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Carbon-Conscious Poly(hydroxy)Urethane Foams
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We dedicate this paper to our friend and colleague, Prof. Chris Ober, on the occasion of his retire-
ment from Cornell University. Chris has always been an inspiration to me (RDA) for combining inno-
vation and fundamental understanding in his pursuit of functional polymers for use in challenging
applications (semiconductor lithography). We hope that this paper shows the same combination of

application-inspired materials innovation and fundamental science.

Thermal energy regulation is a significant challenge, contributing to over 30%
of annual greenhouse gas emission (GHG) emissions. Phase change
materials (PCMs) offer a promising solution by storing thermal energy, which
can enable the reuse of waste heat for heating and cooling; however,
developing materials for shape-stabilized PCMs remains crucial. This work
investigates a self-foaming poly(hydroxy)urethane (PHU), derived from a
non-isocyanate polyurethane (NIPU), as a porous support for
shape-stabilizing paraffinic and salt hydrate PCMs. PHU-encapsulated
paraffinic PCMs exhibited excellent thermal stability over repeated cycles.
Thermal stability with salt hydrate PCMs, specifically calcium chloride
hexahydrate (CaCl,#6H,0), is achieved by the incorporation of 5 wt.% barium
carbonate (BaCO;) into the PHU foam. This enabled stable cycling for over 48
cycles with desirable thermal properties, i.e., a melting point =30 °C, high
enthalpy (ca. 138 ) g~" per cycle), and a consistent freezing point ~20 °C,
making it suitable for applications in buildings and electric vehicle battery
insulation. Also, incorporating graphite (1.5-10 wt.%) into the foam enhanced
the thermal conductivity of shape-stabilized CaCl,#6H,0 during heating and
cooling cycles. Overall, the approach detailed here offers a carbon-conscious
and chemically tunable material for thermal energy storage.
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1. Introduction

In modern society, thermal regulation,
including heating and cooling, is a signif-
icant contributor to energy consumption
and GHG emissions. For instance, build-
ings account for ~36% of global energy
consumption and 39% of CO, emissions
annually."l Of this total, ~40% is attributed
to thermal regulation (e.g., space heating
and cooling).'! Thermal energy storage
(TES) technologies play a crucial role in
addressing the high energy demand in
thermal regulation and improving energy
efficiency, particularly for applications in
buildings, batteries in electric vehicles
(EVs), electronics, and textiles.>! In prin-
ciple, TES systems can use sensible heat,
latent heat, and/or thermochemical energy
to regulate temperature.’] Latent heat
storage is the simplest implementation of
TES technologies, as latent thermal energy
is stored and released through phase tran-
sitions including solid-solid, solid-liquid,
solid-gas, and liquid-gas transitions.®]
Solid-liquid phase change materials
(PCMs) are particularly interesting due
to their higher heat of phase transition

compared to solid-solid PCMs, with smaller volume changes
(~10%) compared to solid-gas or liquid-gas transitions.
Due to this, PCMs have found applications in thermal regu-
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lation in buildings, EV batteries, and in clothing alongside solar
heating and air conditioning.!>1”) Organic and inorganic PCMs
have advantages and disadvantages, making each more suitable
for specific applications. Organic PCMs, such as paraffins, show
great cycling stability and chemical inertness but offer low ther-
mal conductivity (ca. 0.1-0.3 W mK™!), moderate flammabil-
ity, and are expensive in the case of pure paraffin waxes.l1%11]
Inorganic PCMs such as salt hydrates are cheap, offer higher
energy density (ca. 150-250 ] g7'), and good thermal conduc-
tivity (ca. 0.5-1.1 W mK~1), but are often corrosive and suffer
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from poor cycling stability and phase separation during temper-
ature swings.®l In particular, some salt hydrates often suffer
from incongruent melting!®®! and other salt hydrates, such as
CaCl,e6H,0, suffer from moisture sensitivity and inconsistent
nucleation, causing supercooling.'12] These unstable melting
and freezing behaviors hinder cyclability and thus, practical ap-
plication.

To overcome the limitations of pure PCMs, various shape
stabilization techniques have been developed, such as the
use of seeding, nucleating agents, thickening agents, and
encapsulants.['>%] Seeding is performed to provide stable solid
crystals from the same material by applying high pressure locally
to increase the melting point of only a few particles, whereas
nucleating agents are used to add stable solid crystals from
compositionally different materials. For encapsulants, nano- and
micro-encapsulated PCMs have been widely investigated. In
these methods, the PCM core is completely encapsulated within
a polymeric or inorganic shell (with a diameter up to 1 um for
nano-encapsulation and less than 1 mm or 1 cm for micro-
encapsulation).l'*17] Although these encapsulation processes of-
ten succeed in mitigating PCM drawbacks, they can be limited
by technically difficult preparations, high manufacturing costs,
and potentially low rates of heat transfer.!'®!°] In contrast, macro-
encapsulation,[?’] defined as a process where the PCM capsule
size exceeds 1 mm (or 1 cm), offers an attractive approach for
PCM stabilization due to its higher heat transfer rates, high load-
ing capacities facilitated by large pore volumes, and potential
for incorporating nucleating agents.[>2122] Encapsulant materi-
als come in a wide variety, including metals (aluminum, stain-
less steel, copper), ceramics (silica, calcium carbonate, zinc oxide,
alumina), concrete, expanded graphite, and polymers (polyethy-
lene, acrylic-based resins, polyvinyl chloride, polyvinyl alcohol,
polyurethanes).l81520.23] Importantly, we need to consider the car-
bon footprint of the encapsulant within the PCM composite sys-
tem. This includes a carbon-conscious design of both the PCMs
and encapsulant materials to maximize the benefits of PCMs
for thermal regulation in reducing GHG emissions and saving
energy.l2+27]

Porous materials, often used as encapsulants for PCMs, can
offer a large contact area and enhance cycling stability, durabil-
ity, and thermal conductivity.'328] In particular, polymeric foams
provide high tunability by controlling pore structure and incor-
porating additives such as nucleating or thickening agents for
the shape-stabilization of PCMs.!*3] One example of sustainable
porous materials, PHU foams, also referred to as NIPU foams,
was recently reported to be self-foaming via chemo- and regios-
elective addition of thiols and amines to cyclic carbonates, offer-
ing a more sustainable alternative to traditional isocyanate-based
polyurethanes.[?3% These PHU foams can be synthesized by
the polyaddition of dithiols and diamines with multi-functional
5-membered cyclic carbonates.[?>3°] Notably, these 5-membered
cyclic carbonates are commonly produced by a CO, sequestra-
tion approach (i.e., the reaction between epoxy groups and CO,
via a carbonation reaction).[3!l The NIPU’s well-documented en-
vironmental benefits stem from avoiding the use of toxic iso-
cyanates, and instead utilizing carbon dioxide and feedstocks de-
rived from biomass.[32-%8] Further, the foam material is capable of
housing nucleating agents and other additives such as nanopar-
ticles, porous minerals, expanded graphite, dispersed salts, and
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other filler particles, often imparting desirable changes to the
physical properties of the foams, as is frequently observed with
nanocomposite materials.l**) Furthermore, the PHU foam has
been shown to be re-processable, potentially creating circular-
izable polymer composites.l**2 Therefore, it is our view that the
PHU foam offers a compelling platform for shape-stabilizing PCMs in
net-carbon reduction and energy efficiency applications. To the best of
our knowledge, the use of PHU foam as PCM encapsulating material
has not yet been demonstrated, despite its attractive benefits, such as a
reduced carbon footprint compared to other encapsulants, lightweight
properties, and tunable rigidity.

