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bstract

Cyanine and related polymethine dyes have been widely used as fluorescent and phosphorescent dyes for biological investigations. But the
echanism of this kind of cyanine dye as pH sensor is still not clear. In this paper, two groups of cyanine dyes were designed and synthesized, each

ncluding two asymmetry cyanine dyes and one symmetry dye. The UV–vis and fluorescent spectra of compounds Ia–b and IIa–b were recorded
n phosphate buffers with different pH value. It was found that these compounds could be used as a kind of pH sensors with high pKa value. The

alculation on structures or conformations of compounds Ia–b, IIa–b and Ic before and after protonation revealed that the planar conjugations
ere different between non-protonic and protonic forms. It implied that the change from PET to ICT system was possible in the process of binding
etween polymethine cyanine dyes and proton.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cyanine and related polymethine dyes [1] have been
mployed in the photographic films, optical recording media,
nd as fluorescent and phosphorescent dyes for biological inves-
igations [2,3]. The spectral properties of common cyanine dyes
re only slightly sensitive to environment changes and they are
enerally considered as labeling dyes. However, it was reported
ecently that the heptamethine cyanine dyes with excited-state
CT mechanism could have large stocks shift and much stronger
uorescence [4] and diaminocyanine with photo-induced elec-

ron transfer mechanism was NO-sensitive fluorescence probe
5]. It was also reported that dipicolycyanine was a ratiometric
uorescent Zinc ion probe [6]. In 2000, Akkaya E.U.’s group
eported a heptamethine cyanine–BAPTA conjugate, which sig-
aled calcium [7]. In that year, Briggs et al. [8] also reported a
entamethine cyanine dye with a pKa of 7.5, which was fluo-

escent when protonated, became non-fluorescent upon proton
bstraction. They considered that the probe existed in two forms,
s either the fluorescent cyanine dye or the complementary non-

∗ Corresponding author. Tel.: +86 21 64253589; fax: +86 21 64252603.
E-mail address: xhqian@ecust.edu.cn (X. Qian).
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uorescent base and suggested that the intense cyanine dye
bsorption and emission properties were largely due to the res-
nance effect between the two nitrogen atoms of the two indole
ings via the conjugated pentamethine bridge, abstraction of a
roton from this system destroyed this resonance, and subse-
uently leaded to the non-fluorescent base form (Fig. 1). But in
ur research work, we found that for different alkyl substituents
n indole-ring carbon-3 of cyanines (Fig. 2), the fluorescent
ntensities of cyanines were totally different. If the intensity of
uorescence was only affected by the proton abstraction and res-
nance effect, it should have no obvious changes with different
lkyl substituents in carbon-3 of indole-ring. So the mechanism
f this kind of cyanine dyes as pH sensors was still not clear in
etails and need to be studied. In order to study the mechanism
f this kind of dyes as pH sensors, two kinds of compounds
ere designed and synthesized, their energy-minimized confor-
ations and UV–vis and fluorescent spectra of these compounds
ere also been studied.
. Results and discussion

Two groups of cyanine dyes were designed and synthesized,
ach including two asymmetry cyanine dyes (Fig. 2) and one

mailto:xhqian@ecust.edu.cn
dx.doi.org/10.1016/j.jphotochem.2007.03.004
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ig. 1. The cyanine dye-base form of the pH sensitive fluorescent probe.

ymmetry dye (Fig. 3), their spectra were also recorded and
onformations were calculated.
.1. The synthesis of cyanines

The sensors were synthesized by standard cyanine dye
ethods [1] (Scheme 1). N-Alkylate-2,3,3-trimethyl-3H-indol-

s
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9
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Scheme 1. Synthetic route
Fig. 2. The structure of asymmetrical cyanine.

-ium and N,N′-diphenyl-formamidine were dissolved in acetic
cid and refluxed for 6 h to form dark red solution. After
urified by PTLC, yellow solid of N-alkylate-3,3-dimethyl-2-(2-
henylamino-vinyl)-3H-indolium was obtained. In the presence
f acetic acid, acetic anhydride and pyridine, the yellow

olid was condensed with N-alkylate-2,3,3-trimethyl-3H-indol-
-ium, 2,3,3-trimethyl-3H-indole and 2-methyl-1H-indole at
0 ◦C, respectively to form Ia–c and IIa–c accordingly. The
roducts were purified by PTLC [9].

of compounds Ia–c.
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Fig. 3. The structure of symmetrical cyanine.

