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ABSTRACT: By incorporating a photoactive moiety into a block polymer, the
phase behavior can be controlled with light. Previous studies have looked at
situating azobenzene, a common photoresponsive molecule, along the backbone of
the polymer as a pendant group, and even as part of the solvent rather than along a
comonomer. Here, we study the effect of the positioning of pendant azobenzene
groups along the polymer backbone on the lower critical disorder—order transition
10 of poly(methyl methacrylate)-block-poly(benzyl methacrylate) (PMMA-b-PBnMA,
11 or MB) in the ionic liquid 1,3-dimethyl imidazolium bis(trifluoromethylsulfonyl)- Photo-
12 imide. Using small-angle X-ray scattering and ultraviolet (UV)-irradiated small-
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13 amplitude oscillatory shear rheology, the placement of azobenzene statistically

14 along the benzyl methacrylate backbone (MBsA) is compared to locating it as a midblock between the PMMA and the PBnMA
15 (MAB) or as an end block after the PBnMA (MBA). Two concentrations of polymer in the ionic solvent were studied, 35 and SO wt
16 %. At 35 wt %, MBsA microphase-separated at 60 °C, MBA at 100 °C, and followed by MAB at 120 °C, a trend that was repeated at
17 50 wt %. MBsA was the only polymer to order onto a lattice at 35 wt %, forming hexagonally close-packed spheres. Both MBsA and
18 MBA formed hexagonally packed cylinders at 50 wt %. MBsA consistently ordered onto a lattice over the temperature range of
19 interest, while MBA only did so at 50 wt %, and MAB remained disordered at both concentrations. MBsA was also the only sample
20 of the three to successfully transition reversibly between order and disorder with light. Therefore, adjusting the location of the
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23 l INTRODUCTION

24 Photoresponsive polymers have been studied for some
25 time.' ™ Light offers the possibility for both spatial and
26 temporal control of the associated stimulus response. A
27 common photoactive moiety to incorporate into a polymeric
28 system is azobenzene.” '? It is popular due to its facile trans-
29 to-cis isomerization under ultraviolet (UV) irradiation, which is
30 readily reversible under visible light (Supporting Information,
31 Scheme S1)."* Additionally, the wavelength and lifetime of
32 excitation/relaxation can be tuned by modifying the phenyl
33 rings with a variety of substituents.'" Azobenzene has been
34 incorporated into polymer solutions as part of the backbone, as
35 pendant groups, and even as part of the solvent.> Polymers
36 with azobenzene in the backbone have been used to study azo
37 bond behavior using infrared (IR) and UV/visible (UV/vis)
38 absorption,'°™"® and have been used to induce shape changes
39 in supramolecular nanofibers.'” Azobenzene has also been
40 attached to polymers as a pendant group, often via a
41 methacrylate monomer that is then copolymerized and used
42 to induce phase changes in solution.'"”°~** Recently, Wang
43 and co-workers have explored moving the photoactive moiety
44 to the solvent rather than the polymer. They created an ionic
45 liquid with an azobenzene-containing cation, 1-butyl-3-(4-
46 phenylazobenzyl)imidazolium bis(trifluoromethylsulfonyl)-
47 imide, and used it to control the phase separation of
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azobenzene units within the thermo- and photoresponsive polymer solution significantly changes the overall behavior of the
solutions and the ability to control that behavior with light and temperature.

homopolymers in solution.”>~** They have used this technique 4s
on both poly(2-phenylethyl methacrylate) and poly(benzyl 49
methacrylate) (PBnMA).'" They were also able to induce so
microphase separation with light in triblock copolymers of si
poly(2-phenylethyl methacrylate)-b-poly(methyl methacry- sz
late)-b-poly(2-phenylethyl methacrylate).”® Most of the s3
changes investigated with the above materials involved s4
micellization or order—disorder transitions controlled by ss
light, without a particular focus on the ordered states formed. s6
This leaves open the question of how the positioning of the s7
photoactive monomer within the polymer influences the ss
order—disorder transition temperature (Topyr) and the ordered s9
states formed. 60

Previous work from our group used the pendant group 61
method of azobenzene incorporation, where a statistical 62
copolymer of benzyl methacrylate (BnMA) and 4-phenyl- 63
azophenyl methacrylate (AzoMA) was used as a photo- and 64
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Figure 1. Structures of all three polymers investigated. MBsA has AzoMA statistically polymerized through the PBnMA block; MBA has a short
AzoMA block at the end of the polymer; MAB has the AzoMA block in the middle of the polymer.

