Electronic Supplementary Material (ESI) for Polymer Chemistry.
This journal is © The Royal Society of Chemistry 2020

Supporting information for

Advanced spectroscopy, microscopy, diffraction and
thermal analysis of polyamide adhesives and
prediction of their functional properties with solid-
state NMR spectroscopy

Kash A. Bhullar, Aaron Meinel’, Kennedy Maeder?, Richard Wuhrer?, Marianne Gaborieau*’, Patrice

Castignolles?

Western Sydney University, Australian Centre for Research on Separation Science (ACROSS), School

of Science, Parramatta, 2150, Australia

2Western Sydney University, Advanced Materials Characterisation Facility (AMCF), Parramatta, 2150,

Australia

Table of Contents

Table of CoNtENES.....cciiiiiiiiiiiiiiiii e e s e e e s e e s s e esseeeee 1
S1. Sample preparation for X-ray diffraction and solid-state NMR...........cccoirrirrmeccccciirireennnnrceennnnns 2
S2. Attenuated total reflection Fourier transform infrared..........ccoooerriirnniinniiniinneeceene, 2
S3. Solid-state NIMIR SPECLrOSCOPY .....cciiiissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 6
S3.1. Temperature calibration of MAS NIMR Probe........ccceeiiiiiiiiciiee ettt e 6
S3.2.TH NMR .ottt ettt ettt ettt ettt et et et et ebe s ete et be et eae s ete et ebe s ete s ete s ereaneteanas 8
T T O =1 =3 V111 10
R B OVl 1014 f (ol 1 (o) s TS 14
53.3.2. Detection and quantification of ANtiSTALICL ............ceeeevueeeeeiveeeeeiieeeeccieeeesceeeeesiee e e 14
83.3.3. SONSTEIVITY ettt nenenenenenenene 14
S3.4. TH relaxation NIVIR.......c.ciiuiuiiieeiieecitete ettt ettt ettt b et essebese st essebessebeseesessebensesenseseneesens 16
R I 7 Sl [ 1 o 8 4 =0 111 1=T | R 16
53.4.2. T5 F@IAXATION TIMS...ccvveeeveeeeeeeeeeeeeeeeeeeeee e eeetetee e e e e e eetitesesessseavevasssasssssesssessssssssseses 17
53.4.3. T; pre-exponentiQl FACTOIS .........ccuuueeecueeeeeirieeesceeeeetee e e et e e ettt e e e seaeaeeasseeaesssssaeanseeas 19
S3.5. 2D-WISE NIMIR ...ttt e e e et eeeeeee e e eeeeeeee e e e e e e e e e e e e e e e eeeeeaeeeeeaaeaeeeeeeaeees 20
S53.5.1. OPEIMUZATION <.ttt sesesenenenenenenenene 20
S53.5.2. MEASUICIMENTS...cccoeieiiee ettt ettt et ettt e e e ettt e e e e e st eeeeeeas 28

S4. Scanning electroN MICrOSCOPY ....ciiieuiiiiieniiiiireniiiiieniiiieeniiiienssisieenssissesnsssssensssssssnsssssssnssssssnnes 33
LTI G YV 11 = ot o T 35
$6. Thermogravimetric analysis....ccccciiieeiiiiieniiiiieniiiiieniiiieeniiiitenieiieneisiennsssstensessssnsssssssnssssssnnes 36
S7. Differential SCanNing CaloriMEetry.....cccciveiirriiriiiiniiiiiisisississsissssssssssssssssssssssssssssssssssssssssssssssssssns 37
$8. Mechanical and adhesive Properties ........ccccceeecceeiiiiiieeeeccceerirrereeneseesrereeennsssseesseeeesnnnssssssnns 39
REFEIENCES ...cevveiireiiiieiriiiieerinirieeieetreetrsetisstsssrssstssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 42

S1



S1. Sample preparation for X-ray diffraction and solid-state NMR

S1. Sample preparation for X-ray diffraction and solid-state NMR
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Figure S1: (left) HMA1 and (right) Antistatic1 samples on XRD sample holders on top of clay support

(blue color)

HMA1-C1
HMA1-C2

Figure S2: HMA1 pellet sliced, with punched holes.

S2. Attenuated total reflection Fourier transform infrared

All HMA samples were produced by extrusion. The potential contamination of HMA samples with
PurgingAgentl utilized during the extrusion process was investigated using ATR-FTIR spectroscopy.
The ATR-FTIR spectra of all the HMA samples were compared with that of PurgingAgentl (Figure 1).
ATR-FTIR spectra of PurgingAgentl revealed four main bands in the region between 2849 and 2916
cm™ (CH; symmetric and asymmetric stretching vibrations), at 1471 cm™ (C—H bending in CH,), and

720 cm™ (rocking mode of the CH,). The signals were key identifiers of polyethylene.! Nevertheless,
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S2. Attenuated total reflection Fourier transform infrared

due to the presence of the overlapping bands of the BaseResinl and other additives in HMAs, it could

not be concluded whether the HMA samples were contaminated with PurgingAgent1.
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Figure S3: ATR-FTIR spectra of the three carbon black samples.

