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9wPolyurethane foams are classes of cellular plastics that exhibit mechanical robustness and lightness; they
are widely applied as thermal insulators in the building and automotive fields. Nanocomposites play an
important role in improving the energy efficiency of thermal insulation materials. In this study, a layered clay
mineral (montmorillonite) was used as a nanosheet-type gas-barrier filler in a foam-type urethane/urea/
isocyanurate copolymer to delay exchanges of thermal insulation gases (carbon dioxide and 1,3,3,3-
tetrafluoropropene) in the polyurethane foam with air. This gas barrier is expected to prevent the deterioration
of its long-term thermal insulation performance. Synchrotron radiation small-angle X-ray scattering was used
to analyze the dispersion of the clay nanosheets modified with organic cations in the polyurethane matrix. The
cations include benzyldimethylhexadecylammonium (Cyg2MeB), dimethyldioleylammonium (2C;g_2Me), and
bis(2-hydroxyethyl)dimethylammonium (2EtOH2Me). The 2EtOH2Me-clay adduct was highly dispersed in the
polymeric matrix, possibly because of its good compatibility with a polyurea domain. The dense ordering of

Received 18th June 2025, C162MeB-clay in the polymeric matrix influenced the degradation of its thermal insulation performance. The

Accepted 6th September 2025 degree of ordering in the polymeric matrix was reduced by decreasing the layer charge density of the
DOI: 10.1039/d5ma00651a negative charge in the montmorillonite, thereby improving the insulation performance for 4 months

empirically. The reduction of the effects on power consumption during heating was simulated using a
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Introduction

Polyurethane (PU) contains urethane/urea groups in its main
skeleton. Depending on the starting components, PU has been
fabricated as products ranging from soft flexible urethane
foams to durable rigid urethane foams, films, fibers, and
molded devices. Thermal insulation materials using rigid
urethane foams are in high demand as residential building
materials due to their durability, low thermal conductivity, and
on-site producibility, which help in preventing global warming
and reducing resource consumption by lowering energy con-
sumption for heating/cooling." Considering that the lifespan of
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detached house over 30 years. This study designed a gas barrier agent for the macropore wall of PU foam.

a house is several tens of years, insulation materials with low
thermal conductivity are desired because of their minimal
deterioration in insulation over a long period. Rigid urethane
foam exhibits high thermal insulation by retaining gas with low
thermal conductivity in its closed macropores. However, the
insulating gas diffuses from the pores and is replaced with air,
thereby lowering the insulation performance. Nanosheets are
promising candidates for gas barrier agents in the thin gas cell
wall of PU foam for effectively sealing the insulating gas to
improve the long-term stability of the insulation performance.
The established production of PU foam can be divided into two
steps.” In the first step, a premix liquid is prepared by mixing polyols
(POs) with functional additives, such as surfactants,® flame retar-
dants, blowing agents, and catalysts. In the second step, isocyanate
(as a cross-linking agent) and a gas with low thermal conductivity
liquefied at a low temperature (as a physical blowing agent) are
added to the premix. Fig. 1 shows that isocyanate (polymeric
methylene diphenyl diisocyanate (MDI)) and the POs react to form
a urethane group, and a simultaneous reaction of the isocyanate
with H,O forms a urea group. Additionally, a part of the isocyanate
undergoes a trimerization reaction to form an isocyanurate group.
The heat of the polymerization reaction initiates foaming,
trapping the insulating gas in the closed pores. When the pores
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Fig. 1 Polymerization process of the urethane/urea/isocyanurate copolymer.

become sufficiently small to approach the mean free path of the
gas, there is a higher probability of the gas molecules colliding
with the pore wall than with each other to prevent heat
exchange.” The addition of microparticles and nanoparticles
into PU foams has been reported with the expectation for such
PU foams to be effective as flame retardants, foam stabilizers,
and gas-barrier agents. During the foaming process, these
particles function as bubble-generation nuclei to reduce the
size of the macropores.” Silica,>” clays,®® cellulose,'® lignin,"*
and biomass-derived ash'” are representative substances for
improving thermal insulation.">'* In addition to the Knudsen
effect, lowering the gas permeability of the PU phase is impor-
tant for avoiding deterioration in the thermal insulation per-
formance. Typical POs are polymers with a low molecular
weight, such as polyethers and polyesters with two or more
hydroxyl groups at their end groups. A polymer with a low
molecular weight causes microphase separation between the
polyether/polyester and PU/polyurea phases,® which improves
the flexibility of PU foam. However, in the case of a negligible
contribution of the crystalline PU/polyurea layer to gas permea-
tion, the glassy polyether/polyester phase undergoes slight
thermal movement, leaking the low thermal conductivity gas
through fine pores at the molecular level. Thus, dispersing a
gas-barrier agent in the glassy phase is a prerequisite for gas
sealing.">'®

