
ORIGINAL PAPER

Spectral Properties of Y-Shaped Donor-Acceptor
Push-Pull Imidazole-based Fluorophores: Comparison
between Solution and Polymer Matrices

Martin Danko & Filip Bureš & Jiří Kulhánek &

Pavol Hrdlovič

Received: 20 October 2011 /Accepted: 4 April 2012 /Published online: 21 April 2012
# Springer Science+Business Media, LLC 2012

Abstract The spectral properties of a novel type of Y-shaped
fluorophores consisting of an imidazole ring end-capped with
two electron-donating N,N-dimethylaminophenyl groups at
positions C4 and C5 and one electron-withdrawing cyano
group on the imidazole moiety at position C2 were examined.
The π-linker separating the 4,5-bis[4-(N,N-dimethylamino)
phenyl]-1H-imidazole donor moiety and the cyano group com-
prises 1,4-phenylene (1), (E)-phenylethenyl (2), (E)-phenyl-
buta-1,3-dienyl (3), biphenyl (4), (E)-phenylethenylphenyl (5)
and phenylethynylphenyl (6) conjugated paths. The absorption
and fluorescence spectra were obtained in toluene, dichloro-
methane, acetonitrile and methanol and in polymer matrices
such as polystyrene (PS), poly(methyl methacrylate) (PMMA)
and poly(vinylchloride) (PVC). The most intense absorption
bands of fluorophores 1–6 were observed within the range of
283 to 330 nm. Less intense but longer-wavelength absorption
bands designated as charge-transfer bands were observed at
approximately 380–430 nm depending on the medium. The

fluorophores exhibited strong fluorescence in the visible region
with a Stokes shift of approximately 4300–5800 cm−1 in non-
polar toluene and polystyrene, whereas very low intensity of
fluorescence was observed with a Stokes shift in the 6500–
7800 cm−1 region in polar methanol and acetonitrile. The large
Stokes shift indicates a large difference in the spatial arrange-
ment of the chromophore in the absorbing and emitting states.
A relatively intense fluorescence (quantum yields of 0.12–
0.69) was observed only for derivative 1 in all media except
methanol. The fluorophores doped in matrices yielded more
intense fluorescence compared with the fluorescence in liquid
media. The use of solid polymermatrices lowers the probability
of forming non-emissive excited states. The fluorescence life-
times were short (1–4 ns) for all of the fluorophores in solvents
and in polymer matrices.
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Introduction

Photonics, which involves the generation, emission, transmis-
sion and modulation of light as well as its signal processing,
switching, detection and sensing, is an intensively developing
branch of science. Simultaneously, photonics is a basis for new
technologies that exploit the capability of photons to carry
information and energy [1–4]. To achieve this goal, new or-
ganic materials with properties such as large nonlinear suscep-
tibilities, fast responses and easy preparation and handling
should be developed. The organic π-conjugated compounds
having both electron donor (D) and acceptor (A) parts exhibit
interesting optical and spectral properties due to intramolecular
charge transfer (ICT) from the donor to the acceptor and,
therefore, have attracted considerable attention [5]. The
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electron donors and acceptors in such molecules are connected
by a π-conjugated system of single and multiple bonds. A
typical arrangement of these chromophores is a linear D-π-A
system in which D is a strong electron-donating group (e.g.,
NH2, NR2 or OR) and A is a strong electron-withdrawing
group (e.g., an NO2 or CN group) [6–11].

We and others have reported several push-pull systems
with electron donors or acceptors attached to various π-
conjugated linkers to achieve better tuning of spectral proper-
ties, solvent effects, polarizabilities and partial or full charge
separation [12–23]. These organic molecules exhibit various
degrees of flexibility in the ground and excited states that
might be correlated with the relevant radiation and radiation-
less processes. ICT chromophores and their unique properties
attract considerable attention in both photochemistry and pho-
tobiology because of their high susceptibility to some envi-
ronmental parameters, such as micro-viscosity and micro-
polarity. During the last three decades, D-π-A systems were
intensively studied as tunable materials for non-linear optics
(NLO) [8], optical data storage devices [24], organic light
emitting diodes (OLED) [25], organic–inorganic hybrid mate-
rials [26], functional polymers [27] and dendrimers [28].

Recently, we reported the spectral properties of push-pull
systems featuring imidazole-4,5-dicarbonitrile as an electron
acceptor moiety and an N,N-dimethylamino group as an
electron donor connected by various types of π-linkers
(Scheme 1), which were studied both in solution and in
polymer matrices [17, 29]. These D-π-A push-pull systems
exhibited fluorescence in non-polar solvents and common
polymer matrices. In polar solvents such as methanol and
acetonitrile, the fluorescence was completely quenched. In
the present paper, we report the spectral characteristics of six
new molecules representing a typical push-pull system
(Scheme 1, 1–6) featuring 4,5-bis[4-(N,N-dimethylamino)
phenyl]-1H-imidazole as a donor moiety. This imidazole
structural unit is linked to the cyano acceptor group by a
π-conjugated system consisting of 1,4-phenylene (1), (E)-
phenylethenyl (2), (E)-phenylbuta-1,3-dienyl (3), biphenyl

