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Anomalous broadening of DMABN
electronic spectra in solutions
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The results of spectral broadening study of electronic bands of an archetype molecule with
intramolecular charge transfer in the excited state, n-dimethylaminobenzonithrile (DMABN), in
polar solvents are discussed. The broadening is anomalously large, it amounts to 8000 cm™!, and
manifests itself in both luminescence and excitation spectra. The explanation of the results obtained
is based on treating a solution as a set of chemically identical solvates with solute in the centre,
which have different energies of the pure electronic transitions. The inhomogeneity is likely to
arise due to both the intermolecular effect of luminophor environment on its spectra in polar
solvents and the existence of various conformers of DMABN.
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1. Introduction

Nowadays, a great deal of interest is concentrated on molecules showing significant
change of polarity during electronic transition upon excitation and having the ability
to create both local-excited (LE) and charge transfer (CT) states [1-3]. It is well known
that n-dimethylaminobenzonithrile (DMABN) changes its charge distribution during
electronic transition, so that the dipole electric moment grows from ~6 D in the ground
state up to ~16 D in the CT configuration [4]. Hence, in polar solutions such solutes
must show a strong enough sensitivity to solvatochromic effects and reveal spectral
inhomogeneity due to the influence of the environment [1-3, 5]. Indeed, the excited
electronic states with internal charge transfer of some molecules show an anomalously
strong inhomogeneous broadening of their electronic spectra as was firstly shown for
laurdan [6]. Recently, spectral inhomogeneity characteristics of an archetype molecule
DMABN in polar solvents were found by means of steady-state spectroscopy [7-9].
The inhomogeneity manifests itself in both luminescence and excitation spectra, and
the spectral shifts of luminescence maximum with a change of excitation wavelengths
are anomalously large and amount to 8000 cm™'. Later, the results of kinetic study of



476 V.I1. Tomin, K. HuBisz

emission decay and polarization of DMABN long wavelength luminescence upon
excitation on the red edge of absorption spectra near 403 nm were published [10-12].
Quantum mechanical simulations also evidence the existence of conformers with
considerably different 0—0 frequencies. Neither of the results obtained in [6—12] does
contradict the explanation that the observed inhomogeneity arises due to both the effect
of solute environment on its spectra in polar solvents and the existence of its various
conformers. However, the question: “What is the nature of CT probes electronic
spectra?” has not been fully cleared up until now.

Here, we present some new results of the study of kinetic characteristics of
DMABN forms emitting in the long-wave part of the spectrum to show, together with
other data, that DMABN in polar solvents may be treated as an inhomogeneous system
with unusual spectral characteristics.

2. Experimental

Excitation and emission spectra were registered on a HITACHI F-2500
spectrofluorimeter and HITACHI U-2010 spectrophotometer. The kinetic
characteristics of luminescence were obtained using light pulses of 65 ps duration of
a semiconductor laser at 1 =403 nm (24810 cm™!). DMABN (Lancaster Synthesis,
99.9%) was used without further purification at concentrations of 10°-107> M.

3. Results and Discussion

Luminescence spectra of different excitation wavelengths and the spectra of emission
excitation registered at various wavelengths are presented in the Figure, for a solution
in glycerol at room temperature (295 K). The standard excitation near maximum of
absorption 34480 cm™! is followed by a dual luminescence spectrum with maxima at
27780 and 22000 cm™'. The first short wavelength band is referred to the LE, and
the second long wavelength to the CT states. The halfwidth of LE band reaches
4600 cm™'. The most interesting property of spontaneous emission of DMABN firstly
reported in [7-9] is unusual well-pronounced dependence of its band on exciting light
wave number v,, in the range of 34480-23260 cm!(3-6). The character of changing
concerns both emission bands and as seen already at v,, = 28570 cm™' the whole
spectrum broadens and the band maximum shifts to the red edge by 4000 cm .
A subsequent decrease of the v,, affects further shift of the spectra as a whole
down to 20200 cm™! at v, = 23260 cm™! (6). Hence, for wave numbers lesser than
28570 cm™' we observe a full “cut off” of the LE band. Such phenomena could be
referred to the so-called red edge excitation effects (REEE) [5]. The overall drift of
the emission spectra average frequency is anomalously large and equals 8000 cm ™. It
is unusual that the observed dependence takes place even at elevated temperatures
T=330K, and in other solvents with lower viscosity as well.
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Figure. Spectra of excitation (1, 2) at wave number of registration 27780 em™! (1) and 20000 cm™! (2)
and luminescence spectra (3—6) of DMABN in glycerol for different excitation wave numbers:
34480 cm™! (3), 28570 cm™! (4), 25640 cm™! (5) and 23260 cm™! (6).

The spectra of the luminescence excitation, presented in the Figure (curves 1 and 2),
essentially depend on the wave number of registration. As seen from curve 1, it has
one maximum near 34480 cm™! when monitoring emission at v ., = 28570 cm™! (the
LE band). However, at v . =20000 cm ! (curve 2) not only the basic band near
34480 cm™!, similar to that on curve 1, but also the intensive long wavelength shoulder
are seen in the absorption.

