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A series of new fluorophores with a fused coumarin framework were prepared. The dyes show
red-shifted and enhanced absorption compared to the model compound, 7-hydroxycoumarin. The
new coumarin bearing a 4-dimethylaminophenylacetylide group, shows absorption at 389 nm
(¢ = 14,300 M~! cm™!), compared to the model compound which shows blue shifted absorption
bands (¢ = 11,500 M~! cm~! at 320 nm). The emission of the new coumarin bearing a 4-dimethyla-
minophenylacetylide group is remarkably red-shifted (lem = 555 nm) compared to the model
compound (Aem = 356 nm). The fluorescence quantum yields of the new coumarins are increased up
to ca. 9-fold compared to the model compound. The Stokes shifts (84 nm—166 nm) are also much
larger than that of the model compound. TDDFT calculations show that the fused coumarins
undergo significant geometry relaxation upon photoexcitation, which is responsible for the large
Stokes shift. Population of the triplet excited state was observed for the bromo-functionalized
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1. Introduction

Coumarin has been used as fluorophore in chemosensors,
light-harvesting molecular arrays and photosensitizers for
photovoltaics [1—6]. However, coumarin suffers from some
disadvantages, such as the small Stokes shift. The typical Stokes
shift for coumarin dyes is less than 30 nm [7—10]. Thus, new
coumarin derivatives that show large Stokes shift are highly
desired. However, the typical strategies used in the derivatization
of a fluorophore, such as extension of the m-conjugation frame-
work, is not helpful to increase the Stokes shift, although this
strategy is very often effective to shift the absorption/emission to
longer wavelength [10—22]. For example, acetylide substituents
have been attached to the m-core of coumarin and red-shifted
absorption/emission wavelength were observed, but the Stokes
shift does not increase remarkably [11,12]. The failure to increase
the Stokes shift with the extension of the w-conjugation of a flu-
orophore is not unexpected. In principle, the large Stoke shift is
caused by remarkable molecular geometry relaxation upon
photoexcitation (that is, the geometry relaxation after the
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Franck—Condon transition, as well as the geometry relaxation
immediately after the vertical emission to the ground state). On
the contrary, the absorption/emission wavelength of a fluorophore
are mainly due to the size of the m-conjugation framework.
Furthermore, the coumarin derivatives are limited to a large
extent to those with large m-conjugation framework by attaching
acetylide or benzothioazole moieties [11,12]. Coumarin derivatives
with new molecular structures are desired to explore the photo-
physical properties.

In order to address the above challenges, herein we prepared
new coumarin derivatives with the novel fused coumarin struc-
ture (C-2 — C-4, Scheme 1). The most striking photophysical
properties of the new dyes are the large Stokes shift compared to
the unsubstituted 7-hydroxycoumarin (C-1). Furthermore, the
new derivatives show stronger absorption in the visible range
and the emission is greatly red-shifted compared to the model
coumarin C-1. With DFT calculations, we found that the large
Stokes shift of the new coumarin dyes is due to the remarkable
molecular geometry relaxation upon photoexcitation. Our
complementary experimental and theoretical work on the fused
coumarins is useful for the design of new fluorophores that show
predetermined photophysical properties, such as large Stokes
shifts.
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Scheme 1. Synthesis of the new coumarin derivatives: C-1,C-2, C-3 and C-4. Reagents and conditions: (i) H,SO4, THF, reflux, 3 h, 65%. (ii) (a) CH3COOH, hexamethylenetetramine, reflux, 7 h
(b) 20% HCl, reflux, 45 min, 10%. (iii) N, CH30H, piperidine, reflux, 7 h, 75%. (iv) acetic anhydride, triethylamine, reflux, 8 h, 55%. (v) No, THF, triethylamine, Pd(PPhs),Cly, Cul, reflux, 7 h, 63%.

2. Experimental section
2.1. General information

NMR spectra were measured on a 400 MHz Varian Unity Inova
spectrophotometer. Mass spectra were recorded on Q-TOF Micro MS
spectrometer. UV—Vis spectra were measured on an Agilent HP8453
UV—visible spectrophotometer. Fluorescence spectra were recorded
on Shimadzu RF5301PC spectrofluorometer. Fluorescence quantum
yields were measured with quinine sulfate as standard (®f = 54.6%
in 0.05 M HySO4). Luminescence lifetimes were measured on
a OB920 fluorescence lifetime spectrometer (Edinburgh Instru-
ments, UK.). 8-formyl-7-hydroxy-4-methylcoumarin (compound
C-0) was prepared according to a literature method [15].

