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We impregnated the sugar alcohols (SAs) erythritol and mannitol
(Man) in >0.1 mm single crystals of a covalent organic framework,
COF-300, to propose new solid-state heat storing materials. The
fusion-freezing cycles of the Man—COF composite occur in a
narrow range of 130-155 °C without large or random supercooling,
which has been a crucial problem of SAs, indicating the significance
of this materials concept. The Man—COF composite displayed two
endothermic and two exothermic features in the heating/cooling
cycles. We measured the heat transmission properties in detail,
based on which we discuss and suggest a postulate on the phase
change behaviour of Man in the pores of the COF.

Sugar alcohols (SAs) such as erythritol (Eri) and p-mannitol
(Man) (Fig. 1(b)) are natural carbohydrates that have been
proposed as phase-change materials (PCMs) for thermal energy
storage (TES) of waste heat below 200 °C,"* which is ubiquitous
and gigantic in quantity.>* SAs have many advantages as PCMs,
as they are non-toxic, non-corrosive (unlike salt hydrates), low-
cost, and biodegradable."” In addition, their volumetric energy
density is much higher than that of commonly used organic
PCMs such as paraffins, fatty acids, and esters.>”

However, on cooling from the liquid above the melting tem-
perature (T},), SAs suffer from a high degree of supercooling,’®
which sizably downgrades the thermal energy and hence loses
%1% SAs can degrade at high temperature by oxidation and
15810713 to mitigate the degradation, recent proposals

exergy.
dehydration;

New concepts

Herein, the concept of forming composites of covalent organic framework
(COF) crystals and sugar alcohols (SAs)—green and low-cost phase change
materials—has been demonstrated to solve the long-standing problem of
SAs’ strong supercooling, which sizably degrades the stored thermal
energy. Our discovery of spontaneous impregnation of melted SA into
COF with changes in crystal shape indicates that the deformable
framework is the key factor to realize the composite formation,
implying strong interaction between impregnated SA and the COF.
These aspects differentiate this concept from existing concepts that
impregnate SAs mainly into rigid porous materials (e.g., nanoporous
silica and alumina), which does not solve the supercooling problem.
The mannitol-COF composite exhibited reproducible fusion-freezing
cycles in a narrow temperature range, achieving a landmark success for
the suppression of supercooling of SA. Our direction-sensitive thermal
diffusivity measurements provide insights into the complex phase-change
behaviours of the SA-COF composite, the mechanism of which is
discussed and postulated based on anisotropic nanoconfinement in the
pores of the COF crystals. The obtained findings and insights will pave
the way toward a new horizon of organic heat-storage materials, of which
the properties can be optimized by exploiting the high design freedom
and thermal stability inherently possessed by COFs.

include the use of an inert gas environment™*'>"? or an anti-

oxidant™ and confinement in nanoporous materials.™*

To avoid the risk of leakage during operation, solid-state
PCMs are desired in which the fluidity of the PCM is sup-
pressed above Tp,; this aim was explored using composites of
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Fig.1 (a) Schematic illustration describing the formation of COF-300, which has a 3D framework with 7-fold interpenetration (T,: melting
temperature). The period along the a- and b-axes indicated in the graphic (~1.3 nm) is based on the results of SXRD analysis on a COF-300 single
crystal reported in ref. 22. (b) Molecular structures of erythritol (Eri) and mannitol (Man). (c) Schematic representation of our concept to form SA-COF

composites by impregnating SA as a PCM into a single crystal of COF.

PCM and porous materials."*™"” For example, Nomura et al.**

impregnated Eri into the pores of inorganic materials; they
found a slight lowering of Ty, and large impacts on the latent
heat of fusion (AH,); however, they did not report the freezing
properties.

Sagara et al.'® impregnated Man into nanoporous SiO, and
found that T}, and AH,, decreased as the pore size decreased.
They also found that the composite formation prolonged the
thermal degradation period by 13 times that of the pure Man,"”
which indicates that impregnation of SA into nanopores is
effective to address the degradation issue. This research also
did not address freezing properties.

