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P er grafted nanoparticles (PGNPs) are ideal additives to enhance the mechanical

4

properties and functionality of a polymer matrix and can even potentially serve as single-component
bui ks for highly filled composites if the polymer content is kept low. The major challenge
fachag such syntheses is that PGNP-based solids with short polymer brushes often have low mechanical
strength and limited processability. It therefore remains difficult to form robust architectures with a
macroscopic shapes from single-component PGNP composites. Forming covalent bonds
betWee slinkable PGNPs is a promising route for overcoming this limitation in processability and
, but crosslinking strategies often require careful blending of components or slow

thods. Here, a transformative aging strategy is presented that uses anhydride crosslinking
to e ile processing of single-component PGNP solids via thermoforming into arbitrary shapes.
Thy ow T, polymer brushes enables the production of macroscopic composites with >30 vol%

sly distributed filler, and aging increases stiffness by 1-2 orders of magnitude. This
strategy can be adapted to a variety of polymer and nanofiller compositions and is therefore a
potentially versatile approach to synthesize nanocomposites that are functional, mechanically robust,
and@asily processable.

2

1. Introdu

O

r materials to plastics and rubbers is a common approach for improving

H

[1,2]

mecha ance'™ and adding or augmenting specific traits, such as thermal®* or electrical

{

conductivity.”™ Low aspect-ratio filler materials are typically incorporated into thermoplastic

U

polymer y mechanical or melt mixing,”® though solution blending'® and in-situ growth

processes % also be used. However, overcoming chemical incompatibility and ensuring a

uniform dis of filler particles is extremely difficult with these processing methods, and

A
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significant aggregation of filler occurs at even relatively low loading due to unfavorable polymer-
filler interfacial interactions.">*? The formation of these aggregates and agglomerates can lower
the strengt d toughness of the resulting composite (particularly in rigid plastics),™! and the

[13]

consequen neity in filler distribution can interfere with filler functionality"™ or other

desirable p!ws like optical clarity.™” As a result, low filler loadings (typically ~20% or less) are
commonly used ja cases where a reduction of strength or toughness is not acceptable,m limiting the
extent to aorganic particles can enhance or positively impact the properties of useful
compositem

[15,16]

Attaching Polymer chains to the surfaces of the additive particles is an attractive means

of overcotlimitation, as the polymer graft significantly reduces the interaction energy
between fi atrix. Particles with polymer chains tethered to the surface at one end to form a

()

brush layefaré en referred to as polymer grafted nanoparticles (PGNPs). PGNPs have been used

I [17,18] I [19] I [20] |[21]
’ 7’ 7’

as fillen e the mechanica optica electrica or therma properties of a

polymer whil aining well dispersed.”>?" The maximum filler (i.e. core particle) loading is
achieved when PGNPs are used neat (without any additional matrix polymer) as a single-component
or self-sus@ended nanocomposite.”>?* For a given core size and grafting density, the filler loading

increases Deasing grafted chain length. However, if the grafted chains are not long enough

to form int

poorer mshanical properties than those of the corresponding unfilled homopolymer.’?>2"

Furtherwresult of slower polymer dynamics'”® and more colloid-like behavior® PGNPs

entanglements, bulk PGNP materials are brittle and weak, and can even exhibit

with short@er grafts may be more difficult to process, limiting the types of macroscopic
structures that caggbe formed. Decreasing grafting density while maintaining chain length is another
strategy{%ing core filler content.”® Although the use of low grafting density PGNPs can
mitigate poor mechanical performance, increased entanglement as well as strong interactions

between grafted chains and the exposed surfaces of neighboring particles could increase the

This article is protected by copyright. All rights reserved.
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difficulty of processing, rendering the materials difficult to use in functional applications, and this

approach has not been demonstrated in bulk materials.?**"!

