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Abstract
Current polymer network design suffers from intrinsic trade-offs, where polymer networks with
high modulus often turn out to be in short of stretchability or fracture toughness. Here, we show a
novel polymer network design through polymer-nanoparticle alternating hybrids that enable
integrating the non-polymeric colloid deformation into polymer network design. The new class of
polymer network exhibits colloidal yielding at small deformation before conformational change at
higher elongation ratios, enabling simultaneous achievement of high Young’s modulus of E =
10 — 50 MPa, high yield strength of oy~ 3 — 5 MPa, large stretchability of A~7 — 10, and high
fracture energy density of [~30 MJ/m3. These results demonstrate a successful strategy to
decouple the molecular mechanics for yield from that for stretchability or toughness, leading to

new polymer networks design.
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1. Introduction

Advanced polymer networks with combined high modulus, large stretchability, and high
toughness are desirable for emerging applications in energy, environment, medication, and
healthcare.!® However, conventional polymer network design suffers from several intrinsic trade-
offs, where polymer networks with high modulus often end up in short of stretchability and
toughness.” ' These trade-offs have been primarily attributed to the different dependences of
mechanical properties on the molecular weight between crosslink points, M, , of a polymer

network.'!1? For instance, the shear modulus of polymer network is inversely proportional to M,,

G~M;?!, and the maximum elongation-at-break scales with the square-root of the M, /1~M;/ 2,

Consequently, polymer networks with larger M,, favor higher elongation-at-break, and at the same
time suffer from smaller modulus and lower fracture energy density. Thus, elastomers design
through adjusting M, alone is fundamentally limited and cannot simultaneously improve the
modulus, the elongation-at-break, yield strength, and toughness.” 1 13

Various strategies have been proposed to enhance simultaneously the modulus, yield

strength, and toughness of polymer networks, including double networking,'*!°

introducing
dynamics or reversible interactions in polymer networks,'® 2?* domain transformation,?® and
embedding fillers.?*?° Key design rules are to introduce energy dissipation mechanisms and at the
same time maintaining network elasticity.” ' Recent studies also show important roles of
minimizing the flaw sizes, enabling simultaneously stiffening or fracture of a large amount of
polymer chains,*® and enhancing the near-crack dissipation.!* However, none of these approaches

can overcome the aforementioned tradeoffs in the design of polymer network, where entropic

changes of network strands still dictate the mechanical responses.!!



On the other hand, non-polymeric materials, such as colloids or granular materials, have
been utilized to sustain load with high modulus and large yield strength.?! The elastic modulus and
yield strength of colloidal materials are controlled by their local cage barrier’! *? for hopping that
is fundamentally different from the polymer elasticity originated from polymer conformational
change (entropy).!? In principle, an integration of the non-polymeric colloid mechanics into the
polymer network design could enable decoupling the mechanical mechanisms for yielding and
stretchability, and thus provide alternative solutions to address the intrinsic modulus-stretchability
trade-off. However, current integration of colloidal interactions to polymer network design through
polymer composites design (or polymer nanocomposites) only leads to a mild increment in the
modulus and a reduced polymer stretchability.’® 3* Therefore, a seamless integration of the
colloidal deformation modes to the polymer network design has not yet been achieved.

In this work, we integrate colloidal deformation into polymers for advanced polymer
network design. Different from previous approaches focusing on controlling M,., we design novel
polymer-nanoparticle alternating hybrids as model systems that can assemble into new supra-
macromolecular structured polymer networks. Mechanical measurements show that the new types
of polymer hybrids can exhibit simultaneously high Young’s modulus (E = 10 — 50 MPa), high

yield strength (g,~3 — 5 MPa), high stretchability (elongation to failure, A~7 — 10), and high

fracture energy density (I'~30 MJ/m?), bypassing the well-known modulus-stretchability trade-

offs in advanced polymer network design.

2. Materials and Methods

2.1 Materials.

The following chemicals were used as received: 2-mercaptoethanol (98+%, TCI), 2,2-



dimethoxy-2-phenylacetophenone (DMPA, Irgacure 2959, 99%, Sigma-Aldrich), 1-butanethiol
(98+%, Adamas), 4-pentynoic acid (98+%, Adamas), N,N’-diisopropylcarbodiimide (DIC, 98+%,
Adamas), 4-dimethylaminopyridine (DMAP, 99+%, Adamas), 1,4-benzenedimethanol (98+%,
Adamas), 2-bromo-2-methylpropionyl bromide (98+%, Adamas), triethylamine (99%, Adamas),
N, N, N', N”,N"-pentamethyl diethylenetriamine (PMDETA, 99+%, TCI), tetrahydrofuran (THF,
99.5+%, General-Reagent), dichloromethane (DCM, 99.5+%, General-Reagent), Petroleum Ether
(PE, boiling range 60 °C to 90 °C, General-Reagent), Ethyl Acetate (EA, 99.5+%, General-
Reagent), Toluene (99%, Guangzhou chemical reagent factory), Methanol (MeOH, General-
Reagent, 99.5+%), Ethanol (EtOH, 99.5+%, General-Reagent).

Copper(I) Bromide (CuBr, 99+%, Aladdin) was stirred in acetic acid for 24 h, washed with
ethanol and diethyl ether. Styrene (99+%, Adamas) was filtered through silica gel before
polymerization. OctaVinyl polyhedral oligomeric silsesquioxane (T8-VPOSS, 98%, Gileader
Advanced material) was recrystallized in THF. Anhydrous solvents, including toluene, DCM, THF,

were obtained with an INERT Pure Solv System (Inert Corporation, USA).

