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1. Introduction

The building sector accounts for 25-40% of total global energy
consumption,'™ and 30-50% of greenhouse gas emissions.>™®

Reducing gas-loss in rigid polyisocyanurate foams
using metal—organic frameworks

Michael S. Harris, /2 Jonathan A. Foster 2 * and Anthony J. Ryan*

Polyisocyanurate (PIR) foams are widely used to insulate buildings, but their performance reduces over
time leading to wasted energy and higher heating costs. High molecular weight gases used to blow the
foams gradually diffuse out and are replaced by air leading to an increase in thermal conductivity. A
wide variety of additives have been tested to improve the barrier properties of polymers including
metal-organic frameworks (MOFs) which have proved promising candidates thanks to their tunable
surface chemistry. In this work, a new and robust method for determining gas loss from rigid PIR foams
has been developed, and utilised to determine the effect of different MOF additives on gas loss. An
accelerated ageing method was developed, in which the mass of a fixed volume of foam was kept in an
oven at 70 °C and weighed at 24 hour time intervals. This was found to provide reproducible measure-
ments of gas loss over a period of 28 days with a variation of 1.1% by mass for typical samples. Five
different MOFs were added to polyisocyanurates, and their effects on cell size, closed cell content, and
gas loss over time were measured. Cu(ABDC)(DMF) was found to enhance the gas retention of PIR
foams with minimal change to cell size or closed cell content. A modulated (flower-like) NH,-MIL-53
MOF increased the closed cell fraction whilst reducing cell size, with no effect on gas loss, whilst an
unmodulated (cube like) NH,>-MIL-53 MOF increased the gas loss without affecting cell size or closed
cell percentage. Two further MOFs, Cu(BTetC)(DMF) and Cu(BDC)(DMF), were found to have no effect.
This work therefore identifies Cu(ABDC)(DMF) as a promising additive for reducing gas-loss and
maintaining the long-term performance in PIR foams, with its effectiveness demonstrated via an
accelerated ageing technique developed for this study.

Polymeric foam insulating materials utilise a polymer to create a
solid matrix of bubbles (known as cells), formed by an expansion
or production of a gas (blowing agent).

Radiation, conduction, and convection are the primary
routes through which heat can be transferred in insulating

22-24

The United Nations Environmental Programme (UNEP) has
estimated that energy consumption in buildings can be reduced
by 30-80%° by utilising technologies such as more efficient
boilers,'® heat pumps'" and solar panels."> However, the most
effective route to reducing CO, emissions from buildings is to
improve insulation, which allows the building to remain at a
habitable temperature without minimising heat exchange to the
outdoors."* ™"

A variety of materials are used for insulation, and their choice
largely depends on factors such as geographical location,'®
price,'®"” and available space.'® The most widely used polymeric
material worldwide for insulation is polyisocyanurates (PIR) due
to their low thermal conductivity, high strength compared to
weight, adhesive properties, and durability for installation.'®™*
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materials.>>* More than 50% of heat transfer in a PIR foam
comes directly from convection of the blowing agent within the
foam cells.>>*” Blowing agents are therefore chosen with low K
(thermal conductivity) values to minimise heat transfer. How-
ever, blowing agents have been shown to diffuse out of the foam
over time and are replaced by air which has a higher K value. This
leads to a reduction in the performance of the insulation.>”3°
Research into the diffusion of blowing agent from PIR foams has
been studied with CFCs being monitored from legacy PIR
foams®" or the change in thermal conductivity of PIR foam over
400 days.*> However, research into prevention of this diffusion
between cells is limited, with no standardised testing available, or
materials to reduce the gas loss over time. This work investigates
the use of additives within PIR foams to either prevent, or slow
down, the rate of blowing agent diffusion.’*** Metal-organic
frameworks were chosen as the additives to create new PIR
composites.
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Metal-organic frameworks (MOFs) are co-ordination net-
works consisting of organic ligands coordinated to metal ions
or clusters that contain potential voids.**> MOFs can be
synthesised from a variety of metal centres and linkers. For
example, linkers can be carboxylate based, N-donor based, and
phosphine based, while examples of metal centres are copper,
aluminium, zinc, hafnium and zirconium, with different com-
binations of linkers and metals resulting in different
MOFs.**?%*® This modular approach to the design and synth-
esis of MOFs allows for extremely tuneable materials.***> Appli-
cations of MOFs in polymers focus on gas separation*®™*® and
gas storage.*®>' Copper and aluminium terephthalic acid based
MOFs have been regularly used in polymers for gas separation,
typically with polyimides, to separate CO,/CH, resulting in
increased selectivity or permeance of membranes.>>>* However,
little work has been done on incorporating these MOFs into PIR.
Typical blowing agents in PIR are pentanes,”* therefore, copper
and aluminium terephthalic acid based MOFs could offer some
barrier properties when included in PIR.