65 thermoresponsive block coupled with a poly(methyl meth-
66 acrylate) (PMMA) block in a variety of ionic liquids.”"~** A
67 recent publication examined the effect of changing the block
68 ratios between the PMMA and the responsive block, changing
69 the AZoMA concentration, and changing the solvent selectivity
70 by increasing the alkyl chain length in 1- alkyl 3-methyl
71 imidazolium bis(trifluoromethylsulfonyl)imide.”® The result
72 of the block ratio modulation, between a symmetric polymer
73 and a majority responsive block polymer, was a change in
74 ordered state formed. The results of increasing AzoMA
7s concentration from S to 12 mol % were to decrease the
76 solubility of the polymer in the dark and to widen the
77 temperature window over which photoresponse was possible.
78 The solvent selectivity was found to be the best way to tune
79 Topr across all of the samples.

80 To further explore the influence of azobenzene on the
81 solution self-assembly, in this work, the effect of the location of
82 the azobenzene along the polymer backbone on the lower
83 critical ordering transition behavior in 1,3-dimethyl imidazo-
84 lium bis(trifluoromethylsulfonyl) imide ([C;mim][TFSI]) was
85 investigated. Three options for AzoMA placement were
86 explored: statistical (PMMA-b-P(BnMA-stat-AzoMA),
87 MBsA), as an end-block (PMMA-b-PBnMA-b-PAzoMA,
8s MBA), and as a midblock (PMMA-b-PAzoMA-b-PBnMA,
89 MAB), as illustrated in Figure 1. Locating the azobenzene at
90 the end of the backbone in MBA is expected to drive ordering
91 from the end group. The trans-to-cis isomerization would result
92 in a more drastic solubility change in the micelle core,
93 impacting the photoactive behavior. PMMA-b-PAzoMA-b-
94 PBnMA (MAB) would have an insoluble midblock, which
9s could either draw chains together causing significant chain
96 rearrangement upon the microphase separation of PBnMA, or
97 could remain relatively soluble and shielded by the PMMA and
98 PBnMA blocks in solution. In this study, all samples contain 5
99 mol % AzoMA and have an overall molar mass of ca. 20 kg/
100 mol.

100 [l EXPERIMENTAL SECTION

102 Materials. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-
103 pentanoic acid, 4,4'-azobis(4-cyanovaleric acid), tris(2-carboxyethyl)
104 phosphate hydrochloride, n-propylamine, and methyl acrylate were
105 used as purchased from Sigma-Aldrich. 4-Phenylazophenyl meth-
106 acrylate (AzoMA, A) was synthesized from methacryloyl chloride and
107 4-phenylazophenol, as previously described.”” Methyl methacrylate
108 (MMA, M) and benzyl methacrylate (BnMA, B) were purchased from
109 Sigma-Aldrich and inhibitors were removed by passing through a
110 neutral alumina column. [C;mim][TFSI] was purchased from
111 IoLiTec and subsequently purified via liquid—liquid extraction from
112 water into dichloromethane (DCM) and then by stirring charcoal in

the DCM solution, which was removed by filtration. The DCM was
removed by rotary evaporation and the ionic liquid dried in a vacuum
oven at 100 °C for 3 days. Ionic liquid purity was confirmed by visual
inspection for a clear and colorless liquid, and by 'H and "’F NMR
spectroscopy (Figure S2).

Polymer Synthesis. The polymers were synthesized via reversible
addition-fragmentation chain transfer polymerization (RAFT). For all
three block polymers, the same poly(methyl methacrylate) (PMMA)
block was utilized. Three different chain extensions were performed to
afford MBsA, MBA, and MAB. Reaction schemes can be found in the
Supporting Information.

PMMA Block Synthesis (PMMA-CTA). A round-bottom flask (250
mL) was charged with purified methyl methacrylate (17.5 g, 174
mmol), 4,4’-azobis(4-cyanovaleric acid) (0.05 g 0.19 mmol), 4-
cyano-4-[ (dodecylsulfanylthiocarbonyl)sulfanyl ]pentanoic acid (0.78
g, 1.9 mmol), and 1,4-dioxane (42 mL). The system was degassed
under argon for 25 min. The polymerization was run at 80 °C for 12
h, with the round-bottom flask placed in a preheated oil bath as the
starting time, and then quenched by opening to air and placing on ice.
The polymer was precipitated twice into cold methanol from DCM.
The resulting polymer was dried overnight at 100 °C in a vacuum
oven. The PMMA-CTA macroinitiator was characterized by size
exclusion chromatography (SEC) and 'H NMR spectroscopy
(Figures S3 and S4), giving M, = 9 kg/mol and D = 1.06.