2.2 Chemical synthesis.
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Figure 1. Schemes of the synthesis of (a) dialkynyl-APOSS; (b) diaizdo-PS (b), and (c) Poly(PS-
alt-APOSS). Reagents and conditions: (i) OctavinylPOSS, 2-mercaptoethanol, DMPA, UV 365
nm; (ii) 1-butanethiol, DMPA, UV 365 nm; (iii) Dihydroxy-APOSS, 4-pentynoic acid, DMAP,
DIC; (iv) 1,4-benzenedimethanol, triethylamine, 2-bromo-2-methylpropionyl bromide; (v)
Styrene, CuBr, PMDETA; (vi) NaN3, DMF; (vii) CuBr/PMDETA.

2.2.1 Synthesis of Dialkynyl-APOSS

Synthesis of dihydroxyl-VPOSS. OctavinylPOSS (30.0 g, 47.4 mmol), 2-mercaptoethanol (7.41
g, 94.8 mmol), and DMPA (140 mg, 0.55 mmol) were dissolved in THF (350 mL), and irradiated
with UV (365 nm) for 30 min. After removing solvent, the crude product was isolated by silica gel
chromatography. A gradient mixture of EA/DCM (v/v from 1/20 to 1/4) was used as eluents to
afford the product as white powder. '"H NMR (500 MHz, CDCls, ppm, 8): 6.15-5.87 (18H, -

CH=CH)), 3.72 (4H, -CH,CH,OH), 2.69-2.65 (8H, -CH,CH>SCH>CH,0H), 1.07 (4H, -SiCH>-).

Synthesis of dihydroxyl-APOSS. Dihydroxyl-VPOSS (2.00 g, 2.53 mmol), 1-butanethiol (2.28 g,

25.30 mmol,), and DMPA (41.0 mg, 0.16 mmol) were dissolved in THF (20 mL). After UV
irradiation (365 nm) for 30 min, solvent was removed, and the residue was purified by silica gel

chromatography with PE/EA (4/1, v/v) as eluent to afford the products (colorless oil liquids). 'H



NMR (500 MHz, CDCls, ppm, 8): 3.72 (4H, -CH2CH2OH), 2.69-2.65 (8H, -CH>CH>SCH>CH,0H
and -CHCH,SCH,CH,CHa-), 1.65-1.50 (12H, -CH.SCH,CHoCH,CHs), 1.45-135 (12H, -
CH>SCH>CH>CH>CHj), 1.08-1.00 (16H, -SiCH>CH>OH and -SiCH>CH>CH>-), 0.95-0.89 (18H, -

CH>CH.CH3).

Synthesis of dialkynyl-APOSS. Dihydroxyl-APOSS (2.00 g, 1.50 mmol) and 4-pentynoic acid

(0.16 g, 1.65 mmol) were mixed together into a round bottom flask. DMAP (0.18g, 1.5 mmol)
were added in a glove box and dissolved in dry DCM (20 mL). DIC (2.0 mL) was then added
slowly at 0 °C. The mixture was stirred at room temperature overnight. The reaction was filtered,
and the solvent was removed in vacuo. Purification by column chromatography using hexane/ethyl
acetate (10/90) as eluent gave the product (1.80g, 90%). 'H NMR (500 MHz, CDCls, ppm, §): 3.72
(4H, -CH.CH>OH), 2.75 (4H, -OCOCH>CH,CCH), 2.69-2.45 (36H, -CH.CH,SCH>CH,0OH, -
CH,CH>SCH>CH2CHz-, and -OCOCHCH>CCH), 1.98 (2H, -OCOCH:CH:CCH), 1.65-1.50
(12H, -CH>SCH>CH>CH>CH3), 1.45-1.35 (12H, -CH>SCH:CH,CH>CH3), 1.08-1.00 (16H, -

SiCH>CH>OH and -SiCH>CH>CH>-), 0.95-0.89 (18H, -CH.CH>CH3).

2.2.2 Synthesis of Diaizdo-Polystyrene (diaizdo-PS)

Synthesis of the bifunctional initiator. 1,4-benzenedimethanol (2.00 g, 14.47 mmol) and
triethylamine (5 mL) were dissolved in dry DCM (20 mL) in a round bottom flask. The mixture
was stirred at 0 °C, and 2-bromo-2-methylpropionyl bromide (16.63 g, 73.36 mmol) was added
slowly. The mixture was stirred at room temperature overnight. The reaction was filtered, and the

solvent was removed in vacuo. Purification by column chromatography using hexane/ethyl acetate



(10/90) as eluent gave the product (5.68 g, 90%). 'H NMR (500 MHz, CDCls, ppm, §): 7.39 (4H,

-OCH,ArCH,0-), 5.21 (4H, -OCH>ArCH,0-), 1.95 (12H, BrC(CH3),CO-).

