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Ground-state conformers enable bright single-
fluorophore ratiometric thermometers with
positive temperature coefficientsy
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and Xiaogang Liu (&) *a¢

Fluorescence thermometry based on organic dyes affords high spatial and temporal resolution with a
simple system design and low cost, for measuring temperatures in microenvironments. Many fluorescent
thermometers consist of two types of fluorophores with distinct temperature responses, and the ratios
of their fluorescence intensities afford accurate temperature information. Yet, the reliability of these
ratiometric thermometers is vulnerable to photobleaching induced system variations. In this paper, we
have proposed and demonstrated a new strategy, to achieve ratiometric temperature measurements
from 15 °C to 75 °C, based on ground-state conformational isomers of a single type of dye. These
ground-state conformers emit bright fluorescence, in contrast to excited-state conformational changes
that generally quench emissions. Moreover, thermal equilibrium of these conformers and their distinct
spectra lead to ratiometric temperature readings that are not affected by photobleaching. We expect
that our design strategy has significant implications for developing fluorescence thermometry with

rsc.li/frontiers-materials outstanding reliability.

Introduction

Organic dye based fluorescent temperature sensors permit
dynamic measurement of temperatures with high spatial
and temporal resolution.’ Their outstanding resolution and
biocompatibility enable a broad range of applications that are
impossible with numerous macroscale thermometers. Such
applications span from monitoring the whole field temperature
distribution in water® to revealing heat exchange in microfluidic
channels,*” from temperature control in industrial processing®’
to heat regulation in biological cells.*** Nevertheless, the long-
term reliability of these temperature sensors remains a critical
challenge due to unavoidable photobleaching of organic dyes
under repetitive laser irradiation.
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To address the reliability issues, two main techniques have
been developed.'* Fluorescence lifetime imaging permits accurate
measurements that are independent of dye concentrations and
laser excitation power. Yet, expensive time-gated electronics and
limited temporal resolution in fluorescence-lifetime imaging
microscopy (FLIM) render this technique less accessible than
fluorescence intensity based measurements." Similarly, by utiliz-
ing two types of fluorophores with distinct temperature responses
in a thermometer, the ratios of their emission intensities afford
reliable temperature measurements that are comparable to FLIM
results in principle.>"*'* However, due to different environmental
sensitivity, photostability and photobleaching rates between these
two types of dyes, their relative concentrations change over time
and thus greatly compromise the reliability of dual-fluorophore
ratiometric sensors. Besides these two main strategies, smart
optical designs have also been developed to enhance the reliability
of a thermometer. For example, Peter Low and co-workers used an
automated shutter to reduce exposure time to fluorophores,
aiming to minimize the impact of photobleaching.'® Such
measures prolong the lifespan of the system, but do not
completely solve the reliability issues.

To solve the reliability problem of dual-fluorophore ratio-
metric sensors, we propose a new strategy that allows the
ratiometric measurement of temperatures based on a single type
of fluorophore. Fluorophores in a single-fluorophore ratiometric
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Scheme 1 Molecular structure of dipyren-1-yl(2,4,6-triisopropylphenyl)-
borane (DPTB).

sensor should possess multiple conformational isomers, which
co-exist at the working temperatures of a thermometer and
display distinct spectral properties. Consequently, thermal equili-
brium between these conformers not only enables ratiometric
temperature sensing, but also avoids varied photobleaching
rates in dual-fluorophore ratiometric sensors. Moreover, these
conformational isomers may collectively endow fluorophores with
novel optical properties that are unachievable in many existing
organic fluorophores. For example, if increasing temperature
raises the population of a more emissive conformer, this fluoro-
phore could display brighter emissions at higher temperatures, or
a positive temperature coefficient."®

In this paper, we have discussed molecular design considera-
tions to realize single-fluorophore ratiometric imaging. We
demonstrate our strategy by employing ground state conforma-
tional isomers of DPTB to construct a ratiometric fluorescent
thermometer (Scheme 1). We show that DPTB in combination
with a standard digital camera allows reliable determinations
of temperatures from 15 °C to 75 °C via a simple system design.
In addition, we show that multiple conformational isomers
of DPTB endow it with an unusual positive temperature coeffi-
cient in certain solvents [ie., ethyl acetate (EA) and dimethyl
sulfoxide (DMSO)].

