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1. Introduction

m-Conjugated organic molecules end-capped with electron
donating and accepting groups attract much attention due to their
prospective application as efficient materials in organic electronics
and optoelectronics [1]. Therefore, extensive efforts have been
focused on the design, synthesis and properties of new electron-
accepting systems. High interest has been focused on the synthesis,
spectral and photophysical characteristics of 4,5-dicyanoimidazole
as new promising acceptor moiety [2]. Recently, Shin et al. [3]
reported the synthesis, spectral and photophysical properties and
application of series of electron-acceptor conjugated compounds
prepared by the Heck coupling of 2-vinyl-4,5-dicyanoimidazole
(vinazene) with selected haloaromatics 4,5-Dicyanoimidazole
moiety was also incorporated into terepthalic homopolyester [4]
and methacrylate copolymer [5]. Thermal and optical characteris-
tics of prepared chromophores were investigated.

Optical properties of the push—pull molecules depend mainly
on the polarizability of the electrons localized in m-bonding
molecular orbitals [6,7]. Although the polarizability of a molecule is
mainly given by its chemical structure, in particular by the length
and the structure of the w-conjugated spacer and the electronic
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nature of the donors and acceptors attached [8,9], it can also be
affected by external factors such as temperature and the solvent
used for measurements.

Recently, we have published the design, synthesis, character-
ization and properties of new family of push-pull ®-conjugated
molecules featuring 4,5-dicyanoimidazole (DCI) as an acceptor
moiety [10,11] and their structural analogues based on 4,5-
bis(N,N-dimethylanilino)imidazole [12]. The basic UV/Vis, electro-
chemical and solid state properties were investigated. These
heterocyclic Y-shaped compounds proved to be efficient charge-
transfer chromophores with prospective application in optoelec-
tronics, optical data storage devices or functional polymers [13].

In the present work, we report spectral UV-;Vis absorption and
fluorescence characteristics and photophysical properties as well as
their dependence on the solvent polarity, temperature and structure
of 4,5-dicyanoimidazole chromophore 1—6 prepared as three series
a—c. Whereas the first, reference, series a is unsubstituted (R = H),
chromophores in the series b (R = OMe) and ¢ (R = NMe,) are end-
capped with electron donating methoxy and N,N-dimethylamino
groups (Fig. 1). In addition, the measured absorption characteristics
were further correlated with INDO/S theoretical results.

2. Experimental

The synthesis and full spectral characterization of chromo-
phores 1-6 was reported elsewhere [10].
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Fig. 1. Molecular structures of investigated chromophores 1-6.

The used solvents, ethyl acetate (EtAc), acetonitrile (MeCN),
dibutyl ether (DBE), and 2-Methyltetrahydrofuran (2-MTHF), were
spectroscopic grade (Sigma—Aldrich). The absorption spectra were
measured on a Perkin EImer Lambda 35 UV/VIS Spectrophotometer.
The fluorescence spectra were measured on a Hitachi Perkin Elmer
LS 55 Spectrofluorimeter. As the fluorescence maxima of the
investigated compounds are located in a broad wavelength range
(320—550 nm), the following fluorescence standards were used for
the determination of the fluorescence quantum yields: 1-naph-
tylamin in cyclohexane (Af.x = 370 nm, gr = 0.46) [14], quinine
sulphate in 0.5 mol/L HS04 (Ah.x = 445 nm, g¢ = 0.54) [15] and
coumarin 153 in ethanol (A,Fnax = 536 nm, gg = 0.38) [16]. The low
temperature fluorescence emission and excitation spectra were
measured on an LS55 Spectrofluorimeter equipped with commer-
cial low temperature accessory and special cells. The fluorescence
anisotropy measurements were performed on an Edinburgh
Analytical Instruments — EAI FS/FL900 spectrofluorimeter equip-
ped with electronically driven Glen-Thompson excitation and
emission polarizers. 2-Methyltetrahydrofuran obtained from Merck
Chemicals was used for the anisotropy measurements. It was
purified by 2 h reflux with potassium hydroxide and final distilla-
tion from fresh potassium hydroxide. The chromophore solutions
were cooled to 130 K using the Oxford Instruments OptistatDN
cryostat head.