Synthesis of Poly(methyl methacrylate)-b-poly(benzyl metha-
crylate-stat-4-phenylazophenyl methacrylate) (MBsA). Purified
PMMA-CTA (2 g 0.21 mmol), purified benzyl methacrylate (3 g
17 mmol), 4-phenylazophenyl methacrylate (0.24 g, 0.90 mmol), 4,4'-
azobis(4-cyanovaleric acid) (0.006 g, 0.02 mmol), and 1,4-dioxane (9
mL) were stirred together in a septum-sealed pear-shaped flask (100
mL) and degassed with argon for 20 min. This pre-stirring was
intended to mix the monomers thoroughly to achieve statistical
incorporation of 4-phenylazophenyl methacrylate throughout the
second block. The reaction was placed in an oil bath preheated to 75
°C and allowed to run for 18 h and then quenched by opening to air
and placing on ice. The polymer was precipitated twice into cold
methanol from DCM, and the resultant polymer was dried at 100 °C
in the vacuum oven overnight. MBsA-CTA was characterized by size
exclusion chromatography (SEC) and 'H NMR spectroscopy
(Figures S5 and S6), giving M,, = 22 kg/mol and D = 1.0S.

The statistical nature of the resulting block was assessed by
calculating the average sequence length for each monomer based on
literature reactivity ratios and initial concentrations. For BsA, ra,o\a 18
1.7 and ra is 0.8.° An average sequence length of 16 was calculated
for BaMA and 1 for AzoMA at their initial concentrations of 1.9 and
0.1 M, respectively.”® Therefore, the AzoMA monomers should be
spaced out along the chain, and the resulting polymer can be assumed
to be statistical.

CTA Removal. CTA end groups of all three block copolymers were
removed by aminolysis followed by a Michael addition of methyl
acrylate, as previously described.”” In a representative reaction, MBsA-
CTA (4 g, 0.18 mmol) was dissolved in tetrahydrofuran (70 mL) and
stirred in a round-bottom flask (250 mL). Tris(carboxylethyl)-
phosphine hydrochloride (0.078 g, 0.27 mmol) was dissolved in
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167 deionized water (0.7 mL) and added to the reaction. The system was MAB was tracked by SEC; chromatograms can be found in Figure 225
168 degassed with argon for 20 min. N-propylamine (0.75 mL, 9 mmol) S1b. 226
169 was added and stirred at room temperature for 5 h. Methyl acrylate Materials Characterization. Proton nuclear magnetic resonance 227
170 (2.9 mL, 32 mmol) was subsequently added to the reaction and ("H NMR) spectra of the polymers, the ionic liquids, and the AzoMA 228
171 stirred overnight. Following quenching of the reaction, the THF was monomer were collected using a 400 MHz Bruker Avance III HD 229
172 removed by rotary evaporation. The polymer was dissolved into DCM spectrometer, with deuterated DCM, deuterated dimethyl sulfoxide, 230
173 and precipitated twice into cold hexanes. The resultant polymer was and deuterated chloroform as solvents, respectively. Molar mass 231
174 dried in a vacuum oven at 100 °C for 2 days. CTA removal was distributions for the polymers were obtained using SEC equipped 232
175 confirmed by "H NMR spectroscopy, specifically by the disappearance with refractive index (Wyatt Optilab rEX) and multiangle light 233
176 of peaks between 1 and 1.5 ppm characteristic of the CTA (Figure scattering detectors (Wyatt DAWN Helios II) with THF as the 234
177 S21). UV/vis spectroscopy was unable to be used due to interference eluent. The dn/dc of the polymers in THF was calculated using a 235
178 from the azobenzene chromophore. All polymers were characterized weighted average of the dn/dc values from M (0.086 mL/g), B (0.144 236
179 by '"H NMR spectroscopy and SEC, the results of which are listed in mL/g), and AzoMA (0.259 mL/g), where the weight percent 237
180 Table 1, and the spectra and chromatographic traces can be found in monomer in the polymer was calculated from the "H NMR spectra.”’ 238
181 the Supporting Information. All "H NMR spectra and SEC traces can be found in the Supporting 239

Information. 240

Sample Preparation. Samples were prepared by a THF cosolvent 241

Table 1. Pol Characteristi
able ofymer LAharacteristics method as previously described.”® The polymer (0.35 or 0.5 g) and 242

M,? M,* agona ionic liquid (0.65 or 0.5 g) were weighed into a 20 mL scintillation 243

sample (kg/mol) (kg/mol) P foswa’ (mol %) vial with a small stir bar. THF (10 mL) was added to the solution, 244

MBsA ) 2 1.03 05 5 which was stirred for at least 2 h. The solution was filtered through a 245

MBA 2 23 104 05 s PTEFE filter (13 mm, 0.45 pym). The THF was then removed by 246

MAB 20 21 104 0.5 5 nitrogen purge followed by the vials being placed in a vacuum oven at 247