The fluorescence and UV–vis spectra of compounds Ia–c and
Ia–c were recorded under phosphate buffers with different pH
alue (Figs. 4 and 5).

.2. pH-dependent change of the UV–vis spectra
The observation of the UV–vis spectra of probes can be
chieved in phosphate buffers of different pH. Only Ia and IIa
emonstrate significant changes as shown in Fig. 4. It could be
ound that as the buffer solutions become acidic, the character-

Fig. 4. UV–vis characteristics of Ia and IIa under different pH.
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stic absorption maximum for Ia and IIa at 460 nm is greatly
educed and a new peak evolves at 548 nm. This phenomenon
ts the results of conformation calculation with PC model (the
etails in the following section on calculation), that is, the chro-
ophore system was changed. The absorption peak of Ia and

Ia in 460 nm was attributed by the chromophore of indole cycle
ithout N-alkylate conjugating with the poly-methine linker

non-protonic form), which was no fluorescence emission owing
o quenching effect of PET from the other indole cycle with N-
lkylate, while the peak in 548 nm was attributed by the whole
oplanar system after protonation, which emitted strong ICT
uorescence with the increase of pH (Fig. 4).

The above results suggested that for Ia and IIa there are
wo conformations in equilibrium with absorption at 460 and
48 nm, respectively, their ratio was just depended on the con-
entration of protons. But no obvious changes of conformations
or Ib, IIb, Ic, and IIc were observed in absorption experiment
efore and after prononation.

.3. pH-dependent change of the fluorescent properties

The fluorescent properties of these dyes can be found in Fig. 5
nd Table 1. Equimolar solutions of the dyes were made up in
hosphate buffers over a pH range of 4.84–11.84. The fluores-
ences of Ib and IIb at 525 nm are very weak (Φmethanol = 0.005,
.003), no intensity changes and obvious emission shifts were
bserved before and after protonation. The fluorescences of Ic
nd IIc at 565 nm are very strong (Φmethanol = 0.216, 0.153) and
o intensity changes and obvious emission shifts were observed
n different pH buffers. The fluorescences of Ia and IIa before
rotonation are very weak as those of the Ib and IIb at 525 nm.
fter protonation, the fluorescences of Ia and IIa become very

trong (Φmethanol = 0.129, 0.164) and red-shift to 570 nm.
Fig. 6 illustrates the pH response of sensors Ia and IIa as

function of I/Imax versus pH, where I was the measured fluo-

escent emission at that pH, and Imax was the maximum output of
he probe. It showed high pKa values of 8.92 and 8.97 for Ia and
Ia, respectively, so that they might have potential application
n basic environment.

able 1
he spectral characteristics and quantum yields of compounds in different
olvents

Compounds

Ia Ia Ib IIb Ic IIc

ethanol
λmax 550.3 549.5 493.9 495.4 548.7 548.5
λEx max 553.0 554.5 496.3 500.3 549.6 548.8
λEm max 569.4 571.4 528.0 525.1 564.0 565.1
ΔS 16.4 15.9 34.1 24.8 14.4 16.3
Φ 0.129 0.164 0.005 0.003 0.216 0.153

ater
λmax 540.3 540.3 490.4 489.5 544.5 543.6
λEx max 546.7 547.5 494.1 494.1 546.0 545.3
λEm max 566.6 567.2 516.1 521.6 560.1 560.1
ΔS 19.9 19.7 22.0 27.5 13.9 14.7
Φ 0.060 0.060 0.007 0.004 0.132 0.090
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Fig. 5. Fluorescence characteristics of Ia–c and IIa–c under different pH.
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Table 2
The dihedral data of compounds in non-protonic and protonic forms

Compounds

Ia Ib Ia IIb
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ig. 6. pH dependence of Ia and IIa (I/Imax) at 295 K in phosphate buffers of
iffering pH.

