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Abstract

Heat-conducting polymers provide a new opportunity to tackle thermal management challenges in
advanced technologies such as wearable electronics and soft robotics. One strategy to enhance
heat conduction in amorphous polymers has been tuning their intermolecular interactions. These
intermolecular forces are often static in nature as the participating molecules are anchored on the
polymer chains. In this work, using hydrogel as a model system, we demonstrate how dynamic
intermolecular forces, which break and re-form constantly, can also enhance thermal transport.

Utilizing calorimetric and spectroscopic measurements, we show that this arises from the hydrogen
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bonds formed between water and nearby polymer chains, which enhances the inter-chain heat
transfer efficiency. This mechanism may potentially allow the design of heat-conducting polymers

with self-healing or adaptability functionalities.

New concepts

We demonstrate how dynamic intermolecular forces - fundamental to adaptable materials - can be
explored to enhance thermal transport in polymer networks. Recent progress in engineering heat
conduction in polymers through chain alignment or intermolecular interaction enhancement has
achieved thermal conductivities orders of magnitude larger than typical bulk polymers, with
potential applications from wearable devices to soft robotics. A hitherto unexplored area is how to
apply these concepts to adaptable materials, which allow intriguing functionalities from self-healing
to dynamic control. Using hydrogel as a material system, we show that dynamic intermolecular
forces, which break and re-form constantly, can enhance the thermal conductivity of a polymer
network beyond the prediction of effective medium theory. Combining calorimetric and
spectroscopic studies, we clarify how this enhancement originates from the hydrogen bonding
interactions of bound water, which facilitate the heat transfer across adjacent polymer chains. This
mechanism potentially allows the design of heat-conducting polymers with adaptability or self-

healing functionalities.

Introduction

Soft materials such as polymers and gels have found wide applications in recent years in advanced
technologies such as wearable electronics, soft robotics and three-dimensional printing.l As heat is
generated in these devices, however, their low thermal conductivity becomes an undesirable property,Z
which hinders the further improvement of the device performance. The low thermal conductivity of
polymers and gels is generally understood as a result of the atomic structural disorder and weak

2,3

intermolecular interactions,%= which are intrinsic to soft materials because the energy scales of the

intermolecular bonding strengths are comparable to the thermal fluctuation energy at room temperature
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and impose a large impact on their physical properties. By creating aligned polymer chains through
stretching,""—12 electro-spinning,l—?”M spin-coating,E template-guided growth,1—6’u etc., past work has
shown that the thermal conductivity of polymers can be increased by orders of magnitude compared to
their typical values around 0.1-0.5 W m~1 K-1. More specifically, ultradrawn polyethylene nanofibers have
been shown to reach thermal conductivity over 100 W m=1 K-1, Later on, polyethylene films drawn by up to
100 times were demonstrated to possess thermal conductivities over 60 W m~1 K-1.10-12 Polythiophene
nanofibers grown via electropolymerization assisted by nanoscale templates also exhibit a thermal
conductivity up to ~4.4 W m-! K-1.16 These results demonstrated that reduced atomic structural disorder
can be beneficial for enhancing the heat conduction in polymers. As an ideal scenario, crystalline polymers
with simple backbone moieties should possess high thermal conductivity because they support long-
wavelength phonon modes which carry significant heat as in crystalline solids.18:19 Bulk polymers are not
fully crystalline and contain amorphous regions. Nevertheless, by increasing the alignment of the polymer
chains and reducing the structural disorder in the polymer network, more phonon-like modes are
potentially allowed to exist and thus contribute to the heat conduction.

