AIP
é Publishing

Ton Transport in Thermally Responsive Pectin Films

lon Transport in Thermally Responsive Pectin film

Linghui Wang,! Tae Hyun Kim,! Vincenzo Costanza,! Nicholas J. Higdon,2 and Chiara Daraio

1,a)

DDivision of Engineering and Applied Science, California Institute of Technology, Pasadena, California, 91125,

USA

DDivision of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California, 91125,

USA
(Dated: 25 June 2023)

The ionic conductivity of CaCl,-crosslinked pectin was found to exhibit a record-high temperature response, suggesting
its potential applications in wearable devices and infrared sensors'. However, little was known about its ion conduction
mechanisms and the origin of its high-temperature sensitivity. In this study, we perform controlled experiments and
identify calcium ions as the dominant current carriers. By analyzing infrared spectra at different temperatures, we
find that the temperature response is due to changes in ion mobility, rather than variations in ion number density. We
compare measurements and modeling results of 9 different multivalent ions and find a positive correlation between their
temperature responses and their binding energy to pectin. While these findings are fundamental in nature, they provide
relevant guidance for the future design of temperature-sensitive polymers and other materials for organic electronics.

Thermal sensing technologies have been developed for
a wide range of applications including wearable devices,
robotics, infrared sensing, and internet of thingsp‘. Recent
reports discovered a new type of thermal sensing material':
CaCl,-crosslinked pectin. Its electrical conductivity is highly
sensitive to temperature changes, over a wide range of tem-
peratures. Compared to the state-of-art temperature sensing
materials, like vanadium oxide, pectin has been found to be at
least an order of magnitude higher in its response!. Further-
more, pectin is transparent, solution processable, biodegrad-
able, inexpensive, and lightweight, making it a great candi-
date for large-scale temperature mapping applications, such
as electronic skins.

Pectin is a structural polysaccharide that can be extracted
from plant cells. It has been frequently used in the food and
pharmaceutical industry as gelling agents. It is polydisperse
and has a complex structure®. The pectin backbone is mainly
composed of homogalacturonan, rhamnogalacturonan I (RG
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FIG. 1. (a) Schematic diagram showing divalent-cation crosslinked
pectin. The divalent cations (orange) can deprotonate polygalactur-
onic acid and crosslink multiple polymer chains to form a connected
network. The proton (light blue) disassociated from the galacturonic
acid can form ion pairs with the anion (green) from the crosslinking
salt, when the water content in the network is low. (b) Coordination
between calcium ion and galacturonates.
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I), and II (RG II). RG I and RG 1II with complicated side
chains, making it difficult to understand the exact molecu-
lar structure®. However, homogalacturonan, which consists
of at least 65% of the pectin molecule, is composed of a rela-
tively simple linear chain of 1,4-linked o-d-galacturonic acids
with C-6 carboxyl groups partially esterified”. When the de-
gree of esterification is low, calcium ions can bind with car-
boxyl groups of the pectin chain resulting in the gelation of
pectin solutions®. This binding interaction has been exper-
imentally observed using Fourier Transform Infrared Spec-
troscopy (FTIR)>!°. Previous simulation studies also found
that calcium ions can bind with carboxyl groups on the pectin
chain to form an egg-box-like structure, as shown in Fig. 1.
Some studies found that in a similar system, hydroxyl groups
also participate in ion coordination. When water molecules
are present, calcium ions are partially solvated by water! 12,
Other divalent ions, such as copper and zinc ions, have also
been shown to bind with pectin to different degrees'>.

In previous studies, it has been shown that the interaction
between calcium chloride and pectin is essential to tempera-
ture sensitivity!. However, little is known about pectin’s ion
transport mechanisms and the origin of its temperature re-
sponse. The lack of knowledge about the underlying molecu-
lar mechanisms governing petcin’s temperature response hin-
ders the optimization of this polyelectrolyte for sensing appli-
cations. Nevertheless, probing the ion transport mechanisms
in this biopolymer is challenging. First of all, the composition
and the structure of the RG section of pectin are extremely
complicated and not well understood. This renders nuclear
magnetic resonance spectroscopy and many other spectro-
scopic results noisy and hard to decipher. Secondly, multi-
ple factors could affect the interaction between cations and
pectin. Type of ions, pH, degree of acetylation, and distri-
bution pattern of carboxyl groups all can have a great impact
on the ion-pectin coordination geometry and pectin’s binding
capacity'®. Thirdly, there are multiple types of mobile ions
present in the system: calcium ions, chloride ions, and pro-
tons from carboxyl groups. They all could be contributing to
the overall ionic current and temperature sensitivity.