.4. The calculation on structures of cyanine dyes

As we know, there were two binding possibilities (form 1 and
orm 3) between the proton and the cyanine dye (as shown in
igs. 1 and 7). We calculated the minimum energies of 1 and 3

sing PCMODEL software. The minimum energy of the former
s at 234.6 kJ/mol, while that of the latter is at 355.3 kJ/mol,
hich suggested that the possibility for the compound to be

xisted in the form 1 was higher than that in form 3.

ig. 7. The fluorescent and non-fluorescent forms of the pH sensitive florescent
robe.
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on-protonic form 12.3 10.1 17.4 7.9
rotonic form 1.3 14.2 3.5 11.0

The calculation on the conformations of Ia and IIa showed
hat their conjugation areas seems to be separated as two parts
nd really not in one planar system before protonation, while
hey became one coplanar system after protonation (the dihe-
ral data were shown in Table 2). However, the calculation
n conformations of Ib and IIb revealed that their conjuga-
ion areas were always to be separated as two parts and not
n one coplanar system before protonation or after protonation.
herefore, we conjecture the pH sensitive property of this pen-

amethine cyanine dyes (Ia and IIa) was related with the change
rom photo-induced electron transfer (PET) [3] to intramole-
ualr charge transfer (ICT) process. For most of cyanines, the
lectronic properties of two nitrogen atoms were not equal and
uch different, if the two cyclic indole planes were not coplanar,

here existed two � electron systems. In this case, one nitrogen
ith high electronic density will probably serve as the electronic
onor and the other with low electronic density as acceptor for
ET. That is, the indole cycle containing nitrogen atom with

ow electronic density and conjugating with the poly-methine
inker, might become chromophore, the other indole cycle with
igh electronic cloudy is an electron donor for PET to quench
he fluorescence, which is also a potential receptor for proton
Fig. 8).

For Ia and IIa, the two indo-cycles became a new coplanar
onjugation system after protonation, which induced stronger
CT effect from unprotonated nitrogen to the protonated nitrogen
etween the two indole moieties, and the original PET pro-
ess was inhibited, so the fluorescent intensity increased greatly
nd the wavelengths of absorption and emission were red-
hifted.

For Ib and IIb, their conjugation areas were always to be
eparated as two parts and not in one coplanar system before
rotonation or after protonation, therefore, PET process will
ossibly exist between two indole moieties. The only differ-
nce is the direction for PET, that is, the PET would happen
efore protonation from indole with alkyl group to the other
ndole, and after protonation from one indole to the protonated
ndole.

For Ic and IIc, there always are ICT process in different
H buffers, as their conjugation areas were always the same
nd coplanar. Therefore, Ic and IIc always showed strong flu-
rescence and no intensity changes and wavelength shift were
bserved.

Obviously, the structure, conformation and planarity of
yanine is depended on its symmetry, steric substituent and pro-

onation. This investigation suggested that the basic structural
equirements for cyanine as fluorescent pH sensor included an
nsymmetrial cyanine with one non-alkylated N atom and some
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Fig. 8. The energy-minimized conformations

teric hindrance from the two substituents’ groups of both C3
ndo-rings of cyanine.

. Conclusions

In summary, we suggested that the change from PET to ICT

ystem is responsible for polymethine cyanine dyes’ pH sensi-
ivity. Meanwhile we observed a kind of pH sensors with high
Ka value, which is expected to be used as applicable probes for
edicinal biology.

s
a
T
c

b, IIa–b and Ic before and after protonation.

. Experimental section

.1. Materials and methods

Melting points were taken on a digital melting point appara-
us WRS-1 made in Shanghai and it was uncorrected. Infrared

pectra were recorded on a Nicolet FT-IR-20SX, mass spectra on
Hitachi M80, 1H NMR on a Bruker AM-300 or AM-500 using
MS as an internal standard. Combustion analysis for elemental
omposition was done on Italy MOD. 1106 analyzer. Absorption
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pectra were measured on Shimadzu UV-265, fluorescence spec-
ra on a Hitachi 850.

.2. 2,3,3-Trimethyl-3H-indole (1) [9]

2,3,3-Trimethyl-3H-indole (1) was prepared according to the
iterature [9]. GC–MS—m/z: 159 (M+).

.3. 2-Methylindole (2) [10]

2-Methylindole (2) was prepared according to the literature
10]. mp: 61–63 ◦C (lit. mp: 62 ◦C). GC–MS—m/z: 131 (M+).

