
Subscriber access provided by UNIV OF HOUSTON

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Poly(octadecyl acrylate)-Grafted-Multiwalled Carbon
Nanotube Composites for Wearable Temperature Sensors

Alexander Jun Wang, Surendra Maharjan, Kang-Shyang Liao, Brian P. McElhenny,
Kourtney D. Wright, Eoghan Dillon, Ram Neupane, Zhuan Zhu, Shuo Chen,

Andrew R Barron, Oomman K. Varghese, Jiming Bao, and Seamus A. Curran
ACS Appl. Nano Mater., Just Accepted Manuscript • DOI: 10.1021/acsanm.9b02396 • Publication Date (Web): 28 Jan 2020

Downloaded from pubs.acs.org on January 30, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Poly(octadecyl acrylate)-Grafted Multiwalled 

Carbon Nanotube Composites for Wearable 

Temperature Sensors 

Alexander J. Wang,* †§ Surendra Maharjan, †§ Kang-Shyang Liao, †§ Brian P. McElhenny, §‡ 

Kourtney D. Wright, € Eoghan P. Dillon, || Ram Neupane, # Zhuan Zhu, ¥ Shuo Chen, §‡ Andrew R. 

Barron, € Oomman K. Varghese, # Jiming Bao, ¥ and Seamus A. Curran†§ 

†Advanced Manufacturing Institute, University of Houston, 5000 Gulf Freeway, Houston, Texas 77023, 
USA 
 
§Department of Physics, University of Houston, Houston, Texas 77204, USA 
 
‡Texas Center for Superconductivity, University of Houston, Houston, Texas 77204, USA 
 
€Department of Chemistry, Rice University, Houston, Texas 77005, USA 
 
||Anasys Instruments, Santa Barbara, California 93101, USA 
 
#Nanomaterials and Devices Laboratory, Department of Physics, University of Houston, Houston, Texas 
77204, USA 
 
¥Department of Electrical and Computer Engineering, University of Houston, Houston, Texas 77004, USA 
 
^Energy Safety Research Institute, Swansea University Bay Campus, Swansea SA1 8EN, UK 
 
 
*E-Mail (A. J. Wang): awang8@uh.edu  
 

Page 1 of 40

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



KEYWORDS: polymer nanocomposites, glass transitions, electronic switching, multiwall carbon 

nanotubes, human-body temperatures, wearable sensors, temperature coefficient of resistance 

 

ABSTRACT  

Nanocarbon-based disordered, conductive, polymeric nanocomposite materials (DCPNs) are 

increasingly being adopted in applications across the breadth of materials science. DCPNs 

characteristically exhibit poor electroconductive properties and irreproducibility/irreversibility in 

electronic phenomena, due largely to the percolative disordered nature intrinsic to such systems. 

The authors herein present an alternative approach towards enhancing the thermoresponsivity, 

repeatability, and reversibility of nanocarbon-based DCPNs in thermometric applications. This is 

empirically demonstrated using poly(octadecyl acrylate)-grafted-multiwall carbon nanotubes 

(PODA-g-MWCNTs) synthesized via reversible addition-fragmentation chain-transfer (RAFT) 

polymerization. Synthesized PODA-g-MWCNTs exhibit, repeatable, near-pyrexia sensitized, 

switch-like electronic responses across subtle glass transitions characterized by exceptionally large 

positive temperature coefficient of resistance values of 7,496.53 % K-1 ± 3,950.58 % K-1 at 315.1 

K (42.0 °C). This corresponds to a sizable transition rate of 17.39 kW K-1 ± 0.49 kW K-1, and 

recoverable near room temperature resistance values of 246.17 W ± 12.19 W at 298.2 K (25.1 °C). 

Near-human body temperature sensitized PODA-g-MWCNTs assembled in this work are 

promising candidates for wearable temperature sensors and other thermometric applications.  
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INTRODUCTION 

Seminal work1-2 on conjugated, disordered, conductive, polymeric nanocomposite materials has 

burgeoned into myriad interdisciplinary applications and technologies - spanning the gamut from 

advanced T-cell therapy nanomedicines3 to state-of-the-art stretchable electronics (e.g., printable 

conductive inks,4 flexible LED displays,5 and wearable electronic devices/skins6). The allure 

surrounding such materials principally stems from their functional tailorability across a breadth of 

physical, chemical, and physicochemical applications.7-10 Whereas the notion of heterogeneous 

nanocomposite systems has long existed, utilitarian applications of disordered, conductive, 

polymeric nanocomposite materials (DCPNs) are of nascent interest, owing largely to their facile 

ease-of-processability, scalable manufacturing potential, mechanical/rheological properties in 

application, and comparatively low materials costs.11 In sensing applications, nanocomposite 

materials are designed and nanoengineered to utilize both the functional properties of the 

individual components comprising the bulk structure as well as their interfacial interactions, 

yielding physically observable signals that relay critical information pertinent to the system.  

As temperature-sensing/thermometric materials, developmental applications of DCPNs 

include flexible self-healing thermal sensors,12  thermal runaway management materials in battery 

safety technologies,13-14 thermoresponsive transient electronic systems,15-16 and implantable in 

vivo multi-point temperature sensing devices.17  Recent salient composite system 

designs/architectures exploiting phase transition phenomena18-20 centered around temperature-

dependent dimensional expansion and conductivity breakdown effects, elucidate the overarching 

mechanisms-of-action that render this group of materials unique. As a corollary to the eclecticism 

in the tailorability aspect of nanocomposite assembly, temperature sensors/switches sensitized to 

more practical temperature ranges (293 – 323 K (20 – 50 °C)) unattainable by functionally 
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analogous state-of-the-art inorganic oxides (e.g., VO2) have been realized.21-22 Syntheses and 

characterization of thermometric polymeric micro-/nano-composite materials sensitized to near-

room and human body temperatures have been achieved through synergistic schemes 

implementing solid-liquid phase transitions of hexadecane/octadecylamine-functionalized 

multiwall carbon nanotube (MWCNT) composites22 and poly(ethylene) – poly(ethylene oxide) 

binary polymer/Ni-microparticle composites,23 respectively. Alternative schemes implementing 

chlorinated poly(propylene carbonate)/carbon black composite foams have been proposed that 

exhibit switch-like electronic behavior (negative temperature coefficient of resistance (NTC) 

effect) near 313 K (40 °C), facilitated through heat-induced volumetric expansion of gaseous 

cavities permeating the composite foam.24   

While research quantitatively delineating the dynamic physical interplays governing such 

conductive phase-change composite materials is still very much in its infancy, the bulk of 

significant empirical progress made in recent years in exploring the electronic/thermal properties 

of such systems report on sensitive temperature ranges >373 K (100 °C).25-26  Little attention 

outside the references cited in this work is afforded to the development of human body 

temperature-sensitized thermistor-type diagnostic/monitoring materials for cost-effective 

biomedical applications. Such materials would serve as an excellent platform upon which to tailor 

cost-effective normothermia- (i.e., normal human body temperatures (309.7 – 310.7 K (36.5 – 37.5 

°C)))27 or hyperpyrexia- (i.e., fever corresponding to human body core temperatures >314 K (41.0 