1

ive method for achieving high filler content while maintaining mechanical

robustness ort polymer grafts that contain reactive groups capable of forming covalent
[ |

interparticl@ crosslinks; previous work has demonstrated that doing so can enhance stiffness,

hardness, @and dafhage resistance in crosslinked PGNP films, even at loadings of 40 vol% filler.BY

Similar wor demonstrated mechanical property enhancement after thermally generating

oG

crosslinks egff short aliphatic capping groups.?>** While this covalent crosslinking strategy is

promising, these Materials were processed by slow drying from solution due to the fragility of the

U

material pr osslinking, which limits the applicability of this approach to only thin films or

"

coatings. , the development of a rapid and solvent-free processing method for the

fabricationfof rganic content PGNP solids would significantly advance the use of PGNP solids as

a

engine s.

work, we present a transformative composite synthesis method in which rigid and

M

highly filled composites can be produced in arbitrary geometries using typical polymer

thermofor

[

hods. PGNPs with low glass transition temperature (T,) polymer grafts are first

formed int @ copic shapes using hot pressing, compression molding, extrusion, or vacuum

forming. T Iting soft and compliant “green” composites are then aged at elevated

n

temper ting in decomposition of the ester side chains of the monomer residues, the

|

formation covalent linkages between PGNPs, and depolymerization; these chemical changes

simultaneously ingfease the filler loading of the composite and the T, of the remaining polymer. As a

U

result, mac cally shaped nanocomposite materials with inorganic filler loadings up to ~35 vol%

and stiffnes eral orders of magnitude higher than the initial base polymer can be readily

A
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obtained, making this method an ideal means to achieve robust, high inorganic content composites

from a single-component building block.

T

2. Results ssion

$

2.1 SynthesisofilRolymer Grafted Nanoparticles

Th v ment of a single component material capable of forming covalent crosslinks with

Gr

itself requi use of polymers with functional groups that can transform under appropriate

S

external st . otentially ideal design could make use of the ester side chains present in many

common te and polymethacrylate polymers. Acrylates and methacrylates are known to

U

undergo side chain decomposition at elevated temperatures.®*** The rate at which the ester side

P

chains dec ose to form acrylic or methacrylic acid residues increases with increasing length of

the alkyl si and the resulting acid groups react with each other in a dehydration process to

d

yield inter- and ihtramolecular anhydride crosslinks. Thermal aging of acrylic polymers with long

(butyl and lo ide chains yields insoluble, crosslinked solids.®*”! However, to the best of our

\'{

knowle cess has not been examined as a means to crosslink PGNPs, and it remains to be

determined, if the formation of a dense polymer brush would still permit crosslinks between

[

adjacent par in a composite.

O

To s the effect of thermal aging on PGNPs, a series of methacrylate polymers were

prepared USing a “grafting-from” approach via surface-initiated atom transfer radical polymerization

n

L

(SI-ATR ator functionalized silica nanoparticles (SiO, NPs). These NPs were prepared via

the Stober meth@d and functionalized with a silane molecule containing a bromoisobutyrate

Ul

fragment for initiation. Poly(n-hexyl methacrylate) (PnHMA), poly(n-butyl methacrylate)

(PnBMAY; Iy(

ethyl methacrylate) (PEMA) polymers were grown from these NPs (Scheme 1 and

A

Figure S1). Linear polymers without NPs were also prepared by ATRP for comparison. PGNP samples

in this work are denoted by polymer type and silica content (wt%) (e.g. SiO,-g-PHMA-48 has a
This article is protected by copyright. All rights reserved.
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PnHMA graft and 48 wt% silica NPs); information for all samples used in this study is provided in

Table 1 (see Supporting Information for details on calculating PGNP parameters).

SI-ATRP

o>
o]
oosi e °
o/ |\/vv\°J\|, r + __>A

Thermal Aging o] o]
R ———
o o
0
o=°

Schem thesis of polymer grafted nanoparticles (PGNPs) via ATRP of methacrylate
monome functionalized silica NPs. B) TEM image of SiO,-g-PHMA-38 (500 nm scale bar). C)
Illustration o al aging of PnHMA resulting in the formation of anhydrides.
Polymer | Polymer NP %Si0 Graft
Sample ID Monomer M, b Diameter (::n“/)z Density
(kDa) (Mw/M,) (nm) . (chainlnmz)
[ SIOMPPPHMA-19 |  nHMA 108.1 1.20 63 19.0 0.49
2-g-PHMA-20 nHMA 112.3 1.23 63 19.9 0.44
A-26 nHMA 74.7 1.23 63 26.3 0.46
A-38 nHMA 47.9 1.29 63 37.6 0.41
A-40 nHMA 47.9 1.34 63 40.1 0.37
Si A-41 nHMA 447 1.25 63 40.9 0.38
-PHMA-48 nHMA 35.9 1.26 63 47.5 0.36
SiO»-g-PBMA-38 nBMA 41.4 1.16 51 37.9 0.38
SiO,-g-PEMA-35 EMA 45.0 1.19 51 34.9 0.47