(4), (E)-phenylethenylphenyl (5) and phenylethynylphenyl
(6). Whereas the first series of compounds, based on the
imidazole-4,5-dicarbonitrile, possesses two acceptors and
one donor at the imidazole C4/C5 and C2 positions [29],
respectively, the new series of chromophores 1–6 represents
structurally reversed analogs. These compounds feature two
donors at the imidazole positions C4/C5 and one acceptor at
the C2 position connected by the aforementioned π-linkers.
The primary aim of this paper is to characterize these push-
pull systems with a higher number of electron donors in
solution as well as in polymer matrices and to compare their
properties with those of the previously studied imidazole-
4,5-dicarbonitrile-derived chromophores. Secondly, we will
attempt to understand the correlation between the chromo-
phore structure and its spectral properties to develop D-π-A
push-pull materials with tunable properties and to extend the
potential applications of these materials in photonics.

Experimental

The molecular structures of the investigated fluorophores 1–
6 are given in Scheme 1. Their detailed syntheses have been
published elsewhere [21].

Anthracene was zonnally refined (Lachema n.e., Brno,
CR). Methanol (MeOH, Scharlau Chemie s.a., Sentmenat,
Spain), dichloromethane (CH2Cl2, Sigma-Aldrich), toluene
(Sigma-Aldrich), chloroform (CHCl3, Scharlau Chemie s.a.,
Sentmenat, Spain), tetrahydrofuran (Scharlau Chemie s.a.,
Sentmenat, Spain) and acetonitrile (AcCN,Merck, Bratislava,
SR) were of spectroscopy grade and were used without further
purification.

Polymer films doped with the fluorophores (1–6) at a
concentration of 0.002 mol kg−1 were prepared by casting
from solution. Films of polystyrene (PS) (Chemische Werke
Huels, F.R.G.) and poly(methyl methacrylate) (PMMA)
(Diacon, ICI, England) were prepared by casting 1 ml of the
chloroform solution of polymer (5 g/100 ml) containing the

Scheme 1 Molecular structures of the investigated Y-shaped imidazole derivatives 1–6
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desired amount of probe on a glass plate (28×35 mm). The
solvent was slowly evaporated. Films of poly(vinylchloride)
(PVC) (Neralit, Spolana Neratovice s.e., CR) were prepared in
a similar manner by casting from a tetrahydrofuran solution.
The UV–VIS absorption spectra were obtained using an UV
1650PC spectrometer (Shimadzu, Japan). The emission spec-
tra were recorded using a RF-5301PC spectrofluorophotom-
eter (Shimadzu, Japan). The fluorescence of the solutions was
measured in 1 cm cuvette in a right-angle arrangement. The
fluorescence of the polymer films was measured in a front-
face arrangement on the solid sample holder. The quantum
yields were determined relative to anthracene. The quantum
yields of anthracene fluorescence in different media, which
were determined by comparing the fluorescence of anthracene
in cyclohexane (Φ00.25 [30]) to that in the media used in this
study, were determined to be 0.20 in methanol and acetoni-
trile, 0.16 in toluene and 0.11 in dichloromethane. In the
polymer matrices, the quantum yields were assumed to be
0.20 in PMMA, 0.16 in PS and 0.11 in PVC. The quantum
yields in the solutions and films were corrected to different
absorptions at the excitation wavelength [31]. The fluores-
cence spectra were obtained by exciting into the maximum of
the longest wavelength absorption band.

Experimental setup for detection of fluorescence lifetimes
in solvents was based on time-correlated single-photon count-
ing (TCSPC) setup, analogical to the one described in details
in [32] (all components from Becker&Hickl GmbH, Berlin,
Germany). Shortly, the sample in quartz cuvette was excited
by 375 nm picosecond diode laser with output power ~1 mW,
pulse widths typically around 50 ps and frequency rate
(20 MHz). The emitted fluorescence was spectrally separated
from the laser excitation using 395 nm dichroic filter. A polar-
izer in magic-angle orientation was fitted in front of the
detection system to avoid distortions of decay kinetics due
to depolarization effects. The emission was measured by a 16-
channel multi-anode photomultiplier array attached to the
160 mm spectrograph (PML-SPEC). The PML detector was
running in the photon-counting regime and fed the TCSPC
interface card SPC-830. Fluorescence decays were measured
with 50 ns time-base sampled by 1024 temporal channels. The
fluorescence lifetime measurements in solid polymer films
were performed using a LIF 200 (Lasertechnik Ltd., Berlin,
F.R.G.), which operates as a stroboscope. The excitation
source was a nitrogen laser emitting at 337 nm, and the
emission was selected using a cut-off filter. The output signal
of the boxcar integrator was digitized and transferred to the PC
using a home-made program. The fluorescence decay curves
were evaluated using a simple phase plane method [33]
implemented in J. Snyder’s program based on a previous work

[34]. The standard deviationG1=2 ¼ Σ Iexp � Icalc
� �2

=n
� �1=2

,

where Iexp and Icalc are the intensities of the experimental and
calculated emissions, respectively, was used to judge whether

the decay was mono-exponential. The decay curve was as-
sumed to be mono-exponential when G1/2 was less than 5 %.
Alternatively, the fitting of the fluorescence decay curves for a
bi-exponential decay model was performed using the adapted
FluoFit MatLab package [35].