Xu et al.'® formed composites of Man and expanded gra-
phite; their results indicated weak effects on Ty, and AH,, from
Man impregnated in expanded graphite and enhancement of
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thermal conductivity of the composites; the influences on the
solidification properties were not shown. He et al.'” encapsulated
Man into silica nanoshells; the solidification of encapsulated
Man occurred randomly in the 100-125 °C range and hence
their materials did not resolve the issue of the high degree of
supercooling of Man. Hackel et al'® encapsulated Eri and
xylitol into zeolitic imidazole frameworks (ZIFs), a subclass of
metal-organic frameworks (MOFs), using molten SAs as sol-
vents for ZIF synthesis; the results showed significant suppres-
sion of phase-change temperatures down to 19.8 and 23.3 °C for
Eri and xylitol, respectively. Thus, none of these previous
works*® have addressed the problem of supercooling of SA
by the formation of composites.

Covalent organic frameworks (COFs) are an emerging class
of solids with periodic nanopores of uniform and designable
sizes.'® ' COFs have many advantages, including high thermal
stability in air up to 300-400 °C (e.g, Fig. S3, ESIf) and non-
toxic elemental composition of earth-abundant lightweight
atoms (e.g., Fig. 1(a)), and have been proposed for numerous
applications.*

However, to our best knowledge, no report has presented the
use of COFs as PCMs. Herein, to explore a new class of heat
storage materials, we have impregnated two typical SAs, Eri and
Man (Fig. 1(b)), into single crystals of COF.

COF-300 is a three-dimensional (3D) COF with 7-fold
interpenetration,®® formed from  tetrakis(4-aminophenyl)-
methane (TAM) and terephthaldehyde (BDA) (Fig. 1(a)). COF-
300 has one-dimensional (1D) pores along the c-axis (Fig. 1(a))
and a stability against hydrolysis at least around pH 7.>**3

Below, we demonstrate that the supercooling problem is
avoided by forming a Man-COF composite. This composite
successfully realised reproducible fusion-freezing cycling in
the temperature range of 130-155 °C, which is substantially
narrower than the wide fusion-freezing range over ~100-167 °C

Mater. Horiz., 2023, 10, 4922-4929 | 4923
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in the case of bulk Man. Therefore, we propose herein a new
materials concept that realises reproducible freezing at a much
higher temperature than before, which largely mitigates the
degradation of stored thermal energy, opening a new avenue
of non-toxic and solid-state PCMs.

Large single crystals of COF-300 were grown using our
previous method;>* however, we did not use ionic liquids
during the growth in this report, as we did in ref. 24 (Section
S1.2, ESIt). The growth for 7 days yielded large (> 100 pm along
the c-axis) single crystals. They were washed, dried, and stored
in a glovebox until use (Section S1.3, ESIt).

Eri or Man (Fig. 1(b)) was introduced into COF-300 crystals
(Fig. 1(c)) according to Method 1 or Method 2 (see Sections S1.4
and S1.5 in the ESL 7 respectively, for details). In Method 1,
each crystal of COF-300 absorbed melted SA on a hotplate
under a stereomicroscope. In Method 2, a blended mixture of
dried COF-300 crystals and SA powder confined in a tube of
paraformaldehyde (PFA; inner diameter: 2 mm) was heated
above Ty, so that melted SA was absorbed into the COF-300
crystals (Fig. S2, ESIt). In the latter method, a portion of SA was
not impregnated into the COF crystals; i.e., samples prepared
by Method 2 were a mixture of COF crystals that absorbed Man,
those that did not (or almost did not) absorb Man, and Man
that remained outside the COF crystals. For both Methods 1
and 2, the removal of residual solvents and moisture from the
COF-300 crystals before loading SA is important, because such
residual species can hinder the inclusion of SA into the crystals
(see Section S1.3, ESIT).

After immersing a COF-300 crystal into a droplet of SA on a
glass slide on a hotplate that was set at Ty, + 15 °C (Fig. 2(a) and
(c) for Eri and Man, respectively), the crystals started to enlarge
from the end of the crystal, absorbing the melted SA along the
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c-axis. As the SA intruded into the COF-300 crystal, the width of
the crystal increased, turning the colour from orange (dry COF-
300 crystals) to pale yellow (the crystals filled with SA). These
observations imply that the interaction between the impreg-
nated SA molecules and COF is strong.

Thus, the absorption of melted SA proceeded along the 1D
pore of COF-300, as expected. This manner of guest absorption
is similar to that recently reported for the absorption of
dichloromethane vapor by much smaller (5-10 pm in c-axis)
COF-300 crystals.>® To our knowledge, this is the first spatio-
temporally resolved observation of guest species being
absorbed into COF crystals, which was made possible by the
present use of large crystals. As indicated in Fig. 2(b) and (d)
for Eri and Man, respectively, the dimension of the crystal
along the c-axis (length) decreased by 14-16%, whereas that
normal to the c-axis (width) increased by 26-30%. This shape
deformation may arise from a joint-link deformation of the
framework of COF-300.>* By the inclusion of SA, the surface
area of the COF-300 crystal increased by ca. 15 + 3%, which
may affect the heat transfer area when this material is used
as a PCM.