Figure S4: (Left) Schematic of percolation network, i.e., connected strings, and (right) system that

does not percolate, i.e., aggregates.
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Table S1: Band assignment for ATR-FTIR spectra of resin blends, their components, and the purging agent (in the 3600 - 600 cm™ region) from Figure 1.

S2. Attenuated total reflection Fourier transform infrared

Purging HMA
Wavenumber (cm™) Assignment BaseResinl Antiabrasionl | Antistaticl
agent 4 7
3200-3600 O-H stretching? - - - - - -
N-H (secondary amide), w
3250-3350 w w - - w
stretching?
3000-3100 =C-H (trans-) stretching? v v - - - -
2900-2950 -CH»- (asymmetric stretching)® S - w 3 s s
2800-2900 -CH»- (symmetric stretching)® m - w 3 m m
2400-2300 co;* v v v - v -
1735 C=0 stretching® v - - - - -
1644 C=0 (secondary amide, 1)® v - - s s
1628 c=C’ w - - s s
C=C stretching vibration of
1611 - Y - - - -
aromatic ring®
1575 c(0)-0°7 W - - - - -
C-N (secondary amide, 1)
1542 w s - - w m
asymmetric deformation /CH,®
C=C stretching vibration of
1512 v s - - v v
aromatic ring®
1500-1410 C—H bending in CH,! - m s w - m
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S2. Attenuated total reflection Fourier transform infrared

1464 N-H deformation/CH, scissoring® m|m
1435 -C-H(cis-) bending (rocking)® -l v
C(0)-0O" or CN axial deformation’
1373 v w miw| | w|w|w]|w
or CH, wagging®
1349 CH bend® v w mliv|v|v|v]|v
C-N (secondary amide, Ill) + C=0
1282 (carbonyl) asymmetric v Vv iv| v iw]|v]|v
deformation?®
1243 C-N stretching® v m s m|iw|w]|w|w
1219 C-N stretching® v m mim|w|w|w]|w
1105 C-O (saturated aliphatic ether)*? m w wW|lw|m|m|m|s
1013 C-C stretching™® w v VIiviwlw|w]|w
930 CO-NH in plane?? w v vivi v/ iv]|-]|v
CH, rocking®® and C=C stretching
826 v m s|s|v|v]|v]|yV
vibration of aromatic ring®
750-700 CH, rocking mode? - v wiwl|-]-|-|w
-(CH3)- bending and -HC=CH- (cis-
722 w - -lv|iw|{w|w|w

)3

Key - v = very weak band, w = weak band, m = medium band and s = strong band
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S3. Solid-state NMR spectroscopy

S3. Solid-state NMR spectroscopy

S3.1. Temperature calibration of MAS NMR probe

MAS NMR experiments at variable temperature (VT) are very useful to investigate and understand the
structure and the dynamics of solid materials.!*” The sample heating in our MAS VT-NMR probe is
achieved by heating of the bearing gas. However, the temperature measured by the thermocouple in
the NMR probe does not represent the actual sample temperature.’® The sample temperature is
affected by the decompression of the bearing gas to atmospheric pressure, and by the friction
between the surface of the rotor and the gas. These lead to sample cooling and heating, respectively,
by unknown amounts.?> 2° The sample temperature is affected by radiofrequency heating, gas flow
rate, bearing, gas temperature, and sample container material.'® Furthermore, the temperature can
be non-uniform across the sample.?! The precise knowledge of the actual temperature inside the rotor

is of utmost importance for temperature-dependent experiments utilizing MAS VT-NMR.

Several NMR thermometers have been developed to measure the actual sample temperature (Tsampie)
and temperature measured by the NMR probe thermocouple (Tapp). The thermometers function via
the observation of temperature-dependent chemical shifts, for example in *C NMR of samarium
acetate,?? 3P NMR of (VO);P,0s5,% 11°Sn NMR of Ln,Sn;07 (Ln = Pr, Vd, Sm, Eu, Tm, and Yb),?* along
with the most utilized 2’Pb NMR of Pb(NOs),.2>%® The isotropic chemical shift §is, of Pb(NOs), varies
linearly with the sample temperature at a rate of 0.70-0.775 ppm-K in the temperature range of ~200
K to 400 K. As a reference, the isotropic chemical shift of 2’Pb was measured in this work at room
temperature after overnight equilibration with no gas flow (e.g., static conditions), therefore, it could
be assumed that Tsample = Tapp. In these conditions, the 2’Pb NMR chemical shift § was measured, and

Eq. S1 was used to calibrate the chemical shift scale of the acquired static spectrum of Pb(NO3),.?’

Speak(T) = —3670.6 + 0.666 - Teample s1

The chemical shift scale of all acquired 2°’Pb NMR spectra was then calibrated with respect to the
calibrated static 2°’Pb NMR spectrum. In this study, Pb(NOs), was utilized to calibrate an NMR probe

in the range of room temperature to 390.2 K at various MAS rates using Eq. $2.%

8iso(T) = —3713.6 + 0.758 - Teample 2

Solid-state NMR spectra were recorded on a Bruker DPX200 spectrometer operating at Larmor
frequencies of 200 MHz and 50 MHz for *H and 3C, respectively. A commercial double-resonance

probe supporting zirconia MAS rotors with a 4 mm outer diameter was used. The VT gas flow rate was
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S3. Solid-state NMR spectroscopy

set to 800 dm3hl. The apparent temperature range was between 290.2 K (25 °C) and 390.2 K (117
°C), controlled within 0.2 K. 27Pb NMR spectra were recorded at 1, 2, 3, 4, 6.5, 8, 10 and 12 kHz MAS
every 10 K using a 4.2 us 90° pulse, a 5 s repetition delay and 8 scans. The actual sample temperature
Tsample @t each spinning rate was determined using Eq. S2 and plotted against the thermocouple

temperature T,pp (Figure S5).