Synthesis of a.,w-dibromo-polystyrene (diBr-PS). Styrene (12.0 g, 115 mmol), bifunctional

initiator (82.86 mg, 0.19 mmol), and CuBr (83 mg, 0.58 mmol) was dissolved in toluene (12 g) in
an 100 mL Schlenk flask. After three freeze-pump-thaw cycles, PMDETA (111 mg, 0.58 mmol)
was added quickly under a nitrogen atmosphere. The mixture was stirred at 90 °C for 3 h and then
quenched in ice-water bath. A short silica gel column was used to remove the copper complex.
The collected solution was concentrated and precipitated into methanol. The polymer was
collected by filtration as a white solid (2.4 mg, 20 % yield). 'H NMR (CDCls, 500 MHz, ppm, §):
7.40-6.30 (139H, -OCH2ArCH>0O- and -CH(Ar)CH»-), 5.21 (4H, -OCH2ArCH20-), 2.60-1.20

(81H, -CH(Ar)CHa-), 1.95 (12H, BrC(CH3)2CO-). SEC: M, = 2.8 kg/mol, PDI = 1.08.

Synthesis of a,m-diazido-polystyrene (diazido-PS). DiBr-PS (1.00 g, 0.24 mmol) and sodium azide

(NaN3s, 0.15 g, 2.38mmol) were dissolved in 10 mL of DMF in a 50 mL flask. After stirred for 24
h, the mixture was poured into 100 mL of CH2Cl; and then was washed by water (100 mL x 3).
After being dried by anhydrous Na»SOs, the organic layer was concentrated followed by
precipitation into methanol. The product was collected by filtration as a white solid (0.88 g, 88%).
'H NMR (CDCls, 500 MHz, ppm, §): 7.40-6.30 (139H, -OCH>ArCH,O- and -CH(Ar)CH>-), 5.21
(4H, -OCH2ArCH20-), 2.60-1.20 (81H, -CH(Ar)CH>-), 1.95 (12H, BrC(CH3)>CO-). SEC: M, =

2.8 kg/mol, PDI = 1.08; M, = 4.2 kg/mol, PDI = 1.09.

2.2.3 Synthesis of Poly(PS-alt-APOSS)



Synthesis of althernating polymer Poly(PS-alt~-APOSS). Diaizdo-PS (250.0 mg, 0.60 mmol),

dialkynyl-APOSS (79.2 mg, 0.60 mmol), and CuBr (83 mg, 0.58 mmol) in toluene (5.0 mL) was
added into a 50 mL Schlenk flask. After degassed by three freeze-pump-thaw cycles, PMDETA
(220 mg, 1.16 mmol) was added quickly under a nitrogen atmosphere. The reaction mixture was
stirred at 90 °C for 3 h and then quenched in ice-water bath. A short silica gel column was used to
remove the copper complex. The collected solution was concentrated and precipitated into
methanol. The polymer was collected by filtration as a white solid (260 mg, 78 % yield). NMR of
Poly(PS-alt-APOSS) is presented in Figure S3b. In the following discussions we abbreviate
Poly(PS-alt-APOSS) as SA and highlight the molecular weight of PS block in the hybrid. For
example, SA-2.8k refers to the Poly(PS-alt-APOSS) hybrids with PS molecular weight of 2.8
kg/mol (number average). We have also synthesized diaizdo terminated linear PS2.9k and a
copolymer between diaizdo terminated PS2.9k and the dialkynyl terminated molecular linkers,
1,4-phenylenebis(methylene) bis(pent-4-ynoate), for alternating polymer with molecular weight
of 16.3k (alt-PA-16.3k) as references. SEC: SA-2.8k with PS block molecular weight of 2.8
kg/mol, M,=29.8 kg/mol, PDI=2.01; SA-4.2k with PS block molecular weight of 4.2 kg/mol, M,

=29.7 kg/mol, PDI = 2.03.

2.3 Methods.

Automated column chromatography was conducted on a SepaBean™ machine T (SanTai

Technologies, China) with an automated variable wavelength UV-VIS detector (200-400 nm).

'"H-NMR spectra were recorded on Bruker 400 MHz spectrometers using CDCl3 (Cambridge) as

deuterated solvent. The spectra were referenced to the residual proton impurities in the CDCl3 at



d 7.26 ppm.

Size exclusion chromatography (SEC) analyses were conducted on a Tosoh HLC-8320 instrument

equipped with three TSKgel columns (SuperH2000, SuperH3000, and SuperH4000) in series, a
double flow type RI detector, and a UV-8320 UV detector, under an eluent flow rate of 0.6 mL/min
(THF). Regular SEC calibrations were conducted with polystyrene standards (Polymer

Laboratories).

Small angle x-ray scattering (SAXS) measurements were conducted on thin-film like SA hybrids

with a thickness of 0.3 mm at the beamline 12-ID-B at Advanced Photon Source at Argonne
National Laboratory with an x-ray energy of 13.3 keV. The exposure time is 0.5 s. The scattered
x-ray intensities were measured using a 2-D Pilatus 2M detector with a sample to detector distance
of 2.1 m (covering a scattering wavevector of Q = 0.003 A=* to 0.9 A~1). Before measurements,
we calibrated the absolute intensity using glassy carbon and the Q values of detector pixels using
silver behenate. The 2-D isotropic scattering images were converted to 1-D intensity curves,
1(Q) vs Q, through azimuthally average after solid angle correction and then normalizing with the

intensity of the transmitted x-ray beam flux, using the beamline software.

Differential scanning calorimetry (DSC) was performed to characterize the glass transition

temperature, Ty, of the SA hybrids and the dialkyne functionalized APOSS nanoparticles. The Ty
were determined at the inflection point of the specific heat capacity step upon heating at a heating
rate of 10 K/min. The T of linear PS2.9k and Alt-PS-16.3k were determined upon heating at a

heating rate of 5 K/min. To suppress the influence of the crystallization of dialkynyl functionalized



APOSS, a fast quenching (~ 100 K/min) is employed to prepare the amorphous dialkyne

functionalized APOSS.

