfonic acid
end-functionalized polystyrene (PS-w-SO3H), forming an ionic supramolecular block copolymer
with tunable morphology by light. When the DAE is irradiated with UV light, it triggers an
isomerization from the ring-opened (DAE-O) to the ring-closed (DAE—C) form. The light-induced
conformational change in the chain-end group chemistry substantially alters the ionic junctions,
leading to a phase structure difference in the solid-state from hexagonally packed cylinders (HEX)
to lamellae (LAM). After UV radiation, the more localized positive charge on DAE—-C led to
stronger ionic bonds between the two dissimilar blocks, while the repulsion between adjacent
DAE-C groups increased. The stronger electrostatic repulsion along the interface resulted in
increased interfacial area per polymer chain and thus induced such phase transition. The light-
induced phase transition of this system demonstrates that the ionic interactions can be tuned on-

demand to create different morphologies from a single polymer blend.
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Introduction

Physically mixing A and B homopolymers typically results in an incompatible blend that
macroscopically phase separates due to the small entropy of mixing that scales with 1/N, where N
is the degree of polymerization.!-3 Linking A and B chains end-to-end with covalent bonds forms
block copolymers and prevents macrophase separation. Strongly segregated diblock copolymers
may self-assemble into nanostructures where the covalent junctions reside along the A/B
microdomain interfaces, and the morphology is determined by the architecture of the copolymer
and the volume fraction of each block.*¢ Contrary to conventional block copolymers,
supramolecular copolymers form in situ upon blending the two homopolymer “building blocks”.”8
This approach allows for easy modification of the chain architecture and molecular weight by
tuning the identity and blending ratio of the building blocks while bypassing the synthetic

challenges in conventional copolymers.

Ionic interactions between positive and negative charges that are tethered on the A and B
homopolymer chain ends offer promising potential in constructing copolymers that can self-
assemble into nanostructures due to the tunable bond energy and hetero-complementarity (only
cation/anion binding is possible). Previous experimental and theoretical work,’?? including ours,?!
have demonstrated that blending chain-end functionalized A and B polymers with opposite charges
leads to block copolymers that self-assemble into lamellar,'* double gyroid,"> and cylindrical
morphologies.!” Moreover, the dynamic nature of the ionic bond offers a convenient tool to
manipulate the ionic supramolecular copolymer self-assembly, as it is dictated by the competition
between the effective Coulomb attraction () and segregation strength of the blend (yN).'® Strongly
bonded blends (high /4/yN) resemble conventional block copolymers. Increasing temperature or
adding ionic species can disrupt the ionic interactions (decrease in /), resulting in weakly bonded

blends (low A/yN) where swollen microphases and a potential phase transition were observed.!%2!

Strategies that involve chemical modification to the end group chemistry of each building
block have been used to adjust the thermodynamics of mixing, leading to richer phase behavior
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compared to conventional block copolymers. For example, Luo and coworkers found that when
the neutral junction of a polydimethylsiloxane-block-poly(ethylene oxide) (PDMS-b-PEO) or
polydimethylsiloxane-block-poly(methyl methacrylate) (PDMS-b-PMMA) diblock copolymer is
replaced with a 1,2,3-triazolium ionic junction, the segregation strength increases, leading to an
increase in the order-disorder transition temperature.?> Park and coworkers demonstrated that
block copolymer assembly is sensitive to the end group and junction chemistry, and by judicious
control of the secondary interactions between the functional groups, phase transition can be
induced. Notably, this approach enabled access to the rare A15 phase and the recently discovered
Im3m structure (plumber's nightmare), which does not exist for any unfunctionalized block

copolymers due to the large packing frustration.?3-26

These approaches enable access to a rich range of morphologies, but controlling
microstructures with an external stimulus in supramolecular polymers has not been extensively
explored until recently, Yue et al. reported a far-from-equilibrium self-assembly system where a
diblock copolymer is blended with a photoexcitation-induced aggregation molecule that
selectively attaches to one of the blocks via supramolecular interactions. Upon UV radiation
followed by solvent annealing, the conformational change of the aggregation molecule leads to a
shift in the phase-volume, resulting in continuous morphology change from lamellae to gyroids,

cylinders, and finally to spheres.?’

