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ABSTRACT: Novel thermoresponsive sensor systems consisting of a molecular rotor (MR) and paraffin wax (PW) were
developed for various thermometric and biometric identification applications. Polydiphenylacetylenes (PDPAs) coupled with
long alkyl chains were used as MRs, and PWs of hydrocarbons having 16—20 carbons were utilized as phase-change materials.
The PDPAs were successfully dissolved in the molten PWs and did not act as an impurity that prevents phase transition of the
PWs. These PDPA-in-PW hybrids had almost the same enthalpies and phase-transition temperatures as the corresponding pure
PWs. The hybrids exhibited highly reversible fluorescence (FL) changes at the critical temperatures during phase transition of the
PWs. These hybrids were impregnated into common filter paper in the molten state by absorption or were encapsulated into
urea resin to enhance their mechanical integrity and cyclic stability during repeated use. The wax papers could be utilized in
highly advanced applications including FL image writing/erasing, an array-type thermo-indicator, and fingerprint/palmprint
identification. The present findings should facilitate the development of novel fluorescent sensor systems for biometric
identification and are potentially applicable for biological and biomedical thermometry.
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B INTRODUCTION

Temperature is an important parameter that may serve as an
indicator for predetermination of the physical state of
substances. A variety of fluorescent thermo-indicators based
on organic, polymeric, and organometallic compounds have
been developed for accurate and convenient measurement of
temperature.'~* The fluorescence (FL) of these compounds is
significantly affected by temperature and, in most cases, there is
a linear functional relationship between temperature and the FL
emission intensity or wavelength. Some polymer solutions and
blends that undergo gel-to-solution phase transition exhibit
critical optical changes at a certain temperature.’”® These
sensory materials have long been developed for optical
switching and logic-gate functions.” "> Some of them have
recently achieved an intracellular thermometry in biological and
medical applications."*™"* However, these unique properties
and advanced functions have been limited to specifically
designed polymers. More convenient and universal sensory
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systems are still urgently required to amplify and clearly
discriminate the optical signals at a certain temperature in order
to advance their applications.

Paraffin waxes (PWs) are phase-change materials with the
ability to reversibly store and release large amounts of latent
heat in the thermal energy management of natural heat sources
and waste heat>® PWs melt and crystallize at critical
temperatures with significant changes in their viscosity (n)
and volume (V). With increase in temperature in the molten
state, 17 decreases, tending toward 0, and V increases, tending
toward oo. In contrast, in the crystal state, # increases to co and
V decreases to a minimum. These physical changes in # and V'
may be manifest as optical signals with the aid of optically
functional materials. Changes in the FL emission of molecular

Received: May 4, 2015
Accepted: June 12, 2015
Published: June 12, 2015

DOI: 10.1021/acsami.5b03842
ACS Appl. Mater. Interfaces 2015, 7, 14485—14492


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b03842

ACS Applied Materials & Interfaces

Research Article

rotors (MRs) with twisted molecular structures can be induced
by changes in the 7 of a medium because of the relaxation of
the torsional angle in solution.”'~**

Recently, several fluorescent MRs with #-sensing function
have been developed, affording numerous benefits such as easy
applicability, high sen51t1v1ty, and utility in high spatial/
temporal resolution imaging**”>* Although these viscosity
sensor systems generally function with high accuracy, their
application has been limited to the fluids in which the sensor
compounds dissolve.”* >' PWs have a wide range of melting
(T,) and crystallization (T.) temperatures based on their
molecular weights, whereas the solubility parameter is
independent of molecular weight. Thus, in hybrid materials
combining MRs with PWs, the MRs may exhibit critical FL
changes at the phase-transition temperatures of the PWs.
However, the conventional MRs mentioned above may not
dissolve in PWs owing to the significant differences in the
polarity and solubility parameter between the MRs and PWs.
Thus, to achieve dissolution of such MRs in PWs, the basic
principle “like-dissolves-like” should be considered in the
molecular design of the MRs.