Results and Discussion

Absorption Characteristics in Solution

In general, the spectral properties of compounds with push-
pull interactions such as 1–6 (Scheme 1) are determined by
the ICT extent. The investigated push-pull molecules 1–6
differ in the type of π-linker separating the 4,5-bis[4-(N,N-
dimethylamino)phenyl]-1H-imidazole donor unit and the
cyano acceptor group. Molecules 1–6 can be further sub-
divided into two groups according to the type of connection
between the imidazole and the π-linker. Whereas the first
group represents molecules with the 1,4-phenylene subunit
connected directly to the imidazole at the C2 position (1, 4–
6, Scheme 1), the second group is composed of molecules
with one or two additional ethylene bridges planarizing the
entire π-system (2, 3, Scheme 1).

The most intense absorption bands of probes 1–6 lie
within the interval 283–330 nm in all of the investigated
media. In addition to this absorption band, well distin-
guished ICT bands with λmax in the range of 375 to
450 nm were observed. (Table 1, Figs. 1, 2 and 3). It is
obvious that the position and shape of the entire spectrum
depend primarily on the length and planarity of the π-linker.
The most bathochromically shifted bands relative to the
parent probe 1 were observed for probes 2 and 3 due to
the ethylene/buta-1,3-diene bridges. The absorption bands
of 1–6 were slightly hypsochromically shifted in order from
non-polar toluene and dichloromethane to polar protic
MeOH and aprotic AcCN (Table 1). The influence of the
π-linker length on the position of the longest-wavelength
band was demonstrated using probes 2 and 3. Compared
with probe 1, these chromophores possess λmax values that
are bathochromically shifted by up to 50 nm. The replace-
ment of a non-polar medium with a polar medium caused a
hypsochromic shift within the range of 10 to 19 nm, accord-
ing to the polymer matrix used (Fig. 2).

Extension of the parent 1,4-phenylene moiety, such as
that in 1, by another 1,4-phenylene moiety (4) resulted in a
hypsochromic shift as a direct consequence of the biphenyl
linker twist. Although chromophore 4 possesses a longer π-
linker than 1, the non-planar biphenyl arrangement hinders
an efficient D-A interaction; therefore, the spectrum exhibits
a slight hypsochromic shift. This observation was discussed
in our earlier works [19, 23]. Conversely, π-linkers such as
(E)-phenylethenylphenyl and phenylethynylphenyl in 5 and
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6 caused a bathochromic shift of the ICT band as a result of
the π-conjugated path elongation and partial planarization.

Absorption Characteristics in Polymer Matrices

The absorption spectra of probes 1–6 are similar in all of
the polymer matrices used, and they resemble those
measured in dichloromethane in this study or in ref.
[21]. Distinguished absorption bands were generally ob-
served in the UV region, with the maximum ranging

from 292 to 331 nm. The bathochromically shifted
bands, whose position depends on the structure of the
π-linker, were well resolved and range from 385 to
450 nm. The largest bathochromic shift of the ICT band
was observed for 3 in PS (λmax0450 nm) (Fig. 2). In general,
the absorption bands were bathochromically shifted in less
polar PS than in the PMMA and PVC matrices. All of the
above deduced structure–property relationships affecting the
spectral properties such as the length and planarity of the used
π-linker were applicable in all of the investigated liquids and

Fig. 1 Absorption spectra of chromophore 1 measured in toluene,
dichloromethane and methanol at a concentration of 10−5 mol L−1

Fig. 2 Absorption spectra of chromophore 3 measured in PS, PMMA
and PVC polymer matrices at a concentration of 0.002 mol kg−1

Table 1 Absorption characteristics of probes 1–6 in different solvents and polymer matrices

Probea/mediumb 1 2 3 4 5 6
λA

c nm (log ε) λA
c nm (log ε) λA

c nm (log ε) λA
c nm (log ε) λA

c nm (log ε) λA
c nm (log ε)

toluene 315 313 327 295 322 316

396 (4.45) 428 (4.20) 447 (4.18) 394 (4.29) 415 (4.20) 408 (4.47)

CH2Cl2 316 313 326 276 322 315

396 (4.41) 422 (4.43) 442 (4.59) 388 (4.33) 411 (4.37) 403 (4.50)

AcCN 318 307 324 284 319 312

388 (4.50) 416 (4.35) 428 (4.39) 379 (4.43) 404 (4.42) 396 (4.44)

MeOH 309 307 321 283 318 309

385 (4.33) 416 (4.50) 429 (4.28) 375 (4.49) 398 (4.42) 390 (4.44)