Here, we propose a facile methodology to construct microstructured binary polymer blends
(without any small molecule additives or a covalent diblock copolymer) where dissimilar
homopolymer chains are linked by ionic bonds. Controlling the dynamic nature of the ionic
junctions with light enables a photoexcitation-induced phase transition. Such a swift and non-
invasive approach for tuning the phase behavior of simple polymer blends has the potential to
apply to many polymeric systems where microstructures can be tuned on demand. We achieve this
by introducing a photochromic diarylethene end-group (DAE) to polydimethylsiloxane (PDMS).
The functionalized polymer (PDMS-w-DAE, M, = 7.3 kDa, D = 1.10) acts as a “photobase” that
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can react with a sulfonic acid end-functionalized polystyrene (PS-w-SO;H, M, = 4.1 kDa, b =
1.14), resulting in a PDMS-b-PS like copolymer with an ionic junction that self-assembles into
hexagonally packed cylinders. Irradiation of the blend with UV light triggers isomerization from
the ring-opened (DAE—-O) to the ring-closed (DAE—C) form that disrupts the aromaticity of the
imidazolium ring (4n + 2 & electrons).?8-3" The more localized positive charge on DAE-C leads to
stronger ionic bonds at the block junctions, inducing a phase transition from hexagonal (HEX) to
lamellae (LAM). This example of a bulk microphase order-order transition in polymer blends,
induced by light stimuli, exemplifies a novel and versatile approach for constructing adjustable

polymer morphologies, obviating the need for synthesizing new copolymers.
Results and Discussion

PDMS-w-DAE was synthesized from the vinyl-terminated PDMS (M, = 6.7 kDa, P = 1.09),
as shown in Fig. 1. In the first step, PDMS was functionalized with 3-mercaptopropanyl-/N-
hydroxysuccinimide ester through thiol-ene click reaction, followed by coupling with diarylethene
molecule bearing primary amine group (DAE-NH,). The synthesis of the DAE-NH, was modified
from previous works and obtained in five steps.3!*? Detailed synthetic procedures are provided in
Supplementary Information (SI). To form an ionic copolymer with an SO;/DAE-H" junction point,
desired amounts of PDMS-w-DAE (10 wt% in THF) and PS-w-SOs;H (10 wt% in THF) were

mixed at a 1:1 molar ratio between DAE and SO;H end groups for two hours at room temperature.

PS-w-SO;H

M, = 4.1 kg/mol

Sd\ /l\ C4Hg m SO;H s. _Ph
N Oﬁj Ph \S, \
A 00 \ BN (e

/\

NH

—_— D
N ')/ 10 wit% THF
PDMS-w-vinyl PDMS-w-DAE i, 2h

N
M, = 6.7 kg/mol A M, = 7.3 kg/mol
Ph

PS-w-50,/PDMS-w-DAE-H*

Fig. 1. Synthesis of PS-w-SO;/PDMS-w-DAE-H" ionic block copolymer. Reagents and
conditions: (i) 3-mercaptopropanyl-N-hydroxysuccinimide ester, 2,2-dimethoxy-2-
phenylacetophenone (cat.), 365 nm, THF, rt, N,, 5 h ii) DAE-NH,, triethylamine, DCM, rt, 36
h.
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The described blending process facilitated a proton transfer from the acid to the base group,
forming the PS-w-SO;/PDMS-w-DAE-H" ionic block copolymer. The formation of DAE-H* is
confirmed by 'H NMR spectroscopy (Fig. S7).

