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The presence of a temperature gradient between the magnetic nanoparticle (NP) surface
and the bulk medium during induction heating has been observed across several fields. While no
noticeable rise in bulk temperature is observed, biological (DNA denaturation, tumor apoptosis)
and chemical (bond cleavage) evidence indicates high temperatures near/at the NP surface.
Unfortunately, current methods for temperature probing rely on bulk temperature measurements
(fiber optic IR probes) or are limited by thermal stability and spatial resolution (organic
molecules). To further the understanding of magnetic heating as a driving force in catalysis, as
well as drug delivery/hyperthermia treatments, a more accurate description of the nanoparticle

surface temperature is needed. This work uses inorganic luminescent probes in direct contact with



the particle surface, entailing the deposition of YVO4:Eu*" around a Fe;04/SiO; structure, to
measure the local temperature. The luminescent response is calibrated in situ via a controlled
temperature stage to extract the field dependent heating. The luminescent probe results in high
spatial resolution (<5.5 nm) with temperatures up to 64 °C higher than standard fiber optic probes.
The direct contact between the PL probe and Fe3O4 allows for ballistic transport and improved
temporal resolution, mimicking an adiabatic system (negligible long-range heat dissipation). Other
advantages include avoiding measurements in liquid media, where the distance between the heat
source and the probe cannot be controlled, adding to the uncertainty of the temperature
measurement due to changes in colloidal anisotropy (heating profile) of the magnetic cores and

surface quenching of the luminescent signal.

INTRODUCTION

In situ heating with magnetic nanoparticles (NP) are now ubiquitous in applications such
as induction heating catalysis'®, thermo-activated drug delivery®’, magnetic fluid hyperthermia®
%, and water treatment'’. These technologies represent remarkable advances in nanotechnology and
energy efficiency, which benefit from fast heating and cooling, local heating without raising the
temperature of the surroundings substantially'!, and process safety'?. However, to optimize heating
processes with magnetic NPs via induction heating, a more detailed understanding of heat
propagation at the nanoscale and an accurate determination of the NP surface temperature are still
needed. Current studies face experimental limitations regarding spatial and temporal resolution'?,

and theoretical models are still unable to predict temperatures accurately given the complexity of

heat dissipation at the nanoscale.® ' Predicting heat transport would require expensive calculations



to solve the Boltzmann equation with the phonon dispersion relation and rate of collisions.

However, the evaluation of the collision term is not trivial, involving multiple calculation steps.'?

Moreover, current correlations between heat generation (in terms of Specific Loss Power
(SLP)) and temperature using classical physics tend to compare the measured medium (bulk)
temperatures to calculated values obtained from Fourier’s Law!® and Linear Response Theory!”
¥ which are commonly discussed in the field of magnetic hyperthermia applications.!® The
limitations of this approach are that heat transfer treatment is primarily diffusive®®, SLP
correlations are only valid when performed under adiabatic conditions®, and the heat generation is
only linear and proportional to the applied magnetic field for small NP diameter (<20 nm).?! When
the magnetic NPs are larger (> 20 nm), heat dissipation is best described by the Stoner-Wohlfarth
model (ferro- and ferrimagnetic regimes), and the response is no longer linear.!” Given the complex
relationship between the NP structure and the resultant magnetic properties, a more direct
temperature probing method will allow unambiguous comparison across literature works. For

instance, NPs of larger size, higher anisotropy**2*

, or in a viscous media will require larger applied
fields to exhibit heat dissipation, and some SLP equations include the applied field on their
calculation®, resulting in higher values. Therefore, when comparing the SLP values of different

structures of distinct compositions, it is nearly impossible to know the highest performing NPs

unless they are all done at the same time by the same research group.

Furthermore, in applications such as catalysis!-> the temperature near the NP surface is
more important than the temperature of the medium, especially when physical contact is necessary.
Catalysis applications are also studied under higher temperatures (>150 °C), where fiber optic
probes are no longer reliable, which highlights the importance of alternative probing methods. In

these cases, ballistic heat transfer takes place where Fourier’s law is no longer applicable for



predicting heat dissipation.?> These factors have contributed to the obstacles of modeling heat
transfer at the nanoscale, and experimental probes have provided the best temperature estimates

so far.!?