This article is protected by copyright. All rights reserved.
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Linear PHMA nHMA 46.0 1.12 - - -

Linear PBMA nBMA 38.0 1.07 -- -- --

MA EMA 37.0 1.03 - - -

Table 1. C tion of PGNPs and linear polymers used in this work, including number average
molecular W Mia and dispersity (D) of polymer chains and the diameter and grafting density of

NP COTeS o

2.2 Investi@Thermal Aging

Th imetric analysis (TGA) of PGNPs (SiO,-g-PHMA-38, SiO,-g-PBMA-38, and SiO,-g-
PEMA-35) and linear polymers in air revealed that the temperature at which the polymer chains

underwenEtial decomposition was elevated for PGNPs compared to linear polymers,

although a@ polymers exhibited small mass losses prior to the onset of rapid decomposition

delay in th f significant mass loss to over ~300 °C suggests that a processing window exists

for the INg PGNPs below 200 °C without significantly altering the properties or behavior of
the pol Ins.

Oug hypothesis in this work is that the chemical transformations occurring at elevated

in their linear couiterparts, which may be attributed to residual solvent (Figure 1A and 1B). The

temperatures_correspond to reactions that should both remove mass associated with the organic

content of posite (increasing inorganic filler vol%) and also covalently crosslink adjacent

polymer c!ns !w:ﬂch should strengthen interparticle interactions). PGNP samples (SiO,-g-PHMA-

38, Si0,-g-BBMA-38, and SiO,-g-PEMA-35) were pressed into films at 150 °C (~ 0.5 mm thick, Figure

2A) and he:j 50 to 200 oC under vacuum (-30 in Hg) in an oven before releasing vacuum and
e

continuing films at 200 2C under ambient atmosphere. The mass losses of the films were

hemical changes were monitored with attenuated total reflectance (ATR) FTIR and

compared to lineaf*polymer controls.

This article is protected by copyright. All rights reserved.
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After 24 hrs at 200 °C, all linear polymers lost approximately 70% of their mass, while PnBMA and

PnHMA PGNPs lost about 35% of their polymer mass, and the PEMA PGNP sample exhibited no loss

t

(Figure S2)" FTIR indicated the presence of anhydrides (peaks at 1760 and 1800 cm™) in aged linear
and grafte PnHMA, with smaller peaks for linear PEMA, and no indication of anhydride

formatioh [ PEMA PGNPs (Figure 1C & D). In comparison, aging linear and grafted PnHMA at 150 °C

F

under air d result in the formation of anhydrides (Figure S3), and the samples exhibited
significantl ss loss (10.8% and 4.2% of polymer mass for linear PnHMA and SiO,-g-PHMA-38,
respective aI ases where anhydrides were observed, the lower wavenumber peak (1760 cm™)
was more t than the higher wave number peak (1800 cm™) indicating that the anhydrides
were prim ic (i.e. formed between adjacent residues on the same chain) as expected based

on prior stldies. However even a small portion of non-cyclic anhydrides has been found to render

aged mategi Iuble indicating crosslinking.”” Given that even the PGNP with the least organic
content in dy (SiO0,-g-PHMA-48) contains nearly a million residues per particle that can
participate slinking (see Supporting Information), these results indicate a high likelihood of
formng crosslinked network between PGNPs. Further evidence was found using solid-

state >C NMR of SiO,-g-PHMA-19, which revealed a composition of ~36% anhydride after 24hrs of

aging base g !He relative areas of the carbonyl group peaks (Figure S4). Importantly, this

srgmﬂcant of transformed methacrylate monomers indicates that the aging process
occurre t the film and was not localized to the surface."® Collectively, these results
demonﬁ is possible to thermally age PGNPs with low T, methacrylic grafted chains
resulting i ation of anhydride linkages and a reduction of the organic component of the

com p05|t

«HMA PGNPs and linear polymer cured at 200 2C for 24 hrs under vacuum also did

not form significant anhydrides (Figure S5). These data indicate that anhydride formation and

depolymerization are significantly accelerated by the presence of air, but slow aging is possible

