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Experimental Section

Materials.

Methylmethacrylate (MMA, 99%, Sigma-Aldrich) was purified from inhibitor by means of a
prepacked column for hydroquinone removal (Sigma-Aldrich).

2,2'-Azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich) was recrystallized from acetone
and dried over P,Os prior to use.

The chain transfer agent (‘Pr)(H,O)Co!"'(dmg-BF,), was synthesized according to the literature!.
Dibenzoylperoxide (DBPO, purum, Fluka) and toluene (99.9%, HPLC grade, Sigma-Aldrich) were
used without further purification.

PMMA;, M, 556 M,/M,, 1.33;PMMA;, M, 696 M,,/M,, 1.23;PMMA s, M,, 1580 M,,/M,, 1.10; were
purchased from Agilent Technologies as GPC/SEC standards.

Fumed silica nanoparticles (Aerosil 200, BET surface area 200 +25 m? g'!, mean diameter of
primary particles 12 nm), coded as SiO,, were kindly supplied by Evonik-Degussa. SiO, was heat-
treated at 200°C for 24 h before using.

Adsorption of PMMA oligomers onto silica surface.
300 mg of silica nanoparticles were added to 10 mL of toluene solutions prepared dissolving 50 mg

of each PMMA, oligomer. Thesemixtures were sonicated for 10 min using a Sonics Vibracell
ultrasonic processor (500 W, 20 kHz Sonics & Materials, Newtown, CT, USA) at 25% of
amplitude. The dispersions were then kept at room temperature under mechanical stirring overnight.
After this time, the suspensionswere centrifuged to separate the silica rich phases (insoluble
fractions). Finally, these phaseswere repeatedly washed through 5 washing and centrifugation

cycles, to remove any non-interacting organic fraction.

Synthesis of MMA, macromonomers.
MMA, macromonomers were synthesized according to a procedure reported in literature?.Under

inert atmosphere AIBN (500 mg; 3.0 mmol) and (‘Pr)(H,O)Co'"'(dmg-BF,), (74 mg, 0.17 mmol)
were dissolved in degassed dry acetone (500 mL). MMA (500 mL; 468 g; 4.67 mol) was added to
the solution and the oligomerization was carried out for 4 h at 72 °C. After cooling to room
temperature, the solvent and unreacted MMA were removed by rotary evaporation.

Fractional distillation afforded MMA,, MMA; and a MMA, rich fraction. Pure MMA, was
obtained by column chromatography on silica gel (light petroleum ether : ethyl acetate - 4 : 1).
Yield MMA,: 8.19 g, 20 mmol, 0.4%. '"H- NMR (300.13 MHz, CDCls, 25 °C): [1 0.94 (3H, s), 0.97
(3H, s), 1.06 (3H, s), 1.15 (3H, ), 1.90 - 2.20 (4H, m), 2.51 (2H, s), 3.60 (3H, s), 3.64 (3H, s), 3.72
(3H, 5), 5.48 (1H, s), 6.20 (1H, s).



Synthesis of poly(methylmethacrylate)-silica nanocomposites.
Si0; (1 wt%) was added toa mixture containing MMA and MMA4(99 wt%; (MMA)s/MMA2.5mol

%). This suspension was sonicatedwith the above specified ultrasonic processor for 25 min at 25%
amplitude using on-off cycles lasting 5 and 30 s, respectively, and cooling the system with an ice
bath to prevent that polymerization could start.

Then, the organic peroxide (DBPO, 0.5 wt % with respect to organic fraction) was added to this
dispersion to initiate the polymerizationreaction. The reaction was performed in two steps:(1) pre-
polymerization at 80°C under mechanical stirringuntil a critical viscosity was reached and (2) the
mixturewas poured in a glass mould with a 3 mm Teflon spacersealed on the top surface and kept at
70°C for 18 h in theoven. Then, the temperature was raised at 140°C for 2 h toassure the complete
polymerization reaction.