In a previous study, the polydiphenylacetylene (PDPA)-
derivative pCl shown in Figure 1 was found to be highly

a) b)

pC1: R=para-SiMe3
mC1: R=meta-SiMe3
pC18: R=para-Si(CH3),(n-C1gH37)
mC18: R=meta—Si(CH3)2(n—C18H37)

Figure 1. (a) Chemical structures of PDPA derivatives and (b)
features of PDPAs dissolved in molten PWs (HxD: hexadecane; HpD:
heptadecane; OD: octadecane; ND: nonadecane; IS: icosane) under
room light and UV irradiation.

sensitive to the # of various media in the swollen state due to
the scissoring and torsion angle relaxation in the intramolecular
stack structure.**>® The FL emission gradually increased with
an increase in 7 of the media, as could be described by a
correlation function. Moreover, hybrid films formed by
incorporation of certain molten PWs into pCl in situ by the
swelling method exhibited critical FL changes during the phase-
change process.”” This type of polymer can be termed a
fluorescent MR polymer. However, pCl still did not dissolve in
the PWs owing to higher aromatic ratio in the molecular
structure. The ratio of PWs incorporated into the pC1 film was
limited to several tens wt %. Other PDPAs containing long
alkyl chains such as the octadecyl group (pC18 and mC18 in
Figure 1) were also synthesized in a previous study.**~* The
long alkyl side chains efficiently plasticized the glassy-state
amorphous PDPA derivative polymers, resulting in very
unusual conjugated polymer gums at room temperature, and
further enhanced the solubility in nonpolar solvents such as
hydrocarbons.* This is suggestive of high miscibility between
the polymers and PWs.

In this study, the two octadecyl-coupled PDPAs dissolved in
molten PWs even up to more than S wt % concentrations to
produce transparent liquids in the molten state. These PDPAs

dissolved in the PWs (hereafter referred to as PDPA-in-PWs)
had almost the same phase-transition enthalpies as those of the
pure PWs, suggesting that the polymer in the PW does not act
as an impurity affecting the phase-transition behavior of the
PWs. The PDPA-in-PWs exhibited a critical change in the FL
intensity at the T, and T, of the PWs. Fluorescent wax papers
with desirable features were developed by impregnation of
common filter paper with the PDPA-in-PWs to enhance their
mechanical integrity and cyclic stability during repeated use.
The PDPA-in-PWs were also incorporated into urea capsules
by interfacial polymerization using tubular microfluidics. The
critical changes in FL emission facilitated various sensor
applications in thermometric and biometric identification
using the wax papers. Herein, we describe the details of the
preparation, thermo-dynamic phase-change properties, and FL
responses of the PDPA-in-PWs. Various applications using
these materials as novel FL phase-change systems are also
suggested.

B EXPERIMENTAL SECTION

Materials. The PDPA derivatives of pC1, mCl, pC18, and mC18
were synthesized according to previously reported methods.**™* The
PDPA derivatives used in this study had high average molecular
weights (M,,) of 13.4 X 10°, 11.7 X 10°, 8.70 X 10°, and 8.10 X 10° g
mol ™" and polydispersity indices (PDI = M,,/M,) of 1.2, 1.3, 1.4, and
1.6, respectively. All polymers were thoroughly purified by sequential
Soxhlet extraction with methanol and acetone. All paraffin waxes
(purities: HxD: hexadecane; OD: octadecane; IS: icosane >98.0%;
HpD: heptadecane; ND: nonadecane; > 99%) were purchased from
TCI in Japan (Tokyo Chemical Industry Co., Ltd.). Filter paper was
purchased from ADVANTEC Co., Ltd., Taiwan.

Preparation of Fluorescent Wax Papers. pC18 and mC18 were
dissolved in molten PWs (concentration ~1.0 wt %) and the solutions
were spread on top of filter papers at 50 °C and left undisturbed for 10
min. Excess paraffin wax residue was removed simply by treatment
with oil adsorption pads (Yuhan Kimberly, Ltd.) for 1 h.