Here, a layered clay mineral was used as a gas-barrier agent.
Layered clay minerals have been applied as fillers to drastically
improve polymer performance, even when only a low mass
percent of the mineral is added to the polymer. This is
exemplified in the pioneering study on nylon-clay nanocompo-
sites using montmorillonite (Mnt)."”*® Mnt is a swellable
layered inorganic solid comprising approximately a 1-nm-
thick silicate layer in which an octahedral sheet is sandwiched
between tetrahedral sheets (Fig. 2).”° When PU is adsorbed
between the silicate layers of Mnt, the interlayer space may
expand and/or exfoliate.”’ Owing to the ultrathin silicate layer
and the large lateral plate-like structure (tens of nanometers to
several micrometers),>” the highly dispersed silicate layer with a
high aspect ratio frequently causes a labyrinth effect.>® This
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Fig. 2 Structure of montmorillonite comprising nanometer-thick crystal-
line silicate layers (two tetrahedral sheets and an octahedral sheet; 2:1
type) and interlayer cations.

effect acts as an obstacle in the gas permeation path in the
polymer matrix. A mixed phase of exfoliated and intercalated
structures is more common than the homogeneous exfoliated
structure; the silicate layer is uniformly dispersed as secondary
particles with a laminated structure of several layers.**

Part of the trivalent Al ions in the octahedral sheet of Mnt
are apparently replaced by divalent Mg ions (isomorphous
substitution) and/or form defects (vacancies).>>*° Thus, the
silicate layers are superimposed by hydrated exchangeable
cations (e.g., Na and Ca) to compensate for a permanent
negative charge (Fig. 2). Mnt becomes hydrophobic when the
exchangeable cations are replaced with an organic cation, such
as a long-chain alkylammonium ion.>’*° Organic cations
reduce the surface polarity of the silicate layer; thus, affinity
with the polymer matrix is expected to be enhanced.*'**> How-
ever, if the electrostatic interactions between the silicate layer
and interlayer cations are strong, exfoliation would be difficult.
Thus, the organic cations to be modified and the layer charge
density of Mnt determine the exfoliation in the skeleton of
PU foams.

This study discusses the dispersibility (exfoliated/laminated
structure) of Mnt in PU foam by changing the functionality of
organic cations and the layer charge density of Mnt controlled
by Li-charge reduction (Hofmann-Klemen effect®®). Li-charge
reduction has been employed as a method for reducing layer
charge density by Li" fixation into the framework of the silicate
layers of Mnt to neutralize the negative layer charge through the
heat treatment of Li-saturated Mnt. The layer charge density
decreases with the heating temperature because a large amount
of Li" migrates toward the vacancy in the octahedral sheet. The
Li-reduced charge Mnt (RCM) is vital for optimal dispersibility
in solvents and polymers for certain adsorbent**** and polymer
filler applications,**™*° owing to weak electrostatic cation-sili-
cate interactions. According to a study based on ’Li-NMR
analyses, the penetration depth of Li ions varies with the
heating temperature.*’ However, the Li* distribution in RCM
is quantitatively unclear at present but may be broad. When a
mixture of alcohol and an aqueous ammonia solution was
added to an aqueous dispersion of RCM, the dispersibility of
RCM increased.*>*? Although the mechanism for enhancing
dispersibility remains unclear, the alcohol and ammonia may

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular structures of C;s2MeB, 2C.5-2Me, and 2EtOH2Me
cations.

selectively eliminate Li ions which are not located in the
octahedral vacancy (e.g., vicinity of the tetrahedral sheet). This
could result in uniform charge distribution and moderate/
intermediate layer charge density. Three types of cations have
been used (Scheme 1) to obtain organically modified Mnt. Two
of them exhibit low polarity. They include benzyldimethylhex-
adecylammonium (C;62MeB) and dimethyldioleylammonium
(2C43-2Me), which bear benzyl and olefin groups, respectively.
The third cation, bis(2-hydroxyethyl)dimethylammonium
(2EtOH2Me), exhibits high polarity owing to a hydroxyl group.
Here, we provide a reasonable design of a gas-barrier agent for
the macropore wall of PU foam using RCM and the aforemen-
tioned organic cations through analyses, including ultrasmall-
angle synchrotron X-ray scattering measurements.

Experimental section
Reagents and materials

Na-Mnt (Kunipia F, JCSS-3101; (Nag 53Ca0,00)" " ([Als 25F€0.31M80 43]
[Si.65Al0.35]020(0H)4)*"*7), a reference clay sample from the Clay
Science Society of Japan, was supplied by Kunimine Industries Co.,
Ltd (Tokyo, Japan). The cation exchange capacity (CEC) of Kunipia F
is 1.19 meq g ' clay.”” Li ion exchanged-Mnt (Kunipia M) was
supplied by Kunimine Ind. Co., Ltd (Tokyo, Japan).

Benzyldimethylhexadecylammonium chloride (C;62MeB-Cl,
Sigma-Aldrich Chemical Co., Inc., St. Louis, MO, USA), dimethyldio-
leylammonium chloride (2C,5-2Me-Cl, Lion Specialty Chemical Co.,
Ltd, Tokyo, Japan), and bis(2-hydroxyethyl)dimethylammonium
chloride (2EtOH2Me-Cl, Tokyo Chemical Industry Co., Ltd, Tokyo,
Japan) were purchased and used as received. Ammonium hydroxide
(28% in water) and dimethyldioctadecylammonium bromide
(2C;42Me-Br) were purchased from FUJIFILM Wako Pure Chemical
Co., Ltd (Osaka, Japan).