2.2. DFT calculations

All the calculations are based on density functional theory (DFT)
with B3LYP functional and 6—31G(d) basis set. Toluene was used as
solvent in all the calculations (PCM model). The UV—vis absorptions
(vertical excitation) were calculated with the time-dependent DFT
(TDDFT) method based on the optimized ground state geometry (Sg
state). For the fluorescence, the emission wavelength was calculated
based on the optimized excited states geometries (S state, etc). All
these calculations were performed with Gaussian 09W [13].

2.3. Synthesis

231 C-2

Under N, atmosphere, 8-formyl-7-hydroxy-4-methylcoumarin
(102.0 mg, 0.5 mmol) was dissolved in anhydrous methanol
(10 mL). 2-(2’-benzothiazolyl) acetate (110.0 mg, 0.5 mmol) and
piperidine (10 pL, 0.1 mmol) were added, and the solution was
heated under reflux. Precipitate appeared after 15 min. The solution
was heated under reflux for 5 h. After cooling to room temperature,
water (15 mL) was added and the mixture was stirred for 15 min.
The precipitate was collected by filtration, the solid was washed
with water and cold methanol. The crude product was dried under
vacuum (144.0 mg, 75%). 'TH NMR (400 MHz, CDCl3): 9.67 (s, 1H), 8.17
(d,1H,J=8.0Hz), 8.03 (d, 1H,]/ = 8.0 Hz), 7.93 (d, 1H, ] = 8.0 Hz), 7.59
(t,1H, J = 16.0 Hz), 7.48 (t, 1H, ] = 16.0 Hz), 7.43 (d, 1H, ] = 8.0 Hz),
6.42 (s, 1H), 2.55 (s, 3H). Selected IR data (cm™!, KBr pellet): » = 755,
826, 876, 1001, 1169, 1389, 1579, 1611, 1731, 1750, 3061, 3084.
MALDI-HRMS: calcd ([C20H11NO4S+Na]™) m/z = 384.0306, found,
m/z = 384.0309.

23.2. C-3

8-formyl-7-hydroxy-4-methylcoumarin (0.26 g, 1.96 mmol),
p-bromobenzeneacetic acid (0.50 g, 2.32 mmol), acetic anhydride
(0.90 g, 8.86 mmol), triethylamine (0.28 g, 3.77 mmol) were mixed,
and the solution was heated under reflux for 8 h. Precipitate
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appeared after cooling to room temperature. Water (10 mL) was
added and the pH was brought to 7 with 10% NaOH aqueous
solution. Precipitate was collected with filtration. The solid was
washed with water (10 mL) and cold methanol (10 mL). The
product was dried under vacuum (410.0 mg, 55%). 'H NMR
(400 MHz, CDCl3): 8.44 (s, 1H), 7.76 (d, 1H, ] = 8.0 Hz), 7.67 (d, 2H,
J = 8.0 Hz), 7.62 (d, 2H, J = 12 Hz), 7.31 (d, 1H, ] = 8.0 Hz), 6.35 (s,
1H), 2.50 (s, 3H), 13C NMR (100 MHz, CDCl3): 159.42, 159.11, 155.23,
152.49,150.06, 132.92, 131.92, 131.75, 130.18, 127.54, 126.98, 123.79,
115.85, 114.07, 112.64, 109.11. Selected IR data (cm™!, KBr pellet):
v = 778, 819, 1084, 1168, 1388, 1578, 1621, 1732, 2921, 2967, 3084.
MALDI-HRMS: calcd ([C19H117?BrO4] %), m/z = 381.9841, found, m/
z = 381.9845.

233. C4

C-3 (109.0 mg, 0.287 mmol), 4-ethynyl-N,N-dimethylbenzen-
amine (50.0 mg, 0.345 mmol) was mixed in THF (4 mL) and trie-
thylamine (4 mL). Pd(PPhs),Cly (5 mol %, 10.0 mg), PPhs (5 mol %,
4.0 mg) and Cul (5 mol %, 3.0 mg) was added to the mixture. The
solution was heated under reflux for 8 h. After the reaction was
complete, the solvent was evaporated under reduced pressure. The
crude product was purified using column chromatography (silica
gel, CH,Cl,) to give C-4 as brownish red powder. (49.0 mg, 63%). 'H
NMR (400 MHz, CDCl3): 8.47 (s, 1H), 7.79 (d, 2H, ] = 8.0 Hz), 7.75 (d,
1H, ] = 8.0 Hz), 7.60 (d, 2H, ] = 8.0 Hz), 7.46 (d, 2H, J = 8.0 Hz), 7.32
(d, 1H,J = 8.0 Hz), 6.71 (d, 2H, J = 8.0 Hz), 6.35 (s, 1H), 3.02 (s, 6H),
2.50 (s, 3H). Selected IR data (cm™ !, KBr pellet): » = 778, 816, 849,
1084, 1168, 1359, 1526, 1597, 1615, 1727, 2205, 2817, 2901, 3066.
MALDI-HRMS: calcd ([CagHo1NO4| "), mfz = 447.1471, found, m/
z = 447.1472.

