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A simple copolymer, poly(NIPAM-co-RD), consisting of N-isopropylacrylamide (NIPAM) and rhodamine
(RD) units, behaves as a fluorescent temperature sensor exhibiting selective fluorescence enhancement
at a specific temperature range (25-40°C) in water. This is driven by a heat-induced phase transi-
tion of the polymer from coil to globule. At low temperature, the polymer exists as a polar coil state
and shows very weak fluorescence. At >25°C, the polymer weakly aggregates and forms a less polar
domain within the polymer, leading to fluorescence enhancement. However, at >33°C, strong poly-

i?r/ ;‘;::gisée polymers mer aggregation leads to a formation of huge polymer particles, which suppresses the incident light
Rhodamine absorption by the RD units and shows very weak fluorescence. In the present work, effects of poly-

mer concentration and type of acrylamide unit in the polymer have been investigated. The increase
in the polymer concentration in water leads to a formation of less polar domain even at low tem-
perature and, hence, widens the detectable temperature range to lower temperature. Addition of
N-n-propylacrylamide (NNPAM) or N-isopropylmethacrylamide (NIPMAM) component to the polymer,
which has lower or higher phase transition temperature than that of NIPAM, enables the aggregation
temperature of the polymer to shift. This then shifts the detectable temperature region to lower or higher
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temperature.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The design and development of supramolecular systems per-
forming as a fluorescent chemosensor have attracted a great deal
of attention, since they allow rapid detection of analytes by simple
fluorescence measurements [1]. Recently, fluorescent temperature
sensors have attracted much attention [2-5]. So far, various kinds
of fluorescent temperature sensors have been proposed; however,
these exhibit monotonous emission enhancement [2,3] or quench-
ing [4] with a rise in temperature. Earlier, we reported for the first
time a fluorescent temperature sensor exhibiting selective emis-
sion enhancement at a specific temperature range in water [5].
This is based on a simple-structured copolymer, poly(NIPAM-co-
RD) (P1), consisting of a thermoresponsive N-isopropylacrylamide
(NIPAM) unit and a fluorescent rhodamine (RD) unit. The selec-
tive fluorescence enhancement is driven by a heat-induced phase
transition of the polymer from coil to globule. At low temperature,
the P1 polymer exists as a polar coil state and shows very weak
fluorescence. At >25°C, the polymer aggregates to form a glob-
ule state, where a less polar domain forms within the polymer.
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The fluorescence quantum yield of RD increases with a decrease
in the polarity of the medium [6]. Therefore, at this tempera-
ture, the polymer exhibits strong fluorescence. However, at >35 °C,
the polymer strongly aggregates and forms huge polymer parti-
cles. This suppresses the incident light absorption of the RD units
within the polymer and, hence, shows very weak fluorescence
at >40°C. The selective emission enhancement property of the
polymer may be applicable for rough monitoring of the solution
temperature, although accurate temperature detection is difficult.
For example, the polymer demonstrates its ability when maintain-
ing a solution temperature at the designated temperature range.
The polymer shows strong emission at the designated temperature
range; therefore, we can roughly monitor whether the solution is
at the designated temperature range or not.

It is well known that temperature-induced phase transition
property of the acrylamide polymers depends strongly on the
polymer concentration in water [7] and the variety of acrylamide
units within the polymer [3a,c—e]. In the present work, the effects
of P1 polymer concentration and the addition of other acry-
lamide components to the polymer on the fluorescent properties
were studied. In the former part, we found that increase in the
polymer concentration widens the detectable temperature range
to lower temperature. In the latter part, we synthesized two
more types of polymers, poly(NIPAM-co-NNPAM-co-RD) (P2) and
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Scheme 1. Structure of respective acrylamide monomers.

poly(NIPAM-co-NIPMAM-co-RD) (P3), via copolymerization with
N-n-propylacrylamide (NNPAM) or N-isopropylmethacrylamide
(NIPMAM) monomer (Scheme 1), which has lower or higher phase
transition temperature than that of NIPAM [3a,c—e]. We found that
addition of these components to the polymer leads to a shift of the
detectable temperature region to lower or higher temperature.