Low molecular weight POs (MAXIMOL, RFK-556 and RFK-
505) were purchased from Kawasaki Kasei Chemicals Ltd
(Kanagawa, Japan). Tris(chloropropyl)phosphate was pur-
chased from Daihachi Chemical Industry Co., Ltd (Osaka,
Japan). Octamethylcyclotetrasiloxane (Niax™ silicone L-6078)
was purchased from Momentive Performance Materials Japan
LLC (Tokyo, Japan). A mixture of 1,2-dimethylimidazole and
ethane-1,2-diol (TOYOCAT-DM70) and a mixture of a quatern-
ary ammonium salt and ethylene glycol (TOYOCAT-TRX) were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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supplied by Tosoh Corp. (Tokyo, Japan). Polymeric MDI
(MR-200) was used as isocyanate (Tosoh Corp.). Hydrofluoro-
olefin (HFO-1233zd, 1,3,3,3-tetrafluoropropene) was obtained
from Central Glass Co., Ltd.

Preparation of reduced charge montmorillonite

The Li‘-exchanged montmorillonite (50 g) was sequentially
heat-treated at 110 °C for 1 h and then heated at 235 °C for
1.5 h in air. The heat-treated powder is denoted hereinafter as
RCM. After immersing the RCM (0.5 g) in a water/ethanol
(50/50 = v/v) mixture (10 mL), an aqueous ammonia solution
(28%, 0.5 mL) was stirred magnetically for 1 h at room
temperature to provide a slurry. The solid component in this
slurry is denoted hereinafter as RCM-NH;. Ion exchange reac-
tions of RCM, RCM-NH;, and Na-Mnt were examined using
2C,52Me-Br to determine the CEC.*>*® For the RCM-NH;, the
resulting slurry was allowed to react with 2C;g2Me-Br (0.50 mmol)
dissolved in a mixture of water/ethanol (50/50 = v/v) at 70 °C for
24 h. To determine the CECs of RCM and Na-Mnt, their powders
(0.5 g) were immersed into a water/ethanol (50/50 = v/v) mixture
(10 mL) and allowed to react with 2C;52Me-Br (0.50 and 0.65 mmol,
respectively) at 70 °C for 24 h. These precipitated ion exchange
adducts were repeatedly washed with water and ethanol, until a
negative test for CI™ or Br~ was obtained using AgNO;. After drying
at 50 °C overnight, powder X-ray diffraction (XRD) analysis was
performed using a Rigaku MiniFlex 600 diffractometer to measure
the basal spacing (dgo;). The powder XRD measurements (with
monochromatic Cu Ko irradiation) were conducted at 15 mA and
40 kv within a 20 range of 3°-30°, and the sampling step and the
scanning rate were 0.02° and 2° per min, respectively. The amount
of adsorbed 2C;32Me cations was determined via thermogravi-
metric-differential thermal analysis (TG-DTA) curves recorded
in air using a Rigaku TG8120 instrument at a heating rate of
10 °C min !, with o-alumina as the standard material.

Preparation of organically modified Mnt

Ci62MeB-, 2C;g-2Me-, and 2EtOH2Me-modified Mnt samples
were prepared through the ion exchange reactions of Na-Mnt.
The loaded amount of the organoammonium chloride was
0.65 mmol versus Na-Mnt (0.5 g) in each sample. The solvent
(10 mL) used in the reaction was water for 2C;5-2Me-Cl and
2EtOH2Me-Cl, whereas a water/ethanol (50/50 = v/v) mixture
was used for C;s2MeB-Cl. The Na-Mnt mixture was magneti-
cally stirred for 24 h at room temperature. C;,2MeB-RCM was
prepared under the same conditions, except that the amount of
loaded C;s2MeB-Cl was reduced to 0.50 mmol. C;s2MeB-RCM-
NH; was prepared by mixing a slurry comprising RCM (0.5 g), a
water/ethanol mixture (10 mL), and an ammonia solution
(28%, 0.5 mL) with C;,2MeB-Cl (0.50 mmol) in a water/ethanol
(50/50 = v/v) mixture through magnetic stirring for 24 h. The
obtained precipitates were repeatedly washed with the solvent
used for the ion exchange reactions, until a negative test for C1~
was obtained. After drying at 50 °C overnight, powder XRD and
TG-DTA were performed.
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Preparation of polyurethane foam

After drying the organically modified Mnt in air at 80 °C overnight,
POs (mixed liquid of RFK-556 and RFK-505) were mixed at 70 °C
using a wind turbine blade-type mechanical homogenizer under
shaking at 3500 rpm for 30 min. The resulting PO suspension was
mixed with a premix solution, which had the chemical composition
of the reagents listed in the SI, under shaking using the same
homogenizer at 1200 rpm for 30 min at room temperature. Finally,
isocyanate and 1,3,3,3-tetrafluoropropene were added to the result-
ing mixture under shaking at 5000 rpm for 3 s, and the mixture was
immediately poured into a mold to form PU foam. As a control
experiment, no-clay PU foam was prepared using the same
procedure.

The PO suspension was analyzed using another XRD apparatus
(a Rigaku SmartLab diffractometer) by recording under monochro-
matic Cu Ku irradiation at 30 mA and 40 kV within a 26 range of
0.5°-8°. The sampling step and the scanning rate were 0.02° and 2°
per min, respectively. Structural analyses in the premix solution were
conducted by small-angle X-ray scattering (SAXS) using a Rigaku
NANOPIX (monochromatic Cu Ko irradiation at 30 mA and 40 kV).
The camera distances were 714.26 mm (0.06 < ¢ < 0.6 nm™ ') and
216.3 mm (g > 0.6 nm™ *). During these analyses, the samples were
introduced into a thin glass capillary (¢ = 0.7 mm). The SAXS
patterns were recorded by subtracting the premix solution from
the mixture of the premix with the clay-PO suspension.