Preparation of Fluorescent Miscrocapsules. Sodium dodecyl
sulfate (SDS), poly(vinyl alcohol) (PVA, M, = 85000—146000 g
mol ™!, 96% hydrolyzed), tetraethylene—pentamine (TEPA), isophor-
one diisocyanate (IPDI), and dibutyltin dilaurate (DBTDL) were
purchased from Sigma-Aldrich and used as received. Ultrapure water
(resistivity >18.2 MQ cm, Purelab Option—Q, ELGA, USA) was
degassed and used for all experiments. A 1-mL glass syringe
(Hamilton, USA, i.d. = 4.61 mm) was used to inject the discontinuous
phase and a 30-mL disposable plastic syringe (HSW, NORM-JECT,
Germany, i.d. = 22.9 mm) was used for introduction of the continuous
phase. The tubular microfluidic device was assembled by inserting a 30
G needle (NanoNC, Korea) into a Tygon microbore tubing (Saint-
Gobain PPL, France, i.d. = 515 um).** The flow rates of the two
solutions were independently controlled in a coflow regime using two
high-precision infusion pumps (Legato 200, KD Scientific, USA). In
the representative preparation of the fluorescent microcapsules, the
flow rates of the two pumps were fixed at 1.0 L s™" and 50 nL s™" for
the continuous (aqueous) and discontinuous (organic mixture)
phases, respectively. The continuous phase comprised a mixture of
water (94 wt %), SDS (2 wt %), PVA (2 wt %), and TEPA (2 wt %).
For the discontinuous phase, mC18-in-HxD (2.5 wt % mC18) and
IPDI were mixed in mass ratios of 1.5:0.5. DBTDL (0.2 wt %) was
added to the discontinuous phase to achieve complete polycondensa-
tion between IPDI and TEPA. At the tip of the needle, the organic
phase broke into spherical monodisperse droplets in an aqueous
mixture to produce an oil-in-water (O/W) emulsion. The O/W
droplets were then partially solidified by polycondensation along the
tubing length and finally received in a collecting reservoir to perform
the remainder of the polycondensation.

Measurements. The weight-average molecular weight (M,,) and
number-average molecular weight (M,) of the PDPA derivatives were
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Figure 2. Schematic of phase transition of conceptual MR-in-PW system.
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evaluated using gel permeation chromatography (GPC, Shimadzu A10
instruments, Polymer Laboratories, PLgel Mixed-B (300 mm long)
column, and HPLC-grade tetrahydrofuran (as an eluent at 40 °C),
based on calibration with polystyrene standards. The variable-
temperature FL emission spectra were recorded on a JASCO FP-
6500 spectrofluorometer equipped with a JASCO ETC-273 temper-
ature controller at an excitation wavelength of 420 nm and a scanning
rate of 1000 nm min~". The heating and cooling rates were both set to
1 °C min~". Fluorescence images and videos were recorded with a
digital camera (Cannon PowerShot A2000 IS) under UV irradiation at
an excitation wavelength of >365 nm. Differential scanning calorimetry

(DSC; SETARAM DSCl141-evo) was performed under pure nitrogen
gas with the heating and cooling rates both set to 10 °C min~".
Polarized and FL microscope images were recorded on a Nikon
Eclipse E600 fluorescence optical microscope equipped with a Nikon
DS-Fil digital camera and a superhigh-pressure 100-W Hg lamp

(OSRAM, HBO103W/2).