; ) ) b ) . 100 °C overnight. Samples were stored in a desiccator under vacuum. 248
Molar mass determined via SEC-MALS. "Determined via 'H NMR Small-Angle X-ray Scattering. Small-angle X-ray scattering 249

spectroscopy. (SAXS) was performed at Sector S-ID-D of the Advanced Photon 250

Source at Argonne National Lab. The samples were loaded into 251
aluminum sample pans, then dried in a vacuum oven at 100 °C 252
overnight prior to loading into a glovebox, and sealed hermetically in 253

182 Synthesis of Poly(methyl methacrylate)-b-poly(benzyl metha-
183 crylate)-b-poly(4-phenylazophenyl methacrylate) (MBA). First, the )
184 MB-CTA was synthesized by chain extending the PMMA-CTA with an argon glov'ebox. Measuren}ents were taken upon heating from 30 254
185 BnMA to yield MB-CTA, followed by a subsequent extension with 4- to 175 °C with about 10 min annealing at each temperature. The 255

186 phenylazophenyl methacrylate to create MBA-CTA. Purified PMMA- sample-to-detector distance was fixed at 7.5 m, the beam energy was 256
- 17.5 keV (wavelength A = 0.7293 A), and SAXS data were collected 257

187 CTA (2 g 0.21 mmol), purified benzyl methacrylate (3 g, 17 mmol), b . 3 e i . di onal d

188 4,4"-azobis(4-cyanovaleric acid) (0.006 g 0.02 mmol), and 14- y a Rayonix area detector. The isotropic two-dimensional (2D) data 258

were reduced by azimuthal integration to give intensity as a function 259
of the scattering wave vector, g. SAXS measurements were taken in 260
the dark. 261

Small-Amplitude Oscillatory Shear Photorheology. Small- 262
amplitude oscillatory shear photorheology was performed on a TA 263

189 dioxane (9 mL) were combined in a 20 mL scintillation vial sealed
190 with a rubber septum. The system was degassed with argon for 20
191 min. The reaction was placed in an oil bath preheated to 75 °C and
192 stirred for 12 h, and then quenched by opening the vial to air and
193 placing on ice. The polymer was precipitated into cold methanol from . . "
194 DCM and dried in a vacuum oven at 100 °C overnight. MB-CTA was Instruments Discovery HR3 rheometer fitted with an electrically 264
195 characterized by SEC and '"H NMR spectroscopy (Figures S7 and heated upper plate (40 mm dia.) and a quartz lower plate (20 mm 263
196 S8), giving M, = 18 kg/mol and D = 1.1. The purified MB-CTA (2 g dia.). An in-depth description of this setup, including that of the UV 266
) n= =L ) . - . 20,22
197 0.1 mmol) was placed in a scintillation vial with 1,4-dioxane (5 mL) lowern plate attachment, wasl provided md ]Ere\"lou; Work. th ‘211 267
198 and stirred to dissolve the polymer. 4-phenylazophenyl methacrylate Orgmcure S1500 mercur}lf arc hanﬁilp was use 1L or 1;ra ation, Qnt . ?)bls 268
199 (0.24 g, 0.9 mmol) was added to the vial. 4,4’-azobis(4-cyanovaleric and 400—500 nm wave engt . ters to allow for UV an visible 269
200 acid) (0.003 g, 0.01 mmol) was dissolved in minimal 1,4-dioxane and wavelength penetration, respectively. Samples were measured with a 270
201 added to the vial, before sealing with a rubber septum and degassing gap of less ghan 300 pm. Temperature sweeps were 'perforr?ed fI‘Ofn i
202 under argon for 20 min. The reaction was run for 3 h at 75 °C (with 30 to 150 °C at a frequency of 1 rad/s an;‘l a strain of 1%. Strain 272
203 the round-bottom flask placed in a preheated oil bath), and quenched sweeps were performed .at 30 .and 1_50 C .to ensure that the 273
204 by opening to air and placing on ice. The polymer was precipitated measurements were taken in the linear viscoelastic regime. Frequency 274
205 into cold methanol from DCM and dried in a vacuum oven at 100 °C sweeps were also performed at various temperatures after the initial 275
206 overnight. MBA-CTA was characterized by SEC and 'H NMR temperature sweeps, with annealing at 100 °C for 30 min prior to 276
207 spectroscopy (Figures S9 and S10), giving M, = 22.7 kg/mol and P = measurements in the dark (no irradiation and a shield in place) and 277
208 1.07. The CTA was cleaved as described above, and the character- annealing at 30 °C unfler [.JV.radla.tlon for 30 min prior to 278
209 ization data are listed in Table 1. measurements under UV illumination with the same shield in place. 279

210 Synthesis of Poly(methyl methacrylate)-b-poly(4-phenylazo- For all cases, Topr is taken as the point where the storage modulus, 280

