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Introduction

Environment-sensitive fluorophores exhibit different fluo-
rescence properties (e.g., maximum emission wavelength,
fluorescence quantum yield, and fluorescence lifetime) de-
pending on their surroundings. In previous studies, prodan,[1]

ANS–Na,[2] dansylamine,[3] NBD-NHMe (nitrobenzofura-
zan),[4] and Nile red[5] (Figure 1, the chemical names are pro-

vided in the Experimental Section) were used as representa-
tive environment-sensitive fluorophores. Most conventional
environment-sensitive fluorophores, including these repre-
sentatives, exhibit weaker emission at longer wavelengths in
more polar and protic environments, but a few examples dis-
play different behavior.[6] Thus, environment-sensitive fluo-
rophores can be used for evaluating the microenvironment
near a three-dimensional structure, such as a protein,[7]

DNA,[8] micelle,[9] or silica.[10] In addition, the dynamic con-
formational changes of a protein that are induced by exter-
nal stimuli (e.g., heat,[11] voltage,[12] or inhibitors[13]), protein–

Abstract: An environment-sensitive
fluorophore can change its maximum
emission wavelength (lem), fluores-
cence quantum yield (Ff), and fluores-
cence lifetime in response to the sur-
rounding environment. We have devel-
oped two new intramolecular charge-
transfer-type environment-sensitive flu-
orophores, DBThD-IA and DBSeD-
IA, in which the oxygen atom of
a well-established 2,1,3-benzoxadiazole
environment-sensitive fluorophore,
DBD-IA, has been replaced by a sulfur
and selenium atom, respectively.
DBThD-IA is highly fluorescent in n-
hexane (Ff =0.81, lem = 537 nm) with
excitation at 449 nm, but is almost non-

fluorescent in water (Ff =0.037, lem =

616 nm), similarly to DBD-IA (Ff =

0.91, lem =520 nm in n-hexane; Ff =

0.027, lem =616 nm in water). A similar
variation in fluorescence properties
was also observed for DBSeD-IA (Ff =

0.24, lem =591 nm in n-hexane; Ff =

0.0046, lem =672 nm in water). An in-
tensive study of the solvent effects on
the fluorescence properties of these
fluorophores revealed that both the po-
larity of the environment and hydrogen

bonding with solvent molecules accel-
erate the nonradiative relaxation of the
excited fluorophores. Time-resolved
optoacoustic and phosphorescence
measurements clarified that both inter-
system crossing and internal conversion
are involved in the nonradiative relaxa-
tion processes of DBThD-IA and
DBSeD-IA. In addition, DBThD-IA
exhibits a 10-fold higher photostability
in aqueous solution than the original
fluorophore DBD-IA, which allowed
us to create a new robust molecular
nanogel thermometer for intracellular
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Figure 1. Chemical structures of representative examples of environment-
sensitive fluorophores.
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protein[14] (or protein–peptide[15]) interactions, and the inser-
tion of a protein into a cell membrane[16] can also be moni-
tored by using environment-sensitive fluorophores.[17]

Recently, another use for environment-sensitive fluoro-
phores was reported for new fluorescent sensing sys-
tems[18–20] in which an environment-sensitive fluorophore is
covalently attached to a stimulus-responsive macromolecule
(e.g., protein, peptide, or synthetic polymer). In the pioneer-
ing work reported by Walkup and Imperiali,[21] a zinc-bind-
ing peptide labeled with dansylamine functioned as a fluores-
cent zinc ion sensor: The environment-sensitive fluorophore
transformed the microenvironmental change induced by the
binding event between the peptide and the zinc ion into
a fluorescence signal. Within a decade, this type of fluores-
cent sensor was intensively developed to target various ions
(calcium,[22] copper,[23] lead,[24] sulfate,[25] and phosphate[26])
and small molecules (glucose,[27] maltose,[28] and gluta-
mine[29]). A fluorescent macromolecular sensor for Pi (inor-
ganic phosphate) has been used to study the kinetics of ATP
and GTP hydrolysis.[30]

A substituted 2,1,3-benzoxadiazole (benzofurazan)[31] is
one fluorophore that is very sensitive to changes in the po-
larity and the hydrogen-bonding ability of a solvent. Al-
though NBD-NHMe[4b] (Figure 1) is a more common and
readily available environment-sensitive fluorophore with
a benzofurazan structure, we used DBD-IA[32] (Figure 2) as

a more sensitive fluorophore in previous studies for the de-
velopment of thermoresponsive polymer-based fluorescent
thermometers.[33] Owing to the high sensitivity of DBD-IA
to its surroundings, a fluorescent polymeric thermometer
composed of a thermoresponsive poly(N-isopropylacryl ACHTUNGTRENNUNGam-ACHTUNGTRENNUNGide) unit (PNIPAM unit) and a DBD-IA unit emitted
a 13.3-fold increase in fluorescence when the temperature of
the aqueous solution increased from 29 to 37 8C. A very
small change (0.3–0.5 8C) in the temperature inside living
cells can be monitored by using a fluorescent polymeric
thermometer created in the same manner.[34]

In this paper, we report on disubstituted benzothiadiazole
and benzoselenadiazole derivatives (DBThD-IA and
DBSeD-IA, shown in Figure 2) as new environment-sensi-
tive fluorophores. The absorption and fluorescence spectra
as well as the fluorescence lifetimes of the synthesized
DBThD-IA and DBSeD-IA were measured in n-hexane,
1,4-dioxane, ethyl acetate, ethanol, 2,2,2-trifluoroethanol,

methanol, [D1]methanol (CH3OD), acetonitrile, DMSO,
water, and deuterium oxide to investigate the sensitivity of
the fluorophores to variations in their environment. Readers
can refer to our previous research in which the same set of
solvents were used to investigate the photophysical proper-
ties of DBD-IA.[32] The fluorescence properties of DBThD-
IA and DBSeD-IA in mixed solvents of 1,4-dioxane and
water were also measured and compared with those of con-
ventional environment-sensitive fluorophores. The photosta-
bilities of DBThD-IA, DBSeD-IA, and DBD-IA were mea-
sured in selected nonaqueous and aqueous solvents because
bioimaging with a fluorescence microscope is a potential ap-
plication of these environment-sensitive fluorophores. In ad-
dition, time-resolved optoacoustic[35] and phosphorescence
experiments were performed for DBThD-IA, DBSeD-IA,
DBD-IA, and their derivatives sensitized by an iridium com-
plex to determine the efficiencies of intersystem crossing
and internal conversion in the relaxation processes.

Finally, one of the new fluorophores, DBThD-IA, was
used as an environment-sensitive fluorophore to construct
a fluorescent polymeric thermometer because it exhibits
high photostability compared with DBD-IA used in previous
studies.[32–34] A fluorescent monomer, DBThD-AA
(Figure 3), and a fluorescent nanogel thermometer com-
posed of DBThD-IA units were
prepared. Studies on living cells
revealed that this new fluores-
cent nanogel thermometer is re-
markably resistant to photo-
bleaching and therefore suit-ACHTUNGTRENNUNGable for long-term monitoring
of intracellular temperatures.
Thus, DBThD-IA can replace
DBD-IA, especially in cases in
which the environment-sensi-
tive-fluorophore-containing flu-
orescent macromolecular
sensor has been designed for
biological experiments accom-
panied by light irradiation.

Results

Synthesis of DBThD-IA and DBSeD-IA : DBThD-IA and
DBSeD-IA were synthesized according to Scheme 1. The
2,1,3-benzthiodiazole ring was obtained by the reaction be-
tween 1-chloro-2,3-diaminobenzene with N-thionylaniline,
whereas the 2,1,3-benzoselenadiazole ring was constructed
from the same diaminobenzene and selenium dioxide. A di-
methylsulfamoyl group was introduced into the aromatic
rings by using chlorosulfuric acid and an equimolar amount
of dimethylamine. The chloro group was then replaced by
an amino group by using N,N’-dimethylethylenediamine and
subsequent acylation with isobutyric anhydride afforded
DBThD-IA and DBSeD-IA.