This work aims to demonstrate a method for the monitoring
of gas loss from rigid PIR foams within a short timeframe, and
determine if tailored materials, MOFs, can be introduced to PIR
foams to reduce their gas loss over time. Specifically, this work
will utilise accelerated ageing of PIR foams at 70 °C and use
common PIR additives molybdenum disulphide and graphite
as solid particulates for validation of the method. Then MOFs
Cu(BDC)(DMF), Cu(ABDC)(DMF), Cu(BTetC)(DMF) and NH,-
MIL-53 (modulated and unmodulated) will be used to deter-
mine if gas loss from PIR foams can be reduced.

Results and discussion
Determining gas loss from PIR foam

Accelerated ageing at high temperatures has been used in
industry to monitor changes in performance (such as thermal
conductivity) over time;** however, to our knowledge there are
no reported methods in the literature for directly measuring
gas loss. This work proposes a method of accelerated ageing
that can be used to determine the mass loss and therefore infer
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gas loss from PIR foams by monitoring the mass change of a
PIR foam kept in a 70 °C environment (Fig. 1).

Several different methods were initially tested, including gas
cell analysis with PIR membranes, headspace analysis of cut
PIR foam cubes, and vacuum ageing of PIR foam. The following
method was chosen based on preliminary work and found to
provide the most accurate and reliable measurements, so was
used throughout the study. PIR foam was synthesised ona 100 g
scale in a 1 L disposable paper cup. The head (any foam that had
risen beyond the rim of the cup) was then removed. Foams were
kept inside the cup for ageing and analysis, which provides a
regular, singular exposed surface for gasses to escape (Fig. 1). To
allow for further regularity across the samples, each foam was
synthesised, allowed to settle (from any temperature or reactive
effects) for 24 hours, then cut using a foam saw and allowed to
settle for a further 24 hours. These cut foam cups were then
placed in a closed oven and weighed daily over the course of 28
days at a minimum. Three replicates were performed and used
to calculate the mean average.

To understand the effect of accelerated ageing, a reference
sample was made and monitored at room temperature along-
side an accelerated sample at 70 °C for 28 days. Fig. 2a shows
the average % mass loss over time for these samples, where the
room temperature environment foam shows a slight increase in
mass over 28 days, whilst the foam placed into an oven
demonstrates a logarithmic loss of mass. The slight increase
in mass is attributed to moisture adsorption by the foam when
kept under ambient conditions which exceeds any loss of
blowing agent consistent with slow release at this temperature.
The higher temperature used in the accelerated ageing method
therefore offered robust analysis of the mass loss, which in turn
provided insights into gas loss from the foam over time, making
it a successful development in foam analysis. This technique
was then utilised for the analysis of composite foams.

