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groups were synthesized. Their linear optical properties were studied. It was found that the variation of
hetero atoms play an important role in the spectral properties of the dyes. Sequential replacement of the
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understand the relationship between the molecular structures and the spectral properties of these dyes,
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and emission spectra were reported and discussed.
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1. Introduction

Cyanine dyes have attracted interest as functional dyes in many
fields. The extensively conjugated structures generate changeable
absorption, high extinction coefficients and considerable quantum
yields [1]. The applications of cyanine dyes and derivatives were
mainly focused on the material and biological applications. In
materials field, they may serve as non-linear optical (NLO) mate-
rials [2], data storage materials [3] and organic semiconductor
materials [4]. In the biological arena, cyanine dyes have been used
as probes for the detection of metal ions [5], DNA [6—8] and
proteins [9]. In addition, their derivatives were also explored for
anti-MRSA [10] and anti-protozoal [11] activity.

Much research on the spectral properties of cyanine dyes
explored the influence of pH values [12], substituent groups [13],
isomerism phenomenon [14] and the number of the methines. It is
noted that benzothiazolyl and indolin-2-yl groups were the most
common heterocyclic end groups in the studies of cyanine dyes.
However, little research has explored the benzoxazolyl cyanine
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dyes [15]. In this study, the synthesis and comparative study of
symmetrical and unsymmetrical trimethine cyanine dyes bearing
benzoxazolyl and benzothiazolyl groups are discussed.

2. Experimental
2.1. General information

All the starting materials were purchased from either TCI or
Sinopharm Chemical Reagent Co, Ltd. All analytic grade solvents
(A.R.) were obtained from commercial suppliers and used directly.
Melting points were determined on X-4 microscope electron
thermal apparatus (Taike, China) without correction. Absorption
spectra were taken on U-3900 UV—Vis spectrophotometer at room
temperature. Fluorescence emission spectra were measured on
Shimadzu RF-5300PC Spectroscope at room temperature. Quantum
yields were determined using fluorescein in 0.1 M NaOH or cresyl
violet in methanol as the reference. 'H NMR spectra were recorded
on either a Varian-300 or 400 NMR spectrometer, and TMS was
used as an internal standard. Mass spectra were recorded on Fin-
nigan MAT95 mass spectrometer (ESI*). Elementary analysis was
conducted on a Carlo Erba-MOD1106 elementary analysis appa-
ratus. Differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA) were conducted on a Universal V3.7A TA
instrument in flowing N, with a heating rate of 10 °C/min.


mailto:ge_jianfeng@hotmail.com
mailto:lujm@suda.edu.cn
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2011.11.001
http://dx.doi.org/10.1016/j.dyepig.2011.11.001
http://dx.doi.org/10.1016/j.dyepig.2011.11.001

Q.-Q. Shi et al. / Dyes and Pigments 93 (2012) 1506—1511 1507

2.2. Synthesis

2.2.1. 2,3-Dimethylbenzoxazol-3-ium iodide (1a)

A solution of 2-methylbenzoxazole (2.66 g, 20.0 mmol) and
iodomethane (11.28 g, 80.0 mmol) in DMF (10.0 mL) was heated
at 60 °C for 24 h. The solution was cooled to room temperature,
and then ethyl acetate (100.0 mL) was added slowly. The
precipitated solid was collected by filtration and washed with
ethyl acetate. The crude product was collected and heated
under reflux with ethyl acetate (100.0 mL) for 15 min. The
suspension was cooled to room temperature. The product was
collected by filtration and washed with ethyl acetate to afford
1a as bright yellow solid. Yield: 80.5%. 'H NMR (400 MHz,
DMSO-dg, TMS) dy: 8.16—8.11 (m, 2H), 7.79—7.77 (m, 2H), 4.08
(s, 3H), 3.07 (s, 3H).

2.2.2. 2,3,5-Trimethylbenzoxazol-3-ium iodide (1b)

Compound 1b was synthesized by the similar procedure of 1a.
Yield: 97.7%. 'H NMR (400 MHz, DMSO-dg, TMS) dy: 8.01 (d,
J=8.6 Hz, 1H), 7.93 (s, 1H), 7.59 (d, ] = 8.6 Hz, 1H), 4.03 (s, 3H), 3.04
(s, 3H), 2.54 (s, 3H).