It should be added that all red-edge excitation effects registered are noted for
chosen concentrations in the range of 10°°~1073 M and in some other polar protic and
aprotic solvents such as methanol, pentanol, ethanol, tetrahydrofuran (THF) and
acetonitrile (ACN). At the same time DMABN luminescence in nonpolar solvents
(cyclohexane, n-hexane and so on) reveals only the LE band near v = 29400 cm ™! with
the halfwidth Av =3200 cm™!, which is essentially less than that in polar glycerol
(Av=4600 cm ™). The contour of emission does not depend on the excitation in the
region of 37040-31250 cm™".

We have studied DMABN emission temporal behavior when molecular species
having spectra close to those presented in the Figure (curves 5 and 6) were excited by
radiation of semiconductor laser at v = 24810 cm™'. In Tab. 1 luminescence lifetimes
are presented for registration in different spectral regions. As one can see
deconvolution of luminescence pulses gives us three components in each case and their
parameters depend on the wave number of registration. We consider as more reliable
the second and third components with durations of ~1.2 and ~5.4 ns (in glycerol).
The average lifetimes 7 were also calculated for all the cases and they indicate definite
dependence — the magnitude 7 of increases from ~2.7 up to ~3.4 ns when the wave
number drops in the interval 22220-18870 cm™'. At the same time average lifetime at
excitation of 33330 cm™! is about 3.0-3.8 ns [4, 13] and is close to values obtained.
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In Table 2, the results of anisotropy kinetics 7(¢) analysis for various wave numbers
of observation are presented for DMABN in glycerol. As is seen the function r(¢) in
all the cases may be presented as a sum of three exponential components. For any wave
number, except 18870 cm !, the longer component is within the limits of 20 to ~26 ns,
and only at v~ 18870 cm™! it is considerably smaller ~13 ns. On the contrary, the
second component for the same wavelength is ~6.2 ns and it is essentially longer than
for v, =20410 and 19610 cm!, where it deviates from 3.8 to 4.5 ns. Remarkably,
this initial anisotropy »(0) does not depend on the wave number of registration and is
the same, i.e., ~0.3, for all the wave numbers of the observation.

When use is made of a hydrodynamic model of Stokes—Einstein—Debay the
Brownian rotation times (7) in the interval 20-25 ns (the longest component in
deconvolution) correspond to rotating volumes with radii 1.1-1.3 nm, which are pretty
higher of DMABN dimensions 0.4-0.5 nm [14]. Taking into account the diameter
of glycerol molecules of about 0.3 nm, one can conclude that a rotating volume of
a solvate is restricted by the size of the first coordinative sphere. Approximately the
same times (7z) ~ 17.6 ns and, consequently, rotating volumes were obtained when
the solute was excite at absorption maximum ~302 nm and emission registered near
maximum of CT band 19010 cm™' [15].

Inhomogeneity of electronic spectra, in principle, may be caused by different
factors. DMABN is a well studied molecule and we can estimate anticipated spectral
shifts due to solvatochromic phenomena for planar (P) and perpendicular (7))
geometry of solute. Any parameters necessary to calculate these frequencies are known
and using the Onsager approach and magnitudes for all dipole moments x,p = 6.15 D,
tep =57 D, pur=4.05 D and u,p=16.5 D and the radius of Onsager cavity
a~0.45 nm in agreement with results of [14], we have a value Av,= 6500 cm -l
for energy difference between 0-0 frequencies of both conformers, P and 7. This is
a very important point which indicates possible mechanism for spectra broadening if
the conformers of both types exist in a solution simultaneously. The existence of
conformers having only CT band also follows from experiments [16] with so-called
“pretwisted” forms of DMABN derivatives.

Of course, except for this there should be the broadening of electronic spectra due
to the mechanism of thermal fluctuations [1-3, 5]. Contributions of this mechanism
can be estimated with the help of formula from [1]. Using maximal difference between
dipole moments Ap=pigp—por~10 D we obtain the magnitude of broadening
Avy ~ 1600 cm™ I Therefore, the total possible broadening will be equal to the sum of
conformatlonal and ﬂuctuatlonal broadenlngs thus we have Avy=Av +Av, =

~ 6500 cm™! + 1600 cm™! ~ 8100 cm™

The experimental value of spectral shifts, as seen from the Figure is 8000 cm™!, thus
we may state a very good agreement of this value with our estimates. The important
argument in favor of different conformers contribution also follows directly from
quantum mechanical calculations of various DMABN geometries differing in twist
angle @ between planes of dimethylamino groups and organic moiety (see [17] and
references therein). The energy difference, AE of the S, and excited singlet states .S
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and S,, which determines the frequencies of the pure electronic transitions v, depends
on the angle and changes with the angle more than on 3000 cm™".