3. Results and discussion
3.1. Design and synthesis of the new coumarin derivatives

Previously coumarin derivatives were prepared by extension of
the m-conjugation framework of the fluorophore [11,12], for
example, with the benzothiazole moiety. Another strategy to
prepare coumarin derivatives that show long absorption/emission
wavelength is to use suitable polycyclic aromatic hydrocarbons as
the starting material [14].

We notated that formyl-coumarin was reported [15]. Based
on the synthetic method of the benzothiazole coumarin deriv-
atives, this intermediate compound can be used to fuse an extra
coumarin unit, thus fused coumarin C-2 was prepared (Scheme
1). The two coumarin fluorophores in C-2 are integrated
together, or fused together. To the best of our knowledge, this is
the first time that such a fluorophore structure is reported. In
order to prove that this derivatization method can be extended
to prepare more highly functionalized derivatives, C-3 was
prepared with the 2-(4-bromophenyl)acetic acid as the starting
material. The bromo substitution can be used for further
derivatization, which was demonstrated by the preparation of C-
4, in which an electron-donating moiety was readily introduced
to the phenyl substituents by Sonogashira coupling reaction. The
new coumarin derivatives show larger Stokes shift than the
model coumarin. All the photophysical properties were ratio-
nalized by DFT/TDDFT calculations.

3.2. UV—Vis absorption and fluorescence spectra of the compounds

The UV—Vis absorption of the dyes were studied (Fig. 1). All the
new derivatives show a more red-shifted absorption than the
model coumarin C-1. For example, C-2 and C-4 shows absorption
maxima at 373 nm and 389 nm, respectively. Conversely C-1 didn’t

show any absorptions in this range. However, C-3 shows absorption
similar to C-1, indicating that the intramolecular charge transfer
(ICT) effect is also important for the absorption of the coumarin
derivatives [10]. For C-3, we propose that the ICT character is not
significant, whereas for C-2 and C-4, the ICT effect is more
significant.

The fluorescence excitation and emission spectra of the
compounds were studied (Fig. 2). C-1 shows emission at 356 nm,
and the emission band is mainly located in the UV range. For C-2,
the excitation is red-shifted to 373 nm, and the emission band is
located at 461 nm, and almost all the emission band is located in
the visible range. Similar excitation and emission bands were
observed for C-3 (Fig. 2¢). For C-4, in which the ICT character is
more remarkable compared to C-2 and C-3, the emission is red-
shifted to 555 nm (Fig. 2d). The emission bands of C-2 and C-3
show vibrational progression, which is similar to the emission of C-
1. For C-2, the structureless emission band indicates a significant
ICT feature of the emissive state.

Small Stokes shift (56 nm) was observed for C-1 (Fig. 2a). For C-
2, the Stokes shift increased to 87 nm. Similar large Stokes shift was
observed for C-3. For C-4, the Stokes shift is up to 144 nm, which is
ca. 3-fold of C-1. To the best of our knowledge, this is among the
largest Stokes shifts observed for coumarin derivatives [12].
Previously coumarins with benzothiazole moiety were used for
fluorescent molecular probes, but the fluorophore shows a small
Stokes shift of 20 nm [9]. The coumarin derivatives with large
Stokes shifts described herein, especially C-4, can be developed as
fluorophores for fluorescent molecular probes. The large Stokes
shift of fluorophore can reduce the self-absorption, or the inner
filter effect and it is beneficial for fluorescence sensing [10].

We found that the emission wavelength of the derivatives can
be readily tuned from 356 nm (C-1) to 555 nm (C-4). Furthermore,
the fluorescence quantum yield was greatly improved. For example,
the fluorescence quantum yield of C-1 is 0.037, but C-2 and C-4
show fluorescence quantum yield at above 0.30 (Table 1). The
variation of the emission wavelength and the emission intensity is
discernable with unaided eye (Fig. 3b). With excitation by a 365 nm
lamp C-1 gives a weak blue emission, C-2 gives strong cyan emis-
sion and notably C-4 gives strong yellow emission. The vivid
emission color and the intense emission will be beneficial for
fluorescent bioimaging applications [9,16].

Absorption

300 350 400 450 500 550

Wavelength / nm

Fig. 1. UV—Vis absorption spectra of compounds C-1, C-2, C-3 and C-4.
¢ = 1.0 x 10~> mol dm~3 in toluene. 20 °C.