2. Experimental
2.1. Synthesis

All of the reagents were supplied from Wako and Tokyo Kasei.
Water was purified by the Milli Q system. NIPAM and NIPMAM
monomers were recrystallized from n-hexane prior to use, and
other reagents were used without further purification. NNPAM
monomer [8] and RD-conjugated diethylenetriamine (4) [5,9] were
synthesized according to literature procedures. P2 and P3 polymers
were synthesized in a similar manner to P1 [5], as summarized in
Scheme 2 and as follows:

2.1.1. NASI-conjugated acrylamide polymers (P2’, P3’)

NIPAM (0.34g, 3mmol) and NNPAM (0.34g, 3mmol) or
NIPMAM (0.38 g, 3 mmol), N-hydroxysuccinimide (NASI, 20 mg,
0.12mmol), and AIBN (15mg, 0.089 mmol) were dissolved in
tert-butanol (3 mL). The solution was degassed by twice freeze-
pump-thaw cycles and stirred at 70°C for 15h under dry N,. The
resultant was concentrated by evaporation and purified by twice
reprecipitation procedure with MeOH (1 mL) and diethyl ether
(100 mL), affording NASI-conjugated acrylamide polymers as white
solids (P2’, yield 87%; P3’, yield 77%).

2.1.2. RD-conjugated acrylamide polymers (P2, P3)

P2’ or P3’ (0.4 ¢g) and 4 (24 mg, 0.050 mmol) were dissolved in
DMF (10 mL) and stirred at room temperature for 24 h under dry
N,. The resultant was concentrated by evaporation and purified
by reprecipitation procedure with MeOH (1 mL) and diethyl ether
(100 mL), affording RD-conjugated acrylamide polymer, P2 and P3,
as light pink solids. The amount of the RD unit in the polymers was
estimated by comparison of the absorbance at 341 nm with 4 in THF
at 298 K [5,10]. The properties of the polymers are summarized in
Table 1.
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Scheme 2. Synthesis of RD-conjugated acrylamide polymers.

2.2. Measurements

Fluorescence spectra were measured on a Hitachi F-4500 flu-
orescence spectrophotometer (Aexc =530 nm; Aem =580nm) with
a temperature controller. Absorption spectra were measured
on a UV-visible photodiode-array spectrophotometer (Shimadzu;
Multispec-1500) with a temperature controller (Shimadzu; S-
1700). The measurements were carried out using a 10 mm path
length quartz cell [11]. After stirring the solution for 30 min at
designated temperature, the measurements were carried out with
continued stirring. All of the measurements were carried out in
the presence of NaClO4 to maintain the ionic strength of the solu-
tion (I=0.15M) and pH of the solution was adjusted with HCIO4
to 2.0 [12]. 'H NMR spectra were obtained by a JEOL JNM-GSX270
Excalibur using TMS as standard. Light scattering measurements
were carried out by dynamic laser scattering spectrometer (LB-500,
HORIBA) (detection range, 3nm-6 wm) and static laser scatter-
ing spectrometer (LA-910, HORIBA) (detection range 0.5-700 pwm)
[3i,13]. Molecular weight of the polymers was determined by GPC
using a Shimadzu SCL-10A Vp system equipped with a LC-10AD

Table 1
Properties of RD-conjugated acrylamide polymers.
Polymer x[ylz Yield (%) M, Mw /M
P1 Poly(NIPAM,-co-RD,) 92/0/1 92 5.07 x 10% 1.5
P2 Poly(NIPAM,-co-NNPAM,,-co-RD; ) 74/66/1 90 2.58 x 10* 1.5
P3 Poly(NIPAM,-co-NIPMAM, -co-RD,) 63/72/1 85 4.82 x 10* 2.1
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Vp pump (Shimadzu) and a refractive index detector RID-10A (Shi-
madzu) with GPC-805 column (Shimadzu). The oven temperature
was 40°C, and THF was used as the carrier solvent (flow rate:
0.5mLmin~1)[14].

