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A new kind of tetrahydro[5]helicene-based imide dyes with
intense fluorescence and large Stokes shifts in both solution
and solid state were developed and theoretically investigated.

Organic dyes with intense fluorescence, especially in the solid
state,’ have received considerable attention for their wide
applications in optoelectronic materials,’ biological sensors,’
and fluorescence imaging.* Although a number of organic dyes
with strong emission in solution have been reported, most of
them quenched in solid state mainly owing to the aggregation
and intermolecular interaction. Consequently, several strategies
including the introduction of bulky substituents,” enhanced
intramolecular charge transfer transition,® J-aggregated
formation,” and aggregation-induce emission® have been
developed to obtain intense fluorescence in the solid state.
However, the systems of organic dyes with intense fluorescence
in both solution and solid state are still limited, and the
development of new organic dyes, especially, the solid-state
fluorescence dyes is very attractive and important.

Helicene derivatives’ are a class of polycyclic arenes with non-
planar structures, so they could show intense fluorescence not only
in solution, but also in solid state. However, few studies on the
photophysical properties of helicene and its derivatives in solution,
especially in solid state, were carried out.'” Herein, we report a new
kind of organic imide dyes based on tetrahydro[S]helicene core. By
the combination of the conjugative effect, strong intramolecular
push—pull electronic effect, and twist structure (Fig. 1), the dyes
show intense fluorescence and large Stokes shifts in both solution
and solid state. Interestingly, an expanded m-conjugated system by
introducing only two phenyl groups to the hydro[5]helicene core can
result in an increase of more than 14 times of the quantum yield
compared with its precursor, which was theoretically explained by
the investigation of emission and internal conversion rates in the
framework of thermal vibration correlation function formalism. !

Synthesis of organic dyes 5-8 was depicted in Scheme 1.
Compound 3 was first synthesized in 68% yield by the amidation
reaction of 1** '2 with propyl amine. Similarly, the dibromo-
substituted lactim 4 was obtained in 77% yield by the reaction of 2'?
with dodecyl amine. Then, the Suzuki reaction of 4 with appropriate
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arylboronic acids gave the tetrahydro[5]helicene based dyes 5-8 in
moderate to good yields.
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Fig. 1 Design of tetrahydro[S]helicene based imide dyes.
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8 Ar = p-PhyNCgHy

4 R' = dodecyl

Scheme 1. Synthesis of compounds 3-8.

The new compounds were all characterized by 'H NMR, *C
NMR and mass spectra. Moreover, we also obtained the single
crystal of 3 suitable for X-ray analysis by its slow evaporation in
CH,Cl, and petroleum ether. As shown in Fig. 2, 3 showed a
significantly twisted structure with the torsion angle of C10-C9-C28-
C27 of 54.0°. Moreover, molecule 3 could also pack into a
herringbone-like structure with the alternating left-handed and right-
handed configuration molecules by C-H 'w interactions (Figure S1).
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Fig. 2. Crystal structure of 3. Hydrogen atoms were omitted for clarity.

Absorption and emission spectra of 3 and 5 in CH,Cl, were
shown in Fig. 3 and Table S2. Although the molar absorptivity of 5
(log &€ = 4.31) is similar to that of 3 (log ¢ = 4.30), the maximum
absorption band of 5 at 385 nm showed a red shift of 11 nm
compared to 3 (374 nm) due to the large conjugated m-system of 5.
In the fluorescent spectra, the maximum emission wavelength of 5
was observed at 502 nm, which is 28 nm longer than that of 3. It was
interestingly found that both 3 and 5 exhibited a large Stokes shift of
even up to 100 nm. Especially, the quantum yield of 5 (70.3 %) was
found to be 14 times higher than that of 3 (4.9 %). The introduction
of two phenyl groups exhibited a subtle effect on the absorption but
a marked effect on the emission spectra, which is probably due to the
difference between the structures in the excited state and ground
state. The different structures of 5 between the ground state and
excited state could also be evidenced by the solvent effect, in which
the absorption spectra of 5 show only slightly solvatochromism [4,,
= 380 (cyclohexane), 385 (toluene), 385 (CH,Cl), 382 (THF)], but
marked solvent effect was observed in the emission spectra [4,, =
456 (cyclohexane), 474 (toluene), 502 (CH,Cl,), 483 (THF)]. It was
also found that the quantum yields of 5 in the above different
solutions range from 43.5% to 70.3%.
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Fig. 3 UV-Vis absorption and fluorescence spectra of 3 and 5 in CH,Cl,.