Another strategy to enhance the thermal conductivity of a disordered polymer system is to enhance the
intermolecular interaction strengths between polymer chains through various ways, such as hydrogen
bonding,@’ﬁ electrostatic interactions,Q’ﬁ or -Tt interactions.24:22 These approaches have led to
polymers with a thermal conductivity in the range of 1-2 W m=1 K™1, nearly one order of magnitude higher
than most bulk polymers. These intermolecular forces are often static in nature, because the molecules
involved in these forces are anchored on the polymer backbones. Dynamic intermolecular forces, which
can reversibly break and re-form, represent another opportunity to be explored for engineering thermal
conductivity of polymers. Such dynamic interactions have recently been utilized to design adaptable or
self-healing polymer materials.28:2L The advantage of dynamic interactions is that when the material is
significantly deformed, the interactions can remain effective because as the bonds break the molecules
can re-arrange themselves to form new bonds.2L In contrast, static intermolecular interactions are not
suitable in such a case because the intermolecular bonds contributing to heat transport will break.
Consequently, heat-conducting materials designed with dynamic interactions can be useful for
applications where mechanical compliance is a requirement, for example, in stretchable electronics or soft
robotics.28 Hydrogels are one representative example possessing such dynamic intermolecular
interactions. This is because in hydrogels, water molecules which participate in the hydrogen bonds with

the hydrophilic groups on the polymer chains can readily rotate. In bulk water, the time scale for hydrogen
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bond randomization and water reorientation is on the order of 1 ps.ﬁ The water reorientation is slowed
down near the polymer chains, due to the hydrogen bond and the structuring effect. Even so, molecular
dynamics simulation has indicated that for hydrophilic polymers the water reorientational dynamics is still
fast near the polymer chains32 (on the order of picosecond). This means the hydrogen bonds between
polymer chains and water survive only for a short period. Nonetheless, the bond strengths are comparable
to the intermolecular forces in rigid polymers, indicating the possibility to enhance the thermal
conductivity of a polymer network.

Heat conduction in hydrogels has been studied recently, with the focus mostly on the high water
fraction regime where polymer chains are separated from each other by water.31:32 |n this work, we
studied the thermal transport within a hydrogel, particularly focusing on the low water fraction regime
when the polymer chains are only separated by a few water molecules. We observe that the thermal
conductivity value in this regime is beyond the prediction of effective medium theories. Combining
differential scanning calorimetry and Raman scattering measurements, we discuss how this enhancement
arises from the dynamic intermolecular interactions between polymer chains introduced by the hydrogen

bonding of water molecules.

Main text

We choose polyvinyl alcohol (PVA) as our material system owing to PVA's simplest polymer backbone
among water soluble polymers (chemical structure indicated in Fig, 1a), as well as their tunable hydrogen
bonding between PVA chains and water molecules. First, 10 wt% PVA solution is prepared by dissolving
PVA (molecular weight, 89 000 to 98 000; 99+% hydrolyzed; Sigma Aldrich) in deionized water and stirring
at 90 °C overnight. The PVA solution is then degassed by centrifugation and poured into a plastic mold with
a disk shape. The solution is allowed to evaporate inside an oven at 40 °C under high humidity so that
water evaporation from the solution is well controlled and slowed down, otherwise the top layer will dry
out first, leading to an inhomogeneous material. The residual water remaining is finally removed by
further annealing the material at 90 °C for one hour. The above steps ensure that the obtained dry PVA has
a dense structure, as confirmed by scanning electron microscopy images (Fig. 1d-g). The dry PVA sample

has a disk shape with a thickness around 0.1 mm.
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Fig. 1 Microstructure of PVA samples. (a—c) Illustrate the microstructure in the consecutive preparation
steps: concentrated solution, dried sample, and as-annealed sample, with the chemical structure of PVA
indicated in (a). (d-g) Scanning electron microscopy images of the dry PVA sample showing (d and e) the
top surface and (f and g) the cross section. The scale bars are indicated in the images. The cross section
is created by breaking the PVA sample cooled down by liquid nitrogen. The creases appearingin (f and g)
are owing to the fracturing process when breaking the PVA sample. (h) WAXS intensity as a function of
the scattering angle 26. (i) SAXS intensity as a function of the scattering wave vector, corrected by the

Lorentz factor. Both WAXS and SAXS intensities are averaged along the azimuthal direction.