°C))28 sensitized wearable diagnostic devices; particularly, for applications in impoverished or 

remote regions where obtaining/maintaining conventional temperature monitoring/diagnostic 

technologies is often cost-prohibitive or, alternatively, as cost-effective disposable pediatric or 

adult fever-monitoring devices for in-home use.  
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The notable high-accuracies of resistance temperature devices (RTDs), semiconductor 

temperature sensors, and thermocouples are contingent, respectively, on the repeatable resistance-

temperature (R-T) relations that vary linearly in accordance with the Callender-Van Dusen 

equation,29 linear R-T relations governed by bipolar junction transistor relations,30 and changes in 

electric potential across thermojunctions induced via the Seebeck effect.30 Irrespective of the 

accuracy, wide temperature sensing ranges (33 – 1,023 K),31 and low-drift characteristics of high-

performance RTDs, state-of-the-art Pt- or Cu-based RTD materials exhibit maximum empirical 

temperature coefficient of resistance (Π) values of 0.385 % K-1 and 0.658 % K-1, respectively.32 

Similarly, thermocouple- and semiconductor-based temperature sensors with typical operational 

temperature ranges of 89 – 2573 K and 223 – 423 K, respectively, exhibit meager electronic 

responses to temperature fluctuations, typically in the tens of millivolts range.33 As such, RTDs, 

thermocouple-, and semiconductor-based devices typically stipulate high-performance circuitry 

and signal conditioning components to augment/amplify sensitivities, where lead-wire contact 

resistances at thermojunctions can generate potentials comparable in size to generated signals. 

Thermocouples further stipulate the need for cold-junction compensation techniques to maintain 

isothermal conditions across all thermojunctions in circuit with thermoelectric measuring 

junctions.34 Requisition of these additional electronic components increases design intricacies and 

is to the detriment of the cost-to-manufacture. Contrastingly, the high sensitivities of thermistor-

type materials are a derivative of the nonlinearity in their temperature dependent resistance. As 

such, thermistor-type materials ordinarily exhibit a positive and/or negative Π effect near some 

critical temperature that corresponds to nonlinear, often sharp, changes in bulk electrical 

resistance. Π can be expressed as 

Π =
1
𝑅!
&
𝑑𝑅
𝑑𝑇
) , (1) 
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where 𝑅!, 𝑇, and 𝑅 are the initial resistance of the material at some initial temperature 𝑇!, the 

temperature of the material, and the resistance of the material at some temperature 𝑇, respectively.  

Notwithstanding their exceptional tailorability, DCPNs are often marred by poor device 

performance and reproducibility within sensitive temperature ranges due fundamentally to the 

percolative electronic/phononic structure intrinsic to such systems.35-36 In particular, nanocarbon-

based DCPNs in thermometric applications correspondingly exhibit comparatively low 

electroconductive properties, at notably high nanocarbon-loadings, with representative near room 

temperature values of ~10-3 S cm-1 at 290 K (octadecylamine-functionalized MWCNT/hexadecane 

composites),22 ~20 kW at 293 K (20 wt.% carboxylic acid-functionalized SWCNT/amide-

functional fatty polybasic acid composites),12 and ~10-3 S cm-1 at 298 K (25 wt.% graphite 

microparticle/octadecyl acrylate copolymer composites),17 below each systems’ respective 

melting temperature 𝑇". Worse yet, the vast majority of state-of-the-art human temperature-

sensitized nanocarbon-based DCPNs implement solid-liquid phase transitions to effectuate 

reversible transient shifts from an already poorly conducting state to an insulating one in the 

Anderson localized sense. Such phase transition phenomena, while alluring from an electro-

/thermo-responsivity perspective, impose significant device engineering challenges, requiring 

additional components to mitigate leakage of the active material in the liquid state and 

accommodate volumetric expansion effects.  

The electronic and thermal responsivities of DCPN temperature sensing materials are an 

inextricable function of the convoluted interaction(s) occurring at the filler/host-matrix 

interface/interphase. Consequently, controlling the structure of this interfacial region is paramount 

to attaining highly thermoresponsive, reproducible signals, particularly in heterogeneous 

amorphous systems. In this work, near hyperpyrexia-sensitized thermistor-type nanocomposites 
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of poly(octadecyl acrylate)-grafted-MWCNTs (PODA-g-MWCNTs) with exceptionally large, 

reversible, repeatable, switch-like electronic responses near 315.1 K (42.0 °C) are reported on. 

Syntheses of PODA-g-MWCNTs was achieved via reversible addition-fragmentation chain 

transfer (RAFT) polymerization of octadecyl acrylate (ODA) initiated along the exohedral surfaces 

of functionalized MWCNTs at C=S bond sites of covalently grafted dithioester moieties 

functioning as chain-transfer agents, using 2,2’-azobis(2-methylpropionitrile) (AIBN) as a free-

radical initiator (Scheme 1, S1, S2, Supporting Information).37-38 The mechanism and kinetics of 

RAFT polymerization (Scheme 1, S1), as it pertains to the present study, can be partitioned into 6 

distinct phases – namely, Synthesis of RAFT Agents, Initiation/Propagation, Pre-Equilibrium, Re-

Initiation, Primary Equilibrium, and Termination.39 The syntheses40-41 of dithioester moieties from 

alcohols, carboxylic acids, and thiolocarboxylic esters and their use as intermediate chain-transfer 

agents37-38, 42 in subsequent living polymerization reactions are well-documented. 

Mechanistically, in contrast to first-order solid-liquid phase transitions, the PODA-g-

MWCNTs synthesized in this work synergistically amplify subtle segmental conformational 

rearrangements of grafted PODA moieties along the exohedral surfaces of functionalized 

MWCNTs, occurring across the second-order glass transition temperature range ∆𝑇# of the system 

below 𝑇", where first- and second-order phase transitions here denote discontinuities in the 1st and 

2nd derivatives of the associated Gibbs free energy, respectively. Homo- and copolymers of PODA 

are well-researched materials with the distinguishing propensity to form self-assembled 

‘crystalline’ states below the melting point (~323 K), irrespective of the tacticity of the primary 

polymer backbone, via collective inter-sidechain van der Waals interactions between densely 

packed/aligned alkyl sidechain moieties, primarily in the trans configuration.43-44 In addition to 

their remarkable aspect ratios, intrinsic thermal conductivities as high as 3,000 W m-1 K-1,45-46 and 
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dynamic heat transfer applications,45-46 MWCNTs were congruently selected as an optimal 

nanofiller candidate in consideration of their highly nonpolar exohedral surfaces conducive to 

enhancements in conformational interfacial interactions with covalently grafted PODA via long-

range van der Waals forces.  

The overarching objective of the present work is the communication of an alternative 

approach towards improving the repeatability/reversibility, electrical/thermal conductance, and 

thermoresponsivity of nanocarbon-based thermistor-type DCPNs near human body temperatures. 