Herein, we synthesized self-foaming and bio-derivable ther-
mosetting PHU foams for the shape stabilization of both paraf-
finic and salt hydrate PCMs. We first employed rheology to in-
vestigate the synthetic kinetics of the PHU foams. This analy-
sis revealed that the formulation strongly influences the reac-
tion time (relevant to the gel point) and the rigidity of the foam
(determined by the final storage modulus). Scanning electron
microscopy (SEM) and optical microscopy (OM) confirmed the
macro-porous structures of the synthesized PHU foams, with a
mixture of open and closed cells. In addition to OM images, in
situ OM videos were obtained to demonstrate the well-distributed
PCMs throughout the PHU foams, as well as the shape stabiliza-
tion of PCMs during a melt-freeze cycle. Additionally, differen-
tial scanning calorimetry (DSC) measurements indicated that the
foams are hygroscopic due to the hydroxy groups, as evidenced
by the difference in their glass transition temperatures before
and after drying. Thermogravimetric analysis (TGA) revealed two
distinct thermal degradation temperatures for the foam, corre-
sponding to the separate decomposition temperatures of the ure-
thane and thioether linkages. After the foam formation and ma-
terial characterization tests, we infused the PHUs with either
organic or inorganic PCMs and evaluated the thermal cycling
performance via DSC and temperature change measurements.
Paraffinic PCMs (e.g., hexadecane, heptadecane, and octadecane)
encapsulated within the PHU foams exhibited stable thermal
cyclability without additives. However, the encapsulated salt hy-
drate PCM, primarily CaCl,e6H, 0, displayed no thermal cycling
stability in the absence of additives due to its erratic melting
and freezing behavior. By dispersing the nucleating agent BaCO,
throughout the PHU foams, we achieved stable thermal cycling
for CaCl,e6H, O for at least 48 cycles. Finally, we explored the in-
corporation of graphite within the encapsulating PHU foams to
enhance thermal conductivity. This approach was evaluated us-
ing a thermal conductivity meter and the temperature change
measurement. Adding graphite to the foams provides an extra
level of control for the widespread implementation of this tech-
nology. Overall, this work demonstrates the versatility of the PHU
foam platform for encapsulating various PCMs. Beyond shape
stabilization, PHU foams offer tunable chemical and mechani-
cal properties through a customizable formulation and variable
process approach.

2. Results
2.1. Foam Formulations

To design PHU foams for shape-stabilizing PCM encapsula-
tion, we investigated foam fabrication using self-blowing and
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Figure 1. Scheme of PHU foam formation. The synthetic scheme for the formation of the PHU foams used in this work includes the formation of TMPTC
precursor by carbonation reaction between TMPTGE and CO,, and the formation of PHU foam by polyaddition reaction of EDT and TMD to TMPTC.
Abbreviations: PHU, Poly(hydroxy)urethane; TMPTGE, trimethylolpropane triglicydyl ether; TBAB, Tetrabutylammonium bromide; TMPTC, Trimethylpropane
tricarbonate; EDT, 2,2- (ethylenedioxy)diethanethiol; TMD, Tetramethylene diamine; DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene.

carbon-conscious PHU foams. The self-blowing process is en-
abled by the release of CO, via a decarboxylation reaction,
preferably when both viscosity and the crosslinking degree
of the precured foam mixture are sufficient.??) Thus, a pre-
cure step at room temperature ensures these conditions by al-
lowing partial curing and achieving the desired viscosity level
(vide infra). The carbon-conscious nature of the PHU foam
stems from several points. First, the PHU foam sequesters
more CO, throughout its synthesis than it releases in the self-
blowing. Also, the PHU foam can exploit bio-based amines!*!
such as putrescine, and cadaverine while avoiding the use of
phosgene to produce isocyanates, which has significant im-
pacts on GHG emissions, among other environmental health
and safety considerations.[**] Specifically, our PHU foams were
synthesized via the terpolymerization of difunctional amines
(Tetramethylene diamine, TMD) and difunctional thiols (2,2-
(ethylenedioxy)diethanethiol, EDT) with a trifunctional cyclic car-
bonate (Trimethylpropane tricarbonate, TMPTC) in the pres-
ence of a base catalyst (1,8-diazabicyclo[5.4.0Jundec-7-ene, DBU)
(Figure 1). This step-growth polymerization involves two dis-
tinct reactions: aminolysis and S-alkylation for decarboxylation.
Aminolysis occurs through carbonyl attack, while decarboxy-
lation proceeds via thiol-methylene attack. For the monomer
selection, TMD, also known as putrescine, was chosen as a
bio-derivable diamine that can be produced from a renewable
feedstock.1***! The use of thiols for an in situ blowing agent
can create an unpleasant odor, thus EDT was selected for its low
volatility. Our crosslinking monomer, TMPTC, was selected and
synthesized due to its ability to sequester a significant amount of
CO, per gram of starting material (ca. 440 g CO, per kilogram
of trimethylolpropane triglicydyl ether (TMPTGE)) and the high
availability of TMPTGE, the trifunctional starting material (see
details on synthesis of TMPTC in the experimental section and
'"H-NMR data of TMPTC in Figure S1, Supporting Information).
Tetrabutylammonium bromide (TBAB) served both as a carbon-
ation catalyst for the formation of cyclic carbonate from epoxide
and as an “foam-aiding reagent” to achieve desirable foam mor-
phologies (vide infra).

Adv. Funct. Mater. 2025, 35, 2421039 2421039 (3 0f13)

Foam formulations were prepared by mixing near-
stoichiometric amounts of complementary reactive groups
containing TMPTC, EDT, and TMD. The target molar ratio
of TMPTC:TMD:EDT was 1:1.025:0.45, resulting in a slight
excess (0.05 equivalents) of carbonate functionality relative to
the combined amine and thiol functionalities. This excess arises
from the ratio of trifunctional carbonate to the sum of difunc-
tional diamine and thiol, which is 3x1:2x(1.025+0.45) or 3:2.95
(~1:0.983). To this mixture, 0.5 mol% of tetrabutylammonium
bromide (TBAB), 10 mol% of DBU, and 0.5 wt.% of silicone
surfactant (VORASURF™ DC 5986 from Dow Chemical) were
added. Here, TBAB was the residue from the TMPTC synthesis,
and the silicone surfactant was used for stabilizing pores during
the foaming reaction. An initial screen of thiol versus amine
concentrations showed an effective foaming window between
0.4 and 0.45 molar equivalents of EDT, relative to the TMPTC
(Figures S2 and S3, Supporting Information). As expected, too
little thiol resulted in insufficient decarboxylation and blowing
of the thermoset, and too much thiol gave polymers with large,
heterogeneously distributed pockets of air (Figure S2, Support-
ing Information). Although aminolysis and decarboxylation are
chemo- and regio-selective reactions, the reaction rate of aminol-
ysis is always higher than the rate of decarboxylation.[?3% The
aminolysis takes place even in catalyst-free or room-temperature
environments, whereas the decarboxylation does not occur
without a catalyst and is very slow to react in room-temperature
environments.[?’]