4. Conclusions

The results of [7-12, 14, 16] prove that DMABN in polar solution exists as a set of
various conformers differing in their solvate shells. These forms have their own
frequencies of pure electronic transitions v, and this means that such a solution
may be treated as a typical spectrally inhomogeneous system. The character of
inhomogeneity can be defined as conformationally configurational. The broadening

value registered is anomalously high and spectral shifts of luminescence band with
a change of excitation can reach 8000 cm™!.

Acknowledgements — The authors are grateful to the Pomeranian University in Stupsk (Poland), for
financing of the work (the project BW6/8/1239/04), and prof. P. Kwiek (University of Gdansk, Poland)
for kinetic measurements.

References

[1] NemkovicH N.A., RuBmwov A.N., TomiNn V.I., Topics in Fluorescence Spectroscopy, [Ed.]
J.R. Lakowicz, Vol. 2, Principles, Plenum Press, New York 1991, pp. 367—428.

[2] RuBmvov A.N., TomIN V.1., BusHuk B.A, Kinetic spectroscopy of orientational states of solvated dye
molecules in polar solutions, Journal of Luminescence 26(4), 1982, pp. 377-91.

[3] Mazurenko Yu.T., Broadening of the electronic spectra of complex molecules in a polar medium,
Optics and Spectroscopy 33(1), 1972, pp. 22-6, (original: Optika i Spektroskopiya 33(1), 1972,
pp. 42-50).

[4] GraBowskl Z.R., Rotkiewicz K., RETTIG W., Structural changes accompanying intramolecular
electron transfer: focus on twisted intramolecular charge-transfer states and structures,
Chemical Review 103(10), 2003, pp. 3899-4032.

[5] DEMCHENKO A.P., The red-edge effects: 30 years of exploration, Journal of Luminescence 17(1), 2002,
pp. 19-50.

[6] TomiNn V.I., Brozis M., HELDT J., The red-edge effects in laurdan solutions, Zeitschrift fiir
Naturforschung 58a, 2003, pp. 109-17.

[7] TomiNn V.1, HuBisz K., Anomalous inhomogeneous broadening of the electronic spectra of
N,N-dimethylaminobenzonitrile in solutions, Journal of Applied Spectroscopy 70(5), 2003, pp. 804—6.

[8] Tomin V.I., Husisz K., MUDRYK Z., Anomalous inhomogeneous broadening of electronic spectra of
molecules with internal charge transfer, Zeitschrift fiir Naturforschung 58a, 2003, pp. 529-36.

[9] TomiN V., HuBisz K., Band broadening in the electronic spectra of 4-dimethylaminobenzonitrile in
polar solvents, Russian Journal of Physical Chemistry 78(7), 2004, p. 1114.

[10] TomiN V.1, Huisz K., Kwiek P., Properties of DMABN long-wavelength emission excited by
picosecond laser pulses, Proceedings of SPIE 5849, 2005, pp. 195-8.

[11] TomiN V.1, Husisz K., Kwiek P., Polarization and kinetic properties of the luminescence of
nonequilibrium forms of dimethylaminobenzonitrile, Optics and Spectroscopy 99(1), 2005, pp. 43-8.

[12] TomiN V.1, HuBisz K., Kviek P., Characteristics of long-wave luminescence of dimethylamino-
benzonitrile excited by picosecond laser pulses, Russian Journal of Physical Chemistry 79(8), 2005,
pp. 1347-9.



Anomalous broadening of DMABN electronic spectra in solutions 481

[13] LipperT E., RETTIG W., BoNACIiC-KOUTECKY V., HEISEL F., MIEHE J.A., [In] Advances in Chemical
Physics, [Eds.] I. Prigogine, S.A. Rise, Vol. 68, Wiley 1987, p. 1.

[14] Baumann W., BiscHor H., FroHLING J.-C., BRITTINGER C., RetTiIG W., ROTKIEWICZ K.,
Considerations on the dipole moment of molecules forming the twisted intramolecular charge
transfer state, Journal of Photochemistry and Photobiology A: Chemistry 64(1), 1992, pp. 49-72.

[15] Fisz J.J., vaN HOEK A., Picosecond emission anisotropy decays of dimethyl aminobenzonitrile,
Chemical Physics Letters 270(5-6), 1997, pp. 432-42.

[16] Oxapa T., UesuGlt M., KOHLER G., RECHTHALER K., RotkiEwicz K., RETTIG W., GRABNER G.,
Time-resolved spectroscopy of DMABN and its cage derivatives 6-cyanobenzquinuclidine (CBQ)
and benzquinuclidine (BQ), Chemical Physics 241(3), 1999, pp. 327-37.

[17] TomiN V.1., Brozis M., Semiempirical calculations of the electronic state properties of the dimethyl-
aminobenzonitrile molecule, Russian Journal of Physical Chemistry 79(6), 2005, pp. 954-8.

Received January 30, 2006