.4. 1-(Carboxy-pentyl)-2,3,3-thimethyl-indolium; bromide
3) [10]

1-(Carboxy-pentyl)-2,3,3-thimethyl-indolium; bromide was
repared according to the literature [10].

.5. 1-(δ-Sulfobuty)-2,3,3-thimethylindolium; betaine (4)
11]

1-(δ-Sulfobuty)-2,3,3-thimethyl-indolium; betaine (4) was
repared according to the literature [12], mp: 240 ◦C. 1H NMR
500 MHz, D2O): 7.80–7.60 (m, 4H, 4-H, 5-H, 6-H, 7-H), 4.5 (t,
H, J = 7.5 Hz, 11-H), 2.95 (t, 2H, J = 7.6 Hz, 8-H), 2.14–2.07
m, 2H, 10-H), 1.90–1.85 (m, 2H, 9-H), 1.55 (s, 6H, 13-H,14-H).

.6. N,N′-Diphenylformamaidine (5) [12]

N,N′-Diphenylformamaidine was prepared according to the
iterature [12]. Yield: 60%. mp: 151–152 ◦C (lit. mp: 143 ◦C).
C–MS—m/z: 196 (M+).

.7. 1-(ε-Carboxy-pentyl)-3,3-dimethyl-2-2-benzen-amino-
inyl-3H-indolium,bromide (6)

To the solution of acetic acid (6 ml), compound 3 (0.7 g,
.002 mol), compound 5 (0.09 g, 0.0022 mol) were added under
rgon atmosphere. The mixture refluxed 6 h, cooled, concen-
rated, washed with ether and silica gel purification (Rf 0.65,

ethanol:acetone 2:1, v/v) to give yellow product 6. 1H NMR
500 MHz, CD3OD): 8.60 (d, 1H, J = 11.0 Hz, 16-H), 7.30–6.95
m, 9H, 4-H, 5-H, 6-H, 7-H, 17-H, 18-H, 19-H, 20-H, 21-
), 5.74 (d, 1H, J = 11.0 Hz, 15-H), 3.40 (t, 2H, J = 7.4 Hz,
-H), 2.08 (t, 2H, J = 7.4 Hz, 12-H), 1.72–1.60 (m, 4H, 9-H,
1-H), 1.40–1.34 (m, 2H, 10-H), 1.09 (s, 6H, 13-H, 14-H).
SI-MS—m/z: 377.2 [M − Br + H], 399.2 [M − Br + Na].

.8. 1-(δ-sulfobutyl)-3,3-dimethyl-2-(2-benzenaminovinyl)-
H-indolium; betaine (7)

Preparation and purification of this compound was accom-

lished following the procedure described for 6. Compound 4
0.6 g, 0.002 mol), compound 5 (0.43 g, 0.0022 mol), silica gel
urification (Rf 0.40, methanol:acetone 1:4, v/v) to give yel-
ow product 7. 1H NMR (500 MHz, CD3OD): 8.59 (d, 1H,

H
2
1
4

otobiology A: Chemistry 190 (2007) 1–8 7

= 11.0 Hz, 15-H), 7.60–7.20 (m, 9H, 4-H, 5-H, 6-H, 7-H, 16-
, 17-H, 18-H, 19-H, 20-H), 6.11 (d, 1H, J = 11.0 Hz, 14-H),
.13–4.01 (m, 2H, 11-H), 2.95 (t, 2H, J = 7.4 Hz, 8-H), 2.01–1.80
m, 4H, 9-H, 10-H), 1.69 (s, 6H, 12-H, 13-H).