This paper focuses on the identification of the dominant
current carrier in pectin and elucidates the causes of its high-
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FIG. 2. (a)Schematic diagram of samples fabricated for electrical
measurements. Pectin was deposited on the gold-interdigitated elec-
trodes and then crosslinked with salt solutions. After dehydration, it
was then sealed with polyimide tape. (b) Optical microscopy images
of the gold interdigitated electrodes. The first (second) row corre-
sponds to the electrodes before (after) the gold-dissolution electro-
chemical test. Compared to the first column, the sample measured
using the electrodes in the second column was washed in deion-
ized water before measurements. (c) The electrical properties of
the washed sample (red circle) compared to the unwashed one (blue
square). No significant difference was observed. The error bars are
on the order of graph point size.(d) FTIR spectra of pectin cross-
linked with 5 concentrations of CaCl,: 0, 30, 80, 100, 300 mM. Dot-
ted lines correspond to three fitted Gaussian peaks to the spectrum
of pectin cross-linked with 300 mM CaCl, between 1550 cm™! and
1800 cm ™.

temperature sensitivity. By comparing electrical responses
of systems with different amounts of chloride ions and pro-
tons, we found that calcium ions are the main current carrier
in CaCl,-crosslinked pectin. To understand the origin of the
temperature sensitivity, we studied the electrical responses of
pectin films crosslinked with nine types of multi-valent ions.
Binding interactions between these ions and pectin were also
investigated via infrared spectroscopy and density functional
theory modeling. Combining these results, we conclude that
the temperature sensitivity is correlated to the binding energy
between the metal ion and pectin.

First, we identified the main charge carrier responsible for
the large temperature response. Three types of mobile ions
present in the system were considered : (i) calcium ions, (ii)
chloride ions, and (iii) protons from the carboxyl group. As-
suming ideal electrolytes, the ion conductivity could be writ-

ten as the sum of contributions from all mobile ions:
o(T) =Y 0i(T) = ) ni(T)wi(T)gi @)
i i

where n;,1;, and g; are the number density, the mobility, and
the charge of the i-th type of mobile ions. T refers to the
temperature. In general, both number densities and mobilities
can depend on temperature, and the temperature response in
this paper is defined as ¢(77)/0(T3) where T} > T». If pro-
tons are the dominant current carriers, then the temperature
response of CaCl,-crosslinked pectin should be similar to the
uncrosslinked pectin, where protons are the only possible cur-
rent carrier. However, previous studies found that the temper-
ature response of uncrosslinked pectin films is less than 1/4th
of the temperature response of CaCl,-crosslinked pectin'. To
further separate the contribution of (i) calcium ions from (ii)
chloride ions and (iii) protons, we performed controlled ex-
periments comparing the electrical properties of samples con-
taining two different concentrations of chloride ions and pro-
tons. Pectin solution was drop casted on the gold electrodes
(Fig. 2 (a)) and then crosslinked with CaCl, solution (see
the supplementary material for more details). One sample
was immersed in DI water for a day to remove the chlorides
and unbound protons. Calcium ions that deprotonated the car-
boxylic acid groups formed strong coordination with the neg-
atively charged carboxylate groups that remained during the
DI rinse. Both samples were dehydrated and subjected to a
gold-dissolution electrochemical test (Fig. 2b). By applying
1 V of voltage to the pectin-deposited electrodes for 7 hours
at room temperature, the surface of the gold anode was mon-
itored. As expected, the unwashed samples turned red due to
the formation of auric chloride from the reaction between gold
and chloride ions in the acidic environment!'®, while no color
change was observed from the DI rinsed samples. This con-
firmed that the rinsed pectin film contained significantly fewer
chloride ions. Moreover, since this system must be electri-
cally neutral after rinsing, the same number of protons must
have been removed. Finally, the electrical responses of both
rinsed and unrinsed samples were characterized by procedures
described in the supplementary material. Their electrical con-
ductance at varying temperatures is plotted in Fig. 2c. No
significant difference in the electrical response was observed,
suggesting that chloride ions and protons are not the domi-
nant current carriers that cause the high-temperature response
in the system.