Figure 2. Chemical structures of DBD-IA, DBThD-IA, and DBSeD-IA.

Figure 3. Chemical structure of
a new environment-sensitive
fluorescent monomer, DBThD-
AA.
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Absorption and fluorescence properties of DBThD-IA and
DBSeD-IA : The absorption and fluorescence spectra of
DBThD-IA and DBSeD-IA were recorded in 11 solvents of
various polarities and hydrogen-bonding abilities, that is, n-
hexane, 1,4-dioxane, ethyl acetate, ethanol, 2,2,2-trifluoro-ACHTUNGTRENNUNGethanol, methanol, [D1]methanol (CH3OD), acetonitrile,
DMSO, water, and deuterium oxide. Representative absorp-
tion and fluorescence spectra of DBThD-IA and DBSeD-
IA are shown in Figure 4, and the maximum absorption
wavelengths, molar absorption coefficients, maximum emis-
sion wavelengths, and fluorescence quantum yields are listed
in Table 1. The fluorescence lifetimes of DBThD-IA and
DBSeD-IA were measured in the same solvents. Represen-
tative fluorescence decay curves are also shown in Figure 4.
Each fluorescence decay curve is well fitted by a single-ex-
ponential curve and the fluorescence lifetimes are listed in
Table 1. The fluorescence and nonradiative rate constants
were calculated and are also listed in Table 1. The results in-
dicate that the fluorescence properties, that is, the maximum
emission wavelengths, fluorescence quantum yields, and
fluorescence lifetimes of DBThD-IA and DBSeD-IA are af-
fected by the solvent, whereas the absorption properties,
that is, the maximum absorption wavelengths and molar ab-
sorption coefficients, are relatively independent of solvent.
In less polar or less protic solvents, the fluorescence quan-
tum yields of both fluorophores are higher and their fluores-
cence lifetimes are longer. Comparison of the fluorescence
properties of DBThD-IA and DBSeD-IA in the same sol-

vent revealed that the former fluoresces more strongly at
a shorter wavelength, as indicated in Table 1.

Absorption and fluorescence properties of conventional en-
vironment-sensitive fluorophores : The absorption and fluo-
rescence spectra of prodan, ANS-Na, dansylamine, NBD-
NHMe, Nile red, and DBD-IA were recorded in binary mix-
tures of 1,4-dioxane and water (see Figure S1 in the Sup-
porting Information). For comparison, the absorption and
fluorescence spectra of DBThD-IA and DBSeD-IA were
also recorded in mixtures of 1,4-dioxane and water. The
maximum absorption wavelengths, maximum emission
wavelengths, and fluorescence quantum yields are presented
in Table 2.

Photostabilities of DBThD-IA, DBSeD-IA, and DBD-IA :
To evaluate the stabilities of DBThD-IA, DBSeD-IA, and
DBD-IA in the excited state, photolysis experiments were

Scheme 1. Synthesis of DBThD-IA and DBSeD-IA. Reagents and condi-
tions: i) PhNSO, toluene, reflux, 3 h (86 %); ii) ClSO3H, 0 8C, 1.5 h!
150 8C, 2.5 h (79 %); iii) Me2NH, H2O, MeCN, CH2Cl2, RT, 30 min
(98 %); iv) N,N’-dimethylethylenediamine, MeCN, 80 8C, 1 h (>99%);
v) isobutyric anhydride, TEA, MeCN, RT, 1 h (78 %); vi) SeO2, EtOH,
80 8C, 30 min (99 %); vii) ClSO3H, 0 8C, 1 h!150 8C, 3 h (66 %); viii)
Me2NH, H2O, MeCN, CH2Cl2, RT, 30 min (85 %); ix) N,N’-dimethyleth ACHTUNGTRENNUNGyl-ACHTUNGTRENNUNGenediamine, MeCN, 80 8C, 1 h (>99%); x) isobutyric anhydride, TEA,
CH2Cl2, RT, 17 min (68 %).

Figure 4. Representative absorption (black, 30 mm) and fluorescence (col-
ored, 5 mm, excited at labs) spectra (top) and fluorescence decay curves
(5 mm, at lem with excitation at 456 nm) (bottom) of a) DBThD-IA and
b) DBSeD-IA at 25 8C in 1,4-dioxane (orange), acetonitrile (black and
red), ethanol (purple), methanol (blue), and water (green).
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carried out. Figure 5 shows the changes in the absorption
spectra of DBThD-IA, DBSeD-IA, and DBD-IA in acetoni-
trile following photoirradiation with an ultra-high-pressure
mercury lamp (l>390 nm).[36] The absorption spectrum of
DBThD-IA was largely unchanged following photoirradia-
tion for 20 min, whereas the spectra of DBSeD-IA and
DBD-IA showed photodecomposition under the same con-
ditions. To determine whether the photoreactive state was
a singlet or a triplet, complementary photolysis experiments
were also performed on DBSeD-IA and DBD-IA in de-ACHTUNGTRENNUNGaerated acetonitrile and indicated that the photodecomposi-
tion of DBSeD-IA was dramatically suppressed in the ab-
sence of dissolved oxygen (see Figure S2 in the Supporting
Information). The quantum yields for the photodecomposi-
tion were determined in 1,4-dioxane, acetonitrile, methanol,
and a mixture of water and methanol (4:1, v/v) by using
a previously established method with a spectrofluorimeter
and HPLC.[37] As shown in Table 3, the quantum yields were
found to be (1.6–5.9) � 10�4 for DBThD-IA, (0.8–12) � 10�3

for DBSeD-IA, and (1.7–3.8) �10�3 for DBD-IA.[38] These
results indicate that DBThD-IA is more stable than
DBSeD-IA or DBD-IA under photoirradiation.

Intersystem crossing and internal conversion of DBThD-IA,
DBSeD-IA, and DBD-IA : Intersystem crossing and internal
conversion were investigated to gain an in-depth under-
standing of the relaxation process from the first singlet ex-
cited (S1) state of the fluorophores. First, optoacoustic meas-
urements were performed in acetonitrile, methanol, and
water as solvent; relatively low signal amplitudes were ob-

served for DBThD-IA, DBSeD-IA, and DBD-IA in all sol-
utions compared with those of the reference solutions (see
Figures S3–S5 in the Supporting Information and also the
b values derived from Equation (5) in the Experimental Sec-
tion and listed in Table 4). This result indicates that a certain
degree of intersystem crossing is involved in the relaxation
processes of DBThD-IA, DBSeD-IA, and DBD-IA. The
phosphorescence spectra of these fluorophores were then re-
corded to determine the dissipated energy from the first
triplet excited (T1) state. Although no phosphorescence was
observed from DBThD-IA, DBSeD-IA, or DBD-IA, the
phosphorescence spectra corresponding to DBThD-IA and
DBD-IA could be obtained from DBThD-BTPSA and
DBD-BTPSA, which have a sensitizing iridium complex,
BTPSA, unit in addition to the fluorescent DBThD-IA or
DBD-IA moiety (Figure 6). These iridium complexes were
obtained by the condensation of BTPSA with the fluores-
cent amine with a benzothiadiazole or benzoxadiazole ring
(see Scheme S1 in the Supporting Information). Iridium
complexes generally show strong phosphorescence, even at
room temperature.[39] In DBThD-BTPSA and DBD-
BTPSA, triplet–triplet energy transfer occurred from the
BTPSA unit to the DBThD-IA and DBD-IA fluorophores.
Because the quantum yields for photodecomposition were
negligible for DBThD-IA, DBSeD-IA, and DBD-IA (see
Table 3), the quantum yields for intersystem crossing (or in-
ternal conversion) could be calculated from the b values ob-
tained from the optoacoustic measurements, the dissipated
energies of the S1 state (determined from the fluorescence
spectra) and the T1 state (determined from the phosphores-

Table 1. Photophysical properties of DBThD-IA and DBSeD-IA in various solvents at 25 8C: Maximum absorption wavelength (labs), molar absorption
coefficient (e), maximum emission wavelength (lem), fluorescence quantum yield (Ff), fluorescence lifetime (tf), fluorescence rate constant (kf), and non-
radiative rate constant (knr).