To create a successful foam with uniformly distributed pores,
controlling foaming kinetics through the proper viscosity of the
reaction mixture was crucial. This was achieved by both for-
mulation and processing. In addition to the tight window of
thiol concentration described above, a 40-min precure (i.e., room-
temperature aminolysis) following amine addition was imple-
mented. This step induced an easily observable exotherm, par-
tially curing the mixture and ensuring adequate viscosity (see the
experimental section for details). This partial curing increased
viscosity prior to the final curing at 90 °C, ensuring proper viscos-
ity for uniform bubble growth. As the relative percentage of thiol

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

95U8017 SUOUILIOD A1) 3[cfedt dde 8U) Aq pauRA0B 8.2 S9o1Le YO ‘9Sh J0 S9INJ 10} ATeIq1T BUIIUQ AB]IA UO (SUOTHIPUOD-PUE-SWLBI LD B | 1M Aleq 1 Bul|Uo//:Sdy) SUONIPUOD pue swie | 8y} 88S *[5202/90/92] o AiqiT auluo As|im ‘qe ABieuz ajqemeuay [euotieN Aq 650TZrZ02 WiPe/Z00T OT/I0p/uod A8 | im Ale.d Ul uo peoueApe/:sdiy Wwo.) popeojumod vz ‘5202 '8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

A —— G'—— G"—— Gap—— Temperature
10 1.10 300
TMPTC + TMD t
k250
9
F200 ;
5
150 &
2
100 £
&
F50
10° v y v v - . 0
0 20 40 60 80 100 120
Time (min)
C. 10" 4.0 300
TMPTC + TMD + EDT
10°4 35 F250
[9)
S 10 30@ 200 %
< 2
S 102 25 & his0 8
o l5i & g
©® 103 [7 O Hoo g
| 1 g
107+ I [ 50
11 0
0% 0
0 20 40 60 80 100 120
Time (min)

www.afm-journal.de

B.
10" 1.505 (300
TMPTC + EDT
1.504 250
2 -
’5‘10 1.503 __ 200 8
o i o
S 403 1802 € |50 2
[} & ®
4 1.501
® 010 oo &
1044 11.500 2
k50
1.499
10° - - - to
0 20 40 60 80 100 120
Time (min)
D. 10 12 300
TMPTC + TMD + EDT + BaCO,
10°4 10 250
- [ o
5107 8 = £200 &
= [ 5
=102 6 & o §
o b g
© 1034 f * O Loo g
o =
104 [ 50
10 [0 0
0 20 40 60 80 100 120
Time (min)

Figure 2. Rheological characterization for monitoring curing behavior of PHU foams. The storage and loss modulus (G’ and G”) evolution of pre-
cured mixture with different formulations (A-D) during isothermal curing at 90 °C for the formation of PHU foams. The gap is defined as the height
between two parallel plates on the rheometer and measured to observe the foam growth. A) TMPTC and TMD, B) TMPTC and EDT, C) TMPTC,
TMD, and EDT, D) TMPTC, TMD, EDT, and 5 wt.% BaCOs (additive). TMPTC, Trimethylpropane tricarbonate; TMD, Tetramethylene diamine; EDT, 2,2-

(ethylenedioxy)diethanethiol.

increases and thus the relative percentage of amine decreases,
the rate at which the viscosity increases from the precure step
is slowed, allowing for cell drainage and coalescence of the air
bubbles during the final high-temperature cure. As such, higher
thiol concentrations resulted in less dense foams with crumpled
foam morphologies (Figure S2, Supporting Information). While
screening the foam formulations, the precure, and curing condi-
tions, we observed that residual TBAB content from the synthe-
sis of TMPTC (i.e., the synthesis of cyclic carbonates from CO,
and epoxides)!*?] provided varying foam morphologies even when
controlling for stoichiometry, cure time, and cure temperature.
Interestingly, the presence of TBAB led to good foam morphol-
ogy, whereas its absence resulted in a less desirable morphology
(Figure S4, Supporting Information). We speculate that TBAB
might act as a surfactant or phase transfer catalyst, influencing
foam structure. Due to this observed improvement, the formula-
tions retained 0.5 mol% of TBAB remaining from the carbona-
tion reaction as the “foam-aiding reagent”.

2.2. Foam Kinetics

To investigate the curing behavior of the PHU foam formula-
tions, we designed a curing experiment at 90 °C in a rtheome-
ter. This experiment monitored rheological properties (storage
modulus, G’, and loss modulus, G”) during curing and foaming
progress by measuring the gap change between parallel plates.
Precured mixtures were placed between the rheometer plates (see
the setup in Figure S5, Supporting Information). To isolate and
study the kinetics of the two reactions (aminolysis and decar-
boxylation) that contribute to PHU foam formation, different for-
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mulations were prepared with the addition of 0.5 mol% TBAB,
10 mol% DBU, and 0.5 wt.% silicone surfactant as shown in
Figure 2. Additionally, we tested the foaming reaction with a nu-
cleating agent, BaCO; (5 wt.%), which is expected to aid in the
thermal cycling of the salt hydrate PCM used in this study. The
detailed reasoning for introducing BaCO; will be addressed in
the section of shape stabilization of PCMs later.

The aminolysis reaction (Figure 2A), the reaction between
TMPTC and TMD without EDT exhibited gelation at 10 min indi-
cated by the crossover point of G’ and G”. This was accompanied
by a slight decrease in volume over time, observed as a reduc-
tion in the gap between the plates. This behavior is attributed to
the formation of a cured, non-porous PHU resin due to the ab-
sence of a CO, release mechanism and thus no foam formation.
Surprisingly, the decarboxylation reaction (Figure 2B), the reac-
tion between TMPTC and EDT without TMD, showed no foam-
ing nor gelation even after 120 min at the curing temperature.
Furthermore, curing in an oven at the same temperature for 16
h also resulted in no solidification. These observations suggest
that TMD plays a critical co-catalytic role in the decarboxylation
reaction, in contrast to the previously reported paper!?°! about the
decarboxylation reaction catalyzed by DBU. While the presence
0f 10% DBU appears ineffective in catalyzing the thiol-carbonate
addition/elimination reaction, its role in accelerating the aminol-
ysis reaction (as previously described)[?’! remains important for
achieving a successful self-blowing foam.

The foaming reaction (Figure 2C), the reaction of TMPTC,
TMD, and EDT using the standard foam formulation, showed a
delayed gel point at ca. 22 min compared to the formation of the
cured, non-porous PHU resin (Figure 2A), presumably due to
the significant offset in stoichiometry to allow for increased thiol
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Figure 3. Morphologies and thermal properties of both bare PHU and BaCO; PHU foams. A) Morphology of bare PHU foam, B) Morphology of BaCO3
PHU foam, both images A and B, obtained via SEM, depict open-cell structures that facilitate PCM infiltration, C) The glass transition temperatures (T,)
of bare PHU and BaCO; PHU foam, measured by DSC, showing comparable values. D) The thermal degradation temperatures (T4) of bare PHU and
BaCO; PHU foam, measured by TGA, show comparable thermal degradation behaviors. T, 5o, thermal degradation temperature at 5 wt.% loss; T 4, the
thermal degradation temperature at the first major loss; T, ,, the thermal degradation temperature at the second major loss; Bare PHU, PHU without additives;
BaCO3 PHU foam, PHU with 5 wt.% BaCO3; SEM, Scanning electron microscopy; DSC, Differential scanning calorimetry; TGA, Thermogravimetric analysis.

concentration thus lowering the more reactive amine content. In-
terestingly, the gap change occurred at a similar time, ca. 23 min,
and this indicates the foam blowing (CO, elimination) begins,
just after the gel formation. As G’ almost reached a plateau re-
gion ~120 min, the curing time to obtain a full conversion to a
PHU foam could be reduced to 2 h from 16 h. The foaming reac-
tion with a nucleating agent, BaCO, (Figure 2D), the reaction of
TMPTC, TMD, EDT, and 5 wt.% of BaCO;, showed a gel point at
ca. 15 min and the onset of the foam blowing at ca. 10 min, which
was faster than the foaming reaction without BaCO, (Figure 2C).
The foam with BaCO; tends to grow faster and larger than the
foam without BaCO;, as observed in the trend of gap increase.
This enhanced foam expansion in the presence of BaCO; was
also confirmed in foam fabrication without rheometer measure-
ments (Figure S3, Supporting Information), supporting the role
of BaCO; as a nucleating agent for air bubble growth within the
foam.

