Polymer Characterization Beaucage

JYang, Y Li, N Hao, A Umair, A Liu, L Li, X Ye Preparation and Controlled Degradation of
Model Amphiphilic Long-Subchain Hyperbranched Copolymers: Hyperblock versus Hypergraft
Macromolecules 52 1173-1187 (2019). present a careful study of the degradation of amphiphilic
(surfactant-like) hyperbranched copolymers (see insets to Figure (a)).
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Figure 3. '"H NMR spectra of (a) PTEGMA, 5, (b) PCL,;-20H, (c)
PCL,;-2Br, and (d) macromonomer PCL,-2N,.
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Figure 6. GPC curves for the two AHPs before and after degradation
in THF at [DTT] = 10 mM: (a) fractionated HB-PCL,¢-b-
PTEGMA, and (b) fractionated HB-PCL,,-g-PTEGMA ..

(c)
Yang et al. use anionic and RAFT polymerization to produce their hyperbranched self-
assembled amphophiles (SAs). Give a brief, “hand waving” description of these two
polymerization techniques, including their similarities and differences, as best you can.
(These are the two most important synthesis techniques in current polymer research.)
Yang et al. use proton NMR to characterize their structures. What is o on the x-axis of
graph (b) above, and how do you obtain the units ppm from the measurement?
Graph (a) 1s the TOC graphic from this paper. You are expected to be able to understand
this graphic at a glance with no supporting information but it requires a basic
understanding of Polymer Science. What is <Rp> and how is it typically determined so
that you could get a time dependent structural degradation curve of this type?
Yang et al. use the Stokes-Einstein (SE) relationship to obtain <Rp> from the diffusion
coefficient. Explain the physical basis of the SE relationship. To what type of structure
does the SE relationship refer, and does the structure in (a) seem appropriate for this
equation?
Figure (c) shows GPC curves before and after degradation. Explain these curves.
Particularly, why do the curves move to the right and change after degradation?



Beaucage Polymer Physics Question 1

Jorge Ramirez, T. J. Dursch, and B. D. Olsen (A Molecular Explanation for Anomalous
Diffusion in Supramolecular Polymer Networks Macromolecules 51 2517-2525 (2018).) discuss
computer simulations of four-arm star polymers with “sticky feet” that form supramolecular
networks in solution. These polymers can form a dynamic hierarchy characterized by hindered
Fickian diffusion at short distances followed at intermediate size by “super-diffusive”, “caging”
behavior and finally a secondary Fickian regime at large distances as shown in Figure 3 below,
involving hopping and walking. d is the distance over which motion is being observed and 7 is
the characteristic time associated with a particular size scale.

(see also https://www.youtube.com/watch?time continue=171&v=dzRhTxhZWPo)
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Figure 3. (a) Characteristic time (7) as a function of the domain
length from BD simulations of FRS experiments of molecules with 4

Figure 1. Schematic view of the association reactions (filled/open  3rMS$, ky = 00025 and K, = S, at the overlap concentration. (b)
symbols represent associated/free stickers), the formation of loops, Normalized (r) as a function of the domain length, revealing
and the three main diffusion mechanisms in associating star-shaped differences in the early- and large-distance diffusion coefficients as
polymers. well as the apparent superdiffusive scaling.

a) What is the relationship between < 7> and d in the Fickian “hindered diffusion” regime?
How can the diffusion coefficient be determined from the simulations? (Remember that
a particle subject to thermal motion follows a random walk by Brownian motion.)

b) For d less that a radius of gyration of the polymer, the chains are in the Fickian regime.
Super-diffusive motion involves “walking diffusion” shown in Figure 1. From Figure 3,
what would you say is the value for the radius of gyration using units of the x-axis in
Figure 3?

c) Is the diffusion coefficient for the “molecular hopping” regime larger or smaller than that
for the hindered diffusion regime? Does it have a larger or smaller characteristic time?
Explain this apparent discrepancy. You may want to rewrite the equation for Fickian
diffusion from part “a”.

d) Ramirez indicates that in his simulations the chains are in “semi-dilute condition below
the entanglement concentration”. The chains are considered “Rouse chains of
correlation blobs”. The blob size and terminal relaxation time are given by,

«\(2v-1)/(3v-1) «\(3v-1)/(3v-1)
<R2> =R’| - =1 |%
g ¢ R F ¢ .
, , where vis 1/drand R, and zr are for the
arms. For good solvent scaling explain the origin of the blob, size equation.



e) Ramirez states that the stickers at the end of the polymer arms in a given time step can 1)
remain unreacted; 2) form a loop (intramolecular); 3) for a bridge (intermolecular); or 4
detach from a loop or a bridge. Sticker association is considered in a mean-field sense:
the probability of association takes into account the state of all stickers in the system.”

Explain what Ramirez means by a mean field. How does this differ from considering
specific interactions?



Beaucage Polymer Physics Question 2

Julia Higgins recently published an article on polymer blends using PaMS-AN and d-PMMA
((a) below) with the intent of producing controlled, quenched, spinodal structures for various
applications such as separation membranes (Y Aoki, H Wang, W Sharratt, RM Dalgliesh, JS
Higgins, JT Cabral, Small Angle Neutron Scattering Study of the Thermodynamics of Highly
Interacting PaMSAN/dPMMA Blends Macromolecules 52 1112-1124 (2019).). Neutron
scattering can be used to quantify y1> in the miscible regime since from the RPA equation,
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Figure 1. Monomer repeat units of poly(a-methylstyrene-co-

acrylonitrile) and (deuterated) poly(methyl methacrylate).
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a) Show that },, = ¥,, when there is no concentration dependence to %,,.

g2 20
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b) Plot (b) above follows the Ornstein-Zernike function, s(q) = 1 i(o) where & is the
correlation length. Physically what is & and how is & determined from plot (b)? Note:
Guinier’s law can be written 1/S(q) = (1/S(0)) exp(q*R¢*/3) = (1/S(0)) (1 + ¢*Rg*/3 + ...)
at low q. Compare this with the OZ approach. Is Guinier’s law appropriate here?

c) Figure (c) is called a Kratky Plot. For a polymer chain in the melt why would the Kratky
plot be appropriate? Higgins discusses the appearance of a peak in this plot. Does the
peak have any meaning?

d) & e) Explain the two regimes of behavior seen in Figures (d) and (e). (The lighter curves
are a different regime than the darker curves.) How would the second, higher intensity,

regime appear in plots (b) and (c) above?
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ABSTRACT: The controlled degradation of amphiphilic hyperbranched
polymers (AHPs) is the first consideration for their bio-related applications. In
this contribution, we aim to get some insight into the effect of block distribution
and composition on the degradation behavior of AHPs model systems.
Degradable amphiphilic hyperbranched block (Hyperblock) and graft (Hyper-
graft) copolymers with hydrophobic poly(e-caprolactone) (PCL) and hydro-
philic poly[tri(ethylene glycol) methyl ether acrylate] (PTEGMA) as building
blocks were prepared in this study, ie., HB-PCL-b-PTEGMA and HB-PCL-g-
PTEGMA. The two kinds of AHPs own cleavable disulfide linkages embedded at
all branching sites. Their degradation behavior was comparatively investigated in
aqueous solutions. The results reveal that the block distribution and composition
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play different roles in the regulation of degradation behavior of long-subchain hyperbranched self-assembly amphiphiles (SAs).
Namely, the degradation process is mainly affected by chain architecture of resultant SAs, while for a given architecture, the
degradation rate can be regulated by systematically varying the block composition.

B INTRODUCTION

As one main subclass of dendritic polymers, hyperbranched
polymers (HPs) have received increasing attention in the past
two decades because of their unique properties, such as facile
synthesis,' * good solubility,” low viscosity,” and high number
of terminal functional groups.”” These advantages have led to
wide use of HPs as functional materials in various applications,
such as biomedical materials,”*~"* polymer coating materi-
als,'® optoelectronic materials,”'® and so forth. Accordingly,
numerous efforts have been devoted to the understanding of
the structure—property relationship for HPs in different
applications.

Among the various applications mentioned above, the
development of amphiphilic hyperbranched polymer (AHP)-
based encapsulating/framework materials for nanomedicine
application is one of the hottest topics and has been extensively
studied in the past decade. Namely, Yan et al."” studied the
self-assembly and redox-responsive property of polyphosphate-
based AHPs. Kim et al.” designed a double hydrophilic
hyperbranched copolymer made of poly(ethylene oxide) and
polyglycerol and found that the assembled micelles can exhibit
a pH-responsive release of doxorubicin (DOX). Liu et al.*'
prepared hyperbranched unimolecular poly-prodrug micelles
for synergistic reductive milieu-triggered drug release and
enhanced magnetic resonance signals. Clearly, all these
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examples demonstrate the great potential of using HPs as
eco-friendly functional materials in bio-related applications.
Nevertheless, a careful literature search shows that only a
limited understanding of the structure—property relation for
AHPs has been achieved. It is yet to be found that how the
molecular parameters of AHPs, such as the molar mass, molar
mass distribution, degree of branching, and the hydrophilicity/
hydrophobicity balance, affect the framework degradation,
small-molecule loading efficiency, and release behavior of
AHP-based self-assembly amphiphiles (SAs) in aqueous
solutions.”>*® This is mainly attributed to the uncontrollability
of structural parameters of prepared HPs in previous
reports.zo’24

So far, two major synthetic approaches have been developed
for the preparation of HPs including the chain-growth
polymerization and step-growth polymerization strategies.
Because of the synthetic facilitation, the chain-growth
polymerization methods, including self-condensing vinyl
polymerization (SCVP)*~*” and self-condensing ring-opening
polymerization (SCROP),”**’ have been widely used for the
preparation of HPs. Even the synthetic methods could offer
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Scheme 1. Schematic Illustration of Topological Structures of Prepared (a) Hyperblock and (b) Hypergraft Amphiphilic
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moderate control over the chain parameters such as the molar
mass and the average branching subchain length, while the
subchain length distribution is still less controlled, which
partially explains why the previously established structure—
property relationships generally lack the universality and could
hardly be applied to different systems. In contrast, the step-
growth polymerization approach has shown a much better
control over these chain parameters.’® Recently, we proposed a
novel seesaw-type AB, macromonomer strategy for the
preparation of HPs with uniform and controlled subchains,*"**
where the subchain length is exactly half of initial macro-
monomer length. Our systematic investigations have revealed
that various solution properties of resultant HPs are strongly
dependent on the internal subchain length.”>™*° Moreover,
using model hyperbranched polystyrene chains with both
uniform subchains and controlled locations of cleavable
disulfide linkage,36 we quantitatively investigated their
degradation behavior in THF, and the results highlighted the
importance of controlled locations of cleavable disulfide
linkages for model degradation.

For a real AHP nanocarrier system, loading efficiency,
degradation rate of polymer framework, drug release rate, and
biocompatibility are the critical factors to be considered while
designing the structure of AHP nanocarriers. On the other
hand, all the properties are mainly correlated to the molecular
parameters, such as the overall molar mass, polydispersity,
number and distribution of branching subchains and
degradation sites, and block sequence. It is no exaggeration
to say that the preparation of model AHP systems with
controlled branching subchains and degradation sites, as well
as well-defined distribution pattern and composition of
hydrophobic/hydrophilic blocks, is the prerequisite for further
regulating the related property of AHPs-based nanocarrier
system.

For the proof of concept, we prepared two hyperbranched
polymer model systems (Hyperblock and Hypergraft) for the
comparative study of the influence of block distribution and
composition on the degradation behavior of AHP SAs in
aqueous solutions, where the biocompatible poly(e-caprolac-
tone) (PCL) and poly[tri(ethylene glycol) methyl ether
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acrylate] (PTEGMA) were used as hydrophobic and hydro-
philic blocks, respectively (Scheme 1). For Hyperblock, it was
made from PCL-b-PTEGMA diblock macromonomer, and the
inserted hydrophobic and hydrophilic blocks were randomly
distributed in the resultant Hyperblock structure, while
Hypergraft was made of a hydrophobic hyperbranched PCL
core with hydrophilic PTEGMA chains grafted on the
periphery. Based on our previously proposed synthetic
approach, both model systems own controlled branching
subchains and cleavable redox-sensitive disulfide bonds.
Moreover, we first intentionally controlled the composition
of hydrophobic/hydrophilic blocks of Hyperblock and Hyper-
graft copolymers to be similar to each other to study the effect
of block distribution. In addition, for a given architecture,
hyperbranched copolymers with varied block length were also
prepared to study the effect of block composition. Thus, the
two model systems afford us the opportunity, for the first time,
to elucidate how the block distribution and composition
influence the degradation of amphiphilic long-subchain HPs in
aqueous solutions. Experimentally, a significantly different
degradation behavior was observed for the two AHPs systems,
highlighting the importance of the rational design of block
distribution and composition for AHPs in different applica-
tions. The results simultaneously demonstrate that both of the
model systems are potential candidates as nanocarriers for
practical nanomedicine application.

B MATERIALS

&-Caprolactone (CL, Aladdin, 99%) was dried over calcium hydride
and distilled under reduced pressure. Copper(I) bromide (CuBr, Alfa
Aesar, 98%) was washed with glacial acetic acid to remove soluble
oxidized species, filtrated, washed with ethanol, and dried under
vacuum. Acetonitrile (ACN, Sinopharm, 99%) and triethylamine
(TEA, Sinopharm, 97%) were refluxed over p-toluenesulfonyl chloride
and then distilled over calcium hydride prior to use. Dichloromethane
(DCM, Sinopharm, 97%) was distilled over calcium hydride.
Dimethylformamide (DMF, Sinopharm, 97%) was first dried with
anhydrous magnesium sulfate and then distilled under reduced
pressure. Tetrahydrofuran (THF, Sinopharm, 99%) and toluene
(Sinopharm, 97%) were refluxed over sodium for 24 h and then
distilled. 2-Bromopropionyl bromide (Aladdin, 97%), 2-bromoisobu-
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Scheme 2. Schematic Illustration of (a) Hyperblock Copolymer HB-PCL-b-PTEGMA and (b) Hypergraft Copolymer HB-
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tyryl bromide (Aladdin, 98%), acryloyl chloride (Aladdin, 96%), sealed under vacuum. The mixture was stirred at 60 °C for 3 h. Then
triethylene glycol monomethyl ether (Sigma-Aldrich, 95%), sodium the mixture was diluted with THF and passed through a short neutral
azide (NaN;, Sigma-Aldrich, 99%), N,N,N’,N’,N”-pentamethyl- alumina column to remove the metal salt. The solvent was removed
diethylenetriamine (PMDETA, Sigma-Aldrich, 99%), tin(II) 2- by rotary evaporation. The product was redissolved in THF and
ethylhexanoate (Sn(EH),, Sigma-Aldrich, 95%), and other analytical precipitated into an excess amount of cold #n-hexane. The
grade reagents from Sinopharm were used as received. The water used precipitation process was repeated for three times. The white solid
in this work is Milli-Q water (Millipore, resistivity = 18.2 MQ-cm at PCL,4-b-PTEGMA,,-OH-Br was obtained after drying under vacuum
25 °C). at 40 °C for 24 h (yield: 2.2 g, 74%).

The synthesis of Hyperblock (HB-PCL,s-b-PTEGMA,,) and Synthesis of PCL-b-PTEGMA-2Br by Functional Modifica-
Hypergraft copo]ymer (HB-PCLZS-g-PTEGMAn) is detailed as tion. 2.05 g of PCLzé—h—PTEGMAIZ—OH—Br (0.34 mmol), 0.34 g of
follows, as shown in Scheme 2, and the syntheses of other TEA (3.4 mmol), and anhydrous DCM (30 mL) were added into a
hyperbranched copolymers with different compositions are similar. 50 mL three-neck bottle. 0.73 g of 2-bromopropionyl bromide (3.4
The subscript number represents the degree of polymerization of the mmol) dissolved in anhydrous DCM (5 mL) was added dropwise
repeating unit calculated from "H NMR, which will be discussed later. within 1 h at 0 °C. The mixture was stirred for 20 h at room

Synthesis of PCL-OH-Br by Ring-Opening Polymerization temperature under an argon atmosphere. The solvent was removed by
(ROP). In a typical reaction, 0.67 g of initiator I (1.46 mmol), 4.01 g rotary evaporation after the reaction was stopped. The residue was
of &-caprolactone (35.2 mmol), and 0.09 g of Sn(EH), (0.22 mmol) redissolved in THF. After the removal of insoluble salts by filtration,
were added into a 100 mL three-neck bottle, and then anhydrous the filtrate was concentrated by a rotary evaporator. The polymer
toluene (50 mL) was added. The mixture was stirred for 10 h at 115 solution was precipitated into an excess amount of cold n-hexane. The
°C under an argon atmosphere. The solvent was removed by rotary precipitation process was repeated three times. The light yellow solid
evaporation after the reaction was stopped. The product was PCL,4-b-PTEGMA,,-2Br was obtained after drying under vacuum at
redissolved in THF and precipitated into an excess of cold 40 °C for 24 h (yield: 1.89 g, 92%).
methanol/water mixture (3/1, v/v). The precipitation process was Synthesis of PCL-b-PTEGMA-2N; by Azidation. 1.84 g of
repeated for three times. The white solid PCL,s-OH-Br was obtained PCL,-b-PTEGMA,,-2Br (0.30 mmol) was dissolved in ACN (20
after drying under vacuum at 40 °C for 24 h (yield: 4.0 g, 85%). 'H mL), and then 0.59 g of NaN; (9.1 mmol) was added into the
NMR chemical shift for PCL,;-OH-Br (8, ppm, CDCL;): 4.38—4.4S solution. The mixture was stirred at 32 °C for 36 h under an argon
(-COO-CH,—CH,—S5-), 4.20—4.37 (-COO—-CH,—C—-CO0-), atmosphere. The solvent was removed by rotary evaporation after the
4.18—4.20 (CH=C-CH,-), 4.00—4.12 (-OOC-CH,—CH,— reaction was stopped, and the product was redissolved in THF. After
CH,—-CH,-CH,-0-), 3.75-3.83 (—CH,—O—-CH,—CH,—SS-), being centrifuged for 30 min X 3, the supernatant was precipitated
3.60-3.70 (—CH,—CH,—OH), 2.85-3.00 (—CH,—CH,—SS— into an excess amount of cold n-hexane. The light yellow solid PCL,4-
CH,—CH,—), 2.43-2.52 (CH=C-), 2.24—2.42 (-O0OC-CH,— b-PTEGMA,-2N; was obtained after drying under vacuum at 40 °C
CH,—CH,—CH,—CH,-0-), 1.65-1.87 (—OOC—-C(CH,;),—Br), for 24 h (yield: 1.6 g, 87%).
1.53-1.77 (-O0OC-CH,—CH,—CH,—CH,—CH,—0-), 1.27-1.48 Synthesis of Hyperblock Copolymer HB-PCL-b-PTEGMA by
(-00C—-CH,-CH,—-CH,—CH,—CH,-0-), 1.26—1.32 (-OOC-— “Click” Reaction. 1.55 g of PCL,s-b-PTEGMA,,-2N; (0.26 mmol),
C—CHjy). 96 uL of PMDETA (0.46 mmol), and THF (10 mL) were added into

Synthesis of PCL-b-PTEGMA-OH-Br by Atom Transfer a 20 mL glass tube with a magnetic stirrer. After degassing by three
Radical Polymerization (ATRP). Tri(ethylene glycol) methyl freeze—vacuum—thaw cycles, 68 mg of CuBr (0.46 mmol) was added
ether acrylate (TEGMA) was synthesized according to the reported into the tube, and then the tube was sealed under vacuum. The
procedure.’” 1.6 g of PCL,s-OH-Br (0.47 mmol), 5.10 g of TEGMA mixture was stirred at 60 °C for 48 h. Then the mixture was diluted
(23.4 mmol), 100 yL of PMDETA (0.48 mmol), and anhydrous with THF and passed through a short neutral alumina column to
DMF (S mL) were added into a 20 mL glass tube with a magnetic remove the metal salt. After being concentrated, the polymer solution
stirrer. After degassing by three freeze—vacuum—thaw cycles, 68 mg was precipitated into an excess amount of cold n-hexane. The solid
of CuBr (0.47 mmol) was added into the tube, and then the tube was HB-PCL,4-b-PTEGMA,, was obtained after drying under vacuum at
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40 °C for 24 h (yield: 1.1 g 71%), and then the product was
fractionated with n-hexane/THF mixture (1—1.5/1, v/v) (yield: 0.12
g 11%).