From our single-crystal X-ray diffraction (SXRD) analyses on
the SA-COF composite crystals, the mass ratios of COF-300: Eri
and COF-300: Man at their maximal impregnations (cf Fig. 2)
were determined to be ca. 1:0.73 and 1:0.77, respectively,
from which their densities were determined to be ca. 1.26
and 1.27 g cm >, respectively (see Section S3 of the ESIf for
these determinations); the weight % loadings of Eri and Man in
these composites were then found to be ca. 0.73/1.73 =~ 42%
and 0.77/1.77 = 44%, respectively. Consistent with the results
of Fig. 2, the size of the COF-300 pores changed significantly
before and after the impregnation of SA (Fig. S10, ESIY).
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Fig. 2 Time-course observations on single COF-300 crystals immersed in droplets of melted (a), (b) erythritol (Eri) and (c), (d) mannitol (Man). The
experiments were conducted on a glass slide placed on a hotplate set at the temperatures of 130 and 180 °C for the cases of Eri and Man, respectively.
Panels (a) and (c) are photographs taken under a stereomicroscope. Panels (b) and (d) plot changes in the crystal dimensions along and across the c-axis
(length and width, respectively) with time, where the error bars for the length and width represent +3% and +5% uncertainties, respectively.
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Overall, the results shown in Fig. 2 demonstrated that the
envisaged concept of forming an SA-COF composite is viable.
Because SA has been embedded in the COF-300, the phase-
change behaviours are of interest; we investigated them by
differential scanning calorimetry (DSC; Section S4, ESIT) for the
samples prepared by Method 2. However, the phase-change
behaviours we observed for the Eri-COF composite were highly
irregular, which may be ascribed to the strong supercooling of

ri, for which the reported crystallization temperatures are
scattered over a wide temperature range (see Fig. 3 of ref. 1),
and to the complex phase-change behaviours of Eri under
nanospace confinement (see Fig. 7 of ref. 26). As we found that
this propensity was difficult to remove, we will show the results
only for the Man-COF cases that exhibited reproducibility.

The DSC of Man showed an exothermic peak of T, at
around 167 °C (Fig. 3(a), heating) corresponding to the T, of
the thermodynamically stable B-phase” (or ‘mod I' phase®”) of
Man. The measured AH,, was 294 kJ kg™, which agreed well
with literature values,®'®*”*® although the literature values
show some scatter.>” The solidification of Man occurred after
significant supercooling over 50 K (Fig. 3(a), cooling), agreeing
with previous reports.®”

In contrast, the DSC results of the Man-COF composite, in
which some fraction of Man remained outside the COF as
mentioned above, exhibited substantially different behaviours.
For both mass ratios of COF:Man = 1:0.5 (Fig. 3(b)) and 1:1
(Fig. 3(c)), we discovered the appearance of two additional
endothermic features which peaked in the 150-156 °C and
143-149 °C ranges (I and II in Fig. 3, respectively), which are
moderately lower than the T, of 167 °C; we attributed these
new features to the melting of Man impregnated in COF-300.

Interestingly, during cooling, a new exothermic feature
appeared in the 136-142 °C range (III in Fig. 3(b) and (c)),
which we attributed to the freezing of Man impregnated in the
COF. This freezing feature appeared reproducibly, indicating
that the present composites have achieved fusion-freezing
cycles at a prescribed temperature without suffering from
pronounced supercooling, which has been the problem of SA-
based PCMs.

Increasing the mass ratio of COF : Man from 1: 0.5 (Fig. 3(b))
to 1:1 (Fig. 3(c)) made these new features (I, II, and III) more
prominent. This supports our attribution of these DSC features
to those originating from phase changes of Man in the COF.
To further verify this attribution, we performed a reference
experiment in which we ended the heating at 160 °C (<Ty,)
and then started cooling (Fig. 3(d)). The results showed that both
melting and freezing features of bulk Man (¢f. Fig. 3(a)) disap-
peared while maintaining the features I-1II (Fig. 3(d)). Therefore,
by using temperature cycles below 160 °C, one can predictably
carry out heat deposition into and withdrawal from this compo-
site PCM without significant supercooling that substantially
decreases the exergy of the stored thermal energy.