As water evaporates away, the PVA solution becomes more concentrated. As the concentration

continues to increase, hydroxyl groups from separate PVA chains form associations (Fig. 1a), followed by

crystallization due to the strong hydrogen bonding interactions among them.32:34 These crystalline

domains hold polymer chains at one location and serve as physical crosslinkers. After most water is
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evaporated, a physically cross-linked PVA network is obtained (Fig. 1b). During the annealing process, the
polymer chains acquire higher mobility and the crystalline domains grow in size accordingly3—5 (Fig. 1c).
When this annealed PVA material absorbs water, only the amorphous regions swell because the crystalline
domains are held by the strong cooperative hydrogen bonding forces and do not dissolve.

The growth of the crystalline domains is strongly hindered by the difficulty in re-organizing the
entangled polymer chains. Previous studies have attributed this process to a kinetically frustrated
crystallization process, suggesting that the entanglement of the polymer chains hinders the crystallites
from further growing.33 To characterize the microstructure of the as-annealed PVA sample, we performed
X-ray scattering experiments. Fig. 1h shows the wide-angle X-ray scattering (WAXS) data. The strong
diffraction peak at 20=18.9° indicates the semi-crystalline nature of the PVA sample, corresponding to the
(107) reflection plane of PVA crystals.ﬁ Based on Scherrer's equation,ﬂ the peak width A (full width at
half maximum in radians, after subtracting the instrumental broadening) can be related to the crystal size
Dvia D= kA/(Acos 6), where kis a dimensionless factor characterizing the shape of crystals, Ais X-ray
wavelength (1.54 A from CuKal radiation), and @is the Bragg diffraction angle. The structural
dimensionless factor usually varies from 0.9 to 1.1, and for estimation here we take k= 1.38 The measured
peak width for the (101) plane diffraction peak is =1.3° after subtracting the amorphous background, which
corresponds to a crystal size of D~ 6.8 nm.

These nanometer sized crystalline domains are separated in space. The average spatial separation can

be investigated by small-angle X-ray scatterings (SAXS). To better reveal the structure factor, we correct the

B sin 24/

measured intensity /by the Lorentz factor:38 cosé | Fig. 1i, the peak arising at g~ 0.071 A~

70
L=—=9nm
indicates a periodic structure with a periodicity of q . The crystallinity is also estimated by
AH
Ly
comparing the melting enthalpy of the PVA sample to that of PVA crystals: e 39 The estimated

sample

crystallinity is 45% for the as-annealed sample. Even though the material has a high degree of crystallinity
in its dry state, the crystalline domains are still separated by the amorphous region, which is the limiting
factor for heat conduction.

As the PVA sample swells in water, water molecules may potentially mediate the intermolecular
interactions between polymer chains and enhance the thermal transport. To investigate whether this
mechanism is effective, we measure the thermal conductivity of the PVA sample at different water

fractions. The principle of the thermal conductivity measurement is illustrated in Fig, 2, and is based on
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the transient plane source (TPS) method. 20,41 A heater is placed between two identical samples (Fig. 2a).
As the current flows through the heater, the transient temperature increase at the heater is recorded by the
resistance change in the heater. The measurement takes two steps. The first measurement is taken on
reference materials (stainless steel) for a fixed current (Eig. 2a), with the resulting data denoted as T,(f). In
the second measurement, two identical PVA samples are placed in between the heater and the reference
samples (Eig. 2b), with the new data denoted as 7,(). To ensure good thermal contact, silicone oil is added
at the interfaces for the two measurements. The additional temperature increase in the second case
compared to the first one is due to the temperature drop across the thin sample layer. Because the layer
thickness is much smaller than the thermal penetration depth (~1 mm) within the acquisition time (a few

seconds), the temperature profile inside the sample can be approximated to be linear. The corresponding
Ot

temperature drop can thus be estimated to be 2mrk , Where Qis the heating power of the heater, r

the radius of the heater, tthe sample thickness, and kthe sample thermal conductivity. The factor of two

takes into account the two sides of the heater. This temperature drop equates with the temperature
(&)

