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Customized Luminescent Multiplexed Quick-Response
Codes as Reliable Temperature Mobile Optical Sensors for

eHealth and Internet of Things

Jodo F. C. B. Ramalho, Lilia M. S. Dias, Lianshe Fu, Alexandre M. P. Botas,
Luis D. Carlos, Albano N. Carneiro Neto, Paulo S. André,* and Rute A. S. Ferreira™

The need to sense and track in real time through sustainable and multifunctional
labels is exacerbated by the COVID-19 pandemic, where the simultaneous
measurement of body temperature and the fast tracking of people is required.
One of the big challenges is to develop effective low-cost systems that can
promote healthcare provision everywhere and for that, smarter and personalized
Internet of things (loT) devices are a pathway in large exploration, toward cost
reduction and sustainability. Using the concept of color-multiplexed quick
response (QR) codes, customized smart labels formed by two independent layers
and smart location patterns provide simultaneous tracking and multiple syn-
chronous temperature reading with maximum sensitivity values of 8.5% K™ in
the physiological temperature range, overwhelming the state-of-the-art optical

1. Introduction

Internet of things (IoT) and health are two
fields that have the potential to grow
together. From their connection arises
the concept of eHealth which refers essen-
tially to the use of information and
communication technologies in healthcare
services.”?) This concept benefits from the
advances of intelligent and integrated
technological systems that are expected
to live in and onto our bodies in different
forms of flexible wearables.*"*) Healthcare

sensor for healthcare services provided electronically via the internet (eHealth) gies is

and mobile sensors (mHealth).
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assisted by portable and wireless technolo-
often termed mobile health
(mHealth),**) in which smartphones stand
out as the most used ones. The combina-
tion of eHealth and mHealth enables mon-
itoring and health tracking, providing vital
information for remote medicine analysis (or in point of care)
and successfully detecting health abnormalities.”) Moreover,
eHealth and mHealth can mitigate the lack of infrastructural
or human resources in underprivileged regions.!"!

Requisites for eHealth and mHealth medical devices are being
designed for customized in-home care toward continuous and
noninvasive monitoring.®! Among the vital signals, body temper-
ature stands out as the easiest and typically monitored one by
common persons to infer the health condition. The pandemic
scenario exacerbated such need for sense in real time through
sustainable and multifunctional labels of body temperature
and the fast tracking of people information (e.g., COVID-19 test
results, places visited).

The near-infrared (NIR) thermal cameras are one of the main
devices used due to the fast response times and noninterference
to electromagnetic fields in the working environment.
Nonetheless, ambient conditions (e.g., stray light, reflected radi-
ation, flame, or gas steam) may lead to temperature uncertainty
of up to 1-8%.") In addition, the temperature readout requires
human resources, being time-consuming and error prone, and
people tracking is not possible to be done simultaneously. The
recent reports on mobile optical sensing mediated by smart-
phones appear as an intriguing strategy to enable large-scale
sensing and tracking mediated by the user."” Very few works
address simultaneously sensing and tracking,'®'* most of
the reports focused only on temperature sensing, though photo-
graphic records from the luminescent materials recorded with a
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smartphone or a digital camera."*'® The thermometric param-
eter relies on the color variation arising from intensity variations.
This offers consistent measurements and avoids some of the
problems identified in other thermometric parameters,
such as intensity changes due to inhomogeneities in the concen-
tration of the emitting centers or excitation source power fluctu-
ations.l"”72°) However, some recent works raise concerns on the
reliability of the technique caused by experimental artifices.*' %!
One solution to overcome these limitations is the use of primary
thermometers characterized by a well-established equation
(e.g., Varshni’s law for semiconductor nanoparticles?'?? or
Boltzmann distribution when using intensity ratio between
two thermally coupled levels!">***)) where all parameters are
known without the need of a prior calibration. Nonetheless,
the theoretical knowledge of the mechanism behind the emis-
sion dependence on the temperature is unattainable in most
cases, disabling the a priori building of a primary thermometer.
Moreover, a comprehensive theoretical description of the mech-
anisms behind luminescence thermometry was only established
for single-ion Boltzmann-based systems. New approaches com-
bining experiment and theoretical calculations are, therefore,
desirable for other ratiometric luminescent thermometers such
as energy-driven ones."*%