One experimental approach to temperature resolution was demonstrated by Riedinger et
al.% using fluoresceineamine (FA) dye attached to polyethylene glycol surfactants on the Fe;O4
NPs. The presence of a temperature gradient within 0.5 nm of the NP surface was observed, with
the global temperature (bulk) significantly differing from the calculated surface temperature. This
was also observed by Creixell et al.!! when cancer cells were killed (> 43 °C) without an increase
in the medium temperature. Unfortunately, molecular probes are not ideal for high-temperature
probing due thermal degradation which are not observed with solid luminescent hosts.
Additionally, molecular probes add to the interfacial heat transfer resistance and impact the
magnetic heating dynamics due to colloidal anisotropy in solution.!” Improved temperature
resolution was demonstrated by Zink et al.?¢ utilizing magnetic NPs encapsulated in mesoporous
silica and coupled with an upconversion NP (UCNS) luminescent probes, quantifying the
temperature within ~8 nm of the NP surface. Using this method, the group observed temperature
gradients of ~23 °C from bulk to NPs. Additionally, Pinol et al.!® also used molecular luminescent
probes to show that even infrared cameras lack the necessary surface/temperature resolution,
measuring values similar to bulk fiber optic probes. Comparatively, solid luminescent materials
have advantages over molecular dyes and thermosensitive polymers because of their higher
operational range (>600 K) without probe degradation, reduced parasitic vibrations?’,
experimental variations®®, or photobleaching.”® Specifically, YVO4 is a commonly used
photoluminescent host that is thermally stable, highly transparent in the visible range, non-

hygroscopic, and when doped with europium (Eu®"), achieves the highest operating range before



luminescence quenching compared to other lanthanide-doped YVO4.?° Therefore, to further our
understanding of heat propagation at the nanoscale, YVO4:Eu*" thermometry is chosen to address
spatial resolution challenges where infrared cameras, magnetic ferrofluids, and molecular probes

have been limited.

This work addresses the issue of temperature resolution for larger NP (> 20 nm) structures,
in powder form, and in a temperature range that cannot be accurately determined by thermally
labile probes. By focusing on larger structures, high thermal gradients between surface and bulk
can be exposed as a foundation for future sensing technologies for applications at lower
temperatures (45 °C), where even greater resolution would be required. The multi-layer structure
studied in this work allowed temperature probing to ~5 nm spatial resolution from the Fe3O4
surface to the luminescent host. Iron oxide (Fe3Os) NPs, synthesized via colloidal routes, are
encapsulated with a thin SiO» passivation layer followed by YVO4:Eu®", taking advantage of the
thermal stability, steady luminescence, sharp *Do-'F» emission band**-3!, and temporal response to
changes in temperature (no time delay).!> Additionally, the SiO> layer is expected to aid in the
mitigation of luminescence quenching by limiting energy transfer into the Fe3;O4 or direct UV
absorption®?, consequently reducing quenching and improving signal-to-noise ratio.® A
discussion of heat transfer at the nanoscale is also provided to demonstrate the advantages and
disadvantages of this method. All measurements are performed in sifu and in powder form, with
the same sample being previously calibrated in a temperature-controlled stage, where
luminescence is measured at various temperatures. Therefore, the correlation of intensity and
temperature is compared to the observed intensity at several alternating magnetic fields (AMFs),
allowing direct surface temperature measurements due to the close contact between the magnetic

and luminescent structures. Such a thermometry strategy has the potential to improve applications



with induction heating in catalysis, magnetic hyperthermia, and other biomedical applications,

where lower apparent temperatures can be used to drive chemical transformations/heat transfer.

RESULTS AND DISCUSSION

Spherical iron oxide (Fe3O4) NPs are synthesized via thermal decomposition (see Methods)
to control NP size and monodispersity to maximize the heat generation.** The Fe;O4 magnetite
phase is known to readily oxidize to a less magnetic oxide phase (y-Fe.03)* at low temperatures.
Therefore, to prevent this phase transition, the NPs are encapsulated with an SiO; layer to limit
oxidation/leaching®®, while reducing heat dissipation to the surrounding environemts.?® 3¢ The
YVO4:Eu** structure is then deposited around the SiO; encapsulated Fe;O4, as shown in Figure 1.
The utilization of surfactants for every deposition step (Igepal CO-520 and citric acid for SiO; and
YVO4:Eu**, respectively) allows for a more targeted layer deposition. Figure 2a shows the as-
synthesized Fe;O4, and Figure S1a shows the core NPs encapsulated with SiO2. The NP diameter,
estimated from TEM micrographs, is of 28.8 + 2.7 nm and increases to 39.8 &+ 3.8 nm upon SiO:
shell deposition or roughly a ~ 5.5 nm semi-conformal shell. Such distance dictates the extent of
heat dissipation before the temperature rise can be detected by the luminescent probe (spatial
resolution) and is expected to lower the discrepancy between bulk and nano-resolved

measurements.®
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Figure 1: Schematic illustration of the synthesis of a multi-layered Fe304/Si02|Y VOs structure via

reverse microemultion (SiO2 deposition) and sol-gel (YVO4:Eu®* deposition).