.9. 1-(ε-Carboxy-pentyl)-2-{3-[1-(ε-carboxy-pentyl)-3,3-
imethyl-1,3-dihydro-indol-2-ylidene]-propenyl}-3,3-
imethyl-3H-indolium; bromide (Ic)

To the solution of acetic acid (5 ml), anhydride acetic
cid (1 ml), pyridine (1 ml), compound 3 (0.35 g, 0.001 mol),
ompound 5 (0.098 g, 0.0005 mol) were added under argon
tmosphere. The mixture refluxed 2 h, cooled, concen-
rated, washed with ether and PTLC purification (Rf 0.50,

ethanol:acetone 4:1, v/v) to give red product. IR, ν(KBr,
m−1): 3400, 2930, 1570, 1420. 1H NMR (500 MHz, CD3OD):
.43 (dd, 1H, J1 = J2 = 13.4 Hz, 16-H), 7.50–6.72 (m, 8H, 4-H,
-H, 6-H, 7-H, 4′-H, 5′-H, 6′-H, 7′-H), 6.40 (d, 2H, J = 13.4 Hz,
5-H, 15′-H), 3.53–3.48 (m, 4H, 8-H, 8′-H), 2.12–2.07 (m, 4H,
2-H, 12′-H), 1.76–1.29 (m, 12H, 9-H, 10-H, 11-H, 9′-H, 10′-H,
1′-H), 1.20 (s, 12H, 13-H, 14-H, 13′-H, 14′-H). ESI-MS—m/z:
57.3 [M − Br + H], 579.2 [M − Br + Na].

.10. 1-(δ-Sulfobutyl)-2-{3-[1-(δ-sulfobutyl)-3,3-dimethyl-
,3-dihydro-indo-l-2-ylidene]-propenyl}-3,3-dimethyl-3H-
ndolium; betaine (IIc)

Preparation and purification of this compound was accom-
lished following the procedure described for Id. Compound 4
0.3 g, 0.001 mol), compound 5 (0.098 g, 0.0005 mol), silica gel
urification (Rf 0.30, ethyl acetate:methanol 2:1, v/v) to give
ellow product IIc. IR, ν(KBr, cm−1): 3400, 3000, 1570, 1420.
H NMR (500 MHz, CD3OD): 8.46 (dd, 1H, J1 = J2 = 13.4 Hz,
5-H), 7.44–7.18 (m, 8H, 4-H, 5-H, 6-H, 7-H, 4′-H, 5′-H, 6′-
, 7′-H), 6.43 (d, 2H, J = 13.4 Hz, 14-H, 14′-H), 4.10 (m, 4H,
1-H, 11′-H), 2.82 (m, 4H, 8-H, 8′-H), 1.93–1.80 (m, 8H, 9-H,
0-H, 9′-H, 10′-H), 1.67 (s, 12H, 12-H, 13-H, 12′-H, 13′-H).
SI-MS—m/z: 645.3 [M + 2Na-H], 599.1 [M − H].

.11. 6-((2E)-3,3-Dimethyl-2-((2E)-3-(3,3-dimethyl-3H-
ndol-2-yl)allylidene)indolin-1-yl)hexanoic acid (Ia)

To the solution of acetic acid (10 ml), anhydride acetic
cid (10 ml), compound 6 (0.46 g, 0.001 mol), compound 1
0.64 g, 0.004 mol) were added under argon atmosphere. The
ixture was heated to 90 ◦C, reacted 22 h, cooled, concen-

rated, washed with ether and PTLC purification (Rf 0.70,
thyl acetate:methanol:acetic acid 400:150:1, v/v/v) to give red
roduct Ia. IR, ν(KBr, cm−1): 3400, 2930, 1570, 1490, 1450,
360, 1190, 1150. 1H NMR (500 MHz, CD3OD): 8.20 (dd, 1H,
1 = 14.1 Hz, J2 = 12.3 Hz, 16-H), 7.29–6.95 (m, 8H, 4-H, 5-H,
-H, 7-H, 4′-H, 5′-H, 6′-H, 7′-H), 6.08 (d, 1H, J = 14.1 Hz, 15-

), 5.87(d, 1H, J1 = 12.3 Hz, 10′-H), 3.82–3.74 (m, 2H, 8-H),
.12 (t, 2H, J1 = 7.4 Hz, 12-H), 1.98–1.56 (m, 6H, 9-H, 10-H,
1-H), 1.38 (s, 12H, 13-H, 14-H, 8′-H, 9′-H). ESI-MS—m/z:
43.2 [M + H], 465.5 [M + Na].
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.12. 6-((2E)-3,3-Dimethyl-2-((2E)-3-(3-methyl-3H-indol-
-yl) allylidene)indolin-1-yl)hexanoic acid (Ib)