Compound Solvent D[a] a[b] labs [nm] e [m�1 cm�1] lem [nm] Ff tf [ns] kf [107 s�1] knr [107 s�1]

DBThD-IA n-hexane 1.88 0.00 449 8100 537 0.81 22.9 3.5 0.8
1,4-dioxane 2.24 0.00 448 7700 570 0.73 22.6 3.2 1.2
ethyl acetate 6.02 0.00 449 7600 573 0.68 21.2 3.2 1.5
ethanol 24.6 0.83 448 8000 581 0.39 15.2 2.6 4.0
2,2,2-trifluoroethanol 26.5 1.51 443 9500 590 0.13 7.0 1.8 12
methanol 32.7 0.93 447 7900 589 0.27 12.0 2.3 6.1
[D1]methanol 31.7[c] 447 7800 590 0.39 16.0 2.4 3.8
acetonitrile 37.5 0.19 448 8000 586 0.49 18.6 2.6 2.7
DMSO 46.7 0.00 455 8100 598 0.40 14.4 2.8 4.2
water[d] 80.4 1.17 449 8300 616 0.037 1.90 1.9 51
deuterium oxide[d] 78.3[e] 449 8200 619 0.10 5.65 1.8 16

DBSeD-IA n-hexane 1.88 0.00 489 7000 591 0.24 11.6 2.1 6.6
1,4-dioxane 2.24 0.00 485 7000 624 0.14 6.8 2.1 13
ethyl acetate 6.02 0.00 484 7100 629 0.12 6.3 1.9 14
ethanol 24.6 0.83 482 7200 638 0.059 3.5 1.7 27
2,2,2-trifluoroethanol 26.5 1.51 482 8400 645 0.018 1.3 1.4 74
methanol 32.7 0.93 482 7700 644 0.038 2.5 1.5 38
[D1]methanol 31.7[c] 481 7600 648 0.061 3.7 1.7 26
acetonitrile 37.5 0.19 484 7700 639 0.089 5.3 1.7 17
DMSO 46.7 0.00 485 7000 653 0.093 4.6 2.0 20
water 80.4 1.17 486 7700 672 0.0046 0.45 1.0 220
deuterium oxide 78.3[e] 485 8300 682 0.016 1.1 1.4 89

[a] Dielectric constant of the solvent. [b] Hydrogen-bond donor acidity of the solvent from ref. [62]. DBThD-IA and DBSeD-IA behave only as a hydro-
gen-bond acceptor because there is no acidic proton in the structure. [c] See ref. [63] . [d] The photophysical data in this solvent is cited from ref. [32].
[e] See ref. [64].
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cence spectra), and the fluorescence quantum yields (see the
Experimental Section).[35] In the photophysical analysis of
DBSeD-IA, for which no related phosphorescence spectra
could be obtained, we assumed
that the energy difference be-
tween the S1 and T1 states is
constant in DBThD-IA and
DBSeD-IA (i.e., 2940 cm�1, de-
termined from DBThD-IA and
DBThD-BTPSA). Hence, the
maximum phosphorescence
wavelength of DBSeD-IA is
754 nm. This assumption led to
an error in the calculated quan-
tum yield of less than 0.06. The
quantum yields for the intersys-
tem crossing and internal con-

version and the corresponding rate constants for DBThD-
IA, DBSeD-IA, and DBD-IA are presented in Table 4.

Table 2. Photophysical properties of DBThD-IA, DBSeD-IA, and con-
ventional environment-sensitive fluorophores in mixtures of 1,4-dioxane
and water at 25 8C.

Compound Water [%, v/v] labs [nm] lem [nm] Ff

DBThD-IA 0 448 570 0.73
25 450 589 0.34
50 450 600 0.19
75 450 605 0.089

100 449 616 0.037
DBSeD-IA 0 485 624 0.14

25 485 645 0.061
50 486 654 0.033
75 487 660 0.015

100 486 672 0.0046
prodan 0 348 423 0.63

25 358 489 0.74
50 372 503 0.58
75 368 516 0.36

100 356 529 0.16
ANS-Na 0 376 480 0.48

25 373 488 0.18
50 371 501 0.065
75 367 522 0.015

100 351 538 0.0021
dansylamine 0 335 487 0.60

25 334 524 0.48
50 332 545 0.32
75 328 556 0.14

100 325 585 0.062
NBD-NHMe 0 450 520 0.77

25 466 542 0.38
50 472 546 0.19
75 476 558 0.093

100 478 569 0.042
Nile red 0 522 588 0.94

25 549 640 0.79
50 568 653 0.47
75 585 661 0.23

100 ND[a] ND[a] ND[a]

DBD-IA 0 444 555 0.91
25 450 584 0.34
50 452 602 0.17
75 453 606 0.071

100 452 616 0.027

[a] Could not be determined because of low solubility.

Figure 5. Changes in the absorption spectra of DBThD-IA (24 mm),
DBSeD-IA (31 mm), and DBD-IA (20 mm) in acetonitrile upon photoirra-
diation (l>390 nm) at 25 8C.

Table 3. Photodecomposition quantum yields (Fd) for DBD-IA,
DBThD-IA, and DBSeD-IA at 25 8C under photoirradiation at 450 nm.

Compound Solvent Fd

DBThD-IA 1,4-dioxane 0.00024
acetonitrile 0.00059
methanol 0.00016
water/methanol (4:1, v/v) 0.00017

DBSeD-IA 1,4-dioxane 0.0025
acetonitrile 0.012
methanol 0.00080
water/methanol (4:1, v/v) 0.0014

DBD-IA 1,4-dioxane 0.0019
acetonitrile 0.0038
methanol 0.0023
water/methanol (4:1, v/v) 0.0017

Table 4. Nonradiative relaxation of DBThD-IA, DBSeD-IA, and DBD-IA from the excited state at 25 8C;
average energy dissipated by fluorescence from the S1 state (<ES>), the fraction of energy (b), the quantum
yields of intersystem crossing (Fisc) and internal conversion (Fic), and the rate constants of intersystem cross-
ing (kisc) and internal conversion (kic).