The structural analyses of the PU foams were performed
using a synchrotron radiation SAXS measurement system devel-
oped at the BL19B2 beamline facility in SPring-8. The camera
distances were 3 and 41 m for the radiation of 18-keV synchro-
tron X-rays when measuring within the g ranges of 0.06-1 and
0.003-0.1 nm ™, respectively. Crushed PU foams were intro-
duced into a thin quartz glass capillary (¢ = 2.0 mm). Photo-
graphs of the crushed PU samples were obtained using a
polarized light microscope (Olympus BX 51). The thermal
conductivity was recorded using an EKO FOX314/HCO074 tester.

Calculation of reducing CO, emission in a detached house
using a PU foam hybrid

Power consumption in heating over 30 years was calculated to
evaluate the energy-saving performance in a detached house
model. A typical wooden two-story building was used as a
detached house model (total floor area = 142 m?, Fig. S1). All
of the outer skin (e.g., outer wall, floor, and roof) in the building
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was embedded with a rigid PU foam (with a thickness of
50 mm), where the volumetric specific heat is 60 k] m ™ K.
The specific heat loss [W m~> K~ '] was obtained by transferring
heat from the interior space to the outside through the outer
skin, according to the Homes-kun (INTEGRAL Corp., Tsukuba,
Japan) software. The 1-year power consumption [kWh] within a
heating period (from October 24th to May 1st in Nagano City)
was calculated using the simulated thermal conductivity at
30 years (the time-course difference is shown in the SI) and
the heating load (Homes-kun software) at a constant indoor
temperature (293 K). Finally, the total CO, emission [kg-CO,]
during heating for 30 years was determined by multiplying the
CO,-emission coefficient (0.459 kg-CO, kWh™ ') by the thirty-
fold power consumption.

Results and discussion
Organic modification of Mnt

The amounts of the organic cations exchanged into Na-Mnt were
measured using thermal analyses (Table 1; the TG-DTA curves are
shown in Fig. S2). The amounts of C;s2Me, 2C;3-2Me, and
2EtOH2Me cations were 1.1, 1.2, and 1.0 meq g ', respectively
(Table 1). Considering the CEC of Na-Mnt (1.19 meq g~ '), quanti-
tative ion exchange was confirmed between the organic and
interlayer cations (e.g;, Na* and Ca®) in Na-Mnt. The powder
XRD patterns of the resulting ion exchange adducts (organically
modified Mnt) shown in Fig. 3 revealed interlayer expansion
(intercalation) upon ion exchanges. The basal spacings of
C162Me-, 2C;g-2Me-, and 2EtOH2Me-Mnt increased to 2.0, 3.0,
and 1.4 nm, respectively (Table 1), from that (1.2 nm) of Na-Mnt.
This corresponded to the interlayer spaces of 1.0, 2.0, and 0.4 nm,
respectively, obtained by subtracting the thickness of the silicate
layer (1.0 nm) from the observed basal spacings. The number of
alkyl chains in the organic cations and/or molecular geometry
influenced the basal spacing. The cationic head groups in the
C162MeB**® and 2C;32Me*® cations were considered to be
anchored to the basal plane of the silicate layer with their alkyl
chains inclining at a tilt angle. It has been reported that the C—=C
double bond in 2C;3-2Me undergoes a gauche conformation with a
lower packing as the 2C;z-2Me assembly in the interlayer space.*’
In contrast, the interlayer distance (0.4 nm) of 2EtOH2Me-Mnt
corresponded to the monomolecular layer of 2EtOH2Me with a

Tablel Cation exchange capacity (CEC) of the host, adsorbed amount of organic cations, and basal spacing of the organically modified samples prior to

and after the immersion of PO

Basal spacing/nm

Amount of adsorbed Prior to PO After PO
Sample CEC%/mmol g~* organic cations/mmol g~* immersion immersion
C142MeB-Mnt 1.19 1.1 2.0 3.7
C162MeB-RCM-NH; 0.52 0.51 1.5 1.5
C162MeB-RCM 0.29 0.21 1.4 1.4
2C;-2Me-Mnt 1.19 1.2 3.0 3.7
2EtOH2Me-Mnt 1.19 1.0 1.4 1.4

% Determined by the amount of adsorbed 2C,g2Me cations.
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Fig. 3 Powder XRD patterns of Na—Mnt and the organically modified Mnt
samples.

void nanospace in the interlayers, called pillared or micro-
porous clays.