Synthesis of PCL-20H by ROP. In a typical reaction, 0.74 g of
initiator II (2.4 mmol), 6.02 g of e-caprolactone (52.8 mmol), and
0.20 g of Sn(EH), (0.49 mmol) were added into a 100 mL three-neck
bottle, and then anhydrous toluene (60 mL) was added. The mixture
was stirred for 10 h at 115 °C under an argon atmosphere. The
solvent was removed by rotary evaporation after the reaction was
stopped. The product was redissolved in THF and precipitated into
an excess of cold methanol/water mixture (3/1, v/v). The
precipitation process was repeated for three times. The white solid
PCL,;-20H was obtained after drying under vacuum at 40 °C for 24
h (yield: 6.1 g, 90%).

Synthesis of PCL-2Br by Functional Modification. 5.8 g of
PCL,;-20H (2.0 mmol), 2.51 g of TEA (24.9 mmol), and 60 mL of
anhydrous DCM were added into a 100 mL three-neck bottle. A
solution of 5.34 g of 2-bromopropionyl bromide (24.7 mmol) in
anhydrous DCM (10 mL) was added dropwise within 1 h at 0 °C.
The mixture was stirred for 20 h at room temperature under an argon
atmosphere. The solvent was removed by rotary evaporation after the
reaction was stopped. The residue was redissolved in THF. After the
removal of insoluble salts by filtration, the filtrate was concentrated by
a rotary evaporator. The polymer solution was precipitated into an
excess amount of cold n-hexane. The precipitation process was
repeated for three times. The light yellow solid PCL,;-2Br was
obtained after drying under vacuum at 40 °C for 24 h (yield: 4.5 g,
78%).

Synthesis of PCL-2N; by Azidation. 2.3 g of PCL,;-2Br (0.78
mmol) was dissolved in ACN (20 mL), and then 1.4 g of NaN; (21.5
mmol) was added into the solution. The mixture was stirred at 40 °C
for 48 h under an argon atmosphere. The solvent was removed by
rotary evaporation after the reaction was stopped, and the product
was redissolved in THF. After being centrifuged for 30 min X 3, the
supernatant was precipitated into an excess of cold methanol/water
mixture (3/1, v/v). The light yellow solid PCL,;-2N; was obtained
after drying under vacuum at 40 °C for 24 h (yield: 1.3 g, 57%).

Synthesis of PTEGMA by ATRP. 0.78 g of initiator III (2.3
mmol), 7.02 g of TEGMA (32.2 mmol), 480 uL of PMDETA (2.30
mmol), and anhydrous DMF (S mL) were added into a 20 mL glass
tube with a magnetic stirrer. After degassing by three freeze—
vacuum—thaw cycles, 230 mg of CuBr (1.6 mmol) was added into the
tube, and then the tube was sealed under vacuum. The mixture was
stirred at 60 °C for 3 h. Then the mixture was diluted with THF and
passed through a short neutral alumina column to remove the metal
salt. The solvent was removed by rotary evaporation. The product was
redissolved in THF and precipitated into an excess amount of cold n-
hexane. The precipitation process was repeated for three times. The
transparent liquid PTEGMA,; was obtained after drying under
vacuum at 40 °C for 24 h (yield: 3.1 g, 47%). "H NMR chemical shift
for PTEGMA,; (5, ppm, CDCly): 4.25-4.45 (CH=C-CH,-,
—-COO0-CH,-CH,-§§—, —COO-CH,-CH,-0-), 3.75-3.84
(-0-CH,-CH,-SS-), 3.60-3.74 (-COO-CH,-CH,—0—
CH,-CH,-0-CH,—CH,-0-), 3.50-3.60 (—-O—CH,—CH,—O-—
CH,), 3.29-3.43 (—O—CH,), 2.85-3.00 (—CH,—CH,—SS—CH,—
CH,-), 2.47-2.56 (CH=C-), 2.20-2.47 (—CH,—CH-COO-),
1.38—2.15 (—CH,—CH—-COO-), 1.05—1.21 (-C(CH,),—CO0-).

Synthesis of Hypergraft Copolymer HB-PCL-g-PTEGMA. 1.2
g of PCL,3-2N; (0.41 mmol), 180 L of PMDETA (0.86 mmol), and
THF (6 mL) were added into a 20 mL Schlenk bottle. After degassing
by three freeze—vacuum—thaw cycles, 120 mg of CuBr (0.83 mmol)
was added immediately. 1.2 mL of hyperbranched PCL (HB-PCL,;)
solution was taken out after the mixture was stirred at 60 °C for 48 h.
Then a degassed polymer solution containing 3.0 g of PTEGMA;
(9.4 mmol) was added into the Schlenk bottle, and the reaction was
continued at 60 °C for another 48 h to get HB-PCL,;-g-PTEGMA ;.
The remaining HB-PCL,; and HB-PCL,;-g-PTEGMA,; polymer
solutions were treated with a similar procedure; i.e., the solutions were
first diluted with THF and passed through a short neutral alumina
column to remove the metal salt. After being concentrated, the HB-
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PCL solution was precipitated into an excess of cold methanol/water
mixture (3/1, v/v) while the HB-PCL,;-g-PTEGMA,; solution was
precipitated into an excess amount of cold n-hexane. The HB-PCL,;-
g-PTEGMA,; was further fractionated with n-hexane/THF mixture
(1-1.5/1, v/v). The light green solid HB-PCL,; (yield: 50 mg, 25%)
and HB-PCL,;-g-PTEGMAj; (yield: 0.2 g, 8.3%) were obtained after
drying under vacuum at 40 °C for 24 h.

Preparation of Bare Polymeric Self-Assembly Amphiphiles
(SAs). All the SAs were prepared with the same procedure, and all the
copolymers used are fractionated samples. In a typical process, 5 mg
of HB-PCL,-b-PTEGMA,, was dissolved in DMF (1 mL). The water
(5 mL) was added immediately into this polymer solution under
vigorous stirring. The solution was dialyzed against water for 24 h
(molecular weight cutoff ~14000 g/ mol) after being stirred at room
temperature for 1 h.

Preparation of Doxorubicin (DOX) Loaded SAs. The typical
preparation procedure of DOX loaded SAs was described as follows.
First, DOX solution with a concentration of 10 mg/mL was prepared
by mixing 10 mg of DOX-HCI and S mol equiv of TEA in DMSO (1
mL). S mg of HB-PCL,4-b-PTEGMA,, was dissolved in DMF, and
100 uL of DOX solution (10 mg/mL) was added. Then water (1 mL)
was added immediately into the mixture under vigorous stirring. The
solution was dialyzed against water for 24 h (molecular weight cutoff
~14000 g/ mol) after being stirred at room temperature for 1 h. The
DOX loaded SAs solution was centrifuged for 10 min X 3 at 4000 rpm
to remove unloaded DOX. The UV absorbance of the mixture (100
uL DOX loaded SAs solution mixed with 900 L. DMSO) at 485 nm
was measured to determine the total loading of DOX.**** A standard
curve of DOX in DMSO was obtained by the UV-—vis
spectrophotometer at 485 nm (Figure S1). The drug loading content
(DLC) and drug loading efficiency (DLE) were calculated according
to the following formulas:*’

MpPOX in micelles X 100%

DLC (%) =
mpolymer + MDPOX in micelles (1)
m, R
DLE (%) — DOX in micelles X 100%
Mpox

)

Degradation of Hyperblock and Hypergraft Copolymers in
THF. 25 mg of Hyperblock or Hypergraft copolymer was dissolved
into S0 mL of THF. The oxygen in the solution was removed by
bubbling nitrogen for 1 h, and then ~80 mg of DTT was added into
the solution. The degradation processes were monitored at 25 °C by
GPC.

Drug Release Kinetics in Vitro. The drug release was conducted
at 37 °C in 20 mM PB buffer (pH 7.4, 10 mM DTT). Typically, drug
loaded SAs solutions were added into a dialysis bag (molecular weight
cutoff ~14000 g/mol) and dialyzed against 20 mL of PB buffer. At
predetermined time points, the old buffer solution containing DOX
was taken out, and 20 mL of fresh buffer was added. The buffer
solution was freeze-dried and dissolved in DMSO. The DOX content
was measured by a UV—vis spectrophotometer at 485 nm. The
cumulative release of DOX was calculated.

Characterization. '"H NMR measurements were conducted on a
Bruker AV4A0ONMR spectrometer. Deuterated chloroform (CDCl,)
was used as the solvent while tetramethylsilane (TMS) was used as an
internal standard. The concentration of polymers was ~20 g/L. FTIR
spectra were performed on a Bruker VECTOR-22 IR spectrometer.
The samples were prepared by the KBr disk method, and the spectra
were collected at 64 scans with a spectral resolution of 4 cm™". The
molar mass and polydispersity index (PDI M,/M,) were
determined by gel permeation chromatography (GPC, Waters
1515) equipped with three Waters Styragel columns (HR2, HR4,
and HR6) and a refractive index detector (RI, Wyatt WREX-02). The
column oven temperature was kept at 35 °C. THF was used as eluent,
and the flow rate was set at 1.0 mL/min. Molar masses were calibrated
with narrowly distributed linear polystyrene samples.

Differential Scanning Calorimetry (DSC). DSC was performed
on a Q2000 differential scanning calorimeter from TA Instruments
under a nitrogen flow rate of 100 mL/min. First, the sample was
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heated from —90 to 150 °C to remove the thermal history, and then
the sample was reheated after cooling from 150 to —90 °C. The
scanning rate was set at 10 °C/min. The endothermic maximum
temperature during reheating was taken as the melting temperature
(T,,)- The degree of crystallinity (y.) was calculated according to the
equation as follows:*"**

X, = AH,/(Wpe, X AH, () 3)
where AH,, is the heat of fusion per gram of copolymers determined
based on the endothermic peak. 136.4 J/g (AH,,,) was used as a
reference for the melting enthalpy of 100% crystalline PCL.** Wy is
the weight fraction of PCL in the copolymer which was calculated by
"H NMR integral areas.

Thermal Gravimetric Analysis (TGA). TGA was performed on a
Discovery TGA from TA Instruments under a nitrogen flow rate of
100 mL/min. The sample was heated to 800 °C, and the heating rate
was set at 10 °C/min.

Dynamic Light Scattering (DLS). A commercial LLS spec-
trometer (ALV/DLS/SLS-5022F) equipped with a multi-z digital
time correlator (ALVS000) was used. The Laplace inversion of each
measured intensity—intensity time correlation function G(Z)(q,t) in
the self-beating mode using both the cumulants and CONTIN
analysis can result in a line-width distribution G(I"). Then G(I') can
be converted to translational diffusion coefficient distribution G(D)
according to the equation I' = Dg”. The hydrodynamic radius
distribution f(R;) can be obtained via the Stokes—Einstein equation,
Ry, = kgT/671,D, where kg, T, and 7, are the Boltzmann constant, the
absolute temperature, and the viscosity of solvent, respectively. The
scattering angle was fixed at 30°, and the temperature was controlled
at 25 °C. The concentration for all the samples was fixed at 0.6 mg/
mL. In a typical degradation process, the oxygen in SAs solution (2
mL) was removed by bubbling nitrogen for 10 min, and then 3.2 mg
of DTT was added into the solution. All the solutions were filtered
through hydrophilic filters (Millipore, aperture 0.4S ym) before DLS
measurements.

Cell Viability Assay. HeLa cells were seeded in 96-well plates (4
X 10® cells per well) with 100 uL complete Dulbecco’s Modified
Eagle Medium (DMEM) per well and cultured for 24 h. The cells
were incubated with predetermined amounts of bare polymeric SAs or
DOX-loaded SAs at 37 °C and 5% CO, for 48 h. Then, 20 uL of 5
mg/mL MTT solution in phosphate buffered saline (PBS) was added
to each well and incubated for another 4 h. The medium was removed
carefully, and generated MTT—formazan was dissolved in 200 uL of
DMSO per well. The absorbance was measured on a Bio-Rad iMark at
a wavelength of 595 nm. The relative cell viability (%) was
determined by comparing the absorbance at 595 nm with control
wells incubated with complete DMEM. Data are presented as mean =+
standard deviation (SD) (n = 4).

CMC Measurement. The critical micelle concentration (cmc)
was determined using pyrene as a fluorescence probe.”’ The
fluorescence excitation spectra of pyrene were recorded by a Hitachi
F-4600 fluorescence spectrophotometer (Hitachi High-Technologies
Corporation, Tokyo, Japan). The emission wavelength was set at 390
nm. The concentration of polymers varied from 1.0 X 1075 to 0.6 mg/
mL, and the concentration of pyrene was fixed at 8.0 X 1077 mol/L.
The cmc was estimated as the cross-point when extrapolating the
intensity ratio I335/I5;5 at low and high concentration regions (Figure

52).

B RESULTS AND DISCUSSION

Synthesis and Characterization of Hyperblock and
Hypergraft Copolymers. In this study, to investigate the
effect of chain architecture, two amphiphilic hyperbranched
polymers (AHPs) with a similar weight fraction of hydro-
phobic/hydrophilic composition but different block distribu-
tions were prepared; to study the effect of block composition,
the block length was systematically varied for a given
hyperbranched structure. The biocompatible poly(e-caprolac-
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tone) (PCL) was used as hydrophobic building block. We
chose poly[tri(ethylene glycol) methyl ether acrylate]
(PTEGMA) as hydrophilic building block because the
polymerization process is well controlled and the end group
can be easily modified. Scheme 2 shows our strategy of
synthesizing AB,-type macromonomers and the target Hyper-
block and Hypergraft copolymers. The Hyperblock (HB-PCL-
b-PTEGMA) is made from PCL-b-PTEGMA diblock AB,-type
macromonomer, and the inserted PCL and PTEGMA blocks
are randomly distributed along the backbones, while the
Hypergraft (HB-PCL-g-PTEGMA) is composed of a hyper-
branched PCL core and grafted PTEGMA chains on periphery.

The synthesis started from two functional initiators, as
shown in Scheme 2. The initiators I (Figure S3) and II were
prepared according to our previous protocols.”> For the
synthesis of Hyperblock HB-PCL-b-PTEGMA and Hypergraft
HB-PCL-g-PTEGMA, two kinds of functional AB,-type
macromonomers were prepared, namely, PCL-b-PTEGMA-
2N; (Scheme 2a) and PCL-2N; (Scheme 2b). For the
synthesis of PCL-b-PTEGMA-2Nj, the diblock precursor PCL-
b-PTEGMA-OH-Br was first prepared by a combination of
ring-opening polymerization (ROP) of CL and subsequent
atom transfer radical polymerization (ATRP) of TEGMA.
Further functional modification of the end hydroxyl group of
PCL block and azidation substitution furnished the diblock
macromonomer PCL-b-PTEGMA-2N; with one alkyne group
in middle of two blocks and two azide groups located at the
end of each block. The synthesis of PCL-2Nj; is much simpler;
namely, a combination of ROP of CL, functional modification,
and azidation substitution results in the final PCL-2Nj;
macromonomer with one alkyne group in the chain center
and two azide groups located at the two chain ends.

In the syntheses, the ROP and ATRP polymerization
processes were all conducted in a living manner. The successful
preparation of macromonomers PCL-b-PTEGMA-2N; and
PCL-2N; with different chain lengths and block compositions
was confirmed by various characterization methods. Namely,
Figure 1 demonstrates that the resultant macromonomers
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Figure 1. GPC curves of (a) PCL,;-OH-Br and PCL,4-b-PTEGMA,,-
2N; and (b) PTEGMA,; and PCL,;-2Nj,.