The same experimental procedure was used to prepare material starting from methylmethacrylate
monomer (99 wt%) and silica nanoparticles (1 wt%).

After polymerization, to isolate a possible organic interacting fraction, both nanocomposites were
dispersed in toluene at room temperature under mechanical stirring overnight. Then, suspensions
were centrifuged and the insoluble fractions were repeatedly washed through 5 washing and
centrifugation cycles. Silica rich phase recovered from material obtained starting from
MMA/MMA mixture was coded as P(MMA-co-MMA,)-Si0O,. Silica rich phase recovered from
material obtained starting from MMA was coded as P(MMA)-SiO,.

Instrumentations

FTIR spectra were recorded at room temperature by means of a Perkin Elmer Spectrum 100 FTIR
spectrometer, equipped with an attenuated total reflectance accessory (ATR). The scanned
wavenumber range was 4000-650 cm-!. All spectra were recorded with a resolution of 4 cm™!, and
64 scans were averaged for each sample. The absorption band associated to carbonyl stretching, in
the spectral region of 1700-1800 cm-!, was resolved into two components, originating from the
bound and free carbonyl fractions, using the Grams/Al 8.0 THERMO Electron Corporation
software. A mixed Gaussian-Lorentzian fit was used for both free and hydrogen bonded carbonyls.
The relative amount of free- and bound-carbonyl fractions was estimated by the ratio of the
corresponding areas.

The adsorbed amount of the organic fraction, (PMMA), or (MMA),, on SiO, was measured using
thermogravimetric analysis (TGA) performed on a Perkin Elmer Pyris 1 TGA analyser. Sample of
approximately 3-5 mg were placed in a platinum open sample pan and heated from room

temperature to 800 °C at 10 °C/min. High purity nitrogen was fluxed through the furnace at a flow
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rate of 40 mL/min.In order to account for the silanol condensation of SiO,, silica nanoparticles were
heated over the same temperature range at the same scan rate. The amount of adsorbed organic
phase was obtained by subtracting the silanol weight loss from the total weight loss recorded in the
thermograms of (PMMA),-S10, or (MMA )4-S10, sample.

Solid state 13C NMR spectra were collected at 100.5 MHz on a BrukerAvance 11 400 spectrometer
operating at a static field of 9.4 T, equipped with a 4 mm magic angle spinning (MAS) probe.
Samples were finely ground and fit inside 4 mm zirconia rotors sealed with Kel-F caps, then spectra
were acquired using a 'H-'3C cross-polarization (CP) with high power proton decoupling. CP
experiments were recorded at 6.3 kHz spinning speed, with a 'H /2 pulse width of 3.8 ps, a contact
time of 2 ms and a recycle delay of 4 s.

In figure S1 the spectrum of the interacting fraction coded as P(MMA-co-MMA,)-Si10,, is reported
and compared with the spectrum of PMMA 4 adsorbed onto silica, (PMMA ¢-Si0,). The spectrum
ofP(MMA-co-MMA,)-Si0, shows the features typical of PMMA as well as the absence of the
signals of unsaturated MMA carbons (129 and 138 ppm). These findings confirmed the formation
of an interacting PMMA shell onto silica surface and proved that no unreacted MMA,4 was left.
Moreover, the analysis of PMMA 4,-Si0, spectrum allowed to assign the signal at 41.5 ppm to
terminal OCHj; carbons. This signal, although with a very low intensity, can be observed also in the
spectrum of P(MMA-co-MMA,)-Si0O,; the integration of this peak provided an approximate
molecular weight of the adsorbed chains of 8000 Da.
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Figure S1. 3C CPMAS spectrum of P(IMMA-co-MMA,)-Si0, and PMMA (4-SiO,. Signal of
terminal carbons are evidenced by arrows,spinning sidebands are marked by a dot.