In the DSC curves of Fig. 3(d), a new exothermic feature IV
emerged at 130-136 °C during cooling. To further understand the
phase change characteristics of Man in COF-300, we performed an
additional reference experiment, in which we ended heating at

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Results of DSC conducted at a scan rate of 2 °C st using

aluminum crimp cells to measure (a) Man only, (b) 1:0.5 COF-Man
composite, and (c)—(e) 1: 1 COF-Man composite in weight ratio. In panels
(d) and (e), the heating processes ended and cooling started at 160 and
150 °C, respectively. Roman numerals | to IV indicate features found only in
the composite. We have offset the curves so that the heat at 70 °C is zero.
Because of the relatively small values of heat, the baselines of the curves in
panels (b) to (e) may have not been subtracted completely and hence have
some degree of slope.

150 °C and then started cooling; the results exhibited only two
features, II and IV (Fig. 3(e)). Thus, the two endothermic features I
and 1II correspond to, respectively, the two exothermic features III
and IV, which may be indicative of at least two qualitatively different
modes of phase transition experienced by Man molecules impreg-
nated in the nanopores of COF-300. A previous report®® found two
crystalline phases for Eri confined in the nanopores of mesoporous
silica in which the pore diameter ranged from 7.5 to 9.2 nm.
Presently, we are unable to conduct temperature-dependent powder
X-ray diffraction experiments reliably, and the detailed elucidations
of the crystalline structures shall be left as future work.

As shown in Fig. 3, a decrease of the melting point of Man
in the COF relative to the T,, of bulk Man was found. Such

Mater. Horiz., 2023, 10, 4922-4929 | 4925
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lowering of the T,, seems to be a general consequence of
confinement in nanopores; examples include water in silica
gel,” water in nanoporous alumina,®® Man in nanoporous
Si0,," and Eri in mesoporous silica,?® although the pore sizes
used in these papers were above 5 nm and had size distributions
unlike that of the COF. Confinement of linear liquid crystals into
the nanopores decreased both the crystal-to-nematic and
nematic-to-isotropic transition temperatures.®

Importantly, we can calculate the AH,,, of Man impregnated
in COF-300 using the data of Fig. 3 as follows. The feature at
167 °C in Fig. 3(a) showed a AH,, of 294 J g~ ' as mentioned
above. In Fig. 3(c) (COF:Man = 1:1), however, this melting
feature showed 194 J per 1 g of Man loaded in the pan of the
DSC. Therefore, the mass ratio of Man outside the COF (for
which the T, is 167 °C) to Man in the COF was 194 : (294-194) =
194:100. Therefore, per 1 g of Man in the DSC pan, 100/294 =~
0.34 g of Man was impregnated into COF-300. Because the
weight ratio of COF:Man is 1:1 in Fig. 3(c), the mass ratio of
COF-300 to “Man in COF-300” was 1:0.34.% The summation
of the melting enthalpies of the endothermic features of I
and II was ca. 34.2 J per 1 g of Man loaded in the pan.
Therefore, the enthalpy of fusion of Man in COF-300 (AH, cor)
was found to be 34.2/0.34 =~ 100 J g * (estimated uncertainty:
+10%). This value is substantially smaller than the AH,,
of 294 g .

Consgriuctiont
of the cell
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“ Glass plate +

Electrode
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Next, we discuss the reason that AH, cor is smaller than
AH,,,. Previously, Sagara et al."® observed similar reductions of
the fusion enthalpy of Man impregnated in nanoporous SiO,
with various average pore diameters from 11.6 to 50 nmj;
they explained this reduction in terms of the existence of “a
nonfreezing liquid layer” at the pore-wall interface, which does
not contribute to the solid-liquid transformation."> However,
we consider that such a viewpoint, which relied on a continuum
liquid picture, is not suitable for the present case, where our
pore diameter is more than one order of magnitude smaller
than those investigated in ref. 15. In the present study, the
width of the pore after saturation with Man molecules
(¢f Fig. 2(c)) was only ca. 9.6 A (Fig. S10c, ESI¥), according to
the SXRD analysis. This width is already close to the narrowest
width of one Man molecule (6.03 A) and smaller than its length
(10.3 A; Fig. S11, ESIY). Thus, we consider that the application
of the notion of a nonfreezing liquid layer to the present study
is inappropriate.