420 -
400
380 -
X 360+
k)
g = 1kHz MAS
I__‘0‘3340— e 2kHz MAS
A 4KkHz MAS
320 - v 6 kHz MAS
¢ 6.5 kHz MAS
8 kHz MAS
3001 > 10 kHz MAS
e 12 kHz MAS
280 T T T T T T T T T T v 1
280 300 320 340 360 380 400

Tapp (K)

Figure S5: Sample temperature (Tsampie) VS temperature measured by the NMR probe thermocouple

(Tapp) at different MAS rates. The lines represent linear fits.

Excellent linear correlations (R?20.9998) were observed between Teumpe and Tapp at each MAS rate.

Intercepts and slopes of the linear fits are listed in Table S2.

Table S2: Summary data from Figure S5 Tsampie VS Tapp linear fits (Tsampie=m-Tapp+b) with coefficient of

determination (R?).

MAS rate (kHz) | Slope | Intercept (K) R?
1 1.0637 -17.305 0.9999
2 1.0496 -13.165 0.9999
4 1.0582 -14.837 0.9998
6 1.0489 -10.106 0.9998
6.5 1.0543 -11.372 0.9999
8 1.0583 -10.625 0.9999
10 1.0590 -7.1861 0.9999
12 1.0553 -0.7788 0.9998
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S3. Solid-state NMR spectroscopy

$3.2. 'H NMR
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Figure S6: Partial 'H NMR spectra of BaseResin1 at 25, 50, 75, and 100 °C.
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Figure S7: Partial *H NMR spectra of Antistaticl at 25, 50, 75, and 100 °C.
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S3. Solid-state NMR spectroscopy
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Figure S8: Partial 'H NMR spectra of CarbonBlack1 at 19, 25, 50, 75, and 100 °C (normalized to the

same intensity for the signal at 0 ppm).
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Figure S9: Partial *H NMR spectra of HMA1-C1 at 25, 50, 75, and 100 °C.
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S3. Solid-state NMR spectroscopy

—25°C
—50°C

—100°C
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Figure S10: Partial *H NMR spectra of HMA1-W at 25, 50, 75, and 100 °C.

$3.3. 3C SPE NMR
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Figure S11: Partial **C SPE-MAS NMR spectra of HMA1-W at 25, 50, 75, and 100 °C (normalized to the

same intensity for the signal at 30 ppm, see Table S3 for 3C NMR signal assignment).
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S3. Solid-state NMR spectroscopy
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Figure S12: Quantitative *C NMR spectra of HMA1-C1 at 50 °C with different numbers of scans (not

normalized, see Table S3 for 3C NMR signal assignment).
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Figure S13: Quantitative 13C NMR spectra of HMA1-C2 at 50 °C with different numbers of scans (not

normalized, see Table S3 for 3C NMR signal assignment).

S11



S3. Solid-state NMR spectroscopy
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Figure S14: Quantitative 3C NMR spectra of HMAI-W at 50 °C with different numbers of scans (not

normalized, see Table S3 for 3C NMR signal assignment).

300 250 200 15 100 50 0 50  -100
3 (ppm)
Figure S15: 23C NMR spectrum of CarbonBlackl acquired with a repetition delay of 60 s with 75980

scans at room temperature.
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S3. Solid-state NMR spectroscopy

Table S3: Signal assignment of 3C NMR spectra of BaseResin1, Antiabrasion1, Antistaticl, HMA1, HMA7 HMA1-C1, HMA1-C2, and HMA1-W along with

chemical shift values observed (8exp), from literature (8) or simulated with ChemDraw ().