3. Results and discussion
3.1. Fluorescence properties of P1

Fluorescence properties of poly(NIPAM-co-RD) (P1) measured
with 0.2 gL~ concentration were described in a previous paper [5]
and, hence, are described here briefly. Fig. 1a shows temperature-
dependent change in fluorescence spectra (Aexc =530 nm) of P1 in
water. The polymer shows distinctive fluorescence of the RD unit at
540-640 nm. As shown in Fig. 2 (circle), the fluorescence intensity
(571 nm)is very weak at <25 °Cand >40 °C, but is strong at 25-40°C,

(a) T/°C

14 ’—33--.

(b) 27

Abs
n

—_
(¢
-

T/°C

Intensity (AU)

T
500 550
Al nm

Fig. 1. Temperature-dependent change in (a) fluorescence (Aexc =530nm), (b)
absorption, and (c) excitation spectra (Aem =580 nm) of P1 in water (pH 2.0) with
0.2gL~! concentration (containing 18.4 umol L~ RD unit). The fluorescence inten-
sity (Aem =571 nm) of P1 at 33°C is set as 1. The measurements were done during
heating sequence.

4

3_
£ E
< 2 F1 &
1_
OI T T ! T ! T X T 0
10 20 30 40 50
T/°C

Fig. 2. Temperature-dependent change in fluorescence intensity (Aexc=530nm;
Aem =571 nm) of P1 in water (pH 2.0) with concentrations of (square) 1.0 gL, (tri-
angle)0.5gL~', and (circle) 0.2 gL-1, respectively. The detailed fluorescence spectra
for 1.0 and 0.5gL~" are shown in Figs. S1 and S2, respectively.

showing an “off-on-off” intensity profile against the temperature
window. The selective emission enhancement at 25-40°C is due
to the heat-induced structure change of the polymer from coil to
globule (Scheme 3). At low temperature, the polymer exists as a
polar coil state due to hydration of the polymer chain [14,15]. How-
ever, at >25°C, dehydration of the polymer chain leads to polymer
aggregation (globule state). As shown in Figs. 1b and 3a (circle),
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Fig. 3. Temperature-dependent change in (a) turbidity (Aeso nm) and (b) hydrody-
namic radius (Ry) of P1 in water (pH 2.0) with concentration of (square) 1.0gL~",
(triangle)0.5gL~!, and (circle) 0.2 gL, respectively. The Ry, data for solid and dotted
lines were obtained by dynamic and static laser scattering measurements, respec-
tively. The detailed Ry, distribution data for these samples are summarized in Figs.
S3, S4, and S5, respectively.
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Scheme 3. Schematic representation of temperature-dependent fluorescence enhancement/quenching mechanism of RD-conjugated acrylamide polymer in water.

turbidity of the polymer solution (Agso nm) increases at >25°C.
In addition, as shown in Fig. 3b (circle), dynamic light scattering
analysis detects the formation of polymer particle at >25 °C (detec-
tion limit: 3 nm), and the hydrodynamic radius (Ry,) of the particles
increases with a rise in temperature. The increases in the turbid-
ity and particle size are consistent with the fluorescence intensity
increase at >25 °C (Fig. 2, circle). In the globule state polymer, a less
polar domain forms within the particle [14,15]. As described [6],
quantum yield of the RD fluorescence increases with a decrease in
the polarity of the medium. The less polar domain formation, there-
fore, leads to fluorescence enhancement at >25°C (Fig. 2, circle).
The less polar domain formation is confirmed by 'H NMR analysis.
Fig. 4a shows "H NMR spectra of P1 dissolved in D,0, and Fig. 4b
shows the temperature-dependent change in the integrated pro-
ton intensity of the CH resonances of the polymer chain and the
NIPAM unit. The proton intensity scarcely changes at low tempera-
ture, but decreases with a rise in temperature >25°C, indicating
that less polar domain indeed forms and the polarity decreases
with a rise in temperature. The size of the polymer particle show-
ing the highest fluorescence intensity (33°C) is estimated to be
143 pm.

