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Experimental Methods
Thermal measurements. Differential scanning calorimetry (DSC) using a TA Instrument Q2000 was carried out to determine Tg and physical aging parameters. Samples were packed into thin disks and heated to Tg+40°C under inert atmosphere to erase thermal history. Cooling rates of 50°C/min were used to set the physical aging temperature after thermal erase at Tg+40°C. After physical aging for a given time ta, the samples were cooled to 0°C at 50°C/min and then heated with a heating rate of 10°C/min to Tg+40°C to obtain enthalpy relaxation data.
Polymer purification. The procedure below was employed to remove salts and other impurities introduced during the polymerization process that may trigger premature breakdown. Neat “electronic-grade” polymers and polymer nanocomposites have shown significant breakdown enhancements (~50%) over standard as-received polymers acquired from Polymer Source. A 10% w/w solution of polymer (or polymer nanocomposite) in methyl ethyl ketone was prepared and slowly mixed on a rotary evaporator for 1 week. The solution was passed through a silica gel column and eluted with light nitrogen pressure. The purified solution was precipitated in a stirred methanol breaker (>10x volume). The precipitate was vacuum filtered and dried under vacuum at elevated temperature (40-50°C) to remove any remaining solvent.
Film casting. Each sample film was prepared by flowcoating a ~10% w/w solution (in toluene) onto a UV-ozone treated ITO substrate. The exact concentration was adjusted to yield a 3 µm thick film. The films are baked on a hotplate set to 70 °C for 5 min, then transferred to a vacuum oven set at Tg+20°C for 24 hours. Physically aged films undergo a supplementary annealing procedure at Tg-10°C for up to 5 days in a N2 purged environment.

Dielectric characterization. Dielectric breakdown, complex permittivity, and energy storage testing protocol all have described in detail previously 1[, 2]
. For breakdown experiments, a 10 kV Spellman SL300 HV supply applies voltage ramped at a constant rate (100-300 V/s) in accordance to short-term breakdown ASTM testing standards 3[]
. Once >1 mA is reached, a silicon rectifier switch activates and breaks the circuit. A Fluke 289 multimeter set to peak voltage mode records the maximum (breakdown) voltage. Profilometry measurements (Bruker) are performed near each breakdown site to calculate breakdown field. A copper rod acts as the top electrode and has a hemispherical end (radius of curvature = 2.5 mm) that rests on the sample to confine breakdown to a small sample region (area ~0.1 cm2). This geometry attempts to remove the influence of film heterogeneity by spatially localizing the electric field. Note that sampling a larger area for breakdown leads to a lower dielectric strength due to a higher probability of probing larger sample ﬂaws. An area of 0.784 cm2, achieved by covering a Kapton mask with 1 cm circular opening with a sheet of metallized BOPP, yielded dielectric strength values 15-30% lower than the aforementioned copper probe geometry for a range of polymer and polymer-silica blend films 1[]
. Free-standing BOPP film acted as a calibration standard to ensure the consistency and reproducibility of our testing. Values of 800 V/μm (copper probe) and 700 V/μm (Kapton mask/BOPP) were obtained for characteristic dielectric strength, which is comparable to results previously reported in literature 4[]
.
Dielectric permittivity and loss measurements are facilitated by depositing aluminum contacts of fixed diameter. Frequency is swept from 100 kHz down to 1 Hz at 1 VAC. Energy storage experiments were conducted using a Radiant Technologies, Inc. Premier II Ferroelectric Tester and utilize the same aluminum contacts. Voltage was linearly ramped from zero to maximum and back to zero in 10 sec while the corresponding electric displacement response is measured. The displacement field-electric field (D-E) hysteresis loops are integrated to determine energy density and charge/discharge efficiency.
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Figure S1. Probability of failure for poly methyl methacrylate (PMMA, 88 kg/mol Mw) films aged at ta = 0, 3, 12, and 24 hr. Lines correspond to two-parameter Weibull fittings.
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Figure S2. Dielectric permittivity and loss tangent for polystyrene (PS) (red) and PMMA (blue) films, for aging times ta=0 and ta=24 hrs (open and filled, respectively). Components of permittivity were measured at discrete frequencies in the range of 1 Hz to 100 kHz. 
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Figure S3. Dielectric permittivity and loss tangent for PS (red) and PMMA (blue) nanocomposite films, for aging times ta=0 and ta=24 hrs (open and filled, respectively).  Components of permittivity were measured at discrete frequencies in the range of 1 Hz to 100 kHz. Sample identification may be found in Table 1.
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Figure S4. Polarization loops measured for PS and PMMA films, aged for ta=0 and ta=24 hrs. Energy storage and charge/discharge efficiency were measured by integrating the area to the left and inside the hysteresis loops.
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Figure S5. Polarization loops measured for PS and PMMA blend films, aged for ta=0 and ta=24 hrs. Energy storage and charge/discharge efficiency were measured by integrating the area to the left and inside the hysteresis loops. Sample identification may be found in Table 1.
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Figure S6. Energy storage and charge/discharge energy efficiency for PS and PMMA nanocomposite films, aged for ta=0 and ta=24 hrs (open and filled, respectively), plotted against electric field. Sample identification may be found in Table 1.
Table S1. Summary table of the capacitive energy storage performance of polymers and polymer nanocomposites
	Samplea
	EBD (V/μm)
	β
	ε( 
(1 kHz)
	tan (
(1 kHz)
	UD-E (J/cm3) b
	efficiency b
(%)

	PMMA, ta=0
	807
	4.8
	3.29
	41×10-3
	2.77 @ 460 V/μm
	66 @ 460 V/μm

	PMMA, ta=24hr
	921
	12.9
	3.36
	40×10-3
	2.78 @ 440 V/μm
	60@ 440 V/μm

	PS, ta=0 hr
	421
	6.6
	2.55
	0.53×10-3
	0.83 @ 255 V/μm
	79 @ 255 V/μm

	PS, ta=24hr
	548
	11.1
	2.56
	0.57×10-3
	0.95 @ 265 V/μm
	75 @ 265 V/μm

	hnp-PMMA-16, ta=0
	519
	11.6
	3.35
	34×10-3
	1.58 @ 317 V/μm
	90 @ 317 V/μm

	hnp-PMMA-16, ta=24hr
	631
	10.5
	3.43
	38×10-3
	1.48 @ 317 V/μm
	90 @ 317 V/μm

	blend-PMMA-15, ta=0
	354
	9.5
	3.66
	36×10-3
	0.78 @ 275 V/μm
	71 @ 275 V/μm

	blend-PMMA-15, ta=24hr
	518
	7.0
	3.69
	35×10-3
	0.81 @ 275 V/μm
	80 @ 275 V/μm

	blend-PS-15, 
ta=0
	402
	8.3
	2.93
	1.8×10-3
	0.23 @ 205 V/μm
	45 @ 205 V/μm

	blend-PS-15, ta=24hr
	452
	9.7
	2.87
	1.5×10-3
	0.51 @ 240 V/μm
	83 @ 240 V/μm


a PMMA: poly methyl methacrylate; PS: polystyrene; hnp-PMMA-16: hairy nanoparticle consisting of 16 v/v% silica with PMMA grafts; blend-PMMA-15: traditional blended nanocomposite of 15 v/v% silica in PMMA.  blend-PS-15: traditional blended nanocomposite of 15 v/v% silica in PS.  ta aging time at Tg-T = 10oC.  See Table 1 for additional details.
b Recoverable energy storage (UD-E) and efficiency at a comparable applied field. 
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