2.2.3. 2,3-Dimethylbenzothiazol-3-ium iodide (1c)

Compound 1c was synthesized by the similar procedure of 1a.
Yield: 98.4%. 'H NMR (400 MHz, DMSO-ds, TMS) 0y: 8.46 (d,
J=8.1Hz,1H),8.30(d, ] = 8.5 Hz, 1H), 7.91-7.87 (m, 1H), 7.82—7.77
(m, 1H), 4.21 (s, 3H), 3.19 (s, 3H).

2.24. 2,3,5-Trimethylbenzothiazol-3-ium iodide (1d)

Compound 1d was synthesized by the similar procedure of 1a.
Yield: 83.6%. 'H NMR (400 MHz, DMSO-dg, TMS) dy: 8.30 (d,
J=8.4Hz, 1H), 8.14 (s, 1H), 7.64 (d, ] = 8.4 Hz, 1H), 4.16 (s, 3H), 3.15
(s, 3H), 2.57 (s, 3H).

2.2.5. 3-Methyl-2-(2-(N-phenylacetamido Jvinyl )benzoxazol-3-ium
iodide (2a)

A suspension of 1a (1.58 g, 5.7 mmol) and N, N’-diphe-
nylformamidine (1.36 g, 6.9 mmol) in acetic anhydride (10.0 mL)
was heated under reflux for 2 h. The reaction was cooled to room
temperature; ethyl ether (30.0 mL) was added slowly over more
than 0.5 h. The product was collected by filtration, then washed
with ethyl ether (3 x 15.0 mL) and water (3 x 5.0 mL) to afford 2a as
a yellow solid. Yield: 46.1%. mp. 173—174 °C 'TH NMR (400 MHz,
DMSO-dg, TMS) 6y: 9.06 (d, ] = 13.8 Hz, 1H), 8.06 (d, ] = 7.4 Hz, 1H),
7.94 (d, ] = 74 Hz, 1H), 7.69—7.65 (m, 5H), 7.53 (d, ] = 7.5 Hz, 2H),
5.46 (d, ] = 13.7 Hz, 1H), 3.80 (s, 3H), 2.06 (s, 3H). ESI* m/z: calcd for
C1gH17N203: 293.1285, found: 293.1276.

2.2.6. 3-Methyl-2-(3-(3-methylbenzoxazol-2(3H)-ylidene)prop-1-
en-1-yl)benzoxazol-3-ium chloride (3a)

To a solution of 1a (3.56 g, 13.0 mmol) in acetic anhydride
(10.0 mL) under reflux, triethoxymethane (1.92 g, 13.0 mmol) was
added dropwise during 45 min under nitrogen. The reaction was
heated under reflux for 1 h. After it was cooled to room tempera-
ture, the residue was collected by filtration, washed by ethyl acetate
(3 x 15.0 mL) and water (3 x 15.0 mL). The iodide salt was obtained
by recrystallization in ethanol. Then the iodide salt was dissolved in
methanol. The methanol solution was passed through the anion-
exchange resin (Amberlite IRA-400, chloride form), and the resin
was washed with methanol. After the concentration of the eluent
chloride salt, the product was collected to give 3a as red solid. Yield:
8.7%. mp. 214.6—215.0 °C 'H NMR (300 MHz, DMSO-dg, TMS) 6y:
8.29 (t,] = 13.7 Hz, 1H), 7.76 (d, ] = 7.5 Hz, 2H), 7.67 (d, ] = 7.3 Hz,
2H), 7.53—7.33(m, 4H), 6.03 (d, ] = 13.2 Hz, 2H), 3.74 (s, 6H). ESI" m/
z: caled for C19H17N203: 305.1285, found: 305.1285. Anal. Calcd. for

Ci9H17CIN202-2.5H,0: C, 59.14; H, 5.75; N, 7.26. found: C, 58.87; H,
5.55; N, 7.20.