Instead, by visualizing the crystal structure of f-mannito
using Mercury software, we found that one Man molecule
interacts via hydrogen bonding with six adjacent Man mole-
cules (Fig. S12, ESIT). However, considering the relative sizes of
the pore and the Man molecules (Fig. S11, ESIt), we surmise
that one Man molecule in the pore could interact via hydrogen
bonds with only a few adjacent Man molecules due to the small
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(ca. 9.6 A) pore width. Thus, we explain the large reduction of
AH;, cor from the discrete molecular-level viewpoint. There-
fore, the pore size of the COF should be an important factor
that affects the phase-change enthalpy of the guest. For TES
applications, the reduction of fusion enthalpy is undesired.
Hence, enlargement of the pore would be necessary, at least to
some extent; this requirement may be addressed by exploiting
design freedoms of the framework type and pore size, which is
one of the advantages of COFs.

To realise the thermal applications proposed here, an under-
standing of the heat transfer properties is indispensable.
Below, for the first time, we report thermal diffusivities
(¢ in m* s7") of single-crystal COF and SA-COF single-crystal
composites, along with the thermal conductivity (kin Wm™ " K )
of the single-crystal COF.

To determine these values, we used microscale temperature
wave analysis (i-TWA)**7® (see Section S7 of the ESI+ for details).
Briefly, this method uses a sensor substrate and a heater sub-
strate to sandwich a sample between a micro-thermocouple
junction on the former and the ITO heater on the latter
(Fig. 4(a) and (b)). We measured o perpendicular to the c-axis
of COF-300 via either ‘face-up’ or ‘side-up’ configurations, as
illustrated in Fig. 4(c). As the a- and b-axes are equivalent in COF-
300** (¢f Fig. 1(a)), both configurations result in physically
equivalent measurements.

As a result, we found the « of unimpregnated COF-300
crystals near room temperature (R.T.) to be ca. 2.3-3.4 X
1077 m”> s' based on four independent measurements
(Fig. 4(d)); these o are about twice as high as those of typical
polymers (ca. 1.0-1.7 m*> s~' at R.T.).*”” The values of o for
Eri- and Man-COF composite crystals near R.T. were similar
but slightly lower (ca. 1.8-3.1 x 10~7 m?* s~ ', Fig. 4(d)). Accord-
ing to the previous literature,®® o of Eri at R.T. is ca. 2.5 x
107 m* s, which is similar to « values of the unimpregnated
COF-300 and the SA-COF composites. Furthermore, for dried
COF-300 powder, we determined the specific heat near R.T. to
be ca. 1,200 J kg™ K ' (Fig. S4, ESIt). Along with the density of
unimpregnated COF-300 (ca. 1,050 kg m™>),>> the thermal
conductivity (k) of an unimpregnated COF-300 crystal perpendi-
cular to the c-axis was derived to be ca. 0.3-0.4 Wm ™' K, as
indicated in Fig. 4(d).§

We note that, because of our experimental setup (Fig. 4(a)),
we are currently unable to position the crystal so as to measure
o along the c-axis; this is the direction along which an enhance-
ment in the heat transfer may occur because this is the
direction along which pores, and hence chains of hydrogen-
bonded SA molecules, extend. Measurements along the c-axis
shall be left for future study.

Finally, we report the heat transmission property of the Man-
COF composite crystal up to Ty, measuring the temperature (7)
dependence of a. We carefully calibrated the temperature at the
sample position using two references: see footnote.q

In the heating process (red curve in Fig. 4(e)), o steadily
decreased with 7, which is the same behaviour as that reported
for SAs***? and polymers.** The melting peak at 143-149 °C in
the DSC results (region II, Fig. 3) was found as a discontinuous
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change in the slope of the o-T curve, whereas no change in the
curve was detected corresponding to the second endothermic
peak at 150-156 °C found in the DSC results (region I, Fig. 3).

This observation may suggest that, because a COF-300
crystal provides anisotropic nano-confining space (c¢f Fig. 1),
the melting (i.e., change in the interactions between impreg-
nated Man molecules or between Man and COF) could occur in
two steps in the 1D narrow pores of the COF; namely, along the
a- and b-axes (perpendicular to the pore), which is the direction
of our present measurements (cf. Fig. 4(c)), and along the c-axis
(parallel to pore), which is the direction we could not study by
our present measurements. We suggest the following postulate:
upon heating, the melting (or change in interaction) along the
a- and b-axes, which is the direction of the measurement,
occurs at 143-149 °C (region II), followed by a melting along
the c-axis, which is perpendicular to the measurement, at 150-
156 °C (region I).