D. Huang et al. / Dyes and Pigments 95 (2012) 732—742

12 T T T

Av =56 nm
1.0 .

0.8 .
0.6 .
0.4 .

0.2+ 1

Fluorescense intensity / a.u. @

0.0

400 500
Wavelength / nm
1.2 T T T T

Av =81 nm
1.0- N ;

300

(2]

0.8 -
0.6 -
0.4 -

0.2+ i

Fluorescense intensity / a.u.

0.0 T T T
400 500 600
Wavelength / nm

300

600

735

(=2
N

c o o =
£ (o] (o] o
1 1 1 |
1 1 1 1

Fluorescense intensity / a.u.
o
n

300 400 500 600 700
Wavelength / nm

o

1.2 T T T T
104 Av = 144 nm

0.8+
0.6+

0.4+

Fluorescense intensity / a.u.

300 400 500 600 700 800
Wavelength / nm

Fig. 2. Normalized emission and excitation spectra of compounds (a) C-1, Aex = 300 nm; (b) C-2, Aex = 380 nm; (c) C-3, Aex = 315 nm; and (d) C-4. dex = 390 nm

¢ =10 x 10~°> mol dm~3 in toluene, 20 °C.

The new coumarin derivatives show enhanced luminescence
property at solid state relative to the model example C-1 (Fig. 4).
C-1 gives weak emission at solid state, whereas C-2, C-3 and C-4
give intense emission in the solid. Furthermore, we found that the
emission of C-2 is red-shifted by 87 nm relative to that in solution.
C-3 gives emission at 450 nm, which is red-shifted by 40 nm
compared to that in solution. C-4 gives emission at 587 nm, the red-
shift compared to that in solution (555 nm, Fig. 2d) is not signifi-
cant. The emission intensity and the emission color were demon-
strated by the photographs of the luminescence in solid (Fig. 4b).
C-2 gives bright yellow emission and C-4 gives golden emission
color. Emission at solid state is interesting and can be used for
electroluminescence [11].

The photophysical parameters were summarized in Table 1. The
UV—Vis absorption, the emission wavelength and the fluorescence
quantum Yyields of the dyes are improved relative to that of the
model coumarin C-1.

3.3. Polarity sensitivity of the fluorescence

The coumarin derivatives show drastically different polarity-
dependent fluorescence (Fig. 5). For example, the emission
maximum of C-1 was red-shifted with increasing the solvent
polarity (Fig. 5a). The emission is centered at 356 nm in toluene,
and the emission band is red-shifted to 379 nm in methanol. The
emission intensity also changes significantly with changes to the
solvent polarity. Interestingly, C-2 shows similar emission wave-
length in different solvents, but the emission intensity decreases
slightly in highly polar solvents, such as in acetonitrile and meth-
anol, than that in toluene or dichloromethane (Fig. 5b).

The emission of C-3 shows similar solvent polarity-dependency
relative to C-2. It should be noted that the solvent polarity-
dependency of the emission of C-2 and C-3 is unusual [10,12,17].
Normally the fluorescent dyes show emission wavelength changes
in solvents with different polarity, for example, the bathochromic

Table 1

Photophysical parameters of the coumarin derivatives C-1, C-2, C-3 and C-4.
Sensors &M Tem™) abs (NM) Jem (NM) Stokes Shift/(nm) @b /ns k< Kned
c-1 1.15 x 10* 320 356 56 0.037 22 1.68 x 107 4.38 x 107
Cc-2 9.14 x 10° 373 461 87 0.320 3.5 9.14 x 107 1.94 x 107
C-3 2.04 x 10* 327 410 81 0.139 1.2 1.16 x 107 7.18 x 107
C-4 143 x 10* 389 555 144 0.323 3.2 1.01 x 107 2.11 x 107

3 ¢: Molar extinction coefficient, in toluene (1.0 x 107> mol dm™3); Aus: Absorption wavelength (wavelength of first absorption maximum), in toluene
(1.0 x 107> mol dm™3); Aem: emission wavelength (at the maximum intensity) in solution and in solid state; Stokes’ shifts.
b Fluorescence quantum yields; 7: fluorescence lifetimes, The excitation wavelength for the fluorescence spectra equals to the maximum UV—Vis absorption wavelength.

¢ Are radiative and nonradiative transition rate constants, respectively. In s~ .
4 Are radiative and nonradiative transition rate constants, respectively. In s~
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Fig. 3. (a) Normalized emission spectra of compounds C-1, C-2, C-3, C-4. Aex
[C-1] = 300 nm, Aex[C-2] = 380 nm, Aex [C-3] = 315 nm, Aex [C-4] = 390 nm. (b)
Fluorescence photographs of compounds C-1, C-2, C-3 and C-4 under UV lamp exci-
tation (365 nm). ¢ = 1.0 x 10> mol dm~> in toluene. 20 °C.

shift [10,17]. The properties similar to C-2 and C-3 are rarely
reported.