This article is protected by copyright. All rights reserved.
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below the onset of rapid decomposition. To further support these hypotheses regarding the
chemical transformations occurring during thermal aging, a mass spectrometer coupled to TGA was
used to dier'ne the masses of the reaction products being lost during thermal aging of SiO,-g-

ir. Fragments were detected that were characteristic of the alcohol or alkene

fragmerﬂs at would be expected from ester decomposition, as well as fragments characteristic of
the monomer due to depolymerization, (Figure S6) with no such fragments or mass loss observed
under a h mosphere. This finding is particularly important to the development of aging
procedures] gilen fthe wide range of temperatures and environments present in the existing

literature postulation of both aerobic and anaerobic mechanisms for the aging of

[38]

polymetha aterials.

e
-
<
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Figure 1. A) TGA of linear polymers and PGNPs (SiO,-g-PHMA-38, SiO,-g-PBMA-38, and SiO,-g-PEMA-
35) in air showing higher decomposition temperature for PGNPs. B) TGA data replotted normalizing
PGNPs by their polymer content. C) and D) ATR FTIR of linear polymers and PGNPs, respectively,

before ngng for 24 hrs at 200 °C in air. The highlighted regions indicate peaks
correspondin anhydride stretches.

2.3 Effegts ofsAging on Single-Component Composite Films

L

In bdetermine the compositional limits of the aging process and investigate whether
or not filler g plays a role in aging, a series of PnHMA PGNPs were synthesized with varying

lengths of igraffedMthains chosen such that the silica fraction ranged from ~20 to 50 wt%. PnHMA

was selectgse the lower T, polymer facilitated thermal processing. These samples were
|

pressed at nto ~0.5 mm thick free-standing films, and portions of the films were aged in air at

200 °C for ing lengths of time up to 24 hrs (Figure 2E).

A1

B)E
T
E} 100 F) 1.6 G) 80
90
8] 15 50 __/
® o~ 9]
- 701 E14d ] E 40
@ 60 o =
< = / 5
i 50 =1 3-//——————‘ g 30+
£ %1.2-M ©,204
S 307 -+ si0,gPHMALE (=] —— SI0,-g-PHMA 48 QN —— Si0,-g-PHMA-48
L 20 { =~ Si0,-g-PHMA-38 114 —-Si0g-PHMAB8| O 44 | ——5i0,-g-PHMA-38
10~ Si0rg-PHMAZG . —— Si0,-g-PHMA-26 —&-5i0,g-PHMA-26
a = $i0,g-PHMA-Z0 10 —v— S0, g-PHMA-20 o —v— 5i0,-g-PHMA-20
0 12 18 24 0 6 12 0 5 12
Time (hr) Time (hr) Time ¢hr)
Figure 2. orox. 0.5 mm thick film of SiO,-g-PHMA-20 after hot pressing (scale bar is 20 mm) B)
Color ¢ rectangular films of SiO,-g-PHMA-38 aged for Oh, 3h, 6h, and 12h from top to

bottom (scal€ is 5 mm) C) and D) SEM images of the face and microtomed cross-section,
repsectively, of a pressed film of SiO,-g-PHMA-38 after 12h of aging (scale bars are 500 nm). E), F),
and G) change in polymer content, density, and filler loading, respectively, for PnHMA PGNPs as a
function of aging time.

This article is protected by copyright. All rights reserved.
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As samples were aged, the films transitioned from a flexible, tacky material into a more rigid

composim I |!tle change in mass after 12 hrs. Samples with a lower filler content were found to

P

undergo ag @ r (as indicated by a more rapid weight loss), and also exhibit a larger increase in
silica coRtE{FBUre 2E and 2G). In addition, during aging, the samples change from nearly colorless
to a deep brown, which is attributed to the oxidation of residual copper from the
polymeriza was difficult to fully remove due to the porous nature of the silica particles

(Figure 2Bf@nd¥Figure S7).59° Importantly, the color change could in principle be eliminated by

1% |

using less ﬁarticles or by synthesizing the polymers using metal-free ATRP “Y; these studies
f

will be the uture investigations.