Validation of accelerated ageing method on composite foams

To validate the method developed, two materials were pur-
chased as model additives to introduce into the foams: MoS,
and graphite. Both materials have been used in gas barrier
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Fig.1 Scheme showing methods used for the synthesis and accelerated ageing of PIR foams.
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Fig. 2 Mass loss from rigid PIR foams over time. (A) Mass loss under ambient or accelerated conditions. (B) Compared to MoS, and graphite composites.
(C) Compared to copper MOF composites. (D) Compared to aluminium MOF composites.

applications where the inclusion of the additives reduced per-
meation through polyurethanes.’>>” They have also been used
in foam applications where these additives can increase other
properties such as hydrophobicity,”® mechanical strength,’® or
electrical conductivity® of polyurethane foams. This makes
them the ideal initial testing materials for validation of the
accelerated ageing technique.

For determining the optimal loading of additives to the PIR
foam, helium pycnometry analysis was utilised to establish the
fraction of closed cells of the foams produced. Additives are
known to act as cell openers in PIR foams.®° A higher open cell
fraction results in an easier pathway for the blowing agent to
leave, reducing the lifetime efficiency of the foam. The standard
PIR foam produced without additives demonstrated a high
closed cell content of 85 + 1%. The addition of high loadings
(>0.1 wt %) of MoS2 or graphene additives produced foams
with much lower closed cell content (72% closed at 5 wt% and
82% closed at 1 wt% respectively for MoS, composites (Fig. S2,
SI)). The drop in closed cell fraction was attributed to cell
opening via solid particulate dewetting.®" Therefore, 0.1% by
weight loadings were targeted, a graphite and a MoS, foam
produced a highly closed cell foam (graphite at 84 + 3%, MoS,
at 86 + 1%).

Fig. 2b shows the mass loss of 3 sets of foams: a pure foam, a
composite foam containing MoS, at 0.1% loading, and a
composite foam containing graphite at a 0.1% loading. In all
cases the logarithmic decay of the mass loss is seen, with both
the MoS, and graphite foams having a greater mass loss (3.94 +
0.00% and 4.12 + 0.02% respectively at 28 days) over time than
the pure foam (3.58 &+ 0.04% at 28 days).

Other additives have been found to have significant effects
on The increased mass loss over time for the composite foams

© 2025 The Author(s). Published by the Royal Society of Chemistry

may be attributed to the slight increase in cell size (Fig. 4),
though the values were within error in both composite foams
when compared to the standard foams. Alternatively, the intro-
duction of the additive could have led to the creation of voids in
the polymer matrix, creating more channels for the blowing
agent to travel through the cell walls more efficiently.®® Overall,
it can be concluded that this analysis technique is suitable for
analysing the barrier properties of the composites, and low
percentages of additive introduced to PIR can have effects on
gas retention without disruption of either closed cell percen-
tage or cell size. This method could be utilised for a variety of
additives, or other highly closed cell foams.

Effect of MOFs on gas loss

This section aims to determine if tailored materials, MOFs, can be
introduced to PIR foams to reduce their gas loss over time. Three
copper MOF systems were utilised for 0.1% weight PIR compo-
sites: Cu(BDC)(DMF) (where BDC is 1,4-benzenedicarboxylate lin-
ker and DMF is the co-ordinated solvent dimethyl formamide),
Cu(ABDC)(DMF) (where ABDC is 2-amino-1,4-benzenedicarb-
oxylate) and Cu(BTetC)(DMF) (where BTetC is a 1,2,4,5-benzene
tetracarboxylate). Two aluminium MOFs were also utilised for
0.1% weight composites. These consisted of NH,-MIL-53 (synth-
esis adapted from the work by Jinhuai Liu et al®®), and a
modulated version of NH,-MIL-53 produced with a flower-like
structure (Fig. 3) resulting in a distinct morphology.®® These
MOFs were chosen for their previous use in polymers, facile
synthesis and their relation to one another allowing for investiga-
tion into different possible effects, such as surface chemistry,
morphology and density. All MOFs were synthesised according to
previously reported methods (Fig. 3). All MOFs were found to be
pure via powder X-ray diffraction and elemental analysis.