O

=

211 phenyl methacrylate)-b-(benzyl methacrylate) (MAB). A similar G, is equal to the loss modulus, G, or where tan() = G"/G' = 1; 231
212 procedure to the MBA synthesis was followed, where PMMA-CTA tan(8) > 1 indicates a disordered sample and tan(5) < 1 an ordered 282
state. 283

213 was first chain extended, in this case by adding the 4-phenylazophenyl
214 methacrylate (0.24 g 0.9 mmol, 3 h at 75 °C) and purified as
215 previously described. MA-CTA was characterized by SEC and 'H B RESULTS AND DISCUSSION 284
216 NMR spectroscopy (Figures S11 and S12), giving M, = 12.1 kg/mol Three block copolymers of differing architecture, but constant 2ss
217 and D = 1.1. The MA-CTA was then placed in a scintillation vial with composition, were synthesized: one incorporated the azoben- 286
218 benzyl methacrylate (1.14 g, 6.5 mmol), 4,4'-azobis(4-cyanovaleric zene statistically within the BaMA block (MBsA), one with the 287

219 acid) (0.002 g, 0.008 mmol), and 1,4-dioxane (4.5 mL); it was .
220 allowed to react for 19 h at 75 °C, and purified as described above. AzoMA as an end-block (MBA)’ and one with the AzoMA as a 283

221 MAB-CTA was characterized by SEC and 'H NMR spectroscopy midblock (MAB). All three block copolymers used the same 289

222 (Figures S13 and S14), giving M, = 20.9 kg/mol and P = 1.07. The PMMA macro-CTA and thus all have the same solvophilic 290

223 CTA was cleaved as described above, and the characterization data block. The AzoMA content was maintained at 5 mol% relative 291

224 are listed in Table 1. The progression of each reaction to the next for to BnMA, and the only difference in the polymerization was 292
C https://doi.org/10.1021/acs.macromol.2c02113
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Figure 2. SAXS patterns for all three polymers at 35 wt % in [Clmim][TFSI]. Patterns are shifted vertically for clarity. (a) MBsA shows an ODT
near 140 °C, to hexagonally close-packed spheres (HCP). (b) MBA shows peak sharpening at 175 °C but remains disordered. (c) MAB remains
disordered at all temperatures.
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Figure 3. SAOS temperature sweep plots for MBsA and MBA at 35 wt % in [C;mim][TFSI]. In each panel, black symbols indicate the samples in
the dark, while red symbols are under UV irradiation. (a) MBsA. (b) MBA, (c) MAB. Gap: <300 um, strain: 1%, frequency: 1 rad/s, temperature
ramp: 3 °C/min, UV intensity: 50 mW/ cm?.

293 the order of addition of AzoMA. The characteristics of the indices situated close together at low g (Figure S22a). The
294 synthesized polymers are listed in Table 1. unexpected prevalence of HCP, rather than the more typical
205 To analyze the influence of the azobenzene location on the BCC, in ionic liquid solutions with PBnMA-based block
296 polymer, the major considerations are Topr (SAXS, rheology), polymers, was noted previously.”> Microphase separation,
207 the ordered state formed (SAXS), and the difference in linear found upon heating in this lower critical ordering transition
208 viscoelastic behavior in the dark and under UV irradiation solution, is indicated by a broad disordered peak, in this case at
299 (photorheology). For SAXS, samples were analyzed over a 60 °C (Figure 2a, red-orange curve). By locating the
300 temperature range from 30—175 °C at the Advanced Photon photoactive monomer at the end of the chain in MBA (Figure
301 Source at Argonne National Lab. Microphase separation within 2b), the onset of microphase separation is observed at 80 °C,
302 a disordered state is characterized in SAXS by a broad peak, as indicated by the broad disordered peak (orange curve). This
303 while ordering is characterized by the primary scattering peak is approximately 20 °C higher than for MBsA; however, no
304 width narrowing and the appearance of subsequent Bragg ordering is observed over the temperature range studied. Based
305 peaks, which can be indexed to specific symmetries.”’ on the progression of peak narrowing observed from MBsA,
306 35 wt % Polymer in Solution. Initially, 35 wt % solutions the Topr in MBA could be expected at about 185 °C. The
307 of all three polymers in [C,;mim][TFSI] were compared using dispersion of A through the responsive block in MBsA causes
308 SAXS (Figure 2). As demonstrated previously, a spherical the LCOT of the polymer to be lower than that of the pure
309 particle phase is expected at 35 wt % for a symmetric MBsA in PBnMA polymer due to the presence of the insoluble
310 [C;mim][TFSI].*® Across the three samples, MBsA (Figure azobenzene. Therefore, its LCOT is lower than the perceived
311 1a) had the lowest Topyr at 130 °C. Above this temperature, LCOT of MBA due to the microphase separation of the
312 Bragg scattering peaks indexed to hexagonally close-packed triblock occurring in two steps: first the A block microphase