Bright field transmission electron microscopy (TEM) analysis of nanocomposites was performed on
a FEI TECNAI G12 (LaB6 source, 120 kV) microscope equipped with a FEI Eagle 4k CCD
camera. Prior to observations, ultramicrotomed sections of the samples were realized and placed on
400 mesh copper grids. In order to determine the average area of the 2D projections (A;p) of the
silica agglomerated, image analysis was carried out on a minimum set of 5 TEM micrographs
collected at low magnificationon different ultramicrotomed sections of each sample.



Computational Section

In this section details about the models of MMA, PMMA and silica nanoparticleare reported.
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Figure S2: Atom Types for the: A) PMMA and B) MMA model.



Full-Atomistic PMMA Model

The PMMA the model employed in the present study is the one proposed by Maranas®. Belowreport

the functional forms and the parameters of the all-atom PMMA model employed are reported.

Non-Bonded Interactions:

u(r,) = 45[(0'/1”)12 —(0'/1’)6}+(% ﬂgO)[%J (S1)

i

Tab. S1: Interaction non-bonded terms

Atom Type o € q;
(A) (kcal/mol)
CT 3.52 0.067 -0.135
CB2 3.52 0.067 -0.090
CBl1 3.20 0.051 0.000
CC 3.75 0.105 0.510
oC 2.96 0.210 -0.430
OE 3.00 0.170 -0.330
CE 3.50 0.066 0.160
HT 2.50 0.030 0.045
HB2 2.50 0.030 0.045
HE 2.42 0.015 0.030
CM 3.55 0.076 (see fig. S3)
HT (bonded to CM) 2.40 0.014 (see fig. S3)
Bond Interactions:
Viond = Kpona (’"U - 7”,-,0 )2 (82)
Tab. S2: Interaction bond terms
Bond Type Kiona ry Bond Type Kiona Fj
(kcal/mol/ A?) (A) (kcal/mol/ A?) (A)
CT-CB1 368.00 1.5390 CC-OE 471.00 1.3600
CB1-CB2 300.00 1.5491 CE-OE 342.00 1.4460
CB1-CC 326.00 1.5170 CT-HT 331.00 1.0900
CC-0C 968.00 1.2290 CE-HE 331.00 1.0900
CB2-HB2 331.00 1.0900
CM-CM 925.00 1.3400 CM-HT 331.00 1.0900
CM-CC 925.00 1.3400 CM-CT 326.00 1.5100

%

angle = K 9 - 00 )2 (S3)

angle ( ik ij



Tab. S3: Interaction angle terms

Angle Kangle 0 Angle Kangle o

Type (kcal/mol/rad?) (deg) Type (kcal/mol/rad?) (deg)
CB1-CB2-CB1 89.50 113.30 CC-OE-CE 84.80 116.40
CT-CBI-CT 87.90 109.47 HT-CT-CB1 35.00 109.50
CT-CB1-CC 87.90 109.47 HT-CT-HT 35.00 109.50
CB1-CC-OE 74.50 111.40 HB2-CB2-CBlI 35.00 109.50
CB1-CC-0OC 63.30 125.60 HE-CE-HE 35.00 109.50
OC-CC-OE 126.50 123.00 HE-CE-OE 56.00 110.10
CM-CM-HT 69.96 120.00 CM-CC-OE 139.93 123.00
CM-CT-HT 69.96 117.00 CM-CM-CT 139.93 124.00
CM-CC-0C 159.92 125.30 CM-CM-CC 169.91 120.70
Y on (By) = Vi (14 COS(@)+ Vs (1= cos(26)) + V(14 cos(3) + ¥, (1 —cos(4) (S4)

Tab. S4: Interaction torsional terms

Torsion Type A\ V2 \R V4
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
CT-CB1-CB2-CBl1 0.27792 0.00000 0.00000 -0.27792
CB2-CB2-CB2-CB1 0.27792 0.00000 0.00000 -0.27792
CC-CB1-CB2-CB1 0.27792 0.00000 0.00000 -0.27792
CT-CBI1-CC-OE 0.80784 0.00000 0.00000 -0.80784
CB2-CB1-CC-OE 0.80784 0.00000 0.00000 -0.80784
CB2-CBI1-CC-0C 2.60000 0.05000 -2.55000 0.00000
CT-CB1-CC-0OC 2.60000 0.05000 -2.55000 0.00000
CE-OE-CC-CB1 2.02000 -1.0000 -0.70000 -0.32000
CM-CM-CC-0C -1.15900 5.39100 2.90500 0.00000
HT-CT-CM-CC 0.41441 1.24324 0.00000 -1.65765