Mater. Adv,, 2025, 6, 9125-9132 | 9127
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Fig. 2c shows the mass loss of different composite foams
containing Cu MOF additives, and Fig. 2d containing the Al
MOF additives. Each curve shows a logarithmic decay, like that
observed for the standard PIR foam, those of PIR MoS,/graphite
composites. Mass loss from the MOF composites after 28 days
showed improved performance (decreased mass loss) by the
addition of Cu(ABDC)(DMF). Addition of other MOFs resulted in
little change in the gas loss compared to the standard foam.
Addition of unmodulated NH,-MIL-53 resulted in decreased per-
formance (increased mass loss) compared to the standard foam.

To understand the effect that the different MOFs had on the
structure of the foam, the average cell size was measured via
SEM and the closed cell content measured by pycnometry
(Table 1). Closed cell content was unchanged within experi-
mental error for all samples (around 85%), except for samples
containing modulated NH,-MIL-53 which showed a substantial
increase (to 94 + 4%). The average cell size was also within
experimental error for all samples except the modulated
NH,-MIL-53 composite, which demonstrated significant reduc-
tions in cell size (154 + 18 um) compared to the base foam
(222 £ 27 pm) seen in Fig. 4.

Direct comparison between the MOF additives is challen-
ging due to differences in functionality, but also morphology
and particle size. The key outliers to explain are the improved
performance on addition of Cu(ABDC)(DMF) and the reduced
performance of unmodulated NH,-MIL-53 but not modulated
NH,. The Cu based MOFs have a dense morphology due to the
co-ordinated DMF molecules of one-layer sitting inside the
pores of the layers above and below. Our initial hypothesis
was therefore that incorporation of these MOFs into the walls of

9128 | Mater. Adv., 2025, 6, 9125-9132

Reaction schemes for the synthesis of Cu(BDC)(DMF), Cu(ADC)(DMF), Cu(BTetC)(DMF), NH,-MIL-53 and modulated NH,-MIL-53.

Standard Foam
Closed cell %=85+1
Cell Size =222 +27 um

MoS, Composite Foam
Closed cell %=84+3
Cell Size =234 £36 um

Cu(ABDC)(DMF)
Composite Foam
Closed cell %=84+3
Cell Size =203 £22 um

Modulated NH,-MIL-53
Composite Foam
Closed cell % =94+ 4
Cell Size =154 £ 18 um
Fig. 4 SEM images of (A) standard PIR foam, (B) MoS, composite foam,
(C) Cu(ABDC)(DMF) composite foam, (D) modulated NH,-MIL-53 compo-

site foam.

the PIR foam would improve barrier properties by creating a
tortuous path around which escaping gasses would have to flow.
We suggest that the enhanced performance of Cu(ABDC)(DMF),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Closed cell, cell size and mass lost at 28 days of PIR and
composite PIR foams. Increased values are denoted in bold with A,
decreased values denoted in italics with *

Mass loss at

Foam additive Closed cells/% Cell size/um 28 days per g

None 85+ 1 202 +27  3.58 4+ 0.04
MoS, 84 +3 234 +36  3.94 + 0.00"
Graphite 86 + 1 230 £29 412 + 0.02*
Cu(BDC)(DMF) 88 + 7 190 + 23 3.54 + 0.05
Cu(BtetC)(DMF) 85+ 1 195+ 17  3.62 + 0.03
Cu(ABDC)(DMF) 84+ 3 203 £22  3.22 4 0.09*
NH,-MIL-53 unmodulated 84 + 5 179 £ 17 4.14 + 0.22*
NH,-MIL-53 modulated ~ 94 + 4" 154 + 18*  3.61 £ 0.05

but not the other Cu based MOFs, is likely due to the amino-
functional group reacting with the isocyanates of the setting PIR
foam enabling enhanced incorporation within the matrix.