difference between the two measurements T; - T, and therefore we have 2w (h=To) 41
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Fig. 2 Thermal transport measurement of PVA hydrogels. (a and b) Schematic illustration of the
measurement set up. (a) Heater is placed between two identical reference samples. (b) PVA hydrogel
samples are inserted between the heater and the reference samples. (c) Representative signals
corresponding to the two cases in (a and b) from measurements. The voltages are directly proportional

to the temperature changes. (d) Comparison of thermal conductivity of dry PVA samples measured by
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laser flash and transient plane source methods. The agreement between the commercial laser flash
equipment and the transient plane source set up verifies that the latter can accurately measure the
thermal conductivity. (e) Thermal conductivity k as a function of water volume fraction. The uncertainty
in thermal conductivity mainly comes from the error in sample thickness. Shaded regions in yellow are
EMT predictions with k,=0.21+0.01 and 0.28 + 0.01 W m~1 K1 for sample PVA-1 and PVA-2 respectively.
Shaded regions in green show effective medium theory predictions if water's thermal conductivity is
arbitrarily increased to 0.9 W m~1 K1 for PVA-1 (0.8 W m~1 K™1 for PVA-2). The inset is a schematic of the
polymer structure (crystallites dispersed in a swollen amorphous region) used to construct the EMT

theory for total thermal conductivity k.

A commercial TPS system (Thermal Conductivity Kit, C-Therm Technologies) has been adapted for
measuring the thermal conductivity of hydrogels. A Keithley sourcemeter is used to acquire data with a
time resolution of around 1 ms for up to 13 seconds. The heater resistance is measured each time before
the experiments by passing a small current through the heater. For the thermal measurement, the current
is setat 0.2 A, which is found to give good signal-to-noise ratio while minimizing the sample heating
(temperature increase is less than 1 K). Fig. 2c shows the measurement data of the as-annealed sample
with and without the sample, and their difference. While both signals show a continuous increase, their
difference reaches the plateau in less than one second, indicating that a linear temperature profile is
established within the sample layer. The voltage difference during this period is converted to temperature
difference by calibration, and used to calculate the thermal conductivity, as shown in Fig, 2e for different

water volume fractions. Water volume fractions are calculated based on the weight difference between the

B (m . —m ) p,

{m

-
el

fp + !
swollen state (m,) and the dry state (my,,), May ) Po+ Play 1 Py

, Where p, and p,, are the density
of the polymer and water respectively. Two polymer samples are prepared with different drying times. The
first one (PVA-1) is dried for 2 days before annealing while the second one (PVA-2) is dried for one week.
The longer drying time for PVA-2 allows the polymer chains to equilibrate towards a more stable and
ordered configuration, and consequently a higher thermal conductivity is observed. The measured
thermal conductivity of the as-annealed dry PVA is around 0.3-0.4 W m~1 K1, consistent with the previous
literature. These values have been further confirmed by independent measurements of thermal diffusivity
using commercial laser flash equipment (Netzsch LFA 457), which are converted to thermal conductivities
based on the literature data of heat capacity (1.55 kJ (kg T)~1) and density (1.25 g cm~3) of PVA at room
temperatu re42 (Fig.2d).
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If water only served as a filler in the PVA polymer matrix, the thermal conductivity of the hydrogel

should follow an increasing curve as expected from effective medium theories (EMT). Indeed, as water
fraction increases the thermal conductivity also increases, because water has a higher thermal
conductivity (0.6 W m~1 K1) at room temperature than the polymer. However, we also observed a larger
slope for the thermal conductivity increase when the water volume fraction is less than 20%. To emphasize
this deviation, the thermal conductivity predicted by EMT is also shown in the plot as shaded regions (in
yellow). The EMT takes the thermal conductivity of the dry state as the only input, and also considers the
measurement uncertainty. To construct the EMT for thermal transport in hydrogels, we proceed in two
steps. PVA hydrogel has three phases - crystalline PVA domains, amorphous PVA domains, and water.
Because crystalline domains do not swell in water,32 the increase in the total thermal conductivity thus
comes from the amorphous region. As an approximation, we assume that water is uniformly distributed in