Linear rheology and mechanical measurements were performed on an Anton Paar MCR 302

rotational rheometer equipped with a CTD600 oven. The temperature accuracy of this oven is
+0.1 K. Linear viscoelastic spectra of the neat polystyrene with number average molecular weight
of 22 kg/mol (PS22k) and polydispersity index of 1.05, SA-2.8k, and SA-4.2k hybrids were
collected through small amplitude oscillatory shear (SAOS) on a pair of aluminum parallel plates
of 8 mm in diameter with a measuring gap of | mm. A wide temperature range is involved in the
measurements that covers temperatures close their Ty (shear modulus ~ 10° Pa) as well as high
temperatures to access the terminal modes (such as PS22k) or shear modulus ~ 102-10° Pa (for SA-
2.8k and SA-4.2k). The strain amplitude was set to 0.1% at temperatures close Ty and 3 % when
the shear modulus fall below 10° Pa. The liner viscoelastic spectra of PS22k, SA-2.8K, and SA-
4.2k were constructed through the time-temperature superposition principle.

Uniaxial extension tests of SA-2.8k and SA-4.2k at constant Hencky Strain rates from
0.003 s~ ! to 6 s~ on a third generation of Sentmanat Extensional Rheometer fixture (SER-3) that
mounted onto the Anton Paar MCR302. The polymer hybrids, SA-2.8k or SA-4.2k, were first press
molded into thin films of 0.3 mm in thickness that were cut into rectangular strips of 3 mm in
width and 15 mm in length before testing. The testing temperatures are at T = 333 K and 353 K

for SA-2.8k and SA-4.2k respectively.

2.4 Computer simulations.

10



Coarse-grained molecular dynamics (CGMD) simulations have been performed to understand
the assembly and the mechanical properties of the SA-2.8k hybrid. A recently estabilished
mapping to PS is used in the determination of system parameters.>® For atactic PS, a coarse-grained
bead of mass m is mapped to 297.19 g/mol, which leads to 9.4 coarse-grained beads in a PS block
with 2.8 kg/mol. The number of beads per segment is rounded off to 10. Each bead is of size o,
which is mapped to 0.76 nm for atactic PS (Figure 2a). Any two pairs of beads may interact via
the truncated and shifted Lennard-Jones (LJ) potential with interaction strength & and cut-off

distance 7. = 1.12 o, which corresponds to purely repulsive interactions between the beads. The

unit time for the LJ potential is T = 0\/m_/s . Neighboring beads in the segment are connected by
the finitely extensible nonlinear elastic (FENE) potential with an equilibrium bond length of
0.96 0. A bond-bending potential in the form Upenq(6) = kpena (1 + cos @) is used to couple
adjacent bonds with bond angle 8. The bending stiffness kj.,q = 0.944 ¢ allows each Kuhn
monomer to contain 2.44 coarse-grained (CG) beads. This results in a Kuhn length [, = 2.35 o,
which is mapped to 1.79 nm.

The nanoparticle is modeled as a smooth sphere of diameter d = 2 ¢, which is mapped to 1
nm, approximately the size of an APOSS particle. The mass density of the nanoparticle is ph?5S =
1.9 m/o3, which is 1.9 times larger than PS mass density pf5 = 1.0 m/o3. The interaction
between a polymer bead and a nanoparticle and that between two nanoparticles are both modeled
using the colloidal force fields developed by Everaers and Ejtehadi.® The polymer-particle
interaction is purely repulsive with cut-off distance 7. = 1.9 6. The corresponding Hamaker

constant is A = 75 ¢ that corresponds to the athermal condition at T = 1.0 ¢/kg. The particle-

particle interaction is attractive with cut-off distance 7. = 5.0 6. The corresponding Hamaker

11



constant is A = 710.784 ¢, which may be mapped to a strong strength of 18 kz T on the

monomeric length scale o.

The simulations include 1000 SA-2.8k chains in a simulation box (Figure 2b). A constant
pressure P is necessary to turn the multiple chains into a dense sample. A Nosé — Hoover barostat
with P = 5.1 £/03 and a characteristic damping time 100 T was applied to the simulation box
together with a Nosé — Hoover thermostat with T = 1.0 £ /kp and a characteristic damping time
10 7. The time step for integrating the equations of motion was 0.001 7. After 100,0007, the

resulting equilibrium box dimensions are L, = L, = L, = 54.9 g, and the mass density pﬁly brid _

1.28 m/o3. The mechanical deformation on the dense melt of hybrid chains was performed in
the uniaxial tensile loading mode. The box size in the z-direction was increased at a constant
engineering strain rate 1073771 and 10™*7 L. The rates allowed the tensile test to be completed
within a feasible simulation time window, while also allowing the PS strand of 10 CG beads,
whose relaxation time is about 1037, to rearrange itself during the test. The box sizes in the x- and
y-directions varied at constant pressure components P, = P, = 5.1¢/ o3, which were maintained
using the Nosé — Hoover barostat with a characteristic damping time 100 7. During the uniaxial
tensile test, a Nosé — Hoover thermostat with T = 1.0 ¢/kg and a characteristic damping time

10 T was applied to maintain the melt temperature. All simulations were peformed using the

LAMMPS package.’’

