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5 ABSTRACT: Polymers in ionic liquids (ILs) are a fascinating
6 class of materials which exhibit unusual behavior in comparison to
7 more traditional polymer solutions. Previous work characterizing
8 the lower critical solution temperature (LCST) phase behavior of
9 poly(benzyl methacrylate) (PBnMA)/IL mixtures demonstrated
10 that the second virial coefficient is consistently positive, even at
11 temperatures above the observed phase separation boundary and
12 that the critical composition is shifted strongly toward polymer-
13 rich compositions. To better understand these phenomena, small-
14 angle X-ray scattering was utilized along with the random phase
15 approximation to determine the interaction parameter and
16 correlation length of PBnMA in four ILs (one pyrrolidinium-
17 based and three imidazolium-based) as a function of temperature
18 (25−170 °C), concentration (5−30 wt %), and molecular weight (32−76 kDa). The interaction parameter was shown to increase
19 with polymer volume fraction, contrary to the concentration-independent behavior anticipated by Flory-Huggins theory, which
20 clarified the unusual phase diagram of these solutions. The semidilute correlation length of PBnMA in 1-butyl-1-
21 methylpyrrolidinium bis(trifluoromethylsulfonyl)imide was shown to obey a temperature-concentration master curve; however,
22 no such universal behavior was exhibited among the four ILs. Additionally, the concentration dependence of the correlation length
23 was shown to decrease as the solvent quality worsened.

24 ■ INTRODUCTION
25 Polymers in ionic liquids (ILs) are a growing class of materials
26 of interest for use in wide ranging applications, including
27 battery electrolytes, separation membranes, and electro-
28 chemical devices.1−4 The polymer provides mechanical
29 strength while maintaining the IL diffusivity and ionic
30 conductivity.5 Incorporating stimuli-responsive behavior into
31 these systems could further expand their applications in
32 sensing, smart coatings, and actuators.6 However, their scope is
33 currently constrained as a plethora of fundamental questions
34 surrounding these behaviors remain unanswered.
35 A thermo-responsive system of interest is poly(benzyl
36 methacrylate) (PBnMA), which exhibits lower critical solution
37 temperature (LCST) phase behavior in multiple ILs.7 This
38 unusual behavior was first demonstrated by Watanabe and co-
39 workers, who hypothesized that IL clathrates solvate the
40 polymer at room temperature but dissipate during phase
41 separation upon heating.8 Additionally, through a combination
42 of X-ray scattering and all-atom molecular dynamics
43 simulations, it has been shown that PBnMA exhibits
44 intramolecular π−π stacking between adjacent benzyl groups,
45 causing the polymers to exist in relatively compact
46 conformations at room temperature, rather than as swollen

47chains as is typically observed in good solvents.9 This latter
48conclusion, however, is not consistent with the extensive
49dynamic light scattering results of Kharel et al., which showed
50swollen chain conformations.10 Recent work from our group
51has demonstrated that the second virial coefficient of PBnMA
52in dilute IL solutions is consistently positive, even above
53temperatures where phase separation is observed at higher
54concentrations and that the critical compositions of the phase
55diagrams are strongly displaced toward polymer-rich concen-
56trations.10,11 These observations deviate from the behavior
57anticipated by Flory−Huggins theory and observed in many
58other LCST systems; they may reflect a strongly concen-
59tration-dependent interaction parameter. These phenomena
60pose foundational questions about the solvation of PBnMA in
61ILs, which we explore here.
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62 It was first proposed by de Gennes that the structure factor
63 for polymer blends and concentrated solutions follows a
64 random phase approximation (RPA).12 This mean-field
65 approach allows for the interaction parameter (χ) at a specific
66 concentration to be determined through small-angle X-ray
67 scattering (SAXS) or small-angle neutron scattering (SANS),
68 whereas light scattering is only able to obtain χ in dilute
69 solutions. Previous studies have applied the RPA to determine
70 χ for numerous polymer blends and solutions.13−18 According
71 to the mean-field approach, the Ornstein−Zernike equation
72 can also be used to assess the correlation length (ξ), or the
73 average distance between overlapping chain segments, beyond
74 which chains no longer experience excluded volume effects
75 from adjacent segments.19

76 This work focuses on a comprehensive examination of χ and
77 ξ for PBnMA in one pyrrolidinium-based and three
78 imidazolium-based ILs over a wide range of concentrations,
79 molecular weights, and temperatures, via small-angle X-ray
80 scattering. The use of ILs offer unprecedented control over the
81 solvent quality by varying the temperature or cation identity;
82 this feature is exploited to probe the solution behavior.
83 Additionally, approximate spinodal curves were constructed
84 from Ornstein−Zernike analysis and discussed with respect to
85 a concentration-dependent interaction parameter and possible
86 local ordering of the IL.

87 ■ MATERIALS AND METHODS
88 Polymer Characterization. PBnMA was synthesized previously
89 via atom transfer radical polymerization.10,11 The polymers under
90 study are denoted PBnMA-x, where x represents the polymer weight-
91 average molecular weight in kDa. The number-average molecular
92 weight (Mn), weight-average molecular weight (Mw), and dispersity