Although we confirmed that calcium ions play an important
role in pectin’s high-temperature response, questions remain
on what mechanisms gives rise to pectin’s high-temperature
response. Both the number density and the mobility of the cur-
rent carriers could be temperature dependent and contribute
to the thermal response. We first inspect the possibility of
the charge carrier density being responsible for the pectin’s
temperature response. In general, the number density of un-
bound calcium ions is expected to increase with increasing
temperature'®. Since these unbound calcium ions are much
more mobile than the bound calcium ions, the number den-
sity would be expected to increase, leading to higher con-
ductivity. To test such hypothesis, we monitored how the
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FIG. 3. (a) Infrared spectra of CaCl, crosslinked pectin film taken
at 24 °C, with no voltage (light blue), 24 °C with 3 volts applied
across the sample (dotted dark blue), 40°C with no voltage (red) and
40 °C with 3 volts applied across the sample (orange)the red line.
(b) Schematic illustration showing how calcium ions hop from one
solvation site to another in pectin chains. (c) Schematic showing
the free energy surface for a calcium ion at a solvation site and its
hopping activation energy Ex.

number density of the bound calcium ions changes with re-
spect to the applied voltage and temperature using infrared
(IR) spectra. Three major absorption peaks were present from
the crosslinked pectin in the range between 1500 cm~! and
1800 cm~!: Each corresponded to the asymmetric stretch
of the carboxyl group (1733 cm™!), the asymmetric stretch
of the metal-ion-bound carboxylate group (1593 cm™'), and
the scissoring bend of the water molecules (1620 cm™!)%10,
As shown in Fig. 2(d), with increasing concentration of
crosslinking CaCl,, the peak corresponding to the metal-ion-
bound carboxylate group rises while the peak corresponding
to the carboxyl group diminishes. Therefore, the concentra-
tion of bound calcium ions could be measured using IR spec-
tra. Interestingly, all four IR spectra of the CaCl, crosslinked
pectin that were measured under different temperatures and
conditions overlapped (Fig. 3a), suggesting that no significant
change in the number density of bound/free calcium ions had
occurred. Therefore, we can conclude that pectin’s thermal
response originates from the change in ion mobility.

‘We postulate that the steep dependence of ion mobility on
temperature arises from the strong binding strength between
the calcium ions and pectin. With an applied electric field
(Fig. 3b), bound calcium ions can hop to another site by
crossing energy barriers (Fig. 3c). At elevated temperatures,
this hopping frequency increases due to an increase in thermal
energy resulting in a higher ion mobility and ion conductiv-
ity. Such phenomenon can be explained using the Arrhenius
theory'718. To verify our claim, the electrical properties and
binding strengths of pectin samples crosslinked with different
multivalent salts were evaluated.

For electrical characterizations, we prepared samples
crosslinked with 9 multivalent salts solution with the same
concentration 30 mM: CaCl,, CuCl,, FeCl,, FeCls, BaCl,,
CoCly, ZnCl,, AICl3 and MgCl,. Each sample was deposited
on the electrode surfaces. We applied a 100 mV step voltage
and measured the current as a function of time. The ionic cur-
rent value was extracted from the time-independent plateau

region (before the charge polarization was fully developed)'.
The temperature was cycled from 18 °C to 47 °C. The temper-
ature response is defined as G4soc/020°c = lssec/Io-c, where
Ou450C, O200C, lasoc, and e are the electrical conductivity
and electrical current magnitude at 45°C and 20°C, respec-
tively. From the temperature responses measured over differ-
ent cross-linking salts (Fig. 4a), we observed that the temper-
ature response is highly dependent on the type of crosslink-
ing metal ion, providing additional evidence to our previous
conclusion that metal ions are the dominating current carriers.
Also, copper shows the highest response value compared to
other ions. However, no apparent trend was recognized be-
tween the temperature response and the size of ions or their
valency. Nevertheless, all samples followed the Arrhenius re-
lation: I = I,exp(—E4/kgT), where E, is the activation en-
ergy for hopping, kg is the Boltzmann constant, and T is the
temperature, and Iy is the pre-exponential factor respectively
(Fig. 4b). Such ion transport behavior in polymeric systems
indicates independent ion hopping, without coupling with the
polymer chains’ segmental motion'”-?". Finally, the activation
energy from each ion was extracted (Fig. 4d). Since the re-
sponse is defined as a current ratio, temperature responses are
exponentially dependent on activation energies.