Next, YVO4Eu*" (5 mol%) crystals were nucleated on the SiO> encapsulated Fe;O4 NPs
and annealed at 300 °C for 45 min to reduce potential oxidation of the Fe3O4 core (Figure S1b).
Annealing the samples demonstrated a significant improvement in luminescent signal (Figure S2),
enhancing signal-to-noise ratio by a factor of 1.6 without impacting the crystal phase of Fe3O4
(Figure 2b). Given the thin theoretical thickness for the YVO4:Eu®" layer (<10 nm), its crystal
phase could not be detected with XRD (Figure 2b); however, lattice spacing measurements with

HRTEM enabled crystal phase identification. As shown in Figure 2c, the core NP phase is assigned



to the cubic magnetite (ICDD:04-005-4319) after measuring the lattice spacing for the (111) plane.
Similarly, the tetragonal vanadate phase (YVOa4, ICSD:174549) is identified based on the (211)
plane (d = 2.84 A). As an additional confirmation for the YVOu4:Eu®" deposition, ICP-OES
measurements resulted in a 0.15 Fe/Y wt ratio, which is in agreement with the initial precursor

ratios with a ~50% YVO4:Eu®" reaction yield. Finally, the PL temperature dependency of the
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Figure 2: a) TEM for a 28 nm Fe3O4 core as-synthesized, b) XRD data shows overlap between
the main peaks of Fe;O4 abd YVOys crystal phases, making it difficult to detect the luminescent
phase with a bulk method. However, no changes in the Fe3O4 crystal structure are observed after
the sample annealing steps. c¢) HRTEM showing close proximity and lattice spacing identification
for Fe3sO4 and YVOs. d) PL spectra showing the temperature dependance luminescence intensity
for a multi-layered sample.



multilayered NPs was measured in a controlled temperature stage for the multi-layered sample to
calibrate the luminescence intensity dependence on temperature (Figure 2d). The emission peak at
618 nm for the >Dy — "F» transition of Eu®" is used as the temperature-dependent calibration peak,
showing a linear decrease in intensity with increasing temperatures, as expected. Therefore,
structural characterization of the multilayered Fe;04/SiO2]YVOs:Eu** NPs indicates close
proximity between the heat source and the luminescent probe, which was optimized through the
conformality and thickness of the SiO, encapsulation. These structures demonstrate a direct
relationship between luminescence signal and sample temperature, specifically the Fe;O4 surface
due to the nature of the hyperthermal heating. Additionally, it is expected that heat dissipation
losses are reduced since the short distance between the surface and the luminescent result in faster

thermal equilibrium®’ to improve measurement accuracy.

Photoluminescent spectroscopy (PL) measurements under various temperatures and AMFs
were carried out and compared to fiber optic temperature readings. The fundamentals of thermal
responsive luminescence are based on the Boltzman distribution of electrons between energy
levels.”” As the temperature increases, phonon vibrations bridge excited states which lead to
luminescent quenching via non-radiative transitions. The non-radiative transition rate (and the
temperature) is proportional to the luminescent lifetime and intensity, providing a direct non-
invasive probe to measure the surface temperature.*® To determine the ability of the luminescent
material to quantify the local temperature, four control samples were studied: 1) pristine
YVO4:Eu** powders, 2) YVO4:Eu** mixed with Fe;04 (1.43 wt ratio YVO4:Fe304), 3) YVO4:Eu**
mixed core-shell Fe304/SiOx (1.43 wt ratio), and 4) YVO4:Eu®" mixed core-shell Fe;04/SiO2 (2.51
wt ratio). It is expected that the Fe;O4/SiO2 will result in lower temperatures than the uncoated

Fe;04 due to the SiO2 poor thermal conductivity. The changes in wt ratio are studied to verify that



the luminescent probe can sense the known trend of increased heat generation with the amount of
Fe;04 ratio.?!> * Figure S3 shows the PL spectra for the YVO4:Eu** NPs under various AMF on
the luminescence intensity. The Eu®" Dy — ’F. emission transition exhibits suppressed PL
intensity and peak splitting due to the Zeeman effect (magnetic field dependence), making the
luminescence collection under AMF complex.*’ Instead, PL measurements are collected
immediately after removing the AMF to negate any field dependence luminescence and limit heat
dissipation. There is a negligible effect on the luminescent signal for the pristine YVOs:Eu** NPs,
decreasing <5% with maximum field strengths (27 mT). The observed variations are attributed to
energy level splitting of the unpaired electrons in Eu** causing minor changes in the YVOs

symmetry*’ and are not expected to impact the temperature-dependent measurements.