t1 93 (Đ) of the polymers are summarized in Table 1 as determined by size

94 exclusion chromatography performed in THF on an Agilent 1260
95 Infinity System (Agilent Technologies, Santa Clara, CA, USA). The
96 eluent was monitored using a Wyatt Optilab T-rEX (Wyatt
97 Technology, Santa Barbara, CA, USA) refractive index detector
98 (Figure S1) and a Wyatt Dawn Heleos II multiangle laser light
99 scattering detector. The dn/dc of PBnMA in THF is 0.144 mL/g.20 A
100 representative 1H NMR spectrum of PBnMA-76 in CD2Cl2 is shown
101 in Figure S2, as collected on a Bruker Avance III HD nanobay AX-400
102 spectrometer (Bruker, Billerica, MA, USA) with a shielded Ascend
103 magnet and a SampleXpress autosampler.
104 Solution Preparation. The ionic liquids 1-butyl-1-methylpyrro-
105 lidinium bis(trifluoromethyl-sulfonyl)imide ([BMP][TFSI]) and 1,3-
106 dimethylimidazolium TFSI ([MMIM][TFSI]) were purchased from
107 IoLiTec GmbH (Heilbronn, Germany) and dried under vacuum for
108 48 h prior to use. 1-Ethyl-3-methylimidazolium TFSI ([EMIM]-
109 [TFSI]) and 1-butyl-3-methyl-imidazolium TFSI ([BMIM][TFSI])
110 were synthesized via ion exchange in water as previously reported and
111 dried under vacuum prior to use.21 Representative 1H and 19F NMR
112 spectra of the ionic liquids in DMSO-d6 are shown in Figures S3−S6.
113 Solutions were prepared via co-solvent evaporation at concentrations
114 above the overlap concentration, c*. Additionally, the concentration
115 in wt% was converted to g/mL and volume fraction by assuming no
116 volume change upon mixing. The density of each ionic liquid (ρ) was
117 estimated from ρ = b − aT, where a and b are parameters collected in

118Table S1, and the density of PBnMA was taken to be constant at 1.18
119g/cm3.22−24

120Rheology. The overlap concentration c* for PBnMA in [BMP]-
121[TFSI] was estimated according to steady-shear rheology performed
122on a TA Instruments Discovery HR3 Rheometer (Texas Instruments,
123Dallas, TX, USA) equipped with 40 mm stainless steel plates, where
124the upper plate is electronically heated. Temperature sweeps from
12525−180 °C were performed with a gap thickness of ∼300 μm, a shear
126rate of 1.0 s−1, and a heating rate of 1 °C/min for concentrations from
1275−25 wt % PBnMA-32, as shown in Figure S7. The overlap
128concentration was approximated as the concentration at which the
129solution viscosity is twice that of the pure solvent.22,25 The 5 wt %
130PBnMA-32 solution was shown to follow this constraint over the
131entire temperature range; therefore, all solutions were prepared at or
132above 5 wt % PBnMA, and all have c ≥ c*.
133Small-Angle X-ray Scattering. Small-angle X-ray scattering
134(SAXS) measurements were performed at the 5-ID-D beamline of
135the Dupont-Northwestern-Dow Collaborative Access Team (DND-
136CAT) at the Advanced Photon Source, Argonne National Laboratory.
137Solutions were charged into 1.5 mm diameter quartz capillaries and
138sealed with epoxy. [BMP][TFSI] solutions were placed into an 8-
139capillary temperature-controlled heating stage and were heated to 25,
14060, 90, 110, 130, 150, and 170 °C at 10 °C/min and annealed at each
141temperature for 5 min prior to taking measurements. Solutions of
142imidazolium-based ILs were placed into a 29-capillary holder and
143measured at ambient temperature. Two-dimensional scattering
144patterns were collected for 1 s exposure times to X-rays at λo =
1450.7293 Å with a Rayonix MX170-HS CCD area detector at a sample-
146to-detector distance of 8.5 m. The scattering vector (q = (4π/λ)sin(θ/
1472), where λ is the beam wavelength in the material and θ is the
148scattering angle) ranged from q = 0.002−0.192 Å−1. The observed
149intensity was normalized against a glassy carbon standard, yielding the
150absolute intensity (I). One-dimension scattering patterns of the form
151I(q) vs q were obtained by azimuthally averaging the isotropic two-
152dimensional data. Finally, the background (pure IL and capillary
153scattering) was fit to a power-law (I(q) = Aq−P + B) and subtracted
154from the solution scattering at each temperature. Scattering patterns
155of the pure ILs at each temperature are collected in Figure S8
156alongside their corresponding power-law fits. It should be noted that
157this method of background subtraction results in a low-q upturn,
158which is indicative of incomplete background subtraction of the
159capillary, pure IL, and sample environment. However, this is typical of
160solution SAXS in capillaries and leads to no discernible difference in
161the data for q > 0.02 Å−1 nor in the resulting fit parameters, than if the
162low-q upturn was subtracted via a power-law fitting of the individual
163solution low-q scattering.
164Wide-angle X-ray scattering (WAXS) data were simultaneously
165collected with a Rayonix LX170-HS CCD area detector at a sample-
166to-detector distance of 200 mm over a q range of 0.68−4.46 Å−1. The
167observed intensity was normalized against a glassy carbon standard,
168yielding the absolute intensity. Two-dimensional isotropic scattering
169patterns were azimuthally averaged to yield one-dimensional plots of
170I(q) vs q; no background subtraction was performed.