To characterize and compare the affinity of ions to
pectin, binding curves of CuCl,, CaCl,, FeCly, and MgCl,
crosslinked pectin were measured using infrared spectroscopy
(Fig. 4c). Binding curves explain how the percentage of
bound metal ions (i.e., the binding ratio) change with the con-
centration of the crosslinking solution. To obtain the bind-
ing ratios, Gaussian peaks were fitted to each FTIR spec-
trum between 1500 cm~! and 1850 cm™! (Fig.4c). For sim-
ple reactions, i.e. M + L == ML, and independent binding
events, the dissociation constant K; equals to the correspond-
ing [L] when f4,,=0.5%". In these cases, the binding constant
K, = 1/K, and binding free energy AG = —kgTInK, can be
calculated easily. In the metal crosslinked pectin system, the
binding process could be more complicated, including multi-
ple binding steps and correlations between adjacent binding
sites. However, to qualitatively compare the binding affin-
ity between different ions, we use [L]s—o5 as an estimate of
K4??. We found that the binding affinity decreases as follows:
Cu?t > Fe*™ > Ca®* > Mg?t (Fig.4(c)). This order matches
their corresponding order in temperature responses.

For further evaluation, binding energies between divalent
ions and galacturonate were calculated using density func-
tional theory (DFT) with ORCA package?(see the supple-
mentary material for more details). For each calculation, a
negatively-charged galacturonate molecule, a metal ion, and 6
water molecules were included in the simulation. Finally, the
binding energy was estimated using the following equation®*:

AE = EGa-p2+ 61,0 — EGai--61,0 — Eyp+ 2

where Eg,-p2+.6m,0 corresponds to the energy of the opti-
mized galacturonate-metal-ion-water complex. Eg,i-.¢m,0 1
the single point energy of Gal™ - 6H,O calculated at the op-
timized geometry of Gal~M** - 6H,O. To confirm whether
our model can properly represent the binding interaction be-
tween the metal ions and pectin in the metal-ion-crosslinked
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FIG. 4. (a) Temperature responses of pectin samples crosslinked by
9 different multivalent ions. Error bars are the standard deviations
of at least 3 independent samples. The salts are ordered such that
the ion size increases from left to right. (b) Arrhenius plots of pectin
films crosslinked by the 9 different multivalent cations. Slopes of
fitted lines are summarized in Table S1. The symbols used in the
curves serve only to distinguish between different curves and are not
indicative of data points. (c) Binding curves for Ca?*, Fe?* and
Cu?*. The inset shows a typical fitting of a FTIR with 4 Gaussian
peaks (shown as cyan, pink, blue and purple curves). The red dashed
line corresponds to the overall fitting, and the yellow curve is the ex-
perimentally measured absorption data. (d) Activation energy Ey4 is
compared with the binding energy Ep obtained from DFT computa-
tion. The error bar for the copper ion is smaller than the graph point
size.

pectin system, frequency calculations were performed to gen-
erate the corresponding infrared spectra. The calculated spec-
tra showed qualitative agreement with experimental results re-
garding the locations of symmetric and antisymmetric vibra-
tion peaks of the metal-bound carboxylate group, at around
1420 cm™! and 1590 cm™!, respectively?® (FIG. S1(a)). In
the region below 1500 cm ™', called the “fingerprint region”
for polysaccharides, many peaks that correspond to glycosidic
linkage vibration are not present in the simulated spectra, be-