PCL,s-b-PTEGMA,-2N; and PCL,3;-2N; own relatively
narrow molar mass distributions with polydispersity indexes
(M,,/M,) of ~1.3 and ~1.2, respectively. It is worth noting
that the monomer conversion during polymerization was
maintained below 60% to ensure high end-group functionality.
The number-average molar masses (M,) were determined to
be ~7.5 X 10° and ~42 X 10° g/mol for these two
Macromonomers.
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In addition to the visual GPC measurements, the two
macromonomers and other intermediate polymers were also
characterized by "H NMR in detail. Figures 2 and 3 summarize
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Figure 2. 'H NMR spectra of (a) PCL,;-OH-Br, (b) PCLy4-b-
PTEGMA,,-OH-Br, (c) PCL,s-b-PTEGMA,,-2Br, and (d) macro-
monomer PCL,,-b-PTEGMA,,-2N;.
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Figure 3. '"H NMR spectra of (a) PTEGMA,;, (b) PCL,;-20H, (c)
PCL,;-2Br, and (d) macromonomer PCL,;-2N;.

the corresponding '"H NMR results for PCL,s-b-PTEGMA,,-
2N; and PCL,;-2Nj3, respectively. The successful polymer-
ization and postpolymerization modification can be clearly
reflected in the presence of new peaks and obvious signal shift
of existing peaks, respectively. Detailed notation is made to
assign the peaks to the corresponding protons of each
intermediate polymer. Figure 2a shows that the characteristic
peaks located at ~4.00 ppm (“k”) and ~3.65 ppm (“k’”) are
attributed to the protons of —CH,00C— and —CH,—OH on
the chain backbone and the chain end of each PCL block,
respectively. PCL,s-b-PTEGMA,,-OH-Br was obtained by
subsequent ATRP of the monomer TEGMA. The new peaks
located at ~3.55 ppm (“s”) and ~3.38 ppm (“t”) in Figure 2b
are attributed to the protons of TEGMA repeating unit. After
functional modifications by bromination reaction, the new
peaks in Figure 2c located at 1.82 ppm (“u”) and 4.35 ppm
(“v”) indicate the success of this reaction. After the azidation
reaction of PCL,s-b-PTEGMA,,-2Br with NaNj;, we got the
final amphiphilic macromonomer PCL,s-b-PTEGMA,,-2N,.
The 'H NMR spectrum is shown in Figure 2d. The peaks “u”
and “v” both shift to lower position compared with PCL4-b-
PTEGMA ,-2Br. Moreover, the similar chemical shift changes
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after the synthesis process of PCL,;-2N; are shown in Figure 3.
Note that GPC result can only provide apparent values for
molar mass related information if we consider the difference of
hydrodynamic sizes between PCL/PTEGMA and polystyrene
calibration standards. Therefore, "H NMR spectra were further
used to extract the information about real molar mass and
relative mass fraction of each block for macromonomers
PCL,s-b-PTEGMA,-2N; and PCL,;-2N;. Principally, the
relative intensity of integral area of the signals from initiating
site, end-group, and monomer units can be used to calculate
the real degree of polymerization (DP) for PCL and PTEGMA
blocks. The value of DP of PCL segment was calculated as

DPpy, = (A + Ap)/Ay (4)

where A, and Ay represent the integration area of peaks k and
k', respectively. Similarly, the values of DP of PTEGMA block
and macromonomer PCL-2Nj; can be calculated as

DPBpreama = 24,/4A4 (5

(6)

Following this principle, for PCL,5-b-PTEGMA ,-2N;, the real
DP value of PCL and PTEGMA blocks was found to be ~26
and ~12, respectively, while the DP value of PCL was found to
be ~23 for PCL,;-2N;. In addition, the alkyne-functional
PTEGMA with different lengths prepared by ATRP was
further used as grafting chains for the preparation of
Hypergraft HB-PCL-g-PTEGMA. By taking PTEGMA,; as
an example, the "H NMR result demonstrates that the DP
value for PTEGMA ; is ~13, which is similar to the PTEGMA
block in the diblock copolymer PCL,s-b-PTEGMA,,. The
corresponding GPC and '"H NMR curves of PTEGMA,; are
shown in Figures 1b and 3a.

The interchain coupling of macromonomer PCL,4-b-
PTEGMA,-2N; was conducted with the CuBr/PMDETA
catalyst system to produce Hyperblock HB-PCL,-b-PTEG-
MA,,. Similarly, the hydrophobic hyperbranched core of
Hypergraft HB-PCL,;-g-PTEGMA,; was prepared from
macromonomer PCL,;-2N;. Figure 4 shows clear shifts of

DPpcp, = 2(A; + Ap) /Ay
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Figure 4. GPC curves of (a) unfractionated Hyperblock HB-PCL,4-b-
PTEGMA,, and macromonomer PCL,s-b-PTEGMA,-2N; and (b)
fractionated Hypergraft HB-PCL,;-g-PTEGMA;, HB-PCL,;, and
PCL,,2N,.

elution peaks in GPC curves for macromonomers PCLo-b-
PTEGMA,,-2N; and PCL,;-2N; after click reaction (red
curves), signifying the formation of hyperbranched chains. For
the preparation of Hypergraft HB-PCL,;-g¢-PTEGMA;, an
additional click reaction between the alkyne group of
PTEGMA,; and residual azide groups of PCL hyperbranched
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core was carried out to couple the hydrophilic PTEGMA onto
the periphery of PCL hyperbranched core. The GPC curve
further shifts to a lower retention time, indicating the
successful grafting process. All the apparent molar mass
information about related samples is summarized in Table SI.

Figure 5 shows the "H NMR spectra of two hyperbranched
model systems. As shown, the observed new peak located at

. HB-PCL,-5-PTEGMA , (3)
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Figure 5. 'H NMR spectra of (a) Hyperblock HB-PCL,4-b-
PTEGMA,, and (b) hyperbranched core HB-PCL,; and Hypergraft
HB-PCL,;-¢- PTEGMA, ;.

“« »

~7.8 ppm (“a”) can be attributed to the proton signal from the
triazole ring,44 indicating the formation of a triazole five-
membered ring, which is also reflected in the significant
chemical shifts of protons “b” and “v” from the branching
linkages and terminal groups of macromonomers. Figure S4
further shows the FTIR spectra of macromonomers, hyper-
branched polymers, and other intermediate polymers.
Obviously, the strong vibration at ~2100 cm ™" can be ascribed
to azide asymmetric stretching vibration,”>** reflecting the
successful substitution of bromine groups by azide groups for
macromonomers PCL,s-b-PTEGMA,,-2N; and PCL,;-2Nj.
After the click reaction, the vibration intensity decreases,
reflecting the decrease in the mass fraction of azide groups
during polycondensation process. The significant difference
between final Hyperblock HB-PCL,s-b-PTEGMA,, and
Hypergraft HB-PCL,;-g-PTEGMA,; is indicated by the
stretching vibration intensity of azide groups. The vibration
signal of azide groups of HB-PCL,;-g-PTEGMA,; seems to
totally disappear after the grafting process, indicating the high
grafting efficiency (up to 90%). Overall, the structures of
resultant Hyperblock HB-PCL,-b-PTEGMA,, and Hypergraft
HB-PCL,;-g-PTEGMA,; amphiphilic copolymers were con-
firmed by a combination of GPC, 'H NMR, and FTIR
characterization. The above results clearly demonstrate that the
two model hyperbranched systems have a similar PCL/
PTEGMA composition but different block sequences and
distributions, which can be further used as meaningful
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reference models for the investigation of how the block
sequence and distribution affect the degradation behavior.

For HB-PCL-b-PTEGMA, we systematically regulated the
chain length of the hydrophilic PTEGMA block in the
macromonomer to obtain a set of HB-PCL,-b-PTEG
with almost identical hydrophobic block (x = 25—26) but
with different PTEGMA block lengths (y = 6, 12, and 26). For
HB-PCL,-g¢-PTEGMA,, we also got a set of samples with
identical hydrophobic block (x' = 23—25) but with different
PTEGMA block lengths (y' = 12 and 21). The detailed GPC
characterization results of these samples are shown in Figure
S5 (*"H NMR and FTIR results are not shown), and their chain
parameters are summarized in Table S3.

Degradation of Hyperblock and Hypergraft Copoly-
mers in an Organic Solvent. As mentioned earlier, each
branching point of HB-PCL-b-PTEGMA and HB-PCL-g-
PTEGMA contains only one cleavable disulfide bond. All the
degradable sites are perfectly distributed along the hyper-
branched backbone. Following our previous study of
degradable hyperbranched polystyrene, we preferred to choose
dithiothreitol (DTT)* as the reducing agent because (1) its
induced disulfide reduction is highly efficient because of its
high conformational tendency to form a six-membered ring
and (2) it is soluble in a range of solvents such as THF and
water, providing an opportunity to carry out the experiments in
both nonaqueous and aqueous solutions.

Hyperblock HB-PCL,-b-PTEGMA,, and Hypergraft HB-
PCL,;-g-PTEGMA,; were used as model samples to
investigate the degradation behavior of hyperbranched
copolymers in organic solvent. In experiments, the degradation
of model samples in THF solution (10 mM DTT) was
monitored quantitatively by GPC. As shown in Figures 6a and

g —— HB-PCL, -b-PTEGMA (2) g —— HB-PCL-¢-PTEGMA (b)
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Figure 6. GPC curves for the two AHPs before and after degradation
in THF at [DTT] = 10 mM: (a) fractionated HB-PCLs-b-
PTEGMA,, and (b) fractionated HB-PCL,;-g-PTEGMA ;.

6b (data for reference samples are shown in Figure S6), the
degradation of HB-PCL,s-b-PTEGMA;, and HB-PCL,;-g-
PTEGMA,; is almost accomplished within ~30 h.*° The
apparent molecular information about the degradation
products is summarized in Table S2. However, the nonaqueous
solution is not the appropriate choice to mimic the real
environment of drug releasing process. Taking the advantages
of biocompatibility and water solubility of prepared Hyper-
block HB-PCL-b-PTEGMA and Hypergraft HB-PCL-g-PTEG-
MA, we further monitored the degradation behavior of their
self-assembly amphiphiles (SAs) in aqueous solutions (10 mM
DTT) by stand-alone laser light scattering (LLS). The changes
in the relative scattering intensity (I,/I,) and hydrodynamic
radius ((R;,)) were monitored over degradation time.
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degradation process for HB-PCL-b-PTEGMA SAs in aqueous solution.

Degradation of Hyperblock and Hypergraft Copoly-
mers in Aqueous Solutions: The Effect of Chain
Architecture. Using HB-PCL,4-b-PTEGMA,, and HB-
PCL,;-g¢-PTEGMA,; with a similar block composition as
model samples, we first investigated how the block distribution
influences the degradation behavior of hyperbranched SAs in
aqueous solutions. The results of degradation study for HB-
PCL,s-b-PTEGMA,, SAs are summarized in Figure 7. Figure
7a shows that the relative scattering intensity I,/I, decreases
rapidly in the first 20 h and then smoothly with degradation
time, signifying a two-step degradation process (red and blue
lines). The two-step degradation process can also be reflected
in the evolution of (Ry) as a function of degradation time in
Figure 7b, where the (R,) of HB-PCL,s-b-PTEGMA,, SAs
rapidly decreases from ~24 to ~17 nm within the first 20 h,
and subsequently a smooth decrease to ~12 nm can be
observed in the following 80 h. Moreover, Figure 7c shows that
the hydrodynamic radius distribution f(R;,) becomes narrower
as time proceeds, signifying the uniformity of the SAs
composed of degradation products. It is worth noting that
we also measured the f(R;) of SAs composed of diblock
PCL,s-b-PTEGMA,, macromonomer in aqueous solution for
comparison (Figure S7), which shows similar (R,)s and
polydispersity indexes to those of degradation products,
implying that the molecular structure of degradation products
is similar to that of the macromonomer.

1180

Figure 7d further shows that the relative apparent chain
denSity (papp,t/papp,o)l deﬁned as papp,t/papp,o = (It/<Rh>3)t:t/ (It/
(Ry)*) =0, gradually increases with the degradation time. This
change reflects that the SAs made of huge hyperbranched
chains own a much lower apparent chain density than that of
initial linear macromonomer, which can be attributed to the
more compact structure of SAs composed of diblock
amphiphiles. By taking R, ~ M® into p ~ M/R;® for
hyperbranched chains in a good solvent,*” we can get p ~
M™% e, a polymer chain with a smaller molecular weight has
a higher apparent chain density. Thus, the apparent chain
density increases with the degradation of Hyperblock
copolymers. It is also worth noting that the intermediate and
final degradation product (PCL,¢-b-PTEGMA,;) is not able to
be further cleaved into individual PCL and PTEGMA blocks as
they are chemically bonded, which leads to an unchanged
hydrophobic/hydrophilic balance for SAs during the whole
degradation process. At any point, no turbidity was observed in
the SAs aqueous solution, even at the end of experiment. The
degradation process for Hyperblock HB-PCL,s-b-PTEGMA,,
is schematically illustrated in Figure 7e.

In contrast, HB-PCL,;-g-PTEGMA,; SAs showed different
degradation kinetics as shown in Figures 8a—d. We
hypothesize that this difference originates from the different
branching patterns of the two model systems; namely, the
PCL/PTEGMA blocks are randomly distributed within the
whole framework of Hyperblock HB-PCL-b-PTEGMA, while

DOI: 10.1021/acs.macromol.8b01784
Macromolecules 2019, 52, 1173-1187


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01784/suppl_file/ma8b01784_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b01784

Macromolecules

(a)

@
a0t
o)
j=1
[
~_ 20} }
— — 2
=
/ 0
0 W " Tmern
0 50 100 150
Time/h
(©
1.0F
——0h t=0h
——1h <R|.>:39‘0nm
—~ — g;h PDI=0.14
5 0.5F——36h = 120h
G~ ——48h B
——120h <R >=23541m
PDI=0.11

200} ©
=100}
0 1 1 I

0 50 100 150

Time/h
&= =2l
100 150

Time/h

P

. A o

\:‘:;X{’ R

Figure 8. Degradation time (t) dependence of (a) ratio (I,/I;) of scattering intensities t = t (I,) and t = 0 (I,), (b) average hydrodynamic radius
(Ry), (c) hydrodynamic radius distribution f(Ry), and (d) ratio (py/Papp0) Of apparent chain segment densities at t = ¢ (py,,,) and t = 0 (pyp0)

for HB-PCL,3-g¢-PTEGMA,; SAs in aqueous solutions with [DTT]

degradation process for HB-PCL-g-PTEGMA SAs in aqueous solution.

10 mM, where C

polymer = 0.6 mg/mL. (e) Schematic illustration of

spatially separated hydrophobic PCL and hydrophilic
PTEGMA domains exist for Hypergraft HB-PCL-g-PTEGMA.
Relying on the observed different change rates in light
scattering intensity and size, the whole degradation process
can be divided into four time intervals: (i) t < 4 h, a fast
degradation process was observed, reflected in the significant
decrease of I,/I from ~1.0 to ~0.3 (Figure 8a) and size from
~24 to ~16 nm (Figures 8b,c); (ii) 4 h < t < 29 h, the
determined values of I,/I; and (R,) weakly increase with time;
(iii) 29 h < t < 82 h, I,/I; and (R,) start to rapidly increase with
degradation time, ~12 times increase in (R;) was observed;
(iv) t > 82 h, the average size of assemblies slowly decreases
with degradation time.

Reasonably, the change during the first time interval could
be mainly attributed to the degradation process of the
PTEGMA shell, where the DTT molecules can quickly
permeate the periphery of Hypergraft HB-PCL,3;-g-PTEGMA ;
due to the hydrophilic nature of PTEGMA shells. The
phenomenon of second time interval can be related to the
balance between degradation and aggregation of SAs. As
mentioned earlier, the hydrophobic/hydrophilic balance is
almost constant for Hyperblock HB-PCL,s-b-PTEGMA,,
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during the degradation process, while this is not the case for
Hypergraft HB-PCL,;-g¢-PTEGMA ;. As shown in Figure 8e,
there is always one disulfide linkage between PCL and
PTEGMA blocks, which leads to the fact that both the PCL
and PTEGMA blocks in hyperbranched assemblies can be
independently degraded, inevitably leading to significant
change in hydrophobic/hydrophilic balance of remaining
assemblies. Consequently, the weight fraction of hydrophobic
PCL blocks on some of Hypergraft chains and their assemblies
will significantly increase as the degradation proceeds, resulting
in the disturbance of the hydrophobic/hydrophilic balance.
Thermodynamically, aggregation of unstable SAs with high
content of PCL blocks inevitably leads to an increase in both
apparent molar mass and hydrodynamic radius of SAs.
Furthermore, it is not difficult to understand the
experimental phenomenon in the third time interval between
29 h < t < 82 h, where the cleavage of disulfide bonds further
leads to serious imbalance of hydrophobicity/hydrophilicity
and strong aggregation of degradation products. It is resonable
to predict that the aggregation process will finally determine
the apparent molar mass and size of SAs existing in the system.
Indeed, macroscopic precipitates were observed at the bottom
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of experimental vial after 100 h, further supporting our The changes in apparent chain density can be interpreted as
explanation. follows: (1) For the first time interval, the degradation of
1182 DOI: 10.1021/acs.macromol.8b01784
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PTEGMA shell leads to a compact structure. Thus, the
apparent chain density increases. (2) For the second time
interval, both of the disulfide linkages in the shell and core
degrade. However, the degradation of disulfide linkages in the
hydrophobic core leads to a loose structure. The combination
effect shows a little decrease in the apparent chain density. (3)
For the third and the fourth time intervals, more and more
disulfide linkages were degraded. Large but loose aggregates
were generated, so the M increased and the apparent chain
density decreased as p ~ M™"3, Moreover, it should be noted
that for the fourth time interval the measured chain apparent
density is related to the species suspended in the solutions due
to the formation of precipitates.

The TEM data (Figures S8 and S9) also show similar
evolution during the course of degradation in an aqueous
phase. On the basis of the above results, it is clear that even for
hyperbranched systems with a similar block composition, the
difference of the sequence and spatial distribution of
hydrophobic/hydrophilic blocks can also lead to distinct
degradation behavior of hyperbranched assemblies. The
above results also highlight the importance of utilizing model
samples with controlled branching structure and degradable
sites for the structure—property study. Overall, the Hypergraft
HB-PCL-g-PTEGMA presented a much more complicated
degradation process.

