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A novel strategy for localized thermal history analysis using
organic azides immobilized on ZnO nanowire arrays is presented.
The pyrolysis of the surface azido groups followed by the introduc-
tion of molecular probes to the residual azido groups via the
Huisgen cycloaddition enables microscale temperature distribution
measurement using scanning electron microscopy—energy-disper-
sive X-ray spectrometry analysis.

With the miniaturization of inorganic devices for sensors and
catalysts, localized thermal measurements of solid materials
have become increasingly important to ensure their stable
operation and maximum performance.'” Recently, organic
molecules have been used as probes for the thermal measure-
ments of inorganic materials owing to their structural diver-
sity, enabling accurate and versatile temperature
measurements.®® Among these approaches, the irreversible
transformation of temperature-sensitive organic molecules has
been leveraged to record thermal history, providing insights
into the temperature variations experienced during thermal
events.'®™* This recording strategy can also be applied to oper-
ating devices, where real-time temperature measurement may
be challenging. However, the use of organic molecules for ana-
lyzing the thermal history of solid materials remains limited
owing to requirements such as clean irreversible changes for
the recording and space-resolved analysis for the readout.
Recently, we measured the nanometer-scale temperature distri-
bution in Joule-heated gold nanosheet gas sensors through the
thermal desorption of fluorinated alkanethiol self-assembled
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monolayers (SAMs), an irreversible process in which the mole-
cular structure remained nearly unchanged."?

Herein, we introduce a novel strategy for localized thermal
history analysis using the thermally irreversible transformation
of organic molecules immobilized on metal oxide surfaces. To
this end, we leverage organic azides, which exhibit unique
reactivity — toward  pyrolysis"*™'® and the Huisgen
cycloaddition.””® The proposed approach can be summarized
as follows (Fig. 1): the surface azido groups immobilized on
metal oxides undergo irreversible thermal decomposition and
loss of molecular nitrogen, allowing the heat exposure to be
recorded. Subsequently, molecular probes for space-resolved
spectroscopic readout are introduced to the residual azido
groups via the Huisgen cycloaddition. The resulting framework
allows the recorded temperature to be measured with high
spatial resolution. The use of SAMs to introduce organic
azides onto metal oxide surfaces ensures a uniform reaction
field through ordered molecular orientation.”*®® The feasi-
bility of the proposed approach is demonstrated through
micrometer-scale thermal history analysis based on localized
Joule heating for azide pyrolysis recording and scanning elec-
tron  microscopy-energy-dispersive ~ X-ray = spectrometry
(SEM-EDS) analysis for non-destructive and space-resolved
readout.*

We first investigated the validity of the azido-enabled
thermal history analysis under macro-heating conditions.
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Fig. 1 Conceptual view of the proposed azido-enabled thermal history
analysis system. “N”, shown in italicized, red font, indicates the chemical
species in which the nitrogen molecule has been eliminated from the
surface azido group, but the resulting structure remains to be identified.
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Azido-terminated SAMs were fabricated on ZnO nanowire
arrays (ZnO NWs) with uniform size and large surface areas to
enhance detection intensity in spectroscopic analyses. This
was achieved using our previous procedure with a slight modi-
fication.*® Specifically, ZnO NWs grown on a silicon substrate
and modified with (12-azidodocecyl)phosphonic acid (1/
ZnO-NW) were uniformly heated at 220 °C on a hotplate, and
pyrolysis of the azido group was monitored through Fourier-
transform infrared (FT-IR) spectroscopy (Fig. 2a). As shown in
Fig. 2b, the peak at 2103 cm™", corresponding to the azido
groups, decreased following first-order kinetics with a reaction
rate constant (k,y0) of 0.061 min~".>' When the same experi-
ments were conducted at 200 °C and 235 °C (Fig. 2c), the reac-
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0.135 min ", respectively. An Arrhenius plot constructed from
these reaction rate constants showed that the pyrolysis acti-
vation energy of the surface azido group was 147 kJ mol™*
(Fig. 2d). This value is comparable to reported organic
azides,*” indicating that the immobilization did not affect the
azide pyrolysis.