the amorphous PVA domain with a volume fraction EQ, which is related to the water fraction in the entire

o
e
volume (@) by the crystallinity (n) via 1=#(1-¢) (in deriving this relation, we ignore the density

difference between crystalline and amorphous PVA domains). The effective thermal conductivity of the

swollen amorphous region (k,,,) can be estimated based on EMT, once the thermal conductivities for water
(k,) and amorphous PVA (k,) are known. The two most widely employed effective medium theories are the
Maxwell-Garnett EMT43 and the self-consistent EMT,24 corresponding to isolated particles in a matrix, and
randomly distributed particles, respectively.ﬁ For the amorphous region, as water diffuses into the

polymer network, the self-consistent EMT is more applicable. This implies

P w.._ﬂ_ﬂm)ﬁ:ﬂ (1)

Yok 2k, k, +2k

(L8]

from which k,, can be solved. Now PVA crystallites can be viewed as distributed in a swollen amorphous

region with an effective thermal conductivity k

was and a volume fraction ¢, = n(1 - ¢). Maxwell-Garnett

EMT becomes more applicable for this case because PVA crystallites are isolated from each other. The
anisotropy of PVA crystals is considered by assuming different thermal conductivities along the chain

direction (denoted as k_,) and perpendicular to the chain directions (k_,). Based on the Green's function
formalism for EMT4€ and considering anisotropic particles distributed in an isotropic medium, we finally

arrive at

|+ 24 x
" l-gax (2)

k=

https://pubs.rsc.org/en/content/articlehtml|/2020/mh/d0mh00735h 9/18



8/31/2020 Dynamic intermolecular interactions through hydrogen bonding of water promote heat conduction in hydrogels - Materials Horizons (RSC...

2 I

x=1-k_ +
ﬁ:l:.I: + 2-IE'.'IuI kl: L] + EA'UI

where and k,, is solved from eqn (1).

The above formalism requires thermal conductivities of each phase. The thermal conductivity in the
crystalline domain along the chain direction is taken from recent molecular dynamics simulations for the
PVA single chainL (k.p=6 W m™1K™1). Due to substantially less phase space for phonon scatterings to
occur, the single chain could possess higher thermal conductivity than a bulk crystal, and the simulated
value thus serves as an approximate upper bound.48 The thermal conductivity of water is taken from the
literature data on bulk water (k, = 0.6 W m™1 K™1). The remaining two unknown values (k_, and k,) are
expected to be small because they are not along the chain direction and heat is transported via weak
interactions. For simplicity, we take k_, to be the same as the amorphous thermal conductivity k,, leaving
only one variable unknown. For each sample, this variable is determined by fitting to the thermal
conductivity value of the dry state. Given this, the EMT can then predict the thermal conductivity across
the entire water fraction range, as shown by the shaded region (in yellow) in Fig. 2e. The fitted k, ranges
from 0.2 to 0.3 W m~1 K71, as expected for amorphous polymers.4—9 We should note that &, can be larger
than k, as the crystallites are held by hydrogen bonds. However, we have found that fitting k. and k,
independently would give almost identical EMT predictions as long as the thermal conductivity of the dry
state is correctly reproduced.

The EMT formalism takes no fitting parameters except k, to reproduce the thermal conductivity in the
dry state (zero water fraction). For higher water fractions, experiments agree reasonably well with the
theory, which is expected because as water fraction increases, water behaves more like bulk water and the
effective medium approach is justified. The slight increasing trend near the highest water fraction point
could result from the fact that polymer chains are swollen in water and therefore adopt an extended
conformation, which is favorable for heat conduction. Due to the limited extension, however, the
enhancement in thermal conductivity is small compared to the EMT prediction. On the other hand, when
water fractions are low, water molecules are strongly affected by their interactions with polymer chains
and do not behave as bulk water. Intriguingly, in this range water molecules behave as if they have a higher
thermal conductivity. Better agreement can be obtained for the low water fraction region if the thermal
conductivity of water arbitrarily increases to 0.8-0.9 W m~1 K1, as shown in the shaded regions in green in
Fig. 2e.