From the practical temperature-sensing point of view, lumi-
nescent quick response (QR) codes stand out as smart labels able
to provide sensing and allowing the data to be sent over the [oT
network, enabling the tracking functionality.™” QR codes act as
the gateway to IoT due to the growing use of smartphones/
mobile devices and their properties such as fast and easy reading,
capacity to store more information than that found in conven-
tional codes, and versatility associated with the rapid and
simplified access to information."**”) An intriguing example
is the use of colored multiplexed luminescent QR codes based
on organic—inorganic hybrids (e.g., diureasils **) modified by
trivalent lanthanide (Ln**) ions. The photograph of the QR code
taken with the charged-coupled device (CCD) camera of a smart-
phone is used to measure the temperature through the intensity
ratio between the red (R), green (G), and blue (B) coordinates
with maximum relative sensitivity (S,,) and minimum tempera-
ture uncertainty (6T,,), at 293K, of 5.14% K™* and 0.194K,
respectively.l'’l Despite this promising result, when thinking
about eHealth and mHealth challenges concerning security, easy
color reading and sensing reliability under ambient conditions
must be addressed. The former two aspects were recently
discussed.’”***% Using the concept of supermodules QR
codesP”*! designed to avoid the overlap of emission colors
(and rendering easier decoding), distinct security levels were
assured through UV illumination (first level) and encrypted
information securely transmitted to a server or database (second
level).?”) However, although security and color demultiplexing
limitations are overcome using this multiplexing scheme of
QR codes, temperature sensing was not explored yet.

In this work, we further explore the optical features of two
noncontacting aqueous and plastic inks doped with judiciously
chosen lanthanides (Ln** = Eu*" and Tb**) complexes compris-
ing suitable ligands. Pure color emission (full width at half max-
imum, fwhm < 4 nm) in the red (Eu®>") and green (Tb*") spectral
regions and excellent photo- and chemical stabilities were
demonstrated upon accelerated aging tests conducted under
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controlled relative humidity and temperature and prolonged con-
tinuous solar irradiation (AM1.5G, 1000 W m?).”) Two QR
codes based on a conventional black/white QR code and a lumi-
nescent QR code with customized smart location patterns were
stamped on a medical adhesive. These smart labels provide track-
ability and three synchronous and independent temperature
readouts based on photographs taken with a smartphone. As
an added benefit, the thermal optical properties of the dual
Tb*"/Eu*" intra-4f emission intensities, thermometric parame-
ters, and thermal sensitivity were theoretically modeled using
density functional theory (DFT), through its time-dependent
approach (TD-DFT),*? intramolecular energy transfer (IET),!*’!
and rate equations.[*Y This theoretical modeling furnishes direc-
tions for further improvements in what concerns the design of
luminescent inks with tailored color emission and thermal
dependence toward smarter and personalized IoT medical
devices for eHealth and mHealth.

2. Results and Discussion

2.1. Customized QR Codes’ Design and Optical Properties

Medical adhesives were used to print customized luminescent
QR codes designed for trackability, authentication, security,
and sensing (Figure 1). The black/white QR code is accessed
under ambient illumination and can be easily scanned with
the user’s mobile device, providing a link to an internet server
containing static information (e.g., medical or directions for
use typically printed on the adhesive box). Under light emitting
diodes (LEDs) excitation, a luminescent QR code formed by red-
emitting (Eu®") smart location patterns and green-emitting mod-
ules (Tb>*) becomes visible. The red color (location patterns) and
the green one (modules) arise from the optical features of Eu*"-/
Tb*"-doped organic—inorganic inks. The hybrid host (termed
diureasil®) is formed by polyether chains covalently bonded
to a siliceous skeleton (Figure Sla, Supporting Information).
The ink incorporating Eu’* and Tb*" will be hereafter termed
dUG6Eu and dUGTD, respectively.

The luminescent smart QR codes are able to store unique
authentication tags,’” that can be securely transmitted to a
remote server, which enables the trackability and the triggering
of security alerts or other additional security features (dU6Tb and
dUGEu, Figure 1). In simultaneous, the combination of the green
and red emissions will permit the temperature measurement
through three independent readouts (thermometric parameters
Aq_3, Figure 1). Moreover, and as an added benefit, Aj is
theoretically predicted based on energy transfer processes.

Following this strategy, Figure 2 shows photographic records
of the customized QR codes under natural daylight (Figure 2a,b)
and UV radiation (Figure 2¢,d) printed on a commercial medical
adhesive. We note the remarkable mechanical properties of aque-
ous-based inks (Figure S2-S8, Supporting Information),
endorsed by the flexibility of the printed optical sensors
(Figure S8, Supporting Information). As an added benefit, the
multiplexed QR codes display a two-fold storage capacity (com-
pared with that of the conventional ones).!*” Individual lumines-
cent QR codes printed on a plastic substrate (acetate) were also
fabricated.”!
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Figure 1. Schematic of the proposed QR codes based on luminescent modules (dU6Tb) and smart location patterns (dU6Eu). The QR code contains
three independent temperature readouts due to the use of two distinct inks (color multiplexing). The combined use of dU6Eu and dU6Tb enables the
addition of a theoretical-derived thermometric parameter. The use of dedicated applications/devices permits monitoring and security through an

encrypted connection to a server.