Up until now, the result has shown how the branching
pattern of amphiphilic hyperbranched assemblies affects their
degradation in aqueous solutions and quantitatively analyzed
the chain architecture—degradation property relation. How-
ever, for unambiguous conclusion, the reference hyper-
branched systems without cleavable disulfide bonds should
also be studied for meaningful comparison. Thus, we further
prepared two reference samples without disulfide linkages
named R-HB-PCL,4-b-PTEGMA,, and R-HB-PCL,,-g-PTEG-
MA,, for control experiments. The '"H NMR, FTIR, and GPC
measurements confirmed the structures of the initiators,
macromonomers, and resultant hyperbranched polymers
(Figures S10—S16), and the synthesis details can be found
in Schemes S1 and S2.

Overall, compared with HB-PCL,,-b-PTEGMA,, and HB-
PCL,;-g¢-PTEGMA ;, the two reference samples own a similar
composition of hydrophobic/hydrophilic block and overall
average molar mass (Figure S15). Moreover, the size of SAs
composed of the two reference AHPs is determined to be ~18
and ~23 nm, respectively, very close to the previously
measured sizes for HB-PCL,,-b-PTEGMA,, and HB-PCL,;-
g-PTEGMA,;, demonstrating that the existing disulfide
linkages on the branching units actually play negligible role
in affecting the hydrophobic/hydrophilic balance. More
importantly, the LLS study of degradation kinetics of the
two reference AHPs shows no evidence for their degradation
in aqueous solutions, reflected by the constant scattering
intensity and average hydrodynamic size (Figure 9), further
proving that the observed decrease of light scattering intensity
and average hydrodynamic size is indeed originated from the
cleavage of disulfide bonds instead of the degradation of PCL
block.

Degradation of Hyperblock and Hypergraft Copoly-
mers in Aqueous Solutions: The Effect of Block
Composition. For a given chain architecture, the block
composition is also important for the regulation of degradation
behavior of resultant hyperbranched amphiphiles. Thus, we
studied how the hydrophilic block length affects the self-
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assembly and degradation of Hyperblock and Hypergraft
copolymers. As shown in Figures 10a,b for Hyperblock HB-
PCL,-b-PTEGMA,, as the DP of PTEGMA increases from 6 to
26, the degradation rate significantly increases, reflected in the
evolutions of I,/I; and (Ry,) with degradation time. Specifically,
no obvious change was observed for HB-PCL,s-b-PTEGMAg
with shortest PTEGMA block length, and we attributed this
phenomenon to frozen state of the amphiphilic SAs induced by
the strong hydrophobic interaction between PCL,s blocks.
Namely, even the cleavable disulfide bonds could be attacked
by DTT molecules; the diffusion of degradation product
PCL,s-b-PTEGMA might be completely prohibited due to the
much strong hydrophobic interaction among PCL,5 blocks in
PCL,;-b-PTEGMAg. Figure 10c quantitatively shows that the
apparent density monotonically increases with degradation
time for HB-PCL,-b-PTEGMA,, and HB-PCL,.-b-PTEG-
MA,y.

Figures 10d—f summarize the corresponding results for
Hypergraft copolymers HB-PCL,-g-PTEGMA,. Clearly, a
four-step degradation process was also observed for HB-
PCL,;-g-PTEGMA,, with longer PTEGMA block length. For
HB-PCL,;-g-PTEGMA,, the transition points of the degrada-
tion curve shift to earlier time points, reflecting the accelerated
degradation process, but the number of transition points is
unchanged as the PTEGMA block length increases, indicating
that the structures for SAs with different PTEGMA block
lengths are almost similar.

The above studies unambiguously reveal that the factors of
chain architecture and block composition play different roles
for the regulation of degradation behavior of long-subchain
hyperbranched SAs; namely, the degradation model is mainly
affected by the chain architecture and the structure of resultant
SAs, while for a given architecture, the degradation rate can be
regulated by systematically varying the block composition.
Overall, the above result also demonstrates that the synergistic
effect of the two factors determine the details of degradation
behavior of hyperbranched SAs.

Thermal Properties of Hyperblock and Hypergraft
Copolymers in Bulk. Another important factor that may be
closely related to the degradation behavior of hyperbranched
assemblies is the crystallization of the PCL block. It is known
that PCL is a semicrystalline polymer; thus, its crystallization
property actually plays an important role in determining both
permeability and biodegradability of bulk materials,***’ which
may further influence the degradation behavior of PCL-based
assemblies in aqueous solutions. To clarify whether it is the
block sequence and distribution or the crystallization of PCL
block that induces the difference in observed degradation
behavior of the two model systems, DSC measurements were
conducted to investigate the crystallization property of these
powder samples. Figure 11 shows the obtained DSC curves
during reheating. The degree of crystallinity (y.) of Hyper-
block HB-PCL,4-b-PTEGMA,, decreases from 41.6% to 30.4%
compared with its macromonomer, indicating that the
crystallization of PCL segments is suppressed by the branching
structure, to some extent. However, the observed phenomenon
is different from our previous work™ for Hyperblock HB-PCL-
b-PS, where the crystallization of PCL segments in HB-PCL-b-
PS was completely suppressed, and no obvious crystallization
behavior was observed in DSC measurement. This incon-
sistency can be attributed to the fact that PTEGMA block is
more flexible as compared to PS block. For the Hypergraft HB-
PCL-g-PTEGMA system shown in Figure 11b, the value of y,
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Figure 11. DSC curves (10 °C/min) during reheating of (a)
Hyperblock HB-PCL,4-b-PTEGMA |, and PCL,s-b-PTEGMA,-2N5.
(b) Hypergraft HB-PCL,3-g¢-PTEGMA,;, PCL,;-20H, and other
intermediate polymers.

of hyperbranched PCL core is also found to be smaller than
that of the macromonomer. After grafting the hydrophilic
PTEGMA blocks to form the final HB-PCL,;-g-PTEGMA;,
the determined y. shows no obvious difference compared with
the hyperbranched PCL core alone. The above observation
further supports that as flexible segments,”” PTEGMA blocks
have little impact on the crystallization of PCL blocks. Overall,
the determined degrees of crystallinity of Hyperblock HB-
PCL,s-b-PTEGMA,, (y. = 30.4%) and Hypergraft HB-PCL,-
gPTEGMA,; (y. = 30.5%) are almost similar to each other,
further indicating that the observed difference in their
degradation behavior in solution phase is unlikely to be
affected by the crystallization property of the PCL block. In
addition, the two reference AHPs R-HB-PCL,,-b-PTEGMA,,
and R-HB-PCL,,-g-PTEGMA,, also show similar degrees of
crystallinity (Figure S17, y. 33.4% and y. 32.1%),
supporting the negligible influence of disulfide bonds on the
crystallization of PCL.

Moreover, the TGA test was also performed for HB-PCL,4-
b-PTEGMA,, and HB-PCL,;-g-PTEGMA ;. Data are shown in
Figure S18. The temperature and weight change of their
decomposition reactions are almost the same. No significant
differences were found between these two structures. The
results may be ascribed to their similar chemical compositions.

Studies of Drug Loading and Release. The drug loading
related properties including drug loading content (DLC) and
drug loading efficiency (DLE) were also studied, where DOX
was used as model hydrophobic drug. The R, values of drug
loaded SAs, DLC, and DLE results are summarized in Table 1.
The Ry, value of HB-PCL,;-g-PTEGMA,;-DOX is ~135 nm
(Figure S19), which has a large difference with its bare SAs
(~39 nm). This difference can also be seen in TEM results
(Figure S20). A possible explanation for this could be ascribed
to their different branching patterns of the two model systems
(Scheme 3). Compared with Hyperblock SAs, the Hypergraft

1184

Table 1. DLC and DLE of DOX Loaded SAs

sample (Ry) (nm) DLC (%) DLE (%)
HB-PCL,;-b-PTEGMA,,-DOX 219 53 28.0
HB-PCL,;-g-PTEGMA,5-DOX 135.1 3.0 15.3

SAs own much larger and more continuous hydrophobic
domains, which probably makes the assembled structures more
sensitive to hydrophobic—hydrophilic balance. Consequently,
the size change for Hypergraft SAs is more significant after
drug loading. This difference may also induce the fact that HB-
PCLys-b-PTEGMA |, possesses higher DLC and DLE than that
of HB-PCL,;-g-PTEGMA;. Overall, both of the systems have
considerable DLC'”** but not that much as those reported
values in previous literature.’>* In addition, the stability
results (Figure S21) show that the average hydrodynamic radii
(Ry)s of drug-loaded SAs HB-PCL,,-b-PTEGMA ,-DOX and
HB-PCL,;-g-PTEGMA ;-DOX remain constant within 72 h in
PBS solutions with or without the addition of 10% fetal bovine
serum, indicating their high stability.

In addition to the careful investigation of degradation
behavior, we also performed a study of the drug release of
drug-loaded SAs and the cell viability of hyperbranched
assemblies with and without drug loading using HeLa cells as
model cells. The drug release results indicate that Hyperblock
copolymer nanostructures have a faster release rate than
Hypergraft copolymer nanostructures, as shown in Figure S22.
For Hyperblock copolymers, the amphiphilic blocks may
release drugs in the hydrophobic domains easily once degraded
from the mother structure. For Hypergraft copolymers, the
hydrophobic core maintains compact structure even after some
disulfide groups were degraded according to the degradation
data. Figure 12a (also Figure S23) shows that without drug
loading the cell viability for HB-PCL,¢-b-PTEGMA |, and HB-
PCL,;-g-PTEGMA,; SAs are >80% after 48 h incubation,
indicating the biocompatibility of our hyperbranched systems.
With drug loading, both of them possess good inhibition of
HeLa cells proliferation. Both of them have considerable ICy,
values according to the literature,"”>*™>° and the data are
shown in Figure 12b. The inhibition of HeLa cells proliferation
by DOX-loaded SAs HB-PCL,s-b-PTEGMA,-DOX seems
better than that of the HB-PCL,;-g-PTEGMA,;-DOX
analogue (Figure 12b) even though the HB-PCL,;-g-
PTEGMA ;-DOX exhibits higher cell uptake than HB-
PCL,¢-b-PTEGMA,,-DOX (Figure S24). This difference can
probably be attributed to their different release rates.
Moreover, by comparison of the results for drug-loaded
hyperbranched assemblies with and without disulfide linkages
(Figure S25), the existing disulfide linkages seem to provide a
better inhibition efficiency of HeLa cells proliferation due to
their redox responsiveness.’® As it is widely accepted that the
intracellular glutathione (GSH) level in cancer cells is higher
than that in normal cells,””® the results imply that the high
GSH level in cancer cells may accelerate the destabilization of
SAs with disulfide linkages.****

B CONCLUSION

The effects of block composition and distribution on the
degradation behavior of hyperbranched amphiphiles and the
drug release kinetics were investigated by using a set of
Hyperblock HB-PCL-b-PTEGMA and Hypergraft HB-PCL-g-
PTEGMA copolymers with controlled parameters as model
samples. The degradation study monitored by GPC and DLS
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Scheme 3. Schematic Illustration of Hydrophobic Domain and Loaded Drug for (a) Hyperblock HB-PCL-b-PTEGMA and (b)

Hypergraft HB-PCL-g-PTEGMA
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Figure 12. In vitro cytotoxicity of Hela cells against (a) bare
polymeric SAs of Hyperblock HB-PCL,,-b-PTEGMA,, and Hyper-
graft HB-PCL,;-g¢-PTEGMA,; and (b) DOX loaded SAs of
Hyperblock HB-PCL,-b-PTEGMA, and Hypergraft HB-PCL,;-g-
PTEGMA,; for 48 h.

clearly demonstrated that both of the model systems can be
degraded by using DTT as the reducing agent. In addition, the
degradation results of self-assembly amphiphiles (SAs) reveal
that the factors of block distribution and composition play
different roles for the regulation of degradation behavior of
long-subchain hyperbranched SAs; namely, the degradation
process is mainly affected by the chain architecture and the
structure of resultant SAs, while for a given chain architecture,
the degradation rate can be regulated by systematically varying
the block composition. In addition, control experiments
indicated the neglected effect of embedded disulfide linkages
on the crystallization of PCL block and the degradation
process. It is well-known that the stability and release kinetics
for a given drug-loaded SAs system will be influenced by
multifactors, such as the degradation behavior of polymer
assembly itself, the concentration of trigger molecules, the
hydrophilic/hydrophobic balance of drug molecules, and the
special interaction between drug molecules and polymer
framework. It is not an easy task to realize the controlled
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release of target drug molecules by optimizing all these factors
simultaneously. This study shows that even for hyperbranched
systems with a similar hydrophobic/hydrophilic block
composition, the minor change of block sequence and
distribution can lead to totally different degradation behavior.
Thus, a careful examination of the polymer structure—
degradation property relation is the prerequisite for further
comprehensive adjustment of multifactors to realize the
controlled degradation of polymer assembly and release of
target drug.
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ABSTRACT: Poly(methyl methacrylate) (PMMA) and poly(a-methylstyrene-co-acrylonitrile) (PaMSAN) form partially
miscible blends with lower critical solution temperature (LCST) behavior. We revisit this system using small angle neutron
scattering (SANS), examining the effect of molecular weight (M,,) of deuterated PMMA (dPMMA), blend composition (¢),
and temperature (T) in the homogeneous region. All data are well-described by the Random Phase Approximation (RPA)
theory, enabling us to determine thermodynamic and structural parameters, including the correlation length &, G” (the second
derivative of the free energy of mixing with respect to composition), and the statistical segment length a of each component.
Phase boundaries are computed by extrapolation of G” with temperature, to yield the spinodal, and inspection of Kratky plots to
yield the binodal. For PAMSAN, a is determined to be 10.1 + 0.4 A. Unsurprisingly, this system deviates strongly from Flory—
Huggins expectations, exhibiting a minimal M,, dependence of the phase boundaries and ¢ dependence of effective interaction
parameter (). Comparison of G” with values for other blend systems places P?MSAN/dPMMA in a class of highly interacting
blends, expected from Cahn—Hilliard theory to yield small initial phase sizes upon spinodal demixing. This is confirmed
experimentally, with an illustrative temperature jump resulting in an initial phase size of ~30 nm.

B INTRODUCTION

Demixing of polymer blends provides an attractive route to the
fabrication of nano- and microporous materials, with
applications ranging from membranes for separations,’ bio-
logical scaffolds, to organic photovoltaics.2 The characteristic
length scale of the demixed structure is generally key to
material performance and set by, often complex, phase
separation pathways. These include rapid solvent evaporation
or phase inversion and kinetic arrest, starting from polymer—
polymer—solvent, ternary (or multicomponent) mixtures, or
via the processing of immiscible blends. Thermal (or pressure)
induced demixing of partially miscible binary systems yields a
potentially simple and controlled approach to inducing well-
defined polymeric structures. From an equilibrium state, in the
homogeneous region of the phase diagram, a temperature
jump (T-jump) into the two-phase, unstable, region can yield
well-defined bicontinuous materials with prescribed dimen-
sions. This method is in principle less costly and synthetically
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demanding than block copolymer assembly, and provided that
the structure of interest can be rapidly quenched (e.g, by
cooling below glass transition temperature), it is exceptionally
versatile.

Predictions of spinodal structures via polymer blend
demixing strategy rely on the Cahn—Hilliard—Cook (C—H)
theory,”™ adapted to the context of polymer blends.® In short,
at early times, the dominant wavenumber of the isotropic,
periodic structure can be analytically estimated to be

2
q* = \J—G"/4k, where G" = a(:;“‘

of the free energy of mixing AG,, with respect to composition
(¢), and k is the so-called “square gradient term”. The driving
force for demixing is subsumed in G” while the energetic

is the second derivative
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Table 1. Polymer Sample Characteristics: PeMSAN Comprises 30% AN and 70% a-MSt”

(M),, [kg/mol] (M), /{M), m [g/mol]
PaMSAN 122 2.6 98.66
dPMMA40k 39.5 1.1 108.1
dPMMA99k 99.1 1.1 108.1
dPMMA130k-P 131 2.0 108.1

“Segment lengths a for PeMSAN were obtained from this work and for dPMMA from the previous literature.

T, [°C] b [fm] a [A] (Rg)y [nm]

118 £ 1 21.12 10.1 + 04 14.5

115 + 1 98.20 6.9 54

122 £ 1 98.20 69 8.5

117 + 1 98.20 6.9 9.8
19,20

Chain dimensions R, were

computed according to (R.),, = ({N),,a*/6)" from the tabulated values. Parameter b is the coherent neutron scattering length, and m is the mass of

each repeat unit.

penalty associated with composition gradients due to
fluctuations is quantified by k.

The predictive ability of polymer blend thermodynamic
theory to compute phase behavior and G” is currently limited,
given the well-known shortcomings of Flory—Huggins (FH)
lattice theory, and the relative complexity of models such as
polymer reference interaction site model (PRISM),” lattice
cluster theory (LCT),® locally correlated lattice (LCL)™'°
theory, and others. These incorporate some structural
information about the polymeric constituents, chain con-
formation statistics, and interaction potentials in some form.
For instance, LCT explicitly considers monomer architecture,
chain stiffness, energetic asymmetries, and nonrandom mixing,
while LCL is an equation of state approach able to
accommodate volume changes upon mixing as well as
nonrandom mixing.”'® Accurate blend data and rigorous
theoretical comparisons with experimental data are still needed
to advance this field.

Small angle neutron scattering (SANS) is a powerful means
to investigate the thermodynamics of polymer blends and
directly determine G” and k in the one-phase region. The
former can be simply related to forward scattering intensity S(g
— 0), and both can be obtained from de Gennes Random
Phase Approximation (RPA) theory.'' Over the past four
decades, various authors have experimentally investigated the
early stages of spinodal decomposition (e.g., refs 12—14) with
a combination of light, neutron, and X-ray scattering as well as
various microscopies. A few studies have examined the validity
of the C—H prediction of the initial length scale of polymer
blend demixing, which we have recently reviewed and found to
be remarkably accurate,'> despite neglecting hydrodynamic
interactions, nonlinear terms to the diffusion equation, and
limitations of the mean field assumption for blends (involved
in estimating G” and particularly k). Extrapolation of G"(T)
with temperature from the one-phase region, which is positive,
to the two-phase region, across the spinodal line, where it
becomes negative, appears thus an effective approach to
selecting G” and, in turn, g* to predictively design
bicontinuous structures.