Furthermore, we explored the curing behaviors of PHU foams
by varying other parameters such as the curing temperature and
the ratio of TMD to EDT (Figures S6 and S7, Supporting In-
formation). As expected, the higher curing temperature led to
a faster gel point and foam blowing onset time compared to
the lower curing temperature (Figure S6, Supporting Informa-
tion). Upon varying the ratio of TMD and EDT, the gel point
was reached faster by increasing the TMD content, confirming
a faster reaction rate of aminolysis compared to decarboxylation
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as mentioned earlier (Figure S7, Supporting Information). The
final modulus, G, of the foam was higher in the sample with
a larger TMD content, suggesting that the urethane linkage is
stiffer than the thioether linkage. This is further supported by
the higher glass transition temperature measured for PHU foam
with a larger TMD content (Figure S8, Supporting Information).

2.3. Foam Characterization: Morphologies and Thermal
Properties

The open-cell structure of PHU foams is critical for effective
PCM infiltration, as the PCMs need to fill the pores within the
foam. The SEM images in Figure 3A,B confirmed that our PHU
foams contain macropores (both open- and closed-cells) with a
relatively uniform pore-size distribution. The average open-cell
diameter is 327.04 + 158.19 pm for bare PHU (PHU without
additives) and 298.37 + 131.64 pm for BaCO; PHU (PHU with
5 wt.% BaCO;) (see calculation of the average pore diameter in
Figure S9, Supporting Information). The cell size is different in
BaCO, PHU relative to bare PHU, as shown in both SEM images
(Figure 3A,B) and OM images (Figure S10, Supporting Informa-
tion), which may affect the shape stabilization of PCMs. Further
studies on the effect of cell size and structure will be required.
To evaluate the thermal properties of the foams, the glass tran-
sition temperature (T,) and the thermal degradation temperature
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(T,4) were measured by DSC and TGA, respectively. As shown
in Figure 3C, the T, was 15.1 °C for bare PHU and 14.1 °C for
BaCO,; PHU, measured after vacuum drying at 60 °C overnight
to prevent a hydro-plasticization effect due to the hygroscopic na-
ture of PHU foam. The water absorption under ambient condi-
tions plasticizes the PHU polymer, causing a significant decrease
inT, t0 0.9 °C for bare PHU and —2.3 °C for BaCO; PHU (Figure
S11, Supporting Information).3*#’] Furthermore, we confirmed
that both bare PHU and BaCO; PHU can take water up to ca.
40% under a humid environment (Figure S12A,B, Supporting
Information). The bare PHU with 40% water uptake exhibited
a negative effect (i.e., reduced melting/cooling enthalpies dur-
ing the thermal cycling of octadecane), whereas the BaCO, PHU
with 40% water uptake showed no significant changes during
the thermal cycling of CaCl,-6H,0 compared to the dry BaCO,
PHU (Figure S12C-F and Table S1, Supporting Information).
As shown in Figure 3D, the initial decomposition temperatures
(T4s0,) were 225.6 °C for bare PHU, and 219.4 °C for BaCO,
PHU. As previously reported for PHUS,[*34 the two-step ther-
mal degradation took place for our PHU foams via two major
mass losses at Ty, = 294.4 °C for bare PHU, 296.1 °C for BaCO,
PHU corresponding to the degradation of the urethane linkages
and Ty, = 383.4 °C for bare PHU, 392.3 °C for BaCO; PHU cor-
responding to the decomposition of soft segments including the
thioether linkages.

2.4. Shape Stabilization of PCMs in Foams

With the PHU foams prepared and characterized, we aimed to in-
vestigate their use in the shape stabilization of PCMs. Shape sta-
bilization refers to the process of maintaining the physical struc-
ture of PCMs during phase transitions (e.g., melting and freez-
ing). Before understanding the effects of the foams on the shape
stabilization of PCMs, we first attempted to study the thermal
cycling behaviors of pure PCMs compounds (as received) with-
out the presence of polymeric foams. The organic PCMs stud-
ied here, pure paraffin waxes (hexadecane, heptadecane, and oc-
tadecane), exhibited stable thermal cycling with comparable en-
thalpies and narrow melting and freezing peaks (Figure S13A,B,
Supporting Information). Conversely, the inorganic PCM, pure
CaCl,e6H,0, demonstrated unstable thermal cycles. Depend-
ing on its thermal hysteresis, DSC scans showed either no
melting or freezing or a single melting peak without subse-
quent remelting (Figure S13C,D, Supporting Information). As
expected, CaCl,e6H,O particularly requires shape stabilization
to demonstrate stable thermal cycles.

We then investigated the performance of PHU-encapsulated
PCMs by loading either paraffinic or salt hydrate PCMs into the
PHU foams by a simple infiltration method described in the ex-
perimental section. The PHU foam was submerged in PCM at a
temperature above the melting point of the PCM and then with-
drawn to recrystallize the PCM at a temperature below its melting
point. While the vacuum infiltration method is commonly used
for effective loading of the PCM into the porous materials,>%>!]
we found that the simple submersion method without using vac-
uum works in our PHU foams as evidenced by thermal cycle
stability of CaCl,e6H,O (Figure S14, Supporting Information),
probably due to open cell nature of the macropores, with rela-
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tively large pore size (ca. 300-330 pum) of the foams (Figure 3A,B)
and presumably the chemical affinity between the relatively hy-
drophilic foam and the PCM in case of CaCl,e6H,0. To illus-
trate the well-distributed PCMs in both solid and liquid states,
we recorded OM videos of PCM melting within various PHU
foams from 15 °C to 40 °C (Videos S1-S5, Supporting Informa-
tion), where the solid PCM appears translucent or hazy, while the
liquid PCM appears transparent.

The paraffinic PCMs (hexadecane, heptadecane, and octade-
cane) were successfully loaded into the bare PHU foams. The
weight percentage of paraffinic PCMs in the bare foams was 62.9
+ 2.5% for hexadecane, 64.0 + 2.1% for heptadecane, and 67.9 +
0.4% for octadecane. These PHU-encapsulated paraffinic PCMs
exhibited stable thermal cycling behavior during 2 DSC heating
and cooling cycles (Figure 4A). Compared to pure PCMs, the
encapsulated PCMs showed somewhat broadened melting and
freezing peaks at similar temperatures. We expect to enable a di-
verse set of potential applications from the wide range of melt-
ing/freezing points for these three encapsulated paraffin waxes.
Each paraffinic PCM’s enthalpies of melting and freezing are pre-
sented in Figure 4B. Despite the reduced enthalpies compared
to pure PCMs, both melting and freezing enthalpies were com-
parable to each other, indicating minimal thermal hysteresis or
degradation. The calculated energy density (total thermal energy
stored) for the paraffinic PCMs in PHU foams was 127.8 + 0.1
M] m~3 for hexadecane, 106.7 + 0.9 M] m~ for heptadecane, and
112.1 + 0.3 MJ] m~3 for octadecane based on the measured melt-
ing and freezing enthalpies.