This is achieved through tailored covalent modification of the filler/host-matrix 

interface/interphase and effectuated via form-stable 2nd-order glass transitions. Application of the 

PODA-g-MWCNTs synthesized in this work as a potential candidate for human body temperature 

sensitized wearable temperature sensors is demonstrated.  
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Scheme 1. Synthesis of PODA-g-MWCNTs via RAFT-Polymerization. (a) Synthesis of RAFT 
chain-transfer agents comprised of dithioester moieties from thiolocarboxylic esters in the 
presence of Berzelius reagent P4S10 subsequent to reactions between an intermediate product of 
MeOH and P4S10 and carboxylic acid moieties. (b) The RAFT process (i) initiates with the 
decomposition of AIBN into free radical species and N2; (ii) propagation proceeds through 
subsequent reactions between evolved free radical species and monomeric ODA to yield 
intermediate radical oligomeric units X1•, which undergo further addition reactions with ODA to 
yield propagating radical oligomeric units Xn+1•. (c) The pre-equilibrium phase, where reactive 
nucleophilic C = S bonds of dithioester moieties undergo reversible radical addition reactions with 
X1• to form intermediate MWCNT-immobilized adduct radical species that can fragment into 
polymeric chain-transfer agents and a free radical (• CH3). (d) The reinitiation phase proceeds via 
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further radical addition reactions with monomeric ODA, shifting the Pre-Equilibrium phase 
towards the right side of (c). (e) RAFT polymerization is critically dependent on the Primary-
Equilibrium phase, where cascading equilibration reactions between remaining propagating 
radicals (Xn• and Xm•) and unterminated RAFT agents favor reaction products with a narrow 
polydispersity index. (f) The RAFT process ends with Termination via disproportionation (inter-
radical H-transfer) and/or combination (inter-radical coupling) schemes – a non-exhaustive set of 
possible termination reactions are presented in (i-iv). 
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RESULTS AND DISCUSSION 

 

AFM-IR Absorbance and Electron Microscopy Analyses of PODA-g-MWCNTs. 

Direct IR absorbance spectra of neat PODA (F80) and 2.57 wt.% PODA-g-MWCNT (F83) 

samples, obtained via an integrated AFM – infrared spectroscopy (AFM-IR) technique with nano-

lateral resolution, are presented along with corresponding 3D orthographic-projection AFM 

topography micrographs in Figure 1. The topography of neat PODA resembles a network of highly 

entangled strands ~1 – 2 µm in diameter (Figure 1a), typical of poly(alkyl acrylates).44 Figure 1b 

provides a higher magnification topography micrograph of F83 at a cluster of intersecting 

conductive conduits of PODA-g-MWCNTs. Imparting structural order via synergistic covalent 

interactions and their derivative effects between MWCNTs and grafted PODA moieties can 

improve interfacial heat transfer between covalently linked MWCNTs and PODA by diffusion of 

thermal energy and/or phononic coupling effects through higher-frequency non-

propagating/localized vibrational modes – whereas, with increasing disorder, phonon states 

generally tend towards Anderson localized excitations.47  

IR-spectra were collected at target-specific locations across respective sample surfaces to 

investigate uniformity and variations in functional group species and distribution between F80 

(Figure 1c) and F83 (Figure 1d). Four prominent characteristic IR-absorbance peaks of F80 (Figure 

1c) at 1783 cm-1 (C=O stretching),48 1466 cm-1 (-CH2- scissoring),48 1258 cm-1 (-CH2- 

scissoring),48  and 1170 cm-1 (C-O-C valence vibrations/C-O stretching)9  verify polymerization 

of ODA into PODA. Three characteristic IR-absorbance bands observed in the IR-spectra of F83 

(Figure 1d) not present in the IR-spectra of F80 at 1585 cm-1 (sp2 carbon),48 1351 cm-1 (sp3 

carbon),49 and 1040 cm-1 (C=S stretching)50 confirm the presence of thioester-/dithioester- 
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Figure 1. False-color 3D AFM topography orthographic projection micrographs of (a) F80 and (b) 
F83. Direct IR absorbance spectra of (c) F80 and (d) F83. AFM topography micrographs of (e) 
F80 and (f) F83 with overlaid color-coordinated dot markers corresponding to (c,d), respectively. 
(g-i) Field-emission scanning electron micrographs of F83 at varying magnifications. (j-m) Field-
emission transmission electron microscopy micrographs of F83 at varying magnifications (Note: 
blue arrows denote regions of observed constriction and yellow arrows denote regions of PODA-
bridged T-MWCNTs). 

 

functionalized MWCNTs. The colored markers superimposed on the AFM topography 

micrographs of F80 (Figure 1e) and F83 (Figure 1f) corresponding to Figure 1c,d, respectively, 

denote where IR-spectra were measured on the sample surface. Corresponding FE-SEM 

micrographs depicting the microstructure of the surface of F83 are presented in Figure 1g-i. The 

more conductive interior cores of the dendritic conduits presented in Figure 1b are resolved as a 
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system of highly interconnected PODA-g-MWCNTs, as illustrated in Figure 1i, where the 

intrinsically large aspect ratios of the MWCNTs are evidently preserved. It is critical to note that 

large aspect ratios are vital to preserving the intrinsic conductivities of the MWCNTs and in 

minimizing 𝑅$ by increasing the number of direct-charge tunneling junctions per MWCNT. From 

a congruent phononic perspective, shorter nanotubes have been shown to exhibit phononic 

transitions, where the lowest frequency phonon modes are upshifted to higher frequencies, 

resulting in weaker phononic coupling with the host polymer matrix.45 Weaker phonon coupling 

exists in shorter nanotube-based polymeric composite systems because energy transported in 

higher-frequency phonons must first undergo inter-phonon coupling in order to transfer the energy 

to lower- frequency phonon modes, before energy can be transferred to the polymer matrix. It has 

been conversely shown that covalent bonding with the polymer matrix can result in strong coupling 

via higher frequency phonon modes, which is a viable route towards enhancing phononic coupling 

between a nanofiller and its host polymer matrix.45  

Concordantly, in this work, free-radical polymerization of ODA onto and between 

MWCNTs, using functionally introduced thioester/dithioester linkages as chain transfer agents, 

facilitates close-proximity covalent bonding between the conjugated nanostructures and the 

primary acrylate backbone. Controlling the dimensionality of this linker-region has been shown to 

play a critical role in maximizing interchain thermal conductance, where short-chain, low 

molecular weight linkers are the epitome.51 Transmission electron microscopy (TEM) micrographs 

(Figure 1j-m) of F83 corroborate high aspect ratios and resolve the nanostructure of F83 as a 

system of tightly PODA-wrapped T-MWCNTs. Observed regions of PODA-bridged T-MWCNTs 

spanning ~5 nm across (Figure 1k,l) strongly support the syntheses techniques adopted in this 

work. Regions where tightly-wrapped PODA is observed constricting the outer walls of T-
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MWCNTs are demarcated by blue arrows (Figure 1k), indicative of a high degree of proximal 

conformity across the T-MWCNT/PODA interface/interphase. Figure 1j demonstrates long-range 

PODA-wrapping, a common feature observed in F83. Such long-range order is conducive to a 

larger number of internanotube tunneling junctions with a strong dependency on the 

conformational arrangement of chemisorbed/physisorbed PODA moieties. A high-resolution TEM 

(HRTEM) micrograph of F83 (Figure 1m) clearly contrasts and resolves the T-MWCNT/PODA 

interface, where a high degree of exohedral conformity is observed in grafted PODA moieties. 

Spectroscopic Analyses of PODA-g-MWCNTs. Heat transport in amorphous solids is 

facilitated through dynamic phononic and electronic contributions and interactions. While a 

consensus regarding holistic phonon transport mechanisms in amorphous composite materials 

remains contentious, covalent bridging across the filler/host-matrix interface is critical towards 

realizing homogeneous phonon propagation (i.e., optimized interfacial thermal conductance) 

across the heterogenous domains comprising the bulk structure.51-52 XPS spectra obtained as 

evidence for C-S and/or C=S bond formation, requisite moieties of thioester and dithioester 

functional groups, respectively, are presented along with supporting Raman and IR absorbance 

spectra and a schematic illustration of thioester-/dithioester-functionalized nanotubes in Figure 2.  