bexp (PPM) .
: : : _ Assignment it (ppm) 6 (ppm)
BaseResinl Antiabrasionl Antistaticl HMA1 HMA7 HMA1-C1 HMA1-C2 HMA1-W
13 - 1737 173.9 173.4 179.8 174.1 174.2 R-(CH),-C(0)-OH 174-180°3" | 175-180
' - ' 171.8 172.4 1718 171.9 172.1 R-(CH2).-C(O)-NH-R 171-175% 170-175
- 167.3 - - - - - - R-C(O)-N(R); 163-170% 165-170
131.3- 136.8- 135.4- 135.5- 135.2- R,CH-CH=CH-CHR,; (cyclo-) and | 130-140%32
135.6 138 138.1 . 130-145
139.2 139.7 139.3 139.3 142.7 aromatic 33
117.9- | 120.7- 121.7, 117.3- 118.1- R2C=CR,; (di-substituted) and 114-130%32
- 122.9,127.7 - . 115-130
127.1 128.3 130.1 130.6 130.7 aromatic 3
75.8 - - 75.9 75.8 75.9 76.0 76.2 R-O-CH(CHs)-CH,-0O-R 75-773%932 75-80
73.8 - 73.9 73.9 73.9 73.9 74.0 R-O-CH(CHs)-CH>-0O-R 70-74% 70-75
- - 69.5, 64 71.1 - 70.9 71.1 71.4 R-O-CH,-CH,-O-R 60%° 65-70
45.6 - 40.1 45.9 44.6 45.6 45.9 46.2 R-CH,-NH-C(0)-R 40.3-4330.31 44-50
R-CH,-NH-C(O)-R, R-CH,-NH,, ]
39.4 - - 43.2 42.8 42.1 42.6 44.4, 40.5 38-4230-32 39-44
R2CH-CHR; (cyclo-)
R-(CH3)a-CH,-C(0)-NH-R, R-(CH;)n-
35.1 - 37.1 39.8 38.8 36.9 36.9 37.0 CH>-RC=CHR, RyCH-CH,-(CH,),- 3553031 36-39
COOH
R-CH=C(R)-CH,-(CH2).-R, RoCH-
- - 33.3 37 36.9 - 33.5 33.7 (CH3)n-CH,-COO0-R, R-CH=C(R)- 3553031 33-36
CHR-(CH3),-R
32.5 - - 32.6 32.4 32.5 32.6 32.6 R2CH-CH,-(CH,)q-R 25-3230,31 33-34
30.3 - 30.2,27.3 30.3 30.5 30.39 - 30.3,27.7 R-(CH2)n-CH,-(CH;)a-R 25-30%0:31 25-33
R-CH,-CH,-C(O)-NH-R, R-CH=CH- ]
- - - 26.4 26.5 - 26.4 26, 26.4 22-2530.3 24-26
CH,-CH=CH-R
233 - - 23.4 23.5 234 23.4 23.3,23.6 CH3-CH,-(CH,)q-R 22-233%0 20-23
- - - - - 20.3 20.5 20.5 CH3-R 10-20% 19-21
18.1 - - 18.1 18.2 18.1 18.2 18.2 R-O-CH(CHs)-CH,-0-R 16-19% 15-19
14.7 - - 14.8 14.8 14.8 14.8 14.7 R-(CH,)n-CH,-CH3 13.7%° 10-15
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S3. Solid-state NMR spectroscopy

$3.3.1. Quantification
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Figure S16: One-dimensional *3C inversion recovery spectra for HMA1—-C2, testing for different T;
values at 50 °C (with different repetition delays D1, not normalized see Table S3 for 3C NMR signal

assignment).
5$3.3.2. Detection and quantification of Antistaticl

Table S4: Summary of the antistatic quantification using >*C NMR for HMA1, HMA1-C1, HMA1-C2

and HMA1-W.
Sample Fas (%) SNR RSD (%) Standard deviation
HMA1 15.7 36.3 2.40 0.38
HMA1-C1 11.2 31.5 2.88 0.32
HMA1-C2 21.6 40.1 2.11 0.46
HMA1-W 5.6 15.2 7.31 0.41

$3.3.3. Sensitivity

The quantitative 3C measurements of HMA1-C1, HMA1-C2, and HMA1-W showed as expected that
the SNR of the 71 ppm signal increased linearly with the square root of the measurement time, with

narrow 95 % confidence bands (Figure S17).
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S3. Solid-state NMR spectroscopy
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Figure S17: Square of the SNR of *C NMR signal at 71 ppm for various measurement times for (top)

HMA1-C1, (middle) HMA1-C2, and (bottom) HMA1-W with experimental data (symbols), linear fit

(solid line) and 95 % confidence bands (dark pink zones).
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Figure S18: Antistatic1 content (Fas) for HMA1-C1, HMA1-C2, and HMA1-W for different

measurement times (error bars represent the standard deviation calculated using Eq. 4).
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S3. Solid-state NMR spectroscopy

$3.4. H relaxation NMR

S$3.4.1. T,* data treatment

H NMR spectra of HMA7 were acquired at different temperatures (Figure S19). The apparent
transversal relaxation time T,” was determined from the line width of the two main signals in *H NMR
spectra (through the full width at half maximum, using Eq. S3).3* T," increased with increasing
temperature which was indicative of an increase in mobility (Figure S20). Due to multiple overlapping
signals, the determined T>* was representative of multiple components with superimposition and
could not resolve the behavior of the individual components. Furthermore, due to the mobility
differences in composite materials, *H NMR spectra cannot be decomposed into a few components

conclusively.

S3

T T T T T T T 1

10 8 6 4 2 0 -2 -4
3 (ppm)

Figure $19: *H NMR spectra of HMA?7 at different temperatures.

20 30 40 50 60 70 80
Temperature (°C)

Figure $S20:T," of HMA7 determined using Eq. S3 for the signals around 1 ppm (squares) and 3.5 ppm
(circles) plotted with linear fits (solid lines, y=90.72-(x+1.42)*%” with R?=0.92 and y=2.95-(x+11.63)

1601 with R?=0.92, respectively).
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S3. Solid-state NMR spectroscopy

S$3.4.2. T, relaxation times

T, values were determined from the measured decays (such as Figure 21) with the Origin 2016

software (such as Figure S21).