In this paper, we investigate a model blend of poly(a-
methylstyrene-co-acrylonitrile) (P@MSAN) with (deuterated)
poly(methyl methacrylate) (dPMMA) by SANS. PaMSAN/
dPMMA forms a lower critical solution temperature (LCST)
mixture, whose glass transition temperature (T, ~ 120 °C) is
near the critical temperature (%140 °C), thus enabling precise
time-resolved SANS experiments. This system has been
previously reported by Higgins et al.'® and identified as a
highly interacting blend,'” in terms of the magnitude of G” for
a modest, accessible quench depth AT within the spinodal line.
In simple terms, refined below, this blend exhibits a large # (or
slope) in the descriptive relation G” = @ + /T. We employ a
M, series of atactic dPMMA (M,, = 40—130 kg/mol) with

W
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different polydispersity (PDI) and investigate an unprece-
dented composition window, encompassing critical and off-
critical mixtures, and temperature range. We systematically
map G” (and effective ¥), correlation length £ of concentration
fluctuations, and segment lengths a across all conditions in the
homogeneous region. We finally provide an illustration of a T-
jump experiment into the unstable region to induce a
bicontinuous nanoscale morphology of prescribed dimensions.

B EXPERIMENTAL SECTION

Polymer Mixtures. Poly(a-methylstyrene-co-acrylonitrile) (PaM-
SAN) was kindly donated by BASF (Luran KR2556) with 30% AN
and 70% a-MSt.'” Deuterated poly(methyl methacrylate) was
purchased from Polymer Source Inc. (40k and 99k) and synthesized
in our laboratory (130k-P). The 40k and 99k were prepared by living
group transfer polymerization and living anionic polymerization,
respectively, while the 130k-P was obtained by radical polymer-
ization,"® and all specimens are largely atactic. Key characteristics of
the polymers used are summarized in Table 1, and the monomer
chemical structures are given in Figure 1. Glass transition temper-

a b
(|3H3 CD,
%CHQ—CA—(fCHQ—CH% %CDz—l%
0.7 | 0.3 |
G c=—o0
[ |
N
o)
L,

PaMSAN dPMMA

Figure 1. Monomer repeat units of poly(a-methylstyrene-co-
acrylonitrile) and (deuterated) poly(methyl methacrylate).

atures of the pure components were determined by differential
scanning calorimetry (DSC) using a TA Instruments Q2000
instrument, at 10 °C/min heating rate, and computed with the
midpoint method.

Blends of PeMSAN and dPMMA, at various M,, and compositions,
were prepared by solution casting. All blend compositions were
prepared by mass and then converted into volumetric ratio of
PaMSAN using the pure component densities (Ppgysan = 1.07(5) g/
cm?® and papyiva = 1.27(5) g/cm?). The polymers were first dissolved
in tetrahydrofuran (THF, purity >99.7% unstabilized HPLC grade,
VWR) at a concentration of 8% w/v and stirred at room temperature
for 48 h. The solution was drop cast onto glass coverslips (19 mm in
diameter, VWR), and the solvent was allowed to evaporate at ambient
conditions for 1 week. The resulting films (of approximately 100 ym
thickness) were then carefully peeled off, stacked together, and gently
pressed (Specac hydraulic press, 4 ton) at room temperature with an
aluminum mold to obtain approximately 1 mm thick films. The films
were then placed under vacuum (20 mbar) for 4 weeks, while
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Figure 2. Coherent SANS scattering data for PaMSAN/dPMMA40k blends of four different compositions: (a) 29/71, (b) 29/61, (c) 54/46, and
(d) 82/18 v/v. Samples were heated in a stepwise manner for time intervals ranging from 120 min (near T,) to 3 min, near the phase boundary.
The filled symbols indicate data in the one-phase region of the phase diagram, while open symbols indicate demixed, out-of-equilibrium conditions.
Data at 125 °C correspond to specimens annealed for 36 h prior to the experiment.

gradually increasing the temperature up to 110 °C, which is just below
the blend T,. Prior to the SANS experiment, the temperature was
increased to 125 °C for 36 h and then cooled down to room
temperature under (20 mbar) vacuum to prevent absorption of
moisture. The 1 mm thick films were then wrapped in a thin
aluminum foil (22 ym) sachet to be mounted onto the temperature-
controlled cell to acquire SANS data in the one-phase region. Selected
thin (100 ym) samples were also prepared for T-jump experiments
into the two-phase region.

Cloud point curves of the various PaMSAN/dPMMA were
measured using a temperature-controlled stage (Linkam Scientific
THMS600) upon heating at 0.5 °C/min until the sample became
cloudy and bluish. These optical cloud point measurements were
consistently higher (by approximately 20—30 °C) that those
determined by SANS, which is not unexpected given the smaller
length scales probed by the latter.

Small Angle Neutron Scattering. SANS experiments were
performed at ISIS (UK) Larmor, with a polychromatic 4 = 0.9—13.3
A unpolarized incident beam and D, 4 = 4.1 m, yielding a fixed
momentum transfer range of approximately 0.003 < g < 0.7 A™". For
these measurements, a larger incident divergence was used to increase
flux at the cost of a truncated momentum transfer range of 0.006 < g

2z

R for

~

- . . . . (6
< 0.6 A7'. The elastic scattering vector is q = 47” sm(z)

small scattering angles 6.

A custom-made T-jump cell was employed for both equilibrium,
one-phase, and demixing experiments. The cell consists of two brass
ovens with quartz windows and a motorized sample carrier, which
rapidly (<1 s) transports the sample between the two ovens. The
setup has been described elsewhere.”*> For equilibrium, one-phase
experiments, the sample was loaded at 125 °C (the final oven
temperature) into the measurement oven, and the temperature was
systematically increased, in a stepwise fashion, in steps of 8 °C (close
to T,) to 2 °C, near the phase boundary. Acquisition times varied
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from 120 min (close to Tg) and 3 min, near demixing, for P?MSAN/
dPMMA blends, and 30 min for backgrounds and empty cells. All
data were acquired in “event mode/list” enabling the measurement
time-resolution to be selected a posteriori. This feature is particularly
useful to ensure that data are at equilibrium (e.g, near T, and phase
boundaries), and data sets can be truncated accordingly. Sample
thicknesses were determined using a digital micrometer, and self-
consistency with neutron transmission was confirmed.

Scattering data were reduced and calibrated, and the contribution
from the empty cell was subtracted, using Mantid.>> The coherent
scattering function was then obtained after subtraction of the
appropriate volume fraction of the calibrated spectra of the
hydrogenous component PaMSAN (provided in the Supporting
Information, Figure SI).

B RESULTS AND DISCUSSION

Optical Cloud Point Boundaries. Prior to SANS
measurements, the binary temperature—composition phase
diagram of PeMSAN/dPMMA blends was estimated optically
at a relatively low heating rate of 0.5 °C/min. For blends
containing dPMMA40k, we obtained cloud points of 172, 170,
177, and 198 °C for compositions PeMSAN/dPMMA 29/71,
39/61, 54/46, and 82/18, respectively. Similar results were
obtained for 99k and 130k-P, as shown in the Supporting
Information, Figure S2. The optical cloud points thus indicate
an asymmetric LCST phase diagram, with critical point (~30/
70—40/60 v/v), in broad agreement with previous work.'®**
The faint, bluish, cloudy appearance of the specimens suggests
demixed structures at a fine (<1 pm) length scale. We take
these as upper estimates of the phase boundaries of the system,
given the relative proximity to T, (120 °C), the limited
spatial resolution of optical microscopy, and the finite heating
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rate employed in the measurement. Offsets of up to 30 °C
between optical microscopy data upon demixing and one-
phase SANS were found, and these were consistent with the
coarsening data obtained by time-resolved SANS following
temperature jumps and ramps into the two-phase region. We
have therefore relied on isothermal SANS in the one phase to
establish the phase boundaries, as described below.

Inspection of SANS Coherent Scattering Data. The
coherent scattering data for P?MSAN/dPMMA40k blends of
various compositions, as a function of temperature, are shown
in Figure 2. Filled symbols correspond to data identified in the
one-phase region, with no structural peak, while open symbols
indicate samples which have crossed into the two-phase region.
Particular attention was given to lower temperature SANS
measurements, as equilibration of concentration fluctuations is
expected to be slow near T, The first measurements were
carried out at 125 °C, following a 36 h annealing (ex situ);
inspection of the data revealed that all samples, regardless of
M, and ¢, had not reached equilibrium, as gauged by
extrapolation from higher temperature measurements. These
were therefore disregarded and are shown in brackets in Figure
2. Isothermal SANS measurements were carried out by
increasing temperature in a stepwise manner, and waiting for
the temperature of the experimental cell to be reached (within
+0.2 °C, typically 300 s); we then ensured that the scattering
intensity profile no longer evolved in time (made possible by
the “event” mode operation of LARMOR). Typically, these
additional “wait” time intervals (attributed to the equilibration
of concentration fluctuations) ranged from 600 to 100 s, at
approximately T, + 20 °C to T, + 50 °C. These data were then
analyzed within the RPA and Ornstein—Zernike (OZ)
formalisms, detailed below.

Upon increasing temperature further, a number of blend
compositions (PaMSAN/dPMMA40k 29/71, 39/61, 54/46
v/v) exhibited a structural peak associated with demixing.
From these observations, the phase boundaries can be
estimated as approximately 144 °C at 29/71, 147 °C at 39/
61, 162 °C at 54/46, and above 175 °C at 82/18. The highest
temperature investigated was 175 °C to prevent sample
degradation. Near the critical point, the experimentally
available temperature window within the one-phase region is
thus very narrow, T, — Ty~ 20—2§ °C.

RPA and OZ Analysis. The absolute coherent scattering
intensity (in [cm™'] units) from a binary polymer blend in the
one-phase region is given by

2
I(g) = NA(ﬁ - ﬁ) S(a)

noon (1)
where b, and b, are the coherent scattering lengths of
monomer units 1 and 2, v, and v, are their monomer molar
volumes of the units, and N} is the Avogadro number. The
forward scattering intensity (at a given temperature) has
particular significance, as G”(T) = 1/S(q = 0, T) providing a
direct estimation of the second derivative of the free energy of
mixing. We refer to component 1 as PaMSAN, and 2 as
dPMMA, for which b, = 21.12 fm, v, = 91.77 cm®/mol, b, =
98.20 fm, and v, = 84.79 cm’/mol, yielding a contrast prefactor
Nu(b, /v, — by/v,)* = 5.19 X 107> cm™ mol. The structure
factor of the homogeneous binary blend is written according to
de Gennes’ Random Phase Approximation (RPA),"" as
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S SRR N
S()  Si(a)  Sy(a) )
where S:(q) [cm?/mol] is the structure factor of each
component, and y;, is monomer—monomer interaction

parameter. Considering component polydispersity, S,(q) can
be written as™’

S(a) = du(N)y (g, (Rga™))w 3)

where ¢; is volume fraction, v, is a reference molar volume
taken as v, = /1, and (N;), is the number-average degree of

Zi2

Yo

polymerization of component i. Term (gD(Réiqz»w is the
weight-average form factor of a Gaussian chain, computed
from the Debye function, assuming a Schultz—Zimm
polydispersity distribution:*>*>~**

2

h h
(x (h+x) T )

where x = ¢*(R}),, h = (M,/M, — 1), and the n-average
radius of gyration for a Gaussian coil (Ré)}l/ 2 = (N),a%/6,
where a is the statistical segment length. For polydisperse
components, care is needed in the estimation of a from SANS,
which directly measures z-average dimensions and w-average
masses (or N). From eq 4, in the limit ¢ — 0, then {gp(x —
0)), — 1, and eq 2 becomes

(gp(®)), =

L N B 2
5(0) ¢1V1<N1>w ¢2V2<N2>w Yo (5)
recalling the Flory—Huggins y value at the spinodal
y = K 1 + 1
) 2 ¢1V1<1Vl>w ¢2VZ<N2>W (6)
yields from eq S that
1 2
(G =)s=—0 %)
S(0) 12 (7)

where ¥, is an effective interaction parameter, measured by
SANS, which can be related to the common Flory—Huggins
parameter y;, by

_1916(1 = @)y,
2 o (8)

where ¥, = y,, for composition-independent interactions. At
low angle scattering angles (qR, < 1) the simpler OZ provides
a good approximation to the data, where

My =

5(0)
S(g) = 9
YT eg ©)
and thus
RN U
S(q)  S(0) (10)
with
_ 1 (Rg21>z + <Rg22>z _ 1 (h + Z)ulz (hy + Z)uzz
3 ¢1V1<N]>w ¢2V2<Nz>w 18 (hl + 1)¢1V1 (hz + 1)¢2V2
(11)
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Figure 3. Ornstein—Zernike fits to the low g coherent SANS scattering data, in the one-phase region, for PeMSAN/dPMMA40k at the v/v
compositions indicated. The specimens annealed at 125 °C for 36 h have not reached equilibrium, as seen by the curved 1/Ivs % and by an offset
of the expected trend of 1/I(0) with temperature (Supporting Information, Figure S3). From these OZ fits, the forward scattering intensity S(0)
and the correlation lengths £ are extracted as a function of temperature and composition.

where the last equality is obtained by noting that

(Rg2 ), = %ﬁ(Rg2 ), for finite (Schultz—Zimm) polydispersity.

The correlation length is thus obtained as & = \/AS(0) where,
as previously noted, 1/S(0) = G”. An important self-
consistency test for the RPA involves the link between the
correlation length &* and the forward scattering intensity, S(0)
expressed by & = AS(0) which was ensured for all data
(provided in the Supporting Information, Figure S3).

All SANS profiles of homogeneous blends, at temperatures
above Ty, were analyzed with RPA and OZ formalisms, and the
latter is illustrated for the PeMSAN/dPMMA40k blend series
in Figure 3. As expected, the inverse scattering intensity varies
linearly with ¢7, and the slope of the curves yields thus A in eq
10, from which chain dimensions and segment lengths can be
computed according to eq 11. The intercept of this plot is
directly proportional to G” allowing a direct estimation of the
spinodal temperature by extrapolation to zero, as described
below. Slope A is expected to be constant with temperature,
according to eq 11. At 125 °C we observe this slope deviates
from those measured at higher temperatures, away from T,
and that the dependence with (inverse) temperature departs
from the linearity expected from G” = a + T/f. These
measurements in near proximity to T, are thus taken to be out
of equilibrium and not analyzed further. Further, data at the
lowest q values (q> < 0.0001 A%) in Figure 3ab somewhat
deviate from linearity, interpreted as due to the slow
equilibration of long wavelength concentration fluctuations
near T,.

While extrapolation of G” to zero provides robust estimates
of the spinodal line, locating the binodal is generally more
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involved. We therefore use deviations from RPA and the
emergence of a shoulder or peak at temperatures sufficiently
above T, as evidence of demixing. Kratky plots (Ig* vs q)
provide a useful means of identifying small departures from q~>
scaling. We therefore estimate spinodal lines from G”(T) and
the binodal lines from Kratky deviations, ensuring self-
consistency with the spinodal.

Kratky Asymptote. The structure factor of one-phase

blends at high wavenumber (¢R, > 1) is given by
S(a)q* ~ 12/[“—1 + 2

¢1V1 ¢21)2 ] (12)

reaching therefore a constant value at high q in a so-called
“Kratkty plot” (Ig* vs gq). Illustrative plots for PaMSAN/
dPMMA40k blends are shown in Figure 4. We observe a peak
emerging at 142 °C for PeMSAN/dPMMA40k:29/71, 147 °C
for PeMSAN/dPMMA40k:39/61, and 164 °C for PaMSAN/
dPMMA40k:54/46, while no peak is observed for PaMSAN/
dPMMA40k:82/18. Scattering profiles deviating for the lines
computed from RPA theory are thus concluded to be in the
two-phase region, shown by open symbols in the graph.
Demixing temperatures determined using Kratky plots are
lower than those estimated from the coherent scattering shown
in Figure 2 for PaMSAN/dPMMA40k:29/71 and 39/61, and
are therefore taken as more accurate, given the higher
sensitivity of this method.

The high q asymptote of Ig* depends thus only on the
polymer component volume fraction ¢, the monomer molar
volume v, and the segment length a; of each polymer.
Significantly, it does not depend on the polymer molecular

2 2
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Figure 4. Kratky plots of PeMSAN/dPMMA40k at the four different compositions indicated. The filled symbols indicate one-phase region of the
phase diagram. The lines correspond to RPA theory at the temperatures of lowest and highest of equilibrium with adjusting segment length of
PaMSAN and fixing well-known segment length of dPMMA. The specimens annealed at 125 °C for 36 h have not reached equilibrium. The Kratky
plateau depends on composition ratio and the segment length of each component. The open symbols indicate the two-phase region of the phase
diagram, the lowest temperature of which gives our best indication of the binodal temperature.

weight distribution, nor temperature, unlike the preceding
equations for lower angle scattering, since it measures the local
polymer conformation. Since ¢; and v; are known, g; can be
determined directly from the Kratky asymptote. To increase
the accuracy of the measurement of a of PAMSAN, we fix the
well-known PMMA segment length to a(PMMA) = 6.9
A.'92%% Burther, we collectively fit a(PaMSAN) as a function
of composition ¢; for the various M,,(dPMMA) in Figure S,
where the lines represent confidence intervals. The upper and
lower lines indicate a(PaMSAN) = 10.5 and 9.7 A,
respectively. We therefore obtain a(PaMSAN) = 10.1 + 0.4
A which is, to our knowledge, the first determination of the
segment length for this polymer.

Correlation Length and Second Derivative of Free
Energy. RPA is found to fit well all one-phase scattering data
as shown in Figure 6. During data analysis, the higher g region
is preferentially fitted, given the lower angle deviations
discussed above and related to slow thermal equilibration of
long wavelength concentration fluctuations near T, which is
evidently faster at higher g, as described by C—H theory in the
homogeneous region.’”"'

Figure 7 provides RPA parameters G”, ¥/v,, as well as OZ
correlation length squared £ as a function of temperature.
Since &2 = (AS(0))™! = G"/A, both G” and &2 show an
inverse temperature dependence (1/T), whose extrapolation to
zero yields the spinodal temperature (for a given ¢ and M,,).
The effective interaction parameter ¥,,/v, is then computed
from eq 7 assuming a y,/v, calculated from Flory—Huggins
theory, eq 6, indicated as a horizontal line in the figure. (RPA
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parameters for other M,’s are provided in the Supporting
Information, Figures S4 and SS.)