XPS spectra of T-MWCNTs (Figure 2a) reveal two distinct binding energy regimes at 162 – 172 

eV and 230 – 235 eV, characteristic of S 2s and S 2p electron configurations, respectively, not 

present in the offset spectra of pristine MWCNTs (P-MWCNTs). Deconvoluted S 2p and S 2s 

binding energy regimes between 162 – 172 eV (Figure 2b) and 224 – 236 eV (Figure 2c), 

respectively, are resolved as characteristic peaks centered at 164.8 eV (thioester/dithioester),53 

170.3 eV (C-S-CH3),54 227.5 eV (C-S),49 and 231.6 eV (C-S-C)55 and corroborate the formation 

of thioester/dithioester moieties. Comparing the XPS spectra of P-MWCNTs and T-MWCNTs  
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Figure 2. (a-d) XPS spectra of P-MWCNTs and T-MWCNTs from (a) 150-250 eV, (b) 162-172 
eV, (c) 224-236 eV, and (d) 279-297 eV. The 2 inset chemical structures in (a) are dithioester and 
thioester functional groups, where R and R’ are MWCNT and PODA/methyl moieties, 
respectively. The top-stacked spectra in (b,c) are the corresponding electron count spectra of P-
MWCNTs taken across the same binding energy and intensity intervals. (e) FTIR spectra of T-
MWCNTs (top) and P-MWCNTs (bottom). (f) Raman spectra of P-MWCNTs and T-MWCNTs. 
(g) A schematic illustration of dithioester-grafted/-functionalized MWCNTs. 

 

(Figure 2d) across the 279-297 eV regime (C 1s binding energies), a characteristic peak at 286.2 

eV (C-S)56 leads to broadening of the C 1s band. It should be noted that the fitted peaks in Figure 

2b,c were not force-fitted to further deconvolute the experimental spectra as XPS data obtained 

across the S 2p and S 2s core-level binding energies are from broad as opposed to high-resolution 

scans calibrated to the C 1s regime and are presented to corroborate complementary vibrational 

and Raman spectra (Figure S1, Supporting Information).  

FT-IR absorbance spectra of P-MWCNTs and T-MWCNTs (Figure 2e) reveal several new 

peaks centered at 757.7 cm-1 (C-S),50 960.7 cm-1 (C-S),50 and 1046.0 cm-1 (C-S/C=S)50 for T-

MWCNTs not present in IR-spectra of P-MWCNTs. Complementary Raman spectra of T-
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MWCNTs (Figure 2f) exhibit a characteristic peak at 1083 cm-1 (C=S)38, 57 absent in the 

corresponding spectra of P-MWCNTs, with additional signature peaks between 660 – 770 cm-1 

strongly supporting the existence of dithioester groups (Figure S2, Supporting Information). A 

schematic illustration of dithioester-grafted/-functionalized nanotubes is provided in Figure 2g. 

Additional Raman, direct IR-absorbance, and XPS spectra of F80, F83, and 4.81 wt.% PODA-g-

MWCNT (F86) samples are found in the Supporting Information (Figure S3, Supporting 

Information). 

Thermal Conductivity Mapping via AFM-Scanning Thermal Microscopy. The 

thermal conductivity of F83 was indirectly quantitatively mapped using an integrated AFM-

scanning thermal microscopy (SThM) technique at 313 K and 353 K, as presented in Figure 3a 

and Figure 3b, respectively. Here, changes in electric potential across a Thermalever™ AFM 

nanometric probe tip (<30 nm), arranged in a Wheatstone bridge configuration, denote regions of 

varying temperature in response to applied heat, which is used to distinguish regions of differing 

thermal conductivity with nano-lateral resolution. Areas of higher positive potential (demarcated 

in yellow) denote regions of higher thermal conductivity while areas of larger negative potential 

(demarcated in blue) denote regions of lower thermal conductivity. From Figure 3a, large-scale 

electronic and thermal connectivity across F83 is observed, where the topology closely resembles 

interconnected, dendritic, tubular, conduits ranging in diameter between ~100 – 300 nm. Above 

𝑇", F83 behaves as a form-stable, viscous conductive paraffinic fluid with seemingly isolated 

regions that exhibit larger thermal conductivities than those observed in F83 for 𝑇 < 𝑇$, consistent 

with amorphous behavior.51 Minor volumetric swelling of F83 from 313 K to 353 K is observed 

in height profiles from matching AFM topography micrographs (Figure S4, Supporting 

Information).  
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Figure 3. False-color thermal conductivity mapping overlays on 3D AFM topography orthographic 
projection micrographs of an ~400 µm2 area of F83 at (a) 313 K and (b) 353 K. 

 

Differential Thermal Analysis and Glass Transition Ranges of PODA-g-MWCNTs. 

Differential thermal analysis was used to corroborate and gain further insight on the large Π 

responses of the PODA-g-MWCNTs assembled in this work. From the DSC thermograms 

presented in Figure 4a, a contrasting reduction in the change in enthalpy ∆𝐻 of F83 in comparison 

to neat PODA (F80) is immediately apparent. Magnifications of the heatflow curves in Figure 4a 

are presented in Figure 4b (F80) and Figure 4c (F83) with melting temperatures of 𝑇"012= 324.18 

K and 𝑇"013= 326.69 K, respectively, where a distinct trend in increasing 𝑇" with increasing  
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Figure 4. (a) DSC thermograms of F80 and F83. Heat flow curves highlighting ∆𝐻 and 𝑇" for (b) 
F80 and (c) F83. d) The first derivative of (c) with respect to temperature near the glass transition 
range (315.08 – 317.71 K) – the inset is a magnification of the glass transition range (∆𝑇#013). 

 

MWCNT concentration is observed (Figure S5, Supporting Information). This is attributed to a 

combined effect of higher MWCNT concentrations and the notion of increasing 𝑀% of RAFT-

polymerized ODA with increasing concentration of initial RAFT agent.41 More intriguing is that 

while F80 exhibits a change in enthalpy of ∆𝐻&'( = 465.86 J g-1, F83 and F86 exhibit strikingly 

smaller values of ∆𝐻&') = 21.08 J g-1 and ∆𝐻&'* = 38.96 J g-1 (Figure S5, Supporting Information), 

respectively. Recall from the 1st law of thermodynamics, under isobaric conditions, state variable 

∆𝐻 reduces to ∆𝐻 = 𝑄, where 𝑄 is heat absorbed by the system - the marked reduction in heat 

energy per unit mass required to initiate 1st and 2nd order phase transitions correspondingly increase 

the sensitivity and responsivity of F83 and F86 in comparison to F80. The first derivative of Figure 

4c is plotted (Figure 4d) to elucidate ∆𝑇#013, where the inset is a magnification of the ∆𝑇#013 region 

existing between 315.08 – 317.71 K. Reductions in  ∆𝐻 across ∆𝑇#013 directly imply proportional 
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reductions in specific heat under isobaric conditions as the MWCNT-grafted PODA moieties 

transition from a self-entangled state, to one where the primary acrylate backbones are dynamically 

extended/unraveled with increasing degrees of freedom.58 TGA thermograms of F80, F83, and F86 

corroborate the MWCNT-loadings of F83 and F86 and support the existence of chemisorbed 

functional groups (Table S1, Figure S6, Supporting Information). 