The PS-w-SO;/PDMS-w-DAE-H" ionic copolymer was characterized by UV-Vis
spectroscopy to monitor the photoswitching properties of the ionic blend. Upon irradiation with
UV light, the solution quickly turned dark blue due to the isomerization of DAE-O-H" to the
DAE-C-H" form (Fig. 2a). The absorption peaks around 380 nm and 660 nm are characteristic of
the ring-closed form (Fig. 2b).283° The isomerization kinetics was studied by time-dependent UV-
Vis spectroscopy, as demonstrated in Fig. 2c. The maximum absorption at 660 nm was achieved
after 5 min radiation using 300 nm low-intensity light, and the intensity decayed slowly in a dark

environment due to thermal recovery of the DAE molecule (=10 h).
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Fig. 2. (a) Photochromism of PS-w-SO;/PDMS-w-DAE-H* blend in 0.025 mM THF
solution. (b) Time-dependent UV-Vis spectroscopy of PS-w-SO;7/ PDMS-w-DAE-H* blend
in THF solution. Kinetic traces of blend during initial exposure to 300 nm light (=1.32
mW/cm?) for 5 min, followed by subsequent thermal recovery in the dark (=10 hours).
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Next, the blend solutions (10 wt% in THF), before and after irradiation, were cast on PTFE
films (McMaster-Carr) and allowed to dry in a dark environment for two hours. Note that most
THF was evaporated and the PS domain was vitrified within 20 minutes, freezing the morphology.
The samples were then transferred to a high vacuum oven equipped with a turbo pump (~10-8 torr)
and dried for 12 hours at room temperature, followed by another 12 hours at 60 °C. The samples
were slowly cooled to room temperature and stored in an argon-filled glovebox before solid-state

characterization.

The solid-state blends were analyzed by small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM) techniques to access the associated microstructure before and after

irradiation. Due to the incompatibility between the PS and PDMS blocks (Flory-Huggins
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Fig. 3. The PS-»-SO;7/PDMS-w-DAE-H™O blend melt (a) self-assembles into HEX
microstructure while the UV-radiated blend PS-w-SO;7/PDMS-w-DAE-H™—C (b) segregates
into LAM microstructure.
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parameter y = 0.095 at 25 °C and yN = 18, with a reference volume V.= 0.1 nm?),3 after drying,
the solid-state copolymer segregated into microstructures. Transmission electron microscopy
revealed a vertical cylindrical morphology of the pristine blend (the darker areas correspond to
PDMS-rich domains), and the corresponding small-angle X-ray scattering profile demonstrated
identifiable Bragg reflections for HEX, with relative peak positions at g/¢* = V3, V4 (Fig. 3a).
However, higher-order peaks are broad, possibly due to the non-ideal ordering of the cylinders.
After UV treatment and casting on a PTFE film, the blend self-assembled into a LAM morphology,
and typical Bragg peaks at ¢/q" = 2, 3, 4 were observed in the SAXS profile (Fig. 3b). Note that
the 24" peak intensity is lower than the 3¢" peak, which is unusual in conventional compositionally
asymmetric diblock copolymers but similar to the SAXS patterns of lyotropic lamellar phases in
hydrated diblock copolymers** and diblock copolymer/ionic liquid mixtures.?> In fact, the near
absence of the 24" peak suggests that the ionic junctions (SO;/DAE-H") may form a thin layer
with a higher electron density compared to the PS and PDMS blocks, offering X-ray contrasts with
respect to the two domains. Such thin layer results in a three-layer lamellar structure (LAM-3)

similar to what has been reported in ABC terpolymers.36-37

Table 1. Characteristics of PS-b-PDMS Copolymer and PS-w-SO; /PDMS-w-DAE-H" Blend

M, of ionic
M, of PS M, of PDMS
Component junction N yN* st

(kg/mol) (kg/mol)
(kg/mol)
PS-6-PDMS 3.9 6.7 - 178 169 0.35

PS-w-SO57/
PDMS-w-DAE-H*

4.1 6.9 0.4 191 18.1 0.34

aTotal volumetric degree of polymerization based on a reference volume Ver = 0.1 nm?3,
bCalculated at 25 °C where y = 0.095 (Vier = 0.1 nm?) [ref.33]; °Calculated assuming the
density of PS and PDMS is 1.04 and 0.965 g/cm?, respectively.