It is well known that for water soluble polymers, the first layer of water molecules is strongly bound to

polymer chains, known as bound water.29:21 These water molecules have much less degrees of freedom
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compared to bulk water (also known as ‘free’ water). For PVA in particular, this results from the hydrogen
bonding interactions between water and the hydroxyl groups on the PVA chains. Despite the strong
interactions, these intermolecular forces are dynamic in nature because the hydrogen bonds can
constantly break and re-form. This dynamic interaction can be studied via simulating the orientational
relaxation time of water molecules.32 Indeed, molecular dynamics simulation on the PVA-water system
has shown that the orientational relaxation time of water near the -OH group of the PVA chains is around a
few picoseconds,@ a short time that is on the same order of magnitude with bulk water.22 The studied
system has a water content of 50 wt%, for which a major portion of water is bound water as we
demonstrate below. The simulation result thus indicates that the bound water in PVA forms dynamic
hydrogen bonding interactions with the polymer chains. These hydrogen bonds can effectively enhance
the intermolecular interactions between separate polymer chains, potentially contributing to an enhanced
thermal conductivity at low water volume fractions.

To understand the states of water and their interactions with polymer chains, we first characterized the
fraction of bound water existing in the sample by studying the melting behavior of frozen hydrogels using
differential scanning calorimetry. Frozen water typically exhibits an endothermic peak as the temperature
passes 0 °C. Instead, no such endothermic peak is found for samples having a water volume fraction as
high as 20% (Fig. 3a). This unfreezing behavior in PVA has been understood as resulting from bound water
losing their ability to interact with nearby water molecules to crystallize below 0 °C,29 which also suggests
that in this range water molecules exhibit strong interactions with PVA chains. Indeed, the enhancement in
thermal conductivity is most significant for water volume fractions less than 20% (Fig. 2e). As water
fraction continues to increase, endothermic peaks are observed, indicating the existence of freezable
water with more degrees of freedom inside the sample. The appearance of an endothermic peak below 0
°C has been ascribed to freezable bound water to distinguish from the non-freezable bound water that
dominates at low water fractions.22 As the bound water molecules have local environments different from
the bulk water, they acquire a different phase transition temperature.g The endothermic peak occurring
near 0 °C results from bulk-like free water at locations away from the polymer chains. The increasing
fraction of freezable water implies that there is more bulk-like water separating the polymer chains.
Consequently, at larger water fractions, the thermal conductivity approaches the values described by the

EMT (Fig.2e).
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Fig. 3 Understanding intermolecular interactions in the hydrogel. (a) Differential scanning calorimetry
measurement to study the melting behavior from frozen PVA hydrogel samples with different water
volume fractions. (b) Raman characterization showing the average frequency and normalized intensity
changes of OH bond vibrations in PVA hydrogels, with respect to the water relative mass increase
defined as (m,,e; = Myy,)/ My, The average frequency is weighted by the area under the OH vibrational
peaks. The inset shows the Raman spectrum for hydrogels with different water fractions (increasing
water fractions from bottom to top). Background signal is already subtracted from the intensity values,

which are normalized to the peak value corresponding to the C-H vibration at 2900 cm™1.

To further understand how strongly the water molecules bind to the polymer chains, we measured the
Raman spectrum for PVA hydrogels with different water fractions, as shown in the inset of Fig. 3b. The
peaks around 2900 cm™! are due to C-H stretching vibrations in the polymer backbone, and the broader
feature from 3000 cm™1 to 3600 cm™! containing two major peaks at around 3200 cm~ and 3400 cm™!
corresponds to O-H stretching vibrations (including those from both the polymer and water). We have
deconvoluted the Raman spectrum assuming that the peaks have Gaussian shapes, with peak positions
indicated by arrows. The area under the peaks is added up to give the total intensity for C-H and O-H
stretching vibrations respectively (/. and /y,,). We further define normalized OH vibration intensity as /p, =
lon/ Iews Which eliminates the variation in the scattering cross section between samples. Fig. 3b shows that
Ioy increases linearly with the relative mass increase, indicating that the additional Raman signal increase
for the OH vibration peaks indeed comes from water molecules.