4

cause only one monomer is included in the DFT calculation’.
In the region above 1500 cm ™!, peaks corresponding to metal-
bound carboxylate groups and water were observed in both IR
spectra. The concentration ratio of these molecules used in the
DFT calculation does not necessarily match the one observed
experimentally, and thus, the relative peak heights are not ex-
pected to agree quantitatively. Due to the relativistic quantum
effect that was not implemented in our calculation, the bind-
ing energy calculated from barium ions was inaccurate and ex-
cluded from the comparison®. Figure 4d shows the binding
energies between metal ions and galacturonate E4 obtained
from the DFT simulations, plotted against the activation ener-
gies Ep extracted from the Arrhenius plots in Fig. 4b. Over-
all, a positive correlation was observed. However, compared
to Ca”*, Mg?* showed surprisingly high binding energy with
galacturonate, a result not observed in our experiments. This
incongruity between experiments and numerical results is due
to the high affinity of Mg?* to water molecules. Earlier stud-
ies also found that Mg has a much higher binding affinity
to polygalacturonate than Ca?*!3. However, Mg?* only poly-
condensates on polygalacturonic acid instead of crosslink-
ing, because it is energetically unfavorable for Mg?* to re-
lease water molecules from its solvation shell to bind with
galactronate”. In our simulations, no ions bind with the
hydroxyl group on the galacturonate molecule. This is be-
cause only one galacturonate molecule was included in the
model, and it was sterically hindered for an ion to bind to both
the carboxylate and hydroxyl groups. However, metal ions
do coordinate with the hydroxyl groups in water molecules.
With more galaturonate molecules present in the simulations,
metal ions would also likely bind to the hydroxyl groups from
other galacturonate molecules, as observed in other similar
systems!2. Considering the positive correlation observed be-
tween the activation and binding energies, from both exper-
imental and simulation results, we conclude that the highly
temperature dependent ion conductivity originates from the
tight binding between calcium ion and pectin. Similar re-
sults were also demonstrated in a recent report, describing a
polyelectrolyte similar to pectin, composed of 2-hydroxyethyl
acrylate (HEA) and acrylic acid (AA)?7. These findings fur-
ther confirmed that the binding of calcium ions to carboxyl
groups and hydroxyl groups is key to achieving high respon-
sivity.

In this study, we elucidate the ion transport mechanism in
dehydrated calcium pectinate. We identify calcium ions as the
main current carrier of the system, and determine that con-
ductivity is dominated by ion hopping, which is independent
from the polymer segmental relaxation. We also demonstrate
that the temperature dependency originates from changes in
charge carrier mobility, rather than its number density. In ad-
dition, we show that the high activation energy is related to
the strong binding between cation and galacturonate, specif-
ically the carboxyl and hydroxyl groups. Finally, we high-
light that Cu®* cross-linked pectin is three-times more tem-
perature responsive than Ca>* cross-linked pectin, and there-
fore, the use of copper pectinate can significantly improve the
thermal sensing performance for future developments and ap-
plications.
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See supplementary material for additional details on the
sample fabrication, electrical measurements, infrared spec-
troscopy, and DFT calculation.

ACKNOWLEDGMENTS

This research was funded in part by the Samsung Electronic
GRO Program and in part by the HMRI program at Caltech.
We are grateful to the Molecular Materials Research Center
(MMRC) in the Beckman Institute of the California Institute
of Technology (Caltech) for access to their experimental facil-
ities. We thank Dr. Bruce S. Brunschwig from MMRC and Dr.
Yeong Suk Choi from Samsung for useful discussions. The
computations presented here were conducted in the Resnick
High Performance Computing Center, a facility supported by
the Resnick Sustainability Institute at the California Institute
of Technology.

DATA AVAILABILITY STATEMENT

Most of the data supporting the findings of this study are
available within the paper. Additional data are available from
the corresponding author upon request.

REFERENCES

IR. Di Giacomo, L. Bonanomi, V. Costanza, B. Maresca, and C. Daraio,
“Biomimetic temperature-sensing layer for artificial skins,” Science
Robotics 2, eaai9251 (2017).

2Y. Wang, K. Jia, S. Zhang, H. J. Kim, Y. Bai, R. C. Hayward, and
Z. Suo, “Temperature sensing using junctions between mobile ions and
mobile electrons,” Proceedings of the National Academy of Sciences 119,
€2117962119 (2022).

3N. T. Tien, S. Jeon, D.-I. Kim, T. Q. Trung, M. Jang, B.-U. Hwang, K.-E.
Byun, J. Bae, E. Lee, J. B.-H. Tok, et al., “A flexible bimodal sensor array
for simultaneous sensing of pressure and temperature,” Advanced Materials
26, 796-804 (2014).