I-V Characterization of PODA-g-MWCNTs. Temperature dependent resistance values 

of 1.69 wt.% (F81), 2.57 wt.% (F83), 4.81 wt.% (F86), and 6.22 wt.% (F87) PODA-g-MWCNT 

samples were measured at a temperature resolution of 1.0 x 10-3 K as described in the Experimental 

Section (Table S1, Figure S7, S8, and S9, Supporting Information). For all experimental samples, 

heating and cooling cycles between 300 – 330 K were conducted at mean linear heating and 

cooling rates of 7.45 x 10-3 K s-1 (0.45 K min-1) and -3.65 x 10-3 K s-1 (-0.22 K min-1), respectively, 

at standard ambient temperature, pressure, and relative-humidity (Figure S8, Supporting 

Information) unless specified otherwise. Relatively slow heating/cooling rates were selected to 

simulate rates of temperature shifts in human body temperature thermometric applications as well 

as to elucidate mechanisms-of-action. It should be noted that while the experimental cooling rate 

is approximated here by the slope of a linear-regression, the actual temperature decayed 

exponentially, as described in the Supporting Information (Figure S8b, Supporting Information). 

All samples were allowed to re-equilibrate to room temperature (~296 K) between consecutive 

thermal cycles.  

As sample F83 exhibits DC electronic transport properties most conducive to realistic 

sensor-/switch-type device requirements (i.e., practical electrical conductance values, large Π near 

sensing temperature(s), mechanical flexibility, and repeatability/reversibility of electronic 

phenomena) amongst the nanomaterials synthesized in this work, this portion of the results is  
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Figure 5. (a) Temperature-dependent resistance of sample F83 near Tc = 315.1 K and TR = 317.7 
K during heating cycles. (b) Temperature coefficient of resistance (Π) of sample F83 near Tc and 
TR (Inset: Π of control group sample F8C near Tc). (c) Temperature-dependent resistance of F83 
across cooling cycles from 330 – 300 K. (Note: the shaded areas in (a-c) denote associated error). 
(d) On/Off states during consecutive heating/cooling transitions between 298 K and 315 K, 
respectively, at a heating rate of 0.85 K min-1 for 40 transitions. (e) Voltage-dependent current 
(IF83) and resistance (RF83) at 304.0 K, 303.9 K, 303.8 K, 303.6 K, and 303.5 K. (f) Near room 
temperature resistance values as a function of T-MWCNT concentration (Inset: magnification of 
F83, F86, and F87). 
 

communicated with principle emphasis on F83. F83 notably transitions more abruptly across a 

narrower temperature range with exceptionally small associated uncertainty values, while also 

exhibiting an ideal balance between cost-effective nanotube loading and practical RT resistance 

values in comparison to all other samples synthesized in this work. This is reasoned to result from 

an optimizable synergetic effect between thioester-/dithioester-functionalized MWCNTs (T-

MWCNTs) and grafted PODA moieties with a dependence on the respective concentration of T-

MWCNTs with respect to ODA derivatives.  
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Below a critical transition temperature 𝑇+013 during heating cycles, F83 retains its 

comparatively low electrical resistance values between 300 K (241.77 W ± 16.48 W) to 313 K 

(312.60 W ± 18.47 W) (Figure S10a, Supporting Information). In reference to Figure 5a, F83 

abruptly transitions from a conductive (1,554.31 ± 829.20 W at 315.5 K) towards near-insulating 

state (17,968.93 W ± 2,886.47 W at 316.5 K) across the span of 1.0 K near a critical temperature 

(𝑇+613 = 315.1 K), corresponding to an unusually sizable, repeatable rate of increase in resistance 

(17,386.28 W K-1 ± 492.25 W K-1) across this narrow range (inset of Figure 5a). This is 

subsequently followed by a near-symmetrically sharp recovery of conductance at a temperature 

𝑇, = 317.0 K from 18,057.07 W ± 2,461.93 W to 787.74 W ± 27.73 W (318.4 K) (Figure S10b, 

Supporting Information). Remarkably, as F83 is heated further through its melting temperature 

𝑇"013 = 326.69 K, no appreciable change in resistance is observed, indicating that no further 

appreciable change in electronic structure occurs across 𝑇" in comparison to that associated with 

∆𝑇#013 (Figure S10c, Supporting Information). This nearly symmetrical recovery of conductance 

is further demonstrated by the Π plot of F83 (Π&')) presented in Figure 5b, where the repeatable 

thermoresponsiveness of F83 is evident through the exceptionally large, inversely-mirroring mean 

extrema in Π&') of 7,496.53 % K-1 ± 3,950.58 % K-1 and -7,046.34 % K-1 ± 3,323.46 % K-1, 

measured at 315.1K and 317.7 K, respectively. The Π of a control group comprised of 2.57 wt.% 

T-MWCNTs in neat PODA (F8C) is presented in the inset of Figure 5b to highlight the significance 

of the critical chemical functionalization techniques implemented in this work (Schemes 1, 2). F8C 

characteristically exhibits large desultory Π responses between 302 – 305 K, which are attributed 

to random, transient, recoverable loss of electronic transport pathways (Figure S11, Supporting 

Information).  
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While F8C does exhibit irregular electronic responses near the critical temperature of F83 

(𝑇+613 = 315.1 K), the resistance across F8C plotted as a function of temperature across 5 

heating/cooling cycles plainly communicate the irregular unalluring resistance values measured 

for F8C (Figure S12, Supporting Information). F83 initiates exponential recovery of conductance 

with astonishing accuracy at the same 𝑇, = 317.7 K observed in heating cycles while transitioning 

back to an amorphous vitreous state - ultimately recovering its initial resistance at room 

temperature (246.17 W ± 12.19 W at 298.2 K) (Figure 5c). The sharp recovery of conductance 

above 𝑇, upon further heating is attributed to the abrupt physical/conformational deformation 

across the PODA-MWCNT interface/interphase corresponding to the glass transition range that 

disrupts the net number of electron tunneling junctions, which are somewhat recovered after the 

initial transitional shockwave. Beyond 𝑇,, as F83 approaches 𝑇", the dynamic motions of 

covalently grafted alkyacrylate moieties no longer seem to perturb the electronic structure to the 

extent observed across the glass transition range. It should be noted that the small observed 

fluctuations in resistance across cooling cycles (Figure 5c) between ~310 – 300 K may be 

partly/wholly attributed to the minor shift in contact resistance resulting from subtle contact shifts 

between the PtIr needle-tip electrodes and the thin-film Au electrodes used for electronic 

characterization (Figure S9, Supporting Information).  

F83 exhibits relatively small changes in resistance across cooling cycles within the range 

𝑇, < 𝑇 ≤ 𝑇" as the material slowly transitions from a viscous liquid to a more rigid elastomeric 

state, analogous to the electronic behavior observed while traversing the same temperature range 

during associated heating cycles (Figure S10d, Supporting Information). Stacked plots of 𝑅&') and 

Π&'- across each contiguous heating/cooling cycle corresponding to Figure 5a-c are presented in 

the Supporting Information to emphasize the repeatability of the reversible electronic response 
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(Figure S13, Supporting Information). Switch-like behavior of F83 is emphasized by Figure 5d, 

where a semi-log plot of the normalized resistance across consecutive, repeatable, reversible 

transitions between ON (244.34 W ± 2.37 W)/OFF (10,043.52 W ± 222.40 W) states, for 40 

contiguous ON/OFF transitions are shown at a faster heating rate of 0.85 K min-1. 

The I-V characteristics of F83 in response to higher applied fields are presented in Figure 

5e for consecutive DC forward voltage sweeps from 1 – 5 V at near room temperature. It is 

important to note that the I-V characteristics of F83 remain Ohmic for low applied biases (<3.0 V). 