These intriguing properties of the selected inks benefit from
the judicious choice of Ln** complexes and of its interaction with
diureasil host, as detailed in Supporting Information. The red
and green emission colors arise from the intra-4f¢ (dU6Eu)
and intra-4f® (dUGTb) transitions, as shown in Figure 2e,f.
For the latter, low-relative intensity broadband in the blue spec-
tral region ascribed to diureasil intrinsic emission!*® is also dis-
cerned (Figure 2g). This emission is ascribed to electron—hole
recombination occurring in the siliceous backbone (Si) and on
the urea (NH) crosslinkages.*”**) The temperature dependence
of the emission of the dU6Tb QR code is perceptible to the naked
eye (Figure S9, Supporting Information) due to the changes in
the relative intensity between the intra-4f® transitions and
the ureasil broadband (emission color variation within the
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yellowish—green spectral region, Figure 2h). In the case of the
dUGEu QR code, only the intra-4f® transitions are discerned,
whose energy is independent of the temperature, yielding a
constant color in the temperature range (298-314K) lying in
the red pure color region of the chromaticity diagram.

As the emission intensity and color are strongly influenced by
the contribution (dU6Tb) or absence (dU6Eu) of the diureasil
blue component, we modeled the red (Eu*") and green (Tb*")
components using DFT and IET theory! and the rate equa-
tions!*Y (Section 4 in Supporting Information for details). The
diureasil emission intensity was not modeled because although
the diureasil emitting level populations were included in the rate
equations, the nonradiative energy transfer from the diureasil
emitting levels to the ligand triplet states induces very low

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEAR

www.advancedsciencenews.com

(a)

(K) 318 550 Wavelength

(nm)

(h)

06 = dU6Tb

e dUGEuU

0.5
y

0.4

0.3

0.3 0.4 0.5 x 0.6

0.7

www.adpr-journal.com

(b)

-

UV 365 nm

UV 254 nm

A
Intensity (arb. units) ~

L
450

I
400

375 475

425
Wavelength (nm)

252 T T T T
250 -

R
intensity

G
intensity

236

620 130 - a

B
intensity
s
s

W @
S o
T

290 295 310 315

300 305
Temperature (K)

Figure 2. a—d) Photographic records of the customized QR codes printed in a medical adhesive under daylight and UV illumination. Emission spectra
excited at 365 nm in the range 298-318 K for e) dU6Eu and f) dU6Tb QR codes; g) magnification (x40) in the 375-475 nm for dU6Tb. h) Partial CIE
chromaticity diagram for the emission color dependence on the temperature. i) Absolute intensity of the R (dU6Eu), G, and B (dU6Tb) coordinates and R
coordinate absolute value (ranging from 0 to 255) in the 294-313 K temperature range.

populations. Therefore, emphasis was given to the Ln**-based
emission modeling.

The DFT and TD-DFT provide us the necessary data (such as
molecular structure and the centroid of the low-energy lying
donor singlet (S;) and triplet (T;) states in each complex,
Figure S13 and S14, Supporting Information) to proceed with
the IET calculations. The intersystem crossing rate S; — T
(Wisc) is sensitive to the energy gap between the S; and T;
state,*”) being 8063 cm ™! (dUGEu) and 6507 cm ™' (dU6Tb) and
leading to non-negligible values of Wisc~10°s™* and 10°s7",
respectively."®? The observation of the ureasil-related band
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in dU6TD is ascribed to higher backward energy transfer rates
from Tb>" levels to the hybrid moieties (W = 1.15 x 10° s
and WP =3.62x10°s™! and backward pathways 47-88 in
Table S5, Supporting Information, than the forward ones
(WNH > 8,56 x 10° and WS = 9.28 x 10 s7?, forward pathways
47-88 in Table S5, Supporting Information). Also, the decrease
in the ureasil band intensity when temperature increases is cor-
roborated by the population fraction reduction of the Si and NH
moieties (Figure S16, Supporting Information). In contrast, in
the case of dUGEu, the diureasil band is absent due to the lower
backward energy transfer rates from the Eu’" levels to the hybrid

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEAR

www.advancedsciencenews.com

moieties (WNH =2.80 x 10’s™? and W' =124 x 10*s7,
backward pathways 35-64 in Table S6, Supporting Information),
together with an enhancement of the forward ones
(WNH =513 x 108571 and W5 =~ 6.84 x 10*s7!, forward path-
ways 35-64 in Table S6, Supporting Information). The lower
backward energy transfer rates and the higher forward ones
observed for dU6Eu, compared with dU6TD, are rational for
the experimental evidence concerning the presence of radiative
emission from the diureasil excited states only in the presence of
the Tb**-based complex.