12



Bridges

Figure 2 (a) A representative SA-2.8k chain in the simulation that is composed of 9 PS strands
and eight APOSS particles connecting alternatively. (b) A snapshot of the simulation composing
of 1000 SA-2.8k chains under equilibrium, where chain conformation and assembly structures can
be analyzed.

3. Results and Discussions.

Two model polymer hybrids, SA-2.8k and SA-4.2k with similar total molecular weight of
~29 kg/mol, have been synthesized to test the hypothesis of integrating colloidal interaction into
the polymer network. Small-angle x-ray scattering (SAXS) has been employed to characterize the
structure of these hybrids. Figure 3a presents the scattering intensity, I(Q), of the SA-2.8k and
SA-4.2k after background scattering subtraction, where Q is the scattering wavevector. Two
distinct peaks are well-resolved at high and intermediate Q, offering characterizations of the
distribution of APOSS. The peaks at Q,, ~ 0.54A™! and Q,, ~ 0.59 A™! represent the
characteristic distances of d,,~1.2 nm and d,,~1.1 nm between APOSS particles in SA-2.8k

and SA-4.2k, respectively. Due to the dense packing of the APOSS within the clusters, dp,

provides quantifications of the diameter of APOSS. The scattering peaks at Q.. =~ 0.20 A=* (for
SA-2.8k) and Q.. ~ 0.16 A=* (for SA-4.2k) are due to the scattering of APOSS clusters, implying
the formation of supramolecular structures in these hybrids. The characteristic distances of the

APOSS clusters are thus d..~3.14 nm for SA-2.8k and d..~3.9 nm for SA-4.2k. The volume

13



fraction of APOSS is 34% in former and 26% in latter. Assuming all APOSS particles are in the
clusters, there are ~6 APOSS nanoparticles in one cluster for SA-2.8k and ~12 APOSS in one
cluster for SA-4.2k. Since each SA-2.8k chain has ~7 APOSS particle and each SA-4.2k chain has
~5 APOSS particle. The average sizes of ~ 6 APOSS/cluster for SA-2.8k and the average sizes of
~12 APOSS/cluster for SA-4.2k implies a minimum of ~1/7~14% of PS strands of SA-2.8k and
2/12~17% of SA-4.2k serving as polymer bridges. However, the exact number density of bridges
requires detailed information of the conformation SA hybrids. The inter-cluster surface-to-surface
distances are d;cs = 1.0 nm for SA-2.8k and d;-s = 1.4 nm for SA-4.2k. Note that the end-to-
end distance of PS with a molecular weight of 2.8 and 4.2 kg/mol are R,,~3.5nm and
R..~4.3 nm respectively, both of which are significantly larger than the d;.¢ of the corresponding
SA hybrids. The SAXS measurements thus imply a formation of PS loops at the corona of APOSS

clusters and a leading intra-molecular associating of SA hybrids (inset of Figure 3a).

i 10° Open symbols: G' |

002 PS2.8K-POSS LRE: _ G
25/, 0 PS4.2K-POSS 107 = _.°° Sl _'.:'”id Szmtl?ls; G
o - w10 107 10" 10° 105 107  10¢
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Figure 3 (a) Small angle x-ray scattering of SA-2.8k and SA-4.2k. The inset cartoon presents a sketch of
the clustering and cluster organization in SA hybrids. (b) Linear viscoelastic master curves of SA-2.8k (red
circles), SA-4.2k (blue squares), and their comparison with the neat PS22K (olive diamonds). All the master
curves were constructed at a reference temperature of Ty..r = 393 K. The spectra of SA-2.8k was shifted
0.32 time horizontally and the spectra of PS22k was shifted 6,000 times horizontally to match the glassy
region of the SA-4.2k as shown in the panel. (b). The large deviation between SA hybrids and the neat

14



PS22K at the low frequency and the emergence of low-frequency modulus plateau of SA-2.8k indicate the
network formation of the hybrids.

To confirm the network formation, we turn to linear viscoelastic measurements. As shown
in Figure 3b, both the linear viscoelastic master curves of SA-2.8k and SA-4.2k have strong
deviations from that of the PS22k, especially in the low frequency region. The linear viscoelastic
spectra of PS22k, SA-2.8k, and SA-4.2k were constructed through the time-temperature
superposition principle. The dynamics shift factors, ar, were presented in Figure S5 and no
vertical shifts was applied for all the master curves. Although a large reduction in glass
temperature, Ty, of SA hybrids have been observed compared with PS22k (Figure S6), only slight
differences have been found at the Rouse dynamics region between the SA and the linear PS,
suggesting small modifications to the sub-chain motions of SA hybrids. One possibility for the
low T, of SA hybrids is the influence of APOSS particles that has T, ~ 248 K (Figure 6a). To
understand large drop in T of the SA hybrids compared with the neat PS of similar molecular
weight, we further synthesized diaizdo terminated linear PS2.9k and the Alt-PS-16.3k from the
copolymerization of the diaizdo terminated PS and dialkynyl terminated molecular linker, 1,4-
phenylenebis(methylene) bis(pent-4-ynoate). The Alt-PS-16.3k shows a much higher T than the
PS2.9k (Figure S6c), supporting the low Ty of SA hybrids originating from the low T,; of APOSS.
Unlike the linear PS22k, a weak modulus plateau at Gy~10° Pa emerges for both SAs at the
intermediate frequency region, confirming the network formation of SA. The network formation
might be due to the PS bridges connecting APOSS clusters. According to rubber elasticity theory,
Gy = vkgT with v being the number of network strands per unit volume, kp the Boltzmann
constant, and T = 318 K the testing temperature. This leads to v ~ 2.28 X 1025 m™3 that is only

a small fraction (~16 - 22%) of the total number density of PS strands of vpg ~ 1.4 X 1026 m™3