At higher applied biases (>3.0 V), the current through F83 tapers off in a manner inconsistent with 

Poole-Frenkel conduction, Schottky effect dominated conduction, or space-charge limited 

conduction (SCLC) mechanisms (Figure S14, Supporting Information).59-60 At forward biases >3.0 

V, regions of hybridized sp3 orbitals formed from covalently bonded functional moieties and 

intrinsic defects on the exohedral surfaces of PODA-g-MWCNTs could potentially give rise to an 

increasing number of disordered topological energy trap states. Topological traps can result in a 

fermionic separation of charge carriers (i.e., fast or slow carriers) that is augmented at higher 

applied electric fields.61 Such charge carrier trap sites in coaction with self-trapping phenomena 

characterized by polaronic behavior can result in the peculiar decrease in current through F83 

observed near an applied forward bias of ~4.0 V (Figure S14c, Supporting Information).  

Fowler-Nordheim (FN) tunneling-type effects can be neglected here as the I-V behavior of 

F83 does not fit FN-type functions nor does F83 exhibit the characteristic negative slope and 

inflection point in plots of ln[𝐼𝑉./] as a function of 𝑉.0.62 It should be noted that the I-V behavior 

of F83 is representative of an amalgam of likely conduction mechanisms, where internanotube 

contact resistance, Joule heating, and diffusion current effects cannot be neglected. The 

temperature dependency and sensitivity of F83 is further highlighted in Figure 5e, where a distinct 
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trend of decreasing bulk resistance with decreasing temperature is shown. In comparison to F83, 

F87 (6.22 wt.% PODA-g- MWCNTs) carries a larger current accommodated by a larger carrier 

mobility (i.e., higher concentration of sp2-hybridized carbon) and exhibits markedly different I-V 

characteristics in comparison to F83 (Figure S15, Supporting Information). Two distinct Ohmic 

regions partitioned by a region between 2.5 – 3.5 V characterized by a sharp decrease in 𝑑𝐼/𝑑𝑉, 

conceivably correspond to a critical activation potential beyond which charge trapping in oxygen-

containing impurities along the conjugated structures can occur (Figure S16, Supporting 

Information).   

While F81 (1.69 wt.% PODA-g-MWCNTs) does exhibit particularly large Π values on the 

order of 108 % K-1, resulting from abrupt 9-order of magnitude spikes in resistance from 101 – 109 

kW, the responses are irregular in comparison to those of F83. Such irregular responses coupled 

with large operational resistance values (10-60 kW) render F81 largely unsuitable for simple 

switch-/sensing-circuits – albeit F81 did exhibit notable repeatability in electronic states across 

cooling cycles and could find potential application as thermometric sensors in soft robotics (Figure 

S17, Supporting Information).12 F86 (4.81 wt.% PODA-g-MWCNTs) uniquely exhibits a negative 

Π-dominant effect during heating cycles occurring as a corollary to the sharp recovery of 

conductance near its recovery temperature (Figure S18, Supporting Information). F87 exhibits 

comparatively small and irregular electronic responses near 𝑇+613 in comparison to F83 (Figure 

S19, Supporting Information). The resistance values for F81, F83, F86, and F87 as a function of 

PODA-g-MWCNT concentration are presented in Figure 5f, where distinct percolative behavior 

is apparent when fitted with a Belehradek-type power function.  
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Figure 6. (a) Temperature dependent resistance of F83 at heating rates of 0.52 K min-1, 0.85 K 
min-1, and 1.31 K min-1 (Inset: onset temperature of resistance spike determined by the maximum 
of the first derivative of each R(T) curve). (b) Heating rates corresponding to (a) (Note: the shaded 
areas denote associated error). 
 

The onset temperature of the resistance spike for F83 was observed to depend 

approximately linearly on the heating rate (Figure 6a). Corresponding heating rates of 0.52 K min-

1, 0.85 K min-1, and 1.31 K min-1 are shown in Figure 6b, where averages of two consecutive 

heating cycles were used for each of the 3 heating rates (Figure 6a,b). The onset temperatures 

presented in the inset of Figure 6a were determined by the maxima of the first-derivatives of each 

respective R(T) curve. Maxima of R(T) curves presented in Figure 6a were not used directly for 

comparison as the density of datapoints near the critical transition temperature varies with 

heating/cooling rate because of the constant sampling rate. Shifting of onset temperature of 

conductivity breakdown with varying heating rates as presented in Figure 6a is an expected result 

as glass transitions are kinetic processes with a well-known dependency on heating/cooling rate.63-

64 Notably, the temperature dependent resistance response of F83 for each of the three heating rates 

was repeatable.  

Glass Transition-Facilitated Reversible Electronic Switching in PODA-g-MWCNTs. 

It is important to note that glass transitions, dissimilar to 1st-order phase transitions, are complex,  

convoluted processes, classically described through either kinetic or equilibrium theoretical 

frameworks, and critically dependent on a number of physical, chemical, and physicochemical  
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Figure 7. (a) Schematic cartoon illustrating the reversible, subtle conformational changes in grafted 
PODA moieties as it pertains to electronic switching inside bundles of intersecting PODA-g-
MWCNT/PODA conduits for (top) T < TC, (middle) TC < T < TR, and (bottom) TR < T. (b) 
Internanotube contact resistance (𝑅$) as a function of the number of tunneling junctions for 
differing interaxial separation distances and (c) tunneling probability (𝜏) across internanotube 
tunneling junctions as a function of interaxial separation distance for differing potential barrier 
values. (d) Schematic cartoon depicting the reversible electronic transition and a potential 
biomedical application of F83 as a hyperpyrexia-sensitized thermometric sensor (Note: all 
components and their configurations/arrangements in (a,d) are not to scale and are intended only 
to convey the essence of principle). Digital photographs of the green LED circuit used to 
demonstrate (e) ON and (f) OFF states corresponding to the real-time temperature values 
illuminated on the front-panel display of a data acquisition system (Keithley 2700). (g) Circuit 
diagram used in (e,f). 
 

parameters.65-66 While a comprehensive canonical delineation of the underlying nature of glass 

transitions is still very much an active area of research in current polymer science, glass transition 

processes can generally be partitioned into 3 distinct sequential stages – namely, the gamma 
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transition (𝑇1), beta transition (𝑇2), and glass transition (𝑇#).65, 67 These transitional phases are 

instrumental in describing the large, repeatable, reversible electronic responses foremost to this 

work. At the onset of 𝑇1, as F83 approaches 𝑇$, localized vibrational interbond bending and/or 

stretching and localized alkyl sidechain sectional movement results in the subtle nearly linear 

increase in resistance observed in heating cycles for 𝑇 < 𝑇+  (Figure S10a, Supporting 

Information). As the temperature is increased further, transitioning from 𝑇1 to 𝑇2, localized 

segmental alkyl sidechain motions extend to localized movements of entire alkyl sidechain 

moieties.58 Upon reaching 𝑇#, localized sidechain motions evolve to long-range coordinated 

movements of both the alkyl sidechains as well as their respective primary acrylate backbones, 

corresponding to large-scale orchestrated conformational/structural rearrangement at the PODA-

