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Figure S1 : Predictions of *C NMR shift for the various possible structures expected to be formed
upon curing's of BMI, using ChemDraw Professional software. The orange circles highlight the
carbonyl groups contributing to 13C NMR shifts between 177.8-176 ppm whereas the green circles
highlight the carbonyl groups contributing to '3C NMR shifts between 174.6-173 ppm.
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Figure S2 : SAXS plots of both uncured and cured BMI processed through Melt and HSSM. While
uncured Melt BMI demonstrated a peak at 0.38 26 suggesting heterogeneity, potentially from
clustering of individual components, the uncured HSSM demonstrates a rather homogenous
system with a minor peak at 0.81 26.
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Figure S3 : (a and b) WAXD of cured and uncured Melt and HSSM BMI. (a) Differences between
the uncured and cured specimens could be observed. No significant differences between cured
Melt and cured HSSM or uncured Melt and uncured HSSM are observed. (b) Magnified
diffractogram of the cured Melt and HSSM BMLI.
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Figure S4 : (a) DSC plots of uncured melt BMI, cured Melt and HSSM BMI at 10 °C/min heating
rate in air atmosphere. The plots have been shifted along the y axis for ease of comparison. Cured
Melt and HSSM BMI exhibit no exothermic peak related to heat of cure as could be seen for the
uncured melt BMI, thus suggesting that both samples undergo complete curing. A change in the
heat capacity is observed in cured melt BMI starting at about 267 °C and in cured HSSM melt
BMI starting at about 285 °C. These temperatures are in close agreement with T, values observed
through DMA. (b) Thermal degradation of cured Melt and HSSM is determined using TGA under
N, atmosphere at 10 °C/min heating rate. The peak position of the derivative curve of weight with
temperature is taken as the degradation temperature. (c) Storage modulus of cured HSSM and Melt
BMI with temperature. The discrepancy in the storage modulus at room temperature obtained
through DMA and the Young’s modulus obtained through universal tensile machine (Table S7)
could result from the difference in the test conditions and instrument compliance.®
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Figure S5: (a-d) SEM images of cured HSSM BMI fracture surface in the crack initiation and
propagation region at different magnifications demonstrating intense plastic deformation.
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Figure S6: (a-d) SEM images of cured Melt BMI fracture surface in the crack initiation and
propagation region at different magnifications. Much smoother fracture surface is observed
compared to the HSSM BMI (Figure S5).
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Figure S7 : (a) OM of the Melt BMI fracture surface in the crack initiation zone demonstrating
streaks signifying crack propagation. No nodules are observed as were, for HSSM BMI. Yellow
arrow points to the crack propagation direction. Yellow arrow points to the crack propagation
direction. (b) 3D OM image of the Melt BMI demonstrating catastrophic failure.
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Figure S8 : (a and b) OM of HSSM BMI fracture surface at the transition zone from fast crack
propagation to the stick-slip zone. Yellow arrow points to the crack propagation direction.
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Figure S9 : OM of (a) HSSM BMI and (b) Melt BMI. HSSM BMI demonstrated about 2 times

higher roughness in the crack initiation zone. Yellow arrow points to the crack propagation
direction.
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Abbreviations used in Table S1 and Table S2:
PEI — Polyethyleneimine

DOPO- 9,10-dihydro-9-oxa-10 phosphaphenanthrene-10-oxide
GO- Graphene oxide

RGO- Reduced graphene oxide

APTES- Aminopropyltriethoxysilane

MPTS- Methacryloxypropyl- trimethoxysilane
MAH- Maleic anhydride

HBPT- Hyperbranched polytriazine

OREC- Organic Rectorite

CE- Cyanate esters

MMt- Montmorillonite

Bz-Allyl - Bis allyl benzoxine

BADCy- Bisphenol A cyanate esters

IPN- Interpenetrating network
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Table S1. Impact strength of p-BMI and BMI nanocomposites from literature.