PS 315 314 330 292 327 318

398 (4.12) 433 (4.20) 450 (4.12) 399 (4.21) 425 (4.19) 412 (4.18)

PMMA 314 311 327 295 326 316

394 (4.42) 425 (4.27) 441 (4.25) 390 (4.41) 410 (4.34) 405 (4.41)

PVC 319 319 329 307 331 323

389 (4.30) 427 (4.23) 437 (4.20) 385 (4.37) 411 (4.39) 402 (4.33)

a Structure of probes 1–6 is according to Scheme 1
bMedium: CH2Cl2—dichloromethane; AcCN—acetonitrile; MeOH—methanol; PS—polystyrene; PMMA—poly(methylmethacrylate); PVC—
poly(vinylchloride)
cMaxima in absorption spectrum. Numbers in parentheses indicate the molar decadic extinction coefficient calculated from ε, which is in
L mol−1 cm−1
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the solid media. These relationships play the most important
role in non-polar media.

Notably, the investigated chromophores are very sensitive
to the residual acidity potentially present in some solvents.
The residual HCl, especially in chloroform, led to the proton-
ation of the terminal N,N-dimethylamino donor groups and
the formation of an A-π-A+ system instead of an A-π-D
system with diminished ICT. This protonation resulted in the
disappearance of the ICT band (Fig. 3). Such protonation/
neutralization sensitivity of push-pull systems can be used to
generate pH-triggered switches [23].

Probes 1–6were relatively stable when doped into polymer
matrices. In the cases of PS and PMMA, the absorption
spectra did not change for weeks if the complexes were stored
in the dark. A gradual formation of HCl in the PVCmatrix led
to a slow decrease of the ICT band, as observed in the case of
chloroform (Fig. 4). A complete disappearance of the ICT
band was observed after approximately eight weeks.

The spectral data for reversal push-pull molecules withN,N-
dimethylaminophenyl donor and imidazole-4,5-dicarbonitrile
acceptor moieties separated by similarπ-linkers (see Scheme 1)

resemble those for chromophores 1–6 [29]. Upon transferring
from non-polar to polar media, all of these derivatives exhibited
hypsochromically shifted ICT absorption bands, and the most
hypsochromically shifted band was observed in polar MeOH.
However, the longest-wavelength absorption maxima of the
previous series [29] (similar π-linkers as those of 1, 4–6) do not
exceed 400 nm. This result implies that the imidazole chromo-
phore arrangement with two donors and one acceptor without
N1-alkylation, as observed in 1–6, assures better ground state
D-A conjugation.

Emission Characteristics in Solution

The fluorescence spectra of probes 1–6 in liquid media were
obtained with an excitation wavelength corresponding to the
position of the ICT bands. The fluorescence intensity and
vibrational structure of the spectra of particular chromophores
depend on the solvent used. All of the emission parameters of
probes 1–6 are listed in Table 2. In non-polar toluene and
dichloromethane, a wide non-structured band in the range from
500 to 600 nm was observed (Fig. 5a). In polar media, some
vibrational emission structure in the form of a bathochromically
shifted shoulder related to the main emission band was ob-
served for probes 2, 3 and 4 (Fig. 5b). In all liquid media, the
positions of the emission maxima depend on the length and
planarity of the π-linker between the donor and acceptor,
similar to that observed in the absorption spectra. The bath-
ochromic shift of the emissionmaxima increased in the order of
3, 2, 5, 6 and 4. Basic probe 1 exhibited an emission at the
shortest wavelength in all media. The Stokes shifts express the
nature of the excited state and its stabilization in a particular
environment. The lowest values of the Stokes shifts were
observed in non-polar toluene for all probes ranging from
4300 cm−1 for 3 to 5800 cm−1 for 4. The observed Stokes shifts
in polar solvents were within the range of 6500 cm−1 for 5 in
AcCN to 7800 cm−1 for 1 in MeOH. Moreover, the Stokes
shifts of 2, 3 and 4 were spread over a wide range of wave-
lengths as a consequence of the observed dual (shoulders) and
low-intensity fluorescence. For example, the highest Stokes
shift was observed for 4 in dichloromethane (8137 cm−1), but
two fluorescence bands were observed in polar AcCN with

Fig. 3 Comparison of the
absorption spectra of
chromophores (a) 1 and (b) 3
measured in dichloromethane
and chloroform at a
concentration of 10−5 mol L−1.
The chloroform solvent was
not purified before the
measurements

Fig. 4 Absorption spectra of chromophore 4 measured in a PVC
matrix at a concentration of 0.002 mol kg−1. The spectra were mea-
sured when the samples were fresh and after they had been stored in the
dark for approximately 8 weeks
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calculated Stokes shifts of 3237 cm−1 and 9465 cm−1 (Fig. 5b).
This result can be rationalized as a consequence of the stabili-
zation of two forms of the molecule structure. The large Stokes
shifts in polar solvents (Table 2) that were calculated using the
wavelength of the emission band shoulders can be explained as
a result of the stabilization of the highly polar excited state
related to ICT formation. ICT is easily formed through planar
and conjugated linkers, which is the case for probes 2 and 3.
Conversely, considering the possible partial rotation within the
biphenyl moiety in 4, such conjugation should be partially
disrupted. Moreover, the probes exhibited low fluorescence
intensity in polar solvents; thus, a more detailed study using
time-correlated fluorescence measurements was not performed.