The second derivative of the free energy G” as a function of
inverse temperature 1/T for all compositions ¢ and dAPMMA
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temperature.

M, is given in Figure 8. All data fit linearly, following G” = a +
B/T with the same slope a = 1.60 remarkably well. The
intercept « is tabulated in Table 2. The large @ (and thus steep
temperature dependence of blend component interactions)
established this as a “highly interacting” blend, as detailed
below. (A comparison with the previous measurement of G” as
a function of 1/T is provided in the Supporting Information,
Figure S6).'°

The phase diagram for all blends investigated is shown in
Figure 9, in broad agreement with that reported by Higgins et
al.'® The solid lines indicate the spinodal, while the dashed line
estimates the binodal. We find that both the shape and location
of the phase diagram vary little with M,,, and the critical point
for this blend is estimated at <30% v/v PaMSAN. The phase
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boundaries remain asymmetrical regardless of varying M,,. The
spinodal curve of PaMSAN/dPMMA40k is above that of
PaMSAN/dPMMA99k, which is consistent with the M,
dependence expected for LCST polymer blends. However,
boundaries for PeMSAN/dPMMA130k-P appear above the
lower M, data. We note that the polydispersity of
dPMMA130k-P is 2.0, while those of dPMMA40k and
dPMMA99k are 1.1 and 1.1, respectively, which should affect
the coexistence curve but not the spinodal, as this is expected
to be determined by M,, and not the full size distribution.
Although we do not have a complete SANS phase diagram for
this blend (and optical microscopy data shown to be
inaccurate, Figure S2), this might be due to an increased
asymmetry of the phase boundaries upon increasing M,,, or an
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Figure 8. Second derivative of the free energy G” as a function of inverse temperature (1/T) for (a) PaMSAN/dPMMAA40k, (b) PaMSAN/
dPMMA99k, and (c) PaMSAN/dPMMA130k-P:29/71, at the compositions indicated in the one-phase region. The lines are simultaneous data fits

to G” = a + /T with constant slope f.

Table 2. Tabulated Values” G” and %;,/v, of PdMSAN/
dPMMA Obtained by SANS in the One-Phase Region

G" = a + 1.60/T,

Fualvo = A — 0.83/T,
a (mol/cm?)

dPMMA  dpanisan A (mol/cm?)

40k 29/71 —0.003 84 0.002 03
39/61 —0.003 76 0.001 99
54/46 —0.003 63 0.00193
82/18 —0.003 43 0.001 87
99k 28/72 —0.003 83 0.002 01
41/59 —0.003 77 0.001 98
78/22 —0.003 49 0.001 84
130k-P 29/71 —0.003 73 0.001 95

“In the form G” = @ + /T, where f# = 1.60 mol K/cm?; and 7,,/v, =

A + B/T, where = —0.83 mol K/cm?, respectively.
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Figure 9. Phase diagram of PaMSAN/dPMMA40k, 99k, and 130k-P
computed from SANS data. The filled symbols correspond to the
spinodal temperature estimated by extrapolation of G” — 0 vs 1/T.
The open symbols indicate the estimated binodal temperatures from
deviation of the one-phase Kratky plots. Lines serve as guide to the
eye. We note that all blends, despite the varying M,, exhibit nearly
identical, asymmetric, phase boundaries. Blend T,’s were estimated
from pure component data by the Fox equation:’”

1 _ Poamsan + Pipmma

, and indicated by the gray area.

Ty blend Ty paMSAN Ty apmma

apparent upward shift caused by slow equilibration of
concentration fluctuations during SANS measurement. Our
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main observation, however, is that all blends of different M,
studied exhibit remarkably similar phase boundaries. This is
rather typical of systems where the contribution of
combinatorial entropy is small compared to that of specific
interaction. Evidently, these results deviate from Flory—
Huggins predictions, which is unsurprising, in particular for
highly interacting blends.

Effective Specific Interaction Parameter %;,. In the
context of Flory—Huggins lattice theory,”> > the free energy
of mixing is written as

AG, _plng  (1=Ph(=4)  J0-4)
kyT 1INy N, vy 12
(13)
which, in turn, implies that
aZ(AGm) _
G = szT = 1 + L 2&
op DN, ¢2V2N2 Yo (14)

which, combined with eq 7, allows for ¥, to be readily
computed from experimental SANS data of 1/S(0) = G”. The
temperature dependences of ¥,,/v, for PeMSAN/dPMMA40k
blends of various compositions are shown in Figure 10a, and
for various dPMMA M, at a fixed composition ~29/71 in
Figure 10b. Following from Figure 8, all are well-described by a
linear dependence /vy = A — 0.83/T, whose intercept A varies
with composition ¢, and marginally with M,, as tabulated in
Table 2. The composition dependence of }/v, is apparent
given the different intercepts in Figure 10a. In Figure 10b, 7,/
vy are found to differ slightly with M,,, at the same composition
and temperature. We therefore parametrize },,/v, in terms of
composition ¢ as well as molecular weight M,, as previously
done by several authors.>®>” We therefore write ¥/vo=A'+ B/
T + C(¢, M,,), where A = A’ + C(¢p, M,,). In the limit of ¢p —
0, A’ can be estimated as A" = 0.0021. Figure 11 shows the
composition dependence of C(¢), M,,) obtained as C(¢, M,,) =
A — A’. Therefore, /v, can be summarized as /v, = 0.0021 —
0.83/T — 0.000 280 s an/apnniason 7/vo = 0.0021 — 0.83/T
— 0.000 315¢paisan/apniniasow and 7/v, = 0.0021 — 0.83/T —
0.000 483@pnsany/dpmmarzowp. Previously, Madbouly et al.®®
found y = (0.525 — 22.5/T)/(1 — 0.4¢pyma) for blend of
PaMSAN 97k (with 31% AN content) and PMMA 14k, by
fitting phase boundaries obtained by light scattering to Flory—
Huggins theory. This result is not in agreement with our SANS
scattering data (as shown in the Supporting Information,
Figure S7), likely due to the slow demixing kinetics and low
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Figure 10. Effective },,/v, as a function of 1/T for (a) PeMSAN/dPMMA40k with four compositions and (b) at constant composition, but three
different M, = 40k, 99k, and 130k-P. The filled symbols correspond to experimental data obtained from SANS and RPA analysis, and the lines are
fits ¥1,/vo = A + B/T in the one-phase region, with constant slope B. The vertical ticks mark the experimentally measured spinodal temperature,
while the open circles show the y, calculated by Flory—Huggins theory.
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Figure 11. Parameter C(¢, M,,), subsuming the composition ¢ and
M,, dependence of ¥,,/vy = A + B/T + C(¢h, M,,) for all PaMSAN/
dPMMA blends investigated, with M,, = 40k, 99k, and 130k-P, with
common A = 0.0021 mol/cm® and B = —0.83 mol K/cm® The
temperature was fixed at 139 °C (composition dependences of %,, for
various temperatures are provided in the Supporting Information,
Figure S8).

refractive contrast for this blend, as also found in the context of
our optical microscopy estimates. The significance and role of
noncombinatorial entropy in the thermodynamics of this
system will be discussed in a separate publication.

Magnitude of G” and Spinodal Structure Design. A
key prediction of the C—H theory of spinodal decomposition
is that the initial length scale of the resulting bicontinuous
structure has a dominant wavenumber given by

0) ~ /_G”
N\ 4k (15)

yielding a length scale of A ~ 27/q*.** The generation of
nanoscale spinodal structures by demixing induced by a T-
jump thus requires a large G” driving force for a relatively
modest temperature quench depth. Large AT quenches are
generally expected to lead to noninstantaneous processes, via a

cascade of demixing steps.”® To search for “highly interacting”

q* (t
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blends,"® we focus on G” = @ + f3/T noting that not only the
magnitude of f is relevant but specifically the value of G” at a
given AT = T — T.. For instance, manipulating & by tuning M,,
(following Flory—Huggins expectations, eq 14) can also
displace T, = — f/a and thus increase AT. However, the
operational range for a temperature quench is bound by T, and
a ceiling (or depolymerization) temperature (for an LCST
system), and is thus relatively small (symptomatic of the few
partially miscible polymer pairs known). Further, in the
framework of RPA and FH theories, the “square gradient”
parameter k [A* mol/cm®] becomes

_ l <Rg21>z
6 ¢1V1<N1>w

<Rg22>z
¢2V2<N2>w

(16)

and thus k = A/2 by comparison with eq 11. Parameter k thus
relates to ~b;/v; as well as composition, typically varying from
0.05 to 0.2 A% mol/cm? across typical systems.'> We therefore
compile previously reported data for G”/k as a function of AT
for a range of representative systems, including the extensive
measurements presented in the current work, in Figure 12. On
the right axis, we show the corresponding A [nm] computed
using the C—H prediction discussed above. The lines and
shaded areas in red correspond to our current work with the
PaMSAN/dPMMA system, establishing this as one of the
most highly interacting systems reported in the literature.
While these (~10 nm) length scales are commonly accessible
via microphase separation of block copolymers (albeit
requiring rather exacting synthesis and monodispersity),
nanoscale demixing of polymer blends (whose component
synthesis is generally larger scale, lower cost, and with lenient
polydispersity) is perceived as challenging. Blends of solution
chlorinated polyethylene (SCPE) with dPMMA might have
even steeper G”/k slopes,'”*”*’ albeit within a narrow
miscibility window, highly sensitive to the regularity and
extent of chlorination of PE.*” From a practical standpoint, the
proximity of T, and T in P@MSAN/dPMMA blends makes T-
jump experiments feasible with the expectation of relatively
slow structural coarsening. This contrasts with, for instance,
the TMPC/dPS system also shown in Figure 12,22 for which
T, — Tg > 100 °C, or polycarbonate/dPMMA for which T; is
likely below T, (and thus preventing measurement of G” in the
one-phase region).*'

DOI: 10.1021/acs.macromol.8b02431
Macromolecules 2019, 52, 1112—-1124


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b02431/suppl_file/ma8b02431_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b02431

Macromolecules

0.0000

T 126
hPS/dPS
79
-0.0005 -
. PMM'q/dpS 56
o
. >
< £)
< -0.0010} 10 3
-0.0015 A\ 132
PN
R 30
-0.0020 : ' —
0 10 20 30 40 50
AT (K)

Figure 12. Second derivative of the free energy divided by square
gradient term, G”/k, and initial spinodal length scale

A =2r/—G"/(4k) as a function of quench depth AT. A range
of LCST blends are included for comparison, alongside our current
work on PaMSAN/dPMMA: previous PaMSAN 85k/dPMMA
112k:24/76 by Higgins et al,'® k = 0.086 A* mol/cm® poly-
(tetramethyl bisphenol A polycarbonate) S4k/deuterated polystyrene
225k (TMSC/dPS),** k = 0.091—0.096 A2 mol/cm’ PVME 64.3-
159k/dPS 195—783k,">* k = 0.073 A” mol/cm?; polyisoprene 85k/
1,4-polybutadiene 374k (P1/dPB) ¥k =0.071 A? mol/cm’; as well as
UCST systems of isotopic polybutadiene (hPB, N = 3180/dPB, N =
3550),"% k = 0.077 A> mol/cm?; hPS/dPS, k = 0.050 A? mol/cm?; and
PMMA/dPS, k = 0.048 A% mol/cm?; data computed by assuming N =
1000 for hPS/dPS, and N = 50 for PMMA/dPS.*

The asterisk in Figure 12 corresponds the expected outcome
of a T-jump with AT =~ 30 K, which we would thus expect to
yield a structure with A~ 30 nm according to C—H theory.
Such an experiment was carried out by time-resolved SANS for
a blend of PaMSAN/dPMMA99k:41/59, quenched from 140
to 180 °C, corresponding to AT = T — T, = 30 K, since T, ~
150 °C for this system, as shown in Figure 13. At this

composition, k = 0.151 A > mol/cm’ taking into account
component polydispersity, following eq 16.

The data shown in Figure 13a do not exhibit a time-invariant
“early stage” regime as strictly expected for C—H theory
(although unsurprising for such deep quench). The intensity
peak is indicated by the black markers, and its location is
plotted in Figure 13b as a function of time. The shift toward
low q is expected for structural coarsening. The solid line is a
guide to the eye facilitating the extrapolation to an initial g* (¢
~ 0), bounded by the uncertainty shown by the horizontal
dashed lines (at 0.018 < q* < 0.024). The initial length scale is
thus A = 27/q* &~ 30 nm, in good agreement with our
expectations above. Equivalently, analysis of gq* (t ~ 0)
following a quench in the two-phase region data with C—H
theory enables G” to be independently estimated by rearranging
eq 15 into G” = —4kq*2. We obtain G” & —2.7 X 10™* mol/
cm?, and plot this measurement (open symbol) alongside the
one-phase, equilibrium data (closed symbols) in Figure 13c.
The G” results across the two sides of the stability boundary
are in remarkable agreement and corroborate the validity of
predictive structural design of spinodal structures based on this
approach, and in particular approaching dimensions nearing R,
by employing deep quenches and highly interacting blend

pairs.

B CONCLUSIONS

We investigated the thermodynamics of PaMSAN/dPMMA
blends by small angle neutron scattering (SANS) as a function
of temperature, composition, and molecular mass (of
dPMMA). In total, 8 distinct blends and up to 1S temperatures
(each) were measured. In the one-phase region, the forward
scattering intensity S(q9 — 0) was measured to yield G”, the
second derivative of the free energy of mixing with respect to
composition, employing an Ornstein—Zernike analysis of 1/
S(q) vs q*. All S(q) profiles in the one phase were well-
described by RPA theory (eq 2), from which the polymer
segment lengths a and effective }/v, interaction parameters (as
well as G”) were computed. Combined with an ensemble
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Figure 13. T-jump experiment from 140 to 180 °C for a blend of PaMSAN/dPMMA99k:41/59. (a) The open symbols correspond to coherent
SANS scattering data at various times after the jump, and the black filled symbols indicate the peak position g* of the profile. The lines show the
calculated RPA S(q) at 140 °C, at the start of the T-jump, and that near the spinodal at 150 °C. (b) Time dependence of g* during (rapid)
coarsening with line as guide to the eye. Dashed lines show the range of g* at t & 0 as guide to the eye. (c) Second derivative of the free energy G”
as a function of inverse temperature 1/T: filled symbols correspond to one-phase data, and the open symbol shows G” estimated from the T-jump
data with G” = —4kq** The line has the same slope and intercept as that obtained in Figure 8b.
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Kratky asymptote analysis of all data, the segment length for
PaMSAN was determined, for the first time, to be 10.1 + 0.4
A. The phase diagram for all blends was estimated by
systematic analysis of S(q) data as a function of temperature:
the spinodal line was obtained by extrapolation of G” vs 1/T to
zero, corresponding to the thermodynamic stability limit. The
metastable zone was instead estimated from analysis of S(q)
and deviation for RPA approaching the phase boundaries. A
structural peak in S(q) clearly corresponded to temperatures
above demixing; however detection approaching the binodal
line was more complex due to the associated slow demixing
kinetics, in particular close to T, In this instance, the
emergence of a peak in the Kratky analysis Iq* vs q provided
a useful indicator for deviations from the g~ scaling law for
miscible blends. Further, given the proximity between T, and
the binodal line, great care was taken to ensure that the
samples were thermally equilibrated by analyzing time-resolved
S(q) data between temperature changes. Namely, the
T,(PaMSAN) = 118 °C and T,(dPMMA) = 115-122 °C
(with varying M,,), while the critical point ~ 140 °C, which
meant that measurements at the lower temperatures (up to
135 °C) could not reach equilibrium within experimental time
scales and were thus not considered for analysis. All
equilibrated one-phase measurements yielded self-consistent
trends for G” and correlation length &, following expectations
from RPA.

The phase diagram obtained clearly does not follow Flory—
Huggins expectations, in that the critical point and location of
spinodal and binodal lines are broadly independent of M,,. The
critical temperature is approximately 140 °C at a very
asymmetric composition of ~20% PaMSAN (v/v), even
though the M,, of the polymer pairs is commensurate. We find
that (model-free) G” estimates follow G” = a + /T for all
blend compositions, with a # = 1.60 mol K/cm?, meaning that
the temperature dependence of G” was the same for all blends.
The intercept a evidently differed, from which the T was
calculated, and found to deviate from Flory—Huggins expect-
ations, which is unsurprising.

The effective Flory—Huggins parameter }¥,,/v, was then
computed (eq 14) for all temperatures, composition ¢, and
M,,. Often, this parameter is expressed as ¥,,/vy = A + B/T.
However, as found in several other polymer blends,* y for this
system is not only a function of T, but also ¢- and M,-
dependent, and an expression 7,,/vy = A’ + B/T + C(¢h, M,,)
was thus adopted. A common reference volume
Vo = /Vpamsantarvvia = 8821 cm’/mol was employed. Iso-
lating the T-independent terms A’ and C(¢, M,,) enabled a
relatively simple parametrization, namely A’ = 0.0021 mol/cm?
and B = —0.83 mol K/cm?®. Parameter C(¢, M,,) = —3.15 X
10~%¢ [mol/cm?] for M,, = 99k and varies relatively little with
M,, viz. —2.8 to 4.8 X 107*} across the M, range. These
(common) deviations from Flory—Huggins theory are
generally attributed to additional noncombinatorial constraints
to the free energy caused by monomer architecture, specific
interactions, connectivity, compressibility, etc. These are
generally subsumed into such complex parametrizations of
12 for reasons of practicality. Physical insight can be gained by
the detailed data interpretation with more comprehensive
theories such as polymer reference interaction site model
(PRISM),” or lattice cluster theory (LCT)" that explicitly
incorporated structural information, chain conformation
statistics, and interaction potentials in some form, or with
equations of state, such as those of locally correlated lattice

(LCL) theory which are for volume changes and nonrandom
mixing.”’