Filler type Filler Impact Mixing Notes
loading Strength | Method
wt.%) (kJ/m?) for BDM-
DABA
p-CNT 0,1 6.8,7.8 Melt and | Hyperbranched PEI f-CNTs, 2 component BMI,
add Izod impact test- ASTM D256.7
f-CNT 2.5 9.1
p-CNT 0,0.28 11.1,7.8 Stirring | Amine f~-CNTs, 2 component BMI, Unnotched izod
impact test - ASTM 4812.%
f-CNT 0.28 15.3
p-CNT 0,1.5 4.7, - Stirring | N-phenyl maleimide f-CNTs, 2 component BMI,
Unnotched izod impact test - ASTM 4812. ?
f-CNT 1.5 16
p-CNT 0,0.5 18,24 Stirring | Diaminodiphenylmethane-f-CNTs, 2 component
BMI, Charpy impact test post polishing with sand
f-CNT 0.5 30 paper — ISO 179-2 10
p-CNT 0,0.75 9.8, 12.7 Stirring | Hyperbranched aliphatic polyimide f-CNTs, 2
component BMI, Izod impact test — ASTM D256.
f-CNT 0.75 21.5 1
p-CNT 0,0.75 12.2,16.6 | Meltand | p-CNTs, 2 component BMI 2
add
DOPO; 0; 0 10.5 Stirring | DOPO used as flame retardant agent, Silane f-CNT,
p-CNT 4;1 8.4 2 component BMI, unnotched impact test-
DOPO; 4; 1 13 GB/T2571-1995.13
f-=CNT
GO 0,03 12.5,8 Meltand | Silane f-GO by grafting MPTS on GO sheets, 2
add component BMI, Unnotched impact test - ASTM
f-GO 0.3 20.8 4812 using charpy impact testing machine. !4
f-GO 0,0.1 12.5,23 Meltand | APTES f-GO, 2 component BMI, Unnotched
add Impact Test - ASTM 4812 using charpy impact
testing machine.!’
f-GO 0,0.1 12.5,22 Melt and | MAH f-GO, 2 component BMI, Unnotched Impact
add Test - ASTM 4812 using charpy impact testing
machine. '
RGO 0,0.6 10.7,9.8 Stirring | HBPT f-RGO, 2 component BMI, GB/T2567-2008
standard for impact testing. !
f-RGO 0.6 16.7
RGO 0,0.3 18.8, 18 Stirring | Diazonium f-RGO, 2 component BMI, Unnotched
Impact Test - ASTM 4812 using charpy impact
f-RGO 0.3 26.2 testing machine.'?
OREC 0,2 8.5, 11 Stirring | 2 component BMI, GB 2517-95 Standard for
impact testing.!®
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Table S2. Impact Strength of p-BMI and blends of BMI and their IPNs with thermosets and

thermoplastics and their ternary nanocomposites from literature.

BMI blends/IPNs with thermosets and their ternary nanocomposites
Resin/s; BMI; Filler | Impact | Mixing Notes
Filler Resin/s; (wt. | (wt.%) | Strength | Method
%) (kJ/m?) | for BMI-
Resin/s
Bz-Allyl 100; 0 - 6.1 Stirring | BMI monomer, BDM blended with
Bz-allyl, GB/T2567-2008 standard
70; 30 - 11.8 for impact testing.?
BADCy; 43;57;0 - 12 Stirring BMI monomer, BDM blended with
Bz-Allyl BADCy in 3:4 ratio which further is
39;52:9 - 18 blended with Bz-Allyl. GB/T2567-
2008 standard for impact testing.?!
BADCy; 33;67;0 - 9.8 Stirring BMI monomer, BDM blended with
TDE-85 BADCy in 1:2 ratio which further is
27;53; 20 - 13.5 blended with TDE-85 epoxy,
Unnotched impact test- GB/T2571-
1995 standard.?
CE - - 10.1 - Pre-polymerized  BMI/CE  was
acquired and used. GB/T3960-1983
CE; p-CNT - 0.6 10.6 standard for impact testing.??
CE; f-CNT - 0.6 13.7
CE; OMMt - 0 8.2 Stirring BMI monomer, BDM blended with
CE the ratio of which isn’t specified,
R 4 17.2 GB/T2567-2008 Standard for impact
testing.?*
BMI blends/IPNs with thermoplastics
Resin/s; BMI; Filler Impact | Mixing Notes
Filler Resin/s; Strength | Method
Filler (KJ/m?) | for BMI-
(weight %) Resin/s
MEMBI; 80; 20; 0; 0 - 6.3 - Two component BMI system modified
AE; PEK-C VAT with  MEMBI, AE and PEK-C,
64, 16, 0; 20 - 17 GB1043-79 standard for impact
48; 12; 20; - 18.9 testing. 2
20
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Table S3. Impact Strength of p-BMI cast under different processing and casting conditions. Levels
connected by same letter are statistically similar.