Reducing layer charge density

Ion exchange with dimethyldioctadecylammonium (2C;g2Me)
was employed to determine the CEC because it directly corre-
lates with the layer charge density.*>*® A series of n-alkyl-
ammonium ions has been used in the ion exchange to estimate
the layer charge density and internal surface areas of cation-
exchangeable layered materials.’>>' The basal spacing (inter-
layer space of Mnt) increases stepwise as a function of the chain
length of intercalated n-alkylammonium ions, suggesting a
transition of the molecular arrangement from monomolecular
to pseudo-trimolecular via bimolecular layers. Quaternary alky-
lammonium has been used to determine the internal surface
area of smectites.>® As shown in the powder XRD patterns
(Fig. 4A), the basal spacings of the 2C;g2Me-adducts were 1.6
(bilayer), 1.9 (pseudo-trimolecular), and 2.9 nm (paraffin
type),** when RCM, RCM-NHj;, and Na-Mnt were used as host
materials, respectively. Owing to the large molecular size of
2C4g2Me ions, a paraffin-type arrangement in the interlayer
space is plausible, when the Mnt sample with a large CEC
(1.19 meq g~ ') was used.** The amount of adsorbed 2C,s2Me
cations on Na-Mnt (Table 1) was consistent with the CEC
determined using thermal analysis, and the TG-DTA curves
are shown in Fig. S3. The same procedure was applied to RCM
and RCM-NH3, resulting in CECs of 0.29 and 0.52 meq g™ *,
respectively.

The organic modification of the RCM was performed to
prepare gas-barrier agents for PU using C;,2MeB cations. The
adsorbed amounts of C;,2MeB cations were 0.21 on RCM and
0.51 meq g ' on RCM-NH; (determined using thermal
analyses, Fig. S2) and were close to the CECs, revealing
the replacement of Li* with C;,2MeB cations. The cation
exchange caused an increase in the basal spacing from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Powder XRD patterns of (A) 2C;g2Me- and (B) Cys2MeB-adducts
using montmorillonites with different layer charge densities (CECs).

0.96 nm (RCM, the dehydrated Li'-exchanged form) to 1.4
and 1.5 nm for RCM and RCM-NHj;, respectively (Fig. 4B).
The resulting smaller dyy; values than that (2.0 nm) in
C;62MeB-Mnt indicate that the head group of C;s2MeB would
anchor and incline at a lower tilt angle.

Intercalation of PO

Prior to the polymerization of the low molecular weight PO to
PU, the affinity of organically modified Mnt samples with PO
was examined. Powder XRD patterns were recorded (Fig. 5) after
mixing five types of organically modified Mnt samples (0.15 g)
with the PO (9.85 g). The interlayer spaces of C;,2MeB-Mnt and
2C1g-2Me-Mnt (CEC = 1.19 meq g ') expanded to dyo; = 3.7 nm
upon the intercalation of PO. However, a slight increase in the
doo1 was observed for the other samples. No peak in the dgy
range of 2-4 nm was observed, indicating a nonreacted phase
(d = 1.5 nm) rather than the delamination of stacked layers by

Mt

2EtOH2Me-Mnt

door=3.7NM 3¢ . 2Me-Mnt
[Py,

3.7nm
M
C,62MeB-RCM-NH,

C12MeB-RCM

C;62MeB-Mnt

Intensity/a.u.

1 2 3 4 5 6 7 8
20(Cu Ko)/degree

Fig. 5 Powder XRD patterns of the PO mixtures with organically modified
montmorillonites.
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the uptake of a large amount of PO. The poor intercalation
characteristics of PO can be explained in terms of a low CEC
and the high polarity of the organic cations.

The layer charge density (CEC) is expected to influence the
swelling ability in the PO, premix solution (including water),
and dispersion in the final PU foams. When the CEC of Mnt is
large, the swelling ability of Mnt is restricted because of strong
electrostatic interactions.®® The restriction of the swelling
ability was relieved within the CEC range of 0.6-1.5 meq g .
In contrast, an RCM within the aforementioned range has been
reported to exhibit a large capacity for the uptake of an organic
molecule in water.>> The CEC was reduced by decreasing the
interlayer hydrated Li’, namely, an increase in the amount of
Li* fixed into the Mnt framework through heat treatment for a
long period and at a high temperature.” The reduction in the
CEC to less than 0.6 meq g ' lowered the hydrophilicity*®>*
and the uptake of an organic molecule into the organically
modified RCMs.* In the present PO intercalation test, no swelling
was observed in C;s2MeB-RCM-NH; (CEC = 0.52 meq g ') and
C162MeB-RCM (CEC = 0.29 meq g V).

The heat treatment of Li‘-exchanged Mnt (Kunipia M) at
235 °C for 1.5 h diminished the CEC from 1.19 to 0.29 meq g™,
according to the aforementioned adsorption test of 2C;32Me
cations on the RCM. Reactions of ammonia with RCM regu-
lated the layer charge density to a moderate level in RCM-NH;
(CEC = 0.52 meq g~ '). The increase in the layer charge density
of RCM can be explained in terms of eliminating the dehy-
drated Li" at a specific position from the RCM framework. The
location of Li* in the RCM framework remains controversial,
whether in the vacancy of the octahedral sheet or far from the
vacancy. According to Hofmann and Klemen,** the location of
fixed Li ions is the octahedral sheet (Fig. 1 and 6). Decarreau
et al. pointed out that lattice defects in an octahedral AlOg
gibbsite sheet (or MgOg brucite sheet) of Mnt are the origin of
negative charges.” It is thought that dehydrated Li ions are
fixed to these lattice defects to neutralize the negative charges
(migration from positions 1 to 4 in Fig. 6). Li ions penetrate the
lattice defects of the octahedral sheet and the vicinity of the
Si0, tetrahedral sheet.*" A large quantity of hydrated Li ions
possibly migrated at a higher heating temperature toward the
lattice defects in the octahedral sheet, but dehydration was
fixed on the path of the vacancy. This is schematically exem-
plified in positions 2 and 3 in Fig. 6 at the hexagonal hole and
hydroxyl groups of an AlOg gibbsite sheet (or a MgOg brucite
sheet), respectively.