In contrast, the variation in luminescence intensity for the physically mixed samples was
significantly higher than the pure YVO4:Eu*" sample (Figure 3). Specifically, the PL signal
decreased by 9%, 15%, and 16% with AMFs up to 27 mT for YVO4:Eu*" mixed with core-shell
Fe;04/Si02 (2.51 wt ratio, Figure 3a), Fe;04/Si02 (1.43 wt ratio, Figure 3b), and only the core
Fe304 (1.43 wtratio, Figure 3c¢), respectively. These results indicate that less heat is generated with
higher concentrations of YVOu, as expected. Secondly, the inclusion of a thin SiO2 shell had little
impact on the heat generation/transfer for the physically mixed samples, resulting in a nearly
identical decrease in PL signal intensity (Figures 3b and 3c), and consequently, temperature
measurements (Figure S4). The similarities between these two samples confirm ballistic heat
transfer through the thin SiO- shell layer and reaching the YVO4:Eu®" phase. This method of
transport allows for low-loss phonon diffusion to the particle surface, i.e., limited scattering of the

phonons.
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Figure 3: in situ PL spectra of YVO4:Eu** powders mixed with a) Fe;04/SiO; at 2.51 wt ratio,

b) Fe304[Si0: at 1.43 wt ratio, and c¢) Fe3;O4 at 1.43 wt ratio. There are no major changes in

PL signal intensity decrease between the Fe3O4 NPs with (b) and without (c) SiO2 coating,

demonstrating the remarkable sensitivity of the luminescent material as a temperature probe.
The localized temperatures can be directly extracted from the PL quenching after
calibration of the temperature-dependent signal in an in situ heating stage (Figure 2d). Figure 4a
shows a comparison between PL and fiber optic probe measurements for the physically mixed
samples (YVOu4:Eu*"-Fe;04/SiO2 mixtures). An apparent difference between the PL measurements
and the fiber optic probe is seen, with differences up to 40 °C between the two techniques.
Interestingly, the YVO4:Eu**-Fe;04 (without a SiO; shell) temperatures agree better for the PL
and fiber optic probe, i.e., are within 18-27 °C, except at intermediate AMF intensities (from 11
mT to 22 mT, Figure 4b). These observations can be attributed to the reduced spatial resolution of
fiber optic probes, which have a geometrical size much greater than the scale of heat transfer,
positioning the probe at a distance where dissipation has already occurred. The presence of a poor
thermally conducting SiO> shell slightly intensifies this effect, acting as a heat sink; however, for
materials that are closer to the heat source, a temperature rise can still be detected. Physically
mixing the temperature probe (YVO4:Eu®") facilitates heat transfer and sensing at the nanoscale,
which does not happen when using fiber optic probes. Furthermore, the temperature difference

between 11 mT to 22 mT is attributed to heat dissipation losses (non-adiabatic) associated with

the fiber optic experiment.* Truly adiabatic systems would exhibit a linear relationship between
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temperature and AMF.*! The non-linear relationship between the AMF and observed temperature

has been discussed by others®#!

and should exhibit a power-law response, as seen in Figure 4b.%
4243 Because physical mixing facilitates ballistic heat transfer that is believed to occur at the NP
scale'*!1> 20 fast heating rates are detected via the YVO4:Eu®" PL when in contact with Fe;Oa.
Most treatments of heat dissipation due to magnetic hyperthermia are modeled with Fourier’s Law
and are measured with a fiber optic probe.'® This model describes the macroscale (bulk) behavior
correctly. However, this model does not account for nanoscale heating, causing cancer cell death!!
at ambient bulk temperatures. Unfortunately, it is complicated to model nanoscale heat transfer
due to the complexities associated with phonon scattering.!*!%-2% 25 As such, experimental studies
considering heat dissipation at different scales are paramount to understanding local heating effects

in AMFs. The PL probe method developed herein demonstrates an adiabatic response (the linear

relationship), suggesting accurate temperature measurements.
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Figure 4: Extracted temperatures using PL (squares) and IR fiber optic (triangles) probes for
YVO4:Eu*" powders mixed with a) Fes04/SiO2 at 2.51 wt ratio and 1.43 wt ratio, and b)
uncoated Fe3O4 core at 1.43 wt ratio. When the SiO» coating is present, the fiber optic probe
cannot detect temperatures higher than 30 °C, while the PL probe provides the same
temperature reading at 1.43 wt regardless of the presence of SiO».
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An explanation for the discrepancies between the two temperature measurements in Figure