109 =
0.8
S o06] .
8
= 04
[]
]
02{ |
C]
0.01 .lll EE ® EEE ®E ®E ®E ®E =

0 50 100 150 200 250
Delay time (ms)

Figure S21: Signal integral vs delay time for HMA?7 at 23 °C.

The data was plotted as the natural logarithm of the signal integral vs delay time (Figure S22a) and
three linear regions A, B and C identified. It meant that there were three different components within
the decay and these could be related to the different parts of the HMA BaseResinl, which is a

polyamide made up of diacid and diamine building blocks.

a)
0
~2 \ Component A
S4 "
g 6 - 1
8 "o u ] .
. . - . . . . .
0 50 100 150 200 250
b)_2 } Delay time (ms)
= \ Component B
s .
26
£ " ., -
1 i = " " [ ] " u [ ]
0 50 100 150 200 250
C) i Delay time (ms)
-4
26{ = Component C
= -8 [ ] b = - N w — ] -
-10 T . T T T . T 1
0 50 100 150 200 250

Delay time (ms)

Figure S22: (a) Natural logarithm of the signal integral vs delay time for HMA7 at 23 °C with (a) linear
fit for component A, (b) linear fit for component B after subtraction of linear fit of component A and

(c) linear fit for component C after subtraction of linear fit of components B.
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S3. Solid-state NMR spectroscopy

The linearized data was fitted using a succession of Levenberg-Marquardt linear fits. Through a linear

fit of In(/), the longitudinal relaxation time T, A of component A was determined with Eq. S4:

t
Inl =———+1In4 s4
Tya

where A is a constant and t is the delay time in ms (Figure S22a). The linear fit data was then converted

to exponential form and subtracted from / to generate a new decay /a (Eq. S5):

t
I, =1 —A-e T2 33
Through a linear fit of In(/»), the longitudinal relaxation time T,z of component B was determined with

Eq. S6:

t
Inlp = —=——+1nB S6
Ty

where B is a constant (Figure S22b). The linear fit data was then converted to exponential form and

subtracted from /5 to generate a newer decay /s (Eq. S7):

t
Ig=1I,—B-e T2B S7
Through a linear fit of In(/g), the longitudinal relaxation time T,c of component C was determined with

Eq. S8:

t
Inlg =—-—+1InC S8
Ty c

where Cis a constant (Figure S22c). The determined T, T2, and T, ¢ values at different temperature,
and at different Fas along with their errors are listed in Table S5 and Table S7. The linear fits used to
determine T4, T2,5 and T,c for HMA7 at different temperatures, and Tza, T2, and T, c at different Fas

all had high coefficients of determination, excluding two fits (Table S6and Table S8).

Table S5: Ty 4, T8, and T,c along with error values for HMA?7 at different temperatures T.

T(°C) Taa (mMs) T2a ™" (ms) T8 (Ms) T8 (Ms) Ty,c (ms) T2, (ms)
23.6 1.76 0.08 5.34 0.21 169.5 27.8
37.3 1.97 0.15 8.68 2.07 213.2 100.9
45.7 2.55 0.17 12.52 1.13 233.1 154.9
55.2 2.96 0.21 14.96 1.47 73.7 31.4
65.7 3.52 0.23 23.21 2.07 56.9 21.0
75.2 4.26 0.21 32.37 3.18 62.7 11.5
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S3. Solid-state NMR spectroscopy

85.7 \

5.25 \

0.19 \

47.30

2.33

71.7

19.5

Table S6: Coefficient of determination R? of the linear fits used to determine Ty s, T2 and Tsc for

HMA?7 at different temperatures T.

R?
T(°C)

Toa LEX: Tac
23.6 0.98 0.76 0.76
37.3 0.98 0.73 0.23
45.7 0.98 0.96 0.12
55.2 0.98 0.96 0.43
65.7 0.98 0.96 0.47
75.2 0.99 0.97 0.80
85.7 0.99 0.98 0.71

Table S7: T, 4, T2 and T, c along with error values at different Fas at room temperature.

Fas (%) | Toa(ms) | Toa®™ (ms) | Tag(ms) | T2 (ms) | Tac(ms) | T2c ™" (ms)
5.6 1.81 0.10 12.89 0.80 31.15 4.68
11.2 1.97 0.13 13.17 0.25 34.59 13.36
15.7 1.94 0.11 13.30 0.41 37.59 5.26
21.6 2.10 0.13 14.49 0.37 92.00 22.60

Table S8: Coefficient of determination R? of the linear fits used to determine Ty, T25 and Tc at

5$3.4.3. T, pre-exponential factors

different Fas .
R?
Fas (%)

Taa Tap Tac
5.6 0.98 0.98 0.86
11.2 0.98 0.99 0.53
15.7 0.98 0.99 0.87
21.6 0.98 0.99 0.66

The pre-exponential factors of the three decays, Aa, As, and Ac (defined as 1- Ay — Ag), were determined

through a fit with a tri-exponential decay function (Eq. S9), for which the T, values were set to values

determined above (Table S5 and Table S7).

t

t

t

I =Ape T2A + Age T2B 4 (1 — Ay — Ap)e T2¢

59
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S3. Solid-state NMR spectroscopy

The pre-exponential factor of each component of the CPMG decay was determined at different
temperatures (Figure S9) and Fas (Figure S10) to investigate the contributions of the three decays to

the total signal.