3. Theoretical

The equilibrium conformations of 1—6 in electronic ground and
excited states have been calculated using semiempirical AM1
and INDO/S methods as implemented in WinMOPAC 2.0 Package
and using ZINDO/CI method implemented in ArgusLab 4.0 [17].

4. Results and discussion
4.1. Absorption spectra

The absorption spectra of the compounds within the spectral
range of 250—450 nm feature one or two (3¢, 5¢ and 6c¢) broad
absorption bands (Figs. 2—7). Moving from the hydrogen-
substituted series a to the donor-substituted chromophores in the
series b and ¢, the longest-wavelength absorption band shifts
bathochromically. This bathochromic shift reflects electron
donating ability of both substituents and, therefore, the largest shift
was observed for N,N-dimethylamino-substituted chromophores
(series a, 40—75 nm). In general, chromophores 3 showed the most

bathochromically shifted longest-wavelength absorption maxima.
These results demonstrate a CT character of the first absorption
band accompanied with an electron transition from the donor
substituent to the electron-acceptor DCI moiety. The relation
between the X}, values and m-linkage length and structure was
found to be in the order of 5 > 3>6 > 4>2 in DBE and
3 >5>6 > 4>2 in more polar solvents such as EtAc and MeCN. This
observation is in agreement with our previous findings [10].

No influence or even small hypsochromic shifts of the absorption
maxima with increasing solvent polarity were observed for all
studied chromophores (Table 1). The INDO/S calculations indicated
that the dipole moments of the ground states of all chromophores in
the series a and chromophores 2b and 3b are lower than that of the
vertically formed mrt* states. Therefore, equilibrium solvent polar-
ization induced by ground-state dipole moment of these
compounds interacts more favourably with ground-state dipole
moment than with that of vertical ©n* excited state. Consequently,
the ground-state is solvated in a greater extent than the excited state
and the absorption maxima are more or less shifted hypsochromi-
cally with the increasing solvent polarity. This interpretation is in
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Fig. 2. Absorption (A) and fluorescence (F) spectra of 1a—c in DBE.
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Fig. 3. Absorption (A) and fluorescence (F) spectra of 2a—c in DBE.

accordance with the experimental absorption maxima of all chro-
mophores in the series a and chromophores 2b and 3b. As the dipole
moments of S1(n") excited states of chromophores 4b, 5b, 6b and
all chromophores in the series c are larger than that of the ground-
states (Table 5), we could expect a greater solvation of the vertical
" excited state and a bathochromic shift of the absorption
maxima in polar solvents. However, no shift or even small hyp-
sochromic shift were found with the increasing solvent polarity.
According to the relation v, = ¥ + AEg + Aee — AEe, where g
means the vacuum value of the absorption maximum, AEg and AEe
are the stabilization energies of the ground and excited states,
respectively. A¢e means the Franck-Condon destabilization energy
[18] of the excited state, i.e. the energy difference between the
populated FC vibronic state and zero-point level of the equilibrium
nuclear configuration of the excited state. The blue shift of the
absorption band takes place when AEg + Aee > AEe; this condition is
always accomplished when AEg > AE.. However, a hypsochromic
shift could also be expected in the case even when AEg < AE,. This
depends on A¢e whose magnitude depends on position of minimum
of excited state potential energy surface and on its shape. Moreover,
calculated dipole moments of vertically formed S; (wm*) states of
these chromophores are displaced by 13—38° from the direction of
the ground-state dipole. Hence, the solvent polarization induced by
the ground-state dipole is not aligned to effectively solvate the
larger excited-state dipole. These facts could contribute to the slight
negative solvatochromism of chromophores in the series c.
Absorption spectra of the fluorescent chromophores resemble
the fluorescence excitation spectra in the used solvents.
Generally, a lowering of temperature may cause a bathochromic
shift of an absorption band owing to an increase of solvent density
and consequently of dispersion forces that are responsible for the
spectral shifts. At the same time, a lowering of temperature may
bring about a hypsochromic shift that can be attributed to changes of
spectral band shape as a result of a decrease of populated vibronic
levels. The final shift depends on the ratio of both effects for the same
solvent. From the measurements of the compounds in the series ¢ in
2-MTHF is evident (Table 2) that the absorption maxima at 77K
(detected from fluorescence excitation spectra at 77K) are somewhat
bathochromically shifted in comparison with those at room
temperature, i.e. an increasing of solvent density at 77 K is decisive.