An t question regarding the thermal aging of PGNPs is whether or not the samples
remain deffse ing polymer decomposition, or if this process results in void spaces. Sample
dimensions and masses were used to calculate approximate densities as a function of thermal
treatmeEF), and density was found to increase during aging. In addition, SEM imaging of
the sur s cured for 12 hrs showed no evidence of microscopic porosity at the surface
(Figure 2C sd Figure S8). Small defects are visible in cross-sections of cured films prepared by cryo-

microtomedse may be an artifact of the cutting process (Figure 2D and Figure $8).% In

general, no e of large voids was found, suggesting that the films remained dense throughout

the aging !ocess. Furthermore, small-angle X-ray scattering (SAXS) experiments showed a decrease

in interwmg (shift of primary peak to higher q) for all samples after aging for 12 hrs,

without si peak broadening, which is also consistent with densification of the composites

(Figure S9 and Table S1).

To probe the stability of these materials post thermal treatment, samples of aged
PGNPs were soaked in methyl ethyl ketone (MEK) to evaluate the effects of aging on solubility. After

1 week of gentle shaking at room temperature followed by 1 minute of sonication, all of the “green”
This article is protected by copyright. All rights reserved.
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samples were either completely or mostly dissolved (Figure S10). In contrast, after aging past the
point at which each material began to undergo significant mass loss, the samples remained mostly
intact dMst, with all samples that were aged for 12 hrs showing minimal dissolution. This
decrease i resents further evidence of the formation of interchain covalent crosslinks
that inc-reiw strength of interparticle interactions. In all, these results show that bulk
methacrylate-baged PGNPs can undergo a thermal aging process that transforms the material from a
soft, solubuasily formable “green” state into a rigid and crosslinked plastic. Moreover, this
transformw performed without affecting the distribution of particles within the material, as
evidenced icroscopy images and x-ray scattering data. As a result, it was hypothesized that
these ﬁIm;have significantly improved mechanical performance due to the thermal aging
process. !

2.4 Mechaerties of Aged Composites

ion of composite mechanical behavior due to thermal aging was investigated by
temper ntrolled dynamic mechanical analysis (DMA) of rectangular film specimens. Films
were evaluated in tension (0.1% strain (0.05% for SiO,-g-PHMA-48), 1Hz, 2 °C/min) from -40 to 200

oC to exanhvior both above and below the T, of PnHMA (-5 oC for the linear polymer).**!

Only a siple was measured at each condition given the variation in the rate of
transformati ing aging exacerbated by small variations in initial film thickness and heat
distribuﬁging oven; future studies will evaluate the progression of aging as a function of
film thicrusinga convection oven for more consistent heating.

Th:storage modulus (E’) and loss factor (Tan &) are presented in Figure 3 for each
materi ction of the remaining polymer content after aging (aged samples with insignificant
mass loss are neglected). In all “green” samples, there was a large peak in loss factor at a
temperature of 23-25 2C that corresponds to the glass transition of PnHMA. The peak in Tan & is

This article is protected by copyright. All rights reserved.
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generally a higher measurement of T,; a more representative measurement is a peak in loss modulus
(E””) which is observed between 1-7 2C (Table S2 and Figure S11) for the uncured samples. At 25 °C,
”green”Hd storage moduli of 17, 22, 29, and 47 MPa for SiO,-g-PHMA-20, -26, -38, and -
48, respecm\ is similar to the reported value of 25 MPa for linear PnHMA."* As aging
progres&eﬁtial peak in loss factor diminished and shifted to higher temperatures, and,
simultaneoi:ly, :new peak appeared at higher temperatures (104-106 2C) which also diminished

and shifte er temperatures with continued aging. This second peak in loss tangent was

attributed wrmation of poly(methyl anhydride) (T, ~159 °C) resulting from ester side chain

decomposiﬁ corresponding peak in E” is not observed, although the initial peak broadens

significantl ifts to higher temperatures (10-34 2C).

As :gressed, dramatic increases in storage modulus were observed between 25 and

100 @C. Atmperature (25 2C), the storage moduli for 12 hr aged samples increased to ~69x,

81x, 43 eir initial values for SiO,-g-PHMA-20, -26, -38, and -48 samples, respectively. At

50 °C, these fj were increased to ~165x, 189x, 61x and 50x, respectively (Table S3). Across all

samples, the temperature above which E’ falls below 1 GPa increased from -11 to -2 eC to 31 to 41
oC (Table s). These massive increases in modulus indicate that aging transforms the initially

malleable te into a rigid material at typical operating temperatures, and these large

O

increases ¢ e explained by an increase in organic content due to de-polymerization alone,

indicating that partial conversion of ester side-chains to anhydrides occurs throughout the material.

q

Sample 2 hours also had a higher plateau modulus at higher temperatures, providing

t

another indicatiomof crosslinking.

u

A

This article is protected by copyright. All rights reserved.
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Figure 3. D perature-sweep of aged PnHMA PGNPs. Green, black, red, and blue curves
indicate which were aged for 0 hrs, 3 hrs, 6 hrs, and 12 hrs, respectively. Solid lines show
storage ) and dashed lines show loss factor (Tan 8). Insets compare E’ on a linear axis at

selected temperatures. Key indicates remaining percentage of polymer mass in the composites.