Table S9: Pre-exponential factors for the tri-exponential decay function defining the T, decay for

HMA?7 at different temperatures T.

T(°C) An (%) AnT" (%) As (%) A" (%) 1-An-As (%)
23.6 88.2 8.5 12.6 10.2 -0.9
37.3 79.2 53 21.9 6.7 14.1
45.7 84.7 4.2 16.0 5.4 -0.7
55.2 78.0 3.9 24.0 6.7 -2.0
65.7 77.7 3.2 25.2 8.3 -2.8
75.2 78.8 2.7 26.4 8.9 -5.3
85.7 73.8 2.2 29.7 104 -3.5

Table S10: Pre-exponential factors for the tri-exponential decay function defining the T, decay at

different Fas at room temperature.

Fas (%) An (%) A" (%) Ag (%) A" (%) 1-An-Ag (%)
5.6 80 5 30 15 10
11.2 80 5 27 12
15.7 80 5 27 12
21.6 81 4 21 7

$3.5. 2D-WISE NMR

$3.5.1. Optimization

The parameters for the acquisition of 2D-WISE spectra needed to be optimized to have enough
resolution in 'H dimension (see Figures S23-S24 and S26 for 100, 80, and 40 increments) in a
reasonable measuring time (see Figures $23-S26 for 30, 20, 10, and 5 ps between increments, and
Figures S26-29 for 832, 1576, 2048 and 4776 scans). A compromise was found to observe most signals
with repeatable FWHM of the extracted 1D H NMR spectra (see Figures $30-34) at different 3C
resonances (Figure S35) and sufficient SNRs (Figure S36) with 40 increments of 5 ps for the acquisition

in the indirect *H dimension, and about 5,000 scans.
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S3. Solid-state NMR spectroscopy

$3.5.1.1. 2D-WISE NMR spectra

200 150 100 50 0 F2 [ppm]

in the indirect *H dimension, 352 scans in direct 3C dimension, see Table S3 for 3C NMR signal

assignment).

T
- 2000 - 4000

200 150 100 50 0 F2 [ppm]

the indirect *H dimension, 1280 scans in direct *C dimension, see Table S3 for 3C NMR signal

assignment).

F1 [Hz]

I
0

T
6000 4000 2000

Figure S23: 2D-WISE spectrum for HMA?7 (no 180° pulse, 100 increments of 30 us for the acquisition

Figure S24: 2D-WISE spectrum for HMA?7 (no 180° pulse, 80 increments of 20 us for the acquisition in
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S3. Solid-state NMR spectroscopy
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Figure 525: 2D-WISE spectrum for HMA7 (80 increments of 10 us for the acquisition in the indirect *H

dimension, 1280 scans in direct 3C dimension, see Table S3 for 3C NMR signal assignment).
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Figure 526: 2D-WISE spectrum for HMA7 (40 increments of 5 us for the acquisition in the indirect 1H

dimension, 832 scans in direct 13C dimension, see Table S3 for 3C NMR signal assignment).
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dimension, 1576 scans in direct 3C dimension, see Table S3 for 3C NMR signal assignment).
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dimension, 2048 scans in direct 3C dimension, see Table S3 for 3C NMR signal assignment).
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Figure S27: 2D-WISE spectrum for HMA7 (40 increments of 5 us for the acquisition in the indirect 1H

Figure 528: 2D-WISE spectrum for HMA7 (40 increments of 5 us for the acquisition in the indirect 1H
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S3. Solid-state NMR spectroscopy
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Figure 529: 2D-WISE spectrum for HMA7 (40 increments of 5 us for the acquisition in the indirect 1H

dimension, 4776 scans in direct 3C dimension, see Table S3 for 3C NMR signal assignment).

$3.5.1.2. 1D 'H NMR spectra
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Figure $S30: 1D *H NMR spectra extracted from 2D-WISE spectrum of HMA?7 shown in Figure S25
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
$3 for signal assignment) are listed in the graph key and plotted against the corresponding *H FWHM

(inset).
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Figure S31: 1D *H NMR spectra extracted from 2D-WISE spectrum of HMA?7 shown in Figure S26
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).
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Figure S32: 1D 'H NMR spectra extracted from 2D-WISE spectrum of HMA7 shown in Figure S27
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).
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S3. Solid-state NMR spectroscopy

Figure S33: 1D *H NMR spectra extracted from 2D-WISE spectrum of HMA?7 shown in Figure S28
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).