Next, one of the salt hydrate PCMs, CaCl,e6H,0, was selected
for evaluation of shape-stabilization in this study. This salt hy-
drate by itself suffers from limitations common to many salt hy-
drate PCMs, namely incongruent melting, and supercooling, de-
spite its appealing properties such as high energy density (190
J g7!) and ideal melting (ca. 30 °C) and freezing (ca. 20 °C) tem-
perature for applications in buildings and EV batteries.[*55253]
For the PHU-encapsulated CaCl,e6H,0, neither melting and
freezing were observed by DSC (Figure 4C), indicating cyclic
instability of CaCl,e6H,0 in the bare PHU. The instability of
CaCl,e6H,O0 typically comes from significant supercooling upon
freezing, which can be prevented by introducing additives act-
ing as nucleating agents.'l Among different nucleating ad-
ditives, barium salts (e.g., hydroxides, oxides, and carbonates)
are known to be effective CaCl,e#6H,0O nucleators to suppress
supercooling,??) and BaCO, was chosen in this study due to facile
incorporation to the PHU foam formulation prior to curing pro-
cess as shown above. In fact, the origin of nucleation was reported
in a recent study,**! which found that a chemical reaction be-
tween BaCO, and CaCl,e6H,0 occurs, generating a solid precip-
itate that dramatically reduces the supercooling of CaCl,e6H,O.
We speculate that the apparent difference in the shape of melt-
ing and crystallization peaks stems from this reactivity during
recrystallization. With dispersed BaCO; (5 wt.%) in our PHU
foam, CaCl,e6H,0O showed two distinct enthalpies for melting
and freezing in DSC (Figure 4D). The calculated energy density
of CaCl,e6H,0 in BaCO; PHU foam was 231.5 + 4.5 M] m™3
based on the measured melting and freezing enthalpies. The
weight percentage of CaCl,e6H,0 in BaCO, PHU foam was 86.0
+ 0.6%, which is higher than that of the paraffinic PCMs in bare
PHU foams. This is due to the higher density of CaCl,e6H,0 (1.7
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Figure 4. Thermal cycling of PHU-encapsulated PCMs measured by DSC. A) thermal cycling of PHU-encapsulated paraffins including hexadecane,
heptadecane, and octadecane during 2 cycles, B) the melting and cooling enthalpies of PHU-encapsulated paraffins extracted from graph A, C) thermal
cycling of PHU-encapsulated CaCl,e6H,0 during 2 cycles, D) thermal cycling of BaCO; PHU-encapsulated CaCl,e#6H,0O during 5 cycles, E) the melting
and cooling enthalpies of BaCO; PHU-encapsulated CaCl,e6H,0O during 48 cycles, F) the peak temperatures of BaCO; PHU-encapsulated CaCl,e6H,0

for melting and cooling during 48 cycles.

gml™" at 25 °C) compared to the paraffinic PCMs used (0.77-0.78
g ml~! at 25 °C).

Moreover, this BaCO,; PHU-encapsulated CaCl,e6H,O
achieved stable thermal cycling over 48 cycles (the limit of our
experiment), though the first melting showed slightly different
behaviors compared to the rest of the cycling. Specifically, the
enthalpies of melting and freezing remained almost the same
(the melting enthalpy = 138.0 + 0.3 ] g7!, the cooling enthalpy
=132.7 + 0.2 ] g7!) during the 48 cycles (Figure 4E). The peak
temperatures from melting and freezing also stayed relatively
constant (30.7 = 0.1 °C for melting, and 20.1 + 0.4 °C for
freezing) (Figure 4F). To visualize the shape stabilization of
PCMs, we captured in situ videos of BaCO,; PHU-encapsulated
CaCl,e6H,0 during melting and freezing using an OM and
a digital camera, respectively (Videos S6 and S7, Supporting
Information). Additionally, we obtained OM snapshots of BaCO,
PHU before and after the infiltration of CaCl,e6H,0, as well
as during a melt-freeze cycle of CaCl,e6H,0 (Figure S15,
Supporting Information).

To further evaluate the performance of PHU-encapsulated
PCMs, we conducted a temperature change experiment using
two reservoirs including a heating bath (hot plate with heating
block) and a cooling bath (dry ice/ethylene glycol mixture). Each
sample (pure PCMs and PHU-encapsulated PCMs) was placed
in a 20 mL glass vial (as detailed in the experimental section) and
subjected to 3 consecutive heating and cooling cycles. Each cycle
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involved 20-min heating at 60 °C and 20-min cooling at ~-10 °C.
A thermocouple placed at the sample center monitored temper-
ature changes during these cycles (Figure S16, Supporting Infor-
mation). The resulting heating and cooling rates demonstrated
effective thermal energy storage and release capabilities of the
PCMs at their respective melting (T,,) and crystallization temper-
atures (T.), when the PCMs were shape stabilized in PHU foams
(Figure 5). The thermal energy storage and release of the PCMs
were confirmed by the observed heating and cooling delays com-
pared to the PCM-free foam.

The temperature change of pure PCMs without the en-
capsulating PHU foams was first measured to confirm the
melting and freezing behaviors of pure octadecane and pure
CaCl,e6H,0 (Figure 5A). Interestingly, the cooling cycles of pure
CaCl,e6H,0 showed further lowering of temperature before
the onset of the freezing process, which is the supercooling
phenomenon described previously.2) The PHU-encapsulated
octadecane exhibited both heating and cooling delays relative to
the bare-PHU upon melting and freezing of octadecane for the 3
cycles, indicating stable thermal cyclability of PHU-encapsulated
octadecane (Figure 5B). As expected from the absence of both
melting and freezing in Figure 4C, the PHU-encapsulated
CaCl,e6H,0 (Figure 5C) did not exhibit significant heating and
cooling delays since CaCl,#6H,0 is not shape-stabilized. The
BaCO,; PHU-encapsulated CaCl,e6H,O (Figure 5D) exhibited
effective heating and cooling delays, consistent with its cyclic
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Figure 5. Temperature change of pure PCMs and PHU-encapsulated PCMs upon 3 cycles of heating and cooling. Performance of A) pure PCMs, B)
bare PHU and PHU-encapsulated octadecane, C) bare PHU and PHU-encapsulated CaCl,e6H,0, D) BaCO; PHU and BaCO; PHU-encapsulated
CaCl,e6H,0. Note that the heating of each sample was performed at 60 °C for 20 min on the hot plate and followed by the cooling at ~—10 °C for
20 min in the cooling bath comprising dry ice and ethylene glycol. Bare PHU or PHU, PHU foam without additives; BaCO3; PHU, PHU foam with 5 wt.%
BaCO;.

stability observed in Figure 4D. Furthermore, supercooling of = during foam fabrication. The thermal conductivity of the 3
CaCl,e6H,0 (Figure 5A) was suppressed in the BaCO; PHU-  different PHU foam formulations (without additives, with 5
encapsulated CaCl,e6H,0, as also evident from the DSC data ~ wt.% BaCO;, and with 1.5 wt.% graphite and no BaCO,) was
presented earlier (Figure 4D). measured using a thermal conductivity meter in the temperature

range of 0-100 °C (Figure 6A). Results showed that incorpo-

rating 1.5 wt.% graphite (without BaCO,) did not significantly
2.5. Thermal Conductivity Enhancement by Incorporating improve the thermal conductivity compared to bare PHU, except
Graphite into Foams at 100 °C. However, the incorporation of 1.5 wt.% graphite

increased the thermal conductivity by an average of 10% across
To enhance the thermal conductivity of PHU foams, graphite, a  the temperature range relative to BaCO; PHU. It is impor-
highly thermally conductive material, was readily incorporated ~ tant to note that adding BaCO, to PHU reduces the thermal
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Figure 6. Graphite loading effect on PHU foam. A) thermal conductivity of PHU foams measured by DTC, B) temperature changes of BaCO; PHU
encapsulated CaCl,e6H,0 with or without 10 wt.% graphite upon a cycle of heating and cooling. Note that the heating of each sample was performed
at 60 °C for 60 min on the hot plate and followed by the cooling at #—10 °C for 40 min in the cooling bath comprising dry ice and ethylene glycol. Bare
PHU, PHU foam without additives; 5 wt.% BaCO3 PHU, PHU foam with 5 wt.% BaCOj3.; 1.5 wt.% graphite PHU, PHU foam with 1.5 wt.% graphite and no
BaCO;.
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conductivity; however, even a small amount of graphite can
compensate for this reduction. Increasing the graphite loading
is expected to further enhance thermal conductivity, but measur-
ing samples with higher graphite content is beyond the current
scope of this study. Other characterizations of graphite PHU
foams with different loadings (1, 5, and 10 wt.%), including mor-
phologies, T,, density and the thermal cycle of graphite PHU-
encapsulated PCM, were performed and are presented in Figures
S17-S19 and Table S2-S3 (Supporting Information). Higher
graphite loading resulted in smaller cell sizes, as shown in Figure
S17 (Supporting Information). Although T, and thermal cycle be-
haviors were slightly altered, the shape stabilization of PCM was
maintained.