41. You, D. G. Mackanic, N. Matsuhisa, J. Kang, J. Kwon, L. Beker, J. Mun,
W. Suh, T. Y. Kim, J. B.-H. Tok, et al., “Artificial multimodal receptors
based on ion relaxation dynamics,” Science 370, 961-965 (2020).

SB. R. Thakur, R. K. Singh, A. K. Handa, and M. Rao, “Chemistry and
uses of pectin—a review,” Critical Reviews in Food Science & Nutrition
37, 47-73 (1997).

OW. G. Willats, L. McCartney, W. Mackie, and J. P. Knox, “Pectin: cell
biology and prospects for functional analysis,” Plant molecular biology 47,
9-27 (2001).

7S. Wolf, G. Mouille, and J. Pelloux, “Homogalacturonan methyl-
esterification and plant development,” Molecular plant 2, 851-860 (2009).

8A. Assifaoui, A. Lerbret, H. T. Uyen, F. Neiers, O. Chambin, C. Loupiac,
and F. Cousin, “Structural behaviour differences in low methoxy pectin so-
lutions in the presence of divalent cations (ca 2+ and zn 2+): a process
driven by the binding mechanism of the cation with the galacturonate unit,”
Soft Matter 11, 551-560 (2015).

9A. Assifaoui, C. Loupiac, O. Chambin, and P. Cayot, “Structure of calcium
and zinc pectinate films investigated by ftir spectroscopy,” Carbohydrate
research 345, 929-933 (2010).

19E. Yamakita and S. Nakashima, “Water retention of calcium-containing
pectin studied by quartz crystal microbalance and infrared spectroscopy
with a humidity control system,” Journal of agricultural and food chemistry
66, 9344-9352 (2018).

T, Braccini and S. Pérez, “Molecular basis of ca2+-induced gelation in al-
ginates and pectins: the egg-box model revisited,” Biomacromolecules 2,
1089-1096 (2001).

12W. Plazinski, “Molecular basis of calcium binding by polyguluronate
chains. revising the egg-box model,” Journal of computational chemistry
32,2988-2995 (2011).

13U. T. D. Huynh, A. Lerbret, F. Neiers, O. Chambin, and A. Assifaoui,
“Binding of divalent cations to polygalacturonate: A mechanism driven by
the hydration water,” The Journal of Physical Chemistry B 120, 1021-1032
(2016), pMID: 26771109, https://doi.org/10.1021/acs.jpcb.5b11010.

14M. Celus, C. Kyomugasho, A. M. Van Loey, T. Grauwet, and M. E. Hen-
drickx, “Influence of pectin structural properties on interactions with diva-
lent cations and its associated functionalities,” Comprehensive Reviews in
Food Science and Food Safety 17, 15761594 (2018).

I5R. Frankenthal and D. Siconolfi, “The anodic corrosion of gold in con-
centrated chloride solutions,” Journal of The Electrochemical Society 129,
1192 (1982).

IR, J. Klein, S. Zhang, S. Dou, B. H. Jones, R. H. Colby, and J. Runt,
“Modeling electrode polarization in dielectric spectroscopy: Ion mobility
and mobile ion concentration of single-ion polymer electrolytes,” The Jour-
nal of chemical physics 124, 144903 (2006).

17S. B. Aziz, T. J. Woo, M. Kadir, and H. M. Ahmed, “A conceptual review
on polymer electrolytes and ion transport models,” Journal of Science: Ad-
vanced Materials and Devices 3, 1-17 (20138).

18Y.-M. Chiang, D. P. Birnie, and W. D. Kingery, Physical ceramics: prin-
ciples for ceramic science and engineering, Vol. 409 (Wiley New York,
1997).

19, Kapetanakis, P. Gkoupidenis, V. Saltas, A. M. Douvas, P. Dimitrakis,
P. Argitis, K. Beltsios, S. Kennou, C. Pandis, A. Kyritsis, et al., “Direct cur-
rent conductivity of thin-film ionic conductors from analysis of dielectric
spectroscopic measurements in time and frequency domains,” The Journal
of Physical Chemistry C 120, 21254-21262 (2016).

0C. Y. Son and Z.-G. Wang, “Ion transport in small-molecule and polymer
electrolytes,” The Journal of Chemical Physics 153, 100903 (2020).