The emission of C-4 is highly sensitive to the polarity of the
solvents. For example, C-4 is emissive in toluene, but the emission
is completely quenched in other common organic solvents. We
propose the emission can be quenched by the ICT effect, which is
more significant in polar solvents.

3.4. Triplet excited state of the coumarin derivative

For C-3 with the bromine atom the triplet excited state of this
dye may probably be populated upon photoexcitation, due to the
heavy atom effect of the bromine atom. Population of the triplet
excited state of the organic chromophores is significant because
these organic chromophores can be used as triplet photosensitizers
to replace the noble metal complex triplet photosensitizers, such as
those Pt(II), Ir(Ill) or Ru(ll) complexes, in photocatalysis or
triplet—triplet annihilation based upconversions [18—26].

In order to study the possible population of the triplet excited
state of C-3, nanosecond time-resolved transient difference
absorption spectroscopy was studied (Fig. 6). Upon pulsed 355 nm
laser excitation, the transient difference absorption spectra of C-3

a 800 T T T T T T T

600

Fluorescence intensity / a.u.

400 500 600 700
Wavelength / nm

Fig. 4. (a) Emission spectra of compounds C-1, C-2, C-3 and C-4 in solid state, Aex
[C-1] = 300 nm, Aex[C-2] = 380 nm, Aex [C-3] = 315 nm, Aex [C-4] = 390 nm. Note the
emission intensity is quasi-quantitative. (b) Photographs of compounds C-1, C-2, C-3
and C-4 in solid state under ambient light and UV light (hand-hold UV lamp, 365 nm),
20 °C.

were recorded (Fig. 6). A significant bleaching at 320 nm was
observed, which is due to the depletion of the ground state of C-3.
The bleaching is at the steady-state UV—Vis absorption band of C-3
(Fig. 1). Furthermore, a positive transient absorption band at
439 nm was observed. The lifetime of the transient species by
monitoring the decay kinetics at 320 nm was determined as 21.3 ps.
The transient can be quenched in aerated solution (tr decreased to
0.26 ps. See the Electronic Supplementary Information), thus the
transient is due to the triplet excited state of the dye upon photo-
excitation [27]. For other coumarin derivatives described herein, no
such transients were observed.

In order to study the triplet state character of C-3 from a theo-
retical perspective, the spin density was studied (Fig. 7)
[5,24,25,28—34]. The spin density surface (based on the optimized
triplet state geometry) is spread over the whole molecular frame-
work and the bromine atom is involved in the spin density surface.
This is a reasonable result since the ISC requires significant
involvement of the heavy atom [24]. Otherwise the ISC will be weak
[35—38].

3.5. DFT calculations: rationalize the absorption/emission spectra
and the large stokes shift

DFT calculations have attracted much attention for the study of
fluorophores and fluorescent molecular probes [39—47]. Previously
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¢ =10 x 107> mol dm~3, 20 °C.

we used DFT calculations in the study of fluorescent thiol probes
[40,46,47], and boronic acid probes [39,41,48]. We proposed to use
the concept of “electronic state” rather than the conventional
approximation of “molecular orbital”, to study the photophysical
properties, such as the fluorescence OFF—ON switching effect of the
molecular probes [40,46,47]. We also proposed to use the concept
of “dark excited state” and “emissive excited state” to rationalize
the fluorescence transduction of the molecular probes [40,46,47].

Previously DFT calculations have also been used for study of the
photophysical properties of coumarin [49].

Herein we will use DFT calculation to rationalize the photo-
physical properties of the new coumarin derivatives, such as the
absorption/emission, and most importantly, the origin of the large
Stokes shifts (Fig. 2). Experiments have shown that the Stokes shifts
of C-2, C-3 and C-4 are much larger than that of the model
compound C-1. By study the Jablonski diagram of the absorption/

500
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300

Fig. 6. (a) Nanosecond time-resolved transient difference absorption spectra and (b) decay trace of C-3 at 320 nm after pulsed laser excitation (lex = 355 nm). 1.5 x 107> mol dm
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Fig. 7. The spin density surfaces of C-3 at the triplet state. Calculated at B3LYP/6-
31G(d) level with Gaussian 09W.

emission processes of chromophores [10,17], one would realize that
the most probable origin of Stokes shift is the molecular geometry
relaxation of the fluorophore upon photoexcitation. We propose

this rule may be applicable for the present dyes, thus the geometry
of C-2, C-3 and C-4 at ground state and the lowest-lying singlet
excited state (Sp state, which is responsible for the fluorescence in
most cases, Kasha’s rule), were optimized (Fig. 8).