4.2. Fluorescence spectra

The fluorescence spectra of studied chromophores feature
a single band (Fig. 27). Its position depends on the substituent and,

in contrary to absorption spectra, dramatically on the solvent
polarity. The solvent dependence of the fluorescence maxima arises
from different charge distribution within Sp and S; states at the
excited-state equilibrium geometry. In non polar solvents such as
DBE, the Stokes shifts are affected by the substituent only negli-
gibly. However, the Stokes shifts are significantly pronounced in
polar solvents. The largest shifts were found for the chromophores
2 in MeCN. The influence of solvent polarity on Stokes shifts is small
for chromophore series a, larger for chromophore series b and most
pronounced for chromophore series ¢ (especially for 2c).

The fluorescence maxima of chromophores in the series a are
practically not influenced by solvent polarity — there are small
differences between the dipole moments of Sg and S; states and
consequently, both states are solvated to a similar extent. For
chromophores in the series b, a small bathochromic shifts are
evident owing to larger differences between Sy and S; dipole
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Fig. 4. Absorption spectra of 3a—c in DBE.
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Fig. 5. Absorption (A) and fluorescence (F) spectra of 4a—c in DBE.
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Fig. 6. Absorption (A) and fluorescence (F) spectra of 5a—c in DBE.
moments. A significant bathochromic shifts were observed for In contrast to absorption maxima, the fluorescence bands were
chromophores in the series c. These results show that the chro- strongly shifted hypsochromically by cooling to 77 K in 2-MTHF
mophores in the series b and c fluoresce from a more or less (Table 2). This resulted in a strong decrease of Stokes shifts at low
strongly polar relaxed excited state. temperature. These results show a strong stabilization of the S;
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Fig. 7. Absorption (A) and fluorescence (F) spectra of 6a—c in DBE.
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Table 1
Absorption and fluorescence maxima (nm) and the Stokes shifts (A, 10> cm™!) for
chromophores 1-6

Chrom. DBE EtAc MeCN

A 2F A M AF A 2B AF A
1a 246  —* - 253 — — 250 — -
1b 265 — - 266 — — 270 - —
1c 284 350 660 291 361 666 296 373 697
2a 263 324 7.6 262 320 692 260 337 879
2b 279 345 686 271 354 865 264 381 11.63
2c 320 401 631 319 452 922 315 539 13.19
3a 312 — — 310 - - 309 - -
3b 334 - — 322 - - 331 — -
3c 383 — - 383 470 4.83 383 470 4.83
4a 285 351 660 283 351 685 281 354 734
4b 301 373 641 300 388 756 296 419 9.92
4c 341 430 4.07 341 485 871 340 — —
5a 326 390 503 325 390 513 324 396 561
5b 342 410 485 339 425 597 337 447 730
5¢ 382 475 512 381 528 731 381 551 8.10
6a 307 364 510 304 361 519 304 364 542
6b 322 378 460 319 396 6.10 318 420 7.64
6¢ 362 445 515 360 515 836 359 545 951

state of chromophores in the series ¢ during the life time of the
excited state at room temperature. Fluorescence maxima in
2-MTHF at 77 K correspond to the transition from the nuclear
equilibrium S; state solvated by solvent cage oriented according the
ground-state dipole. At room temperature, a further stabilization of
S state takes place by reorientation of solvent according S; dipole
moment and by changing the geometry. These changes are
expected to be important with regard to dihedral angles in the
chromophore molecular structures. The relatively small fluores-
cence shift was found for 3c by cooling, i.e. for the molecule for
which a high planarity could be supposed [10].