171■ RESULTS
172SAXS measurements were performed for each polymer in
173[BMP][TFSI] over concentrations and temperatures ranging
174from 5−30 wt % and 25−170 °C. Representative scattering
175 f1patterns for PBnMA in [BMP][TFSI] are shown in Figure
176 f11a,c; plots for the remaining [BMP][TFSI] solutions are
177located within Figures S9−S14. Additionally, profiles of
178PBnMA-32 and PBnMA-76 in [MMIM][TFSI], [EMIM]-
179[TFSI], and [BMIM][TFSI] were collected at 25 °C for 10−
18020 wt % and are reported in Figure S15. Upon crossing the
181cloud point temperature (TCP), as determined from previous
182work, solutions undergo phase separation into polymer-rich
183and solvent-rich phases.11 As such, measurements above TCP

Table 1. Characteristics of PBnMA As Determined via SEC-
MALS in THF

sample Mn (kDa) Mw (kDa) Đ

PBnMA-32 27 32 1.19
PBnMA-63 55 63 1.15
PBnMA-76 64 76 1.19
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184 are out of equilibrium and are not considered in the
185 subsequent analysis.
186 The scattering intensity of entangled polymer solutions
187 arises from local concentration fluctuations as the chain
188 segments relax under thermal motion. For an LCST system
189 such as PBnMA in [BMP][TFSI], these fluctuations increase
190 with temperature as the solutions approach their phase
191 boundaries. Following background subtraction, the scattering
192 pattern is anticipated to plateau at low-q and then exhibit
193 standard OZ behavior at high-q, where the intensity decreases
194 proportionally to q−2. However, there are two characteristic
195 features in the scattering patterns in Figure 1a,c beyond those
196 typically observed in polymer solutions. The first feature is
197 excess scattering at low-q, which is an artifact of improper
198 background subtraction in solution SAXS in capillaries. The
199 second unique feature is more readily observed in the
200 scattering patterns of the neat ILs (Figure S8), where there
201 is a small uprun at high-q due to local ordering of the IL.26

202 The scattering profiles were according to the Ornstein−
203 Zernike (OZ) equation (eq 1), as illustrated in Figure 1b,d, for
204 PBnMA-63 in [BMP][TFSI]:19

I q
I

q
( )

(0)
1 ( )2=

+205 (1)

206 where I(0) is the intensity at zero scattering angle and ξ is the
207 correlation length.19 Additional OZ plots are collected in
208 Figures S16−S19. The initial linear regime at low q2 was fit to

209obtain I(0) and ξ; this linear regime decreases in size as the
210temperature increases, as shown in Figure 1b.
211The RPA has long been used to evaluate the scattering of
212polymer blends and solutions:19

I q V P q V V
( SLD)

( )
1

( )
1 22

P p IL IL IL
= +

213(2)

214where ΔSLD is the difference in scattering length density
215between PBnMA and the IL, ΦP and ΦIL are the volume
216fractions of PBnMA and the IL, and V̂P and V̂IL are the
217corresponding molar volumes. The molar volume and
218scattering length density of each component were calculated
219at every temperature to account for the temperature depend-
220ence of the IL density by V̂i = Mw,i/ρi and SLDi = (Nav/
221V̂i)∑bc,i, respectively, where Nav is Avogadro’s number and
222∑bc is the sum of the scattering length of all atoms in a
223molecule. The form factor of the polymer chains, P(q), was
224approximated by the Debye function:19

P q
q R

q R q R( )
2

exp( ) 14
g
4

2
g
2 2

g
2= [ + ]

225(3)

226where Rg is the radius of gyration. The RPA relies upon the
227following assumptions: (1) there are many overlapping
228polymer chains in solution, (2) chains can fully relax their
229conformations, and (3) they adopt Gaussian conformations. As
230such, it is important that the solutions are above the overlap
231concentration c*, which was determined to be approximately 5

Figure 1. Representative SAXS intensity scattering profiles of (a) 10 wt % PBnMA-63 at various temperatures and (c) PBnMA-63 for several
concentrations at 130 °C. Ornstein−Zernike plots for (b) 10 wt % PBnMA-63 in [BMP][TFSI] at several temperatures with best fit lines and (d)
PBnMA-63 for various concentrations at 130 °C; data have been truncated and vertically shifted.
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232 wt % in [BMP][TFSI] for the lowest molecular weight
233 polymer, PBnMA-32, as the solution viscosity was twice that of
234 pure solvent throughout the entire temperature range under
235 study.25

236 In the zero-angle limit, the RPA can be expressed as follows:

I V V V
( SLD)

(0)
1 1 22

P p IL IL IL
= +

237 (4)

238 This allows for facile conversion of the I(0) obtained from
239 the OZ equation to determine χ for an individual solution. It
240 should be noted that scattering patterns could instead be fit to

241the RPA (eq 2) over a wide-range of q to obtain χ. While the
242trends with respect to temperature, concentration, and
243molecular weight remain qualitatively similar via this approach,
244it tends to give systematically lower values of χ. Additionally,
245the use of the OZ form emphasizes the q range where one
246would typically examine to extract thermodynamic parameters
247in polymer solutions. In practice, the extracted χ is inversely
248related to temperature according to χ = A + B/T, where A
249encompasses the excess entropic contributions and B
250encompasses the enthalpic contributions. The reciprocal
251temperature dependence of χ for 10 and 25 wt % PBnMA in
252 f2[BMP][TFSI] is shown in Figure 2a, and the χ of other

Figure 2. (a) Reciprocal temperature dependence of χ as determined from the RPA at 10 and 25 wt % PBnMA in [BMP][TFSI] for each molecular
weight. The lines are linear fits. (b) Excess entropic, A, and (c) enthalpic, B, components of χ as a function of polymer concentration for PBnMA in
[BMP][TFSI] for each molecular weight. The lines serve as the guide to the eye.