Molecular design strategy

Realizing a single-fluorophore ratiometric thermometer requires
that a fluorophore possesses multiple emissive conformers. If
these emissive conformers demonstrate different fluorescence
wavelengths, possess distinct temperature dependence, and are
all accessible at the working temperatures of a probe, the ratios
of their fluorescence intensities will permit single-fluorophore
ratiometric temperature measurements.

Currently, it is well-known that many fluorophores exhibit
more than one conformer in the excited state (Fig. 1a). One
common phenomenon is the conversion between a local excited
(LE) state and a twisted intramolecular charge transfer (TICT)
state upon photo-excitation (Fig. 1b)."” In the LE state, a dye
remains nearly flat and highly emissive. In contrast, the TICT
state is manifested by a ~90° twisting between an electron-
donating moiety (D) and an electron-accepting moiety (A). The
TICT state is typically non-emissive and highly reactive. The
other well-known phenomenon is aggregation induced emission
(AIE; Fig. 1c)."®" AIE molecules are structurally flexible, possessing
different conformational isomers via intramolecular rotations.
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Fig. 1 Schematic illustrations of (a) the potential energy profile, which
leads to two states upon photoexcitation of a dye; (b) local excited (LE) and
twisted intramolecular charge transfer (TICT) states; and (c) aggregation
induced emission.

Such intramolecular rotations significantly quench the fluores-
cence of monomer fluorophores, while restricting these rota-
tions in the aggregated state turns on bright fluorescence. In
addition to TICT and AIE, several other types of intramolecular
rotations/flapping have also been reported.”®>" However, while
intramolecular rotations generate conformational isomers, such
rotations also accelerate non-radiative decay, resulting in weak
fluorescence signals and sacrificing the feasibility of ratiometric
imaging (especially in low-viscosity medium).'*** Notably, TICT
conformers are also highly reactive, greatly reducing the photo-
stability of fluorophores.>>**

Given the drawbacks of conformer generation in the excited
state, we turn our attention to conformational isomers in the
ground state (Fig. 2a). The transition of conformational isomers
in the ground state may have a large impact on their electronic
structures and optical spectra, but does not directly affect the
fluorescence strength of a fluorophore (as fluorescence process
starts from the excited state). To this end, numerous conformers of
various organic materials and their distinct spectral properties
have been reported in the polymer and crystal states.””>* A similar
phenomenon in the solution phase has also been reported.>>>*
However, these fluorophores in the solution phase have either
extremely short wavelengths or poor brightness, limiting their
practical applications.

In view of this technical challenge, we examined many
fluorophores with the aid of chemical database. Most “classical”
fluorophores, such as coumarin, rhodamine, BODIPY, and cyanine
dyes, possess a rigid molecular structure and usually exhibit only
one electronically equivalent conformer in the ground state.*

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 2 (a) Schematic illustration of the potential energy profile, which leads
to multiple conformational isomers in the ground state; (b) a “butterfly”
illustration of the molecular structure and conformational isomers of DPTB;
(c) optimized molecular structures of three conformational isomers of DPTB
in the ground state in vacuo; (d) relative energy levels of the ground (Sp) and
excited (S;) states for three conformational isomers of DPTB during absorp-
tion (upward arrows) and emission (downward arrows) processes in vacuo;
(e) crystallographic asymmetric unit of DPTB at room temperature with
anisotropic displacement ellipsoids drawn at the 50% probability level; the
inset shows a photograph of the single crystal used for the crystallographic
experiment; (f) unit cell structure of the DPTB crystal.
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In contrast, many structurally flexible dyes are non-fluorescent
or weakly fluorescent. However, we reason that “pseudo-rigid”
fluorophores will lead to multiple conformational isomers in
the ground state, while maintaining bright fluorescence. One of
such “pseudo-rigid”’ dyes is DPTB, as firstly reported by Yang
and co-workers in a seminal work (Scheme 1 and Fig. 2b).*°

Computational analysis of ground-
state conformers

The molecular structure of DPTB can be divided into three
parts: a 2,4,6-triisopropylphenyl (TIPP) group and two pyrene
(Py) units, all connected vig a boron atom in the center (Fig. 2b).
Intuitively, this molecule mimics the structure of a butterfly:
the TIPP unit and the boron atom are like the head and body of
a butterfly, and the two pyrene units resemble the two wings of
a butterfly. By considering the relative positions of “wings” with
respect to that of the “head-body’”’, we reason that there are at
least three distinct conformations in this DPTB ‘‘butterfly”:
down-down, up-down, and up-up conformations.