4.3. Fluorescence quantum yield

While the dependence of Stokes shifts on the chromophore
structure and solvent polarity can be interpreted, an unambiguous
relationship have not been found for fluorescence quantum yield gg
(Table 3). Chromophores 1 and 3 showed a very low or no fluo-
rescence. Chromophores 4a,b and 6a,b in all used solvents as well
as chromophores in the series ¢ in DBE and EtAc showed fluoresce
with high gr. Chromophore 5a in all solvents and 5c¢ in DBE and EtAc
showed a strong fluorescence, while a relatively high fluorescence
was observed for 2b in all solvents and for 2c in DBE and EtAc.
Compared to 2b and 5b, a very low gr was measured for 2a in
acetonitrile and for 5b in all other solvents. No fluorescence was
found for chromophores in the series ¢ in ethanol. As the fluores-
cence intensity was not corrected for the refractive index and the
solvent volume contraction at 77 K, the temperature effect on the
fluorescence intensity for chromophores in the series ¢ measured in
2-MTHF could be estimated only relatively. Upon cooling the
chromophore solutions to 77 K, the fluorescence intensity raised by

Table 2

The absorption (A*) and fluorescence (AF) maxima (nm) and the Stokes shifts (A,
10% cm™1) of the series ¢ in 2-methyltetrahydrofurane (2-MTHF) at room tempera-
ture (RT) and at 77 K (LT).

No ARTA A RTF AR A LTA ALTF Arr

2c 320 438 8.42 320 400 6.25
3c 383 461 4.42 393 437 2.56
4c 344 480 8.24 346 414 4.75
5¢ 385 523 6.85 389 455 3.73
6¢ 363 508 7.86 380 424 2.73

Table 3
Measured fluorescence quantum yields.

No. DBE EtAc MeCN
1a - - -
1b - — -
1c 0.02 0.05 0.02
2a 0.26 0.28 0.01
2b 0.50 0.65 0.35
2c 0.52 0.37 0.08
3a - — -
3b - — -
3c - 0.04 0.02
4a 0.72 0.87 0.93
4b 0.80 0.98 027
4c 0.75 0.64 -
5a 0.62 0.59 0.41
5b 0.20 0.15 0.12
5¢ 0.30 0.53 <0.01
6a 0.73 0.80 0.76
6b 0.70 0.83 0.63
6¢c 0.85 0.73 0.05

about 10—20% for 3c, 4¢ and 5c, i.e. for the compounds with two or
three dihedral angles. Only small differences have been observed
for 2c and 6c¢.

As a main feature, a strong fluorescence quench was observed
for chromophores in the series ¢ measured in polar solvents. Fig. 8
shows the relation between the gr and Amax' versus the different
mixtures of non polar DBE and strongly polar acetonitrile for the
chromophore 2c. These dependencies demonstrate a decrease of
relative gr with the bathochromic shift of the fluorescence maxima
in polar environment. No dual fluorescence was found. The increase
of radiationless decay rate constant with the fluorescence bath-
ochromic shift is successive and regulated by the classical “energy
gap law” [19]. Hence, an efficient solvent dependent nonradiative
process (probably S1—Sg internal conversion) could be responsible
for the fluorescence quenching of chromophores in the series
¢ measured in polar solvents.

4.4. Theoretical results

The dihedral angles for the studied chromophores in optimized
geometries (AM1) are presented in Table 4. A small influence of the
R-substituent on the chromophore geometry is obvious. The angle
(«) between the phenyl ring and the DCI moiety is the same for
compounds 2, 4, 5, 6, i.e. 44 + 1°. The DCI moiety and terminal
phenyl ring are mutually almost planar for all chromophores 4 and
5, the central 1,4-phenyl ring is distorted by 41—47° depending on
a substituent. The phenyl rings attached to ethynylene moiety (6)
are mutually coplanar. Chromophores 3 exhibit a relative planarity
between the DCI moiety and the double bond; chromophore 3c is
almost planar. These results correspond with the crystallographic
data [10].

Theoretical spectral characteristics of the first two optical
transitions for the optimized geometry of the studied chromo-
phores are shown in Table 5. The first transition corresponds to the
transition from the electronic ground-state So—Si(7wm*) excited
state with the main mono-excited configuration HOMO—LUMO and
with a high oscillator strength. An agreement of theoretical values
with experimental Amax” is satisfactory, though the theoretical
transitions are shifted bathochromically for chromophores in the
series a and hypsochromically for the series c. The second optical
transition, corresponding to S,—Ss3 or to Sy—S4 ¥ transitions with
the main configuration HOMO—LUMO+1 is predicted to be in
region 250—290 nm for all studied chromophores. The corre-
sponding absorption band is observable on the absorption spectra
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DBE.

of 5c and 6¢ (Fig. 6A and 7A). In the case of the other chromophores,
the intense first absorption band could overlap this band or it
appears as a shoulder on the absorption spectrum. However, the
results of fluorescence anisotropy measurements for 2c and 6b
(Fig. 9) revealed two overlapped bands in the region of
280—310 nm. The other transitions have a very low oscillator
strength and/or are strongly mixed and probably do not influence
the spectral and photophysical properties of studied compounds.