For C-2, the most prominent feature of the ground state (Sp)
geometry is the non-planar geometry of the benzothiazole against
the fused coumarin moieties. A C—C single bond is the connection
of the two units, thus the rotation about this bond is possible. At Sg
state, the dihedral angle between the two units is 30°. At S; excited
state, however, the dihedral angle is 0°. That is, the fused coumarin
unit and the benzothiazole unit are coplanar in the Sp state. Similar
geometry changes were found for C-3 and C-4 (Fig. 8).

The remarkable geometry difference between the ground state
and the first singlet excited state (S; state) may be responsible for
the large Stokes shift of the dyes C-2, C-3 and C-4 [10,17]. For the
model compound C-1, however, we propose that the geometry
relaxation is much smaller because no such dihedral angle exists.

The vertical excitation and the emission of the compounds were
studied by the TDDFT calculations, based on the ground state (Sp)
geometry and the optimized S; state geometry.

Firstly the excitation of C-1 was calculated. The calculated
absorption is at 297 nm (Fig. 9 and Table 2), which is close the
experimental results (4ex = 300 nm, Fig. 1). The HOMO— LUMO
transition is involved in the excitation. Both orbitals are localized
on the coumarin framework. The emission of C-1 was also calcu-
lated based on the optimized S; state geometry. The calculated
emission wavelength is 329 nm, which is in good agreement with
the experimental results of 356 nm (Fig. 2).

Small oscillator strength was found for both the absorption and
the emissive transitions of C-1 (Table 2), which indicate weak
absorption and non-efficient emission. This is in line with the small
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Fig. 8. Geometry of the coumarins C-2, C-3 and C-4 at the ground state (Sp) and the singlet excited state (S;). Toluene was used as solvent in the calculation. Calculated at B3LYP/6-
31g(d) level with Gaussian 09W.
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Fig. 9. The frontier MOs involved in the vertical excitation and the emission of
coumarin C-1. CT stands for conformation transformation. Calculated with TDDFT
method based on the optimized ground state (Sp) and the lowest-lying singlet excited
state (S;) geometry. Toluene was used as solvent in the calculations. Calculated at
B3LYP/6-31g(d) level with Gaussian 09W.

molar extinction coefficient and the low fluorescence quantum
yield of C-1 (& = 3.7%. Table 1).

The absorption and emission of C-2 were also studied by the
TDDFT calculations (Fig. 10 and Table 3). The benzothiazole moiety
of C-2 contributes significantly to the HOMO, whereas the LUMO is
more localized on the fused coumarin moiety. The calculated
excitation wavelength is 377 nm, which is in very good agreement
with the experimental results of 373 nm (Fig. 1 and Table 1).

In order to study the emission of C-2, the geometry of the Sy
excited state was optimized (Fig. 10). The most significant differ-
ence between the ground state geometry and the S; state geometry
is the dihedral angle between the benzothiazole moiety and the
fused coumarin moiety. For the ground state (So state), the dihedral

Table 2

Selected electronic excitation energies (eV) and corresponding oscillator strengths
(f), main configurations and CI coefficients of the low-lying electronically excited
states of C-1.2

Electronic transition ~TDDFT//B3LYP/6—31G(d)

Energy” f Composition? cI®
So — Si(ex) 416 eV (297 nm) 02892 H - L 0.6741
H-1-1L 0.1233
So — Saex) 4.51eV(275nm) 0.0228 H-—-1L 0.1287
H-1-1L 0.6230
S1 — Soem) 3.76 eV (329 nm) 0.2736 H - L 0.6760
H-1-L+1 01115
H-1-1L 0.1555
S2 — Socem) 419eV(295nm) 0.0522 H-L 0.1461
H-1-1L 0.6503

@ Excitations were calculated by TDDFT//B3LYP/6-31G(d), based on the optimized
ground state geometries. The emissions were calculated based on the optimized
excited state geometries. Toluene was used as solvent in the calculations.

b Only the low-lying excited state and some major allowed transitions were
presented.

¢ Oscillator strength.