21D, Voet, J. G. Voet, and C. W. Pratt, Fundamentals of biochemistry: life at
the molecular level, 577.1 VOE (2013).

22R. Kohn, “Ion binding on polyuronates-alginate and pectin,” Pure and Ap-
plied Chemistry 42, 371-397 (1975).

23F, Neese, “The orca program system,” Wiley Interdisciplinary Reviews:
Computational Molecular Science 2, 73-78 (2012).

XF C. Hagemeister, C. J. Gruenloh, and T. S. Zwier, “Density functional
theory calculations of the structures, binding energies, and infrared spectra
of methanol clusters,” The Journal of Physical Chemistry A 102, 82-94
(1998).

255, K. Papageorgiou, E. P. Kouvelos, E. P. Favvas, A. A. Sapalidis, G. E.
Romanos, and F. K. Katsaros, “Metal-carboxylate interactions in metal—
alginate complexes studied with ftir spectroscopy,” Carbohydrate research
345, 469-473 (2010).

20p, Pyykko, “Relativistic effects in chemistry: more common than you
thought,” Annual review of physical chemistry 63, 45-64 (2012).

21T, H. Kim, Z. Zhou, Y. S. Choi, V. Costanza, L. Wang, J. H. Bahng, N. J.
Higdon, Y. Yun, H. Kang, S. Kim, and C. Daraio, “Flexible biomimetic
block copolymer composite for temperature and long-wave infrared sensing
(accepted),” Science advance.

2G. Liu, Q. Tan, H. Kou, L. Zhang, J. Wang, W. Lv, H. Dong, and J. Xiong,
“A flexible temperature sensor based on reduced graphene oxide for robot
skin used in internet of things,” Sensors 18, 1400 (2018).

29B. A. Kuzubasoglu and S. K. Bahadir, “Flexible temperature sensors: A
review,” Sensors and Actuators A: Physical 315, 112282 (2020).

30M. Hilal and J. 1. Han, “Development of a highly flexible and durable fiber-
shaped temperature sensor based on graphene/ni double-decked layer for
wearable devices,” IEEE Sensors Journal 20, 5146-5154 (2020).

317, Jeon, H.-B.-R. Lee, and Z. Bao, “Flexible wireless temperature sensors
based on ni microparticle-filled binary polymer composites,” Advanced ma-
terials 25, 850-855 (2013).



AlIP
é/_ Publishing

Ton Transport in Thermally Responsive Pectin Films

32T, Engel and P. J. Reid, Thermodynamics, statistical thermodynamics, and
kinetics (Prentice Hall Upper saddle River, 2010).

33, de Dios Solier, M. A. Pérez-Jubindo, A. Dominguez-Rodriguez, and
A. H. Heuer, “Low-temperature ionic conductivity of 9.4-mol%-yttria-
stabilized zirconia single crystals,” Journal of the American Ceramic So-
ciety 72, 1500-1502 (1989).

L. C. Bichara, P. E. Alvarez, M. V. F. Bimbi, H. Vaca, C. Gervasi, and
S. A. Brandan, “Structural and spectroscopic study of a pectin isolated from
citrus peel by using ftir and ft-raman spectra and dft calculations,” Infrared
Physics & Technology 76, 315-327 (2016).

35V, Costanza, L. Bonanomi, G. Moscato, L. Wang, Y. S. Choi, and
C. Daraio, “Effect of glycerol on the mechanical and temperature-sensing
properties of pectin films,” Applied Physics Letters 115, 193702 (2019).

36K. J. Laidler, “The development of the arrhenius equation,” Journal of
chemical Education 61, 494 (1984).

37L. Cao, W. Lu, A. Mata, K. Nishinari, and Y. Fang, “Egg-box model-based
gelation of alginate and pectin: A review,” Carbohydrate polymers 242,
116389 (2020).

38C. Garnier, M. A. Axelos, and J.-F. Thibault, “Phase diagrams of pectin-
calcium systems: Influence of ph, ionic strength, and temperature on the
gelation of pectins with different degrees of methylation,” Carbohydrate
Research 240, 219-232 (1993).

39R. Di Giacomo, C. Daraio, and B. Maresca, “Plant nanobionic materials
with a giant temperature response mediated by pectin-ca2+,” Proceedings
of the National Academy of Sciences 112, 4541-4545 (2015).