These optical features enable the correlation of the emission
spectra thermal dependence with the color coordinates in the
1931 Commission Internationale d’Eclairage (CIE) XYZ and
red, blue, and green (RGB) color spaces, using the QR codes’
photographs taken with a smartphone. The dUGEu and
dU6TD emission spectra overlap the CIE color-matching func-
tions termed X, and ¥, Z, respectively (Figure S10, Supporting
Information), which are mathematical transformations from
1931 CIE RGB color-matching functions (Figure S11,
Supporting Information). Attending to the larger overlap of
the intra-4f® (dUGEu) and intra-4f® (dU6Tb) transitions with
the R and G components (92% and 76%, respectively), those were
used to quantify the emission dependence on the temperature.
The B channel corresponds to the contribution of the diureasil
emission in the case of dU6TD. For this label, the intensity of G
increases, whereas the B channel intensity decreases as the tem-
perature increases (Figure 2i). For the dU6Eu QR code, the R
channel intensity increases as observed for the R component,
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in the 294-314 K range. (Figure 2i). An analogous trend was
observed for the integrated intensity of the intra-4f¢ (dUGEu)
and intra-4f® (dU6TD) transitions (Figure S12, Supporting
Information), reinforcing that the R and G components are good
choices to quantify the thermal emission intensity dependence.

The measured color change is an opportunity to build a sensor
for mHealth including IoT based on the RGB color coordinates
from images acquired with a smartphone, avoiding the use of
expensive and less accessible equipment. This allows the defini-
tion of different thermometers within the same label to work
together to improve the reliability through the temperature sens-
ing using independent readouts based on single QR codes and
combining the emission features of distinct labels (modules and
location patterns). To achieve such a goal, three (i = 1-3) thermo-
metric parameters (A;) are defined (Equation (1), Figure 3 and 5).

G
Al—g
Ay =— 1
2 3 1)
AS_E

Using only the dUG6Tb layer, A; is based on the ratio between
G and B. Combining the dU6Tb with the dU6Eu, two extra
parameters are defined (A, and Aj). One setting as reference
the R component (dU6Eu) in combination with B from dU6Tb
(A,) and another using as the R component (dU6Eu) and G from
dUGTD (As). These are independent ratiometric thermometers
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Figure 3. a) Thermometric parameters in the 294-313 K range. b) Relative thermal sensitivity, c) temperature uncertainty, and d) maximum relative
sensitivity values reported in the literature presenting a comparison between luminescent thermometers based on conventional spectroscopy, inserted

into loT, and the ones presented in this work.
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whose performance is typically evaluated using the relative sen-
sitivity and the temperature uncertainty (Section S3, Supporting
Information, for more details).”*! Calculation of relative sensitiv-
ity requires the differentiation of A for temperature; here, a sim-
ple two-point numerical differentiation was used, yielding both a
maximum relative thermal sensitivity (S,,) of 8.5% K™ ' at 294 K
and a minimum temperature uncertainty (5T) of 0.18 at 294 K
(Figure 3b,c). The comparison of S,,, with data reported in the
literature is shown in Figure 3d. Such comparison includes
the figures of merit from conventional spectroscopic!?*>*7#
and mOptical sensing for IoT."*'*781 Noticeably, the figures
of merit reported here are among the best ones in the literature,
demonstrating the potential of color demultiplexing!*®! to push
luminescence thermometry toward IoT in a simple way.

We note that such figures of merit although useful to distin-
guish some medical situations, such as the monitoring of injured
or wound body locations, where the temperature variation that
may indicate the presence of an infection is usually about
1°C,®? are less suitable to establish a fever status. As fever is
determined in a shorter temperature range (37.8-40.0°C),5*#4
the typical S,, and 5T values reported so far in such a narrow range
may lead to false positives, false negatives, or inconclusive results,
being unsatisfactory for some medical applications. In fact, the
improvement of S, and &T values for physiological temperatures
was recognized as one of the main challenges of the emerging
field of luminescent micro- and nanothermometry!*?>318} and
a recent breakthrough in this direction reporting a tenfold
improvement in S, and 6T in that temperature range, reaching
a world record of 50% K ' and 0.05 K, respectively.”®!

In the next section, we will provide theoretical modeling for As,
allowing the temperature readout based on the R and G components
to be independently verified through theoretical modeling. This per-
mits to infer degradation of the medical adhesive as a smart label
because the R and G coordinates arise from dUGEu and dU6Tb
inks, respectively. Therefore, any deviation between the predicted
temperature through Aj; using the ratiometric and the theoreti-
cal-derived thermometer approaches is evidence that the medical
adhesive is damaged and should be replaced. We also notice that
the temperature readout is conducted in a short time interval (1/
10s), disabling, therefore, any potential effect of illumination on
sample heating, even if prolonged exposure time in real applications
is expected as one of the QR code features is the fast-reading time.