A survey of the magnitude of the interaction G” and its
temperature dependence indicates that PeMSAN/dPMMA is
one of the most highly interacting blends known.'>*
Interaction “strength” is defined here in terms of, not only
the value of #in G” = A + /T, but actually the value of G” at a
specific AT = |IT — T. With these ideas in mind, we test the
hypothesis that correspondingly small spinodal phase sizes can
be achieved with rather modest T-jumps into the unstable
region. We have recently reviewed the celebrated prediction of
linearized C—H theory that the initial g* = J—G"/4k which
we find to generally apply across a large range of systems.
Selecting a representative blend and a rather deep quench
(~30 °C), specifically with a T-jump experiment from 140 to
180 °C and a blend of PaMSAN/dPMMA99k:41/59, we
obtain the initial spinodal length scale A ~ 30 nm, in good
agreement with linearized C—H theory.”” The temperature
dependence of G” thus seems to continue across the two-phase
region, at least away from the immediacy of the stability lines
where deviations from mean-field theory are expected. Our T-
jump experimental data fit well with G” extracted from our
single-phase region data, which is promising for further T-jump
experiments. By analysis with linearized C—H theory or C—
H—C theory, we would work to establish the limitation of
these theories in prediction of the characteristic length scales.
Overall, our results comprehensively map the thermodynamics
of a highly interacting polymer blend, benchmarked against a
range of other systems, and demonstrate the possibility of
generating nanoscale bicontinuous structures by extrapolation
from one-phase thermodynamic data uniquely accessible by
SANS. These length scales are commensurate with those
obtained by block copolymer microphase separation, albeit
requiring kinetic arrest during demixing for their practical
utilization, for instance, in photovoltaics, catalysis, membranes,
or scaffolds. Further improvements in the predictive ability of
blend thermodynamic and dynamic theory remain a significant
requirement to the full exploitation of such otherwise facile
approaches to generating nano- and microscale demixed
polymeric materials.
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ABSTRACT: Recent experiments have revealed that a variety
of associative polymers with different architecture (linear and
branched) and different nature of the associating interaction
(associative protein domains and metal—ligand bonds) exhibit
unexplained superdiffusive behavior. Here, Brownian dynamics
simulations of unentangled coarse-grained associating star-
shaped polymers are used to establish a molecular picture of
chain dynamics that explains this behavior. Polymers are
conceptualized as particles with effective Rouse diffusivities
that interact with a mean field background through attach-
ments by stickers at the end of massless springs that represent
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the arms of the polymer. The simulations reveal three mechanisms of molecular diffusion at length scales much larger than the
radius of gyration: hindered diffusion, walking diffusion, and molecular hopping, all of which depend strongly on polymer
concentration, arm length, and the association/dissociation rate constants. The molecular model establishes that superdiftusive
scaling results primarily from molecular hopping, which only occurs when the kinetics of attachment are slower than the
relaxation time of dangling strands. Scaling relationships can be used to identify the range of rate constants over which this
behavior is expected. The formation of loops in the networks promotes this superdiffusive scaling by reducing the total number

of arms that must detach in order for a hopping step to occur.

B INTRODUCTION

Supramolecular networks are an exciting class of soft materials
with significant impact in fields as diverse as enhanced oil
recovery,' synthetic extracellular matrices for tissue engineer-
ing,” injectable biomaterials for minimally invasive surgery,””
sacrificial components in tough and fatigue resistant physical
double networks,” and self-healing soft materials for autono-
mous damage repair.’ In contrast to their chemically cross-
linked counterparts, supramolecular networks are formed by
temporary physical "> or chemical bonds”*"? whose rates of
association/dissociation govern junction dynamics and, con-
sequently, the rheological response of the network.'™'>'*~"
As a result of the transient nature of the bonds, associative
polymers can inherently dissipate part of the stress stored in the
network strands, and the constituent molecules can diffuse
within the networks on length scales greater than their radius of
gyration."”' 711572 Thig allows the network to dynamically
rearrange and to respond to mild external stimuli. Therefore, a
quantitative description of molecular motion is critical to
overcoming important challenges such as predicting the rate of
degradation of implantable biomaterials,”* determining the time
scale of self-healing in networks,* understanding how cells
dynamically remodel hydrogels,”” and calculating the rheo-
logical response of shear-thinning materials.”

Theoretical efforts have addressed supramolecular-network
dynamics on the macroscopic and molecular lev-

-4 ACS Publications  © 2018 American Chemical Society

els; 47172072428 Lowever, knowledge of diffusive dynamics,
especially self-diffusion, of the network-forming constituents
remains limited.'"”'” Diffusion measurements provide a
complementary probe of molecular dynamics to rheology,
and comparison of dynamic theories with diffusion data
provides critical insight into the testing and development of
dynamic models. In addition, diffusion itself is an important
dynamic property in many polymeric systems.

Recent studies'*~'>** have shown that self-diffusive polymer
dynamics often contain unexpected physics; in particular,
apparent superdiffusive scaling regimes (i.e,, when the distance
versus time dependence is stronger than Fickian diffusion) are
observed on length scales much larger than the radius of
gyration of the polymers that make up the §el. Using forced
Rayleigh scattering (FRS), Tang et al.'’”'* observed such
superdiffusive regimes in metal coordinate star-polymer gels
and associative linear coiled-coil protein gels. These non-
Fickian scaling regimes are not predicted by the sticky Rouse/
reptation theories, ™ ™* indicating that the state-of-the-art
understanding of associative polymer dynamics is incomplete.

To explain the observed superdiftusive scaling regimes, Tang,
Wang, and Olsen'?™"* developed an empirical two-state model
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where a diffusing species is in dynamic equilibrium between a
molecular state (“fast”) and an associated (“slow”) state, and
molecules can exchange between both states by means of first-
order reactions. Despite its seeming simplicity, the model
quantitatively captured the transition from superdiffusive
scaling at intermediate length scales to Fickian diffusion at
large scales. In this Fickian regime, the effective diffusivity is
governed by the fast-state diffusivity and corresponding fraction
of time spent in the fast state, whereas in the apparent
superdiffusive regime, the rate of diffusion is governed by the
transition rate between the fast and slow diffusing states.

While the two-state model proved quantitatively accurate in
predicting the dynamics of the materials, it does not provide
insight into the detailed mechanisms underlying these
surprising observations. Recently, Tirrell and co-workers™®
demonstrated that diffusion of telechelic molecules (i.e., with
only two associative groups and three molecular associative
states) measured by fluorescence recovery after photobleaching
(FRAP) can be accurately captured by a three-state model
accounting for all molecular states (zero, one, and two stickers
attached to the network). While the ability of Tirrell and co-
workers”® to reduce the telechelic system to three states is
intuitive based on the limited number of molecular
configurations, the systems studied by Tang et al.'’~'* have
significantly more than two molecular configurations, making
the efficacy of the two-state model surprising.

Here, it is hypothesized that the superdiffusive scaling results
from molecular hopping, where a molecule detaches completely
from the network and diffuses a distance much larger than its
own size. The goal of this work is to systematically test this
hypothesis using molecular simulations. Specifically, Brownian
dynamics of unentangled coarse-grained associating star-shaped
polymers (a direct analogue to the system studied exper-
imentally in ref 10) is employed to capture the essential physics
of self-diffusion in supramolecular networks. The model is
validated through comparison with previously reported experi-
ments.

B MODEL AND METHODS

In our model, the supramolecular network is formed by n four-
armed star-shaped molecules in a well-stirred solution of
constant volume V. The position of each polymer is tracked by
the coordinates of its junction point 7, i = 1..n. Each arm is a
Gaussian chain of N Kuhn steps of length b and friction
coefficient &, and is decorated with an associative group or
sticker at the end that can dynamically form connections with
other free stickers, as illustrated in Figure 1. The one-
dimensional stochastic differential equation to update the
position of molecule i is

N,
k& 2%, T
dﬁ:thZ(ﬁﬁ—ﬁ)lﬁ+ [l | 77
= d ®

where kg is Boltzmann’s constant, T is the temperature, W; is a
standard Wiener process (Gaussian with zero mean and
variance df),”” N, = 4, k = kyT/Nb? is the strength of the
spring constant associated with each arm, § = N,N¢, is the total
friction coefficient of the molecule, assumed to act at the
junction point, @; is the attachment point of sticker j of
molecule i, and l,-]- is a Boolean variable that is 0 when the sticker
is free or attached to another sticker of the same molecule
(forming an intramolecular association or loop) and 1 when it
is attached to a sticker in a different molecule (forming an
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Figure 1. Schematic view of the association reactions (ﬁlled/open
symbols represent associated/free stickers), the formation of loops,
and the three main diffusion mechanisms in associating star-shaped

polymers.

intermolecular association). As a result, the sum only runs over
arms that form intermolecular bonds.

In previous experiments,'’ the polymers are in semidilute
conditions and below the entanglement concentration, and star
arms can be regarded as Rouse chains of correlation blobs
whose size and terminal time scale with concentration
according to 03!

% (2v-1)/(3v-1)
)
¢ )
and
. TF(ﬁ)(su—z)/@u—l)
¢ (3)

where ¢ is the polymer volume fraction (¢* at overlap
conditions), Rg2 and 7y are the arm size and relaxation time in
dilute conditions, respectively, and v = 0.588 in a good solvent.
In the experiments,'’ the anomalous diffusive scaling is
observed at length and time scales that are much greater than
the size (R,) and Rouse time (7z) of the arms, respectively.
Therefore, in the model, the internal molecular degrees of
freedom are coarse-grained, and the arms are treated as
Hookean dumbbells. The model represents the center-of-mass
dynamics well even at shorter length and time scales, provided
that star arms completely relax their conformation during the
time that the associative group is detached (i.e., 1/k, > 73).
The system is considered to be well stirred so all free stickers
can react with each other. It is assumed that the attachment
reactions are governed by second-order kinetics, whereas the
detachment is first-order. Note that in the two-state model of
Tang et al."” and in the three-state model of Rapp et al.”®
association reactions are considered to be first-order and
pseudo-first-order, respectively. In our model, every time two
stickers form an intermolecular association, they are linked
virtually, but each sticker is effectively attached to the
background at point @; which is selected randomly from a
Gaussian distribution centered at the junction point of each
molecule 7, with variance Nb>. In this work, fluctuations of the
attachment points of stickers have not been considered, and as
the concentration is higher than the overlap, depletion effects in
the number of intermolecular binding events have been
neglected. Whenever two stickers of the same molecule create
a loop, they are also linked virtually but not attached to the
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background, so they do not exert any force to the molecule
junction point. The kinetic constants of attachment and
detachment are k, (units of volume/time) and kp (units of
1/time), respectively. The equilibrium constant of the
association is k. = ka/kp (units of volume).

We evolve the associative state of the stickers by means of a
stochastic chemical kinetics algorithm.”> The propensity for
intermolecular bonding can be written as

E n
~B _ ™A :E:
a = — fx (F - fz>
Vi3 (4)
where f; is the total number of free arms of molecule i and F is
the total number of free arms in the system. The propensity for
looping reactions can be written as

PRAAEEY

pan j=1

k
Gl = A
Vi

©)
where Vspm = 47(R*)**/3 = 42N*"*b/3 is the volume spanned

by one molecule, and the sum runs over molecules with more
than one free arm. At overlap conditions, V = nflspm, which
allows to express the system concentration as ¢*/¢ = V/nV,,,

V/nVge The bond dissociation reaction is the same
independently of the bond being a loop or an intramolecular
association. At any time, the total number of bonds in the
system is equal to (1N, — F)/2, so the total propensity for

detachment is

R

~D
a

Each time step, A, the stochastic differential equation (1) is
updated using an explicit Euler—Maruyama first-order algo-
rithm,” and the states of the stickers are updated using the tau-
leap alg01'ithm.32’33 In this algorithm, the numbers of bonding,
looping, and detachment reactions are calculated by drawing
random numbers from a Poisson distribution with mean and
variance given by the product of the corresponding
propensities, eqs 4—6, and the time step A7%*? Within each
reaction channel (B, L, and D), the propensities of all possible
reactions are equal, and thus the actual stickers that attach or
detach are chosen randomly among all available candidates for
each reaction. The simulations are run at equilibrium and the
number of molecules n is large enough so that the leap
condition is satisfied for the typical time steps used to update
molecule positions.*

The arm size VNb* and Rouse time 73 = N&/k = N?£,b%/
kyT are chosen as the units of length and time in the system,
respectively. In these units, the stochastic differential equation

(1) becomes
- ri)lij + 2 dw;
\ Na

D
2

dt &
dr, = N Z (ail-

A j=1 (7)
and the kinetic constants have the following expressions:
- _® f
ky = (sz)s/z ka
kp = Tpkp
K, = s
q (Nb2)3/ 2 (8)
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The dimensionless volume spanned by a molecule is equal to
Vipan 4r/3. The expressions for the nondimensional
propensities are equivalent to eqs 4—6 but without the tildes.
In total, the model has five parameters: ky, K., R,, 75, and ¢.

At every time step At, each sticker on the diffusing polymer
may undergo one of four possible events (see Figure 1): (1)
remain unreacted, (2) form a loop (intramolecular attachment),
(3) form a bridge (intermolecular attachment), or (4) detach
from a loop or bridge. Sticker association is considered in a
mean-field sense: the probability of association of a sticker takes
into account the state of all stickers in the system. For each
time step, B, L, and D reactions and the molecules that react
within each channel are sorted randomly to avoid bias.

In FRS measurements,'> two coherent laser beams of
wavelength A cross at an angle 6 inside a sample where a
small fraction of tracer molecules have been labeled with
chromophores. By constructive interference, the laser beams
create a one-dimensional sine-shaped interference pattern of
period d = 1/2 sin(6/2) in the sample. The chromophores are
bleached in the higher intensity regions of the interference
grating, effectively creating a sinusoidal concentration profile of
nonbleached molecules. The diffusion of the tracers with time
destroys the grating, and by tracking the decay of the scattered
intensity of the sample as a function of time, it is possible to
extract the characteristic relaxation time (7) of the system as a
function of the grating period d. For a substance diffusing in the
Fickian regime, the relationship between (r) and d* is linear
with slope given by 1/472’D, where D is the molecular self-
diffusion coeflicient.

In order to model FRS experiments, a large ensemble n
= 10° of molecules, whose stickers’ states have been previously
equilibrated, are randomly distributed in a one-dimensional
periodic domain of length d with normalized probability
distribution p(x) = (sin(27zx/d) + 1)/d that represents the
initial one-dimensional sinusoidal concentration profile of
bleached dye-label molecules created during the writing interval
of the FRS experiment, where d denotes the period of the
grating'°™"* (see Figure 2b). In order to distribute the
molecules randomly according to p(x), we first calculate P(x)
= f p(x) dx and use the standard transformation method
described in section 7.2 of Numerical Recipes.‘)’4 Then, the
molecules are allowed to evolve (see Figure 2a), and
periodically, a normalized histogram of molecular positions in
the 1D domain is built (see Figure 2b). This histogram is
Fourier transformed, and the amplitude of the longest mode at
that time, I(t), is calculated, which corresponds to the scattered
intensity measured in the experiments. The simulations are run
at equilibrium; therefore, the distribution of the states of the
stickers is constant with time. As molecules diffuse over time,
this intensity decays monotonically toward zero (see Figure
2c). To obtain the characteristic time, (7), an exponential
function is fit to the resulting transient I(t)/I(0) data. For
intermediate values of d, the intensity shows two relaxation
modes. A sum of two exponentials is used to fit I()/I(0), and
(r) is determined as the longest of the two relaxation times
(details about the fitting procedure are provided in section 3 of
the Supporting Information). Resulting characteristic times are
then acquired as a function of domain size. It is important to
note that although the distribution of molecules according to
p(x) suggests a nonhomogeneous density of molecules in the
system, the whole ensemble of n molecules represents the
equilibrium state of the system at any point in space. The
gradient is only in the labeled tracer component. The
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Figure 2. Schematic of the algorithm for the simulation of an FRS
experiment. (b) Molecules are initially distributed in the domain [—d/
2, d/2] according to a sinusoidal probability distribution (panel b). (a)
At time ¢, molecule A has two free stickers (green dots) and another
two attached to the background (red dots), while molecule B has four
free stickers. A and B diffuse over a mean-field background made of
free and attached stickers (faded green and red dots, respectively),
representing the current state all the stickers in the system. During the
time step At, the centers of mass of A and B move according to eq 7,
and the states of their stickers, as well as the states of the background
stickers, change according to the stochastic reaction rules, with
propensities given by eqs 4—6. (b) Due to the molecular motion, the
density distribution of molecular centers of mass evolves, as seen here
for a system of N = 10° star molecules with 4 arms, k, = 0.0025, K=
S, at overlap concentration, at times ¢ = 0 and ¢ = 7.28. (c) Normalized
intensity decay calculated by Fourier transforming the distributions in

(b), with the highlighted times ¢ = 0 (black symbol) and ¢ = 7.28 (red
symbol).

probabilities of sticker binding are not dependent on the local
density of free stickers. Any pair of molecules in the system may
become virtually bonded by intermolecular association,
independently of their relative positions in real space. This
method to simulate the FRS experiment is fully equivalent to
calculating the one-dimensional dynamic structure factor of the
position of the junction points as the molecules diftuse in space.

B RESULTS AND DISCUSSION

Figure 3a displays a typical plot of the characteristic time, (),
as a function of domain length squared, d’/4x’, from
simulations of four-arm star polymers with K, = 5, ky =
0.0025, and ¢*/¢ = 1. The simulation results demonstrate that
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Figure 3. (a) Characteristic time (z) as a function of the domain
length from BD simulations of FRS experiments of molecules with 4
arms, ky = 0.0025 and K,y = S, at the overlap concentration. (b)
Normalized (7) as a function of the domain length, revealing
differences in the early- and large-distance diffusion coeflicients as
well as the apparent superdiffusive scaling.
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this relatively simple molecular model is able to capture both
the apparent superdiffusive and large d* Fickian regimes
observed in experimental measurements.'*~"*

The simulated FRS result contains four regimes: an early
Fickian regime, a caging regime, an apparent superdiffusive
regime, and a late Fickian regime. Given that K > 1, at
equilibrium most of the stickers are attached to the background.
At times much smaller than 7 (1 in nondimensional units), the
molecules still do not feel the attachment potential and can
move freely with diffusion coefficient D = N,™', up to a
maximum distance (R*)/N, (N, in nondimensional units),
which corresponds to the maximum mean-square displacement
of the center of mass of a molecule that has N, stickers attached
to the background. In this regime, (7) increases linearly to 7
with slope equal to D™' = N,. At 7y, a sharp increase in (z) is
observed due to a caging effect. Attached molecules are trapped
in a cage of size (R*)/N, and must wait for the arms to detach
in order to diffuse over longer distances. For time scales, (),
larger than the inverse of the detachment rate, kp ™!, stickers can
detach from and reattach to the background, moving the
molecular center of mass in the process. Motion of the center
of mass over distances greater than (R*)/N, through sequential
detachment and reattachment of individual arms is termed
walking. Walking is the most frequently observed diffusion
event due to the relatively high likelihood of single arm
detachment events. Infrequently, some molecules may also
detach all their stickers and diffuse freely throughout the
network in a process referred to as hopping. During this rare
event, molecules diffuse with diffusion constant D = N, ™%, It is
hypothesized that in order to observe superdiffusive scaling in
FRS experiments, hopping must be faster than the walking
mechanism over large distances. For that to occur, the distance
traveled by molecules during hopping events must be much
larger than the molecular radius of gyration, which is the
characteristic size of a walking step. In the crossover between
the early and late Fickian regimes, the interplay between
walking and hopping modes dictates the prominence and shape
(i.e., amplitude and inflection) of the apparent superdiffusive
regime. At large d, the polymers again exhibit Fickian diffusion,
but now with an effective diffusivity, D.g that contains
contributions from the walking and hopping mechanisms.