V;orsion (¢ijkl) = %K(¢ijk1 - ¢0 )2 (SS)

Tab. SS: Interaction improper torsional terms

Torsion Type ¢ K
(kcal/mol)
HT-CM-CM-CC 0.000 162.40
HT-CM-CM-CT 0.000 162.40
CM-CM-CC-CT 0.000 162.40
CM-CM-CT-HC 0.000 162.40
All atomMMA Model

For the MMA we consider as initial set of parameters the OPLS-AA Force-Field*> for the atoms

type that differ from the PMMA model of Maranas®. In order to have a model able to reproduce



thermodynamic properties in better agreement with respect to experimental data, a fine-tuning of
the initial parameters set have been done.

We decided to tune only non-bonded interaction parameter (o, ¢) of Cy atom type (see
figure S3 below), and the charges of Cy; and the relative bonded hydrogen atoms. All the other
parameters, bond and non-bond interactions have been kept identical to the PMMA model of
Maranas®. In the Table S5 the values of density and AH of vaporization of the MMA
modelscalculated for OPLS-AA/Maranas,optimized force field and the experimental onesare
reported. The optimized force field reproduces, a bulk density with an error of about 1%, and a AH
of vaporization with an error less than 1%. In figure S3the atom types and chargesof the optimized

MMAmodels are reported. In tables from S1 to S5 the non-bond and bond parameters are reported.

Tab. S6: Properties calculation

Property OPLS-AA*> Optimized Experimental®
Density (293 K) 0.974 (g/cm?3) 0.955 (g/cm?3) 0.946 (g/cm?3)
AHyap0r.(300 K) 41.628 (kJ/mol) 38.854 (k] /mol) 38.866 (k] /mol)
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Figure S3: Chemical structure of MMA with atom type (A) and partial charge assignment (B).



Full-Atomistic Silica Nanoparticle

For the silica nanoparticle (NP) we used the model of Brown’, that was also employed byNdoro®

%and Eslami'’in studies of interface between silica nanoparticle and polymer matrices.The force

field parameters are reported in the table S7 and S8.

Functional form for the non-bonded interactions:

u(r)=4d (o 1) (o 1) |+ ( ﬂgOJL r%J

i

Tab. S7:Non bonded

Atom Type c € qi
(A) (kcal/mol)
Si 3.154 1.5208 1.020
ON 3.920 0.5997 -0.510
HN 2.352 0.2197 0.255
Vangle = Kangle( ijk ‘97 )2 (83)
Tab. S8: Bonds
Bond Type ¥y Angle Type Kangie 0
(A) (kcal/mol/rad?) (deg)
Si-ON 1.630 ON-Si-ON 112.18 109.47
ON-HN 0.950 Si-ON-Si 144.00 54.61
Si-ON-HN 119.52 54.59

The NP have been obtained from a crystal structure of silica a-quartz using the procedure described

by Brown’and, in a slightly different but equivalent procedure, by Ndoro®-. The diameter of NP we

used for this study is ~3.0 nm.
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Generation of Well-Equilibrated System of Polymer Nanocomposite

Recently De Nicola et al.''developed a procedure based on molecular dynamics (MD) to generate
well-equilibrated system of full atomistic polymer melt, based on soft potential derived from self
consistent field (SCF). Such procedure allows obtaining all-atom structures that are

indistinguishable from those obtained by usual MD simulations.

The procedure adopted to obtain relaxed, all-atom polymer melt composite is the following:

1. The initial configuration is prepared by placing each chain of PMMA and the silica NP, at
random position in the box. The box size has been chosen according to the experimental

density of the polymer bulk at the considered temperature.