2.2. Theoretical Modeling of the R/G Luminescent
Thermometer

Typically, when characterizing a luminescent thermometer, the A
values would be used to adjust a fitting curve that describes the
variation in the full temperature range (termed calibration curve).
When lacking a well-defined and well-known theoretical model, an
empirical (and most of the cases generic) equation is used. It can
be argued that in some scenarios this does not bring much value
other than describing the temperature dependence of the A
parameter. Furthermore, this procedure could even lead to the
introduction of artifacts in the evaluation of the thermometer fig-
ures of merit due to the miss-fitting procedure. From the theoret-
ical point of view, we can rationalize the thermometric parameter
As; = G/R, establishing how the IET rates involving Ln*" ions may
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define the populations of >D4 (Tb**) and °D, (Eu’*) emitting lev-
els when the temperature changes (see Section S4 and S5,
Supporting Information, for more details).

To conduct the theoretical modulation, two experimental sets
of data are required, namely, the molecular structure of dU6Ln
(Ln =Tb, Eu) and the experimental lifetime of the excited emitting
states. Therefore, the photophysical properties of the flexible QR
codes were further characterized as a function of the temperature
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Figure 4. a) Temperature dependence of °D, and *Dy lifetimes, excited at
365 nm and monitored at 543 and 612 nm, respectively. Jablonski-type
energy level diagrams for b) dU6Tb and c) dU6Eu systems showing
the levels, the decay rates, and the main IET rates involved (forward
and backward). 77, 75, 7si, Tnp, and 7, are the lifetimes of Ty, Sy, Si,
NH, and “D4, Dy emitting levels. WT, WS, WNH and W' are the forward
IET rates from the Ty, S, NH, and Si states to the Ln>" ion, respectively,
whereas Ws_¢ is the multiphonon decay rate from the Ln*" upper levels to
the emitting ones. The superscript HL indicates the hybrid-to-ligand rates
from dU(600) moieties (NH and Si) to the ligands’ (SA™ and tta™) T and
Sy states. All the backward rates are indicated by a subscript b.
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Table 1. Steady-state regime population of the ground and Ln** emitting

levels for the dU6Tb and dU6Eu complexes in the 294-313 K range.
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by the measurement of the °D, (dU6Tb) and D, (dUGEu) life-
times (r;,) monitored in a large broad temperature interval
(14-350 K, Figure 4a). All the decay curves are well modeled by
a single exponential function, providing evidence that the *Dj, life-
time remains stable up to 250 K (0.624 == 0.002 x 10> s), decreas-
ing to 0.466 £0.005 x10~>s at 350 K (Figure 4a and Figure SG6,
Supporting Information). The D, lifetime remains stable up to
200K (1.10 £0.03 x 10> s), increasing to 1.353 4 0.005 x10>s
at 350K (Figure 4a and Figure S7, Supporting Information).
However, the thermal dependence of the °Dj, lifetime is typically
observed in several complexes arising from compelling thermally
activated nonradiative mechanisms.®%®”1 The °D, lifetime
increases uncommonly, demonstrating the active role of diureasil
on the optical features of the inks. In particular, the dependence of
the refractive index of the hybrid host on the temperature a high
thermal optical coefficient (x—7 x107*°C™),®® which directly
contributes to a slight decrease in the radiative rate A,q (also
known as spontaneous emission coefficients, Equation S(21),
Supporting Information). Furthermore, the °D, nonradiative
decay (A, ;aq) is also decreased due to the higher nonradiative back-
ward rate Th*" — T; (W] = 1.30 x 108s~") than the forward
T, — Tb*" (WT = 1.04 x 10°s~'), meaning that a parcel of non-
radiative decay from 5D, is transferred to the salicylic acid T state.
The latter effect is not observed in the dU6Eu compound due to its
WT > W[ opposite condition for any temperature (Table S6 and
Figure S15, Supporting Information).

From the calculated IET rates, and Jablonski-type diagrams
(Figure 4b,c), we may describe the global kinetics involved in
each dU6Ln, simulating their intra-4f emissions (i.e., >D4—"Fs

TIK dueTb dU6Eu
No Ng (x107") No Ng (x1071)
294 0.9179 0.8200 0.9566 0.3729
295 0.9157 0.8420 0.9565 0.3735
296 0.9122 0.8776 0.9564 0.3742
297 0.9127 0.8720 0.9563 0.3749
298 0.9169 0.8300 0.9562 0.3756
299 0.9109 0.8904 0.9561 0.3763
300 0.9017 0.9826 0.9560 0.3769
301 0.9017 0.9820 0.9559 0.3776
302 0.8976 1.0230 0.9558 0.3783
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and °Dy—"F,). The emitting level population in the steady-state
regime and the comparison between experimental and theoreti-
cal values for the emission intensities (*°D4—’Fs and *Do—"F,)
and the thermometric parameter A; are shown in Table 1 and S7,
Supporting Information, respectively.