Dehydrated Li ions have been reported to be fixed in the
vicinity of the SiO, tetrahedral sheet.>* Thus, we hypothesize

Exchangeable Li* (1) Si-O tetrahedral
20¢
heat
o, 2
(3)¥

=
o YUY
s Li* fixed silicate layer

Fig. 6 Illustration of speculative locations of Li ions in a silicate layer of
Li*-exchanged montmorillonite.
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that Li" fixation on hydroxyl groups stuck out of the octahedral
MoO4(OH), sheet (M, = A" or Mg?" at position 3). In addition,
Li'OH’ -M,.’* would function as a base in the aqueous mixture of
a halide (e.g;, CI~ and Br~) and NH,' to liberate NH;. Ammonia
hydrolysis afforded NH," to react with the organoammonium salts
(e.g, C162MeB-Cl and 2C;52Me-Br), followed by the liberation of
NH; upon reactions with Li'OH’ -M,>". The standard reaction
Gibbs energy for the reaction between a weak base salt (e.g., NH,Br)
and a strong base (LiOH) was calculated to be a negative value
between -20 and -30 k] mol~". This calculation is available in the
SI The base liberation would simultaneously cause the rehydration
of Li* at position 3 in the RCM to participate in ion exchange
(or increase the layer charge). Importantly, electrostatic interactions
would weaken because of the remaining Li* in the vacancy (posi-
tion 4) that is far from the interlayer space (position 1). This is a
possible explanation of how weak electrostatic cation-silicate inter-
actions contribute to the good dispersion in PU foam.

Thermal insulation of clay-loaded PU foams

Fig. 7 shows the time-course difference in the thermal con-
ductivity (Ak) for the PU sample without a filler (kyof) and the
Mnt-loaded PU (k¢), which can be calculated using eqn (1):

Ak = kwof - kf. (1)

Irrespective of the presence of fillers, only a negligible
difference was observed in the initial thermal conductivities
(18.2 mW m ™' K ' at 0 day; the original profile is shown in
Fig. S4). This indicated that the cell size of the PU foam was
scarcely influenced by loading organically modified Mnt. The
negative Ak value for C;2MeB-Mnt (CEC = 1.19 meq g ')
implied a degradation in the thermal insulation of PU. An
improvement in the insulation (positive value of Ak) was
observed when Mnt with a low layer charge density was used.
The thermal conductivity at 100 days (Table 2) was in the order

o
3]

C162MeB-RCM-NH,

o
IS
T

C1s2MeB-RCM

o
w

o
)

0.1

mEtOHZMe-Mnt

20 2Me-Mnt

C162MeB-Mnt|

Difference of Thermal Conductivity/mW (m-K)-
o

-0.5 : : :
0 30 60 90 120
Time/day

Fig. 7 Time-course profiles of the difference in the thermal conduc-
tivity (Ak) of polyurethane (PU) foam (kyof) and organically modified
montmorillonite-loaded PU foam (k).
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Table 2 Cation exchange capacity (CEC) of the host, difference in the
thermal conductivity of the no-filler polyurethane recorded at 100 days,
and the slope of the power law relationship () oc g~ in the synchrotron
radiation small-angle X-ray scattering measurements shown in Fig. 8

CECY/ AR at 100 days/
Sample mmol g~* mwW (m K)™* q"
C162MeB-Mnt 1.19 ~0.38 3.68
C162MeB-RCM-NH; 0.52 +0.38 3.76
C162MeB-RCM 0.29 +0.26 3.81
2C;g-2Me-Mnt 1.19 —0.07 3.82
2EtOH2Me-Mnt 1.19 —0.02 3.61

“ Determined by the amount of adsorbed 2C,g2Me cations. b Obtained
by subtracting the thermal conductivity of the Mnt-loaded PU (k) from
that without a filler (kyor).

of C;62MeB-RCM-NH; (CEC = 0.52 meq g ') > C;62MeB-RCM
(CEC = 0.29 meq g ') > C;s2MeB-Mnt (CEC = 1.19 meq g™ ). In
contrast, 2C;g-2Me-Mnt and 2EtOH2Me-Mnt (CEC = 1.19 meq g~ 1)
exhibited minimal improvements.

Synchrotron radiation small-angle X-ray scattering analyses of
polyurethane foams