Figure 3. Concentration dependence of χ averaged across all molecular weights as determined from the RPA for PBnMA in (a) [BMP][TFSI] at
various temperatures and in (b) various ILs at 25 °C. The lines serve as the guide to the eye.
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253 [BMP][TFSI] solutions are collected in Figure S20. The
254 values of A and B at a specific concentration and molecular
255 weight were determined according to the lines of best fit of the
256 reciprocal temperature dependence of χ and are collected in
257 Figure 2b,c, respectively. The magnitude of both parameters
258 monotonically increases by ∼1.5 and ∼1.6 times the original
259 value for A and B, respectively, as the concentration increases
260 from 5 to 30 wt %. Molecular weight is observed to have a
261 minor-to-negligible influence on χ, A, and B.
262 The interaction parameters for PBnMA in ILs are collected
263 and plotted in Figure S21 as a function of polymer volume
264 fraction for each temperature and molecular weight. Because χ
265 is independent of molecular weight, it was averaged at each
266 composition and temperature, and the resulting χ are shown in

f3 267 Figure 3a,b for [BMP][TFS] and the imidazolium-based ILs,
268 respectively. For each IL, χ increases with polymer volume
269 fraction. Additionally, χ increases as the solvent quality
270 worsens, as demonstrated by increasing the temperature of
271 [BMP][TFSI] solutions or varying the cation identity from
272 [BMP] to [MMIM]. These trends agree with light scattering
273 results of Kharel et al. and with cloud point measurements of
274 Ueki et al.10,27

275 Additionally, the spinodal curves for PBnMA in [BMP]-
276 [TFSI] solutions can be estimated according to the temper-
277 ature dependence of the zero-angle scattering intensity. As
278 shown in Figure 1b, 1/I(q) decreases as samples are heated
279 and approach phase separation. By plotting 1/I(0) as a
280 function of 1/T, the spinodal temperatures (TS) can be
281 estimated via extrapolation to infinite zero-angle scattering
282 intensity (1/I(0) = 0) for temperatures within the vicinity of
283 phase separation; the plots and the corresponding extrap-
284 olations for PBnMA solutions in [BMP][TFSI] are collected,
285 as shown in Figure S22. The nonlinearity of 1/I(0) vs 1/T at
286 low temperatures and the large extrapolation distance make the
287 determination of TS relatively uncertain, but the fitting was
288 performed on data points exhibiting a linear response near
289 phase separation. These deviations may arise because the
290 compositions lie far from the critical composition or because
291 the temperatures are much lower than the spinodal temper-
292 ature, leading to weak concentration fluctuations. This is
293 indicated by observing the largest deviations at lower
294 temperatures and concentrations, which are farthest from the
295 spinodal curve and critical composition, respectively. Never-
296 theless, the spinodal temperatures from these extrapolations
297 are compiled to construct the approximate phase diagrams

f4 298 shown in Figure 4, alongside previously measured cloud point
299 curves.11 TS decreases with concentration beyond the
300 anticipated critical concentration (ca. 6−9 wt %), similar to
301 the previously measured binodal curves. However, the gap
302 between the spinodal and coexistence curves is large (ca. 150
303 °C at 30 wt %), also suggesting that the critical composition
304 lies at even higher concentrations than explored here.
305 Solutions with polymer concentrations above c* exhibit a
306 unique length scale that describes the average distance between
307 overlapping segments, the correlation length (ξ), or the blob
308 size, which can be determined using the OZ form (eq 1).12

309 The temperature dependence of the correlation length of
310 PBnMA in [BMP][TFSI] is shown in Figure S23. As the
311 temperature increases and solutions approach phase separa-
312 tion, the correlation length increases, however, a weaker
313 temperature dependence is observed at lower concentrations.
314 For example, the 5 and 20 wt % PBnMA-32 solutions in
315 [BMP][TFSI] exhibit approximately a 2 and 6 Å increase in ξ

316from 25 °C to their respective phase separation temperatures.
317Additionally, the concentration dependence of ξ was examined,
318and representative double logarithmic plots of the correlation
319length of PBnMA as a function of concentration at 25 and 150
320 f5°C are shown in Figure 5a,b for [BMP][TFSI] at various
321temperatures and for various ILs at 25 °C, respectively. The
322correlation length decreases as the concentration of PBnMA
323increases, up to 0.3 g/mL, where it either levels off or increases
324slightly. Whereas ξ is independent of molecular weight, it
325increases with decreasing solvent quality, which is achieved by
326increasing the solution temperature (observable in Figure 5a)
327or varying the cation identity (Figure 5b). The apparent
328power-law concentration scaling (ξ ∝ ce, where e is the scaling
329exponent) at low concentrations (<0.3 g/mL) is the
330concentration regime in which solutions are semidilute. This
331concentration dependence of ξ weakens as the solvent quality
332decreases and is readily observed between different temper-
333atures in [BMP][TFSI]; however, the difference is much
334smaller when varying the cation identity at 25 °C.
335Upon normalizing the correlation length to the hydro-
336dynamic radius at infinite dilution (ξ/Rh) and the concen-
337tration to an approximant of the overlap concentration (c/
338[3M/(4πRh

3NA)]), the semidilute correlation lengths of
339PBnMA in [BMP][TFSI] at various temperatures collapse
340 f6onto a master curve, as shown in Figure 6a. However, a
341universal curve among the four ILs was not observed upon
342similar normalization at 25 °C (Figure 6b). The hydrodynamic
343radius at infinite dilution (Rh) was calculated by Rh = bMw

ν,
344where ν and b are the Flory exponent and prefactor,
345respectively, as measured in previous studies by Kharel et al.
346and assuming that the exponent is independent of temper-
347ature.10 At low concentrations or high temperatures, the
348correlation length is large and exhibits weak concentration
349dependence, whereas at high normalized concentrations or low
350temperatures, the correlation length is small but exhibits strong
351concentration dependence.
352The normalized semidilute correlation length of PBnMA in
353an IL at any individual temperature follows an approximate
354power-law scaling exponent. Lines of best fit to the data in
355Figure 6a are shown in Figure S27. The resulting scaling
356exponents (ξ/Rh ∝ ce) of PBnMA in [BMP][TFSI] as a
357 f7function of solution temperature are collected in Figure 7a. A

Figure 4. Phase diagram for PBnMA in [BMP][TFSI] with spinodal
temperatures (open symbols) and cloud point temperatures (filled
symbols) as previously reported.11 The lines serve as the guide to the
eye.
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Figure 5. Double-logarithmic plot of ξ vs concentration for PBnMA in (a) [BMP][TFSI] at 25 °C (open symbols) and 150 °C (filled symbols)
and in (b) various ILs at 25 °C for several molecular weights. The lines of best fit represent the power-law concentration scaling following the form
ξ ∝ ce.