15



for SA-2.8k and vpg ~ 1.05 X 102® m~3 for SA-4.2k. The ~16 - 22% of PS bridging strands is
only slightly higher than ~14% — 17% of PS bridging of SA hybrids estimated from the SAXS
measurements, which is consistent with the primary loop formation during the assembly of SA
hybrids. On the other hand, if intermolecular associating is the major clustering mechanism, a
rubbery plateau of G = pRT /M, ~9 x 10° Pa and ~4.6 X 10° Pa should be anticipated for SA-
2.8k and SA-4.2k, with p~1.0 g/cm3 R = 8.314 J/(mol *K), and T = 318 K. These values
are much higher than the experimental observations of Gy~10° Pa for SAs. Therefore, the linear
viscoelastic measurements confirm the intramolecular associating as the leading associative
mechanism of APOSS in SA hybrids, supporting the SAXS measurements. We would like to
emphasize that attaching small nanoparticles, such as POSS, into polymer chain has been actively
studied before. However, most previous works focus on side-chain attachment that favor intra-
molecular association.® As a result, qualitative different structures and linear viscoelastic
properties have been observed from the ones presented in the current work,* highlighting an
interesting role of nanoparticles incorporating into the backbone of hybrids. Synthetically,
incorporating POSS particles in the chain backbone have also been pursued with limited success,®
4045 and no previous works seek for the applications of polymer-POSS hybrids on advanced
elastomers.

At the low frequency region, clear signatures of gel formation are present with
G'~G"~w®® and a low-frequency plateau, G,~10° Pa, for SA-2.8k. A similar observation has
been found for SA-4.2k with the G’ and G" approaching each other at the lowest testing
frequencies. The low-frequency plateau thus indicates network formation at much larger length
scales originated from the elasticity of the supra-macromolecular network strands. Before diving

into the details of mechanical responses of the SAs, we would like to comment on the low elastic
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modulus Glp~103 Pa of these hybrids that are comparable to that of super-soft biological

tissues.***® We notice there is currently only one other type of solvent-fiee super-soft elastomers

based on bottle-brush polymers that can access elastic modulus as low as 103 Pa.*” The obtained

low elastic modulus of SA can thus serve as an alternative way for future preparation of solvent-

free super-soft elastomers.
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of the polymer hybrid with deformation. (d) Probability P(n) of an APOSS particle in an intramolecular
cluster that consists of n particles. The inset shows the average cluster size as a function of A — 172,

How do the SA hybrids respond to large deformation? Figure 4a presents the uniaxial
extension of SA-2.8k (open symbols) at constant Hencky strain rate, € = d(In 1) /dt with A being
the elongation ratio, and their comparison with the prediction of neo-Hookean law (solid green
lines), 0gng = G(A — 1/2%) where 0,p is the engineering stress, and G =~ 10° Pa is the elastic
modulus of the network. The experimental testing temperature is at T = 333 K, which is well-
above the glass transition temperature of SA-2.8k, Ty = 293 K. The deformation of SA-2.8k can
be divided into three Regions with (i) an initial sharp rise in the stress at A < 1.2 (Region I), (ii) a
yield point around A~1.2 (¢~0.2) followed by a very weak tensile stress increase upto A~4 — 5
(Region II). No signs of necking or necking propagation were observed in Region II. (iii) a sharp
strain hardening (Region III) at A > 5 before rupture. The end of the region II and the onset of
region III depend strongly on the deformation rates.

Region I covers the initial mechanical response with Young’s modulus and yield strength,
both of which show strong strain rate dependence. In contrast, the strain rate has a much less
influence on the stress rise in Regions II and III. These features can be better presented through
the gopg vs 1 —1 /A% (Figure 4a). The inset of Figure 4a provides the amplified stress vs
deformation curve at the initial stage of the deformation. The Young’s modulus, E, the yield stress,
oy, the yield strain, &y = InA, with Ay being the elongation ratio at the yield point, and the strain
hardening modulus, G, can be obtained from the mechanical characterizations. Interestingly, the
Young’s modulus of SA-2.8k is ~30 MPa at ¢ =1s 'and T = 333 K that reduces to 0.6 MPa
at &€ = 0.01 s~ that is much stronger than the amplitude of the complex modulus of SA-2.8k at

the same deformation rates (Figure S7), highlighting a non-network origin of the deformation.
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Quantitative analyses also reveal interesting scaling behaviors between oy, €y, and €, with

6 and &y~&° (Figure 4b), which are different from that of the entangled polymers

Gy~ é"
exhibiting oy, ~£%33 and &,~£0933 5954 Recent studies showed similar scaling behavior of true
stress 0,~£%> at the true stress maximum and the corresponding yield strain ey~£° for
deformation of associative network during the sol-to-gel transition.>> This observation is
interesting. However, we see several differences between the observed yielding of the SA hybrids

and that of the associative network: (i) The current study is focus on the engineering stress instead

of true stress with 0, = A0,p4; (ii) The yield strain &y of associative network correlates well with

the deformation of network strands, ey ~In(y/ M /M;) with M and M, being the molecular weight

of the strand and the molecular weight of the Kuhn segment of polymer. M}, = 850 g/mol is

found for PS.% As a result, &y~ In (,/2800/850) = 0.60 for SA-2.8k and In (w/4200/850) =