MWCNT interface/interphase.65-66 Such a conformational reorganization disrupts any initial 

predominating van der Waals interactions between alkyl sidechain moieties of both covalently 

grafted and physiosorbed PODA, as illustrated in Figure 7a, where the structural/conformational 

arrangement of grafted PODA moieties below and above 𝑇$ are depicted through the purple raveled 

and unraveled spirals, respectively. This reversible physical rearrangement across 𝑇$ causes an 

abrupt nanometric shift in internanotube contact, which can result in a dramatic increase in 

internanotube contact resistance (𝑅$) and exponential decrease in internanotube tunneling 

probability (𝜏) as reasoned within the Landauer-Büttiker formalism describing tunneling-assisted 

direct-charge transfer – herein, direct-charge transfer implies interaxial nanotube separation 

distances on the order of the van der Waals separation distance (𝑑3 =	3.4 Å).9 𝑅$ decreases 

asymptotically with increasing number of internanotube tunneling junctions Λ (i.e., Fermi- level 

crossing energy bands).  
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MWCNT systems have been shown to exhibit remarkably large Λ values ranging between 

400-500, as compared to analogous metallic SWCNT systems, which exhibit a contrastingly small 

number of tunneling junctions (Λ = 2).68-69 𝑅$ is given as follows, 

𝑅$ =	
𝜋ℏ
𝑒/
(𝜏Λ).0, (2) 

where 𝑒, ℏ, and 𝜏 are the elementary charge, reduced Planck’s constant, and tunneling probability, 

respectively,9 given by 

𝜏 = 𝑒𝑥𝑝 H−
J8𝑚4𝑊5

ℏ
(𝑟 − 𝐷!6748)P , (3) 

for 𝐷!6748 + 𝑑3 < 𝑟 ≤ 𝐷!6748 + 𝑑$67!55, where 𝑚4, 𝑊5, 𝑟, 𝑑$67!55 and 𝐷!6748 are the electron 

mass, tunneling potential barrier, interaxial separation distance between 2 neighboring MWCNTs, 

threshold distance beyond which tunneling effects may be neglected (𝑑$67!55 ≈ 2𝜆948":), and 

MWCNT outer diameter (10 nm ± 1nm), respectively.70 Figure 7b,c show the tunneling probability 

for varying potential energy barrier heights Wf (1.0 eV, 2.0 eV, and 3.0 eV) as a function of 

interaxial separation distance r between neighboring nanotubes and 𝑅$ as a function of Λ for 

varying r (10.15 nm, 10.25 nm, and 10.35 nm), respectively.   

A dramatized molecular schematic cartoon of the reversible electronic transition across 𝑇$ 

is shown in Figure 7d (top). Figure 7d additionally exhibits a schematic cartoon of a feasible 

adhesive thermometric device sensitized to pyrexia-temperatures, intended only to convey the 

simplicity in circuitry afforded by the exceptional electronic properties exhibited by F83 and 

modeled on the same simplified circuitry used in the proof-of-concept demonstrations of electronic 

switching presented in Figure 7e (ON state) and Figure 7f (OFF state). A sourcemeter outputting 

a constant 2.5 V bias was used in place of a button battery with a green LED (Forward Current: 
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25 mA, Forward Voltage: 2.1 V) and a separate data acquisition system (Keithley 2700) wired in 

circuit with an RTD to measure the real-time temperature of F83 shown by the front-panel 

illuminated displays (Figure 7e,f) - the corresponding proof-of-concept video is provided as a 

supplementary media file (Video S1). The circuit diagram corresponding to Figure 7e,f is 

presented in Figure 7g. It is worth noting that the illumination cut-off temperature for the LED in 

Figure 7e,f can be further tuned by selecting an LED with specifications conforming to device 

requirements. More sophisticated alternative LED circuits modeled on p-type bipolar junction 

transistor and junction-gate field effect transistor designs using F83 as a thermometric switching 

component (R1) and their simulations are presented in the Supporting Information (Figures S20, 

S21, Supporting Information). 

 

CONCLUSIONS 

In MWCNT-based DCPN systems, interfacial thermal conductance between nanotube and host 

polymer matrix is governed by inter-phonon interactions/coupling within the nanotube and across 

the nanotube/host-polymer interface/interphase. Thermal conductivity of the bulk composite 

system is thus a corollarial manifestation of interfacial thermal energy transfer. The authors report 

on an alternative route towards enhancing the thermoresponsivity, electronic properties, and 

repeatability/reversibility in electronic phenomena of MWCNT-based DCPN systems by 

improving the interfacial thermal conductivity across this interfacial region through tailored 

covalent bridging to facilitate increased/extended phonon coupling between MWCNTs and grafted 

polymeric moieties through higher-frequency non-propagating vibrational modes.  

In this work, PODA-g-MWCNTs synthesized via free-radical initiated RAFT 

polymerization of ODA onto and between the exohedral surfaces of thioester-/dithioester-
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functionalized MWCNTs are reported on, where the thioester and dithioester groups function here 

as short-chain covalent linkers. Assembled 2.57 wt.% PODA-g-MWCNT samples (F83) exhibit 

remarkably large, repeatable, near pyrexia-sensitized positive Π values of 7,496.53 % K-1 ± 

3,950.58 % K-1 at 315.1 K and low recoverable near room temperature resistance values of 246.17 

W ± 12.19 W at 298.2 K. Thermal cycling between 40 consecutive ON (244.34 W ± 2.37 W)/OFF 

(10,043.52 W ± 222.40 W) states demonstrates exceptional repeatability/reversibility. This is 

effectuated by exploiting subtle form-stable, phononically-augmented 2nd-order glass transition 

ranges, where reversible large-scale coordinated structural reorganization of extended acrylate 

polymer backbones transiently disrupts tunneling-assisted direct-charge transfer. An expected 

dependency on heating rate was observed in R(T) curves of F83 as glass transitions are kinetic 

processes known to depend on heating/cooling rates. 

In comparison to other T-MWCNT concentrations explored in this work, F83 seemingly 

exhibits the optimal ratio of concentration of RAFT chain transfer agent to monomeric precursor 

and free-radical initiator. The results and insights from this work can be extrapolated to other 

nanocarbon-based DCPN systems as a facile means towards improving the thermoresponsivity, 

repeatability, and reversibility of desired electronic/thermal phenomena, with particular emphasis 

on systems sensitized to near-pyrexic and near-human body temperatures. Tunability of sensitized 

temperatures could potentially be attained by selecting an alkyl acrylate or other living radical 

polymerizable monomer with a desirable glass transition temperature. Such nanomaterials are 

promising candidates for human body temperature sensitized wearable thermometric sensors and 

other temperature sensing applications that require large electronic responses near sensing 

temperatures.  
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EXPERIMENTAL 

Materials. MWCNTs (≥98% carbon basis) 6 – 8 walls thick with outer diameters of 10 nm ± 1 nm, 

inner diameters of 4.5 nm ± 0.5 nm, lengths (along the nanotube axis) of 3- 6 μm, and aspect ratios between 

350-500 were sourced from Sigma Aldrich (synthesized by SouthWest NanoTechnologies, Inc. via catalytic 

chemical vapor deposition). Phosphorous pentasulfide (P4S10) (99%), octadecyl acrylate (ODA) (97%), n-

hexane, and 2, 2’ – azobis(2-methylpropionitrile) (AIBN) (98%) were sourced from Sigma Aldrich. Methyl 

alcohol (MeOH) (>98%) and methylbenzene (ACS) were obtained from Pharmco Aaper and Macron Fine 

Chemicals, respectively.  