Alternatively, we investigated the impact of higher graphite
loading (10 wt.%) on the thermal performance of BaCO; PHU-
encapsulated CaCl,e6H,0 using the previously described tem-
perature change measurement (Figure 6B). The sample with 10
wt.% graphite exhibited an increased heating and cooling rate
during a heating and cooling cycle compared to the sample with-
out graphite. In the absence of BaCO;, adding graphite to PHU
still increased thermal conductivity, but did not suppress the
supercooling of CaCl,e6H,O (Figure S20, Supporting Informa-
tion), suggesting that BaCO; plays an additional synergistic role
in mitigating supercooling alongside the enhanced thermal con-
ductivity provided by graphite.

3. Discussion

This work explores the implementation of a versatile PHU foam
design as a porous support for shape-stabilizing various PCMs
for TES applications. Previous research on polyurethane en-
capsulants has primarily focused on organic PCMs like paraf-
fins, fatty acids, and alcohols.[*>*>7] Conversely, other polymers
such as poly(methyl methacrylate),*®! polyvinyl alcohol,[3358>]
polyvinyl chloride,?*l and polysaccharides,[®] as well as other
materials['3°2°861] like porous carbon, mineral, or metal-based
materials, have been mainly employed to encapsulate and shape-
stabilize inorganic PCMs, including salt hydrates, with a few
exceptions using polyurethane foams.[°2] Interestingly, a re-
cent study on life-cycle GHG emissions for typical building in-
sulation materials revealed that fiberglass produces more than 5
times higher GHG emissions than sprayed polyurethane foam
due to higher energy consumption for heating and cooling.(®*]
Both materials are commonly used for building insulation, par-
ticularly in residential in-wall applications in the U.S.[% While
polyurethanes are established encapsulants for PCM shape-
stabilization,[%>-57:626566] thig study is, to our knowledge, possibly
the first to utilize PHUs for encapsulation of both organic and
inorganic PCMs.

PHUs represent an environmentally friendly class of
polyurethanes (non-isocyanate polyurethanes, NIPUs) syn-
thesizable from bio-based resources like lignin and plant oils, re-
placing petroleum-based chemicals.[”8] In contrast, traditional
polyurethanes are produced from phosgene-based isocyanate
precursors such as toluene diisocyanate (TDI) and methylene
diisocyanate (MDI), which are energy-intensive to manufacture
and have a significant impact on GHG emissions.[*l Notably,
PHU synthesis can be “carbon-conscious” due to the cyclic
carbonate monomer, derived from CO, sequestration via the
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carbonation reaction between CO, and epoxy groups. For PHU
foam formation, this study employs a self-blowing process that
generates CO, (blowing agent) through the decarboxylation
reaction between cyclic carbonates and thiols. Importantly,
CO, consumption outweighs CO, generation as only a por-
tion of the cyclic carbonates participate in the decarboxylation
reaction with thiols (e.g., CO, consumption is almost 3 times
higher than generation in molar ratio when the molar ratio
of TMPTC:TMD:EDT is 1:1.025:0.45). Additionally, it was re-
ported previously that PHU foams boast sustainable end-of-life
options, being melt-reprocessable into PHU bulk films over
multiple cycles with fully recovered crosslink density through
hydroxyurethane chemistry.[*?!

The key to designing PHU foams for specific applications
lies in the ease and flexibility of formulation, which dictates fi-
nal properties like foam rigidity, chemical affinity, and morphol-
ogy. Successful and controllable foam formation hinges on poly-
merization and foaming kinetics which are highly sensitive to
formulation and process conditions. Control can be achieved
through curing conditions (precure time, curing time, and cur-
ing temperature) and chemical formulation (stoichiometry of
reagents including catalyst, surfactant, and additives, alongside
the relative ratio of the main precursors such as cyclic carbon-
ate, thiol, and amine). A primary goal for achieving successful
self-blowing PHU foams is ensuring sufficiently high viscosity
in precure mixtures before the decarboxylation reaction com-
mences. The aminolysis reaction, influenced by both formula-
tion and curing conditions, is responsible for most of the early
viscosity increase. Surfactants play a crucial role in foam stabi-
lization (preventing pore collapse) during the decarboxylation re-
action. Additional formulation additives, such as inorganic salts
(e.g., BaCO;) and expanded graphite, can tremendously enhance
the thermal performance of encapsulated PCMs. The chemical
tunability and versatility in incorporating various additives make
PHU foams highly beneficial for accommodating diverse PCMs.
Furthermore, alternative foaming reactions exist for PHU foam
fabrication such as water-induced self-blowing reaction without
using thiols, %7 catalyst-free and room-temperature foaming
process by adding aromatic thiols and epoxides.l”!]

For optimal PCM performance within encapsulated PHU
foams, it is essential to evaluate the thermophysical properties
of PCMs, including melting/freezing temperatures, latent heat
of fusion, specific heat capacity, thermal conductivity, thermal
stability, and cyclic stability.’?! The PCM’s phase transition
temperature should align with the operating temperature range
of the intended TES application.””l A wide range of PCM
types, such as organic, inorganic, and eutectic PCMs, can be
considered for selecting the most suitable PCM.I3] The latent
heat and heat capacity (related to energy density) quantify the
amount of energy stored and released by the PCM, while ther-
mal conductivity (related to power density) determines the rate
of energy transfer within the PCM. Cyclic stability, assessed
through multiple melt/freeze cycles, is crucial, especially for
salt hydrate PCMs, which often require supercooling prevention
for reversible phase transitions.”?”] To enhance the thermo-
physical properties of PCMs, we integrated the PCMs into the
PHU foam using a simple infiltration method. The inclusion of
BaCO, has facilitated the cycling stability of CaCl,e6H,0, a salt
hydrate PCM. Additionally, graphite incorporation successfully
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improved the thermal conductivity of the PHU-encapsulated
PCMs. When designing a TES system, a multi-layer approach
incorporating graphite PHU foams (outer layers) and graphite-
free PHU-encapsulated PCMs (inner layer) could be considered
to leverage the high power density of graphite-infused foams
and the high energy density of shape-stabilized PCMs.