Figure 6. Double logarithmic curves of the normalized correlation length vs normalized concentration for semidilute (a) PBnMA-32, PBnMA-63,
and PBnMA-76 in [BMP][TFSI] at various temperatures and for (b) PBnMA-32 and PBnMA-76 in various ILs at 25 °C. The lines of best fit
represent the power-law concentration scaling following the form ξ ∝ ce.

Figure 7. Solvent quality dependence of the apparent semidilute correlation length concentration-scaling exponent, e, of the form ξ ∝ ce for PBnMA
in (a) [BMP][TFSI] at various temperatures and in (b) various ILs at 25 °C.
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358 monotonic increase in the scaling exponent from −0.91 ± 0.07
359 to −0.4 ± 0.1 is observed as the solutions are heated from 25
360 to 150 °C. Similarly, the scaling exponents at 25 °C are shown
361 to increase as the solvent quality worsens by varying the cation
362 identity from [BMP] to [MMIM], yielding exponents ranging
363 from −0.91 ± 0.07 to −0.74 ± 0.03, as shown in Figure 7b.

364 ■ DISCUSSION
365 Lower critical solution temperature phase behavior in
366 polymer/IL solutions can arise from strong interactions
367 between the polymeric solute and the solvent. In the context
368 of Flory−Huggins theory, this can be attributed to a positive
369 excess entropic contribution (A) and a negative enthalpic
370 contribution (B) to χ (χ = A + B/T). Previous simulations for
371 PBnMA in [EMIM][TFSI] by Fujii et al. revealed that PBnMA
372 preferentially interacts with either the cation or adjacent benzyl
373 groups rather than with the TFSI anion.9 Thus, the entropic
374 contribution to χ is positive for PBnMA in ILs primarily due to
375 the cation-π solvation clathrate between the cation and the
376 aromatic ring in the benzyl methacrylate repeat unit.27 This
377 attraction also gives rise to the negative value of B. The
378 observed increase in the magnitudes of A and B with
379 concentration indicates the entropic penalty and enthalpic
380 benefit for mixing increases beyond the contribution
381 anticipated by the ϕ(1 − ϕ)χ term in Flory−Huggins theory.
382 This has been observed for a similar polymer/IL system,
383 poly(n-butyl methacrylate) in mixtures of [BMIM][TFSI] and
384 [EMIM][TFSI], where Hoarfrost et al. proposed that the
385 solvation structure of ILs around the nonpolar n-butyl groups
386 directly influences the excess entropy and enthalpy of mixing.28

387 In an analogous manner, the excess entropy of mixing for
388 PBnMA in [BMP][TFSI] may increase with concentration
389 because of the loss of translational freedom for the IL as more
390 cations are bound within the solvation clathrate and the
391 increase in the enthalpy of mixing may arise from the greater
392 number of polymer−solvent interactions.
393 One of the fundamental assumptions of Flory−Huggins
394 theory is that χ is independent of concentration; this has been
395 confirmed for a variety of systems such as polystyrene in
396 tetrahydrofuran and polyethylene/poly(ethylene propylene)
397 blends.19,29,30 However, a concentration-dependent χ has also
398 been observed in numerous polymer blends and solutions,
399 including polystyrene/poly(vinyl methyl ether) blends and
400 poly(dimethyl siloxane) in methylethylketone.13,18 For
401 PBnMA in ILs, the overall increase in χ with concentration
402 is a result of the entropic penalty of mixing overcoming the
403 enthalpic benefit at higher compositions. A similar concen-
404 tration dependence has been observed in solutions without
405 strong solute−solvent interactions (e.g., polystyrene in cyclo-
406 hexane), and as such, it is uncertain whether the concentration
407 dependence of χ, A, and B are solely a result of IL solvation.31

408 Alternative arguments have been proposed based upon
409 cohesive energy density differences, chain-end effects,
410 component size asymmetry, chain stiffness, and free volume
411 differences; however, the precise origin of this compositional
412 dependence is not known and may vary from system to
413 system.13,31−36 Nevertheless, the results indicate that χ
414 determined via light scattering in dilute solutions is not always
415 a reliable guide for higher compositions, as evidenced by the
416 previous unusual observation that the second virial coefficient
417 of dilute PBnMA/IL solutions is consistently positive even at
418 temperatures above phase separation for higher concentra-
419 tions.10

420Previous work characterizing the cloud point temperatures
421of PBnMA in [BMP][TFSI] demonstrated that the critical
422compositions of these systems are shifted substantially toward
423polymer-rich compositions, in contrast to the solvent-rich
424compositions anticipated by Flory−Huggins theory.11 Sim-
425ilarly, the spinodal temperatures in Figure 4 decrease
426throughout the entire composition window under study,
427further confirming that the critical composition is indeed
428shifted. This deviation is also reinforced by the large
429temperature window between the spinodal and binodal curves
430at 30 wt % (ca. 150 °C), as these curves should converge in the
431vicinity of the critical point. This phenomenon can be
432rationalized as a consequence of χ increasing with concen-
433tration as hypothesized by Schaf̈er-Soenen and co-workers,
434thereby decreasing the miscibility of the polymer in the ionic
435liquid and lowering the phase separation temperatures.37