The HOMO orbitals of all chromophores showed the same
character: a) a localization on the rings, on multiple bonds (3 and 5)
and on substituents; b) a nodal plane between the rings mutually
and between the rings and multiple bonds. The LUMO orbitals
showed a strong -interaction between the rings (2, 4 and 6) and
between the rings and multiple bonds (3 and 5); at the same time,
a m-character of originally double bond was strongly reduced; it
enables a rotation around these bonds in the first excited state
resulting in E—Z isomerization of chromophores 3 and 5 [20].
Depending on the character of substituents, the LUMO orbitals are
more or less delocalized (chromophores in the series a and b);
a strong localization on the DCI moiety was found for chromo-
phores in the series c.

The HOMO—LUMO transition is connected with a weak CT from
hydrocarbon subunit to the DCI moiety for the chromophores in the
series a and b. A very strong CT was found for the chromophores in
the series ¢: from dimethylaminophenyl to DCI (2c), from dime-
thylaminophenyl to DCI-phenyl (4c¢), from dimethylaminostilbenyl

Table 4
The dihedral angels of chromophores 1—6 in optimized geometries
(AM1).
No. o g
2a 43
2b 44
2¢c 44
3a 3 20
3b 3 17
3c 4 13
4a 44 41
4b 44 40
4c 44 40
5a 44 23
5b 44 23
5¢ 45 23
6a 44
6b 45
6¢ 45

to DCI-phenyl (5¢) and from —C=C-phenyldimethylamino moiety
to DCI-phenyl subsystem (6c). Relatively weak CT in S; state and
a strong CT in S; state (from dimethylaminostyryl subunit to DCI)
were found for 3c.

Table 5
Theoretical spectral characteristics of S,—S; transitions.
No. State theor ¢ Main Cl DM (Debay) 2P [nm)|
[nm] configuration Exc.st G st (in DBE)
1a 1. 281 0.371 24-25 (0.94) 94. 8.7 246
3. 252 0.051 24-26 (0.87) 6.8
1b 1. 290 0.385 30-31(0.95) 9.3 7.7 265
3. 258 0.092 30-32(0.83) 5.6
1c 1. 293 0.394 33-34(0.95) 104 8.6 284
3. 261 0.126  33-35(0.89) 7.3
2a 1. 299 0.599 38-39(0.96) 8.0 9.5 263
3. 272 0213  38-40(0.82) 9.5
2b 1. 302 0.684  44—45 (0.96) 8.6 8.9 279
3. 273 0.260 44—46 (0.87) 9.8
2c 1. 312 0.803  47-48 (0.90) 13.6 10.8 320
3. 277 0326 47-49(0.81) 145
3a 1. 336 1.153  43-44(0.97) 7.7 9.9 312
3. 287 0.186  43—45(0.81) 13.9
3b 1. 343 1.239  49-50 (0.97) 10.0 10.7 334
3. 287 0.187 49-51(0.87) 15.2
3c 1. 356 1344 52-53(0.95) 142 115 383
3. 291 0.211 52—-54(0.82) 115
4a 1. 306 0.961 52-53 (0.93) 9.2 9.9 285
4. 275 0.340 52-54(0.78) 11.7
4b 1. 309 1.070 58-59 (0.89) 9.6 9.0 301
4. 276 0.398 58-60 (0.78) 12.5
4c 1. 315 1.247 61-62(0.74) 15.0 114 341
4. 281 0.346 61-63 (0.62) 174
60—62 (0.60)
5a 1. 323 1489 57-58 (0.91) 114 10.1 326
3. 284 0.688 57-59 (0.69) 132
56—58 (0.51)
5b 1. 329 1595 63—64 (0.88) 123 9.3 342
4, 286 0.396 63—65(0.63) 12.9
62—64 (0.60)
5c 1. 339 1.687 66-67 (0.82) 17.8 11.8 382
4. 292 0274 65—67 (0.67) 154
66—68 (0.51)
6a 1. 320 1.594 56-57 (0.90) 113 10.0 307
3. 280 0.444 56-58 (0.74) 14.0
6b 1. 324 1.709 62-63 (0.87) 12.2 9.5 322
4. 283 0.401 62—64 (0.66) 13.7
61—63 (0.55)
6¢ 1. 331 1.854 65-66 (0.79) 17.2 114 362
4. 287 0.283  64—66 (0.66) 15.7
)