Indeed, our conformational search using DFT calculations
reproduces all three conformers of DPTB (Fig. 2c and Fig. S1,
S2, ESIt). Our calculations show that Conformer 1 is the most
stable conformational isomer, followed by Conformers 2 and 3
(Fig. 2d and Table 1). It is worth noting that Conformers 1 and 2
possess similar ground-state energies. Their energy differences
amount to 0.0079-0.0139 eV, which are much smaller than the
thermal energy at room temperature (0.0388 eV). These small
energy differences indicate that both conformers are largely
present in the solution of DPTB. Moreover, although the energy
differences between Conformers 1 and 3 increase to 0.0427-
0.0492 eV, these discrepancies are still comparable to the thermal
energy at room temperature. We thus expect the presence of a
small amount of Conformer 3 in the solution of DPTB as well.

Interestingly, our theoretical calculations are corroborated
by crystallographic experiments. The crystal structure of DPTB
resembles the molecular structure of Conformer 1 (Fig. 2e, f;
Fig. S3 and Table S1, ESIf). This is not surprising, as our
theoretical calculations show that Conformer 1 is the most
stable conformer.

More importantly, our computational results show that these
conformers exhibit distinct electronic structures and optical
spectra. Although the difference in their calculated UV-Vis absorp-
tion peaks is very small (~ 5 nm), their theoretical emission peaks
vary up to ~40 nm (Table 2). Conformers 2 and 3 exhibit blue-
shifted peak emission wavelengths with respect to Conformer 1.
Consequently, the thermal equilibrium of these conformers
is expected to enable single-fluorophore ratiometric imaging.

Table 1 Relative energy levels (eV) of Conformers 2 and 3 with respect to
that of Conformer 1 in the ground state in various environments

Conformers  Invacuo Cyclohexane EA Ethanol DMSO
Conformer 2 0.0079 0.0103 0.0127  0.0137 0.0139
Conformer 3 0.0427 0.0439 0.0480  0.0490 0.0492
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Table 2 Calculated peak UV-Vis absorption/emission wavelengths (nm) and oscillator strengths (in round brackets) of Conformers 1-3 in vacuo, and in

cyclohexane, EA, ethanol, and DMSO

Conformers In vacuo Cyclohexane

EA Ethanol DMSO

Absorption

Conformer 1
Conformer 2
Conformer 3

361 (0.4196)
356 (0.7490)
355 (1.0456)

368 (0.5331)
363 (0.9755)
363 (1.3721)

Emission

Conformer 1
Conformer 2
Conformer 3

438 (0.1524)
401 (0.8123)
400 (0.9528)

439 (0.2471)
416 (1.0261)
416 (1.1922)

Moreover, our oscillator strength data show that Conformers 2
and 3 are more emissive than Conformer 1. When higher
temperature populates more Conformers 2 and 3, DPTB may
even exhibit brighter emissions.

Finally, we have also considered solvent effects by perform-
ing quantum chemical calculations in four solvents (Table 1). It
is worth noting that the energy difference between Conformer 1
and the other conformers increases as solvent polarity increases.
Increasing temperature may thus play a more critical role in
polar solvents than in vacuo and in non-polar solvents, to
effectively facilitate conformational conversions.

Experimental validations of ground-
state conformers

The presence of multiple conformational isomers is supported
by fluorescence lifetime measurements (Table 3). In ethanol,
emission data reveal two major lifetime components (r; & 6.5 ns
and 7, ~ 10.5 ns), which are assigned to Conformers 1 and 2. In
the blue end of the fluorescence spectrum (430 nm), we also
noticed the emergence of the third lifetime component but
with a small contribution (z3 & 2.9 ns), which is likely linked to
Conformer 3. Similar lifetime data are also found in other
solvents (Table S2, ESIt).

To verify if these conformers appear in the ground state,
we collected the fluorescence spectra of DPTB in ethanol. By
exciting this sample at various wavelengths, we expect to see
a gradually shifting emission peak if multiple conformers
co-exist and exhibit different UV-Vis absorption/emission
spectra in the solution. Indeed, we observed a consistent shift
of the emission peak from 476 to 478 nm (Fig. 3a).