436An additional argument has been proposed by White and
437Lipson to rationalize the unusual phase diagram of poly-
438(ethylene oxide) in 1-ethyl-3-methylimidazolium tetrafluor-
439oborate ([EMIM][BF4]), which exhibits critical compositions
440ranging from 50 to 80 wt % polymer.38−40 They postulate that
441local ordering of the IL reduces the entropy of mixing, and the
442large IL cohesive energy density shifts the critical composition
443to polymer-rich concentrations. This may be supported by the
444presence of low-q peaks in wide-angle X-ray scattering patterns
445of the pure ILs and polymer/IL solutions (Figure S28), which
446indicate local ordering of the IL is maintained even in the
447presence of PBnMA.41,42 In an analogous manner, the
448appearance of a small broad peak at high-q in the pure-IL
449SAXS patterns (Figure S8) further suggests local ordering of
450the IL.26 However, there are several polymer/IL systems in
451which the IL shows such spatial correlations, such as poly(ethyl
452glycidyl ether) in 1-alkyl-3-methylimidazolium bis-
453(trifluoromethyl-sulfonyl)imide or poly(n-butyl methacrylate)
454in [BMIM][TFSI], yet the critical compositions are still found
455at dilute concentrations.28,43,44 Thus, there remains uncertainty
456surrounding the origin of the polymer-rich critical composi-
457tion. In contrast, the molecular weight independence of the
458cloud point and spinodal temperatures is an interesting, yet
459anticipated, characteristic in LCST systems. The large entropic
460penalty (A > 0.5) and enthalpic benefit (B < 0) upon mixing −
461which gives rise to LCST behavior − results in this
462independence for high molecular weight chains and has been
463previously observed for poly(ethylene oxide) in 1-ethyl-3-
464methylimidazolium tetrafluoroborate and for PBnMA in
465[BMP][TFSI].11,25,40

466The correlation length (ξ) for a polymer solution reflects the
467distance over which intrachain excluded volume interactions
468are screened. At distances smaller than ξ, different chains do
469not interact but behave similarly to isolated chains in dilute
470solutions. At distances beyond ξ, chains interact with adjacent
471segments in solution which counteracts the excluded volume
472effects due to the solvent.12 ξ is shown to increase with
473decreasing solvent quality, both in the case of increasing
474temperature and when varying the IL cation identity. This
475suggests concentration fluctuations grow in intensity as
476solutions lie closer to the phase boundary, an inference further
477supported by the weaker temperature dependence of ξ in
478[BMP][TFSI] at low concentrations, which lie farther from
479both the spinodal curve and critical composition.
480For semidilute solutions, ξ is anticipated to decrease with
481concentration according to power-law decay.19 The ξ of
482PBnMA in [BMP][TFSI] exhibits an apparent power-law
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483 scaling between concentrations of 0.07 to 0.3 g/mL, but then
484 either levels off or increases slightly (see Figures 5 and S24). A
485 similar concentration boundary beyond the semidilute regime
486 has been seen for polystyrene in toluene.45 Nevertheless, the
487 correlation length for any molecular weight should collapse
488 onto a universal curve as a function of concentration.19,46

489 However, it has not yet been seen that the position along the
490 master curve can be further tuned through changing the
491 temperature, or correspondingly, the solvent quality according
492 to a concentration−temperature superposition, as can be seen
493 in Figure 6a for PBnMA in [BMP][TFSI]. This indicates that
494 chains behave in a similar manner, regardless of temperature,
495 polymer molecular weight, or solution concentration. How-
496 ever, this master curve is not universal across all four ILs; thus,
497 there are additional system-dependent factors that influence
498 the correlation length.
499 The blob model predicts that the correlation length follows a
500 power-law concentration scaling of the form ξ ∝ ce, where e
501 increases from −3/4 for a good solvent to −1 for a theta
502 solvent.12,19,47−49 This scaling has been verified for several
503 systems, with exponents of −0.80 ± 0.03 for poly(methyl
504 methacrylate) in chloroform at 25 °C, −0.76 for hydrogenated
505 poly(butadiene) in C16D34 at 140 °C, and −0.70 ± 0.02 for
506 poly(styrene) in toluene.50−52 In contrast, the scaling exponent
507 for PBnMA in [BMP][TFSI] exhibits a monotonic increase
508 from −0.91 ± 0.07 to −0.4 ± 0.1 as the solutions are heated
509 from 25 °C (good solvent) to 150 °C (near phase separation).
510 Analogously, the scaling exponent at 25 °C increased to −0.4
511 ± 0.1 as the IL was varied from [BMP][TFSI] to
512 [MMIM][TFSI], in order of decreased solvent quality. Similar
513 deviations have been reported in previous light scattering
514 experiments of polystyrene in trans-decalin by Chu and Nose,
515 who reported scaling exponents of −0.63 ± 0.01 and −0.61 ±
516 0.01 at 40 and 30 °C, respectively.53 They posited that this
517 deviation occurs because the polymer solutions are in a
518 transition region between a theta solvent (TΘ = 20.5 °C) and
519 good solvent. This disagreement was also seen for polystyrene
520 in cyclohexane, which exhibits a scaling exponent of −0.65
521 according to SAXS measurements by Kinugasa et al.54 In both
522 cases, the magnitude of the observed scaling exponent is lower
523 than anticipated for either a good or theta solvent according to
524 the blob model, similar to the trend exhibited in this study.
525 The origin of this behavior is also as yet unresolved.