Compound Solvent <ES> [cm�1] b Fisc Fic kisc [107 s�1] kic [107 s�1]

DBThD-IA acetonitrile 16411 0.671 0.29 0.22 1.6 1.2
methanol 16311 0.808 0.19 0.54 1.6 4.5
water 15556 0.846 0.35 0.61 18 32

DBSeD-IA acetonitrile 15103 0.712 0.72 0.19 14 3.7
methanol 15002 0.697 0.82 0.14 33 5.6
water 14498 0.733 0.76 0.24 168 53

DBD-IA acetonitrile 16612 0.665 0.11 0.23 0.63 1.3
methanol 16361 0.782 0.24 0.47 2.7 5.3
water 15556 0.840 0.39 0.59 36 54
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Application of DBThD-IA in a fluorescent nanogel ther-
mometer for intracellular thermometry : The high environ-
mental sensitivity and enhanced photostability of DBThD-
IA allowed us to develop a new fluorescent nanogel ther-
mometer for intracellular thermometry by using this new
fluorophore. In a previous study we developed a fluorescent
nanogel thermometer consisting of a thermoresponsive poly-
NIPAM unit and a crosslinking MBAM unit (Figure 7) in
addition to a fluorescent DBD-IA unit.[34] In this study the
DBD-IA unit in the fluorescent nanogel thermometer was
replaced by the DBThD-IA unit to improve the photostabil-
ity of the thermometer during intracellular thermometry.
The corresponding fluorescent monomer, DBThD-AA, was
synthesized and a fluorescent nanogel thermometer contain-
ing DBThD-IA units (termed “DBThD nanogel” in this
paper) was prepared. The size of the DBThD nanogel was
measured by TEM (Figure 7) and dynamic light scattering
(see Figure S6 in the Supporting Information). The fluores-
cence response of the DBThD nanogel to temperature var-

iations was examined in a COS7 cell extract (Figure 8) and
KCl aqueous solutions (0–200 mm, see Figure S7 in the Sup-
porting Information). As shown in Figure 8, the fluorescence
intensity of the DBThD nanogel increased 5.9-fold in the
COS7 cell extract when the solution temperature was in-
creased from 23 to 35 8C. Conversely, the fluorescence life-
time of the DBThD nanogel extended from 6.6 to 14.8 ns as
the temperature increased from 20 to 32 8C.[40] Finally, the
functionality of the DBThD nanogel inside living COS7
cells was assessed after microinjection of the nanogel into
the cytoplasm. The DBThD nanogels exhibited remarkable
photostability (Figure 9), retaining their sensitivity to
changes in cellular temperature (see Figure S8 in the Sup-
porting Information). At 36 8C, the photodecomposition rate
of the DBThD nanogels was only 22 % of that of the origi-
nally reported DBD nanogels. Note that the photodecompo-

Figure 6. a) Chemical structures of DBD-BTPSA, DBThD-BTPSA, and
DBSeD-BTPSA. b) Phosphorescence spectra of DBThD-BTPSA and
DBD-BTPSA in 2-methyltetrahydrofuran at 77 K. Because the phosphor-
escence from DBThD-BTPSA originates from both the DBThD and
BTPSA units, the phosphorescence spectrum of BTPSA (dotted line) was
subtracted from that of DBThD-BTPSA (thin solid line) to obtain the
spectrum of the DBThD moiety (thick solid line). The absorption of each
sample was adjusted to approximately 0.2 at 450 nm.

Figure 7. a) Chemical structures of a thermoresponsive polyNIPAM unit
and a crosslinking MBAM unit. b) TEM image of the DBThD nanogels
in the dried state. The diameter of the DBThD nanogels was 48.4�
6.4 nm (mean� s.d.).

Figure 8. Behavior of the DBThD nanogel (0.002 w/v %) in the COS7
cell extract. Variation in the fluorescence intensity (*) and lifetime (*)
with temperature.
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sition of the DBThD nanogels was accelerated at higher
temperatures. The magnitude of the photodecomposition of
the DBThD nanogels inside COS7 cells at 23 8C was 63 % of
that at 36 8C. In conclusion, the new environment-sensitive
fluorophore DBThD-IA successfully improves the photosta-
bility of the fluorescent nanogel thermometer.

Discussion

Solvent effects on the fluorescence properties of DBThD-
IA and DBSeD-IA : As summarized in Table 1, the maxi-
mum emission wavelengths of DBThD-IA and DBSeD-IA
shift bathochromically in polar solvents, whereas the absorp-
tion wavelengths of these compounds are relatively un-
changed regardless of the solvent. This feature can be as-
cribed to the intramolecular charge transfer (ICT) character
of the excited state of DBThD-IA and DBSeD-IA, which
contain both electron-pushing and -pulling systems within
a single molecule.[41] As a result of the excitation, the dipole
moments of DBThD-IA and DBSeD-IA increase with elec-
tron transfer from the amino substituent to the benzothia-
diazole or benzoselenadiazole ring.[42] Because a greater sta-
bilization of the energy level is provided between a solute
with a larger dipole moment and a more polar solvent, the
maximum emission wavelengths of DBThD-IA and
DBSeD-IA are redshifted when the polarity of the solvent
is increased.

The fluorescence quantum yields of DBThD-IA and
DBSeD-IA are affected by the polarity and hydrogen-bond-
ing ability of the solvents. The calculated fluorescence and
nonradiative rate constants (kf and knr in Table 1) indicate
that the variation in the fluorescence quantum yield of these
fluorophores as a function of solvent is due to a difference
in the nonradiative rate constant but not the fluorescence
rate constant. Figure 10 shows the relationship between the
knr value of the nonradiative relaxation process and the
maximum emission energy. In aprotic solvents (*), a good
linear relationship (known as the “energy-gap law”[43]) is ob-
served for both DBThD-IA and DBSeD-IA. Thus, it can be
concluded that the polarity of the solvent influences the
fluorescence quantum yield of DBThD-IA and DBSeD-IA.
In protic solvents (*), the calculated knr values are larger
than those expected based on the energy-gap law. This dis-
crepancy indicates that the hydrogen bonding between the
fluorophore and the solvent molecule(s) contributes to the
nonradiative relaxation process. The effects of the hydrogen
bonding on the nonradiative relaxation process were also
confirmed by deuterium isotope effects.[44] For instance, the
knr value of DBThD-IA in [D1]methanol (3.8 �107 s�1) is
63 % of that in methanol, and that in deuterium oxide (1.6 �
108 s�1) is 31 % of that in water, which indicates that hydro-
gen bonding with solvent molecules promotes the nonradia-
tive relaxation of DBThD-IA. Similar deuterium isotope ef-
fects were also observed for the knr value of DBSeD-IA.
Based on our previous research regarding solvent effects on
the photophysical properties of DBD-IA,[32] the hydrogen-
bonding sites in DBThD-IA and DBSeD-IA are thought to
be the nitrogen atoms in the benzothiadiazole and benzose-
lenadiazole rings, respectively, in addition to the oxygen
atoms in the dimethylsulfamoyl group of the substituent. In

Figure 9. a) Phase-contrast and fluorescence images of a living COS7 cell
containing the DBThD nanogels. Bar: 10 mm. b) Photostability of the
DBThD (*) and the DBD nanogels (*) in living COS7 cells at 36 8C
upon continuous photoirradiation at 488 nm (laser power at the sample
plane: 63.5 mW). The total fluorescence intensity of the nanogels inside
a cell at 0 s was set to unity and averaged for 7 cells (for DBThD nano-
gels) or 10 cells (for DBD nanogels). Error bar: � s.d.

Figure 10. Relationship between the nonradiative rate constant and the
maximum emission number for a) DBThD-IA and b) DBSeD-IA in
aprotic (*) and protic (*) solvents.
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summary, the fluorescence properties of DBThD-IA and
DBSeD-IA are influenced by the polarity of the environ-
ment and hydrogen bonding with solvent molecules, and
they fluoresce strongly in both apolar and aprotic solvents.

Comparison of the fluorescence properties of DBSeD-IA
and DBThD-IA (or of DBSeD-IA and DBD-IA): The ab-
sorption and emission wavelengths of DBSeD-IA are longer
than those of DBThD-IA and DBD-IA by 30–57 nm. Thus,
the selenium atom in benzoselenadiazole has different ef-
fects on the absorption and fluorescence properties than the
sulfur atom in benzothiadiazole and the oxygen atom in
benzoxadiazole. The reason for this difference is thought to
be the involvement of a d-orbital electron in the excitation
and fluorescence processes. Similar effects of the selenium
atom have been reported for the absorption wavelengths of
nonsubstituted benzoxadiazole analogues[45] and the absorp-
tion and emission wavelengths of rhodamine[46] and alkyl-ACHTUNGTRENNUNGthio ACHTUNGTRENNUNGbenzoxadiazole analogues,[47] although a sulfur atom also
produces a bathochromic shift in comparison with an
oxygen atom in the case of the rhodamine analogues. In ad-
dition, the fluorescence quantum yield of DBSeD-IA is
smaller than that of DBThD-IA (by one eighth to one third,
depending on the solvent), whereas this difference was not
observed between DBThD-IA and DBD-IA (see Table 1
and ref. [32]). The effects of the selenium atom on the fluo-
rescence quantum yield could be ascribed to the heavy atom
effect,[45,48] which promotes intersystem crossing as a nonra-
diative relaxation process competing with the fluorescence
(cf. the spin–orbit coupling constants of oxygen, sulfur, and
selenium are 154, 365, and 1659 cm�1, respectively[49]). In
fact, our optoacoustic measurements revealed that the quan-
tum yield for intersystem crossing in DBSeD-IA (e.g., 0.82
in methanol) is higher than those of DBThD-IA (0.19) and
DBD-IA (0.24).