Figure S34: 1D 'H NMR spectra extracted from 2D-WISE spectrum of HMA?7 shown in Figure S29
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).
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S3. Solid-state NMR spectroscopy
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Figure S35: FWHM of 1D 'H NMR spectra extracted from 2D-WISE spectra of HMA7 with different
number of scans (832, 1576, 2048, and 4776) shown in Figures S26-527 at various 13C resonances (see
Table S3 for 13C NMR signal assignment).
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Figure $S36: SNR of the 1D *H NMR spectra extracted from 2D-WISE spectra of HMA7 with different
number of scans (832, 1576, 2048 and 4776) shown in Figures S26-527 at various *3C resonances (see
Table S3 for 13C NMR signal assignment).
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S3. Solid-state NMR spectroscopy

$3.5.2. Measurements

$3.5.2.1. 2D-WISE NMR spectra
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Figure S37: 2D-WISE spectrum for HMA1 (40 increments of 5 us for the acquisition in the indirect 1H

dimension, 5240 scans in direct 3C dimension, see Table S3 for 3C NMR signal assignment).
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Figure S38: 2D-WISE spectrum for HMA1—C1 (40 increments of 5 us for the acquisition in the indirect

IH dimension, 5144 scans in direct *C dimension, see Table S3 for 3C NMR signal assignment).
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Figure $39: 2D-WISE spectrum for HMA1—-C2 (40 increments of 5 us for the acquisition in the indir

1H dimension, 4776 scans in direct **C dimension, see Table S3 for 3C NMR signal assignment).
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Figure S40: 2D-WISE spectrum for HMA1-W (40 increments of 5 us for the acquisition in the indirect

IH dimension, 5144 scans in direct 1*C dimension, see Table S3 for 3C NMR signal assignment).
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Figure S41: 2D-WISE spectrum for BaseResin1 (40 increments of 5 us for the acquisition in the indirect

1H dimension, 4856 scans in direct **C dimension, see Table S3 for 3C NMR signal assignment).

$3.5.2.2. 1D 'H NMR spectra
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Figure S42: 1D *H NMR spectra extracted from 2D-WISE spectrum of HMA1 shown in Figure S37
(normalized to the same maximal signal intensity). The corresponding 13C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).
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Figure S43: 1D *H NMR spectra extracted from 2D-WISE spectrum of HMA1—C1 shown in Figure S38
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).

— 76 ppm

Figure S44: 1D *H NMR spectra extracted from 2D-WISE spectrum of HMA1—C2 shown in Figure 539
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).

S31



S3. Solid-state NMR spectroscopy

5.0 |
4.5 ]
4.0

3.5
3.04 HE B |

FWHM (kHz)

75 70 35 30 25 20 15
3("*C) (ppm)

Figure $45: 1D *H NMR spectra extracted from 2D-WISE spectrum of HMA1-W shown in Figure S40
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).
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Figure S46: 1D *H NMR spectra extracted from 2D-WISE spectrum of BaseResin1 shown in Figure 541
(normalized to the same maximal signal intensity). The corresponding *3C chemical shifts (see Table
S3 for signal assignment) are listed in the graph key and plotted against their full width at half

maximum (FWHM, inset).
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S4. Scanning electron microscopy
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Figure S47: SNR of the 1D 'H NMR spectra extracted from 2D-WISE spectra of HMA7, HMA1-C2,
HMA1-W, HMA1—-C1, and BaseResin1 at various *3C resonances (see Table S3 for *C NMR signal

assignment).

S4. Scanning electron microscopy

Scanning electron microscopy (SEM) images of Antistaticl, and BaseResinl were used to visualize the
morphology of the additives before the formulation of the HMA (Figure S48) and SEM with energy
dispersive spectroscopy (EDS) of HMA1 and HMA7 was used to do an elemental analysis (Figure S49
and Figure S50). Electron micrographs were recorded on JEOL JSM-6510LV using both secondary and
backscatter detectors for imaging and EDS detector for elemental analysis. The surface of BaseResin1
had dust particles due to the tacky nature of the surfaces, while the Antistaticl surface was clear with

no distinguishing features.
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Figure S48: (a and c)SEM image and (b and d) elemental analysis using EDS of (a and b) Antistatic1,

and (c and d) BaseResin1.
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Figure 549: (a) SEM image of HMA1 and elemental analysis using EDS of (b) the HMA matrix and (c)

Antistaticl aggregates.
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Figure S50: (a) SEM image and (b) elemental analysis using EDS of HMA?7.

S5. X-ray diffraction

Table S11: Signal position, corresponding d-spacing, and signal intensity on X-ray diffractograms of

Antistaticl, BaseResin1 and HMA1 (Figure 3).

Sample 29 (°) d-spacing (nm) Intensity
9.7 0.91 Very weak
21.89 0.41 Very strong
Antistaticl
29.44 0.30 Very weak
40.83 0.22 Weak
7.004 1.26 Very weak
9.648 0.92 Very weak
20.2 0.44 Very strong
BaseResinl 20.84 0.43 Very weak
21.69 0.41 Very weak
29.66 0.30 Very weak
40.79 0.22 Weak
9.688 0.91 Very weak
20.34 0.44 Very strong
HMA1 21.63 0.41 Very weak
23.93 0.37 Very weak
40.85 0.22 Weak
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S6. Thermogravimetric analysis

S$6. Thermogravimetric analysis

Thermogravimetric analysis measurements were conducted on a Netzsch STA449C Jupiter, with 2-6
mg samples in an aluminum crucible, with a 10 °C min™ ramp from 30 to 590 °C, in air mixture (80 %
nitrogen, 20 % oxygen) (Figure S49).

TG /%

100 A
80
60
40

20 4

100 200 300 400 500
Temperature /°C

Figure S51: TGA traces of BaseResin1 (green), Antistaticl (red), HMAZ2 (blue), and HMA?7 (black).