Preparation and purification of this compound was accom-
lished following the procedure described for Ia. Compound

(0.46 g, 0.001 mol), compound 2 (0.52 g, 0.004 mol),
TLC purification (Rf 0.70, ethyl acetate:methanol:acetic acid
50:75:1, v/v/v) to give yellow product Ib. IR, ν(KBr, cm−1):
400, 2900, 1570, 1430, 1380. 1H NMR(500 MHz, CD3OD):
.45 (dd, 1H, J1 = J2 = 15.0 Hz, 16-H), 8.40 (d, 1H, J = 15.0 Hz,
5-H), 8.03–7.25 (m, 8H, 4-H, 5-H, 6-H, 7-H, 4′-H, 5′-H, 6′-
, 7′-H), 7.00 (d, 1H, J = 15.0 Hz, 8′-H), 3.84 (s, 2H, 3′-H),
.56–3.47 (t, 2H, 8-H), 2.09 (t, 2H, 12-H), 1.92–1.48 (m, 6H, 9-
, 10-H, 11-H) 1.35 (s, 6H, 16-H, 17-H). ESI-MS—m/z: 415.3

M + H], 437.2 [M + Na].

.13. 1-(δ-Sulfobutyl)-2-{3-[3,3-dimethyl-1,3-dihydro-
ndol-2-ylidene]-propenyl}-3,3-dimethyl-3H-indolium;
etaine (IIa)

Preparation and purification of this compound was accom-
lished following the procedure described for Ia. Compound
(0.4 g, 0.001 mol), compound 1 (0.64 g, 0.004 mol), silica gel

urification (Rf 0.70, ethyl acetate:methanol 7:3, v/v) to give red
roduct IIa. IR, ν(KBr, cm−1): 3400, 2930, 1570, 1510, 1450,
400, 1190, 1040. 1H NMR (500 MHz, CD3OD): δ8.35 (dd, 1H,
1 = 13.2 Hz, J2 = 13.6 Hz, 15-H), δ7.34–7.08 (m, 8H, 4-H, 5-H,
-H, 7-H, 4′-H, 5′-H, 6′-H, 7′-H), δ6.19 (d, 1H, J = 13.2 Hz, 14-
), δ6.12 (d, 1H, J = 13.6 Hz, 10′-H), δ4.00 (t, 2H, J1 = 8.0 Hz,
1-H), δ2.80 (t, 2H, J = 6.8 Hz, 8-H), δ1.92–1.84 (m, 4H, 9-
, 10-H), δ1.63 (s, 6H, 12-H, 13-H) δ1.42 (s, 6H, 8′-H, 9′-H).
SI-MS—m/z: 487.1 [M + Na], 465.3 [M + H], 463.1 [M − H].

.14. 1-(δ-Sulfobutyl)-2-{3-[1,3-dihydro-indol-2-ylidene]-
ropenyl}-3,3-dimethyl-3H-indolium; betaine (IIb)

Preparation and purification of this compound was accom-
lished following the procedure described for Ia. Compound

(0.4 g, 0.001 mol), compound 2 (0.52 g, 0.004 mol), silica

el purification (Rf 0.50, ethyl acetate:methanol 4:3, v/v) to
ive yellow product IIb. IR, ν(KBr, cm−1): 3400, 2930, 1570,
470, 1420, 1340, 1290, 1230, 1210, 1170, 1100, 1030. 1H

[

[

otobiology A: Chemistry 190 (2007) 1–8

MR (500 MHz, CD3OD): 8.44 (d, 1H, J = 15 Hz, 15-H),
.00–7.24 (m, 8H, 4-H, 5-H, 6-H, 7-H, 4′-H, 5′-H, 6′-H, 7′-
), 7.05 (d, 1H, J = 15 Hz, 14-H), 4.45 (s, 2H, 3′-H), 4.40 (t,
H, J = 7.7 Hz, 11-H), 2.81 (t, 2H, J = 6.4 Hz, 8-H), 2.08–2.04
m, 2H, 10-H), 1.96–1.92 (m, 2H, 9-H), 1.76 (s, 6H, 12-
,13-H). ESI-MS—m/z: 459.1 [M + Na], 437.1 [M + H], 435.1

M − H].
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