The thermal insulation gases were occluded into macropores
(10>~10* pum in size) surrounding a thin PU wall with a thick-
ness ranging from submicrometers to several micrometers.
Fig. S5 shows the SEM image. When the silicate layers were
loaded into the PU wall, the inner morphology (e.g., cell size
and wall thickness) remained almost unchanged owing to the
optimized chemical composition of the premix solution (SI).
Synchrotron radiation SAXS (SR-SAXS) was employed to detect
the degree of ordering of the silicate layers in the resulting clay-
loaded PU foams. The SR-SAXS patterns (Fig. 8A) of the clay-
loaded PU foams were obtained by subtracting the intensity of
the non-clay PU foam from that of the as-recorded clay-loaded
foams within a range of 0.06 < ¢ < 3.0 nm . All of the PU
foams exhibited a power law relationship, I(q) oc ¢ *, in a wide-
angle range (0.06 < g < 3.0 nm™ ', right part of Fig. 8A). I(q)
and g are the scattering intensity and magnitude of the scatter-
ing vector, which is ascribed to the form factor scattering from
an isotropic structure (e.g., spherical aggregates of silicates and
spherical crystalline domains in PU), respectively. Within the
range of 0.06 < g < 3.0 nm ™' (right part of Fig. 8A), a specific
peak only appeared for C;s2MeB-Mnt (CEC = 1.19 meq g ')
around ¢ = 0.8 nm™". The corresponding d of 4.5 nm (d = 27/q)
indicates a dense ordered structure in the PU foam due to
strong electrostatic interactions and a relatively low compat-
ibility with C;,2MeB-PU. The dense ordering is possibly
responsible for the deterioration in the long-term thermal
insulation performance because of a reduction in the thermal
insulation gases based on the tortuous path model.>® Further-
more, the ordering was reduced when the 2EtOH2Me and
2C,g-2Me cations were used to modify Mnt. Additionally, less
ordering was observed for the RCM (CEC = 0.29 meq g ') and
C162MeB-RCM-NH; (CEC = 0.52 meq g ).

Next, the slope of the power law relationship, I(q) oc ¢, was
compared within a small-angle range (0.06 < ¢ < 0.2 nm ")

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) SR-SAXS patterns of clay-loaded PU foams recorded in (left)
small (0.06 < g < 0.2 nm™Y) and (right) wide (0.06 < g < 3.0 nm™3) angle
ranges. (B) Typical photographs under crossed polarizers for C;2MeB—
Mnt and C142MeB-RCM—-NH3s. The dotted circles and squares indicate
dispersion in a thinner cell and aggregates in the cell wall, respectively.

(Table 2). SAXS profiles in a double-component system are
mainly obtained from nanosheet scattering because the scatter-
ing capability of inorganic nanosheets is more than one order
of magnitude higher than that of organic polymers.”” The
profile with a slope of g~* indicates form factor scattering from
nanosheets larger than 100 nm in the g range.® The particle
size of Mnt has been reported to fall within the range of
300-500 nm,’® and nonuniform aggregates have been indicated
to have sizes ranging from over 1 pm for Na-Mnt®° to approxi-
mately 8 um for organo-Mnt.*" The slope of g~ for the non-clay
PU (-3.95) close to —4 indicated scattering from random
aggregates (e.g., an interface between air and PU, crystalline
PU domains). However, the absolute n value decreased
(3.61-3.81, Table 2) in the presence of Mnt nanosheets in the
PU foams. This decrease was caused by the forming mixture of
Mnt nanosheets and random aggregates.

The proportion of nanosheets to random aggregates (g /g%
was reflected by the organic cations and CEC of Mnt. The pro-
portion in the C;2MeB-Mnt system decreased in the order of
C162MeB-Mnt (3.68, CEC = 1.19 meq g~ %) > C,,2MeB-RCM-NH,
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(3.76, CEC = 0.52 meq g ') > C;2MeB-RCM (3.81, CEC =
0.29 meq g ). This order indicates that diminishing nanosheets
form random aggregates in the PU foams with a decrease in CEC.
Typical photographs of PU foams (Fig. 8B) under crossed polarizers
indicated an increasing dispersion of C;s2MeB-RCM-NH;
nanosheets compared to that of C;,2MeB-Mnt. The organic cations
in Mnt influenced the absolute value, which decreases in the order
of 2EtOH2Me (3.61) > C;62MeB (3.68) > 2C;5-2Me-Mnt (3.82).
C162MeB-RCM-NH; (CEC = 0.52 meq g ') may form nanosheet
aggregates with a moderate size, improving the thermal insulation
performance.

Small-angle X-ray scattering analysis of organo-Mnt in a premix
solution

The formation mechanism of the aforementioned aggregates/
exfoliated dispersion of the silicate layers has been discussed
considering the PU polymerization process. As shown in Fig. 9,
the SAXS patterns of C;c2MeB-Mnt (CEC = 1.19 meq g ),
C162MeB-RCM-NH; (CEC = 0.52 meq g '), and C;s2MeB-
RCM (CEC = 0.29 meq g ') were recorded after mixing the
premix solution prior to the polymerization. The aim was to
compare the structural changes (i.e., intercalation, delamina-
tion, and exfoliation) by immersing PO (Fig. 5), subsequent
mixing with the premix solution, and final cross-linking with
isocyanate to form PU foams (Fig. 8A). The power law relation-
ship, I(q) o« ¢ *, in a small-angle range (0.06 < g < 0.2 nm™ ")
indicated a mixed and complicated phase rather than a two-
dimensional anisotropic liquid crystalline phase.®” According
to the SR-SAXS results shown in Fig. 8, lamellar structures with
d = 4.5 nm would reform in C;,2MeB-Mnt (CEC = 1.19 meq g~ ')
during the cross-linking with isocyanate owing to the high layer
charge density. As illustrated in Fig. 10A, the water molecules in
the premix solution would expand the interlayer space to
disperse the silicate layers, irrespective of the difference in
the layer charge density. Isocyanate hydrolysis consumes water,
leading to restacking/dense ordering by losing compatibility

C162MeB-RCM

1.4nm !