4 Only the main configuration interaction (CI) coefficients >0.1 are presented. H
stands for HOMO and L stands for LUMO.

€ (I coefficients are in absolute values.
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Fig. 10. The frontier MOs involved in the vertical excitation and the emission of C-2. CT
stands for conformation transformation. Note the dihedral angle of the C-2 at ground
state is 30°, but the angle is 0° at excited state (Sq). Calculated with TDDFT based on the
optimized ground state (Sp) and the S; state geometry. Toluene was used as solvent in
the calculation. Calculated at B3LYP/6-31g(d) level with Gaussian 09W.
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angle is 30°. For the optimized S state, the dihedral angle is 0°, that
is, the two units are in coplanar conformation (Figs. 8 and 10).
With remarkable geometry relaxation, we observed a significant
variation of the energy levels of LUMO orbital. The LUMO energy
level decreased from -2.55 eV of the Franck—Condon state,
to —2.96 eV of the optimized S; state (after geometry relaxation at
the S; state), the stabilization is 0.41 eV. By comparison, without
the significant geometry relaxation, C-1 shows the corresponding
energy level change of only 0.2 eV (Fig. 9). For C-2, the energy level
of the HOMO at the S; state geometry is destabilized by 0.31 eV,
compared to the HOMO at the Sy state geometry. By comparison, C-
1 shows the corresponding de-stabilization of only 0.13 eV (Fig. 9).
Based on the results of C-2, it is clear that the geometry relax-
ation of the fluorophore upon photoexcitation (at both the S; state
and the Sy state) introduces large Stokes shift. Without remarkable

Table 3
Selected electronic excitation energies (eV), corresponding oscillator strengths (f),
main configurations and CI coefficients of the low-lying electronically excited states
of C-2.¢

Electronic transition =~ TDDFT//B3LYP/6—31G(d)

Energy (eV) f Composition  CI
So = S1(Ex) 329eV(377nm) 07880 H oL 0.6903
H-1->L 0.1206
So — Sa(ex) 3.43eV (361 nm) 0.0411 H-L 0.1219
H-1->1L 0.6888
S1 — Sogem) 263eV(470nm) 07185 H oL 0.6903
H-1-1 0.1465
Sz — Soem) 3.05eV (407 nm) 0.2602 H-L 0.1464
H-1->1L 0.6863

¢ For the meaning of the table contents, please refer to Table 2.
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Fig. 11. Simplified Jablonski diagram for the origin of Stokes shifts of the coumarin
dyes. (a) Small geometry relaxation upon photoexcitation produces small Stokes shift,
which is applicable to C-1. (b) Large geometry relaxation upon photoexcitation leads to
large Stokes shift, which is applicable to C-2, C-3 and C-4. GR stands for geometry
relaxation.

geometry relaxation at the S; state, small Stokes shift will be
observed, which is applicable to C-1.

The difference of the Stokes shift of C-1 and C-2 can be explained
by Fig. 11. Small geometry relaxation of the fluorophore upon
photoexcitation will lead to small Stokes shift (Fig. 11a), which is
applicable to C-1. Conversely, large geometry relaxation upon
photoexcitation will produce large Stokes shift. This is applicable
for C-2.

The above theoretical calculations on the photophysical prop-
erties were further confirmed by study of C-3 (Fig. 12 and Table 4).
The calculated excitation energy of C-3 is 355 nm, which is close to
the experimental results of 327 nm (Fig. 1 and Table 1). Geometry
relaxation was also observed for C-3 at the S; state (the dihedral
angle between the benzenethiazole moiety and the fused coumarin
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Fig.12. The frontier MOs involved in the vertical excitation and the emission of C-3. CT
stands for conformation transformation. Note the dihedral angle of the C-3 at ground
state is 35°, but the angle is 10° at excited state (S;). Calculated with TDDFT based on
the optimized ground state (Sp) and the lowest-lying singlet excited state (S;) geom-
etry. Toluene was used as solvent in the calculation. Calculated at B3LYP/6-31g(d) level
with Gaussian 09W.

Table 4

Selected electronic excitation energies (eV) and corresponding oscillator strengths
(f), main configurations and CI coefficients of the low-lying electronically excited
states of C-3.¢

Electronic transition =~ TDDFT//B3LYP/6—31G(d)

Energy (eV) f

Composition C

So = Siex) 349eV(355nm) 06657 H-—L 0.6856
H-1-L 0.1494
So — SaEx) 3.66eV (338 nm) 0.0712 H-L 0.1511
H-L+1 0.3586
H-1-1L 0.5681
S1 — Soem) 2.87eV (432 nm) 08389 H-L 0.7032
S2 = Soem) 331eV(374nm) 0.0284 H-—>L+1 0.4643
H-1-1 0.5181

2 For the meaning of the table contents, please refer to Table 2.

unit changed from 35° to 10°) (Fig. 8). The calculated emission
wavelength is 432 nm, which is close to the experimental result of
410 nm (Fig. 2 and Table 1).