526 ■ CONCLUSIONS
527 In this work, we assessed the interaction parameter and
528 correlation length of semidilute PBnMA/IL solutions exhibit-
529 ing LCST phase behavior over wide ranges of concentration,
530 temperature, and molecular weight via SAXS. In contrast to the
531 classical Flory−Huggins theory, χ values determined from RPA
532 analysis were shown to increase with polymer volume fraction,
533 resulting in a shift of the critical concentration to polymer-rich
534 compositions. This shift was also reflected in the experimental
535 spinodal curves of PBnMA in [BMP][TFSI], determined from
536 Ornstein−Zernike analysis. Consistent with previous solvent
537 quality studies, the interaction parameter increases by
538 increasing the temperature in an LCST system, varying the
539 imidazolium-cation alkyl chain length from methyl to butyl and
540 changing the cation identity to pyrrolidinium. In semidilute
541 [BMP][TFSI] solutions, the correlation length was shown to
542 obey a concentration−temperature superposition when
543 normalized against the hydrodynamic radius at infinite
544 dilution; however, no universal behavior was observed

545among all four ILs. Additionally, ξ was shown to exhibit
546power-law concentration scaling exponents which increased as
547the solvent quality worsened, achieved by increasing the
548temperature of [BMP][TFSI] solutions or varying the cation
549identity, in contrast to the blob model values of −3/4 for a
550good solvent and −1 for a theta solvent. While these results
551help to rationalize the unusual LCST phase behavior of
552polymers in ionic liquids, they also pose additional
553fundamental questions surrounding the statistical behavior of
554highly interacting systems in semidilute solutions.
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728Koningsveld, R.; Dusěk, K.; Šolc, K. Zero and Off-Zero Critical
729Concentrations in Systems Containing Polydisperse Polymers with
730Very High Molar Masses. 2. The System Water-Poly(Vinyl Methyl
731Ether). Macromolecules 1997, 30, 410−416.

(38) 732White, R. P.; Lipson, J. E. G. Origins of Unusual Phase
733Behavior in Polymer/Ionic Liquid Solutions. Macromolecules 2013,
73446, 5714−5723.

(39) 735Lee, H. N.; Lodge, T. P. Lower Critical Solution Temperature
736(LCST) Phase Behavior of Poly(Ethylene Oxide) in Ionic Liquids. J.
737Phys. Chem. Lett. 2010, 1, 1962−1966.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01365
Macromolecules XXXX, XXX, XXX−XXX

I

https://doi.org/10.1039/c7ra05035f
https://doi.org/10.1039/c7ra05035f
https://doi.org/10.1016/j.memsci.2012.07.011
https://doi.org/10.1016/j.memsci.2012.07.011
https://doi.org/10.1021/acsmacrolett.7b00582?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsmacrolett.7b00582?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsmacrolett.7b00582?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsami.5b00495?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsami.5b00495?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsami.5b00495?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1126/science.1159652
https://doi.org/10.1246/BCSJ.20210281
https://doi.org/10.1246/BCSJ.20210281
https://doi.org/10.1021/la062986h?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/la062986h?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/la062986h?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/j.polymer.2011.01.037
https://doi.org/10.1016/j.polymer.2011.01.037
https://doi.org/10.1021/acs.macromol.7b00840?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00840?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00840?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02618?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02618?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.3390/MOLECULES26164850
https://doi.org/10.3390/MOLECULES26164850
https://doi.org/10.3390/MOLECULES26164850
https://doi.org/10.1016/0032-3861(82)90272-5
https://doi.org/10.1016/0032-3861(82)90272-5
https://doi.org/10.1016/0032-3861(82)90272-5
https://doi.org/10.1021/acs.macromol.8b02431?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b02431?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02115?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02115?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02115?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c02030?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c02030?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/0032-3861(88)90174-7
https://doi.org/10.1016/0032-3861(88)90174-7
https://doi.org/10.1016/0032-3861(88)90174-7
https://doi.org/10.1016/0032-3861(88)90174-7
https://doi.org/10.1021/ACS.MACROMOL.2C00397?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ACS.MACROMOL.2C00397?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ACS.MACROMOL.2C00397?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp053396f?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp053396f?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp053396f?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/(SICI)1099-0488(20000215)38:4<562::AID-POLB8>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1099-0488(20000215)38:4<562::AID-POLB8>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1099-0488(20000215)38:4<562::AID-POLB8>3.0.CO;2-8
https://doi.org/10.1021/JP044626D?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/JP044626D?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/JP044626D?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/D1CP05354J
https://doi.org/10.1039/D1CP05354J
https://doi.org/10.1351/PAC-CON-08-09-04
https://doi.org/10.1351/PAC-CON-08-09-04
https://doi.org/10.1351/PAC-CON-08-09-04
https://doi.org/10.1021/ma401450w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma401450w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma401450w?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1063/1.475704
https://doi.org/10.1063/1.475704
https://doi.org/10.1063/1.475704
https://doi.org/10.1021/MA00180A023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00180A023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00180A023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/JA01517A022?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/JA01517A022?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/JA01517A022?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1063/1.451748
https://doi.org/10.1063/1.443257
https://doi.org/10.1063/1.443257
https://doi.org/10.1021/MA00004A016?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00004A016?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1351/pac197439010001
https://doi.org/10.1021/MA00087A019?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00087A019?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00087A019?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma960114o?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma960114o?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma960114o?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma960114o?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma400710z?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma400710z?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jz100617t?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jz100617t?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01365?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


(40)738 Lee, H. N.; Newell, N.; Bai, Z.; Lodge, T. P. Unusual Lower
739 Critical Solution Temperature Phase Behavior of Poly(Ethylene
740 Oxide) in Ionic Liquids. Macromolecules 2012, 45, 3627−3633.