The observed fluorescence intensities expressed as absolute
quantum yields (ΦF) were relatively low in all media. In

comparison with the fluorescence of previously developed
imidazole-derived probes (Scheme 1, [29]), the ΦF values of
the probes in this study were lower in particular solvents. From
a series of investigated probes, probe 1 exhibited the most
intense fluorescence in all media. The most intense fluores-
cence was observed in non-polar toluene, and the calculated
quantum yields were in the range from 0.13 for chromophore 3
to 0.37 for chromophore 1. In contrast, the fluorescence in polar
protic methanol was 1 to 3 orders of magnitude less intense
than that in toluene. Generally, the fluorescence quantum yields
are strongly dependent on the environment both in solution and
in polymer matrices. A critical examination of Table 2 reveals
that in solvents of low polarity (limited to toluene because of
solubility), the quantum yield was higher (in the range 0.1–0.4)
than in solvents of high polarity. Upon moving to solvents of a

Table 2 Emission parameters of the investigated probes 1–6 in different solvents

Probea/Parameter Mediumb λF
c nm ΦF

d νe cm−1 τF
f ns kF-cal

g×108 s−1 τF-cal
h ns

1 toluene 486 0.37 4676 2.9 2.82 1.0

CH2Cl2 542 0.14 6802 3.7 2.57 0.54

AcCN 550 0.12 7591 – 3.16 0.4

MeOH 551 0.02 7825 – 3.14 0.08

2 toluene 536 0.25 4708 3.2 1.58 2.0

CH2Cl2 586 0.03 6632 2.2 2.69 0.1

AcCN 600, 631sh 0.01 7372 (8191) – 2.24 0.05

MeOH 588 0.003 7032 – 3.16 0.01

3 toluene 555 0.13 4353 2.8 1.51 0.9

CH2Cl2 601 0.01 5985 1.6 3.89 0.03

AcCN 606, 632 0.002 6863 (7542) – 2.45 0.009

MeOH 599 0.001 6616 – 1.91 0.005

4 toluene 511 0.29 5811 2.9 1.91 1.0

CH2Cl2 567 0.02 8137 1.6 2.14 0.04

AcCN 432, 591 0.001 3237 (9465) – 2.69 0.005

MeOH 428, 549 0.002 3302 (8451) – 3.09 0.006

5 toluene 540 0.15 5578 3.2 1.58 0.94

CH2Cl2 540 0.005 5812 1.0 2.34 0.022

AcCN 549 0.002 6538 – 2.63 0.006

MeOH 553 0.001 7042 – 2.63 0.002

6 toluene 522 0.23 5353 2.8 2.95 0.78

CH2Cl2 565 0.001 7115 – 3.16 0.003

AcCN wide 530 0.002 – – 2.75 0.005

MeOH 536 – 6984 – 2.75 0.001

a Structure of probes 1–6 is according to Scheme 1
bMedium: CH2Cl2—dichloromethane; AcCN—acetonitrile; MeOH—methanol
cMaxima in emission spectrum (“sh” means shoulder). Excitation wavelength was set to the absorption maxima according to Table 1
d Quantum yield of fluorescence based on anthracene
e Stokes shift
f Lifetime of fluorescence. Decay was fitted to mono-exponential function
g Calculated rate of fluorescence based on Eq. 1
h Calculated lifetime based on Eq. 2
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higher polarity (dichloromethane, AcCN, MeOH), a drastic
decrease in ΦF was observed in all probes under investigation.

The solvent effects of polar solvents might be related to the
non-emissive excited state featuring strong ICT from the
electron-donating 4,5-bis[4-(N,N-dimethylamino)phenyl]-1H-
imidazole moiety to the electron-accepting arylcarbonitrile unit
at the C2 position. This transition state observed at 375–450 nm
in the absorption spectra should be stabilized by polar aprotic
solvents and stabilized even more efficiently by protic solvents,
which should promote radiationless decay [36, 37]. To ascer-
tain additional details about this interaction, the fluorescence
quenchingwith polar solvents and that with known singlet state
quenchers such as an N-oxyl radical (1-oxo-2,2,6,6-tetra-
methyl-4-hydroxypiperidine, TEMPOL) were compared. The
quenching experiments were performed in dichloromethane
solutions of 1 and 5 (π-linker connected to imidazole at posi-
tion C2 via the 1,4-phenylene subunit) as well as for 2 (π-linker
connected to imidazole at position C2 via the ethenyl subunit).
The quenching experiments using polar solvents were per-
formed with a relatively high concentration of the quencher
(polar solvent molecule) within the concentration range from
10−1 to 101 mol L−1 (0.24–9.6 mol L−1 for MeOH and 0.19–
7.6 mol L−1 for AcCN). This type of quenching was compared
with the quenching of a typical singlet quencher such as TEM-
POL in the concentration range of 0.001–0.01 mol L−1. No
measurable quenching was observed at lower concentrations
for this quencher. The dependencies of the fluorescence inten-
sity on the concentration of both polar quenchers for 1 obeyed
linear Stern-Volmer relationships (Fig. 6). Particular quenching
constants for all of the probes are listed in Table 3. The extent of
quenching was higher for MeOH than for AcCN. In fact,