Amino groups are also present in the two NH,-MIL-53
systems, so another explanation is required here. In contrast
to the dense Cu MOFs, the MIL-53 system has an open ‘‘wine-
rack” like structure,®® with channels running through it which
have been utilised for CO,%*°® capture, in separation applica-
tions of CO, and CH,*”°® and adsorption of hydrocarbons.® It
is therefore likely that blowing agents (iso- and cyclo- pentane)
could be transported through these channels more easily than
the polymer matrix, enhancing gas loss. This would explain the
increase in the rate of gas loss seen for un-modulated NH,-MIL-
53. Modulated NH,-MIL-53 might be expected to show similar
behaviour, however a confounding factor in this case is that
addition of the MOFs results in changes in closed cell fraction
and cell size. Cell size decreases most significantly for the
modulated NH,-MIL-53, which is expected to reduce gas loss
as blowing agents will have to travel through a greater number
of cell walls to escape the foam. Closed cell-content also
increased for the modulated NH,-MIL-53, which would further
enhance this effect reducing escape. We therefore suggest this
these effects counteract any increase in gas-loss caused by the
presence of the porous MOFs, resulting in little net change in
the rate of gas-loss compared to the unmodified foam.

Conclusions

In conclusion, gas loss from PIR foams is a major route to loss
in insulation performance over time, resulting in less effective
retention of heat. Here, we developed a reproducible method to
measure gas loss from PIR foams during accelerated ageing, via
regular weighing of the foam when placed in an oven at 70 °C.
This method allowed for comparison of different inorganic and
MOF additives as barrier materials at a 0.1 wt% loading.

A variety of MOFs were synthesised and successfully incor-
porated at a 0.1 wt% loading into rigid PIR foams. The addition
of MOFs drastically altered the loss of blowing agent from the
foams depending on the specific MOF utilised. Importantly,
addition of Cu(ABDC)(DMF) resulted in reduced gas-loss, show-
ing 3.22 £+ 0.09% mass loss after 28 days compared to 3.58 +
0.04% of the base foam, and 4.14 + 0.22% of the worst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performing samples. Comparison between the structure of the
MOFs and performance of the composite foams indicate func-
tional groups and particle shape are key to determining
performance.

These results indicate that MOFs are promising additive for
reducing blowing agent loss from PIR foams. We anticipate that
the diversity and tunability of MOFs, combined with the simple
and highly reproducible methods developed during this study
will enable the development of new additives which will
improve the lifetime performance of insulation.

Experimental
Materials and characterisation

All materials for foam synthesis were provided by Kingspan
(Leominster, UK). Dimethyl formamide (DMF) (> 99%) was
purchased from Fisher Scientific (Loughborough, UK). Copper
acetate monohydrate (98+ %), aluminium chloride hexahydrate
(99%) and 2-aminoterephthalic acid (99%) were purchased from
Alfa Aesar (Heysham, UK). Terephthalic acid (99+ %) was pur-
chased from Acros organics (Geel, Belgium). 1,2,4,5-Benzenetetra-
carboxylic acid (96%) was purchased form Sigma Aldrich (Dorset,
UK). All characterisation methods can be found in the SL

Foam synthesis and accelerated ageing

Rigid PIR foam is synthesised according to Kingspan’s formula-
tion, with all chemicals provided by Kingspan. A “part A” is
initially mixed using a polyol, cyclopentane, isopentane, a trimer-
ization catalyst, a surfactant, a flame retardant, and waterina 1 L
paper Kingspan cup. Once blended using an overhead stirrer
(3000 rpm, 10 seconds), pMDI, “part B”, is added on top of the
part A mixture and then blended again (3000 rpm, 10 seconds).
The total mass of the mixture is 100 g when all components are
mixed. For composite foams, the total mass is reduced to
accommodate the percentage loading of the additive chosen
(e.g. a 0.1% loading will use a total of 99.9 g of foam formulation
and 0.1 g of additive). The additive is incorporated into the part A
mixture as a dry powder prior to mixing.

For accelerated ageing measurements, after the foam had
stopped rising, it was left to cool for 24 hours. The head of the foam
(all foam above the lip of the cup) was then removed by cutting
with an insulation saw. The decapitated foam is again left to rest
for a further 24 hours before a baseline weight was obtained. The
foam was then placed into an oven at 70 °C and periodically
weighed on a balance with a tolerance of £0.001 g over 28 days.