Among various PCM applications,!®l the PHU-encapsulated
PCMs described here hold promise for building materials and
EV battery insulation. In building materials, PHU-encapsulated
PCMs not only enable TES systems for space heating and cool-
ing but also contribute to lightweight construction due to the
inherent nature of polymeric foams.[#%162053] For EV battery in-
sulation, PCMs emerge as promising materials for maintaining
battery efficiency across varying temperatures.>®l The
lightweighting feature of PHU foams further complements
battery insulation systems. Selecting the appropriate PCM phase
transition temperature is critical. For instance, our BaCO;-
containing PHU-encapsulated CaCl,e6H,0O system might be
well-suited for lithium-ion battery insulation in EVs, considering
the optimal operating temperature range of 15-35 °C.[7#7%]

While this work serves as an initial proof-of-concept for the
PHU-encapsulated PCMs in TES applications, technical chal-
lenges and limitations remain. The porous structure of PHU
foams inherently allows for some PCM leakage upon melting.
Additionally, the hygroscopic nature of PHUs leads to water ab-
sorption over time in atmospheric environments, potentially soft-
ening the foam and negatively impacting PCM thermal cycle be-
havior. These challenges presumably could be addressed by incor-
porating an outer barrier layer around the entire system to pre-
vent leakage and water absorption —a crucial step for further pro-
totype development. Furthermore, this work demonstrates the
feasibility with only four PCM compounds (hexadecane, heptade-
cane, octadecane, and CaCl,e6H,0). Future efforts should focus
on optimizing the PHU formulation for various PCMs, includ-
ing eutectic mixtures, to broaden the applicability of PCMs. En-
hanced thermal conductivity through further investigation is also
necessary to improve the efficiency of PCMs as TES materials.
Finally, future work will involve demonstrating performance in
targeted applications and developing an economical fabrication
process at scale.

4. Conclusion

This study demonstrates the shape stabilization of PCMs
through encapsulation within self-blowing and carbon-conscious
PHU foams. To achieve successful foam formation, we optimized
the formulation and curing conditions, investigating foam kinet-
ics and morphology. This focus on formulation and processing
resulted in PHU foams with mixed open and closed cells (diam-
eter ~300 um), a glass transition temperature (Ty) of ~ 15 °C,
and a 5% weight loss decomposition temperature (T so;) of &
220 °C. To evaluate the efficacy of PHU foams for PCM encapsu-
lation, we infiltrated both paraffinic and salt hydrate PCMs into
the foams and analyzed their thermal cycling behavior. While
PHU-encapsulated paraffinic PCMs (hexadecane, heptadecane,
octadecane) exhibited stable melting and freezing cycles, pure
CaCl,#6H,0 and its encapsulated form in PHU foam displayed
no distinct melting or freezing transitions. However, we success-
fully achieved shape stabilization of CaCl,e6H,0O by incorporat-
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ing 5 wt.% BaCOj; as a nucleating agent within the PHU foam.
This approach yielded BaCO, PHU-encapsulated CaCl,e6H,0O
with stable melting and freezing behavior over 48 cycles.

We further investigated the effect of incorporating expanded
graphite into the PHU foams to enhance the thermal conductivity
of the encapsulated PCM system. The PHU foams with graphite
resulted in an increased heating and cooling rate relative to the
foam without graphite, indicating enhanced thermal conductiv-
ity. In conclusion, our work demonstrates the successful encap-
sulation of both organic and inorganic PCMs within PHU foams.
These foams exhibit tunable thermal, chemical, and mechani-
cal properties and maintain stable thermal cycles of PCMs for
TES applications. This PHU-encapsulated PCM system provides
a carbon-conscious material platform for designing future TES
materials due to the greener synthetic path of PHUs (compared
to traditional polyurethane synthesis) and tunability of PHU for-
mulation and foaming process to accommodate various types of
PCMs.

5. Experimental Section

Materials:  Trimethylolpropane triglycidyl ether (TMPTGE) (Tech
grade, CAS No. 3454-29-3) was sourced from BOC Sciences. Cabon diox-
ide (CO,) gas (industrial grade) was sourced from Airgas. VORASURF™
DC 5986 additive (surfactant) was sourced from Dow Chemical. Barium
carbonate (BaCOs) (99.78%, CAT No. 513-77-9) and calcium chloride
hexahydrate (CaCl,e6H,0) (99.2%, CAS No. 7774-34-7) were sourced
from CHEM-IMPEX INT'L INC. Tetramethylene diamine (TMD) (>98.0%,
CAS No. 110-60-1) and hexadecane (>98.0%, CAS No. 544-76-3) and
octadecane (>98.0%, CAS No. 593-45-3) was purchased from TCl Chem-
icals. Other chemicals such as 2,2-(ethylenedioxy)diethanethiol (EDT)
(95%, CAS No. 14970-87-7), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
(= 99%, CAS No. 6674-22-2), tetrabutylammonium bromide (TBAB)
(> 99%, CAS No. 1643-19-2), heptadecane (99%, CAS No. 629-78-7),
and dichloromethane (> 99.5%, CAS No. 75-09-2) were purchased from
Sigma—-Aldrich. Graphite powder (synthetic, conducting grade, —200
mesh, 99.9995%, CAS No. 7782-42-5) was purchased from Alfa Aesar.
Sodium sulfate (Na,SO,) (CAS No. 7757-82-6) was purchased from VWR
chemicals.

Synthesis of Trimethylpropane Tricarbonate (TMPTC): Toa600 mLT316
stainless steel reaction cylinder, a 250 mL of TMPTGE (289.25 g, 0.9566
mol) was added first, and TBAB (28.9 g, 10 wt.%) was added. The loaded
reaction vessel was properly fastened to the Parr reactor (equipped with a
magnetically coupled stirring rod) according to the manufacturers proto-
col. While stirring, the reactor was pressurized with CO, and degassed 3
times to remove residual air. The vessel was pressurized to 500 psi with
CO, and brought to 140 °C. The reactor was supplied with CO, through-
out the course of the reaction as the gas was dissolved and consumed.
The reaction was left to stir overnight. The cooled reaction mixture was
transferred to a 1 L separatory funnel with ethyl acetate. The organic layer
was extracted 3x with water, 1x with brine, and concentrated. To remove
residual TBAB, the organic was redissolved in dichloromethane and ex-
tracted 3x with water, 1x with brine, and dried over Na,SO, and con-
centrated and isolated as a pale-yellow viscous oil. The "H NMR spec-
trum was acquired using a Bruker 400 MHz spectrometer, as shown in
Figure S1 (Supporting Information). The obtained data are consistent with
literature reports.[4276]

Preparation of PHU Foams: To the synthesized TMPTC (1 equiv) with
the residual TBAB (0.005 equiv), EDT was added (0.45 equiv) and the vis-
cous mixture was stirred. Next, DBU (0.1 equiv) and VORASURF™ DC
5986 additive (Dow Chemical) (0.5 wt.% of the total mixture weight) were
added. The mixture was stirred again until it became homogenous. Fi-
nally, TMD was added (1.025 equiv). The mixture was immediately stirred
by hand for 10 min. Immediate aminolysis was observed as the mix-
ture warmed and became more viscous. Next, the mixture was stirred by
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asymmetric centrifugal mixing (Flacktek Speedmixer) for 10 min at 3000
rpms. The reaction was left to sit in a closed container for 40 min (“pre-
cure” step), and then placed in an oven at 90 °C for 16 h. The final PHU
foam was taken out and cooled down to room temperature for use. For
the PHU foam with other additives, additives such as BaCO; (5 wt.% of
the total mixture weight) and graphite (1.5 — 10 wt.% of the total mixture
weight) were added before adding TMD and stirred until the mixture be-
came homogenous.

Infiltration of PCMs into PHU Foams: PCMs including hexadecane,
heptadecane, octadecane, and CaCl,e6H,O were melted above their melt-
ing point first. The PHU foam was immersed in the molten PCMs, taken
out, and dried in the air until the PCMs were crystallized.