313

spheres (HCP), indicated by the (100), (020), and (101) separates, then B. The LCOT of MBA could be decreased by

D https://doi.org/10.1021/acs.macromol.2c02113
Macromolecules XXXX, XXX, XXX—XXX

314
31S
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02113/suppl_file/ma2c02113_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02113?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f3

Macromolecules pubs.acs.org/Macromolecules

10” 10% 10?
- (a) MBsA F(b) MBA F(c) MAB
10°F 50 wt% 10°f 50 wt% 10° 50 wt%
- 10°F
14
- 10 _\/\
L k 175 °C
12
2 7 o n 10°
[ g r § I
s s S s 10° \/\
s s L s L
2 B} I
@ @ I _ a 10 ——
c C — - c — r—
g g 5 8 -
£ £ £ 6
10 k 10 N
10° -\N\ 10° \\
— B o
0 S~ 10° \ 60 °C
— N 45 °C
10" F 10" F .
L - 25°C
10'2 1 1 1 1 10'2 1 1 1 1 102 1 1 1 1
002 004 006 008 0.0 002 004 006 008 010 002 004 006 008 010

g@®") q@®") a@®")

Figure 4. SAXS patterns for all three polymers at SO wt % in [C,mim][TFSI]. Patterns are shifted for clarity. (a) MBsA shows a disorder—order
transition at 120 °C to hexagonally packed cylinders (HEX). (b) MBA orders around the same temperature, 120 °C, to hexagonally packed

cylinders. (c) MAB remains disordered at all temperatures.

335 increasing the molar mass of the A block, as a critical point
336 would be reached where the A block drives the overall
337 microphase separation rather than the B block. For MAB,
338 where the photoactive monomer is between the M and B
339 blocks, the onset of microphase separation is not observed
340 until 120 °C (Figure 2, light green curve). Also, no ordering is
341 observed over the temperature range studied. As the principal
342 peak is still broad and quite weak at 175 °C, resembling that of
343 MBsA at 100 °C, it can be assumed that a further increase in
344 temperature by at least 40 °C would be required to reach the
345 Topr. The difference in Topr between two 60 kg/mol PMMA-
346 b-P(BnMA-s-AzoMA) polymers, one with no azobenzene and
347 one with 5 mol % AzoMA statistically copolymerized in the
348 PBnMA, at 35 wt % in [C,mim][TFSI] was 80 °C, a slightly
349 larger difference than that between MAB and MBsA here.”’
350 This suggests that the midblock AzoMA is partially shielded
351 from the solvent, and ordering will instead be driven by the
352 PBnMA block.

353 In rheology, the ODT is typically indicated by a crossover
354 between G’ and G” at low frequencies, or at least a sharp
3ss change in G'. The difference in mechanical behavior in the
356 dark and under UV irradiation is of interest, as these materials
357 are intended to be both thermo- and photoresponsive. A
3s8 significant difference in behavior, such as an increase in Topy
359 with UV, is therefore desired. Rheological measurements at 35
360 wt % confirmed the persistence of disorder over all
361 temperatures in the MBA and MAB samples (Figure 3b,c).
362 For MBsA, G’ and G” approach a common value of 3 Pa at 120
363 °C, but no crossover between G’ and G” (the rheological
364 indication of an ODT) is observed at 140 °C, the Topr from
365 SAXS (Figure 3a). As 140 °C is approaching the upper-
366 temperature limit of the rheometer, the crossover may not be
367 easily seen, as observed with s-MBsAs in [C,mim][TESI].*
368 Lowering the frequency of the temperature sweep to 0.1 rad/s
369 did not increase the signal due to ordering (Figure S23). There
370 is no significant change in behavior under UV irradiation (red
371 symbols) from in the dark (black symbols) for all three
372 samples. For both MAB and MBA, rheology reflects a

disordered, liquid-like state across the observable temperature 373
range. The UV irradiation also did not have an impact on the 374
rheological behavior of the 35 wt % solutions. As both MBA 375
and MAB are already disordered over the temperatures of 376
interest in both SAXS and rheology, this behavior was 377
expected. For MBsA, the lack of photoresponse was surprising. 378
However, the Topr approaching the temperature limit of the 379
instrument in the dark indicates that any change in UV would 3s0
occur at even higher temperatures, making such behavior 3s1
unobservable with this technique. As only one of the three 3s2
polymers ordered at 35 wt %, a higher concentration of 383
polymer was examined to be able to compare the ordering 384
behavior. 385