B RESULTS AND DISCUSSION

The restriction of intramolecular rotation (RIR) of MRs in the
condensed state, such as in crystals and aggregates, often leads
to enhanced FL emission by eliminating the FL quenching due
to solvent collision, vibrational relaxation, and internal
conversion, which are deactivation pathways that are operative
in the solution state.***® In the case of the current PDPA
derivative, the nanosized aggregates suddenly produced by
precipitation of the polymer into water exhibited an extremely
high FL quantum yield due to the RIR, in contrast with the
usual FL quenching of conjugated polymers in aggregates.*’
Such a sudden FL emission enhancement may be the ultimate
optical change related to RIR because, in the solution state, the
degree of RIR should vary gradually instead of changing
abruptly with temperature-induced variation of # of the
medium, merely leading to a proportional variation of the FL
emission. The ultimate goal of this study is to develop new
thermoresponsive sensor systems that exhibit a critical FL
change at a certain temperature. To achieve this goal, we
conceptualized a system combining MRs and PWs as illustrated
as Figure 2. In this concept, the FL emission of the MRs is
critically enhanced due to abrupt activation of RIR when the
PW undergoes a liquid-to-crystal phase change; the FL
emission is again quickly quenched due to abrupt removal of
RIR during the reverse crystal-to-liquid change. On the basis of
this scheme, we examined the utility of PWs as phase-change
media and PDPA derivatives as MRs. C16—C20 hydrocarbons
(HxD, HpD, OD, ND, IS in Figure 1) were utilized as the PWs.
The two octadecyl-coupled PDPAs (pC18 and mC18 in Figure
1) were selected as MRs. These polymers dissolved very well in
all of the molten PWs despite their high molecular weights and
rigid backbones; this solubility is due to the high miscibility

between the paraffin-like alkyl side chains and the PWs, and
gave rise to highly transparent liquids in the molten state. No
phase separation between the polymer and paraffin occurred
during repeated melting and crystallization. On the other hand,
the PDPA congeners containing short alkyl chains (pCl and
mCl1 in Figure 1) did not dissolve in the molten PWs.

The thermodynamic properties of the PDPA-in-PWs were
evaluated using differential scanning calorimetry (DSC). Table
1 summarizes the enthalpy and critical temperatures of phase

Table 1. Thermodynamic Properties of PDPA-in-PWs (1 wt
% PDPA) and Pure PWs

properties
melting point enthalpy of fusion crystallization point
material T %‘”C) AHy, J g™) T. (°C)
pure HxD 21.1(17.9)¢ 193.3(227.5)¢ 152
pC18-in- 20.5 1914 12.7
HxD
mC18-in- 20.1 199.8 13.1
HxD
pure OD 32.0(28.0)° 201.8(241.6)" 24.4
pCl18-in- 30.2 199.5 19.8
oD
mC18-in- 30.5 203.7 20.3
oD

48,49
“Reference values.™

transition of the pCl18-in-HxD, mC18-in-HxD, pC18-in-OD,
and mC18-in-OD systems compared to those of pure HxD and
OD (see Supporting Information (SI) Figure S1 for DSC
thermograms). All of the PDPA-in-PWs had a clearly defined
T,, (~20 °C for pC18- and mC18-in-HxDs; ~30 °C for pC18-
and mC18-in-ODs) and T, (~13 °C for pC18- and mC18-in-
HxDs; ~20 °C for pC18- and mC18-in-ODs); these values
were slightly lower than those of the pure PWs. The enthalpies
of the PDPA-in-PW systems were extremely high (approx-
imately 200 J g7') and were almost the same as those of the
pure PWs. These results indicate that the polymers did not act
as an impurity that prevents phase transition of the PWs.

A unique FL response was exhibited by the PDPA-in-PWs
during the heating and cooling process. The FL emission
spectra of pC18-in-OD and mC18-in-OD are shown in Figure
3. During heating over the temperature range of 10—40 °C (at
a rate of 1 °C min™"), the FL intensity declined abruptly (to
approximately one-third of the original FL) within a very
narrow temperature range of 27.5—30 °C due to endothermic
volume expansion of OD (Figure 3a, c). Conversely, a
significant enhancement of the FL was observed during the
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Figure 3. FL emission spectra of 1 wt % pC18-in-OD (a, b) and 1 wt % mC18-in-OD (c, d) during heating (a, c) and cooling (b, d) over the
temperature range of 10—40 °C (at a rate of 1 °C min™"). (e) FL intensity of pC18-in-OD during 5 heating (at 40 °C) and cooling (at 10 °C) cycles
(excited at 420 nm, monitored at FL. maximum wavelength), and (f) comparative variation of FL intensity and heat flow of pC18-in-OD upon
heating and cooling (excited at 420 nm, monitored at FL maximum wavelength).