Synthesis of Thioester-/Dithioester-Functionalized MWCNTs. 300 mL of methylbenzene was 

added to 10.1 g of pristine MWCNTs (P-MWCNTs) in a 1000-mL round-bottomed flask. The resulting 

mixture was vigorously stirred at room temperature for 5 min followed by brief sonication at 35 kHz for 5 

min. The mixture was left to stir in an Si-oil bath maintained at 323 K. Separately, 464 mg of P4S10 was 

added to a 125-mL Erlenmeyer flask along with 150 mL of methylbenzene. The mixture was sonicated at 

35 kHz for 20 min followed by heated stirring at 323 K for an additional 20 min. The P4S10 mixture was 

slowly added to the MWCNT/methylbenzene mixture while stirring and subsequently refluxed at 388 K 

for 50 h. ~200mL of MeOH was slowly added to the resulting mixture under stirring to gradually reduce 

the temperature over ~15 min. The mixture was subsequently repeatedly washed with MeOH to dilute 

residual methylbenzene and centrifuged at 10,000 rpm in MeOH for 30 min three times - where the 

supernatant was decanted and fresh MeOH was added with each iteration. Each time fresh MeOH was 

added, the resulting mixture was manually churned using a glass stir rod to re-disperse the MWCNTs in 

solution before centrifuging. The resulting thioester-/dithioester- functionalized MWCNTs were then dried 

under partial vacuum at 373 K for 3 h followed by an additional 12 h at 373 K in a ventilated forced-draft 

oven.  

Synthesis of PODA-grafted-MWCNTs via RAFT Polymerization. Oligomeric ODA, thioester-

/dithioester-functionalized MWCNTs (T-MWCNTs), and free-radical initiator AIBN combined at different 
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molar ratios (Table S1, Supporting Information) were added to a 100-mL round- bottomed flask. For each 

set of molar ratios, 30 mL of methylbenzene was added to a separate 100-mL round-bottomed flask, septa 

sealed, evacuated, and degassed with dry nitrogen (N2) for 20 min to remove any solvated gasses 

detrimental to the free-radical initiated living polymerization process. The 30 mL of degassed 

methylbenzene was transferred via canula to the dry reagents (ODA, t-MWCNTs, and AIBN) under a 

blanket of N2. The mixture was refluxed at 388 K for 24 h while stirring. The resulting mixture was 

precipitated dropwise into MeOH at room temperature and dried under partial vacuum until a solid, uniform 

greyish black solid product was obtained.  

Raman, FTIR, X-Ray Photoelectron, UV-Vis-NIR, and IR Spectroscopy. Raman spectra of P-

MWCNTs and T-MWCNTs were obtained using a micro-Raman system with a continuous wave laser 

operating at an excitation wavelength of 532 nm, a x40 objective lens, and a HORIBA iHR320 spectrometer 

equipped with a Synapse CCD. Samples were drop cast in EtOH onto Si wafers. Fourier transform-infrared 

(FTIR) spectra were obtained using a Bruker Optics ALPHA-FTIR spectrophotometer in attenuated total 

reflection (ATR) mode outfitted with a ZnSe internal reflection element at 128 scans to average and a 

resolution of 2 cm-1. X-ray photoelectron spectra were obtained using a Physical Electronics Model 5700 

ESCA spectrometer operated at 350 W using monochromatic Al-K𝛼 x-rays. UV-Vis-NIR spectra were 

obtained using an Ocean Optics HR 2000 photo-spectrometer with a deuterium/halogen light source (Ocean 

Optics DH-2000) in quartz cuvettes. Direct IR absorbance spectra were obtained using a nanoIR2ä system 

(Anasys Instruments Corp.) equipped with an optical parametric oscillating (OPO) laser as an IR source.  

Field-Emission Scanning Electron, Atomic Force, and Scanning Thermal Microscopy. Scanning 

electron micrographs were obtained using a Carl Zeiss LEO 1525 field-emission scanning electron 

microscope outfitted with a GEMINI field-emission column. Micrographs were obtained at accelerating 

potentials ranging between 2-15 kV and comparatively short working distances. Atomic force microscopy 

(AFM) and scanning thermal microscopy (SThM) micrographs were obtained using a nanoIR2ä AFM-IR 

system (Anasys Instruments Corp.) outfitted with an AFM- based Thermaleverä probe with a tip radius of 
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<30 nm, a tip height of 10 μm, and a cantilever length of 150 μm in a Wheatstone bridge configuration 

using an OPO laser as a mid-IR source.  

Field-Emission Transmission Electron Microscopy. Samples for transmission electron microscopy 

(TEM) characterization were prepared by dispersing F83 in n-hexane at a concentration of 0.1 % (wt./v.) 

and bath sonicating at 35 kHz for 2 min prior to dropping directly onto a holey-C-coated Cu-grid (200 

mesh, Ted Pella) atop medium-flow filter paper and air-dried at STP for 30 min prior to loading into the 

TEM sample chamber and pumping down. Samples were characterized using a JEOL JEM-2010-F field-

emission transmission-electron microscope operating at an accelerating voltage of 200 keV.  

Thermogravimetric and Differential Calorimetric Analysis. Simultaneous thermogravimetric and 

differential calorimetric analyses were conducted on powdered samples using a TA Instruments SDT Q600. 

The sensitivity of the instrument (differential thermal analyzer) is 0.001 °C. Linear ramping cycles from 

300 – 1270 K at a heating rate of 10 °C/min under Ar at a flow rate of 50 mg/mL were conducted and 

measured in alumina pans. ∆𝐻 values were calculated by numerically integrating DSC curves across phase 

transitions for standardized baseline ranges.  

I-V Characterization. A manual probe station (JR-2727) comprised of two KRN-09S probe 

positioners (J Micro Technologies) fitted with PtIr needle-tip electrodes were used for two-probe 

temperature- dependent I-V characterization. A stable heat source constructed from a hotplate (Corning PD- 

400D) outfitted with a symmetrical rectangular cuboid steel plate 13 mm in thickness in direct thermal 

contact with the hotplate to regulate and homogenize heat flow and distribution across measuring areas. 

PODA-g-MWCNT samples were drop cast between pairs of thin-film Au electrodes thermally evaporated 

onto glass substrates under high-vacuum with interelectrode gaps of ~200 𝜇m. Profilometry techniques to 

characterize the dimensionality of the electrodes were not requisite as the conductivities of synthesized 

materials are not reported on in this work. A Keithley 2400 SourceMeter was used to drive linear DC 

voltage sweeps from 1 – 2 V at a step potential of 0.04 V and record responsive temperature-dependent 

current-resistance values across linear heating and exponential cooling cycles, with the real-time 
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temperature of the sample being concomitantly measured and recorded using a Pt-RTD sensor (PT100, 

Omega Engineering, Uncertainty: ±0.12% @ 273 K) in circuit with a Keithley 2700 Data Acquisition Unit.  
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SYNOPSIS 

Optimizing thermal conductance across the nanocarbon-filler/host-polymer matrix interface in 

polymer nanocomposites is critical towards realizing thermoresponsive, repeatable, and reversible 

electronic switching phenomena in such disordered systems. In this work, near hyperpyrexia-

sensitized thermometric nanocomposites of poly(octadecyl acrylate)-grafted-multiwall carbon 

nanotubes (PODA-g-MWCNTs) are reported on. Synthesized PODA-g-MWCNTs exhibit 

exceptionally large, repeatable, and reversible electronic switching properties across form-stable 

glass transition ranges near hyperpyrexic temperatures facilitated through covalent tailoring of the 

MWCNT/PODA interface/interphase and are promising candidates for wearable human body 

thermometric sensors/switches. 
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