Comparison of the environmental sensitivity of the new and
conventional environment-sensitive fluorophores : In this
study, the sensitivity of a fluorophore to the surrounding en-
vironment was evaluated by using the ratio of the fluores-
cence quantum yields in 1,4-dioxane and water (for original
data, see Table 2). In principle, this ratio of fluorescence
quantum yields reflects the sensitivity of stimulus-responsive
fluorescent sensors containing the environment-sensitive flu-
orophores. The ratios of the fluorescence quantum yields de-
crease in the order ANS-Na (230)>DBD-IA (33.9)>
DBSeD-IA (31.1)>DBThD-IA (19.7)>NBD-NHMe
(18.3)>dansylamine (9.6)>prodan (4.0). Thus, the new flu-
orophores, DBThD-IA and DBSeD-IA, have moderate sen-
sitivity to their environment. When an environment-sensi-
tive fluorophore is incorporated into a stimulus-responsive
macromolecule to develop a fluorescent sensor for an intra-
cellular monitoring system, the most sensitive ionized ANS-
Na can easily suffer from undesirable interactions with cel-
lular molecules because of its static electric charge. In addi-
tion, the excitation of ANS-Na, dansylamine, and prodan at
short wavelengths (less than 400 nm) can cause serious

damage to a living cell. Therefore we concluded that
DBThD-IA and DBSeD-IA are good candidates as environ-
ment-sensitive fluorophores for a component of an intracel-
lular fluorescent sensing system based on a stimulus-respon-
sive macromolecule.

Comparison of the photostabilities of DBThD-IA, DBSeD-
IA, and DBD-IA : The most important finding in this re-
search has been that DBThD-IA is more stable than DBD-
IA under photoirradiation. The reason for this difference is
unclear, but it is assumed to be a result of the variation in
the bond dissociation energy of the N�S bond in the benzo-
thiadiazole ring and the N�O bond in the benzoxadiazole
ring, based on the literature regarding the photodecomposi-
tion processes of nonsubstituted benzoxadiazole[50] and 4,7-
dimethyl-2,1,3-benzoxadiazole.[51] The high photostability of
DBThD-IA encouraged us to create a DBThD nanogel as
a photostable fluorescent thermometer for intracellular ther-
mometry. In contrast to DBThD-IA, the photostability of
DBSeD-IA is comparable to that of DBD-IA (see Table 3).
Complementary photolysis experiments (see Figure S2 in
the Supporting Information) indicated that the photodecom-
position of DBSeD-IA is initiated by a reaction with oxygen
in the triplet excited state and does not involve the singlet
excited state. Conversely, dissolved oxygen was not observed
to influence the photolysis experiment of DBD-IA, which
suggests that the photodecomposition of DBD-IA occurs
from the singlet excited state. This conclusion is supported
by the photodecomposition mechanism of 1,2,5-oxadiazoles
reported in the literature.[52] Although they have similar
structures, DBSeD-IA and DBD-IA undergo photolysis by
different mechanisms.

Functional improvement of a fluorescent nanogel thermom-
eter by using DBThD-IA as an environment-sensitive fluo-
rophore : Recent progress in fluorescent molecular ther-
mometers has inevitably triggered an explosion of tempera-
ture measurements in extremely small spaces.[53] In particu-
lar, a fluorescent polymeric thermometer that combines
a thermoresponsive polymer and an environment-sensitive
fluorophore offers unprecedented sensitivity to variations in
temperature and thus can be used to detect subtle changes
in intracellular temperature.[34] Functional improvements in
the fluorescent polymeric thermometer, gelation,[34, 54] modi-
fication of functional temperature ranges,[33b, d,55] and the pro-
motion of solubility[33d, 34] have been achieved by optimizing
the chemical structure of a thermoresponsive polymer. Simi-
larly, changing the environment-sensitive fluorophore in the
fluorescent polymeric thermometer resulted in an increase
in sensitivity and a bathochromic shift of the excitation
wavelength.[56] This report describes the first study to im-
prove the photostability of a fluorescent polymeric ther-
mometer. As shown in Figure 9, the DBThD nanogel has
a 4.8-fold greater durability in living COS7 cells than our
original fluorescent nanogel thermometer, the DBD nano-
gel. When an intracellular thermometry is conducted, this
improved photostability of the fluorescent polymeric ther-
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mometer will be quite helpful because more reliable and
long-term temperature monitoring can be achieved. Finally,
we expect that the new environment-sensitive fluorophore
developed in this study, DBThD-IA, can make fluorescent
polymeric thermometers more accessible to biologists who
are trying to correlate intracellular temperatures with vari-
ous cellular events.

In this study, we synthesized the new fluorophores
DBThD-IA and DBSeD-IA and used their absorption, fluo-
rescence, and phosphorescence spectra, and their optoacous-
tic signals to examine their photophysical and photochemi-
cal properties. Both DBThD-IA and DBSeD-IA showed en-
vironment-sensitive fluorescence that was efficient in apolar
and aprotic solvents, and DBThD-IA also indicated good
photostability. These characteristics allowed us to use
DBThD-IA as an environment-sensitive fluorophore to de-
velop a new fluorescent nanogel thermometer. To perform
accurate thermometry measurements of cells and tissues in
the future, we are investigating useful fluorescent thermom-
eters containing DBThD-IA with the aim of creating anoth-
er environment-sensitive fluorophore that can be excited
around a red or near-infrared region.

Experimental Section

Materials and apparatus : DBD-IA (N,2-dimethyl-N-(2-{methyl[7-(di-ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGylsulfamoyl)-2,1,3-benzoxadiazol-4-yl]amino}ethyl)propanamide),[32]

DBThD-IA (N,2-dimethyl-N-(2-{methyl[7-(dimethylsulfamoyl)-2,1,3-ben-
zothiadiazol-4-yl]amino}ethyl)propanamide),[32] NBD-NHMe (4-methyl-ACHTUNGTRENNUNGamino-7-nitro-2,1,3-benzoxadiazole),[4b] and the DBD nanogel[34] were ob-
tained as previously reported. ANS-Na (sodium 8-anilino-1-naphthalene-
sulfonate), dansylamine (1-(dimethylamino)-5-naphthalenesulfonamide),
isobutyric anhydride, and Nile red (9-diethylamino-5H-benzo[a]phenoxa-
zine-5-one) were purchased from TCI. Prodan (6-propionyl-2-(dimethyl-ACHTUNGTRENNUNGamino)naphthalene) was purchased from AnaSpec. Acetonitrile, 1,4-di-
oxane, DMSO, ethyl acetate, n-hexane, and methanol were of spectro-
photometric grade (Dojindo or Wako Pure Chemicals). Ethanol (dehy-
drated, 99.5 %), rhodamine B, and NIPAM (N-isopropylacrylamide) were
purchased from Wako Pure Chemicals. 2,2,2-Trifluoroethanol was ob-
tained from Acros. [D1]Methanol (CH3OD; 99.5 atom % D), deuterium
oxide (99.9 atom % D), and MBAM (N,N’-methylenebis(acrylamide))
were purchased from Sigma–Aldrich. Water was purified by using
a Milli-Q reagent system, Direct-Q 3 UV (Millipore). The solvents were
aerated unless otherwise noted. All other reagents were of reagent grade
and used without further purification.
1H NMR spectra were obtained by using a Bruker Avance 400 spectrom-
eter. J values are given in hertz. Mass spectra acquired with an electro-
spray ionization (ESI) system were recorded with a Bruker micrOTOF-
05 spectrometer. The melting points were measured with a Yanagimoto
Micro Melting Point Apparatus or a Round Science RFS-10 and are un-
corrected.