quenching with AcCN was negligible. This difference has also
been discussed in previous work related to imidazole-based
probes with similar linkers between the donor and acceptor
[29]. More effective quenching byMeOHwas concluded to be
a consequence of the higher concentration of the quencher in
the vicinity of the excited probe due to the possibility of
hydrogen bonding. However, a completely different quenching
mechanism and a slightly lower extent of quenching were
observed for probes in this study relative to those investigated
earlier.

The quenching of 2 and 5 did not perfectly obey a linear
relationship. The quenching of 2 was linear only under the
assumption that the first points of both quenching solvent
dependencies were omitted. With these approximations, the
quenching was similar for both methanol and acetonitrile. The
quenching rate constants were slightly higher (0.93×1010 and
0.81×1010 Lmol−1 s−1 inMeOH andAcCN, respectively) for 2
than those for 1 quenched by methanol (0.70×1010) (Table 3,
Fig. 7). The decrease of the fluorescence intensity can be
correlated with the increase in the ICT absorption band mea-
sured for samples in the same concentration range of quencher.
This correlation was clearly visible for the 2/CH2Cl2/MeOH
system (Fig. 7, bottom) but relatively ambiguous for the 2/
CH2Cl2/AcCN system and other investigated samples.

Conversely, the quenching of probe 5 by polar solvents was
relatively negligible; the kq values were nearly 10 times lower
and loaded with a high error (very low correlation coefficients
of linear fitting). The dependency for methanol quenching was
clearly not linear, and the quenching rate constant was calcu-
lated only approximately using a Stern-Volmer-like expression
(Fig. 8). This quenching was also accompanied by a

Fig. 5 Normalized emission spectra of probes (a) 1, 2 and 6 in a toluene
solution and (b) 1, 2 and 3 in an AcCN solution measured at a concen-
tration of 10−5 mol L−1. The excitation wavelengths were set at 396 (a)
and 388 (b) nm for 1, 428 (a) and 416 (b) nm for 2, 428 (b) nm for 3, and
408 (a) nm for 6

Fig. 6 The dependencies of the fluorescence intensity (integral under the
curve) and the shift of the emission maxima of probe 1 measured in
CH2Cl2 at a concentration of 10−5 mol L−1 with the addition of polar
quenchers. The excitation wavelength was set at 396 nm. The lines
represent linear fits of the experimental points from the Stern-Volmer
equation with the parameters listed in Table 4
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bathochromic shift of the emissionmaxima. The dependence of
this shift on the same quencher concentration range exhibited a
slightly different shape. In contrast, the shift of the maxima was
correlated with the gradual addition of the polar quencher to the
dichloromethane solution because λF0542 nm in pure
dichloromethane and λF0551 nm in pure methanol for probe
1 (Fig. 6). The most visible influence on the position of the
emission maxima was observed for 5 quenched by methanol
(~900 cm−1). The value of this shift was similar to the differ-
ence between the position of the emission maxima in dichloro-
methane and methanol (960 cm−1).

Surprisingly, almost no fluorescence quenching was ob-
served for any of the probes when TEMPOL was used as a
quencher in the concentration range from 10−3 to
10−1 mol L−1. In a previous study [29], TEMPOL was a
very efficient quencher of the singlet states of probes with
two electron-accepting CN groups on the imidazole moiety
in solution, particularly for the parent fluorophore
(Scheme 1). The efficiency of quenching decreases as the
system becomes more extended and the energy of the singlet
state decreases. There are at least two effects in these new
probes under study (1–6) that might be responsible for the
fact that the TEMPOL quenching for this series is not
operative: i) the singlet energy of the probes is comparable
to or lower than that of TEMPOL, and it was already
indicated that fluorophores exhibit more effective ICT when
the longest wavelength absorption band lies above 400 nm
compared with the previous series; ii) there may be a steric
effect from the large N,N-(dimethylaminophenyl) substitu-
ents in the C4/C5 positions of the imidazole moiety, which
would weaken the paramagnetic effect of the free radical
and increase the radiationless process in these fluorophores.
Currently, it is difficult to determine which mechanism is
operative.