Condition Number of Impact Std. Dev Statistical
samples tested Strength Connection
(kJ/m?) letter
Melt BMI
A 10 20 7 a
B1 5 14 2 a
B2 5 14 6 a
HSSM BMI
A 10 37 12 b
B1 15 56 15 c
B2 10 69 13 d

The cure and post cure temperature and their duration were identical for all conditions, 4-hours at
191°C and 2-hours at 227°C, respectively. 3 variations in specimen casting conditions were

explored:
a) Condition ‘A’- Specimens are in the mold (cure + post cure) for complete duration.
b) Condition ‘B1’°- Specimens are in the mold while curing but free standing for post cure,

that is, specimens are demolded while in the oven at curing temperature up on completion of
cure cycle of 4 hours for further free-standing post-cure.

C) Condition ‘B2’- Specimens are in the mold while curing but free standing for post cure,
oven is cooled down to room temperature after completion of cure cycle, specimens are
demolded, and oven is heated to post cure temperatures for free-standing post-cure.
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Table S4. P-values illustrating the statistical significance of Impact strength data table S3. P-
value smaller than 0.05 is considered statistically significant.

Processing type and cure Melt Melt HSSM HSSM HSSM
condition “BI” | B2 | “A” | “BI” | ‘B2’
Melt “A” 0.3 0.3 0.003 <0.0001 | <0.0001
Melt “B1” X 0.9 0.001 <0.0001 | <0.0001
Melt “B2” X 0.002 <0.0001 | <0.0001
HSSM “A” X 0.0009 | <0.0001
HSSM “B1” X 0.014
HSSM “B2” X
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Table S5 : List of major FTIR and Raman peaks and their assignments.!?628 The check mark
represents a distinct observation of the corresponding peaks in this study in specimens including
uncured and cured- Melt and HSSM BMI.

Wavenumber Functional Group FTIR Raman
(em)

687 C=C—H (out-of-plane bending) v

823 C=C (deformation mode) v

787 C=0 (Out of plane)

947 C—C (maleimide)

=1110 C—O0 (Phenol/Ether) v v

1145 C—N—C (succinimide) v

=1169 C—N-—C (maleimide) v v

=~1260 C—O0 (Phenol/Ester) v v

~1395-1373 0=C—N (Ring) v v

1509 C=C (Aromatic) v v

1583 C=C Maleimide v

=1605 C=C (Aromatic) v

1645 Unassigned v

1703 C=0 (Carbonyl- asymmetric) v

=1776 C=0 (Carbonyl- symmetric) v

=2848 CH, (symmetric stretch) v

2870 CH; (symmetric stretch) v

%2920 CH, (asymmetric stretch) v

x2960-2980 CH; (asymmetric stretch) v
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Table S6 : Activation energy and reaction kinetics parameters at various temperatures following
Kissinger and Ozawa methods for Melt BMI and HSSM BMI

Kissinger method

E. A(s?) kiso-c k175 Ka00c ka2 -c kaso-c

(kJ/mol)
Melt 73 5x 10° 0.005 0.017 0.05 0.12 0.28
HSSM 83 57 x 106 0.003 0.012 0.04 0.11 0.28