2.2.7. 3-Methyl-2-(3-(3-methylbenzothiazol-2(3H)-ylidene )prop-
1-en-1-yl)benzoxazol-3-ium chloride (3b)

To a mixture of 2a (0.10 g, 0.25 mmol) and 1c (0.072 g,
0.25 mmol) in ethanol (6 mL), Et3N (0.1 mL) was added in portions,
and then the mixture was heated under reflux for 1 h. The reaction
was cooled to room temperature; ethyl ether (10 mL) was added
slowly during 0.5 h. The solid was filtrated, washed with ethyl ether
(3 x 10.0 mL) and water (3 x 10.0 mL) to afford the iodide salt. Then
the iodide salt was dissolved in methanol. The methanol solution of
the iodide salt was passed through the anion-exchange resin
(Amberlite IRA-400, chloride form), and the resin was washed with
methanol. After the concentration of the eluent chloride salt, the
product was collected to give 3b as dark red solid. Yield: 59.1%.
mp.210.0-2109 °C 'H NMR (300 MHz, DMSO-ds, TMS) 6n:
8.05—7.93 (m, 2H), 7.81-7.65 (m, 3H), 7.60—7.35 (m, 4H), 6.50 (d,
J=12.4 Hz, 1H), 6.08 (d, J = 12.8 Hz, 1H), 3.82 (s, 3H), 3.74 (s, 3H).
ESIT m/z: calcd for Ci9gH17N20S™: 321.1056, found: 321.1061. Anal.
Calcd. for C;gH17CIN,0S-4H50: C, 53.20; H, 5.87; N, 6.53. found: C,
53.37; H, 5.45; N, 6.54.

2.2.8. 3-Methyl-2-(3-(3-methylbenzothiazol-2(3H)-ylidene)prop-
1-en-1-yl)benzothiazol-3-ium chloride(3c)

Dye 3c was synthesized by condensing 1c and triethoxy-
methane by a similar procedure described for dye 3a. Yield: 41.7%.
mp. 217.0—-218.0 °C 'H NMR (300 MHz, DMSO-ds, TMS) y4: 7.99 (d,
J = 7.7 Hz, 2H), 7.78—7.66 (m, 3H), 7.56 (t, ] = 7.5 Hz, 2H), 7.39 (t,
J=74Hz,2H),6.54 (d,] = 12.5 Hz, 2H), 3.82 (s, 6H). ESI* m/z: calcd
for CigH17N,S3: 337.0828, found: 337.0821. Anal. Calcd. for
C19H17CIN,S;,-4H,0: C, 51.28; H, 5.66; N, 6.30. found: C, 50.94; H,
5.20; N, 6.25.

2.2.9. 2-(3-(3,5-Dimethylbenzoxazol-2(3H)-ylidene )prop-1-en-1-
yl)-3-methylbenzoxazol-3-ium chloride (3d)

Dye 3d was synthesized by condensing 2a and 1b by a similar
procedure described for dye 3b. Yield: 38.1%. mp. 213.9—214.1 °C 'H
NMR (300 MHz, DMSO-dg, TMS) dy: 8.25 (t,] = 13.1 Hz, 1H), 7.74 (d,
J = 6.9 Hz, 1H), 7.65—7.61 (m, 2H), 7.54—7.35 (m, 3H), 7.20 (d,
J=72Hz,1H), 6.10—5.92 (m, 2H), 3.71 (s, 6H), 2.43 (s, 3H). ESI" m/z:
caled for CyoH19N203: 319.1447, found: 319.1436. Anal. Calcd. for
C0H19CIN20;-2.5H,0: C, 60.07; H, 6.05; N, 7.01. found: C, 60.24; H,
5.56; N, 6.98.

2.2.10. 2-(3-(3,5-Dimethylbenzothiazol-2(3H)-ylidene)prop-1-en-
1-yl)-3-methylbenzoxazol-3-ium chloride (3e)

Dye 3e was synthesized by condensing 2a and 1d by a similar
procedure described for dye 3b. Yield: 91.7%. mp. 203.7—204.1 °C
'H NMR (300 MHz, DMSO-dg, TMS) 0y: 8.05—7.89 (m, 1H), 7.83 (d,
J =75 Hz, 1H), 7.76—7.72 (m, 1H), 7.67—7.65 (m, 1H), 7.58 (s, 1H),
7.52—7.33 (m, 2H), 7.22—7.20 (m, 1H), 6.49 (d, ] = 12.7 Hz, 1H), 6.03
(d,J = 13.0 Hz, 1H), 3.80 (s, 3H), 3.72 (s, 3H), 2.43 (s, 3H). ESI" m/z:
caled for CyoH1gN20S™: 335.1218, found: 335.1212. Anal. Calcd. for
C0H19CIN20S-4H,0: C, 54.23; H, 6.14; N, 6.32. found: C, 53.79; H,
5.68; N, 6.08.