[

To trate that aging is applicable to a range of methacrylate PGNPs, smaller samples
of Si0,-g-P and SiO,-g-PEMA-35 composites were analyzed via nanoindentation to measure

the reduced elastic modulus (E,) and hardness (H) as a function of aging time. While the requisite

q

nger, significant enhancements in stiffness and hardness, which is correlated to

{

aging ti

strength, were realized for both polymers (see Figure $12). As expected given the lower starting

Ul

values and fastergaging for longer ester side chains, the improvements were more drastic for the

PBMA ith modulus increasing from 1.28 + 0.03 GPa to 8.9 + 0.3 GPa and hardness from

A

20.7 £ 0.7 MPa to 361 + 21 MPa after aging for 72 hrs. These significant improvements indicate the

generality of this approach to PGNPs with varying graft compositions.

This article is protected by copyright. All rights reserved.
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2.5 Demonstration of Formability

To Fatei i'/estigations into the use of neat PGNPs as engineering materials have largely

focused omoften supported by a substrate), which is a limiting factor in their application.
To further e the utility of this novel method for processing rigid composites with a high
H I

fraction of@evenly dispersed filler particles, samples of SiO,-g-PHMA were shaped via common

hods to produce macroscopic 3D shapes (Figure 4). Approximately 1 gram of

SiO,-g-PHMA- as compression molded at 150 2C in a PFTE mold to form a freestanding copy of
. In another example, SiO,-g-PHMA-40 was extruded at ~190 °C with a ~4:1

diameter reductiofi to form a 2 mm diameter composite column. Lastly a ~0.5 mm sheet of SiO,-g-

Ul

PHMA-20 red as before by hot pressing and then subsequently vacuum formed to produce

1

a small do PTFE mold.

d

Théjdo nd column were aged at 200 °C for 12 hours to yield a rigid composite, while the

logo w or 48 hours. Silica content increased from 41, 40, and 20 wt% to 49, 45, and 34 wt%

M

for the umn, and dome, respectively (Figure S13). It was found that curing progressed more

slowly for the thicker logo and column shapes (see mass loss in Figure S13), but, in all cases, SEM

[

imaging of structures showed that the dense arrangement of nanoparticles separated by

polymer s @ aintained.

0

Auth
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Vacuum Forming

N,

pression molding of SiO,-g-PHMA-41 into freestanding university logo in a PTFE
mold an ent thermal aging. D) SEM of logo after 48 hrs of aging. E) — F) Extrusion of SiO,-g-
PHMA-40 in mm diameter filament and subsequent thermal aging. G) SEM of radial surface of
filamen s of aging. | ) — K) Vacuum forming of SiO,-g-PHMA-20 into a dome shape and
subsequent thermal aging. L) SEM of edge of dome after 12 hrs of aging. Scale bars are approx. 5
mm for optical images and are 1 um for SEM.

3. Conclus@
Trformative thermal aging of PGNPs shows significant potential as a route to produce

highly-filled, compgsites while maintaining the processing advantages of thermoplastic materials.

Figure

Although 3 formation has been investigated for linear polymers, the PGNP architecture
f

allows for iller distribution with no aggregation or mixing steps. Additional investigations

are war; to optimizing aging conditions, examining how the amount of filler content affects
deformation during aging, and thoroughly analyzing composite mechanical properties. Furthermore,
the use of functional filler materials (e.g. alumina or boron nitride for thermal conductivity,® barium
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titanate for permittivity,"*® titania for refractive index*”’) has the potential to make this composite

synthesis method widely applicable to a variety of useful applications including coatings, structural

t

P

materials, Or_interfacial materials. Using this approach, a particle composition can be selected to
yield a des y and then grafted with a commercially available methacrylate polymer using
establishe polymerization or grafting methods to yield a low T, single-component composite

material. T terial can then shaped by traditional polymer thermoforming methods into