O-H vibration frequencies of water molecules are sensitive to their environment. When water
molecules form strong hydrogen bonds with nearby molecules, the participating O-H bond will be
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elongated, and consequently have smaller restoring forces and lower vibrational frequencies.23 We

- [rung
oW = ;.
calculated the intensity averaged O-H vibration frequency as Fou , Where the integration

covers the O-H vibration spectrum and fis the frequency. As seen in Fig. 3b, fOH decreases with increasing
relative mass, indicating that the water molecules are involved in strong interactions with nearby
molecules. The large frequency decrease for a small mass increase below 30% indicates that the hydroxyl
groups of bound water have stronger intermolecular interactions with nearby molecules than the hydroxyl
groups on the polymer backbones, consistent with the range where thermal conductivity is enhanced.
Some of the bound water will strongly bind to one polymer chain, but others can interact with more than
one chain, the latter of which is the dominant factor that mediates the intermolecular interactions
between polymer chains. Although the frequency shift is small compared to the uncertainty, one can
observe that a non-monotonic behavior emerges near 30%. This can be explained as follows. At low water
fractions, some water molecules are bound to two polymer chains, serving as a ‘bridge’ to enhance inter-
chain heat transfer. As water fraction further increases, the polymer chains are separated apart and each
water molecule only binds to one polymer chain. Because their orientations are restricted by the hydrogen
bonds with the polymer, it becomes difficult for these water molecules to form hydrogen bonds with each
other, thus leaving a weaker hydrogen bonding interaction on average. Together with thermal transport
measurement, this result demonstrates that, instead of only serving as fillers, the water molecules can
improve thermal transport in the polymer network by enhancing the inter-chain intermolecular

interactions.

Conclusions

For water soluble polymers that are slightly hydrated, the water molecules are strongly bound to the
polymer chains through hydrogen bonds, which are intrinsically dynamic due to the constant rotational
motions of water molecules. We found that these dynamic intermolecular interactions can effectively
enhance inter-chain heat transfer and promote the heat conduction in a PVA polymer network beyond the
predictions of effective medium theory. Calorimetric and spectroscopy measurements were taken to
demonstrate that the enhanced thermal conductivity originates from bound water, which forms strong
hydrogen bonds with nearby polymer chains. Though the observed enhancement is small on absolute
scales, this mechanism can potentially be useful for developing heat conducting materials with self-
healing or reconfigurable functionalities using dynamic intermolecular forces as the building blocks.
Moreover, we note that as water fraction increases the modulus of the hydrogel also decreases. Hydrogels
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are well known for their mechanical deformability, partly owing to the dynamic nature of the
intermolecular forces within the material. In this regard, dynamic intermolecular interactions can also help
design materials with simultaneously higher thermal conductivity and lower elastic modulus. As one
example, we highlight the thermal management in the operation of thermally responsive soft actuators for
robotic applications. These thermally responsive actuators have usually employed temperature-induced
phase transitions, which are typically triggered by variation in the external tem perature.28 Consequently,
the response time of the soft actuators can be limited by the heat diffusion, with a characteristic time of ¢t ~
2/a, where [is the characteristic actuator length (e.g. thickness for sheet-like actuator) and ais the thermal
diffusivity, which is proportional to the thermal conductivity of the soft material used. Most of the current
soft actuators are based on polymers which have low thermal conductivities. If the thermal conductivity
can be increased, the actuator can then potentially respond in a faster speed. Materials with
simultaneously high thermal conductivity and low elastic modulus are therefore ideal for such a case
because they are mechanically compatible with soft actuators. In general, these materials will be desirable

for thermal management applications where mechanical compliance is important.
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