The HEX to LAM phase transition is intriguing since there is no change in block composition
(fps = 0.34 for both cases), and the change in y/N can be neglected. Thus, we speculate that the

order-order transition is related to the change in the ionic junction, which we attribute to the bulky
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SO;/DAE-H" functional group that takes up ca. 4 vol% of the supramolecular diblock copolymer.
For direct comparison, we synthesized a PS-b-PDMS copolymer (Fig. S8) by clicking a thiol-
terminated PS (PS-w-SH, M, = 3.9 kDa) onto a vinyl-terminated PDMS (PDMS-w-vinyl, M, =
6.7 kDa). The total molar mass is slightly lower than the ionic blend, but the volume fraction of
the PS block is comparable between the two cases (Table 1). The conventional copolymer
demonstrates a LAM morphology (Fig. S13) with a domain size D = 2x/¢" = 16.7 nm. When the
covalent bond between PS and PDMS (in this case, the -S- bond) is replaced by the bulky
SO5;/DAE-H" groups, the interface becomes more crowded, resulting in a cylindrical morphology
and a curve toward the PS domain (Fig. 4). The interfacial areas per copolymer chain (Zp,,) can
be calculated by assuming the densities of the copolymer and ionic blend are the same and all
chains pack into perfectly ordered LAM and HEX lattices. Using the lattice parameters determined
by SAXS, the interfacial areas per copolymer chain (Z;.i,) can be calculated (Figs. S14-S15). The

Ychain Of the cylindrical ionic blend (1.76 nm?%/chain) is 17% lower than that of the conventional

DAE- H+-o DAE- H*—C
BCP &Y A3 fﬁ 5:{
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23.4 nm

17.5 nm

L
@m\.
(UL

.
g g g “‘
[ b ’

/

v

Fig. 4. The stronger cation/cation and anion/anion repulsion on the PS-w-SO5;/PDMS-w-
DAE-H"—C blend result in increased interfacial area per chain that leads to a phase transition
from (a) a HEX phase (non-UV treated) to (b) a LAM phase (after UV treatment).
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lamellar copolymer (2.11 nm?/chain). After isomerization, the electrostatic attraction between
SO5;/DAE-H™—C increases, while the repulsion between two adjacent DAE-H*—C groups also
increases, leading to a HEX to LAM transition accompanied by a recovery in X ., to 2.11

nm?/chain, close to the value of conventional PS-6-PDMS copolymer.

Unlike covalent junctions in conventional block copolymers, the phase behaviors of ionic
blend junctions are governed by the strength of the ionic bonds, which is temperature-dependent.'®
Similar to hydrogen bonds, the effective ionic bond energy between the acid and base groups
decreases as temperature increases, revealed by an upfield shift of the imidazole proton in 'H
NMR.2!138 Such acid/base interactions are not permanent and sometimes are referred to as ionic
hydrogen bonds.?® At elevated temperatures, reverse proton transfer may occur, producing the two
charge-neutral homopolymers (acid and base forms).!® These neutral species will detach from the
block copolymer interfaces and substantially change the microstructure of the blend, resulting in
macroscopic phase separation. As shown in Fig. 5a, heating the conventional PS-b-PDMS
copolymer resulted in a slight increase in the domain size (D = 2z/q") from 16.7 to 18.4 nm, from
25 to 140 °C. Note that y is not strongly temperature dependent for PS-5-PDMS, and the increase
in D can be ascribed to thermal expansion. In comparison, for a non-photoswitchable blend, PS-
@-SO;7/PDMS-w-imidazolium, where the PDMS was end-functionalized with an imidazole group,
D substantially increased before diverging at around 100 °C, resulting in macroscopic phase
separation. As discussed in our previous work, the increase in D is due to the reduced bond energy

(h) and acid/base bond breaking.?!