(41)741 Hayes, R.; Warr, G. G.; Atkin, R. Structure and Nanostructure
742 in Ionic Liquids. Chem. Rev. 2015, 115, 6357−6426.

(42)743 Santos, C. S.; Murthy, N. S.; Baker, G. A.; Castner, E. W., Jr.
744 Communication: X-Ray Scattering from Ionic Liquids with
745 Pyrrolidinium Cations. J. Chem. Phys. 2011, 134, 121101.

(43)746 Tsuda, R.; Kodama, K.; Ueki, T.; Kokubo, H.; Imabayashi, S. I.;
747 Watanabe, M. LCST-Type Liquid-Liquid Phase Separation Behaviour
748 of Poly(Ethylene Oxide) Derivatives in an Ionic Liquid. Chem.
749 Commun. 2008, 40, 4939−4941.

(44)750 Kodama, K.; Tsuda, R.; Niitsuma, K.; Tamura, T.; Ueki, T.;
751 Kokubo, H.; Watanabe, M. Structural Effects of Polyethers and Ionic
752 Liquids in Their Binary Mixtures on Lower Critical Solution
753 Temperature Liquid-Liquid Phase Separation. Polym. J. 2011, 43,
754 242−248.

(45)755 Brown, W.; Mortensen, K.; Floudas, G. Screening Lengths in
756 Concentrated Polystyrene Solutions in Toluene Determined Using
757 Small Angle Neutron and Small Angle X-Ray Scattering. Macro-
758 molecules 1992, 25, 6904−6908.

(46)759 Hamada, F.; Kinugasa, S.; Hayashi, H.; Nakajima, A. Small-
760 Angle X-Ray Scattering from Semidilute Polymer Solutions 1.
761 Polystyrene in Toluene. Macromolecules 1985, 18, 2290−2294.

(47)762 Farnoux, B.; Boue, F.; Cotton, J. P.; Daoud, M.; Jannink, G.;
763 Nierlich, M.; De Gennes, P. G. Cross-over in Polymer Solutions. J.
764 Phys. 1978, 39, 77−86.

(48)765 Cotton, J. P.; Nierlich, M.; Boue, F.; Daoud, M.; Farnoux, B.;
766 Jannink, G.; Duplessix, R.; Picot, C. Experimental Determination of
767 the Temperature-Concentration Diagram of Flexible Polymer
768 Solutions by Neutron Scattering. J. Chem. Phys. 1976, 65, 1101−1108.

(49)769 Daoud, M.; Cotton, J. P.; Farnoux, B.; Jannink, G.; Sarma, G.;
770 Benoit, H.; Duplessix, C.; Picot, C.; de Gennes, P. G. Solutions of
771 Flexible Polymers, Neutron Experiments and Interpretation. Macro-
772 molecules 1975, 8, 804−818.

(50)773 King, J. S.; Boyer, W.; Wignall, G. D.; Ullman, R. Radii of
774 Gyration and Screening Lengths of Polystyrene in Toluene as a
775 Function of Concentration. Macromolecules 1985, 18, 709−718.

(51)776 Tao, H.; Huang, C. I.; Lodge, T. P. Correlation Length and
777 Entanglement Spacing in Concentrated Hydrogenated Polybutadiene
778 Solutions. Macromolecules 1999, 32, 1212−1217.

(52)779 Cheng, G.; Graessley, W. W.; Melnichenko, Y. B. Polymer
780 Dimensions in Good Solvents: Crossover from Semidilute to
781 Concentrated Solutions. Phys. Rev. Lett. 2009, 102, 157801.

(53)782 Chu, B.; Nose, T. Static and Dynamical Properties of
783 Polystyrene in Trans-Decalin. 4. Osmotic Compressibility, Character-
784 istic Lengths, and Internal and Pseudogel Motions in the Semidilute
785 Regime. Macromolecules 1980, 13, 122−132.

(54)786 Kinugasa, S.; Hayashi, H.; Hamada, F.; Nakajima, A. Small-
787 Angle x-Ray Scattering from Semidilute Polymer Solutions. 2.
788 Polystyrene in Cyclohexane. Macromolecules 1986, 19, 2832−2840.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01365
Macromolecules XXXX, XXX, XXX−XXX

J

https://doi.org/10.1021/ma300335p?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma300335p?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma300335p?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/cr500411q?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/cr500411q?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1063/1.3569131
https://doi.org/10.1063/1.3569131
https://doi.org/10.1039/b810127b
https://doi.org/10.1039/b810127b
https://doi.org/10.1038/pj.2010.140
https://doi.org/10.1038/pj.2010.140
https://doi.org/10.1038/pj.2010.140
https://doi.org/10.1021/ma00051a028?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma00051a028?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma00051a028?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma00153a042?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma00153a042?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ma00153a042?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1051/jphys:0197800390107700
https://doi.org/10.1063/1.433172
https://doi.org/10.1063/1.433172
https://doi.org/10.1063/1.433172
https://doi.org/10.1021/MA60048A024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA60048A024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00146A023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00146A023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00146A023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA981468D?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA981468D?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA981468D?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1103/PHYSREVLETT.102.157801/FIGURES/3/MEDIUM
https://doi.org/10.1103/PHYSREVLETT.102.157801/FIGURES/3/MEDIUM
https://doi.org/10.1103/PHYSREVLETT.102.157801/FIGURES/3/MEDIUM
https://doi.org/10.1021/MA60073A024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA60073A024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA60073A024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA60073A024?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00165A028?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00165A028?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/MA00165A028?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01365?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