I(g)/a.u.

C16?MeB-Mnt
1.7 nm

0.06 0.6 6
q/nm™

Fig. 9 SAXS patterns of mixtures of the premix solution with C;¢2MeB-
modified montmorillonite samples prepared using different layer charge
densities.
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Fig. 10 (A) Schematic drawings of the change in the dispersibility of the
silicate layers when (A) water molecules in the premix solution reacted and
(B) the polymerization was terminated.

with the PU matrix with the aid of the strong electrostatic
interactions in C;s2MeB-Mnt (CEC = 1.19 meq g ).

Finally, the effect of the organic cations in Mnt (CEC =
1.19 meq g ') is discussed in terms of the compatibility with
which kind of molecular aggregates (urethane, urea, or isocyanu-
rate groups) is favored, in the polymeric main skeleton formed via
cross-linking. Through the low affinity of 2EtOH2Me with PO, a
high dispersion of 2EtOH2Me-Mnt in the PU foams was obtained,
even at a high CEC. Owing to the high polarity of 2EtOH2Me, the
silicate layer was dispersed in a more polar domain (urea aggre-
gate) through possible reactions of isocyanate with hydroxyl
groups in 2EtOH2Me.*® If the contribution of a dense polyurea
domain to gas permeation is negligible, the dispersion of
2EtOH2Me-Mnt would have a neutral effect on the thermal
insulation performance. For C;,2MeB-Mnt, a little improvement
in the thermal insulation would result from a dense ordering, as
described above, rather than dispersing via possible interactions
of C;2MeB (e.g, aromatic ring) with the PU domain. For
2C;g-2Me-Mnt, a negative effect on the insulation performance
was observed, despite its high affinity with PO. The bulkiness and
flexibility of 2C;s-2Me derived from the gauche conformation with
a lower packing formed a microscopic porous structure, possibly
lowering the effects on sealing insulation gases.

Despite the low affinity of PO with C;,2MeB-RCM-NH;
(CEC = 0.52 meq g ') and C;,2MeB-RCM (CEC = 0.29 meq g '), a
suitable dispersion was obtained in the PU foams for good insula-
tion. According to the discussion using the slope of the power law
relationship (Fig. 8, left), the C;s2MeB-modified nanosheets were a
consequence of restricting the dense ordering by weak electrostatic
interactions. This ordering structure can be illustrated as an “obli-
que stacking” in the PU matrix (Fig. 10B) for the slow diffusion of
insulation gases. A high aspect ratio of a nanosheet from huge
crystals® led to superior gas-barrier properties.®® In the present

© 2025 The Author(s). Published by the Royal Society of Chemistry
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system, gentle stacking (oblique stacking) was effective in
improving the gas barrier in the thin wall of the PU foam. This
was accomplished by tuning the CEC of the submicrometer-
scaled nanosheets.

Effects of Mnt on reducing CO, emissions in a detached house
model

The resulting PU foam hybridized with C;s2MeB-RCM-NH; exhib-
ited a good thermal insulation performance. Here, the insulation
performance was used to simulate the influence of reducing power
consumption in heating in a typical detached house located in a
cold region in Japan. Considering that the lifespan of a house is
several tens of years, the simulation was accumulated over 30 years.
As a result of simulating the time-course increase in the thermal
conductivity (Fig. S4), the thermal conductivity for the C;c2MeB-
RCM-NH;-containing PU converged to 23.8 mW m™ " K ', which
was smaller than that of the Mnt-free PU foam (24.2 mW m™" K )
at 120 days. A simulation® also afforded differences in the thermal
conductivity at 30 years of 27.3 and 27.6 mW m ' K ', when
C162MeB-RCM-NH; is present and absent, respectively. The differ-
ences in thermal conductivity are responsible for heat transfer from
the interior to the outside. Thus, the specific heat losses were
calculated to be 0.55 and 0.56 W m~2 K~ for the C;2MeB-RCM-
NHj;-containing PU and Mnt-free PU foams, respectively. According
to the specific heat loss, the 1-year power consumption within a
heating period (from October 24 to May 1 in Nagano City) was
observed to decrease from 5546 to 5505 kWh by the addition of
C162MeB-RCM-NH; to PU foam. Consequently, 570 kg-CO, of the
total CO, emission in heating over 30 years can be reduced,
according to the difference in multiplying the CO, emission
coefficient (0.459 kg-CO, (kWh) ') with the thirty-fold power
consumption.

Conclusions

The dispersion characteristics of clay nanosheets (silicate layers
of Mnt) in PU foam were investigated to direct the rational
design of a thermal insulation gas-barrier agent in thin PU
walls. The degree of ordering of clay nanosheets in the poly-
meric matrix was diminished using the polar organic cation,
2EtOH2Me. However, a neutral effect was obtained upon
improving the thermal insulation probably because of interac-
tions with the polyurea matrix. The interlayer modification of
Mnt with C;c2MeB with a moderate layer charge density
afforded a suitable gas-barrier agent in the PU foam because
a reduction in the layer charge density prevented the formation
of densely ordered stacking. The C;s2MeB-modified Mnt con-
tributed to a reduction in power consumption in heating
(or CO, emission) owing to the simulation of heat transfer
from the inner detached house model to the outer atmosphere.
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