CrI1

whatever is necessary for the application, and the “green” part subsequently aged at

elevated t€mperatures to yield a rigid composite with a higher filler loading and elevated

$

functionali ew method combines the rapid processability of polymers with the wide range of

U

utility of i materials and represents a significant step towards the application of PGNPs as

designer camposites.

i

4. Expe tion

Chemic purchased from Fisher or Alfa Asear. Monomers were filtered through a plug of

Ma

basic alumina and stored in a freezer prior to use. All other chemicals were used as received. Pressed

[

samples w under vacuum until used.

Silica Synt @ ca nanoparticles were prepared via the Stober method and then immediately

functionali WIth (2-bromo-2-methyl)propionyloxyhexyltriethoxysilane (BHE) in the same flask as

§

reported previously.®" Particles were purified by repeated centrifugation and kept as a stock

t

solution in

U

Polymerization: typical PGNP synthesis, 7.4 g of 6.5 wt% SiO,-BHE NP solution in anisole (19

umol), f n-hexyl methacrylate (76 mmol), 3.4 mg CuBr, (as a 20mg/mL solution in DMF; 15
pmol), 16 pL of pentamethyldiethylenetriamine (PMDETA) (76 umol), and 8 mL of anisole (50 vol%)

were combined in a 50 mL Schlenk flask. The flask was degassed by five freeze-pump-thaw cycles

This article is protected by copyright. All rights reserved.
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prior to backfilling with N, gas. A N, purged solution of tin(ll) 2-ethylhexanoate (Sn(EH),) in anisole
(20.45 mg/mL) was injected into the flask via a N, purged needle (0.3 mL; 15 umol). The flask was
then IoMa 60 oC oil bath, and the reaction mixture was magnetically stirred. Reaction
progress w. d by removing small aliquots via N, purged syringe and measuring the wt% of

solids ugnian analytical balance. The reaction was quenched at a desired conversion by cooling in

liquid nitro opening to air. PGNPs were purified by precipitation into methanol, followed by
three cycle rifugation and dispersion in methyl ethyl ketone (MEK) and a final precipitation in
methanol. h ied material was dried under vacuum to <100 mTorr at 50 2C. In a typical linear

polymer s: .2 pL of ethyl bromoisobutyrate (42 pumol), 8.3 mL of n-hexyl methacrylate (42
mmol), CuBr, (as a 20 mg/mL solution in DMF;, 21 pumol), 6.7 puL of

hexameth |ethernetetram|ne (HMTETA) (23 pmol), and 16.7 mL of anisole (67 vol%) were

combined i L Schlenk flask which was degassed by four freeze-pump-thaw cycles. On the last
cycle, the f backfilled with N, while frozen, and 3.0 mg (21 umol) of CuBr was added while
purging th ith N,. The flask was then resealed, cycled between vacuum and N, three times,
and pla il bath at 50 2C. Reaction progress was monitored by tracking the monomer to

solvent ratio with ‘*H NMR. The reaction was quenched by cooling with liquid nitrogen and opening

to air, and the product was purified by three cycles of precipitation in methanol and redispersion in

MEK, follo

prepareﬂe way.

GPC: SaM prepared for GPC by etching ~ 25 mg of PGNP in a solution of 2:1 THF/HF

drying under vacuum. PGNPs and linear polymers using other monomers were

overnight (~ The etching solution was quenched with ammonia solution (28%) while frozen
with I|qU|d nitrogein, and the organic layer was removed after thawing and dried over magnesium
sulfate. were analyzed using an Agilent 1260 Infinity Il system with a multidetector suite

equipped with two sequential Agilent ResiPore columns using a THF eluent at 40 2C with a flow rate

of 1 mL/min. Absolute molecular weights were determined using refractive index and right-angle

This article is protected by copyright. All rights reserved.
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light scattering (RALS) detectors. Incremental refractive index (dn/dc) values of 0.076, 0.078, and
0.071 mL/g were used for PEMA, PnBMA, and PnHMA, respectively, as measured with linear
polymer&Hor most etched samples, a high molecular weight shoulder was observed, which
was attrib ither incomplete etching given the non-polar nature of hexyl methacrylate or to

terminaﬂo!Fy coupling during polymerization.