2.2.11. 2-(3-(3,5-Dimethylbenzothiazol-2(3H)-ylidene )prop-1-en-
1-yl)-3-methylbenzothiazol-3-ium chloride (3f)

Dye 3f was synthesized by condensing 2c and 1d by a similar
procedure described for dye 3b. Yield: 72.3%. mp. 210.7—211.2°C 'H
NMR (300 MHz, DMSO-dg, TMS) éy: 7.97 (d, ] = 7.6 Hz, 1H), 7.85 (d,
J = 7.8 Hz, 1H), 7.75-7.67 (m, 2H), 7.58—7.53 (m, 2H), 7.39 (t,
J =74Hz,1H), 7.22 (d, ] = 7.9 Hz, 1H), 6.51 (t, ] = 11.0 Hz, 2H), 3.80
(s, GH), 2.43 (s, 3H). ESI" m/z: calcd for CyoH19N2S3: 351.0990,
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found: 351.0977. Anal. Calcd. for C3oH19CIN3S,-2.5H,0: C, 54.47; H,
5.71; N, 6.35. found: C, 54.99; H, 5.42; N, 6.23.

3. Results and discussion
3.1. Synthesis

The synthetic strategy used to obtain the dyes 3a—f was shown
in Scheme 1. Compounds 1a—d were prepared by the reaction of
the requisite starting material and iodomethane in DMF at 60 °C
[16—18]. The intermediates 2a and 2c were synthesized in the
similar way described in references [19,20] with some modifica-
tions. The symmetrical cyanine dyes (3a, 3c) were obtained by the
condensation of 1a and 1c with triethoxymethane in acetic anhy-
dride, respectively. The unsymmetrical cyanines were obtained by
the reaction of compounds 1 and 2, which followed the last step in
the preparation of rhodacyanine [11]. To improve the solubility of
the final products, the chloride salts were obtained from the cor-
responding iodide salts using ion-exchange technology. The TGA
analyses were shown in Fig. S1 (Supplementary data). The mole-
cules of water of crystallization associated with the dyes were lost
during heating between 50 and 150 °C and the dyes were decom-
posed around 250 °C.

3.2. Spectral properties of dyes 3a—f

UV—vis and fluorescence spectra of dyes 3a—f in DMSO solution
are presented in Figs. 1 and 2, respectively. The spectral charac-
teristics including absorption and emission maxima (Amax), €xcita-
tion wavelength (Aex), extinction coefficients (¢), Stokes’ shift (Av)
and fluorescence quantum yields (&) are given in Table 1.

As shown in Fig. 1, the absorption spectra of dyes 3a—f show
typical absorption bands of cyanine dyes: an intense dominant
absorption band with one shoulder band. Comparing 3a, 3b with 3c,
the maximum absorption bands gradually increase (3a < 3b < 3c).
The same situation is also found in 3d, 3e and 3f (3d < 3e < 3f). The
results indicate that the hetero atoms play an important role in the
absorption spectra. There is a 20 nm red-shift with the variation of
the hetero atoms from oxygen to sulfur. The methyl group on the
benzene ring induces a slight red-shift (about 3 nm). The fluores-
cence spectra of dyes 3a-f display the same phenomenon. The

1.8 - (3a)
] == =(3b)
1.6 g A (3¢)
1.4 I\ —-=-(3d)
] HE (3e)
124 o e (3f)
8 4
€ 1.0- -,
2 1 farest
9 0.8+
o 1 '
< 0.6
0.4
0.2 iy
0.0 - = 1 AR,
L T % T
400 500 600

Wavelength (nm)

Fig. 1. UV/visible absorption spectra of dyes 3a—f at the concentration of
1.0 x 107> mol L~! In DMSO solution.

Stokes’ Shifts of these dyes are 20—22 nm. Dyes 3a and 3d possess
moderate quantum yields (0.35, 0.34), comparing with dyes 3¢ (0.15)
and 3f (0.17).