Figure 5 shows the good agreement between experimental and
theoretical thermometric properties involving the G and R color coor-
dinates, demonstrating that IET rates can be used to predict the per-
formance of energy-driven luminescent thermometers. Moreover,
this approach provides an extra tool for materials design and, in
the present case, to establish a simple tool to determine the lifetime
of the medical adhesive as a reliable sensor. The need for replace-
ment is set when distinct temperature values of Aj; are indicated via
the ratiometric approach (Equation (1)) and theoretical predictions,
establishing a self-performance evaluation of the medical adhesive.

3. Conclusion

Luminescent QR codes based on the combination in a single mate-
rial of a diureasil organic—inorganic host and Eu*" and Tb** com-
plexes were designed to develop a smart label medical adhesive. The
QR codes were printed on commercial medical adhesive and the
two independent layers and smart location patterns provide simul-
taneous tracking and multiple synching temperature readouts. The
thermometers display three independent radiometric readouts, and
the combined use of Eu’* and Tb** enables the addition of a the-
oretical-derived thermometric parameter, using TD-DFT and IET
as theoretical background. The modeling used here showed to
be useful for prediction and allowed us to know which parameters
can be modulated to improve the thermal response of R and G
emission of the inks. This new theoretical methodology is a step
toward a smart design of responsive QR codes for the IoT.
Noticeably, this theoretical approach can be easily extended to other
Ln-based materials featuring emission optimization in different
areas behind sensing (lighting, photovoltaics, among others).

4. Experimental Section

The inks were based on organic—inorganic hybrids (diureasils),®

whose preparation occurred under ambient conditions and exclusively
relied on “green” water-based methods.B”! Such simple, fast, clean,
and cheap processes will be sought, ideal in a scale-up scenario for indus-
trial applications and its processing as QR codes ensure loT for sensing
applications for widespread sustainable use. Moreover, they combined the
advantages of Ln**, such as long emission lifetimes (millisecond scale)
and pure color emission. Also, Ln** stood out because of the well-known
poor stability of organic dyes (natural or synthetic)® and quantum dots
(QDs), whose autofluorescence, scattering, and phototoxicity were
unwanted for large societal widespread.®® The temperature was mea-
sured based on the thermal dependence of the emission color of codoped
lanthanide (Ln*"=Eu*", Tb*")-based organic—inorganic hybrids.
Materials and Synthesis: o,w-diaminepoly(oxyethylene-co-oxypropylene)
(ED-600, Huntsman), 3-isocyanateproplytriethoxysilane (ICPTES, 95%,
Aldrich), 2-thenoyltrifluoroacetone (Htta, Sigma-Aldrich), salicylic acid
(SA, Acofarma, Spain), and EuCl;-6H,0O (Aldrich) were commercially avail-
able. Terbium chloride (TbCl;) aqueous solution (0.2molL™") was
obtained by dissolving terbium oxide (TbsO; Yuelong New Material
Co., Ltd., Shanghai, China) in hydrochloride acid (HCl, 37%, Aldrich).
Tetrahydrofuran (THF) and absolute ethanol (EtOH) were used as sol-
vents. HCl (0.05molL™") and sodium hydroxide (NaOH, 1.0 molL™")
aqueous solutions were used for the sol-gel reaction and Tb complex
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formation. All chemicals were used as received without purification.
Distilled water was used throughout the experiments.

Synthesis of the Complexes Eu(tta);(H,0), and TbSA: Eu(tta);(H,0),
(Figure S1b, Supporting Information) was synthesized by reaction of
EuCl3-6H,0 and tta in the presence of NaOH ethanol solution with the
molar ratio of EuCl;-6H,O:tta:NaOH = 1:3:3 according to the method
described in the study by Melby et al.®"! Elemental analysis results were
in good agreement with the proposed formula of Eu(tta);-2H,0. Calcd.
(%) for CyqH16EUF30gSs: C 33.85, H 1.89, and S 11.30; found: C
33.73,H 1.81,and S 11.88. The TbSA complex was synthesized by reaction
of TbCl; with SA in the mixed solution of EtOH and water.

Synthesis of the dUGEu Ink: The organic—inorganic hybrid precursor
d-UPTES(600) (Figure Sla, Supporting Information) was prepared by
reaction of ED-600 and ICPTES using THF as the solvent according to
the procedure published previously.*® The dU6Eu ink was prepared by
mixing 50 mg of Eu(tta);(H,0), dissolved in 10 mL of EtOH and 5.0¢g
of d-UPTES(600) under stirring. The dU6Eu ink (sol) was also dried to
obtain dU6Eu gel.