The fluorescence lifetimes of the emissive state of the
studied chromophores were experimentally determined in
toluene and dichloromethane and ranged from 1.0 to
3.7 ns (Table 2). All decay curves were fitted by mono-
exponential function. The most precisely determined life-
times were those measured in toluene due to good signal.
Rather narrow values ranged from 2.8 ns to 3.2 ns for all
probes did not explain significantly structural differences of
studied probes. The fluorescence lifetimes in polar solvents

Table 3 Fluorescence quenching of fluorophores 1, 2 and 5 in
dichloromethane by polar solvents

Probea Quencher KSV
b Ac rd τ e kq 10

10f

L mol−1 ns L mol−1 s−1

1B MeOH 0.258 1.056 0.9963 3.7 0.70

AcCN 0.045 0.995 0.9961 0.12

2B MeOH 0.205 0.851 0.9967 2.2 0.93

AcCN 0.179 0.537 0.9446 0.81

5B MeOH 0.092g 1.28 0.5811 0.98 0.09

AcCN 0.074 1.02 0.9128 0.07

a See Scheme 1 for the sample structures
b Stern-Volmer constant
c Abscissa on the y-axes
d Correlation coefficient
e Lifetime in CH2Cl2 from Table 2
f Diffusion-controlled bimolecular quenching rate constant calculated
as KSV/τ
g Stern-Volmer-like dependency

Fig. 7 The dependencies of the fluorescence intensity (integral under
the curve), the shift of the emission maxima and the absorption spectra
of probe 2measured in CH2Cl2 at a concentration of 10

−5 mol L−1 with
the addition of polar quenchers. The excitation wavelength was set at
422 nm

Fig. 8 The dependencies of the fluorescence intensity (integral under
the curve) and the shift of the emission maxima of probe 5 measured in
CH2Cl2 at a concentration of 10−5 mol L−1 with the addition of polar
quenchers. The excitation wavelength was set at 411 nm
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were not measured because of the low signal. The lifetimes
were also estimated theoretically in the following manner. The
fluorescence (radiative) rate constant (kF) can be estimated

from the extinction coefficient (ε) (Table 1) using the follow-
ing approximate relation [38].

kF�cal ¼ 104 " ð1Þ
The fluorescence lifetime can then be calculated as

tcal ¼ ΦF=kF�cal: ð2Þ

The longest lifetimes were observed in toluene and the
highest fluorescence quantum yield was also observed in
this solvent (Table 2). Interestingly, values were about 3
times lower in toluene and even one order lower in
dichloromethane as those determined experimentally.
Here as one of the possible explanations was that
expressed radiative rate constant according to relation
(1) did not match well the electron nature of the emissive
state of push-pull molecule with strong charge-transfer
absorption band. In polar solvents the estimated lifetime
of the push-pull molecules under investigation was rela-
tively short (1 to 500 ps) which correspond to low ΦF of
probes in such media. The fluorescence rate constants
were lower up to one order of magnitude for polar

Fig. 9 Normalized emission spectra of 1 in polymer matrices at a
concentration of 0.002 mol kg−1. The excitation wavelengths were
set at 398 nm in PS, 394 nm in PMMA and 389 nm in PVC

Table 4 Emission parameters of the investigated probes 1–6 in different polymer matrices

Probea/Parameter Mediumb λF
c nm ΦF

d νe cm−1 τf ns kF-exp
g × 108 s−1 kF-abs

h × 108 s−1

1 PS 490, 522sh 0.69 4717 2.3 2.98 1.32

PMMA 503 0.19 5500 1.9 1.00 2.63

PVC 518 0.03 6402 2.2 0.11 2.00

2 PS 548 0.30 4847 2.6 1.16 1.58

PMMA 559 0.16 5640 3.1 0.50 1.86

PVC 554 0.06 5369 3.1 0.19 1.7

3 PS 584 0.09 5099 2.3 0.40 1.32

PMMA 588 0.06 5669 2.2 0.29 1.78

PVC 592 0.03 5991 2.1 0.13 1.58

4 PS 511 0.35 5493 2.5 1.39 1.62

PMMA 518 0.13 6336 2.5 0.50 2.57

PVC 522 0.05 6817 2.3 0.20 2.34

5 PS 543 0.21 5113 2.5 0.84 1.55

PMMA 553 0.09 6307 2.9 0.30 2.19

PVC 554 0.04 6280 2.9 0.12 2.45

6 PS 525 0.36 5224 2.5 1.44 1.51

PMMA 538 0.10 6104 2.4 0.42 2.57

PVC 538 0.06 6288 2.0 0.30 2.14

a Structure of probes 1–6 is according to Scheme 1
bMedium: PS—polystyrene; PMMA—poly(methyl methacrylate); PVC—poly(vinyl chloride)
cMaxima in emission spectrum (“sh” means shoulder). Excitation wavelength was set to the absorption maxima according to Table 1
d Quantum yield of fluorescence based on anthracene
e Stokes shift
f Lifetime of fluorescence. Decay was fitted to mono-exponential function
g Rate constant of fluorescence, kF-exp calculated using experimental data of ΦF and τ as ratio ΦF/τ
h Rate constant of fluorescence, kF-abs based on absorption spectra (Eq. 1)
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solvent indicating that some specific quenching of the emis-
sive state can occur.