3.3. Theoretical calculations

3.3.1. Computational details

All the calculations in this work were performed with the
Gaussian98 program package [21]. The geometric and electronic
structures of molecules were investigated with the DFT method. In
each optimization, the vibrational frequencies were calculated and
the results showed that all optimized structures were stable
geometric structures. The lowest singlet excited states were
computed with ab initio CIS/6-31G(d) on the basis of the optimized
geometries obtained from HF/6-31G(d) calculations. The transition
energies were calculated at the ground-state and excited-state
geometries using TD-DFT calculations. The maximum absorption
and emission wavelengths of these compounds were studied by
employing TD-DFT methods. The transition energies were

from 1a, 1c

X1
CHyl 1) CH(OEt)3, Ac,0; R‘x‘
S—CHy—— >—CH;— ==& 2y
RVQN/ ¥ DMF ,@: o 2) IRAG00C). ®_

1a-d

a: R'=H, X'=0; b: R'=CH,, X'=0;
¢:R'=H, X'=S;d: R'=CH;, X'=8.

Dads:
H,C CH

3 3a,3c 3
a:R'=H, X'=0, R%=H, X?=0
c:R'=H, X'=s. R?%=H, X?=S

from 1a, 1¢
CgHsNHCH=NCgH
ACzo
1 1 CP 2 2
,©:@>_\_ © with 1b-d R QR
CHs 1) EtsN, reflux; N™ > N
2) IRA-400(Cl). HaC CHs

2a, 2¢
a:R'=H, X'=0; ¢: R'=H, X'=S.

3b,3d-f

b: R'=H, X'= 0, R*=H, X*= §;

d: R'=H, X'= 0, R%=CH3, X*= 0;
e:R'=H, X'=0, R%=CH,, X*= §;
f: R'=H, X'=S, R2=CHj3, X2= S.

Scheme 1. The synthetic route to dyes 3a—f.
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Fig. 2. Fluorescence emission spectra of dyes 3a—f at the concentration of
1.0 x 107> mol L™! in DMSO solution.

calculated at the TD-DFT/B3LYP level of approximation by using the
ground (excited) state HF/6-31G(d) (CIS/6-31G(d)) geometries,
which are considered to precisely predict the absorption and
fluorescence spectra of these systems [22—25]. The polarizable
continuum model (PCM) was used in calculation of the absorption
and emission spectra in DMSO solution. The singlet—triplet gaps
were calculated at the optimized geometry of the first excited
singlet. All DFT calculations were performed using the B3LYP
functional and the 6-31G (d) basis set.

3.3.2. Geometry optimization and NBO charge distribution

Some selected bond lengths, bond angles and dihedral angles
are shown in Table 2. The optimized structures of the cation parts
for dyes 3a—f at the ground state are represented in Fig. S2
(Supplementary data). As shown in Table 2, the bond angles of
C—S—C are in the range from 89.35° to 89.58°, however, the bond
angles of C—O—C are from 107.36° to 107.43°. The bond lengths of
C—S are in the range from 1.817 A to 1.825 A, while the bond lengths
of C—0 are from 1.383 A to 1.417 A. The calculated bond lengths and
bond angles suggest that the hetero atoms have a great influence on
the molecular structures of dyes 3a-f. From Table 2 and the opti-
mized structures of dyes 3a*—f* (supplementary data), it can be
seen that dyes 3a*—f" are m-conjugated planar compounds. The
dihedral angles of C;—C;—0—C4, C;—C;—S—C4 C5—C4—0—C; and
C5—C4—S—Cy are in the range from 179.02° to 179.96°, which
indicate that the hetero atoms do not distort the planarity.

The NBO charge distributions are shown in Table 3, from these
data, it can be seen that the NBO charges of the sulfur atoms are in

Table 1
Absorption and emission maxima (Amax), €xcitation wavelength (Aex), extinction
coefficients (¢), Stokes’ shift (Avs) and quantum yields (@) of dyes 3a—f.

Dyes )‘max(AbS) }\max(Em)a Ig ¢ Avge [
(nm) (nm) (Lmol~' ecm™) (nm)

3a 490 512 5.06 22 0.35°
3b 526 546 4.84 20 0.26"
3c 563 585 495 22 0.15¢
3d 493 515 5.20 22 0.34°
3e 530 551 5.02 21 0.20°
3f 566 588 5.00 22 0.17¢

2 The results were obtained by the excitation on the absorption maximum.

b The fluorescence quantum yields (&) were measured in DMSO solution using
fluorescein in 0.1 mol L~'NaOH as the reference.

¢ The fluorescence quantum yields (#) were measured in DMSO solution using
cresyl violet in methanol as the reference.