0.80 for SA-4.2k should be anticipated, both of which are much larger than the observed values
of ey~0.1 — 0.2. In addition, if the yielding mechanism is due to the deformation of the PS strands,
one should also anticipate a higher yield strain of SA-4.2k than SA-2.8k, which has not been
observed. Therefore, the yielding of the SA hybrids is unlikely due to the deformation of PS strands
between the APOSS particles. On the other hand, the observed scaling behaviors of g, ~£%¢ and
ey~£€°~0.1 — 0.2 of SA remind of the yielding response of colloidal or soft glassy materials,>’> >3

implying a success incorporation of colloidal deformation into the network design.

Beyond the yielding, g, 4 changes little at the entire Region II. An instantaneous modulus,
Gg = 00ep/0(A — A72) ~103 Pa, has been identified that is coincidence with the low-frequency
plateau from the linear viscoelastic measurements. These analyses point to that the conformational
rearrangements of the APOSS clusters regulate the mechanical properties of Region II. Further

deformation beyond Region II leads to a strong strain hardening in Region III. Interestingly, the
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instantaneous modulus at this region is G4, ~0.6 MPa that changes little with deformation rates
beyond certain threshold. The very weak strain rate dependence of G, at high deformation rate is
also fundamentally different from that of entangled polymers or elastomers due to the non-
Gaussian stretching.!> 3! 3° Moreover, our hysteresis deformation tests (Figure S8) demonstrate
an exceedingly low recovery (less than 10%) of the SA hybrids after deformation in the strain-
hardening region (Region III), in sharp contrast to the strong elastic response of the strain
hardening region of entangled polymers or crosslinked elastomers.'> Moreover, the Gy, ~
0.6 MPa is found for both the SA-2.8k and the SA-4.2k (Figure S9) regardless of the molecular
weight of the PS blocks, indicating the APOSS-APOSS interaction rather than the molecular
weight of the PS strands dictating the strain hardening of SA hybrids. Combining all these
analyses, one can conclude the dissociation of the APOSS from the APOSS clusters as the
molecular origin of the high strain hardening in Region III.

To confirm the supra-macromolecular network formation and their deformation
mechanism, we have further performed molecular dynamics (MD) simulations. SA-2.8k were
mapped into 9 PS blocks connecting alternatingly with 8 APOSS particles. Figure 2b provides a
snapshot of the simulation at equilibrium, where one can analyze in detail the loops, bridges, and
the association of the APOSS. Specifically, we calculate the number fraction P(n) of a APOSS
particle belonging to a cluster consisting of n particles. Two APOSS particles from the same
hybrid chain are counted in the same intramolecular cluster when the distance between them is
smaller than 7, = 3.0 ¢. This criterion is used because 7, = 3.0 o is the location of the potential
energy minimum for the nanoparticle-nanoparticle interaction. These MD simulations can also

help understand their deformation mechanism. Figure 4¢ presents the 0,y vs 1 — 1/ A? of the SA-

2.8k at two deformation rates 107371, The applied rate was sufficiently slow to allow the
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relaxation of a PS strand between two particles, whose relaxation time is ~103 7. The mechanical
response can be clearly divided into three distinct regions: (1) the initial sharp rise in stress at small
A along with a clear yield point (Region I), (ii) a post-yield region with slight stress rise before
strain hardening (Region II), and (iii) a strong strain hardening region with a near constant strain
hardening modulus (Region III). All these features agree well with the experimental observation.
Note that experimentally we have a much more pronounced Region II due to the much smaller
strain rates than the simulation.

Tracking the structures of the supra-macromolecular structures upon deformation show the
following interesting features. Before deformation at A - 1/4% = 0 (Figure 4d), P(n = 1) =
50%, which means roughly half the particles are not in close contact with any particles from the
same chain and thus may contribute to the bridging between different clusters, which is
significantly higher than the PS blocks serving as bridges in experiments. Moreover, the population
of clusters reduces strongly with an increment in the cluster sizes with the largest clusters
containing ~7-8 APOSS particles. The average cluster size, N = Y, nP(n), is around 1.9 that is
much smaller than the experimental determination of 6. This difference between the simulations
and experiments is possibly due to the different kinetic pathways to form the supra-
macromolecular structures. Deformation leads to large changes in the sizes and sizes distribution
of the clusters (Figure 4d): (i) The nanoparticle clustering structure remains almost unchanged at
the beginning of the deformation fromA = 1 (1- 1/A2 = 0) to A = 1.46 (- 1/2% = 1),
which covers the initial stress rise (Region I) and the post-yield region before strain hardening
(Region II). (ii) Further deformation at A - 1/4% > 2 leads to strong strain hardening (Region III)
in mechanical response and a reduction of the population of the large clusters and an increment in

the population of small clusters, especially the isolated nanoparticles. (iii) The average sizes of the
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nanoparticle clusters (inset of Figure 4d) reduce progressively upon deformation, which is
consistent with the general deformation-induced destruction mechanism of the nanoparticle
clusters at large deformation. These observations support the activated cage hopping of the
nanoparticle clusters as the leading deformation mechanism at the initial deformation of the hybrid.
They also point to the nanoparticle-nanoparticle dissociation as the leading mechanism for strain
hardening of the hybrid, which is fundamentally different from the strain hardening of
conventional elastomers.