Ozawa method

E, A(s?) kisoc k75 kaooc kaas - kaso+c

(kJ/mol)
Melt 75 8 x 10° 0.005 0.016 0.05 0.12 0.28
HSSM 85 80 x 108 0.003 0.011 0.04 0.11 0.29

E,- Cure activation energy
A - Pre-exponential factor
k — reaction rate constant at various temperatures
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Table S7: Melt BMI and HSSM BMI exhibit statistically similar tensile properties. However, the
properties are lower compared to the manufacturer reported values.?

Tensile Strength  Tensile Modulus Strain at break

(MPa) (GPa) (%)
Melt 47+7 3.6+0.1 1.2+0.2
HSSM 46+ 15 3.6+£0.2 1.3+05
Manufacturer reported 103 4.6 4.8
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Table S8 : Tensile Strength of p-BMI cast under different processing and casting conditions.
Levels connected by same letter are statistically similar

Condition Number of Tensile Std. Dev Statistical
samples Strength Connection
tested (MPa) letter

Melt BMI
A 10 51 16 a
B1 5 57 13 a
B2 5 47 7 a
HSSM BMI
A 10 53 14 a
B1 15 50 12 a
B2 10 46 15 a

Table S9 : P-values showing the statistical significance of tensile strength data in table S5. P-
value smaller than 0.05 is considered statistically significant.

Processing type and Melt Melt HSSM | HSSM | HSSM
cure condition “B1” “B2” “A” “B1” “B27”
Melt “A” 0.55 0.62 0.78 0.89 0.46
Melt “B1” X 0.34 0.7 0.46 0.23
Melt “B2” X 0.47 0.67 0.9
HSSM “A” X 0.65 0.3
HSSM “B1” X 0.49
HSSM “B2” X
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Table S10 : Tensile Modulus of p-BMI cast under different processing and casting conditions.
Levels connected by same letter are statistically similar.

Condition Number of Tensile Std. Dev Statistical
samples Modulus Connection
tested (GPa) letter

Melt BMI
A 10 4 0.3 a,b
Bl 5 3 0.3 e
B2 5 3.6 0.1 b,c,d
HSSM BMI

A 10 3.6 0.4 b, c
B1 15 4.1 0.4 a
B2 10 3.6 0.2 c

Table S11 : P-values showing the statistical significance of tensile modulus data in table S7. P-
value smaller than 0.05 is considered statistically significant.

Processing type and cure Melt Melt HSSM | HSSM | HSSM
condition “BI” | B2 | “A” | “BI" | “B2”
Melt “A” <0.0001 0.11 0.058 0.42 0.039
Melt “B1” X 0.01 0.0022 | <0.0001 | 0.0044
Melt “B2” X 0.93 0.022 0.91
HSSM “A” X 0.0046 0.8
HSSM “B1” X 0.003
HSSM “B2” X

S20



Table S12 : Strain at break of p-BMI cast under different processing and casting conditions. Levels
connected by same letter are statistically similar.

Condition Number of Strain at Std. Dev Statistical
samples break (%) Connection
tested letter

Melt BMI
A 10 1.3 0.5 a
B1 5 22 0.5 b
B2 5 1.2 0.2 a
HSSM BMI
A 10 1.6 0.3 a
B1 15 1.1 0.3 a
B2 10 1.3 0.5 a

Table S13 : P-values showing the statistical significance of strain to break data in table S9. P-
value smaller than 0.05 is considered statistically significant.

Processing type and Melt Melt HSSM | HSSM | HSSM
cure condition “BI” | "B’ | “A” | “BI” | "BV
Melt “A” 0.0015 0.84 0.24 0.48 0.86
Melt “B1” X 0.0032 0.02 0.0003 0.001
Melt “B2” X 0.25 0.7 0.95
HSSM “A” X 0.07 0.19
HSSM “B1” X 0.59
HSSM “B2” X
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