Synthesis of the dU6Tb Ink: dU6Tb ink was prepared according to our
previous protocol with some modifications.?”*? Typically, 1.371 mL
(0.274 mmol) of TbCl; aqueous solution was added to a beaker and dried
to evaporate the water. Then, 1.0 g (0.913 mmol) of d-UPTES(600) was
added, followed by the addition of 5 mL of absolute ethanol. The mixture
was stirred at room temperature to get a clear solution. Then, 0.098 mL of
0.05 mol L' HCl was added and stirred at room temperature for 30 min.
113.6 mg (0.821 mmol) of SA was added, stirred for some time, and finally,
0.823mL of 1.0molL™" NaOH aqueous solution was added under
stirring. The molar ratio of d-UPTES(600):TbCl;:SA:NaOH was
1:0.3:0.9:0.9. The above mixture was stirred at room temperature for a
while and dU6Tb ink was obtained. The dU6Tb ink (sol) was also dried
to afford dU6Tb gel. The viscosities of dU6Eu and dU6Tb were measured
on Brookfield DV-Il + Pro Viscometer at room temperature, and the values
were 4.89 and 4.51 mPa's for dU6Eu and dU6Tb, respectively.

OR Code Processing: The dU6Tb and dU6Eu QR codes were generated
with the message “TEMP=", resulting in a version 1 QR code with an error
correction level of 7%. The luminescent QR codes were produced on a
5.0 x 10~* m-thick acetate substrate layer, laser cut into the QR code shape
(the region of the inactive modules was removed), and afterward coated
with dU6Tb and dU6Eu inks. After deposition, the substrates with the lumi-
nescent QR codes were transferred to an oven at 45 °C for 48 h. As proof of
concept for biomedical applications, a black/white QR code was transferred
to a medical adhesive using a stamping process. The QR code was printed
on transfer paper (Transfer Paper Inkjet Light A4) and transferred to the
medical adhesive using a heat press. The luminescent material was depos-
ited on top of the black/white QR code using an airbrush technique. The
luminescent QR codes’ design in the medical adhesive was achieved using
an acetate mask with a dot-shaped QR code. To ensure reproducibility,
around 50 QR codes were printed with different dimensions, modules,
and location pattern types using distinct deposition techniques. There is
no evidence that the QR codes processing induces any change in the ther-
mal sensitivity, as the luminescence ratio intensity is not affected.

Emission Spectra and Photographic Records: The QR code response to
temperature was calibrated using the emission spectra and the smart-
phone photographic records of the QR codes under UV excitation
(Spectroline ENF-280C/FE, 365 nm). Temperature control was made with
a homemade Peltier plate-based temperature controller and a K-type ther-
mocouple. After setting a temperature in the controller, the QR code was
let to thermalize for 5 min. As reported previously this acquisition setup
configuration ensured temperature uniformity within the QR code.l'® The
temperature-dependent emission spectra of the QR codes were measured
using a portable spectrometer (OceanOptics Maya 2000 Pro with an inte-
gration time of 250 ms) coupled with an optical fiber placed at a central
location of the code. After the acquisition of a spectrum, photographic
records of the QR codes were taken with a smartphone camera.

Image Processing: The photographic records of the QR codes were cap-
tured with a Sony ILCE-7M3 with a sensor CMOS Exmor R (35 mm full
frame) and also with an unchanged available smartphone with a resolution
4160 x 3120 pixelz, an aperture of f/1.9, and sensor dimension of 1/2.6",
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using a commercially available camera app that allows locking all the
settings and ensuring the same conditions during the experiment. The
images were acquired with an exposure time of 1/10s. The color coordi-
nates from the photographs were determined using the RGB model.['*%*!

RGB Color Model: The RGB color model is an additive model that gen-
erates each color by mixing unique quantities of the three primaries red,
green, and blue. Know that each color is composed of a unique set of RGB
coordinates and it is possible to reverse the process and obtain the original
primary values. Based on this, every image in this color model can be
decomposed into three separated images (one corresponding to a chan-
nel). Each image was analyzed by an intensity histogram (considering the
intensity of all pixels in the image) fitted by a Gaussian probability density
function (pdf). From the fit, it was possible to separate the luminescent
contribution from the nonluminescent. Also, it was possible to extract the
R, G, and B values for luminescent material, which were the values
obtained from the associated pdf.'*%*!

Theoretical Simulations: The molecular geometry optimizations of
dU6Ln (Ln: Tb and Eu) were calculated using the Gaussian 09 program®*!
with B3LYP functional.®>® The basis set 6-31 G (d) was used and the Ln*"
ions were treated with MWB52 (Eu®") and MWB54 (Tb*>").*”) The TD-DFT
was conducted using the optimized structure and the same functional and
basis set as mentioned before. The intensity parameters were obtained
using the simple overlap modell®® (SOM) for the ligand field and the bond
overlap model®®%% (BOM) for the ligand—polarizability dependent term
in the JOYSpectra program.'®" The IET rates were calculated according to
the approach described in the literature.*>1%271%4 The kinetics of an IET
process included an equilibrium involving the absorption, IET (both for-
ward and backward energy transfer), radiative and nonradiative decay rates
involving the donor moieties (NH/Si of the hybrid; S;/T; of the main
ligands SA” and tta’), and Ln**-ion states. This kinetics was described
by an appropriate system of rate equations for a hybrid ligand—Ln*" unit;
the ensemble of these factors enabled the description of macroscopic
photophysical properties such as Ln** emission.