exothermic volume contraction upon cooling from 27.5 to 25
°C (Figure 3b, d). The concentration of the polymer in the
PWs and the type of PW did not affect the FL response
behavior (SI Figures S2, S3). This critical variation in the FL
emission was entirely reversible upon repeated temperature
cycling (Figure 3e). The temperature range over which the
critical change in FL intensity occurred was congruent with the
phase-change temperature observed from DSC analysis (Figure
3f, SI Figure S4). For comparison with the PDPA-in-PW
systems, the PDPAs were dissolved in a paraffin mixture
(commercial paraffin oil) having no phase transition over a
wide temperature range of 10—100 °C. These PDPA-in-paraffin
oil systems exhibited a monotonous decrease and increase of
the FL intensity upon heating and cooling, respectively (SI
Figure SS). This corroborates the postulation that the RIR of
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the MR should be significantly influenced by the crystal-to-
liquid phase transition, whereas in the solution state, the RIR is
gradually attenuated based on temperature-induced variation of
the viscosity. This suggests that the present MR-in-PW systems
should be applicable to thermoresponsive sensors showing a
critical optical change.

The unique heat-sensitive FL response of the present MR-in-
PW systems enabled their application in thermometry, e.g,
write/erase sensor and array-type thermo-indicator systems. To
confer mechanical integrity to these systems, the PDPA-in-PWs
were impregnated into common filter papers by absorption in
the molten sate to provide fluorescent wax papers with good
features (SI Figure S6). When the fluorescent wax papers were
fully cooled in advance and the entire surface of the paper was
held at 27 °C and then brought into contact with a warmed

DOI: 10.1021/acsami.5b03842
ACS Appl. Mater. Interfaces 2015, 7, 14485—14492


http://dx.doi.org/10.1021/acsami.5b03842

ACS Applied Materials & Interfaces

Research Article

turn-on mode b)

ii)

® &

~

mC18- mC18- mC18-
in-HxD in-HpD in-OD

mC18- mC18-
in-ND  in-IS

R
@

g ) Excited at 365nm

polarized image FL image

Scale bar=100um

Figure 4. (a) FL imaging (character writing) on wax papers made from pC18-in-OD and mC18-in-OD: (i), (ii) FL turn-off imaging, (iii), (iv) FL
turn-on imaging. (b) Array-type thermo-indicator system (five spots were arrayed on the same filter paper by simply depositing each mC18-in-PW).
(c) Features of microcapsules made with mC18-in-HxD and corresponding polarized and FL microscope images.
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Figure S. (a) Fingerprint acquisition using FL wax papers made from 1 wt % pC18-in-OD and mC18-in-OD and (b) palmprint acquisition using

mC18-in-OD FL wax paper for biometric identification.

metal rod, visually observable FL characters could be imprinted
on the paper as a turn-off system (Figure 4a, SI Movies S1 and
S2). Subsequently, when the paper was cooled again over the
same area, the FL character images could be erased. Conversely,
distinctive character images were obtained as a turn-on mode
when the fluorescent wax papers were warmed in advance and
maintained at 27 °C and then touched with a cooled metal rod
(Figure 4a, SI Movies S3 and S4). The FL images could be
erased by reheating the paper over the entire region. Moreover,
when all mC18-in-PWs (HxD, HpD, OD, ND, IS) with
different T,,s were deposited onto the same filter paper as a
platform sensor array, changes in the ambient temperature
could be recognized by FL evolution at the location of each
mC18-in-PW (Figure 4b, SI Movie SS). This type of sensor-
array system functions as a specific litmus-type FL thermo-
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indicator for prospective measurement of multicritical temper-
atures.