10
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Fig. 5. (a) Self-assembled ionic PS/PDMS blends and PS-b-PDMS diblock copolymer
microstructure domain sizes (D) as a function of temperature. (b) Photoswitchable PS-w-
SO;7/PDMS-w-DAE-H—(O and C) and PS-w-SO5;/PDMS-w-Im-H" blends domain sizes are
normalized by that of the PS-b-PDMS (D/Dy). Accounting for the slight difference in
molecular weight of the PS-b-PDMS diblock, D, has been adjusted to that of the same
molecular weight of the photoswitchable blends.

To quantify the influence of temperature on the stability of the ionic junctions, we normalize
the domain size of the blends (D) by that of the conventional block copolymer (D) (Fig. 5b). Note
that D, has been adjusted to account for the difference in molecular weights between the PS-b-
PDMS diblock and the photoswitchable blends, assuming D~N?3. The DAE group can be regarded
as a functionalized imidazole group, and the PS-w-SO3;/PDMS-w-DAE-H* blend demonstrates
better thermal stability than the corresponding PS-w-SO;/PDMS-w-imidazolium blend. We
attribute this to the additional sterics of the DAE-H* group compared to non-substituted
imidazolium molecule. Recently, Cori¢ and coworkers emphasized that improving the
directionality of ionic bonds can influence their strength, which is associated with more linear
geometry and shorter distances.*® We speculate that the additional bulkiness of DAE groups
associated with phenyl-substituted thiophenes rings improves the directionality of ionic bonds and,
as a result, their bond strength and thermal stability. At 140 °C, the reduced domain size D/D, of
the photoswitchable blend increases by less than 25%, while the non-photoswitchable blend is

already macroscopically phase separated. Besides temperature, the domain size of the PS-w-

SO;/PDMS-w-DAE-H" blend can also be adjusted by light. Previously, our group confirmed that

11
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this change in electron density in photoresponsive polymeric ionic liquids leads to a stronger
association of counter anions in the closed form, which was demonstrated by the modulation of
conductivity.3*! After UV radiation, the blend's domain size is systematically smaller than that of
the non-treated blend. This temperature/light dual tunability may be leveraged to construct
microphases with a wide characteristic dimension range, bypassing synthesizing block copolymers

with various molar masses.
Conclusion

In this study, we reported a facile strategy to construct a supramolecular diblock copolymer by
reacting a PS homopolymer end-functionalized with a sulfonic acid group and a PDMS
homopolymer end-functionalized with a photoresponsive diarylethene (DAE) group. After proton
transfer from the SO;H to the DAE group, the two dissimilar homopolymers are joined by the
SO;/DAE-H* ion pair and self-assemble into a cylindrical microstructure. Such ionic
supramolecular system has substantial dynamic features: (1) the ionic bond strength and, thus, the
interfacial strength are subject to the end group/junction chemistry, which can be readily controlled
by UV light irradiation; (2) the ionic attraction competes with the repulsion due to the inherent
incompatibility of the two homopolymers to reach a dynamic phase equilibrium that is sensitive
to temperature. Thus, the system has dual tunability by light and heat. First, after UV radiation, a
cylinder-to-lamellae phase transition was observed due to the change in the interfacial area. Second,
upon heating, the microstructure domains are swollen due to the dissociation of the ionic block
copolymer and the release of the homopolymers from the interfaces. Leveraging controllable end-
group photochemistry, we anticipate that such methodology can be applied to construct

microstructured functional polymeric materials with a wide tunability window.

Supporting Information
The Supporting Information is available free of charge at:

Synthetic procedures, NMR spectra, SEC, additional SAXS profiles. (PDF)
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