Based on the frontier orbitals involved in the absorption and
emission transitions (Table 4), we propose that the coumarin unit is
more involved in the HOMO and LUMO orbitals. Furthermore, the
phenyl moiety is involved in the orbitals, thus we propose the
photophysical properties of the fused coumarin chromophore can
be tuned by using different substituents at the phenyl position. The
results of C-4 proved this postulation.

The excitation and emission of C-4 were studied with similar
methods (Fig. 13 and Table 5). We found that the HOMO and LUMO
orbitals of C-4 are more localized than the other derivatives studied

“
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Fig. 13. The frontier MOs involved in the vertical excitation and the emission of C-4. CT
stands for conformation transformation. Note the dihedral angle of the fused coumarin
and the phenyl moiety at ground state is 36°, but the angle is 22° at excited state (Sy).
Calculated with TDDFT based on the optimized ground state (So) and the lowest-lying
singlet excited state (S;) geometry. Toluene was used as solvent in the calculation.
Calculated at B3LYP/6-31g(d) level with Gaussian 09W.
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Table 5

Selected electronic excitation energies (eV) and corresponding oscillator strengths
(f). Main configurations and CI coefficients of the low-lying electronically excited
states of C-4. ¢

Electronic transition =~ TDDFT//B3LYP/6—31G(d)

Energy f Composition  CI
So = SiEx) 243eV(510nm) 06876 H - L 0.7031
So = Saex) 2.85eV(434nm) 00313 H->L+1 0.7025
So — S3(ex) 346 eV (358 nm) 11128 H-1-1L 0.5871
H - L+2 0.3696
S1 — SoEm) 216 eV (574nm) 0.8036 H—L 0.7050
Sz — SoEm) 2.70eV (459 nm) 0.0150 H—->L+1 0.7029

2 For the meaning of the table contents, please refer to Table 2.

herein. For example, at both the Sy state geometry and the S; state
geometry, both HOMO are localized on the acetylide phenyl
moieties. For the LUMO, however, the orbitals are more localized on
the fused coumarin moiety. Thus the ICT character of C-4 is more
significant than the other dyes. The calculated excitation energy is
2.43 eV (510 nm, Fig. 13), which is much smaller than the experi-
mental results of 3.19 eV (389 nm, Fig. 1 and Table 1). This is within
expectation because DFT method usually gives under-estimated
excitation energy for the charge transfer excitations [38,50]. The
calculated emission wavelength is 574 nm (Fig. 13), which is close to
the experimental result of 555 nm (Fig. 2 and Table 1).

Based on the MOs of C-4 (Fig. 13), the intramolecular charge
transfer of C-4 is significant, which is probably responsible for the
emission properties of C-4, such as the sensitivity to the polarity of
the solvents.

Our DFT and TDDFT calculations on the dyes C-1-C-4
demonstrated that the large Stokes shift of C-2, C-3 and C-4 are
due to the significant geometry relaxation of the dyes upon
photoexcitation. This is in agreement with the Jablonski diagram
of the fluorescence process [10,17]. Furthermore, the UV—Vis
absorption and the fluorescence emission of the dyes were
predicted by the TDDFT calculations. The molecular orbitals
demonstrated the significant ICT character of C-4, which is in
agreement with the experimental results. The calculation results
are useful for rationale design of new fluorophores.

4. Conclusions

New fluorophores with novel fused coumarin framework were
prepared (C-2, C-3 and C-4). These fused coumarin dyes show red-
shifted and enhanced absorption and emissions compared to the
model compound (7-hydroxycoumarin, C-1). For example, C-2
(with benzenthiazole functionalization) shows absorption at
373 nm (e =9140 M~ ! cm ') and emission at 461 nm. C-4, with a 4-
dimethylaminophenylacetylide substituent, shows absorption at
389 nm (¢ = 14,300 M~ cm™!), compared to the model coumarin
C-1. Furthermore, the fluorescence quantum yields of the fused
coumarins (@r = 32.3% for C-4) are up to ca. 9-fold of the model
coumarin (@g = 3.7% for C-1). Most importantly, the Stokes shifts of
the new fused coumarin dyes (84 nm—166 nm) are much larger
than the model coumarin (56 nm). The new functionalized fused
coumarin dyes show solvent polarity-dependent emission inten-
sity, but the emission wavelength does not change in different
solvents. The photophysical properties of the new dyes were fully
rationalized by DFT/TDDFT calculations. The TDDFT calculations
show that the new dyes undergo significant geometry relaxation
upon photoexcitation, which is responsible for the large Stokes
shifts. Population of the triplet excited state at room temperature
was observed for the bromo-functionalized fused coumarin deriv-
ative. Our complementary experimental and theoretical study on

the new dyes with novel fused coumarin structure is useful for
design of new fluorophores that show predetermined photo-
physical properties, especially large Stokes shift.
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