50 wt % Polymer in Solution. The concentration of 386
polymer in ionic liquid was increased to S0 wt % to assess 387
whether ordering behavior could be observed across all three 388
polymers. Assuming 100% exclusion of solvent from the core, 389
the core volume fraction can be estimated to be f,z5 > 0.22 for 390
all three polymers, which would typically coincide with the 391
formation of hexagonally packed cylinders (HEX).””*° Figure 392 4
4 shows SAXS patterns from 30 to 175 °C. Again, the MBsA 393 4
ordered first at 120 °C to HEX (Figure 4a), with the 394
appropriate indexing in Figure S22b. For MBA, the higher 395
concentration of AzoMA at 50 wt % was able to drive ordering 396
to HEX (Figure 4b, indexing in Figure S22c). Both the MBsA 397
and the MBA samples are already microphase-separated at 398
room temperature. The principal peaks, g*, are also located in 399
similar locations, about 0.034 A™', indicating that the domain 400
spacing is similar. The progression of the principal peaks was 401
compared in Figure S26. MAB continued to be disordered over 402
all temperatures, but microphase separation is observed at 60 403
°C (Figure 4c). As the AzoMA was at the center of the 404
polymer in MAB, ordering could be impeded by chain 4os
crowding and attendant difficulties with subsequent rearrange- 406
ment upon PBnMA microphase separation, leading to higher 407
barriers due to the additional A/B interface and restricted 408
diffusion of the particles. This results in MAB behaving more 409
like PMMA-b-PBnMA. Although all three polymers are at 410
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Figure S. SAOS temperature sweep plots at 50 wt % in [C;mim][FSI]. In each panel, black symbols indicate the samples in the dark, while red
symbols are under UV irradiation. (a) MBsA, ODT in the dark (black) is 90 °C, under UV (red) is above 150 °C. (b) SAOS time sweep plot for
MBsA in [C,mim][TFSI]. Temperature was kept constant at 130 °C and the wavelength of the light source was alternated between 365 nm (red
curves) and 400—500 nm (black curves) by changing a light filter. Tan(5) < 1 indicates order; tan(8) > 1 indicates disorder. Transitions are sharp,
indicating clean switching between order and disorder. (c) For MBA, no ODT is observed in rheology; however, upon UV irradiation, the modulus
drops, indicating that the chain end is now more solvophilic. (d) MAB is disordered over all temperatures explored, with no change under UV
irradiation. Gap: <300 pm, strain: 1%, frequency: 1 rad/s, temperature ramp: 3 °C/min, UV intensity: 50 mW/cm>

cylinder-forming concentrations, MAB did not order below
175 °C.

Photo-rheological measurements were taken on the 50 wt %
samples, with temperature sweeps from 75 to 150 °C (Figure
5). The samples were glassy, so for the protection of the quartz
lower plate, the temperature was restricted to be at or above 75
°C and were loaded at 100 °C. The MBsA sample at 50 wt %
showed ordering above 125 °C (Figure Sa), where G’ increases
above G”. While no clear crossover was observed, as G’ and G”
had similar values up until 125 °C, the deviation between the
two indicates that ordering occurred around that temperature.
In this case, the Topy was consistent between SAXS and
rheology. At 130 °C, photo-triggering of the ODT was
successful over multiple cycles by varying the wavelength of
light irradiating the sample from 365 nm to the 400—500 nm
range. The results of the cycling can be seen in Figure 5b, in a
rheological time sweep where the loss tangent best represented
the change from order (tan(§) <1, black curves) disorder
(tan(6) > 1, red curves). The ODT reversed almost
immediately upon changing the filter, indicating a facile and
reversible transition.

For MBA (Figure Sc), no crossover is observed, yet a sharp
increase in modulus occurred at 140 °C, slightly both the
microphase separation and ordering temperatures seen in

SAXS (130 °C). A significant change was observed upon UV

435

irradiation, with the modulus dropping by an order of 436

magnitude. Hysteresis between the heating and cooling traces
was observed for both MBsA and MBA in the rheological
properties (Figure $23). For MBA upon cooling, the modulus
returned to the lower value at 127 °C, which is closer to the
ODT observed in SAXS (Figure S23b). Hysteresis in long-
range ordering reflects a nucleation barrier. Therefore, the
disordering temperature, in this case upon cooling, is found to
be closer to the thermodynamic binodal curve. This behavior
may be due to the frequency being 1 rad/s during the
temperature sweep. Frequency sweeps at 130 °C (Figure S25)
indicate that at 1 rad/s, MBsA showed G’ > G”, while MBA
has G’ < G”. As shown in Figure S25b, a frequency over 100
rad/s would be necessary to observe ordering in MBA by
rheology, which is impractical. As SAXS is not frequency-
dependent, the ordering was easily observed. MAB continued
to show no signs of ordering over the temperatures accessible
in the rheometer (Figure Sd), and no difference in behavior
was observed under UV radiation, consistent with the SAXS
results.