The onset of degradation temperature was determined as the temperature at which 1 % mass loss
occurs above 100 °C (T4%%). The extrapolated onset of degradation temperature (T4) according to the
standard ASTM E2550% was determined as the point of intersection of the starting-mass baseline and
the tangent to the TGA curve at the point of maximum gradient. They are listed together with the

mass losses at 100 °C, 200 °C, 250 °C and 300 °C in Table S12.

Table S12: Summary of thermogravimetric analysis of samples.

Mass loss (%)at specific temperatures
Sample T2 (°C) T4 (°C)
100 °C 200°C 300°C | 400°C | 500°C
BaseResinl 312 380 0.3 0.3 0.5 21.7 60.3
Antistaticl 274 403 0.5 0.2 1.8 14.2 70.6
HMA2 299 380 -0.1 0.1 0.9 18.2 58.2
HMA7 305 381 -1.7 0.1 0.7 20.6 61.7
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S7. Differential scanning calorimetry
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Figure $52: DSC trace of the first (black), second (red), and third heating (blue) along with T4 values
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Figure $53: DSC trace of the first (black), second (red), and third heating (blue) along with T4 values

for BaseResin1.
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Figure S54: DSC trace of the first (black), second (red), and third heating (blue) along with T4 value for

HMAI.
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Figure S55: DSC trace of the first (black), second (red), and third heating (blue) along with T, values
for HMA?7.

Table S13: Summary of the T, of Antistaticl, BaseResin1, HMA1, and HMA?7.

Tg (°C)
Sample
2" Heating | 3" Heating | Average
Antistaticl -49.8 -49.7 -50
BaseResinl -39.5 -35 -37
HMA1 -58.2 -51.3 -55
HMA7 -50.2 -48.4 -49
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S$8. Mechanical and adhesive properties

Table S14: Individual values of Young’s modulus, Shore A hardness, and T-peel strength at different

temperatures for HMA?7.
T-peel
Temperature Young's modulus
Q) (MPa) Shore A hardness strength
(MPa)
23 78.2.45.2, 76.1, 77 92, 95, 92.5, 90, 90.5, 89.5, 87, 87.5, 88.5,
89
3 12,6.5,11.6,8 80, 80, 86, 87.5, 82, 84, 83.5, 86, 84, 85
23 8.8,5,88,5.4 80, 83, 79.5, 80, 83, 81.5, 81.5, 80.5, 81, 80 4.18
24 8.6,4.9,8.7,5.3
78.5, 81, 79.5, 80, 79.5, 80.5, 80.5, 81,
37 7.6,4.5,8,4 80.5, 80, 81, 82.5, 82, 82, 80, 82.5, 79.5,
80, 80, 80
40 7.4,44,7.8,3.7
69,5, 68, 72, 71.5, 74.5, 72.5, 76, 76.5, 70,
45 7.2,41,7.4,3.4 76,78.5,78.5,76,74,74,77,73.5,77.5, 0.88
78,76
50 6.7,3.8,7,3.1
. 5.9,3.6, 6.4, 3 65.6, 66, 65, 73, 73, 66, 69, 67.5, 68, 64,
68, 69, 70, 70.5, 75, 74.5, 70, 68.5, 69, 69
60 5.1,3.4,5.8,2.9
66, 68, 68.5, 70.5, 71, 67, 67.5, 70, 72,
65 4.6,3.1,5.2,2.9 69.5, 69.5, 70, 72, 69, 71.5, 70.5, 65, 66.5, 0.37
71,70
70 42,4.8
64.5, 64, 63.5, 66, 65, 67, 64, 66, 65, 66.5,
75 3.9 66.5, 63.5, 64.5, 65, 64.5, 68.5, 68, 67,
67.5, 67
55.5, 56.5, 57.5, 60, 57.5, 56.5, 61, 60,
85 61.5, 62, 60.5, 60.5, 61, 62, 62.5, 61, 59.5,
61, 62, 62
55, 54, 53,53.5,51, 53,57, 59, 51, 53.5,
9 54,53, 53.5, 53, 55, 53, 54.5, 56, 55, 53.5
105 48.5,49.5,51, 51, 53,47, 48,52, 53, 52,
50.5, 53, 49, 51, 54, 52, 53, 50.5, 52, 51
36.5, 36.5, 39.5, 36, 37, 39, 37.5, 40.5,
115 42.5,40,41,42,43,43,41, 44, 43, 41, 39,

39.5
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Table S15: Shore A hardness values for BaseResin1.

Temperature (°C) Shore A hardness Average | Standard deviation
23 79.5,71,78,76,74,76,76,77,76.5,77.5, 76.6 2.3
78, 81, 76, 80, 78, 75, 75, 75.5, 76
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200 - \ HMA?7 sample 5
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o
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W 1004
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Figure 556: Young’s modulus of HMA?7 determined using dynamic-thermal analysis via three-point

flexural test module.
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Figure S57: Shore A hardness of HMA7 at different temperatures (error bars represent the standard

deviation of 5 measurements).
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Figure S58: T-peel strength of HMA7 plotted against temperature with power fit (y=8.83-10°-x*4, R? =

0.999) (error bars represent the range of temperature of the measurements).
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