As mentioned above, impregnation of the PDPA-in-PWs into
the porous filter paper was successfully achieved by absorption
and the waxed paper was resistant to repeated heating and
cooling without significant leakage. However, encapsulation of
the PWs may be a more useful method for enhancing their
mechanical integrity and cyclic stability during repeated
use.’*”> By employing reported methods,>* the molten-state
mC18-in-HxD at room temperature was encapsulated into
polyurea by interfacial polymerization using tubular micro-
fluidics to give well-featured fluorescent microcapsules (Figure
4c). Similar to the fluorescent wax paper, these capsules also
showed critical changes in the FL emission at the phase-
transition temperatures (T, and T.) of HxD (see Figure 4c and
SI Figure S7 for the FL emission spectra).
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The application of the present MR-in-PW systems was
further extended to biometric identification. Normal body
temperature is maintained at about 36.5 °C, which is higher
than the T,, (~30 °C) of the PDPA-in-ODs. Hence, it was
envisioned that the PDPA-in-OD systems could potentially be
used for fingerprint recognition.>>*® When the fluorescent wax
papers of PDPA-in-ODs were held at room temperature and
brought into contact with the human body, the FL emission
was immediately attenuated due to melting of the OD. Notably,
when the fluorescent paper was touched softly with a finger, a
high-resolution FL image of the fingerprint could easily be
observed under irradiation with a common ultraviolet lamp
(Figure Sa, SI Movies S6 and S7). Notably, once the
fingerprinting was done, the FL image was semipermanently
retained at room temperature owing to the extremely high
phase-transition enthalpy of OD (SI Figure S8). Moreover, the
fingerprint image was erased during the heating/cooling cycle
and could be regenerated by touching the paper again. This
fingerprinting could be repeated almost unlimitedly. Our
preliminary demonstrations suggest the potential applicability
of the present MR-in-PW hybrid as a fingerprint identification
system. In addition, it was easy to prepare larger fluorescent
wax papers that facilitated high-resolution FL imaging of a
palmprint on the paper (Figure Sb). The present sensor system
responds to body heat, which is a sensing mechanism that is
completely different from that of conventional reflectance-
based fingerprint sensors.”’ This new approach should prove
effective for preventing falsification of fingerprints made from
gelatin or silicones, thereby providing an enhanced security
feature.”®~%° As a matter of course, the fluorescent wax papers
of PDPA-in-paraffin oil were not effective for FL image
patterning and fingerprinting owing to the lack of thermal
storage capacity of paraffin oil (SI Movie S8).

B CONCLUSIONS

A new thermoresponsive sensor system comprising MRs and
PWs was developed. Coupled PDPAs with long alkyl chains
were used as MRs; these PDPAs dissolved very well in the
molten PWs. The polymers did not act as an impurity that
prevents phase transition of the PWs. The enthalpies and
phase-transition temperatures of the present PDPA-in-PW
systems were almost the same as those of the pure PWs, and
thus the PDPA-in-PW systems exhibited critical FL variations
during phase transition. The present MR-in-PW systems were
impregnated into common filter paper by absorption or were
encapsulated into urea resin to enhance their mechanical
integrity and cyclic stability during repeated use. The wax
papers could be utilized in highly advanced applications,
including thermometric and biometric identification applica-
tions. Investigations to find novel MRs and phase-change
materials and then to combine the two functional materials as a
single-component material via covalent bonding are now
underway in our laboratory. Our findings should be helpful in
designing new thermoresponsive FL phase-change systems for
further advanced applications.

B ASSOCIATED CONTENT
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DSC thermograms, FL emission spectra, microscopy images
(Figures S1—S8), and supplementary movies (Movies S1—S8).
The Supporting Information is available free of charge on the
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