Synthesis : The synthesis procedures for the iridium complex, BTPSA
(bis(2-(2’-benzothienyl)pyridinato-N,C3’)iridium(succinylacetonate)), and
its derivatives (DBThD-BTPSA, DBSeD-BTPSA, and DBD-BTPSA)
are described in the Supporting Information.

4-Chloro-2,1,3-benzoselenadiazole: 1-Chloro-2,3-diaminobenzene (600mg,
4.21 mmol)[57] was dissolved in ethanol (6 mL). After the addition of sele-
nium dioxide (490 mg, 4.42 mmol) in hot ethanol (10 mL), the mixture
was stirred at 80 8C for 30 min. The reaction mixture was then evaporated
under reduced pressure and the residue was purified by column chroma-
tography on silica gel with dichloromethane/n-hexane (1:1) as eluent to
produce 4-chloro-2,1,3-benzoselenadiazole (905 mg, 99%) as a white

powder. M.p. 163–164 8C (lit. :[58] 158–161 8C); 1H NMR (400 MHz,
CDCl3): d=7.78 (dd, J ACHTUNGTRENNUNG(H,H) =9.0, 1.0 Hz, 1 H), 7.53 (dd, J ACHTUNGTRENNUNG(H,H) = 7.0,
1.0 Hz, 1 H) 7.43 ppm (dd, J ACHTUNGTRENNUNG(H,H) = 7.0, 9.0 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d =160.5, 157.4, 129.4, 128.2, 127.9, 122.4 ppm;
HRMS (ESI): m/z calcd for C6H4ClN2Se+ H+ : 218.9228 [M+H]+ ; found:
218.9232; elemental analysis calcd (%) for C6H3ClN2Se: C 33.13, H 1.39,
N 12.88; found: C 33.46, H 1.62, N, 12.76.

7-Chloro-2,1,3-benzoselenadiazole-4-sulfonyl chloride : 4-Chloro-2,1,3-
benzoselenadiazole (600 mg, 2.76 mmol) was dissolved in chlorosulfuric
acid (5 mL) at 0 8C. The mixture was stirred at 0 8C for 1 h and then
heated at 150 8C for 3 h. After the reaction, the mixture was poured into
ice/water (300 mL) and the product was extracted with dichloromethane
(200 mL � 2). The organic layer was dried over Na2SO4 and was evaporat-
ed to dryness under reduced pressure. The residue was purified by
column chromatography on silica gel with dichloromethane as eluent to
produce 7-chloro-2,1,3-benzoselenadiazole-4-sulfonyl chloride (574 mg,
66%) as a white powder. M.p. 220 8C (decomp.); 1H NMR (400 MHz,
CDCl3): d=8.31 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1 H), 7.74 ppm (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz,
1H); 13C NMR (100 MHz, CDCl3): d=157.6, 152.5, 136.8, 134.7, 132.4,
126.0 ppm; HRMS (ESI): m/z calcd for C6H3Cl2N2O2SSe+H+ : 316.8457
[M+H]+ ; found: 316.8456; elemental analysis calcd (%) for
C6H2Cl2N2O2SSe: C 22.80, H 0.64, N 8.86; found: C 22.98, H 0.89, N 8.88.

7-Chloro-N,N-dimethyl-2,1,3-benzoselenadiazole-4-sulfonamide (DBSeD-
Cl): 7-Chloro-2,1,3-benzoselenadiazole-4-sulfonyl chloride (300 mg,
0.949 mmol) was dissolved in dichloromethane (20 mL). After the addi-
tion of a mixture of 50% dimethylamine solution (0.5 mL) and acetoni-
trile (1.5 mL), the resultant solution was stirred at room temperature for
30 min. After the reaction, the mixture was evaporated to dryness under
reduced pressure and the residue was purified by column chromatogra-
phy on silica gel with dichloromethane as eluent to produce DBSeD-Cl
(261 mg, 85%) as a white powder. M.p. 201–202 8C; 1H NMR (400 MHz,
CDCl3): d=8.15 (d, J ACHTUNGTRENNUNG(H,H) = 7.4 Hz, 1H), 7.65 (d, J ACHTUNGTRENNUNG(H,H) =7.6 Hz, 1H),
2.96 ppm (s, 6 H); 13C NMR (100 MHz, CDCl3): d=157.7, 154.9, 133.1,
130.9, 126.9, 126.8, 37.9 ppm; HRMS (ESI): m/z calcd for
C8H9ClN3O2SSe+H+ : 325.9269 [M+H]+; found: 325.9260, elemental
analysis calcd (%) for C8H8ClN3O2SSe: C 29.60, H 2.48, N 12.94; found:
C 29.75, H 2.53, N 12.98.

N,N-Dimethyl-7-{methyl[2-(methylamino)ethyl]amino}-2,1,3-benzosele-
nadiazole-4-sulfonamide : DBSeD-Cl (70 mg, 0.216 mmol) was dissolved
in acetonitrile (4 mL). After the addition of N,N’-dimethylethylenedi-ACHTUNGTRENNUNGamine (1 mL), the mixture was heated at 80 8C for 1 h. The reaction mix-
ture was then evaporated under reduced pressure and the residue was
purified by column chromatography on silica gel with dichloromethane/
methanol (5:1) as eluent to produce N,N-dimethyl-7-{methyl[2-(methyl-ACHTUNGTRENNUNGamino)ethyl]amino}-2,1,3-benzoselenadiazole-4-sulfonamide (81 mg, >99%)
as a red oil. 1H NMR (400 MHz, [D6]DMSO): d=7.80 (d, J ACHTUNGTRENNUNG(H,H) =

8.4 Hz, 1H), 6.30 (d, J ACHTUNGTRENNUNG(H,H) =8.4 Hz, 1 H), 4.03 (t, J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 2H),
3.36 (s, 3H), 2.78 (t, J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 2H), 2.69 (s, 6 H), 2.29 ppm (s,
3H); 13C NMR (100 MHz, [D6]DMSO): d=147.1, 144.5, 142.5, 139.3,
104.8, 101.6, 53.8, 49.2, 40.9, 37.4, 36.1 ppm; HRMS (ESI): m/z calcd for
C12H20N5O2SSe+H+ : 378.0503 [M+H]+ ; found: 378.0514.