To enhance the spatial resolution in tracing the pyrolysis of
surface azido groups compared with typical FT-IR measure-
ments, elemental mapping was performed using SEM-EDS, fol-
lowing the introduction of an EDS-active molecular probe to
the residual azido group via the Huisgen -cycloaddition.
Specifically, an ethynyl-tethered pentachlorophenol derivative
(5Cl1) was adopted as the EDS probe for Cl owing to its inde-

tion rate constants kyy, and k,;; were 0.014 min~' and pendent and strong peak signal (Fig. S71). In this process, 1/
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Fig. 2 Scheme and the spectroscopic trace of azide pyrolysis followed by the Huisgen cycloaddition using 1/ZnO-NW: (a) reaction scheme of azide
pyrolysis of 1/ZnO-NW and the subsequent Huisgen cycloaddition between 1'/ZnO-NW and 5Cl (TBTA, tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]
amine; DMSO, dimethyl sulfoxide). (b) FT-IR spectral variation in the azido region on 1/ZnO-NW at 220 °C (heating time: 0, 3, 9, 13, 17, 21, 25, 30, 35,
41, 48, and 57 min). (c) Time-dependent conversion rate of the surface azido group, normalized to the initial amount of 1/ZnO-NW (red circles for
200 °C, yellow squares for 220 °C, and blue triangles for 235 °C). (d) Arrhenius plot constructed from the rate constants of surface azide pyrolysis.
(e) SEM-EDS spectral variation in 5Cl-1'/ZnO-NW depending on the heating time (220 °C; 0, 10, 20, 30, 40, 50, and 60 min). (f) Calibration curve

obtained by fitting the measured (Cl/P)/(Cl/P), values of 5Cl-1'/ZnO-NW, based on SEM-EDS
230, 235, 240, 250, and 260 °C for 10 min).
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ZnO-NW were heated at 220 °C on a hotplate, and the resulting
substrate (1'/ZnO-NW) was immersed in a dimethyl sulfoxide
(DMSO)/H,0 solution of 5Cl in the presence of CuSO,, tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl J]amine (TBTA), and sodium
ascorbate for 30 min to obtain 5CI-1’/ZnO-NW (Fig. 2a). Fig. 2e
shows the SEM-EDS spectra of 5CI-1'/ZnO-NW in the 3 pm X
4 pm range for different heating durations (0, 10, 20, 30, 40,
50, and 60 min). The Cl signal at 2.6 keV decreased with
increasing heating time, whereas that of P, derived from the
phosphonic acid anchor at 2.0 keV, remained constant. This
suggests that the SAM molecules did not desorb from the ZnO
NW surface during the substrate heating followed by the
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Fig. 3 Scheme and the spectroscopic trace of azide pyrolysis followed
by the Huisgen cycloaddition using 2/ZnO-NW: (a) reaction scheme of
azide pyrolysis of 2/ZnO-NW and the subsequent Huisgen cycloaddition
with 5CL. (b) FT-IR spectral variation in the azido region on 2/ZnO-NW at
150 °C (heating time: 0, 3, 6, 10, 14, 18, 23, 28, 33, 39, 45, 51, 57, 63, 70,
and 77 min). (c) Calibration curve obtained by fitting the measured (Cl/
P)/(Cl/P)y values of 5Cl-2'/ZnO-NW, based on SEM-EDS analysis
(heating temperature: 130, 140, 150, 160, 170, 180, 190, and 200 °C for
10 min).
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Huisgen cycloaddition. Incomplete azido conversion was
observed during the Huisgen cycloaddition owing to the steric
hindrance between adjacent azido groups (Fig. $8%).*°
However, this did not directly affect the thermal history
analysis.

To determine the heating temperature from SEM-EDS
measurements, the Cl signal intensity relative to the P signal
intensity (denoted as CI/P) after heating at various tempera-
tures was plotted. Specifically, 1/ZnO-NW samples were uni-
formly heated on a hotplate at 180-260 °C for 10 min, and the
EDS-probe 5Cl was then introduced to the residual azido
group via the Huisgen cycloaddition. As shown in Fig. 2f, the
normalized signal values relative to the initial level at each
temperature, (CI/P)/(Cl/P),, decreased with increasing tempera-
ture, corresponding to the azide pyrolysis ratio determined by
FT-IR analysis (Fig. 2b). A temperature calibration curve based
on SEM-EDS results was obtained by fitting the (CI/P)/(Cl/P),
values as follows (eqn (1)):

Dol peo(-E) <k )

where E, is the activation energy, R is the universal gas con-
stant, 7T is the temperature, A4 is the pre-exponential factor, and
¢ is the heating time (see Fig. S12 in the ESIt for details of the
preparation of the calibration curve and its uncertainty).