1.39 1.41

4b was first introduced by Wang et al.” and Soetaert et al.*" Specifically, as the AMF increases,
temperature fluctuations are less significant and show better agreement between the fiber optics
and PL. These thermal fluctuations are common at the onset of heating, for rates lower than 1 °C/s
because of non-uniform temperature distribution and heat dissipation dominating the process.>* !
At heating rates higher than 1 °C/s (achieved for high fields 27 mT), thermal fluctuations are less
significant (relative to the thermal gradient) resulting in the agreement between the fiber optic and
PL measurements.*! To demonstrate this experimentally, cooling studies were carried out by
collecting the PL spectra with increasing delay times (30, 60, and 90s). Table 1 shows the
calculated temperatures extracted from the time-delayed PL measurements for various applied
fields. Temperature fluctuations at low fields (5 and 11 mT) do not follow a specific trend due to
low heating rates. At higher fields (=16 mT) the calculated temperature decrease increases with
the time delay, i.e., more heat dissipation. Therefore, direct extrapolation of the temperature during
under AMF was only possible for fields >16 mT. Based on these measurements, the heat

dissipation occurring during a standard measurement (45 s) does not drastically impact the

extrapolated temperatures (~10% deviation).
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Table 1: Calculated temperatures extracted from a temperature dependent luminescent probe
after various elapsed time from the moment the AMF is turned off. Small temperature
variations are observed at low fields (< 11 mT) suggesting the rise in temperature may not be
high enough to detect a cooling rate. Higher fields on the other hand, show a trend in
decreasing temperature with time, consistent with cooling due to dissipation, enabling
extrapolation of the temperature while the field was on.

Cooling rate studies for a layered sample of Fe304|SiOz|YVO4:Eu3Jr
Calculated Temperature (°C) Extracted from Luminescent Signal

Delay times after 5mT 11mT 16mT 22mT 27mT 33mT 37 mT

field is turned off (s)
0 32 41 50 58 65 69 73
30 33 44 49 57 57 63 65
60 36 42 49 54 58 59 61
90 36 40 48 52 57 58 58

Extrapolated
Teperature for Field N/A N/A 51 62 67 74 79
on (°C)

Next, the multi-layered Fe304|SiO2|Y VO4:Eu** sample was measured to directly probe the
Fe304 surface temperature. As with the physically mixed samples, the PL intensity was calibrated
up to 325 °C (Figure 5a). The normalized PL shows a linear decrease across the full temperature
range (PL = 1.0408 - 0.00276 T(°C)). Based on the calibration studies, the relative PL sensitivity
is 0.003 °C’!, as defined from by (AI/AT) = (1/AI).>” The multi-layerd sample exhibits a 27%
decrease in intensity 27 mT (Figure 5b), 11% larger than the physically mixed sample (Table S1).
The extracted temperatures are assumed to be the Fe3O4 surface temperature since no heat loss is
expected in the SiO; due to ballistic transport. Table 2 shows the calculated temperature values
extracted from the in situ experiment shown in Figure 5b, constantly estimating values at least 25
°C higher than the fiber optic measurements at low AMFs. However, significantly higher

temperatures differences (64 °C) are extracted at larger AMFs, than previously reported®® 37,
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Figure 5: a) Correlation between PL intensity and temperature spectra for a layered sample where
Fe,0,[Si0O, is in close proximity (5.5 nm) to the YVO4:Eu** NPs performed on the Linkham

temperature stage, and b) under increasing AMFs. The decrease in luminescent intensity with
applied field is more pronounced than in physically mixed samples and pure YVO4:Eu’".

Table 2: Calculated temperatures extracted from a temperature dependence luminescent
probe near the NP surface compared to a bulk measurement. The differences in temperature
show how heat dissipation is ballistic at the nanoscale, creating a temperature gradient
around the NP.

Extracted from Fiber Optic Probe Extracted from PL
Aoolied Measured Bulk Measured Bulk Calculated
o Eip( e o Temperature Temperature Temperature Difference
ield (m
(Fe;04)  (Fe30,/Si0,[YVO,Eu’h (°C)
5 25 23 48 + 18 25
11 27 28 71+ 20 43
16 34 41 98 + 11 57
22 52 64 127 £ 13 63
27 89 90 154+ 7 64

demonstrating the importance of close contact between the heat source and the thermal probe.

Interestingly, the standard deviation (7 °C) at the highest AMF (27 mT) is of the same order of

magnitude as the temperature difference extrapolated from the cooling studies to account for the

45 s of data collection (6 °C, Table 1), emphasizing no temporal resolution losses.