Rheology Measurement of PHU Foams:  Rheological measurement was
performed using stainless-steel parallel plates (D =25 mm), witha T mm
gap on the oscillatory rheometer (Discovery HR20 from TA instrument)
for the sample mixtures, except the mixture of TMPTC and EDT. For the
TMPTC and EDT mixture, the initial gap was set to 1.5 mm due to its
low starting viscosity, which made it unsuitable for a 1 mm gap. The mix-
ture was prepared following the section of preparation of PHU foams and
loaded between two plates after the precure step for 40 min. Note that the
final cure step for fabrication of PHU foam (i.e., curing at 90 °C) was per-
formed using the rheometer instead of the oven. The measurement was
performed in 2 steps including the temperature ramp from 25 °C to 90 °C
with 20 °C min~" of ramp rate at 2.5% of strain and 10 rad s~ of angu-
lar frequency, and the curing at 90 °C for 120 min at 1.0% of strain and 10
rad s~' of angular frequency. To simulate curing in the oven, the axial force
was set to 0.0 N during the measurement. For samples cured at different
temperatures (80 °C and 100 °C), the maximum test temperature was set
to match the respective curing temperature (80 °C or 100 °C). The precure
step was skipped for the sample shown in Figure 2A (TMPTC + TMD) due
to its rapid increase in viscosity.

Characterization of PHU Foams—Scanning Electron Microscopy (SEM):
The SEM samples were prepared following the section of the preparation
of PHU foams. Both bare PHU foam and BaCO; PHU foam were sputtered
with platinum (thickness =5 nm) by Quorum Q150T S Plus, and then the
SEM images were taken by Hitachi S-4800 under 3 kV.

Characterization of PHU Foams—Optical Microscopy (OM): The PHU
foam samples were sectioned by hand to 1-3 mm using thin razor blades
under magnification on a stereomicroscope. The bulk regions of the
sectioned foam samples were imaged on a Nikon SMZ1500 stereomi-
croscope and captured with a Nikon DS-Fil CCD camera operated by
a Nikon Digital Sight system (Nikon Instruments, Melville, NY). Heli-
con Focus (www.heliconsoft.com) was used to combine the in-focus re-
gions of images captured at three different focal planes into a single, ex-
tended depth of focus image. With the sectioned foam samples, PCM
was infiltrated as described above. The thermal cycle behavior of PHU-
encapsulated octadecane, BaCO; PHU-encapsulated CaCl,e6H,0, and
graphite PHU-encapsulated octadecane were captured using a Linkham
THMS600 (www.linkam.co.uk) in-situ microscopy heating stage. The tem-
perature was controlled from 10 °C to 45 °C at a 2 °C min~! ramp rate
and then cooled back to 10 °C at a 1 °C min~! ramp rate. Other exper-
iments were performed with varying temperatures and ramps. Images
were captured at a single focal plane every 0.5 °C and combined into a
single movie file. For PHU-encapsulated octadecane and BaCO; PHU-
encapsulated CaCl,-6H,0 samples, a black background was used to max-
imize image contrast before and after PCM melting. For graphite PHU-
encapsulated octadecane samples, a light-colored background (golden
brass, corresponding to the color of the heating stage) was employed to
enhance image contrast.

Characterization of PHU Foams—Digital Camera: The BaCO; PHU
foam sample was manually sectioned into a circle shape with &3 mm
thickness, 5 mm diameter using a razor blade. Following sectioning,
CaCl,e6H,0 was infiltrated into the foam as described above. The thermal
cycle behavior of BaCO; PHU-encapsulated CaCl,e6H,0 was captured
using an iPhone 13 Pro running iOS 18 in High Efficiency Format (HEIF).
The temperature was controlled between 10 °C and 65 °C at a 2 °C min~!
ramp rate and then cooled back to 10 °C with a varying ramp rate. Images
were captured at intervals of 0.5-5 °C and compiled into a single video file.
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Characterization of PHU Foams—Differential Scanning Calorimetry
(DSC):  For both bare PHU foam and BaCOj-incorporated PHU foam
(BaCO3; PHU foam), the glass transition temperatures (T,) were mea-
sured using DSC 25 (Discovery series) from the TA instrument. The mea-
surement involved cooling the samples to —60 °C at a rate of 10 °C min~",
followed by heating to 50 °C at the same rate (10 °C min~'). An isothermal
step of 5 min was held between the heating and cooling cycles.

The thermal cycling behavior of PCMs encapsulated within PHU foams
was also measured using DSC 25 (Discovery series) from the TA instru-
ment. The method involved establishing thermal equilibrium at 0 °C, fol-
lowed by heating to 50 °C at a rate of 2 °C min~'. The samples were
then cooled back to 0 °C at a rate of 2 °C min~! for paraffinic PCMs and
CaCl,e6H,0 in PHU foam, or 1°C min~! for CaCl,e6H,0 in BaCO; PHU
foam. As with the T, measurements, an isothermal step of 5 min was in-
cluded between eacﬁ heating and cooling cycle.

Thermogravimetric Analysis (TGA): Thermal degradation of both bare
PHU foam and BaCO; PHU foam was measured using TGA 5500 (Dis-
covery series) from TA instrument by ramping temperature to 700 °C with
the rate of 10 °C min~" under nitrogen atmosphere.

Thermal Conductivity Meter:  For the samples, 3 different types of PHU
foams (bare PHU foam, the PHU foam with 5 wt.% of BaCO3, and the PHU
foam with 1.5 wt.% of graphite) were prepared. The foams were fabricated
following the section of preparation of PHU Foams. To test the thermal
conductivity of PHU foams with additives, a thermal conductivity meter,
DTC-300 (model name) from TA instrument, equipped with Polyscience
AD15R-40-A11B refrigerated circulator, and a liquid cell with a 2-inch di-
ameter and 3.5 mm thickness, were used. Each sample was placed into a
liquid cell with O-ring plate on the bottom, and the top plate was placed on
top. A thin layer of thermal joint compound (TYPE 120 silicone, wakefield-
vette) was applied to both the top and bottom plates of liquid cell before
loading. The sample sandwiched between two plates was loaded on the
lower surface plate of the test column and aligned. The top stack was then
lowered, and the sample was checked to make sure it was in line with the
top and bottom sample plates. Excess sink compound was wiped away
from around the sample cell. Then the guard furnace was lowered and
latched in place to begin testing. The thermal conductivity was measured
in 6 different temperature points (0, 20, 40, 60, 80, and 100 °C). The chiller
was turned on during the measurement.

Temperature Change Measurement of PHU Foams:  For this measure-
ment, 1-3 g of PHU foam was fabricated within 20 ml glass vials follow-
ing the PHU foam preparation section. The asymmetric centrifugal mixing
step was omitted due to the replacement of the speedmixer plastic cup
with a glass vial for improved thermal conductance. PCMs were infused
into the PHU foams by injecting the molten PCMs using a 6 ml syringe,
followed by air drying until crystallization. To measure the temperature of
both pure PCMs and PCM-infused PHU foams, a thermocouple connected
to an EasyLog USB thermometer was inserted into the center of the foam.
The PHU foam within the glass vial was subjected to 3 consecutive heating
and cooling cycles. Each heating cycle was performed in a heating block on
a hot plate at 60 °C for 20 min, followed by a cooling cycle in an ethylene
glycol bath containing dry ice at ~—10 °C for 20 min. The temperature of
the cooling bath was maintained by adjusting the amount of dry ice. A to-
tal of 3 heating and cooling cycles were conducted. The temperature data
for the samples was obtained from the EasyLog USB software.

Statistical Analysis: All data presented were processed without
changes to create figures and tables. The data error bars and data pre-
sentation, such as mean + SD, were obtained from duplicate or triplicate
measurements of samples. Statistical tests were not used in this study.

Supporting Information

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