To assess the thermal history at lower temperatures, the
thermal recording unit was changed from an alkyl azide to an
aryl azide, which exhibits higher susceptibility to pyrolysis.'®
Specifically, (10-(4-azidophenyl)decyl)phosphonic acid (2) was
immobilized on ZnO NWs grown on a silicon substrate using
the same procedure as that for 1. The resulting 2/ZnO-NW
samples underwent pyrolysis at approximately 150 °C, as
observed by FT-IR monitoring at 2120 cm™* (Fig. 3a and b).
The Huisgen cycloaddition of the residual azido groups with
5CI followed by SEM-EDS analysis yielded a temperature cali-
bration curve based on eqn (1) (Fig. 3¢, S147). The trend was
consistent with the azide pyrolysis rate based on the FT-IR ana-
lysis. However, the deviation was larger compared with the
trends for 1/ZnO-NW. This difference is attributable to the
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Fig. 4 Thermal history analysis in an actual device equipped with a localized Joule heating system: (a) photograph and (b) schematic of the heating
device, 1/ZnO-NW/Pt. The Pt heating site has dimensions of 4 mm (length) X 10 pm (width) x 200 nm (depth). Joule heating was applied at 80 V for
10 min. (c) Cross-sectional SEM image of the heating device before SAM preparation with 1. Heat distribution was measured from the edge of the Pt
heating site. (d) The Cl signal intensity relative to the initial value in EDS (left) or calculated temperature (right) plotted as a function of distance from
the edge of the Pt heating site in 5Cl-1'/ZnO-NW/Pt (distance: 30, 60, 90, 180, 270, 360, 450, 540, and 720 pm).
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aggregation of the aryl azide group on the ZnO surface owing
to m—n interactions, which hinders the Huisgen cycloaddition
owing to steric effects (see Fig. S16 and S17 in the ESIf for
details of the surface Huisgen cycloaddition with 1/ZnO-NW or
2/Zn0O-NW).** Although the aryl groups in azido-functionalized
SAMs may lead to deviations from the ideal reaction rate in
azide pyrolysis, structural variations in the azido molecules
can enable thermal history analysis in a specific temperature
range.

To demonstrate the utility of the present azido-enabled
thermal history analysis system, we prepared heat distribution
maps for an actual device equipped with a localized Joule
heating system. The heating device, 1/ZnO-NW/Pt, was fabri-
cated on a silicon dioxide layer over a silicon substrate using
laser lithography, followed by Pt sputtering, ZnO NW growth,
and the introduction of azido-functionalized SAMs using 1
(Fig. 4a—c). After Joule heating at the Pt heating site (4 mm
(length) x 10 pm (width) x 200 nm (depth)) at 80 V for 10 min
for azide pyrolysis, the EDS-probe 5ClI was introduced into the
residual azido groups to form 5CI-1'/ZnO-NW/Pt. As shown in
Fig. 4d, sequential SEM-EDS analysis of 5CI-1/ZnO-NW/Pt in
the 3 pm x 4 pm range allowed the calculation of the heat dis-
tribution from the edge of the Pt heating site across several
hundred micrometers, using the calibration curve shown in
Fig. 2f (see the ESI} for details of the calibration uncertainty).

Conclusions

In summary, we developed a novel method for localized
thermal history analysis using azido-terminated SAMs immobi-
lized on ZnO NWs. Pyrolysis of the surface azido groups, fol-
lowed by the introduction of the EDS-active molecular probe
5Cl to the residual azido groups through the Huisgen cyclo-
addition, enabled heat distribution mapping with a microscale
resolution via SEM-EDS analysis. Using alkyl azide 1 and aryl
azide 2, which have different thermal decomposition tempera-
tures, the thermal history could be measured over a wide temp-
erature range. The utility of this framework was demonstrated
by recording the thermal history of microscale temperature
differences in a localized Joule-heated device. Future work will
be aimed at expanding the applicability of the proposed
method to sensors and catalysts in operation, where real-time
thermal measurement is difficult.
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