15



To highlight the importance of contact between the particle multi-layers, a second sample was

measured with poor contact

Homogeneous multi-layered
160 -m- Inhomogeneous Luminescent Shell
. 3+ :
between the YVO4Eu and SIOZ "—M— Physical Mixing with Fe,0,
140 |— A - Homogeneous Multi-layered
layers caused by delamination -—A— Physical Mixing

6 120 0= Physical Mixing with Fe;0,[SiO,
(Figure S5). This system was e I -
S 100k a—
expected to exhibit more heat £ [ / A
g 80 |- ]
dissipation and lower overall &~ 60' / a -
I . D7
i A
temperatures than the multi 2L %g/ A/
layered sample with good contact 0l W——
1 L 1 L 1 L 1 L 1 L
but better than the physically 5 10 15 20 25 30

Applied Field (mT)
mixed samples. For this sample,
Figure 6: Summary of all temperature measurements

the  estimated  temperatures obtained at different distances from the heating core,
and extracted via PL sensing and fiber-optic probes. As
(shown as blue squares in Figure the PL material gets closer to the heat source, greater
thermal differences between fiber optic and PL probe
6) are lower than the are observed.

homogeneously layered sample (green squares). Moreover, physically mixed samples measured
with PL (red squares) result in lower temperature measurements than the two layered samples,
systematically demonstrating lower sensitivity to temperature increases proportional to the Fe3Oas-
YVO4:Eu*" separation distances. In contrast, fiber optic measurements consistently estimated
lower temperatures for physically mixed (pink triangles) and multi-layered (black triangles)
samples. Because this work performed all measurements in bulk powders, higher temperature
differences are observed when compared to other thermal sensing experiments in aqueous media.'*
371t is believed that the temperature discrepancies will be significnatlly larger for NP suspensions

due to lower particle densities and diffusion reducing the contact FesOs-YVO4:Eu®" contact.
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However, the aqueous phase comparison is beyond the scope of this work. Therefore, there is a
crucial improvement in spatial resolution by having the luminescent probe in close contact with
the Fe3O4 phase. Arguabily, the concept of spatial resolution is somewhat elusive in the ballistic
heat transfer regime, because a 5.5 nm SiO; spacer layer did not affect temperature readings
significantly when using the PL probe, indicating the observed temperature is likely the surface
temperature. In contrast, at the bulk level (fiber optic probe) significantly lower temperatures were
observed, indicating heat dissipation dictates spatial resolution. Furthermore, for the Fe304/Si0,
sample with YVO4:Eu®" deposited homogeneously, measurement uncertainty is reduced due to the
normalization of the average distance between each Fe304/SiO2 and YVO4:Eu®* pair. Lastly, in
terms of expanding such probing experiment to other NP structures and compositions, this method
is limited by the ability to deposit luminescent shells around Fe3Os NPs of octahedral, cubic,
nanodisk shapes and exchange-couple nanomaterials without oxidation of the core.!” Since these
structures have a substantial contribution to the effective anisotropy,?? and distinct contribution to
heating due to their spin structures, the magnitude of heat dissipation changes**, which means they
would need to be studied individually to extend this method to other magnetic NPs. Nonetheless,
exposing the differences in thermal measurements imapact biological and catalytic applications
significantly, because cell death or coking can happen without measurable bulk temperature
changes due to incorrect temperatures unbeknownst to researchers, emphasizing the need for
nanoscale probes, and providing a future route to a more generalized method for comparing the
efficiency of magnetic NP heating.

CONCLUSION

The temporal and spatial resolution of temperature measurements near magnetic Fe3O4

NPs during the application of high AMFs has shown to be an obstacle for advancements in
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induction heating applications. This work demonstrated the successful fabrication of a multi-
layered Fe3;04/SiO2]YVO4:Eu®" system for direct probing of the temperature via luminescence
sensing. Such nanostructure design improved spatial resolution to a maximum of 5.5 nm from the
NP surface and reduced quenching without compromising sensitivity by introducing a spacer layer.
A 64 °C difference at 27 mT was detected between the environment near the NP and bulk media,
unveiling the presence of a thermal gradient that can affect applications with induction heating.
Furthermore, the signal-to-noise ratio increased by 1.6x, yielding higher temperature sensitivity.
Another sensitivity improvement was observed for physical mixing of YVO4:Eu** and Fe3Os,
resulting in enhanced detection of temperature rise compared to a fiber optic probe measurement
due to facilitated heat transfer at the nanoscale (physical mixing) though not as sensitive as the
multi-layered sample. Moreover, the standard deviation on the temperature values at higher AMFs
are of the same order of magnitude of the sample cooling effect at times greater than the time
elapsed for PL spectra collection, showing these experiments were not negatively affected by
temporal resolution. Therefore, this work has a significant contribution to the applications of
magnetic NPs in induction heating, allowing high temperature detection not possible with organic
molecules, required for catalytic applications, with the multi-layered sample design without the
thermal degradation of the molecular probe, offering accurate temperature determination without

compromising luminescent signal intensity.