Furthermore, we probed the fluorescence excitation spectra of
this sample at emission wavelengths of 440 and 540 nm, respectively

Table 3 Double-exponential fitting to the fluorescence decay dynamics
of DPTB in ethanol at various emission wavelengths (1ey). DPTB was
excited at 370 nm; t: lifetime; RC: relative contribution

jem  m(s)  RC()  wms)  RC(%) 2

430 2.86 16.36 9.34 83.64 1.45
480 6.43 28.55 10.34 71.45 1.20
530 6.61 34.84 10.57 65.16 1.17
580 6.48 34.42 10.50 65.58 1.44
650 6.43 35.73 10.58 64.27 1.20

2386 | Mater. Chem. Front., 2017, 1, 2383-2390

367 (0.5299)
363 (0.9518)
362 (1.3400)

367 (0.5207)
363 (0.9460)
362 (1.3327)

367 (0.5314)
363 (0.9680)
363 (1.3646)

447 (0.3866)
431 (1.2115)
431 (1.3786)

447 (0.3638)
439 (1.2933)
439 (1.4567)

445 (0.3182)
440 (1.3060)
440 (1.4683)
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Fig. 3 (a) Normalised fluorescence spectra of DPTB in ethanol at room
temperature, excited at various wavelengths from 350 to 430 nm. (b)
Normalised fluorescence excitation spectra of DPTB in ethanol at room
temperature, monitored at emission wavelengths of 440 and 540 nm,
respectively (IDPTB] = 5 uM).

(Fig. 3b and Fig. S4, S5, ESIT). These two spectra maximize at 417
and 421 nm, respectively. Their distinct profiles demonstrate that
the conformers indeed exist in the ground state of DPTB, in good
agreement with our theoretical predictions (Table 2).

Given the presence of multiple conformers of DPTB, we
also examined their NMR spectra (see the ESIT). Interestingly,
NMR data of DPTB do not show a distinct spectrum of each
conformer, but only their overall features. These data indicate
that DPTB conformers can freely convert in the ground state
and are all accessible at room temperatures.

Temperature dependence of
absorption and emission spectra

Inspired by the co-existence of multiple conformers, we studied
the temperature dependence of the UV-Vis and emission spectra
of DPTB in cyclohexane, EA, ethanol, and DMSO (Fig. 4). The
selected solvents have different properties. The results collec-
tively reflect the impact of solvent effects on the equilibrium
between conformational isomers.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 4 UV-Vis absorption and fluorescence spectra of DPTB in (a) cyclo-
hexane (excited at 415 nm); (b) EA; (c) DMSO and (d) ethanol. ((DPTB] = 5 uM;
fluorescence spectra were excited at 420 nm, unless stated otherwise).

In all tested solvents, the first absorption band of the UV-Vis
absorption spectra extends from 350 to 470 nm, with a peak
around 420 nm in DPTB. The associated solvatochromism is
very weak, as evident from the minimal variation in peak
absorption wavelengths of DPTB from cyclohexane to DMSO.
This observation is in good agreement with the theoretical
calculations. However, a close examination shows that there
is a subtle blue shift in the UV-Vis absorption peaks. We also
noticed that the peak absorbance of DPTB in all solvents
experiences a slight drop as the temperature increases.

The blue shift with increasing temperature is much obvious
in the emission spectra of DPTB. In general, long-wavelength
emissions of DPTB exhibit a decrease in intensity as the tem-
perature increases. In contrast, short-wavelength emissions of
DPTB remain stable or even become enhanced at high tempera-
tures. Consequently, these changes in the emission profiles of
DPTB lead to a noticeable blue-shift (i.e., by ~10 nm over a
temperature increase of 50 °C in both EA and DMSO).

The blue shifts in fluorescence spectra of DPTB are consistent
with our theoretical calculations. That is, Conformers 2 and 3,
which exhibit a hypsochromic shift with respect to Conformer 1,
populate as the temperature increases.

DPTB displays bright fluorescence in all tested solvents,
with outstanding quantum yields (>40%, Table S3, ESIt).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Interestingly, the peak emission intensities of DPTB demonstrate
an atypical positive temperature coefficient in DMSO (0.06% per °C)
and EA (0.11% per °C) (Fig. 4b, ¢ and Table S4, ESIT). This unusual
feature is not surprising, considering that the quantity of more
emissive Conformers 2 and 3 increases, while that of less emissive
Conformer 1 drops with increasing temperature.