N,2-Dimethyl-N-(2-{methyl[7-(dimethylsulfamoyl)-2,1,3-benzoselenadi-ACHTUNGTRENNUNGazol-4-yl]amino}ethyl)propanamide (DBSeD-IA): N,N-Dimethyl-7-
{methyl-[2-(methylamino)ethyl]amino}-2,1,3-benzoselenadiazole-4-sulfo-
namide (71.8 mg, 191 mmol) was dissolved in dichloromethane (25 mL).
After the addition of triethylamine (TEA; 26.6 mL, 191 mmol) and iso-ACHTUNGTRENNUNGbutyric anhydride (47.7 mL, 286 mmol), the mixture was stirred at room
temperature for 17 min. Na2CO3 (1 g) was then added to the reaction
mixture and after filtration the resultant mixture was poured into
dichloroACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGane (100 mL). The organic layer was washed with a 0.1 m

NaOH aqueous solution (50 mL � 2) and water (50 mL � 2). The organic
layer was dried over Na2SO4 and evaporated to dryness under reduced
pressure. The residue was purified by column chromatography on silica
gel with dichloromethane/methanol (100:1) as eluent to produce
DBSeD-IA (58 mg, 68%) as a red powder. M.p. 126–127 8C; 1H NMR
(400 MHz, CDCl3): d=8.09, 8.05 (d, J ACHTUNGTRENNUNG(H,H) = 8.4 Hz, 1H), 6.30, 6.28 (d,
J ACHTUNGTRENNUNG(H,H) =8.4 Hz, 1 H), 4.36, 4.24 (t, J ACHTUNGTRENNUNG(H,H) = 6.8 Hz, 2H), 3.79, 3.73 (t, J-ACHTUNGTRENNUNG(H,H) =6.8 Hz, 2 H), 3.29, 3.20 (s, 3H), 3.04, 3.02 (s, 3H), 2.91, 2.88 (s,
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6H), 2.67 (q, 1H) 1.11, 0.99 ppm (d, J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d=177.4, 177.2, 157.2, 154.0, 147.1, 146.8, 137.4,
137.0, 118.4, 117.1, 103.5, 103.2, 53.2, 51.6, 48.8, 46.9, 41.3, 41.1, 36.1, 34.3,
30.3, 30.0, 19.8, 19.0 ppm; HRMS (ESI): m/z calcd for C16H26N5O3SSe+

H+ : 448.0922 [M+H]+ ; found: 448.0926.

N-(2-{[7-(N,N-Dimethylaminosulfonyl)-2,1,3-benzothiadiazol-4-yl]-ACHTUNGTRENNUNG(methyl)ACHTUNGTRENNUNGamino}ethyl)-N-methylacrylamide (DBThD-AA): N,N-Dimeth-
yl-7-{methyl[2-(methylamino)ethyl]amino}-2,1,3-benzothiadiazole-4-sul-ACHTUNGTRENNUNGfon ACHTUNGTRENNUNGamide (118.6 mg, 0.36 mmol)[32] was dissolved in acetonitrile (8 mL).
After the addition of triethylamine (50.3 mL, 0.36 mmol) and acryloyl
chloride (38.0 mL, 0.47 mmol) at 0 8C, the mixture was stirred at 0 8C for
60 min. Na2CO3 (1 g) was then added to the reaction mixture and after
filtration the organic layer was dried over Na2SO4 and evaporated to dry-
ness under reduced pressure. The residue was purified by column chro-
matography on silica gel with dichloromethane/methanol (200:1!10:1)
as eluent to produce DBThD-AA (113.6 mg, 82 %) as an orange powder.
M.p. 144–145 8C; 1H NMR (400 MHz, CDCl3): d =8.10 (d, J ACHTUNGTRENNUNG(H,H) =

8.4 Hz, 1 H), 6.27–6.59 (m, 3 H), 5.68, 5.62 (d, J ACHTUNGTRENNUNG(H,H) =10.4 Hz, 1H),
4.36, 4.27 (t, J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 2H), 3.86, 3.81 (t, J ACHTUNGTRENNUNG(H,H) =6.8 Hz, 2H),
3.34, 3.22 (s, 3 H), 3.11 (s, 3H), 2.90, 2.88 ppm (s, 6 H); 13C NMR
(100 MHz, CDCl3): d=166.6, 152.5, 147.3, 145.7, 145.2, 136.1, 135.9,
128.3, 128.2, 127.2, 127.0, 115.9, 114.9, 104.1, 104.0, 52.8, 51.4, 49.1, 46.9,
41.2, 40.7, 37.9, 36.5, 34.5 ppm; HRMS (ESI): m/z calcd for
C15H22N5O3SSe+H+ : 432.0609 [M+H]+ ; found: 432.0598.

Photophysical studies of the environment-sensitive fluorophores : UV/Vis
absorption spectra (5–30 mm) were recorded at 25 8C with a JASCO ACHTUNGTRENNUNGV-
550 UV/Vis spectrophotometer. Fluorescence spectra (0.1–30 mm) were
recorded with a JASCO FP-6500 spectrofluorimeter with a Hamamatsu
R-7029 optional photomultiplier tube (operative range, 200–850 nm) and
were corrected by using a JASCO ESC-333 substandard light source at
25 8C. The fluorescence quantum yields (Ff) were determined from
Equation (1) in which F is the area under the corrected fluorescence
spectrum obtained with excitation at a specific wavelength, A is the ab-
sorbance at that wavelength, n is the refractive index of the solvent, and
the subscripts R and S represent the reference and the sample, respec-
tively. Quinine sulfate (Ff =0.577 in 0.1 n H2SO4)

[59] and rhodamine 6G
(Ff = 0.94 in ethanol)[60] were used as references.

Ff,S ¼ Ff,RFSARnS
2=FRASnR

2 ð1Þ

The fluorescence lifetimes (tf) were determined by using a time-correlat-
ed single-photon counting (TCSPC) fluorimeter, FluoroCube 300U
(Horiba Jobin Yvon), at 25 8C. The samples were excited with an LED
(NanoLED-456, Horiba, 456 nm) at a repetition rate of 1 MHz. The re-
corded fluorescence decay curves (I(t)) were well fitted by a single-expo-
nential function expressed as Equation (2), in which B is the pre-expo-
nential factor and t is the time.

IðtÞ ¼ Bexpð�t=tfÞ ð2Þ

The steady-state photolysis study was performed by using an ultra-high-
pressure mercury lamp (USHIO, 250 W) as the light source with a cutoff
filter. The absorbance of each sample solution was adjusted to approxi-
mately 0.20 at the maximum absorption wavelength. The photoirradia-
tion was performed on a vigorously stirred sample solution in a quartz
cell. The primary photodecomposition quantum yields of DBThD-IA,
DBSeD-IA, and DBD-IA were determined in 1,4-dioxane, acetonitrile,
methanol, and a mixture of water and methanol (4:1, v/v) by using
a JASCO FP-6500 spectrofluorimeter and HPLC. This method was estab-
lished in our previous research[37] and the details, with modifications, are
described below. The HPLC system consisted of a JASCO PU-2080
pump, a Hitachi L-4000H UV detector, and a JASCO CO-2060 column
thermostat. DBThD-IA, DBSeD-IA, or DBD-IA was dissolved in the
solvent and its absorbance was adjusted to 0.3 at 450 nm. The sample so-
lution (3.2 mL) was stirred at 25 8C during photoirradiation with mono-
chromatic light at 450 nm in the spectrofluorimeter (bandpass: 10 nm).
At specific intervals, an aliquot (10 mL) of the solution was subjected to
HPLC. The photoreaction mixture was separated by using an analytical
column, Wako Wakosil II5C18AR (4.6 � 150 mm, i.d., 5 mm), and an iso-

cratic eluent (a mixture of water and acetonitrile) at a flow rate of
1.0 mL min�1. The eluted liquid was monitored by UV spectrophotometry
(450 nm for DBThD-IA and DBD-IA, 470 nm for DBSeD-IA). The ratio
S’/S, in which S is the peak area of the fluorescent compound in the ali-
quot before photoirradiation and S’ is the peak area of the fluorescent
compound in the aliquot after photoirradiation, varied linearly with the
photoirradiation time t (min) according to Equation (3) in which e450nm is
the molecular extinction coefficient at 450 nm and a is the relative photo-
decomposition efficiency.