Methods

Chemicals

1-octadecene (90% technical grade), dibenzyl ether (98%), Citric Acid Anhydrous (99.5%)

oleic acid (90% technical grade), yttrium(III) nitrate hexahydrate (99.9% REO), europium(III)
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nitrate hydrate (99.99% REQO), and ammonium vanadium oxide (99.0% ACS) were purchased
from Alfa Aesar. Acetone (99.5%), ammonium hydroxide (28-30%, ACS grade), cyclohexane
(99%), methanol (99.8% ACS grade), toluene (99.5%), and reagent alcohol (94-96%, ACS grade
ethanol + methanol) were purchased from VWR. Iron (III) anhydrous (>98%, Merck), sodium
oleate (NaOL) (> 97.0%, TCI), Igepal CO-520 (Spectrum Chemical), tetracthyl orthosilicate

(99%, Sigma-Aldrich). All reagents were used without further purification.

Synthesis of Fe3Os cores

Magnetic Fe;O4 nanospheres were synthesized via thermal decomposition route as described
elsewhere.* Briefly, an iron oleate (FeOL) complex was prepared by reacting 15 mmol of FeCl;
with 45 mmol of NaOL in a solution containing hexane, water, and ethanol at 2:1:1 ratio (200 mL
total volume). The solution was then brought to reflux (~56 °C) for 1 hr under a nitrogen
atmosphere. After the reaction, the FeOL is formed in the hexane layer, and therefore it is separated
from the aqueous layer via a separatory funnel. The hexane layer is washed several times with DI
water until no CI” ions are detected via a simple Ag(NOs3) test. The hexane layer is collected and
dried at 110 °C under vigorous stirring overnight. For optimum morphological control, it is
recommended to use distilled and DI water to reduce the possibility of impurities in the FeOL
precursor. Lastly, the FeOL is thermally decomposed in a three-neck round bottom flask, with
oleic acid (OA), 1-octadecene (ODE) and di-benzyl ether (BE). The amount of oleic acid used
varied according to the desired NP diameter, namely 13 mmol for 28 nm. The ratio of ODE:BE
used was 2:1 (15 mL total volume). The solution was degassed at 90 °C for 30 min, then under
inert atmosphere brought to 200 °C, and a heating ramp of 3.3 °C/min is implemented from 200-
325 °C. The solution is aged for 30 min under reflux, and the particles are collected by centrifuging

the products in toluene:acetone (1:3 vol) at least five times. The particles are then re-suspended in
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methanol and dried under vacuum at 110 °C. Excess methanol is removed with a magnet to shorten

drying time to 1 hr and reduce NP oxidation.

SiO2 shell deposition

The SiO> shell deposition is performed via reverse microemulsion to allow NP phase
transfer and subsequent shell deposition. This process has been described elsewhere.*® Once the
Fe304 core particles have been dried; they are grinded, dispersed in cyclohexane at a 1.25 mg/mL
concentration, and sonicated for 20 min. In a separate 20-mL vial, 0.50g of IGEPAL CO-520 is
mixed with 11 mL of cyclohexane and sonicated for 10 min. Afterwards, under vigorous stirring,
2 mL of the Fe;O4 solution are added to the 20-mL vial. Subsequently, 50 pL of ammonium
hydroxide are added, followed by 20 uL of TEOS, and the solution is stirred for 16 hrs. The
Fe304|Si02 NPs are collected by centrifugation with toluene:ethanol (1:4 v/v) three times. Prior to
the luminescent shell deposition, the NPs are dried under vacuum and annealed at 450 °C under
Ar/H2 (95%/5%) for 2 hr to allow for densification of the SiO; shell without oxidation of the Fe3O4

core.