Comparison across Concentrations. Microphase sepa-
ration is governed by the interaction energy between the
blocks and between each block and the solvent. This
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459 interaction is represented by the Flory—Huggins interaction
460 parameter, y. For MBsA, three y values influence the behavior:
461 Jr-Boar XvaL @0d Ypearr- Yeaar and Yyipa can be combined
462 into an effective yy/11 pea, Which is both temperature- and light-
463 dependent. The distribution of the AzoMA through the
464 PBnMA causes yyy g to be larger than for PBnMA with
46s PMMA and [C;mim][TFSI]. This encouraged microphase
466 separation at a lower temperature than PMMA-b-PBnMA and
467 ordering into cylinders at S0 wt %, or spheres, at 35 wt %. For
468 the triblock polymers, six y values are involved, one between
469 each component. yy ., is photoresponsive and yy.p is
470 thermoresponsive. For MBA, the terminal A block drives
471 ordering, as trans-AzoMA is insoluble in [C;mim][TFSI] (.5
472> 0.5 in the dark). In the dark, the AzoMA microphase
473 separates and starts to form cylinders, which become denser as
474 the PBnMA block also microphase separates. For MAB, the
475 most solvophobic block is in the middle of the polymer. If the
476 AzoMA was driving microphase separation, forming spheres or
477 cylinders would require chain crowding for both B and M
478 blocks. Alternatively, the AzoMA midblock could be shielded
479 from the solution by the much larger blocks on either side, and
480 thus the behavior would resemble PMMA-b-PBnMA. In either
481 case, the chains were observed to aggregate and microphase-
482 separate, but did not order below 175 °C.

483 If MBsA were to create a blocky polymer, with the AzoMA
484 monomer incorporated preferentially earlier in the polymer-
485 ization, the resulting monomer sequence would be closer to
486 MAB, and therefore those two polymers would behave
487 similarly. However, the results demonstrated that this was
488 not the case. MAB was consistently disordered over all
489 temperatures analyzed, while MBsA readily ordered into
490 indexable states at both concentrations analyzed. In addition,
491 the overall behavior of MBsA did not match that of MBA,
492 especially with respect to concentration changes. Considering
493 the literature reactivity ratios, the average path length for
494 BnMA was 16 and that for AzoMA was 1, so the AzoMA is
495 likely well spaced along the chain. Overall, we can assume that,
496 with this preparation method, MBsA had azobenzene
497 reasonably dispersed through the BnMA block. With the lack
498 of order for MAB, it will not be considered further.

499 To compare MBsA to MBA as photo- and thermoresponsive
500 materials, their behavior in photo-SAOS is compared. At 50 wt
s01 %, UV irradiation changed the behavior of both MBsA and
so2 MBA. For MBA, the modulus dropped by an order of
503 magnitude, indicating that y;; , changed significantly upon UV
s04 irradiation, leading to a lower overall modulus for the sample.
505 Therefore, the AzoMA end-block in the more polar cis state
506 was much better solvated and no longer driving microphase
507 separation. A small decrease in modulus was observed for
508 MBsA upon UV irradiation, and a crossover between G’ and
509 G” was observed in the dark at 125 °C. ODT triggering with
s10 UV light was possible at 130 °C for MBsA (Figure Sb). Photo-
s11 based ODTs were not accessible on the rheometer for MBA, as
s12 no ordering was observed in the dark. Therefore, the statistical
513 copolymerization of AzoMA through the PBnMA block leads
514 to a useful photo- and thermoresponsive material, while MBA
515 showed ordering in SAXS at 50 wt % but not in the rheology.
516 The data are summarized in Table 2.

—

-

—_

—_

si7 I CONCLUSIONS

s18 This work focuses on investigating the impact of the location
s19 of a photoactive monomer within a thermoresponsive polymer.
520 Our previous research focused on statistically polymerized

Table 2. Summary of Transitions

concentration microphase separation ~ Topr ordered
(wt %) polymer (°C) (°C) state
35 MBsA 60 130 HCP
MBA 80 DIS
MAB 120 DIS
NY MBsA <2S 120 HEX
MBA <2§ 130 HEX
MAB 60 DIS

solutions of poly(methyl methacrylate)-block-poly(benzyl s21
methacrylate-stat-4-phenylazophenyl methacrylate) in ionic s22
liquids. We prepared three polymers to compare placing the 523
azobenzene either in the middle or at the end of the polymer, 524
relative to the statistical version. The position of the s
azobenzene matters for the overall behavior of the polymer. 526
Statistical incorporation was best for controlling the order— s27
disorder transition with light, as well as for forming well- s28

defined ordered states at multiple polymer concentrations. 529
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