S0=S ¼ 1�ae450nmt ð3Þ

The relative photodecomposition efficiency a was calculated from the
values of t and S’/S by least-squares analyses. All least-square analyses
were performed by using Microsoft Excel. The primary photodecomposi-
tion quantum yields were obtained by comparing the a values with the
photodecomposition efficiency of a reference compound, 5-dimethylami-
no-2,1,3-benzoxadiazole, at 275 nm (photodecomposition quantum yield,
0.21 in acetonitrile).[37] Rhodamine B was used as an actinometer.[61]

Time-resolved optoacoustic measurements were performed to determine
the quantum yields of intersystem crossing (Fisc). The fourth harmonic
(266 nm) of a Nd3+ :YAG laser (Spectra-Physics GCR-130, pulse width
6 ns) was used as the excitation source. Optoacoustic signals originating
from the radiationless transitions of solute molecules were detected by
using a piezoelectric transducer (Panametrics Model V103, 1 MHz) and
fed into a high-gain (40 dB) preamplifier (Panametrics Model 5676). The
output voltage was then input into a digitizing oscilloscope (Tektronix
TDS-540, 500 MHz, 2 G samples/s) connected to a personal computer
(Dell GXM 5200). The fluence of the laser pulses was varied by a neutral
density filter and measured with a pyroelectric energy meter (Laser Pre-
cision RjP 735 and Rj 7610). The absorbance of each sample solution
was adjusted to 0.1 at 266 nm. The intensity (H) of the optoacoustic
signal results from two variations in the tested solution during a heat in-
tegration time, namely, a thermally induced volume change (DVth) and
a structural volume change (DVr).[35] Thus, H can be expressed by Equa-
tion (4) in which k is an instrumental constant that depends on the geo-
metric arrangement and solution constants such as density and sound ve-
locity.

H ¼ kðDV th þ DVrÞ ð4Þ

In this analysis, the contribution of the structural volume change (DVr)
can be ignored because neither bond dissociation nor bond formation
were induced by the photoexcitation and also because the change in the
solvation due to triplet formation was negligible. Therefore, H is related
only to DVth (contraction/expansion of the solvent due to the heat re-
leased in the relaxation process of the solute) and can be expressed by
Equation (5) in which K is a constant related to the thermoelastic proper-
ties of the solution and instrumental factors, EL is the laser pulse fluence,
A is the absorbance of the sample solution, and b is the fraction of
energy deposited in the medium as prompt heat within the time resolu-
tion of the experiment.

H ¼ KELbð1�10�AÞ ð5Þ

Because the values of b for the reference compounds 2-hydroxybenzo-
phenone (in acetonitrile and methanol) and sodium dichromate (in
water) can be assumed to be unity, the value of b of the sample com-
pound can be determined by comparing the slope of the linear relation-
ship between the signal amplitude and the laser power. To determine the
value of Fisc, Equation (6) based on the energy balance[34] can be used in
which El is the photon energy and <ES> and ET are the average energy
dissipated by fluorescence from the S1 state and the energy of the lowest
excited triplet state, respectively.

Elb ¼ El�Ff < ES > �FiscET ð6Þ

The ET value was determined from the phosphorescence spectra record-
ed with excitation at 450 nm in 2-methyltetrahydrofuran at 77 K. Because
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the contribution of the photochemical reaction from the S1 state was neg-
ligible, the quantum yield of internal conversion (Fic) was calculated
from the relation Ff +Fisc +Fic =1.

Preparation and characterization of the DBThD nanogel : NIPAM
(2 mmol), MBAM (20 mmol), DBThD-AA (20 mmol), and N,N,N’,N’-tet-
ramethylethylenediamine (TMEDA, 58 mmol) were dissolved in a solution
of sodium dodecyl sulfate (12.6 mm, 20 mL). Dry argon gas was injected
into the solution for 30 min to remove dissolved oxygen. Ammonium per-
sulfate (APS, 560 mmol) was added to initiate the emulsion polymeri-
zation and the mixture was stirred at 70 8C with a rod with a paddle at
250 rpm for 4 h under an argon atmosphere. The mixture was then
poured into water (400 mL) and nanogels were precipitated by using
a salting-out technique. After purification by dialysis, the nanogel disper-
sion was freeze-dried to afford the DBThD nanogel (223 mg, 94%) as
a pale-yellow powder.

The amount of fluorescent DBThD-IA units in the DBThD nanogels was
evaluated on the basis of their corresponding concentrations when dis-
solved at 0.01 w/v % in water, and it was determined to be 4.0 mm from
the absorbances of a methanolic solution of the nanogels by comparison
with DBThD-IA as a model compound.

A TEM image was obtained with a Hitachi H-7100 transmission electron
microscope. A drop of the DBThD nanogel solution in ethanol (0.01 w/
v%, 5 mL) was allowed to settle on a Formvar-coated copper grid. The
specimen was air-dried at room temperature and then examined at an ac-
celerating voltage of 75 kV. The hydrodynamic diameter was estimated
from dynamic light scattering (DLS) measurements with a Zetasizer
Nano ZS apparatus (Malvern Instruments). The samples (0.001 w/v %)
were equilibrated at each temperature for 5 min.

The fluorescence intensities and lifetimes of the DBThD nanogels at spe-
cific temperatures were measured with JASCO FP-6500 and Horiba Flu-
oroCube 300U instruments, respectively, as described above. The temper-
ature of the samples was controlled with a JASCO ETC-273T tempera-
ture controller. In the fluorescence lifetime measurements, the fluores-
cence decay curves were best fitted by a double-exponential function
given by Equation (7).

IðtÞ ¼ B1expð�t=t1Þ þ B2expð�t=t2Þ ð7Þ

The average fluorescence lifetime (<tf>) was calculated from Equa-
tion (8).

< tf >¼ ðB1t1
2 þ B2t2

2Þ=ðB1t1 þ B2t2Þ ð8Þ

Fluorescence imaging : COS7 cells (African Green Monkey SV40-trans-
formed kidney fibroblast cell line) were cultured on a 35 mm glass-based
dish (ASAHI Techno GLASS) in Dulbecco�s modified Eagle medium
(DMEM, Gibco No. 11965) supplemented with 5% fetal bovine serum
(Gibco), penicillin/streptomycin (Gibco), l-glutamine (Gibco), sodium
pyruvate (Gibco), and nonessential amino acids (Gibco). Before live cell
imaging, the medium was replaced with phenol red-free culture medium
(2 mL, Gibco No. 21063 was used instead of No. 11965 in the above pro-
cedure). The temperature of the culture medium was controlled by using
a stage plate heater (TOKAI HIT) and a microscope objective lens
heater (TOKAI HIT) and was monitored by using a thermocouple
(TSU-0125 thermometer with a TSU-7225 probe, TOKAI HIT). A Fem-
tojet (Eppendorf) controlled by a micromanipulator (Eppendorf) was
used for microinjection. The fluorescent nanogel thermometer was dis-
solved in an aqueous solution (1 w/v %) containing 80 mm KCl, 10 mm

K2HPO4, and 4 mm NaCl. The solution was filtered using an Ultrafree-
MC centrifugal filter (Millipore) and microinjected into the cytoplasm
with a glass capillary needle, Femtotips II (Eppendorf). The volume of
the injected solution was estimated to be 2 fL.

Live cell imaging was performed with an IX70 inverted microscope
(Olympus) equipped with an objective lens (UplanApo 60x/1.40 NA PH3
NA, Olympus). A cooled CCD camera (ORCA-ER, Hamamatsu Pho-
tonics) was used to acquire cell images. Fluorescence images were ob-
tained with a sapphire laser (Model 488–30 CDRH, Coherent), a DM505
dichroic mirror (Olympus), and a BA515–550 emission filter (Olympus).

The photodecomposition of the DBThD nanogels inside the COS7 cells
was examined under continuous photoirradiation by the sapphire laser
(Model 488–30 CDRH). The images obtained were quantitatively ana-
lyzed with AQUA-Lite ver. 10 (Hamamatsu Photonics).
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