In contrast, the peak emission intensities of DPTB in cyclo-
hexane and ethanol consistently drop with temperature increase
(Fig. 4a and d). On one hand, the thermal equilibrium of con-
formation isomers indeed favours more emissive Conformers 2
and 3 at high temperatures. On the other hand, rising temperature
reduces the quantum yields of all conformers, owing to enhanced
radiationless de-excitations. Perhaps in cyclohexane and ethanol,
the decrease in quantum yield plays a more significant role.
Consequently, DPTB displays a negative temperature coefficient.
These results show that solvent effects have an important impact
on the overall temperature-dependence of DPTB emissions.

Fluorescent thermometer applications

Thermal equilibrium of conformational isomers and their
distinct emission profiles permit the deployment of DPTB as
a fluorescent thermometer (Fig. 5). DPTB allows ratiometric
temperature measurements based on a single type of fluoro-
phore. As the thermal equilibrium of these ground-state con-
formers is governed by the Boltzmann distribution and not
affected by the dye concentration, their ratiometric readings are
inherently independent of photobleaching. DPTB based fluor-
escent thermometers are thus highly reliable, and particularly
suitable for long-lasting applications.

Indeed, our experiments show that the temperature calibra-
tion curves of DPTB in various solvents exhibit excellent statis-
tical goodness-of-fit (Fig. 5a-c).

To demonstrate the usefulness of DPTB in temperature
sensing, we have injected its ethanol solution into a small
channel embedded in a PDMS chip (Fig. 5d and e). This flexible
device is semi-transparent under ambient light, and highly
emissive under UV radiation (Table S3, ESIt). This device in
combination with a portable spectrometer and the calibration
curve (Fig. 5¢) allows convenient temperature measurements.

To further demonstrate the simplicity of DPTB as a thermo-
meter, we use a standard digital camera to capture raw images
of this dye in DMSO under UV excitation at different tempera-
tures (Fig. 5f). While the colour and intensity changes are
relatively subtle to the naked eye, the ratio of intensities in
the blue and green channels of these raw images affords useful
information about the temperatures (Fig. 5g).

This fluorescent system also demonstrates excellent reversibility
and reliability. During 10 heating/cooling cycles between 25 °C and
75 °C, the measured fluorescence intensities are extremely consis-
tent (Fig. S6, ESIT). We also placed this system under continuous UV
irradiation for 24 hours at 25 °C. The corresponding fluorescence
intensities remained the same throughout the course.

It is worth highlighting that not only DPTB, but also
many other pseudo-rigid fluorophores are expected to possess

Mater. Chem. Front, 2017, 1, 2383-2390 | 2387
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Fig. 5 The temperature-dependence of emission intensity ratios and the associated best-fit equations of DPTB in (a) EA (the ratio of intensities at 470
and 530 nm); (b) DMSO (the ratio of intensities at 500 and 600 nm); and (c) ethanol (the ratio of intensities at 450 and 500 nm). Photographs of DPTB in
ethanol under (d) ambient light and (e) UV radiation in the dark. (f) Photographs of DPTB in DMSO at different temperatures. (g) Temperature calibration
curve based on the intensity ratios of blue (B) and green (G) channels in the photographs in (f). (DPTB] = 5 uM).

multiple accessible conformers in the ground state.*’™** These
fluorophores could allow photobleaching-independent ratiometric
temperature measurements. And their availability demonstrates
the generality of our design strategy to realize single-fluorophore
ratiometric thermometers.

Finally, thermometry based on these fluorophores is best
suited in solvents, when temperature is the only factor affecting
fluorophore conformations. In the presence of other interference
factors (such as biomolecules), these fluorophores can be capped
inside polymer nanoparticles to serve as dedicated temperature
841 Note that conformational changes of fluorophores
are still feasible in polymers with large free volume.

SENsors.