2. Two different relaxations, using the MD-SCF approach, have been performed. First, the
relaxation with ¥*RT interaction parameter have been set to 0.0 for all species. Second, the
v*RT interaction parameter have been set to 10.00 kJ/mol to all mixing interaction of
particles forming different kind of molecules (polymer and NP). The grid size has been kept

constant at 0.4 nm for all relaxation procedure.

In the figure S4 the radial distribution functions calculated for the silica NP’s c.0.m. respect to the
mass center of PMMA chain of full-atomistic MD simulation, MD-SCF (yx*RT=10.0 kJ/mol) and
MD-SCF (yx*RT=0.0 kJ/mol) are reported.

o— MD —e— MD-SCF after 0.270 ns
1,504 —o— MD-SCF after 1.2 ns (3 *RT = 10 kJ/mol) 1,504 © MD
5 —£— MD-SCF starting configuration -
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Figure S4:(A) RDF of c.o.m. of silica NP vs. c.om. of PMMA chains. (B) Comparison of radial
distribution function for full atomistic MD simulation (red circles), MD-SCF configurations after
reintroduction of short-range interactions (black circles = 0.270 ns).
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Computational Details

The MD-SCF simulations, used to generate the well-equilibrated initial structure of the systems
PMMA/silica NP were run in NV'T ensemble at the temperature of 500 K, controlled by Andersen
thermostat'? (collision frequency 7 ps!). A time step of 1 f§ was employed in all simulations hybrid
simulations. The density field was updated every 5 ps. The intramolecular interactions of the hybrid
model of PMMA and silica NP used in MD-SCF simulations are identical to those reported in

model section.

The MD simulations were carried out in the NPT ensemble, a cut-off distance of 1.0 nm was
employed for both, van der Waals and Coulomb interactions. The long-range correction to
electrostatic interactions were calculated using a reaction-field'3 with a dielectric constant!4e=2.60
for PMMA'S and 3.73 for MMAS. The temperature was held constant using Berendsen thermostat!6
(t 1= 0.2 ps), the pressure have been controlled at 1.03 bar using Berendsen barostat (tp = 2.0 ps)

with isotropic coupling. A time step of 2 fs has used for all systems.

Tab. S10: Details of Simulated Systems

Nr. System Nr.of Nr.MMA Nr. Total nr. Box Temperature Time
Silica or PMMA  Rep. Particles  Length (K) (ns)
NP unit (nm)
1 NP/MMA 1 3981 - 61116 8.77891 353 105
2 NP/MMA 1 3981 - 61116 8.53675 293 112
3 NP/PMMAS 1 757 5 59290 8.28980 500 107
4 NP/PMMAS 1 757 5 59290 8.10097 353 111
5 NP/PMMAS 1 757 5 59290 7.96651 293 132
6 NP/PMMA10 1 385 10 59921 8.22594 500 118
7 NP/PMMAL10 1 385 10 59921 8.09921 353 107
8 NP/PMMA10 1 385 10 59921 8.00033 293 109
9 NP/PMMA20 1 196 20 60291 8.92001 500 120
10  NP/PMMA20 1 196 20 60291 8.68830 353 115
11 NP/PMMA20 1 196 20 60291 8.47661 293 120
Systems simulated “in vacuo”
12 NP/MMA 1 19 - 1364 - 293 110
13 NP/MMA 1 16 - 1313 - 293 85
14  NP/PMMAS 1 78 5 7407 - 293 85
15 NP/PMMAS 1 67 5 6250 - 293 85
16 NP/PMMAL10 1 55 10 9871 - 293 85
17 NP/PMMA10 1 49 10 8947 - 293 85
18 NP/PMMA20 1 27 20 9717 - 293 85
19 NP/PMMA20 | 23 20 8485 - 293 85
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Additional Results
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Figure S5: Hydrogen bond fractions calculated as function of molecular weight at 80°C for

carbonyl (black curve) and for ester (red curve) oxygen atoms.
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