The decrease in the fluorescence intensity at >33 °C (Fig. 2, cir-
cle) is due to the strong polymer aggregation, leading to formation
of huge polymer particles. As shown in Fig. 3b (circle), the size
of the polymer particles becomes >200 wm at >33°C. As shown
in Fig. 3a (circle), at this temperature range, the solution turbid-
ity decreases because the solution transparency increases by the
huge polymer particle formation. The formed huge polymer parti-
cles suppress the incident light absorption by the RD unit within the
particles, leading to fluorescence quenching at >33 °C (Fig. 2, circle).
The above fluorescence enhancement/quenching of the P1 polymer
occurs reversibly regardless of the heating or cooling sequence. In
addition, the polymer can be recovered simply by centrifugation
at high temperature, and the recovered polymer shows the same
fluorescence behavior as the virgin polymer [5].

3.2. Effect of polymer concentration

Effect of polymer concentration on the fluorescence property
was studied with P1 polymer. The square and triangle symbols
in Fig. 2 show the change in fluorescence intensity of P1 mea-
sured with 1.0 and 0.5 gL~! concentrations, respectively. Both cases
show “off-on-off’ fluorescence intensity profile. With 0.2gL~1
polymer (circle), fluorescence intensity increases at >25°C. How-
ever, at higher concentrations, the increase starts at even lower
temperature (<15 °C). This is because high polymer concentration
leads to polymer aggregation even at lower temperature due to
enhanced interpolymer association [7]. As shown in Fig. 3a (square
and triangle), with 1.0 and 0.5gL~! polymer, the increase in the
solution turbidity takes place at lower temperature as compared
to the case with 0.2gL-! polymer (circle). This indicates that, at
higher polymer concentration, polymer aggregation actually occurs

at lower temperature. This is confirmed by the polymer particle
size; as shown in Fig. 3b (square and triangle), at higher polymer
concentration, the polymer particles form at lower temperature.
These findings clearly indicate that higher polymer concentration
enhances the polymer aggregation and the formation of less polar
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Fig.4. (a) Temperature-dependent change in partial 'H NMR spectra of P1 measured
inD,0 (pH 2.0). (b) Change in the integrated proton intensity of CH resonances of the
polymer chain and NIPAM unit for P1 as a function of temperature. The CH intensity
at10°Cissetas 1.
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domain at lower temperature and, hence, results in fluorescence
enhancement at lower temperature.

As shown in Fig. 3b (square and triangle), with 1.0 and 0.5gL"!
polymer, the size of polymer particles become >200 um at c.a.
>33°C, as is also the case with 0.2gL~! polymer. As shown in
Fig. 3a, at this temperature range, the solution turbidity decreases
accordingly. These indicate that, also at these concentrations,
the huge polymer particle formation suppresses the incident
light absorption by the RD unit within the particles, leading
to fluorescence quenching at c.a. >33°C (Fig. 2). The obtained
fluorescence intensity-temperature profiles reveal that the use of
higher concentration of the RD-conjugated acrylamide polymer
makes the detectable (emissive) temperature range widen to lower
temperature.

3.3. Effect of adding other acrylamide components

Effect of adding other acrylamide components (NNPAM and NIP-
MAM) to the polymer on the fluorescence properties was studied.
As described [3a,c-e], aggregation of polyNNPAM and polyNIP-
MAM takes place at lower (ca. 19°C) and higher temperature
(ca. 46°C) than that of polyNIPAM (ca. 31°C). We synthe-
sized two types of polymers, poly(NIPAM-co-NNPAM-co-RD) (P2)
and poly(NIPAM-co-NIPMAM-co-RD) (P3), both containing simi-
lar amount of NNPAM or NIPMAM component to that of NIPAM.
The properties of the respective P2 and P3 polymers are summa-
rized in Table 1. Fig. 5 shows the temperature-dependent changes in
fluorescence intensity (Aexc =530 nm; Aem =571 nm) of the respec-
tive polymers measured in water with concentration of 0.2gL-1.
P2 polymer shows fluorescence enhancement at 25-30°C with
a maximum intensity at 27°C. In contrast, P3 polymer shows
enhancement at 40-55 °C with a maximum intensity at 46 °C. These
data clearly reveal that the addition of NNPAM and NIPMAM com-
ponents within the polymer changes the detectable (emissive)
temperature region to either lower or higher temperature.