Table 2
Selected bond lengths (R, A), bond angles (D, °) and dihedral angles (Di, °) of
3at-f*.

,,,,,,,, C,
e
Rl‘clq CZ\X /Cg‘
N/ R
N \C -C ; c/ /8
Nl/ 4\C‘S/ 6 7\N\2
3a* 3b** 3¢t 3d* 3e* 3f*
R(C;—C3) 1.381 1.390 1.390 1.382 1.388 1.391
R(C2—X4) 1.417 1.825 1.824 1.417 1.823 1.823
R(C4—X1) 1.384 1.818 1.818 1.383 1.822 1.817
R(C4—Cs) 1.391 1.397 1.397 1.392 1.399 1.398
R(C4—Ny) 1.367 1.366 1.366 1.367 1.366 1.365
R(C3—Ny) 1414 1.416 1.416 1.415 1415 1.417
R(C;—Xz) - 1384 — 1385 1385 1818
R(Co—X3) - 1416 - 1416 1.417 1.824
R(C7—Ny) - 1.367 - 1.367 1.367 1.366
R(R;—Ci0) - - - 1512 1513 1511
D(Co—X;—C4) 107.40 89.38 89.39 107.36 89.58 89.35
D(C3—N;1—Cy4) 109.16 11590 115.89 109.15 115.93 115.88
D(C7—X5—Co) - 10743 - 107.40 107.38 89.38
D(C;—N,—Cg) - 10916 — 10917 10917 11591
Di(C;—Co—X;—C4) 17996 179.68 179.75 17991 179.88 179.69
Di(Cs—C4—X;—C3) 179.70 179.02 179.17 179.35 179.19 179.04

2 For 3b*, X is sulfur atom.

the range from 0.411 to 0.414, while the NBO charges of the oxygen
atoms are from —0.461 to —0.416. The charges of carbon atoms
connected to sulfur atoms are from —0.193 to 0.126. However, the
charges are from 0.283 to 0.612 when they connected to oxygen
atoms. Compared with the oxygen atom the sulfur atom has
a stronger electronic donation ability.

3.3.3. Absorption spectra

The key parameters related to absorption spectra are listed in
Table 4. As shown in Table 4, the excitation energies from dyes 3a™ to
3c* and from dyes 3d ™" to 3f* decrease, meanwhile, the maximum
absorption bands increase. The dominant transitions of dyes 3a™ —f*
are HOMO to LUMO transitions (Table S1, supplementary data). The
frontier molecular orbitals of 3a*—f* are shown in Fig. S3
(supplementary data), it can be seen that the HOMO of dyes
3at—f* are mainly located on the hetero rings and the carbon atoms
connected to the hetero rings. Compared with an oxygen atom, the
sulfur atom has a noticeable contribution to its HOMO component.
Meanwhile the LUMO are mainly located on the methine chain and
the sulfur atom also has a discernible contribution to its LUMO

Table 3
NBO charge distribution of 3a*—f*,
3a* 3b+? 3ct 3d+ 3e™* 3ft

C -0.256 -0.227 -0.227 -0.252 -0.221 -0.221
C 0.291 -0.187 -0.186 0.283 -0.193 -0.193
Cs 0.115 0.143 0.143 0.121 0.150 —0.150
Cq 0.611 0.126 0.125 0.612 0.125 0.122
Cs -0.404 -0.375 -0.368 -0.404 -0.374 -0.367
Cs —0.102 -0.107 -0.112 -0.104 —0.109 -0.114
Cy — 0.609 — 0.610 0.609 0.122
Cs — 0.115 - 0.115 0.115 0.144
Co — 0.290 - 0.289 0.290 -0.186
Cio — — - —0.008 —0.002 —0.001
Ny -0.390 -0.364 -0.362 -0.382 -0.363 -0.362
N, — -0.381 - -0.384 —-0.383 -0.364
X1 —0.461 0412 0411 —0.458 0414 0414
X5 — -0.459 — —0.460 -0416 0.412

2 For 3b*, X; is sulfur atom.
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Table 4
Absorption spectra were obtained using TD-DFT methods for dyes 3a*—f™* at the
B3LYP/6-31G(d) Optimized Geometries.