YVO4:Eu** (5 mol%) shell deposition

After densification of the SiO; shell, the amounts of precursors needed for the YVO4:Eu®**
deposition were calculated based on the average core-shell diameter of the Fe304/SiO2 NPs. This
method for luminescent shell deposition has been demonstrated successfully by our group in other

2730 For a 10 nm shell deposition, 12.3g of citric acid were dissolved in 15.6 mL of DI

works.
water and briefly sonicated to dissolve the citric acid. Then, 26 mg of the core-shell NPs were

added to this solution under vigorous stirring. Subsequently, 45.3 mmol of Y(NO3)3.6H>O (174

mg), 2.38 mmol of Eu(NO3)3.6H>0 (8.1 mg) and 45.3 mmol of NH4VO3 (53 mg) were added to
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the mixture in a water bath set to 40-50 °C, and the pH was adjusted to 9. The resultant solution
was washed with water and ethanol several times and dried under vacuum at 100 °C. The
amorphous powders were annealed at 300 °C for 45 min to remove the citric acid binder, solidify

the shell, and prevent sintering of the NPs.

Structural and Optical Characterization

The core-shell-shell NPs were characterized via X-ray diffraction (XRD) using a PANalytical X-
ray diffractometer, operating at 45 kV and 40 mA, with a Cu Kal (a = 1.54 A) as a radiation
source. The 6—20 radial scan was performed over the range 20—70° with a step size of 0.04° and a
dwell time of 60 s. The NP size and shape were characterized by transmission electron microscopy
(TEM) using a JEOL JEM-1400 operating at 120 kV, and using an Orius Camera SC1000A 1,
with a 0.20 nm lattice image resolution and 0.38 nm point image resolution. For lattice fringe and
crystal phase identification, JEOL JEM-2011 TEM was used, operating at 200 kV and using a
CCD camera with a 0.14 nm lattice resolution. The YVO4:Fe;04 ratio was measured using a
PerkinElmer Optima 8000 ICP-OES spectrometer and calibrated to commerical Y and Fe

standards (VWR).

The in situ PL spectra were measured using an Edinburgh Instruments FLS1000 PL
spectrometer equipped with a PMT detector and a 450 W ozone-free xenon arc lamp as the light
source. Excitation and emission scans were collected with a 4 nm bandpass at a scan rate of 0.4
nm s~ 1 in the range of 240—400 nm (excitation) and 575—-675 nm (emission) with 1 nm step size.
The powder samples were placed onto a quartz sample holder for PL measurements. Physically
mixing of Fe;O4 and YVO4:Eu®" powders were done based on the weight of the core Fe3;Ou

(without SiO2) and YVOs powders. The mass of the SiO; layer was estimated, assuming a
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conformal 5 nm shell layer. The calibration temperature measurements were taken in a LINKAM
THMS600 temperature-controlled stage using YVO4:Eu®" NPs in a quartz dish, at every 50 °C
from 25°C to 325 °C for every sample before applied magnetic field analysis. For this experiment,
surface temperature and stage temperature are assumed to be equivalent since the thermal stage
was equilibrated for 5 min before each measurement. The data was linearly fitted and used for
temperature calculation under AMFs. For the in situ magnetic field-temperature-dependent PL
measurements, an in-house setup was accomplished by using the same fiber optic cables from the
LINKAM THMS600 temperature-controlled stage and a 3-turn coil, 1 in diameter, with variable
current (0-600 A) Ambrell EASYHEAT 8130LI 10 kW induction heater, at a constant frequency
of 343 kHz (Figure S6). The sample is heated for 2 min via induction, which is when a constant
temperature reading was observed with a fiber optic probe. The PL spectra is collected
immediately after so that the heating induced by the magnetic field can be converted to temperature
when comparing both experiments. Because the magnetic field can interfere with the functioning
of the PL spectrophotometer, causing energy level splitting, inhibiting the collection of a clear PL
spectrum, and possibly damaging the metallic components of the instrument, a simultaneous
measurement is not possible. However, the data is collected immediately after within a 45 s time
span. Because the objective of this work is to observe a reduction in PL intensity due to heating
and not the effect of the magnetic field, not performing the PL measurement while the field is on
does not interfere with temperature probing, aside from heat dissipation considerations (discussed
above). Alternatively, experiments with various cooling times 0, 30, 60, and 90s were performed
to extrapolate the temperature, accounting for the cooling that occurs during the PL spectra

collection (~ 45 s).
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The fiber optic tubes were placed at maximum proximity to the coil before induction
heating was observed on the tubes themselves. The fiber optic photoluminescence tubes were
monitored with a fiber optic temperature probe (Qualitrol) to avoid damaging the equipment while
the magnetic field was activated. The sample was placed in a quartz powder holder at the center
of the coil, and the whole setup was covered to avoid interference from external light. For the bulk
temperature changes under an alternating magnetic field, the sample was placed in a capillary tube
and centered inside the same induction heating system. The fiber optic probed was placed directly
on top of the NPs, and temperature profiles were collected for the same amount of time (2 min).

The field was then turned off, and cooling rates were collected.
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