Emission Characteristics in Polymer Matrices

The emission spectra of probes 2–6 in polymer matrices
exhibited a wide un-structured band. The spectrum of probe
1 in non-polar PS exhibited a visible emission band at approx-
imately 520 nm, which appeared as a shoulder to the main
emission band (Fig. 9). The positions of the maxima depend
on the π-linker nature; the most bathochromically shifted band
was observed for probe 3 in a particular matrix similar to that
observed in liquid media (Table 4). The fluorescence of the
chromophores is more intense in commonly used polymer
matrices compared with the intensities in polar and chlorinat-
ed solvents, and the highest intensity is observed in PS,
ranging from 0.69 for 1 to 0.09 for 3 (Table 4). The quantum
yields were comparable or only slightly lower than those of
chromophores in the previous series of compounds. The fluo-
rescence of these fluorophores is the most intense in PS; the
fluorescencewas approximately one order of magnitude lower
in the chlorinated PVCmatrix for all probes. The fluorescence
intensity was relatively low in the PMMA matrix. The probes
with the most conjugated π-linkers, such as planar probe 3 or
the (E)-phenylethenylphenyl π-linker in 5, exhibited the low-
est ΦF value of all the polymer matrices. It seems that such
highly conjugated π–linkers support the formation of a non-
emissive ICT state. The hindered rotations in a solid polymer
matrix, which are responsible for the non-radiative dissipation
of energy in low-viscosity liquid media, play a less important
role. A similar trend was observed for chromophores 4–6. The
highest ΦF value was determined for 6 (0.10 in PMMA, 0.36
in PS and 0.06 in PVC) with a fairly planar phenylethynyl-
phenyl π-linker. The incorporation of a planar but more con-
jugated ethylene bridge between two 1,4-phenylene moieties
in 5 resulted in a lower ΦF value (0.09 in PMMA, 0.21 in PS
and 0.04 in PVC). The shorter and more twisted biphenylene
linker in 4 leads to the dissipation of energy, but this was not
the case when the linker was incorporated into a solid polymer
matrix. Probe 4 exhibited a higher ΦF value than 5, but this
value was lower than that of 6.

The Stokes shifts were relatively narrow for all probes in the
particular polymer matrix (Table 4). However, these shifts
nicely reflect the polarity of the matrix. Whereas in non-polar
PS, the Stokes shifts lie within the range of 4700 to 5500 cm−1,
in relatively polar PMMA, these shifts lie within the range of
5500 to 6300 cm−1. The largest Stokes shifts were observed in
the PVC matrix (5400–6800 cm−1, Fig. 9).

Since the fluorescence quantum yields were higher in
polymer matrices as compared in solution the lifetimes of
the probes 1–6 was determined in all matrices. The observed
lifetimes lied in range from 1 to 3 ns (Table 4). Using
experimentally determined values of ΦF-exp and τexp in

polymer matrices, the fluorescence rate constant was calcu-
lated as ratio of ΦF-exp/τexp. The calculated fluorescence rate
constants (kF-exp) agreed well with those based on absorp-
tion spectra (kF-abs) for low polar PS. On the other hand,
these fluorescence rate constants were lower about one order
of magnitude for PMMA and PVC indicating that some
specific quenching of the emissive state occurred even in
moderately polar polymer matrices.

1H-Imidazole derivatives with appended strong donating
and accepting substituents and π-conjugated spacers are po-
tentially applicable as materials for nonlinear optics (NLO).
They are non-symmetric and exhibit (hyper)polarizability. In
the series of compounds 1–6, the π-conjugated system
becomes more extended and, therefore, a bathochromic shift
of the longest wavelength absorption band and an increased
polarizability were observed. In polar media, in which the
fluorescence is quenched, one might expect a higher degree
of charge separation and a higher polarizability [39].

However, in polymer matrices with medium polarity such
as PMMA or PVC, more intense fluorescence was observed,
which implies a lower degree of charge separation and
polarizability.

Conclusions

This study demonstrated that the new Y-shaped D-π–A sys-
tems featuring electron-donating substituents at the C4/C5
positions of the imidazole moiety yielded intense fluorescence
in polymer matrices and non-polar solutions. The fluorescence
intensities of the probes in non-polar toluene were comparable
with those measured in polymer matrices. The extent of intra-
molecular charge-transfer in push-pull molecules based on
1H-methylimidazole in polar solvents should be studied using
time-resolved spectrometry (laser flash photolysis). The posi-
tion of the absorption and emission maxima can be finely
tuned by the nature of the π-linker used. The length and
planarity of the π-linker are the most important structural
features affecting ICT in both series. However, the new series
of imidazole-derived push-pull systems generally exhibited
less intense fluorescence in all media than the previously
studied derivatives based on imidazole-4,5-dicarbonitrile.
Therefore, the previous imidazole-4,5-dicarbonitrile-based
push-pull system [29] seems to be more suitable for photonics
applications or sensor construction.
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