Sample Pre8§5ing: BRGNP films were prepared by pressing on a Carver 4386 press at 150 °C between

USG

mirror-finish stainless-steel plates separated by a 0.5 mm ring shim at a maximum load of ~1000 kg.
Samples w ed in the press for 2 min prior to pressing. The press was water-cooled to room

temperature in ~18§ minutes before removing samples. The resulting flexible disks were cut into ~4

mm x 20 m ips for DMA using a set of parallel razor blades. Smaller pieces for chemical analyses

I

were also a razor blade.

d

Sample Cu ples were placed on a stainless-steel plate covered with an adhesive PTFE film
that wa ed into a vacuum oven at 50 °C. While under vacuum, the temperature was ramped to

200 °C

M

r at -30 in Hg. At 200 °C, vacuum was released, and aging was continued under
ambient atmosphere with inlet and outlet valves open. Control samples (0 hr) were removed

immediate

[

eleasing vacuum.

O

TGA: Sam sition and degradation temperatures were determined using a TA Instruments

Discovery with high-temperature platinum pans. Composition measurements were performed

n

on precipitgted P@NPs under N, gas with a 15 min hold at 150 °C before heating to 800 °C at 15

{

°C/min. D ion measurements were performed on pressed films under air with a 15 min

U

hold at 10 ore heating to 800 °C at 10 °C/min. For mass spectrometry of evolved gasses, a

Pfeiffer ThermoStar was used with a capillary inserted into the evolved gas heater of the

A

TGA, a scan window from 30-90 m/z, and the slowest available scan rate (1 (m/z)/s).
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FTIR: ATR FTIR was performed on a Nicolet iS50 spectrometer from 4000-525 cm™ using a diamond

window, 128 scans, and automatic baseline and ATR correction.

S

DMA: DM ducted on a TA Instruments Q850 with a liquid nitrogen gas cooling accessory.
Measurem nducted using a film tension clamp at a dynamic strain of +/- 0.1% (0.05% for
H I

50 wt% Si(s samples) at 1 Hz from -40 °C to 200 °C at a heating rate of 2 2C/min. A 0.1 N pre-load

was appli 25% force tracking to minimize creep. Film thickness was measured using a

calibrated film thickness gauge or micrometer, and width was measured with digital calipers.

TEM: TEM

water in a

samples were prepared by drop casting a ~1 mg/mL solution of PGNPs in toluene onto
jpetri dish. After evaporation of the toluene, a carbon-coated copper TEM grid

was used !scoop a layer of PGNPs from the surface of the water. Grids were imaged using an FEI

Tecnai (G2 Spiri IN) digital TEM with an accelerating voltage of 120 kV.

SEM: SEM sampl€s were coated with ~8 nm of gold using a Quorum Technologies SC7640 sputter
coater. ImagEe taken on a Zeiss Sigma 300 VP field emission SEM at 10kV with an in-lens
second detector. Cross-sections were first cut with a razor blade before being cut more-
smoothly o! a Lecia cryo-microtome using a glass knife at -50 °C.

Nanoinden@anoindentation was performed using a Hysitron Triboindenter with a diamond

berkovich tip g a tip area function determined from indentation of fused quartz. An array of 7 x 7
indents waSmade in each sample in depth-control mode up to 800 nm. Indentation and withdrawal
rates ofHere used, with a 20 s hold at peak depth for stress relaxation. Reduced modulus

and hardness werScaIcuIated from the load-depth data by Oliver-Pharr'® analysis in MATLAB using
a rate-jump m 149511 with power function fits to both the relaxation and withdrawal segments.
A plastic assumption was found to be appropriate for all samples.lso]

Supporting Information
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Supporting Information is available from the Wiley Online Library or from the author.

SEM ana | I" Images of PGNPs, additional aging condition test data, tabulated mechanical data,

dissolutior@]dentation data, and details of PGNP composition calculations.
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The use of polymer-grafted nanoparticles (PGNPs) as a single-component composite provides
control over material composition, structure, and properties. However, maximizing filler loading

without compromising mechanical integrity or processability remains a challenge. Herein, the
thermalH of ester groups in soft methacrylic polymers is developed as generalizable

method for, sizing rigid, highly-filled nanocomposites that can be easily formed into
macroscop @ lires.
I
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