Fig. 6a shows change in turbidity of the solution containing the
respective polymers. The turbidity increase of the P2 polymer solu-
tion occurs at >20°C. As shown in Fig. 6b, the polymer particle
forms also at >20°C. These occur at lower temperature than the
case with P1 polymer (>25 °C), and the data are consistent with the
fluorescence intensity increase (Fig. 5). With P3 polymer, the tur-
bidity increase and the polymer particle formation occur at higher
temperature (>35°C), and the data are also consistent with the

IF 571 nm

T/°C

Fig. 5. Temperature-dependent change in fluorescence intensity (Aexc=530nm;
Xem =571 nm) of P1, P2, and P3 polymers measured in water (pH 2.0) with con-
centration of 0.2 gL~". The detailed fluorescence, absorption, and excitation spectra
of P2 and P3 polymers are summarized in Figs. S6 and S7, respectively.
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Fig. 6. Temperature-dependent change in (a) turbidity (Asso nm ), (b) hydrodynamic
radius (Ry), and (c) integrated proton intensity of CH resonance of P1, P2, and P3
polymers in water (pH 2.0) with concentration of 0.2 g L-'. The Ry, data for solid and
dotted lines were obtained by dynamic and static laser scattering methods, respec-
tively. The detailed Ry, distribution data for P2 and P3 polymers are summarized in
Figs. S8 and S9, respectively. The change in '"H NMR spectra for P2 and P3 polymers
are summarized in Figs. S10 and S11, respectively.

fluorescence intensity increase (Fig. 5). Fig. 6¢c shows temperature-
dependent change in the integrated proton intensity of the CH
resonances for the respective polymers measured by 'H NMR. The
intensity decrease of the P2 and P3 polymers agrees reasonably
well with the increases in the solution turbidity (Fig. 6a), the parti-
cle size (Fig. 6b), and the fluorescence intensity (Fig. 5). These data
clearly indicate that the addition of NNPAM or NIPMAM leads to
a shift of the temperature for polymer aggregation and less polar
domain formation.
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As shown in Fig. 6b, the size of the polymer particle becomes
>200 pm at >33°C (P1), >27°C (P2), and >46°C (P3). At these
temperatures, both solution turbidity (Fig. 6a) and fluorescence
intensity (Fig. 5) decrease simultaneously. These data suggest that,
for both P2 and P3 polymers, the incident light absorption by the
RD units are suppressed by the huge polymer particles, resulting
in fluorescence quenching at higher temperature. The obtained
fluorescence intensity-temperature profiles (Fig. 5) clearly reveal
that the addition of other acrylamide components to the polymer
enables the detectable (emissive) temperature region to shift to
either lower or higher temperature.

4. Conclusion

Fluorescence behaviors of RD-conjugated NIPAM polymers,
exhibiting selective emission enhancement at specific temperature
ranges, have been studied in water. Effects of polymer concentra-
tion and addition of other acrylamide components to the polymer
have been investigated, with the following results:

(1) Poly(NIPAM-co-RD) dissolved in water with 0.2gL~! concen-
tration shows selective fluorescence enhancement at 25-40°C.
At higher polymer concentration, the emissive temperature
range is widened to lower temperature; use of 1.0 and 0.5gL~!
concentration shows fluorescence enhancement at 10-40 and
15-40°C, respectively. This is because higher polymer concen-
tration enhances the polymer aggregation, leading to less polar
domain formation to start at lower temperature.

(2) Addition of other acrylamide components to poly(NIPAM-co-
RD) enables the emissive temperature region to shift to either
lower or higher temperature; poly(NIPAM-co-NNPAM-co-RD)
and poly(NIPAM-co-NIPMAM-co-RD) show selective fluores-
cence enhancementat 25-30°Cand 40-55 °C, respectively. This
is because the addition of NNPAM or NIPMAM monomer leads
to a shift of aggregation temperature of the polymer.
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