Differences in diffusivity between the two limiting Fickian
regimes and the non-Fickian behavior at intermediate length
scales are highlighted in Figure 3b, where the primary ordinate,
(z), is renormalized by the abscissa, d*/4z. Diffusion
coefficients in the short and long length scale Fickian regimes
are now given by the inverse of the plateau values. A priori
calculation of self-diffusion coeflicients in both Fickian regimes
is provided in section 2 of Supporting Information.

The results from the simulations agree qualitatively with the
experimental data at large d* values'” (current experiments
cannot resolve the early time Fickian diffusion and caging
regimes). In the simulations, the escape from the cage occurs at
d* ~ 47°(R*), which is 1—2 orders of magnitude larger than the
molecular size. The exact location of the large d* Fickian regime
depends on the values of ky and K. In the particular example
shown in Figure 3, this regime is observed at d* values that are
4—5 orders of magnitude larger than the molecular size, in
reasonable qualitative agreement with the experiments.

A comparison of FRS simulations and mean-square displace-
ment measurements shows that this unexpected regime is not
observed in the mean-square displacement. In Figure 4a, the
mean-square displacement of the center of mass of molecules
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Figure 4. (a) Mean-square displacement of the center of mass, g;(t), as
a function of time from BD simulations of molecules with 4 arms, k, =
0.0025 and K,y = 5, at the overlap concentration. (b) g(t) divided by
time, highlighting the early and late Fickian behavior, as well as the
subdiffusive regime in the crossover.

with 4 arms, k, = 0.0025 and K., = S, and at the overlap
concentration (same case as Figure 3) is shown. Early and late
Fickian diffusion regimes are clearly observed, with self-
diffusion coeflicients that agree well with those extracted
from Figure 3. However, no superdiftusive scaling is observed in
the crossover regime. Instead, a clear subdiftusive regime is
found, as shown in Figure 4b, where the mean-square
displacement is divided by time. Comparison between Figures
2 and 3 shows that the caging regime observed in the FRS
simulation corresponds in time scale to the subdiffusive regime
observed in the mean-square displacement; both the apparent
superdiffusive and late Fickian regimes in the FRS simulation
occur within the late Fickian regime of the mean-square
displacement plot. Therefore, FRS results are more sensitive to
the molecular association mechanisms than mean-square
displacement, and the (z) vs d* plot shows richer features
than the (r*) vs t plot, even though both methods are sampling
different moments of the same distribution of displacements of
the same physical model.

To illustrate the origin of these differences, the probability
distribution of the center-of-mass displacement as a function of
time for molecules with 4 arms, k, = 0.0025 and K, = §, and at
the overlap concentration (same case as Figures 3 and 4) is
shown in Figure 5a. When t < 73, the molecules are trapped in
the cage and the distribution is Gaussian, as proved by the small
values of the one-dimensional non-Gaussian parameter’™ a =
(r*)/3(r*)* — 1 shown in Figure Sb. At times t > 107g, the
distribution becomes bimodal, with a Gaussian mode of small
variance that represents the molecules that have not been able
to detach completely from the background, and therefore have
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Figure 5. (a) Probability distribution of the motion of the center of
mass of molecules with 4 arms, ky = 0.0025 and Ky = S, at the overlap
concentration. (b) Time evolution of the one-dimensional non-
Gaussian parameter @ = (r*)/3(r*)*> — 1 for the same system.
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very small diffusivity, and a second mode that represents the
displacement of molecules that have escaped the cage by means
of the walking and hopping mechanisms. In this time region,
the parameter > 1 indicating a non-Gaussian distribution, and
superdiffusive scaling is observed in the FRS experiments. At
times t > k™!, the parameter a decreases slowly to zero, and
the second Fickian regime is observed. The FRS simulations
show an apparent superdiftusive regime while the mean-square
displacement does not because the FRS simulations sample a
different moment of the distribution of molecular motion (the
one-dimensional dynamic structure factor of an isotropic
system is equivalent to the average (cos(qr))) that is more
sensitive to the distribution of diffusivities while the mean-
square displacement ((r*)) is sensitive just to the average. Both
ways of looking at the same molecular motion are qualitatively
very similar up to the point when the molecules escape from
the caging regime (in fact, up to that regime, one plot is
approximately the reflection of the other by the diagonal line y
= x). At longer times, the mean-square displacement of the
system can be much larger than the size of the cage if a small
fraction of molecules detaches from the network and diffuses
over very long distances. However, in FRS measurements,
when the period of the grating is larger than the molecular size,
a large fraction of molecules must diffuse over distances of the
order of d* in order to destroy the sinusoidal distribution of
unbleached chromophores. For that to happen, the system
needs to wait a very long time. Therefore, FRS is more sensitive
to the large displacement tail of the distribution, providing a
very important probe into molecular dynamics that comple-
ments other methods of measuring diffusion.

In understanding this effect, it is very illustrative to compare
to the family of models originally proposed by Tang, Wang, and
Olsen and Tirrell and co-workers. These models are continuum
models of reaction—diffusion which are represented by one
differential equation for each diffusing species, and the species
are allowed to interconvert according to the laws of chemical
kinetics. When mean-square displacement is plotted for any
member of this family, only Fickian behavior is observed, where
the diffusivity is an average of all the different species based on
their relative abundance. While the average remains unchanged
from a single effective species, the distribution of displacements
changes substantially, showing a peak for the abundant, slow
species and a long tail for the rare, fast diffusive events. The
FRS measurement is therefore extremely useful in under-
standing different molecular mechanisms because it can
differentiate between the single effective species and the
multiple different species.

Comparing diffusion rates via different molecular mecha-
nisms enables scaling relationships to be derived that estimate
the range of molecular parameters over which the apparent
superdiftusive regime can be observed. At large length and time
scales, the effective diffusion coeflicient D has contributions
from both walking and hopping mechanisms (Figure 1).
Hopping diffusion can be calculated as the product of the
diffusion constant of a free molecule, D = 1/N,, times the
probability that a molecule is completely detached from the
network. Walking diffusion can be estimated by means of a
simple scaling argument. During a walking event, a molecule
that has j stickers bonded to the background detaches one with
attempt frequency kp. The mean-squared displacement of the
center of mass during the walking step, before the free arm gets
bonded again, is given by the size of the arms (R*) divided by
the number of arms that remain attached to the network, i.e.,
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(R*)/(j — 1) (equal to 1/(j — 1) in the units of the simulation).
Therefore, the diffusion coefficient of a molecule walking on j
arms is kp/(j — 1). A molecule can walk on j = 2..N, arms
(when it has just one arm attached to the background,
detachment leads to a hopping event), and each of the walking
contributions must be multiplied by the probability of having j
arms attached to the background. The scaling argument above
assumes that walking occurs by detaching and reattaching a
single arm at a time (i.e., it neglects rare but important events
such as when a molecule goes from j = j — 1 — j — 2 arms
attached). For K, >1, it is more likely that a molecule will
attach a free arm back to the background before it detaches a
second one. The resulting effective diffusion coeflicient of the
walking and hopping mechanisms is

), B
1 N,

N, (RZ
fo = Dwalk + Dhop = Zp]kD] _
j=2

€

©)

where p; is the probability that a molecule has j arms attached
to the background. Although eq 9 is approximate, it successfully
permits quantitative prediction of diffusivities in the large
length-scale regime as a function of a wide variety of parameters
including K,q, ks Ny, and concentration (see section 2 of the
Supporting Information).

A general criterion for observing the apparent superdiffusion
emerges by examining the curve shape as it exits the caging
regime. In the case of no superdiffusive scaling, molecules
should exhibit Fickian scaling immediately following the caging
regime, at the point d*/47” = 1/N, and (7) = kp~". The self-
diffusion coefficient of such Fickian process would be equal to
kp/N, (see dashed blue line in Figure 6a). For the apparent

. Scaling A k,=0.0025 AKS
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Figure 6. (a) (7) versus d*/4r* for Ny = 4, p* /¢ = 1, K.q=S5,and ky
= 0.002S, with all diffusion mechanisms (black symbols), only walking
mechanisms (red symbols), only walking mechanisms with loops
forbidden (green symbols), and limiting inverse effective diffusion
coefficient N,/kp, when no superdiffusive scaling is observed (blue
dashed line). (b) (7} versus d*/47’N, = 4, ¢*/¢ = 1, varying k, at
fixed Koq = 5 (closed symbols), and varying K,, at fixed k, = 0.0028
(open symbols).

superdiffusive scaling to be observed, the effective diffusion
coefficient at large distances should exceed that of the limiting
Fickian scaling described above or

— kA
NyK.,

D > %
N, (10)
which corresponds to the hypothetical diffusion coeflicient of a
molecule walking on N, + 1 arms.
Although both walking and molecular hopping contribute to
D.g the apparent superdiftusive scaling is most easily observed

when molecular hopping is the primary diffusive mode, as
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illustrated in Figure 6a. When hopping is switched off in the
simulations, the apparent superdiftusive scaling is still observed
but to a lesser extent. The ability to form loops enhances
diffusion, as seen in Figure 6a, by effectively reducing the
number of arms that need to be detached in order to hop and
by increasing the walking diffusivity. When molecular hopping
is prevalent, Dy, > Dy and Dg & Dy, = po/Ny. In this case,
the criterion for observing superdiffusive scaling in eq 10
becomes ky < po/K., where p, depends on the number of
arms and the equilibrium constant of the attachment reactions.
The calculation of the probabilities p; can be difficult, in the full
model, but they can be easily estimated if the looping reactions
are turned off (see section 4 of Supporting Information). In
that case, p, = Keq_NA/ %, so the requirement for observing
superdiffusive scaling in the absence of looping becomes

kA < I{eql_NA/z (11)
Although approximate, eq 11 reveals that superdiftusive scaling
is less prevalent for star polymers containing many arms and for
large values of the association equilibrium constant. Figure 6b,
which plots the average characteristic time, (7), versus d* for
four-arm star polymers at fixed concentration as a function of
k (with constant K, ) and K, (with constant k,), respectively,
clearly shows that the simulation results are consistent with this
scaling prediction. The values of k4 and K., in both plots have
been chosen to give identical inverse detachment times, kp. In
Figure 6b, superdiftusive scaling is observed when k, < 0.1 in
good agreement with eq 11, despite the presence of looping.
For k, > 0.1, superdiffusive scaling is less easily observed as
indicated by eq 11. Walking diffusion becomes the prevalent
diffusive mode, since D,y increases strongly with increasing k,,
while Dy, is independent of k, in eq 9. Superdiffusive scaling is
observed for values of K, > 1 as expected because an associated
network is required to produce differing diffusive mechanisms.
The range of length scales over which the superdiffusive scaling
is observed widens for increasing values of K.

Loop formation increases the probability of hopping,
increasing the likelihood of star polymers exhibiting super-
diffusive scaling. The balance between intermolecular and
intramolecular association of stickers is primarily governed by
concentration. This effect is highlighted in Figure 7a, where ()
versus d” is shown for constant values of k, and K., at different
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Figure 7. (a) (7) versus d*/4x” for varying concentration, expressed as
the ratio of the overlap volume fraction to the system volume fraction,
¢*/ ¢, with fixed ky = 0.0025 and K, = S, for molecules with N, = 4
arms and loops allowed (open symbols). Filled symbols show a case in
which loop reactions are not allowed. (b) Same results represented for
real units, taking into account the scaling of the molecular size and
relaxation time given by eqs 2 and 3.
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polymer volume fractions. Below the overlap concentration
(¢p*/¢ > 1), looping is highly probable and hopping is more
likely. As concentration increases above the overlap concen-
tration (¢*/¢ < 1), hopping becomes increasingly difficult
because star arms of different molecules interpenetrate and
intermolecular associations are more likely. In Figure 7a, the
width of the apparent superdiffusive region becomes narrower
as the concentration of polymers increases, until it disappears
completely for (¢*/¢ < 0.1). The diffusion behavior of a
concentrated solution (0.1 < ¢*/¢ < 0.25) is qualitatively
similar to that of a solution at the overlap concentration for
which looping reactions have been turned off.

In semidilute conditions, according to eqs 2 and 3, changes in
concentration affect the molecular size and relaxation time,
used as basic units of length and time in our simulations. In a
good solvent, the arm size decreases with concentration,
whereas the relaxation time increases. In Figure 7b, the
nondimensional simulation results of Figure 7a are shown in
real units, scaled by the size, R, and relaxation time, 7y, of the
arms in dilute conditions. Higher concentrations have a smaller
cage size and slower diffusion constants. The (%) vs d* curves
are more spread out than the same curves in nondimensional
units.

In order to test the validity of the assumptions of the model,
the theoretical predictions have been compared to experimental
FRS measurements of four-arm poly(ethylene glycol) star
polymers of M, = 10000 g/mol, end-functionalized with
terpyridine which associates with divalent Zn** ions in N,N-
dimethylformamide, a good solvent for the polymer.'"” The
units of length and time in the simulations are rescaled using
eqs 8 and 9, respectively, and the values of the nondimensional
rate and equilibrium constants are modified accordingly.
Overall, the model has five fitting parameters: K., ka, Ry Tp
and ¢. To reduce the complexity of the fitting procedure, the
concentration ¢ is fixed based upon the experimental
conditions, and the other four parameters are fit to the data.

Figure 8a compares experimental data of Tang et al."’ with the
B
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Figure 8. (a) Simultaneous fit of the theory to experimental self-
diffusion data of telechelic 4-arm PEG stars at different concentrations;
see Tang et al.'"’ (b) Fit to experimental data of tracer diffusion of 3-
arm star tracers through a 4-arm star gel matrix; see Tang et al."’

simulation results for the best-fit parameter set, values of which
are included in the inset to the figure. Here, each theoretical
point corresponds to a separate FRS simulation. In all cases,
simulation results are in good qualitative agreement with
experimental data over several decades of length and time, and
at several polymer concentrations, using only the single set of
fitting parameters.

2523

In Figure 8b, the simulation results are fit to experimental
measurements of four-arm tracer molecules with only three
stickers diffusing in a mesh of four-arm molecules with four
stickers. The predictions of the model have been calculated by
diluting 2% of molecules with 4 arms and only three stickers in
a matrix of stars with 4 stickers, following the same approach as
in the experiment. The agreement of the theory with the
experimental data is also good and manages to capture the
faster diffusion and the sharper transition from the super-
diffusive scaling to the Fickian regime at long distances. The
fitting is somewhat noisier in this case because fewer molecules
are used and the statistics are poorer. The values of the fitting
parameters are very similar in both cases.

In contrast to the phenomenological two-state theory
proposed previously,'” the parameters extracted by fitting the
simulations have a well-defined molecular interpretation given
by the development of the model. In Figure 8a, however, the
obtained values of 7z = 0.84 ms and = 37.8 nm are
unexpectedly large for the molecular weight of the star arms in
the experiments (in ref 19 the value of R, is estimated as 3.5
nm). Given the approximations inherent in the highly coarse-
grained view of the polymers and bond kinetics and the many
approximations necessary to map the parameters of the
experiment to the simulation, this is reasonable qualitative
agreement with the experimental result. However, it is clear that
further advances can improve the accuracy of the predictions.
Including junction fluctuations may also increase the effective
size of the cage and reduce the value of the parameter
needed to fit the data, bringing it closer to the experimentally
determined values. However, this effect alone cannot account
for the 1 order of magnitude difference between the
experimental and the fitted values of R,. Alternately, even
though the model is formulated with a single molecule in mind,
it is possible that in the experiments the same molecular
mechanisms described above occur for bundles of a few
molecules, with corresponding larger size and relaxation time.

B CONCLUSIONS

Four-arm star polymers were modeled as point particles that
associate with a mean-field polymer network through massless
associative arms, enabling simulation of self-diffusion of these
molecules at length scales larger than the polymer size. The
simulation results reveal the importance of multiple mecha-
nisms of molecular motion to traverse distances larger than the
molecular scale, particularly walking and hopping. The
molecular model establishes that previously reported super-
diffusive scaling regimes result primarily from molecular
hopping which occurs when the kinetics of attachment are
slower than the relaxation time of dangling strands. The role of
these different molecular mechanisms is particularly clear in
FRS data because of its sensitivity to the tail of the
displacement distribution caused by rare but long-distance
hopping events. The presence of looping defects within the
networks strongly promotes hopping by allowing a molecule to
effectively reduce the total number of elastically effective
connections with the network. Because different measures of
diffusion such as mean-square displacement and FRS measure-
ment are sensitive to different moments of the displacement
distribution, the diffusive process may simultaneously show
characteristics of both superdiffusive and subdiffusive behavior
depending upon how it is measured.

These findings can be generalized to more complex
associating networks with polydisperse arm length, other
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chain topology, chain statistics, and association kinetics.
Separately quantifying the mechanisms of molecular diffusion
in this work enables decoupling their impacts, which is essential
to developing correlations between molecular and macroscopic
transport properties, predicting material properties de novo, and
aiding in the development of novel polymeric materials for
next-generation applications.
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