Figure 4 shows the simplified energy-level diagrams for the dU6Tb
and dU6Eu compounds. All effective energy transfer channels are
illustrated, showing the complexity of a seven-level energy-level diagram.
The population of a state |n) was addressed as N,, and taking into
consideration, in the independent systems model, the populations of each
system were normalized (£N,, = 1). Under these conditions, a seven-level
system composed of ordinary differential equations (ODEs) is given by

dNg 1 1 1 1 1
— =Ny + =Ny +—N3 +—N; +—Ng — ¢No @)
dt  r 75 Tsi TNH Tin
dn, Si—T NH-T T
5 = WiscNa + WSTN; + WNTTN, + W N

1 ()

- (— + W+ WE‘H’T) N,

T
dN 1 ,
th = @No + WiNs — <E + Wisc + Wi + W’Q‘H*S> N, (4)
dN; Si—S Si 1 Si—T Si
= = WESNy + WEINs — [ — + WS—T 4+ WST | N;, (5)
dt Tsi
dN4 NH-T NH NH-S
—= = WNTN; + WRHNg + WS,

dt
1 (6)
- <—+ WNHE=T + wNH N,

TNH
d )
3= WO = (Ws_g + W + W + WET+ W)Ns (7)
dNe T Si NH 1 T
5 = WINy+ WEING + WNIN, + W N5 — ;+Wb Ne (8)

n

The rate enters in Equation (7) for the Tb*>" and Equation (8) for the
Eu*" compound once the backward rates W] (T1—Ln>") are owed to the
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level Ng for Eu*™ (°Dg and °D;) and to N5 for Tb®" (upper levels). For
example, the backward energy transfer from the Tb*" emitting level
(°D4) to Ty is in the order of ~1072s~! (see pathway 26, Table S5,
Supporting Information); thus, the Tb*" upper levels (N;) are responsible
for the rate W] » 10% s™' (see pathways 28 and 41 in Table S5, Supporting
Information); then, W{ should be considered only in Equation 7 for
dU6Tb, whereas, for the dU6Eu case, W[ is considered only in
Equation (8).

1, Tsy Tsi, Tam, and 7y, are the lifetimes of Ty, S5, Si, NH, and Ln*" emit-
ting levels, respectively. In our simulations, 7r=1x1073s,
7g=1x107%s, 75 =119 x 107> s, and 7y = 4.87 x 107%s lifetimes
were assumed as constants with the temperature once these decay rates
affected the thermal behavior of Tb*™ and Eu*" emitting level populations
less,®¥ Tb** and Eu®" being more dependent on the IET (forward and back-
ward rates) and the 7, lifetime. 71 and 75 are typical values found in the
literature,'%57'%7) whereas 75; and 7y were measured for the dU6Tb at
300K (not shown)."® W s is the intersystem crossing rate S; — Ty, which
is sensitive to the energy gap between the Sy and T, state.l*! The energy gap
of 8063 (for the Eu*™ compound) and 6507 cm™" (for the Tb*" compound)
lead to a reasonable value of Wsc ~10° and 10°s' B2 W, ~10°s " is
the decay rate from Ln*" upper levels to the emitting ones for Ln*"-based
chelates. WS and W are the forward ligand-to-Ln energy transfer rates
from the S; and T, states, respectively. The superscripts NH-T, Si-T, NH-
S, and Si-S indicate the hybrid-to-ligand rates from dU(600) moieties (NH
and Si) to the ligands’ (SA” and tta) T, and S, states. In all cases, the back-
ward rates are indicated by a subscript b. Ws_¢ multiphonon decay rates
(from Ln*" upper levels to the emitting ones) are of the order of
10°s7 '3 Based on the energy gap law and with the formalism of
Miyakawa—Dexter's approach,'®! we present estimations that these rates
are reasonable for Ln*"-based chelates, as considered in the study by
Carneiro Neto et al.**! (see Section $5.4, Supporting Information, for further
details).

The set of rate equations (Equation (2)—(8)) was numerically solved using
the Radau method."' Each simulation from 0 to 20 ms was done in a step
size of 2 pis, resulting in 10* calculated points. Table 1 shows, in the operating
temperature range 294-313 K, the normalized populations in the steady-state
regime for the ground (N,) and the Ln** emitting levels (Ng).
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