electronic exp? )‘?,?jx f excitation
transitions (nm) (nm) energies (eV)
3a* gas phase SO — S1 409 1.57 3.02
DMSO S0 — S1 490 434 1.75 2.85
3b* gas phase SO — S1 431 1.47 2.87
DMSO S0 — S1 526 458 1.66 2.70
3ct gas phase S0 — S1 455 1.39 2.72
DMSO SO — S1 563 485 1.58 2.55
3d+ gas phase SO — S1 409 1.58 3.02
DMSO S0 — S1 493 435 1.79 2.84
3et gas phase SO — S1 435 1.48 2.84
DMSO S0 — S1 530 461 1.64 2.69
3f+ gas phase SO — S1 460 1.40 2.69
DMSO S0 — S1 566 488 1.59 253

2 Measured in DMSO solution.

component. The simulated absorption spectrum in the gas phase and
in DMSO solution is shown in Fig. S4 (supplementary data). The
simulated results correlate closely with the experimental results.

3.3.4. Emission spectra

The key parameters related to fluorescence emission spectra are
listed in Table 5. From Table 5, it can be seen that the trend of the
calculated emission spectra data fits that of the experimental
results, although there are discrepancies between theoretical
values and experimental values. There are several reasons for the
discrepancies. Firstly, the currently available calculated methods
are approximate methods; the improved methods are still under
development. Secondly, the treatment of the solvent is also a limi-
tation and calculations of the specific interactions with solvent
molecules are not taken into account. As many researchers have
reported [26,27], solvent has a great influence on the fluorescence
emission spectra.

The results show that the fluorescence quantum yields decrease
from dyes 3a to 3c and from 3d to 3f (Table 1). The possible
explanation is a low singlet—triplet gap, which increases the
probability of the non-radiative processes and a strong spin—orbit
coupling, duing to the presence of the sulfur atom in the T-elec-
tronic system. According to the literature [28], the sulfur atom in an
aromatic system such as dibenzothiophene increases the ratio of
phosphorescence/fluorescence quantum yields, due to spin—orbit
coupling and electronic effects. The calculated values for the sin-
glet—triplet splitting are listed in Table 6. A decrease of single-
t—triplet gap is found from 3a* to 3c* and 3d* to 3f*. The
calculated results in Table 6 predict a higher probability of the

Table 5
Calculated Emission Data in the gas phase and in DMSO solution for dyes 3a*—f*.
electronic exp®  Amx  f excitation
transitions (nm) (nm) energies (eV)
3a* gas phase S1 — SO 411 1.58 3.01
DMSO S1 — SO 512 436 1.75 2.84
3b* gas phase S1 — SO 436 1.46 2.84
DMSO S1 — SO 546 466 1.64 2.66
3ct gas phase S1 — SO 461 1.40 2.68
DMSO S1 — SO 585 493 1.57 251
3d+ gas phase S1 — SO 416 1.60 2.97
DMSO S1 — SO 515 439 1.77 2.82
3et gas phase S1 — SO 443 1.43 2.79
DMSO S1 — SO 551 468 1.63 2.64
3f+ gas phase S1 — SO 467 1.40 2.65
DMSO S1 — SO 588 497 1.58 249

2 Measured in DMSO solution.

Table 6
Singlet—triplet gaps of 3a*—f* (AEsy).

3a* 3b* 3c* 3d* 3e* 3f*
Gas phase 9347 9239 9142 9177 9056 8994
DMSO 7907 7817 7687 7822 7728 7615

AEst (cm™)

intersystem crossing (ISC) processes and increase the rate of the
overall non-radiative processes, which are in agreement with the
experimental results.

4. Conclusion

Six symmetrical and unsymmetrical trimethine cyanine dyes
3a—f were synthesized. Their linear optical properties were
investigated experimentally and theoretically. The experimental
results showed that their absorption bands and fluorescence bands
were shifted by about 20 nm when one oxygen atom was replaced
by one sulfur atom. The NBO charge distribution indicated that the
sulfur atoms possess stronger electronic donation ability. Theoret-
ical results showed that their excited energies decrease in the order
3a, 3b to 3c and 3d, 3e to 3f. The reason for the lower excited
energies is the presence of lower lying unoccupied states in the case
of the sulfur atoms, in comparison to oxygen atoms. All the domi-
nant transitions are HOMO to LUMO transitions, and the maximum
absorption bands shift both in the gas phase and in DMSO solution.
The simulated spectra results correlate closely with the experi-
mental results.
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