Synthesis of copper MOFs

Copper acetate monohydrate and linker were separately dis-
solved in DMF (95 mL) (see SI, Table S1). After dissolution, the
solutions were combined and stirred at 110 °C under nitrogen
for 16 hours. The reaction mixture was centrifuged (12 000 rpm,
10 min), the supernatant removed, and the solids washed via
centrifugation (12 000 rpm, 10 min) in DMF (3 x 30 mL), then
diethyl ether (3 x 30 mL). The sample was dried under desicca-
tion, producing MOF.

Mater. Adv.,, 2025, 6, 9125-9132 | 9129
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Cu(BCD)(DMF), light blue powder, yield 49.6% (based on
Cu). Elemental analysis: calculated mass for CuC;,H;,NO5%: C
43.89; H 3.75; N 4.654. Found mass %: C 43.52; H 3.76; N 4.58.
Phase purity confirmed by PXRD (flat plate) comparison (CCDC
entry 687690).”°

Cu(BTetC)(DMF), teal powder, yield 58.9% (based on Cu).
Elemental analysis: calculated mass for CuCgHoNO5%: C 36.88; H
3.17; N 5.20; found mass %: C 36.48; H 3.49; N 5.55. Phase purity
confirmed by PXRD (flat plate) comparison (CCDC entry 640755).”"

Cu(ABDC)(DMF), green powder, yield: 84.4% (based on Cu).
Elemental analysis: calculated mass for CuC;;H;3N,05%: C
41.85; H 3.89; N 8.63; found mass %: C 41.43; H 3.97; N 8.58.
Phase purity confirmed by PXRD (flat plate) comparison (CCDC
entry 687690).”°

Synthesis of aluminium MOFs

Aluminium chloride hexahydrate (0.966 g, 4.00 mmol) and
aminoterephthalic acid (0.543 g, 3.00 mmol) are mixed in water
(30 mL) for 30 minutes. For modulated NH,-MIL-53, urea
(0.390 g, 6.50 mmol) was added to the reaction mixture and
stirred for an additional 30 minutes. The reaction mixture was
then transferred to a Teflon lined autoclave and heated to
150 °C for 5 hours with a heating and cooling rate of
10 °C min~'. The yellow solution was then centrifuged
(12000 rpm, 10 min) to yield a yellow solid. For activation,
the product was suspended in DMF (50 mL) with stirring at
110 °C for 16 hours then centrifuged (12 000 rpm 10 min). The off-
white product was then suspended in methanol (50 mL) and stirred
under reflux for 16 hours. Finally, the product was centrifuged
(12000 rpm 10 min) and dried under vacuum at 40 °C for
16 hours, resulting in an off-white powder of NH,-MIL-53. Unmo-
dulated yield: 88.3% (based on Al), modulated yield: 81.8% (based
on Al). Elemental analysis: calculated mass for unmodulated
AlCgHgNOg%: C 39.84; H 3.32; N 5.81; Found mass %: C 43.50;
H 3.89; N 6.09. Calculated mass for modulated AICgHgNOg%: C
39.84; H 3.32; N 5.81; found mass %: C 30.74; H 3.69; N 5.43. Phase
purity confirmed by PXRD (flat plate) comparison (CCDC entry
220475)"* and comparison to paper by Jinhuai Liu et al.®®

Analysis of MOFs

After synthesis of all MOFs PXRD analysis was completed to
determine any phase impurities that may exist in the structure
(see SI, Fig. S4.1-3), and a digested (where the MOF was broken
down via acid/base into free linker and metal ions in solution)
sample was created for NMR to determine if any impurities were
in the pores of the MOF (see SI, Fig. S3.1-3). Finally, FT-IR
measurements were also performed to determine any impurities
(see SI, Fig. S5.1-3). DLS measurements in solvent after disper-
sion with sonication (37 kHz for 60 seconds) were also performed
to provide additional sizing measurements (see SI, Fig. $6.1-3)
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