Combining experiments and computer simulations, we propose the following deformation
mechanism of SA hybrids: The polymer-POSS hybrid can assemble into supra-macromolecular
clusters (the core-shell structure of Figure S5a). These supramolecular clusters are loosely
connected to form a physical network (the blue solid lines in Figure 5b) due to a small fraction of
polymer bridges. This hierarchical structure provides the unique mechanical properties.
Specifically, the initial deformation involves mainly the rearrangement of the supra-
macromolecular clusters (Figures Sb-Figure 5c¢), which can be viewed as a deformation-induced
conformational change of the physical network (the blue lines). Importantly, the rearrangement of
these core-shell supra-macromolecular clusters is achieved through deformation-induced hopping,
in analogous to the yielding of densely packed colloids. This is consistent with the colloidal
deformation characteristics of SA hybrids at small strains (Region I). Deformation beyond the
yield point is mostly plastic flow of the core-shell supra-macromolecular structures (Region II).
The plastic deformation through rearrangement of supra-macromolecular clusters ends when the
supra-macromolecular network strands reaches its deformation limit (Figure Sc¢). Beyond this
point, further deformation leads to a forced dissociation of supra-macromolecular clusters, giving

rise to the strain hardening before failure (Figure 5d) (Region III). Since APOSS-APOSS
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interactions does not change with varying the molecular weights of the PS strands, this also

explains the almost identical strain hardening modulus of SA-2.8k and SA-4.2k.

!

APOSS APOSS

APOSS
APOSS APOSS

APOSS

Figure 5. Deformation mechanism of SA hybrids. (a) A sketch of the SA hybrids and its assembly
into core-shell structures with APOSS clustering and PS loops as shell. (b). Packing of the core-
shell structures in the space and the formation of supra-macromolecular network (the blue lines)
due to the small fractions of PS bridges. (c) Rearrangement of the supra-macromolecular network
upon deformation. (d) Deformation-induced dissociation of the supra-macromolecule clusters
leading to strain hardening of SA hybrids.

The above experiments and simulations demonstrate the SA hybrids exhibit hierarchical
structures and multi-scale deformation that are qualitative different from conventional elastomers.
Specifically, the colloidal-like deformation at small strains and the subsequent deformation of the

supra-macromolecular structures enables simultaneously high yield strength, gy, high elongation-

at-break, A4,,,. To be more quantitative, we estimate the high fracture energy density, ' =

A . . . .
f ) ™ OengdA, of SA. Experimentally, g.p,g and Ay, are direct outcomes of experiments with A,

being the elongation ratio at the failure. We adopt the classical rubber elasticity theory to compute
the theoretical fracture energy density of elastomers by assuming 0.,y = G(4 — A™2) and A, =

/N, being the finite extensibility limit of a network strand with N,, Kuhn monomers.”'"? ¢ =

PRT
NxMo

with My = 850 g/mol being the average molecular weight of a Kuhn monomer of PS.
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Varying the N, leads to a theoretical upper bound of the fracture energy density. Figures 6a and
6b present the Young’s modulus, E, vs 4,, and I" vs E of SA, where E = 2(1 +v)G and v = 0.5
for rubbery materials.'? The dashed black lines are the corresponding predictions of the rubber
elasticity theory that represents an upper bound for the performance of elastomers. The SA
outperforms all other types of polymer networks or elastomers of similar E with a combination of
high yield strength, high stretchability, and high fracture energy density. Therefore, the results
show that an effective way of overcoming the intrinsic trade-offs in mechanical properties through

integrating the colloidal deformation into polymer network design.
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Figure 6 (a) The Young’s modulus E vs elongation-at-break A,, of the polymer hybrid network (the
symbols) and their comparison with theoretical predictions from rubber elasticity theory (the dashed line).
(b)The fracture energy density, I', vs E of the polymer hybrid network and their comparison with
theoretical predictions from rubber elasticity theory (the dashed line).

4. Conclusions

In conclusion, we have demonstrated a new polymer network design with sequence-
controlled alternating polymer-small nanoparticle hybrids to surpass the intrinsic trade-offs of
mechanical properties in polymer networks design. Specifically, the strong intramolecular
association of small-size nanoparticles, APOSS, in the polystyrene backbone induces

interconnected “flower-like” supramolecular structures. The novel hierarchical network structures
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can thus integrate seamlessly different deformation mechanisms, including colloidal yielding at
small deformation and deformation-induced dissociation of nanoparticles clusters at large strain.
As a result, polymer networks with high Young’s modulus of E~30 MPa, high yield strength of
oy~3 MPa, and a high toughness with fracture energy of I' as high as 30 MJ/m® are obtained.
These results demonstrate the success of seamlessly synergizing the non-polymeric colloidal
deformation modes into polymer network, opening new avenues for high-performance elastomers
design. Since the nanoparticle-nanoparticle interactions play a crucial role in the assembly and the
supra-macromolecular structures formation of the hybrids, we anticipate the nanoparticle sizes and
nanoparticle compositions (such as the substitute groups) to play essential roles for the mechanical
properties and other macroscopic properties of polymer hybrids. Our future studies will focus on

these directions.
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