65—67 (0.55
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Fig. 9. Absorption (A) and fluorescence anisotropy (Fa) spectra of 2c¢ and 6b in 2-MTHF at 130 K.

The experimental results show that geometry changes occurring
during a relaxation process play an important role in deactivation
mechanism of excited states of studied compounds. As the excited
states are not geometry optimized (corresponding software is not
generally available), we have investigated a character of vertically
excited states for different geometries of the ground state.
Regarding the existence of more dihedral angles, the problem of
a choice of their mutual combination is rather complicated.
Therefore, the investigation has been performed only for chromo-
phores 2, i.e. the substance with only one dihedral angle (a). We
have calculated the spectral characteristics for a« = 0° (planar
geometry), 44° (optimized geometry), 60° and 90°.

For chromophore 2a, we have found:

- independently on «, the first transition retains HOMO—LUMO
character,

- with increasing &, Amax” shifts hypsochromically (from 316 nm
to 286 nm),

- oscillator strength is reduced and dipole moment of the first
excited state raises (from 6.7 D to 10.4 D), the ground-state
dipole moment is 9.5 D for all structures;

For chromophore 2¢, we have found:

- the first transition retains HOMO—-LUMO character for
a = 0°—60°; at the same time, Amax” shifts hypsochromically
(from 332 nm to 302 nm) and oscillator strength is somewhat
reduced,

dipole moment of the first excited state raises from 12.8 D to
14.4 D and that of ground state somewhat sinks (from 11.3 D to
10.1 D) for « from 0° to 90°,

for dihedral angle 90°, the first two transitions are localized on
acceptor and donor moieties, respectively, and their transition
dipole moments are very close to the ground-state dipole
moment (10.4 D), only the third transition exhibits a strong CT
character (dipole moment 21 D) and is mixed from HOMO-
—LUMO and HOMO—LUMO-1 transitions; Amax”" is strongly
shifted hypsochromically to 260 nm and oscillator strength is
reduced from 0.910 for planar structure to 0.315.

The solvent polarity and temperature effect on fluorescence
characteristics, together with theoretical results, may prove the
studied chromophores aim at more or less planar geometry within
the course of relaxation process of the first excited state.

5. Conclusion

The substitution and the solvent polarity affect the positions of
the absorption and fluorescence maxima and the fluorescence

quantum yields most significantly. Replacement of the hydrogen
atom in chromophore series a by an electron donor groups as in the
series b and c, led to a bathochromic shift of the first absorption
band. Whereas the position of the absorption maxima was not
influenced by the increasing solvent polarity, the fluorescence
maxima of chromophores in the series ¢ were shifted strongly
bathochromically. Simultaneously, a significant decrease of g was
observed. In contrast to the measured absorption maxima, the
fluorescence bands were shifted strongly hypsochromically by
cooling to 77 K in 2-MTHFE. These experimental results showed that
geometry changes play an important role in position of the fluo-
rescence maxima and consequently in deactivation mechanism of
the first excited state. An efficient solvent dependent nonradiative
process (probably S;—Sg internal conversion) could be responsible
for the fluorescence quenching for chromophores in the series
¢ measured in polar solvents.

A small impact of the R-substituent on the optimized geometry
(AM1) was found. Chromophores in the series ¢, 3¢ in particular,
exhibited a relatively high planarity, the other compounds are more
or less distorted. The first theoretical transition (INDO/S) for all
compounds corresponds to So—S; (mwm*) transition with main
mono-excited configuration HOMO-LUMO accompanied by
a strong charge transfer and a high transition dipole moment for
chromophores in the series c¢. The calculated transition energies
correspond with the experimental data.
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