Conclusion

We have demonstrated a strategy to achieve a single-fluorophore
ratiometric thermometer, based on ground-state conformers of
DPTB. These conformers are present at room temperature and
exhibit different emission spectra. Consequently, thermal equi-
librium of these conformers enables ratiometric temperature
sensing with simple design and high reliability. Such a single-
fluorophore ratiometric thermometer overcomes the reliability
issue related to varied photobleaching rates in dual-fluorophore
ratiometric thermometers. Moreover, unlike conformational
changes in the excited state (that generally quench fluorescence
and afford weak fluorescence), these ground state conforma-
tional isomers emit bright signals. Finally, as more emissive
conformers become populous at high temperatures, DPTB even
exhibits an unusual positive temperature coefficient in ethyl

2388 | Mater. Chem. Front., 2017, 1, 2383-2390

acetate and DMSO. We expect that employing ground state
conformational isomers will open a new door for developing
highly reliable ratiometric imaging systems.

Computational and experimental
details

DFT calculations were performed using Gaussian 09.** Hybrid
functional wB97XD and the 6-31G(d,p) basis set were used for
all calculations. The geometry optimizations of various con-
formational isomers of DPTB in both their ground and the first
excited singlet states (S, and S;) were performed in vacuo, and
in cyclohexane, EA, ethanol, and DMSO. Frequency checks in
the ground state were conducted after each geometry optimiza-
tion to ensure that minima on the potential energy surfaces
(PES) were found. Following this, TD-DFT calculations were
carried out on the optimized molecular structures to determine
their peak absorption/emission wavelengths and oscillator
strength (using linear response solvation). Solvent effects, when
applicable, were treated using the C-PCM model.

DPTB was a gift from Yang Laboratory, and its synthesis
procedures were reported previously (Fig. S7 and $8, ESIf).*

A single crystal of DPTB suitable for X-ray structural analysis
was obtained by slow evaporation from a chloroform/
n-hexane solution at room temperature. Single crystal X-ray
diffraction intensity data were collected on a Xcalibur Gemini
ultra-diffractometer using the w-scan mode with graphite-
monochromator Mo Ko radiation (0.71073 A). The crystal was

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017


https://doi.org/10.1039/c7qm00345e

Published on 28 August 2017. Downloaded on 4/29/2020 8:58:13 AM.

Materials Chemistry Frontiers

kept at 293(2) K during data collection. Using Olex2,** the
structure was solved with the Superflip program*® and refined
with the SHELXL package.*’

"H-NMR and C-NMR spectra were recorded on a Bruker
400 spectrometer, using TMS as an internal standard. Chemical
shifts were given in ppm and coupling constants (J) in Hz.

The fluorescence lifetime of DPTB in various solvents was
measured using a Fluoromax-4 spectro-fluorometer equipped
with a NanoLED-370 pulsed diode (excitation wavelength,
368 nm) and a DeltaHub TCSPC controller.

Fluorescence spectra were collected using a Cary Eclipse
spectrometer equipped with a Peltier temperature controller.
Emission spectra of DPTB in cyclohexane, EA, ethanol, and
DMSO were measured at different temperatures ranging from
15 °C to 75 °C. Readings were taken at a 30 min interval to
ensure that samples had reached the desired temperatures
before each measurement. A Cary 60 spectroscope was used
to collect the UV-Vis absorption spectra of all samples in the
same temperature range as that of fluorescence spectra.

The quantum yields of DPTB in cyclohexane, EA, ethanol,
and DMSO were determined via the relative determination
method, with Coumarin 153 as a reference compound.*®

A minichannel with alphabets “SUTD” was designed using
AutoCAD® 2016. The width and height of the channel were
1.7 mm x 1.7 mm. The CAD designed geometry was then printed
using the Stereolithography (SLA) based Form 2™ (Formlabs, USA)
3D printer using Clear™ resin with a layer thickness of 0.025 mm.
The 3D printed mold was post-processed by isopropanol wash for
10 min followed by UV curing for 1 h. For replica molding of the
post processed mold, a mixture of poly(dimethylsiloxane) (PDMS)
prepolymer (Sylgard 184 Silicone Elastomer kit, Dow Corning,
USA) and its curing agent in the ratio of 10: 1 was prepared. The
PDMS mixture was then degassed under vacuum in a desiccator
for removal of entrapped bubbles. The degassed PDMS was then
cast over the mold and oven baked at 60 °C for 24 h. The heat
cured PDMS was then removed from the mold with the channels
being replicated, and provisions for flow inlet and outlet were
made using a 1 mm hole puncher. The fabricated PDMS replica
mold was then bonded to thin slabs of PDMS to form sealed
channels via plasma bonding.
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