In order to investigate the effect of the terminal two
benzene rings on the photophysical properties of 5, we
theoretically studied the Stokes shift and quantum yields of 3
and 5. The optimizations of ground state SO and first excited
state S1, and the calculations of frequency and nonadiabatic
coupling matrix elements (NACMEs) were carried out with
B3LYP/6-31G** method in TURBOMOLE 6.4 package."
Then the spectra, emission and IC rates were calculated with
our home-built package. As the transition density between S1
and SO, represented in Fig. 4(c), the phenyls increased the
conjugation length along y direction. As the result (Table S5),
the transition dipole moment of 5 (5.12 Debye), calculated at
the equilibrium geometry of S1, was 1.67 times larger than that
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of 3 (3.07 Debye), which enhanced the emission rate from
1.74x107 s to 4.04x107 s, In addition, the phenyl groups in 5
reduced the reorganization energy (see Figure S2, S3, Table
S3)' and the Duschinsky rotation effect (DRE, Figure S4,
Table S4),"° which made the IC rate of 5 (4.82x10% s™) lower
than 3 (3.13x10° s). From the above, the increase of
conjugation length and molecular rigidity, the quantum yield of
5, 7.73%, was about 14 times larger than that of 3, 0.553%. The
theoretical IC rates are higher and result in small quantum
yields compared with the experiment. This is due to lack of
anharmonic effect in the present theory, which is hard to deal
with. But the tendency of theoretical quantum yields is in
accordance with the experiment.

Fig. 4 The HOMO (a), LUMO (b), and transition density (c) between S; and S, of 5.

The absorption and fluorescence spectra calculated at 300K
with and without DRE of 3 and 5 were shown in Figure S6.
Broadened by DRE, the second peaks of the spectra become
larger than the first ones, which resulted in large Stokes shift.
The normal modes contributed to the fundamental peaks were
shown in Figure S7. The second and third peaks were
characterized by the C-O bond stretching vibration.

Notably, 5 exhibited intense fluorescence not only in
solution, but also in solid state. As shown in Figure S9, the
spin-coated film of 5 showed a maximum emission band at 502
nm with a high quantum yield (@; = 51%), indicating that no
aggregation in either the ground state or excited state existed,
which may be attributed to the twisty molecular structure that
effectively suppresses the intermolecular =w-m stacking.
Moreover, it was also found that compared with its precursor 3
in solid state (see ESI), dye 5 with the introduction of two
phenyl groups showed not only the red shift of emission
wavelength, but also obvious enhancement of the quantum
yield, which are consistent with the results in solution as well.

Table 1. The photophysical properties of dyes 5-8

Compd® Absorption Fluorescence  Stokes shift Lifetime

P Jabe/mm (l0ge) Jen/mm (B/%)  (nm) /ns

5 CH,Cl, 385 (4.31) 502 (70.3) 115 7.53
film* 390 502 (51.0) 112 8.76

6 CH,Cl, 384 (4.37) 485 (46.3) 100 4.65
film* 387 493 (56.6) 106 8.40

7 CH,Cl, 390 (4.33) 526 (85.3) 136 8.81
film* 395 518 (61.8) 123 9.26

8 CH,Cl, 407 (4.64) 595 (7.1) 188 1.09
film* 440 556 (67.3) 116 12.09

“Photophysical properties in CH,Cl, were recorded at room temperature (¢ = 1.0 x
10™ M). *Only the longest absorption maxima were shown. “Excited at the longest
absorption maxima. “Absolute fluorescence quantum yield, measured by
Hamamatsu Photonics Quantaurus QY. “Spincoated film prepared from a CH,Cl,
solution.

Similarly, dyes 6, 7 and 8 with different substituents also

exhibited intense fluorescence in solid state. As shown in Table
1, compared with 5, dye 6 with two p-trifluoromethylphenyl
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groups showed a blue-shift emission at 493 nm with a quantum
yield of 56.6%, while dye 7 containing two electron donating p-
methoxyphenyl groups exhibited a red-shift emission at 518 nm
with the quantum yield of 61.8%. For dye 8 with two stronger
electron donating triphenyl amine groups, further red-shift
emission (556 nm) and a high quantum yield (67.3%) were
observed. Similar to those ones in solid state, dyes 6 and 7 also
showed intense fluorescence in CH,Cl, solution. By contrast,
dye 8 showed weak fluorescence in CH,Cl, (595 nm, 7%),
which might be due to the interaction of chlorine atom and the
lone electron pairs on the nitrogen. But intense fluorescence of
8 in other solutions (cyclohexane: 501 nm, 76.6%; toluene: 533
nm, 68.5%; THF: 568, 30.3%) could be observed. Moreover, it
was also found that the Stokes shifts of 6-8 in both solution and
solid state were all more than 100 nm. Thus, the above
photophysical properties of dyes 5-8 revealed that the intense
fluorescence in both solution and solid state, and the large
Stokes shifts could be the general properties for the organic
imide dyes based on the aryl substituted tetrahydro[S]helicene
derivatives.

In conclusion, we have developed a new class of organic
dyes based on tetrahydro[5]helicene core, and found that they
exhibited intense fluorescence and large Stokes shifts in both
solution and solid state. Especially, the quantum yield of 5 with
the introduction of only two phenyl groups showed 14 times
higher than its precursor 3. Theoretical calculation revealed that
the high quantum yield of 5 might be attributed to the longer
conjugation length and more rigid structure, and large Stokes
shifts of the dyes came from large DRE. We believe that this
new kind of organic dyes could find wide potential applications
in luminescent materials, fluorescent probes and biological
imaging, which are in progress in our laboratory.
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