In the cooling process (blue curves in Fig. 4(e)), a state
change was observed as a dip of « around 122 °C, which is lower
than the endothermic features observed in the DSC measure-
ments. This transition could correspond to the exothermic peak
at the lower temperature (130-136 °C) in the DSC measurement
(region IV), although the observed transition temperature
(downward dip) in Fig. 4(e) is 8 K lower than that of the feature
in the DSC. This difference might be due to the difference in
the scale of their measurements; the sample of n-TWA is a
single Man-COF crystal, whereas the DSC was measured for a
cluster of Man-COF crystals.

Notably, the above postulate, which requires testing in the
future, is consistent with the finding that the DSC features I
and III are paired and the features II and IV are paired (Fig. 3(d)
vs. Fig. 3(e)). We propose that the former pair may correspond
to measurements parallel to the c-axis and hence was unob-
served by our direction-sensitive measurements in Fig. 4,
whereas the latter pair may correspond to measurements
perpendicular to the c-axis and hence was observed by our
direction-sensitive measurements in Fig. 4.

Conclusions

We have formed new composite materials by impregnating
sugar alcohol (SA) into 1D nanopores of COF single crystals.
For the present studies, we used Eri and Man, which are actively
being investigated as green and low-cost PCMs, and COF-300.
Owing to the unique large size (>100 pm) of our COF-300
crystals, the process of absorption of melted SA into the COF
crystal was spatiotemporally revealed under an optical micro-
scope, by which we found that a mechanically flexible frame-
work of the present COF is an important factor for the SA
impregnation. The central outcome of this report is the resolu-
tion of the problematic supercooling of SAs by our proposed
materials concept of an SA-COF composite; the melting-
freezing cycles of Man in a narrow temperature range of 130-
155 °C have become possible without suffering from serious
downgrading of stored thermal energy. However, presumably
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owing to the decrease in the number of Man molecules to
which one Man molecule can interact in such small pores
(~1 nm), the fusion enthalpy is largely decreased as compared
to that of bulk Man. This issue may be mitigated by optimizing
the type and pore size of COF used.

We discovered the unique state changes that take place in
two endothermic and two exothermic steps for the SA-COF
composite (Fig. 3). This unique characteristic may result from
the anisotropic nanoconfinement effect in 1D-pored COFs with
much smaller pore size (~1 nm) than those typically used
in preceding reports (larger than or near 10 nm)."*7%2931 e
expect that the results presented in this Communication, along
with the first reports of heat transfer properties of this type of
composite material, will invoke broad technological interest in
this class of heat storage materials for which the confining
scale is close to the size of the impregnated PCM molecules.
We consider that this strategy is extendable to other types of
COFs, including two-dimensional COFs, because COFs share
some essential common characteristics, such as single nm-order
periodic pores and relatively flexible—compared to inorganic
porous materials—extended frameworks mainly composed of
hydrocarbon or lightweight atoms.
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Notes and references

F Because the mass ratio Man : COF at the maximal inclusion of Man in
a Man-COF composite crystal (Rpmax) has been determined to be ca. 0.77
(see Section S3 of the ESI}), this ratio, 1:0.34, corresponds to ca. 44%
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filling relative to the maximum impregnation capacity because 0.34/
0.77 = 0.44.

§ Currently, we are unable to determine specific heats of the SA-COF
composites due to non-100% filling of SAs into COF-300 when compo-
site samples were prepared by Method 2; see also the footnote marked
with #. Therefore, our thermal conductivity in the present report is
limited to that of an unimpregnated COF-300 crystal.

9 The first reference was a pair of Man droplets (Ty,: 167 °C) put on the
sensor and heater substrates for which the fusions were recorded in situ
during the experiments presented in Fig. 4(e) under a polarizing
microscope (see Section S8 in the ESIt). The average time of their
fusions was taken as the time when the sample reached 167 °C. That is,
if the fusion of a droplet on the heater substrate occurred at time ¢;, and
subsequently a droplet on the sensor substrate occurred at ¢,, we
regarded fmia = (t1 + )/2 as the time when the sample reached
167 °C, because the temperature of the heater substrate was always
slightly higher than that of the sensor substrate; see Fig. 4(a). The
second reference was the liquid crystal 5CB (Ty,: 35 °C), for which the
fusion was separately recorded at the sample position in the p-TWA cell.
Using these two temperatures, we linearly calibrated the thermocouple
located in the hot stage.
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