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Abstract

The excited-state intramolecular proton transfer (ESIPT) in some 2,4,5-triarylimidazoles (TAIs) is studied by the methods of steady-state
luminescence and femtosecond laser absorption spectroscopy. It is found that ESIPT in 4,5-diphenyl-(2-hydroxyphenyl)imidazoles occurs
both in solutions at ambient temperature and in glassy matrices at 77 K. In the case of 4,5-diphenyl-(2-hydroxynaphthyl)imidazole, a
rotation of molecular fragments is necessary for ESIPT to occur, which results in the absence of ESIPT at 77 K. The characteristic times
of intramolecular processes in the excited state of TAls are measured by the method of femtosecond absorption spectroscopy. It is shown
that the ESIPT time in TAls depends on the molecular structure—it is extremely sH@® (s) in molecules with a planar reaction center
and three times as long in TAls with a non-planar reaction center—being determined by the time of conformational rearrangement.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Then, the excited keto-tautomer of the molecule lumi-
nesce, undergoing a transition to the ground state, the re-
The excited-state intramolecular proton transfer (ESIPT) verse proton transfer takes place, and the molecule returns
reactions in organic compounds have been the subject ofto theE form.
numerous recent investigations because of the fundamental The ESIPT is usually manifested in steady-state spectra in
importance of this process and its potential for practical an significantly large Stokes shift of the fluorescence spec-

applications in laser dye$l-3], photostabilizers[4,5], trum relative to the initial absorption spectryf-9].
three-dimensional optical memory devidés, solar energy In this paper, we study the ESIPT in some 2,4,5-triarylimi-
concentratorg[7], and electroluminescent materials with dazoles (TAls) by the methods of steady-state luminescence
high photochemical stabilit{8]. spectroscopy at different temperatures and femtosecond ab-

The ESIPT usually involves a very fast transfer of the sorption spectroscopy. The structure of these molecules can
hydroxyl (or amino) proton to an acceptor such as carbonyl be easily changed by introducing various substituents into
oxygen or a nitrogen atom in an excited state of a molecule, their peripheral aryl rings, which changes their luminescence
resulting in the formation of the keto-tautomér)(from the significantly[10,11] The structural formulas of TAls are:
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Molecules| and Il without hydroxy substituents, in  on a certain wavelength was obtained from the signal of
which ESIPT is absent, are presented for comparison. a reference substance. Pure dioxane was used as a refer-
ence substance because it showed photoinduced absorption

over the entire supercontinuum. The spectra were corrected

2. Experimental details as described iff16]. The time resolution was determined
from the kinetic curves of the pure dioxane signal. It was
2.1. Materials 70+ 5fs for all the wavelengths in the range under study.
All TAls exhibited intense fluorescence. A part of this
TAls were prepared and purified as describefil+-14] emission entering the spectrometer slit distorted the spectra

Nuclear magnetic resonance and thin-layer chromatographybeing registered. But, because excitation region area was
techniques showed no trace of impurities in these samples.10 times larger than the probe pulse area, we assume that
Acetonitrile, dioxane, toluene and ethanol were spectral integrated fluorescence of a sample is independent on the

grade and were used as solvents. delay time. Therefore, we subtracted the fluorescence spectra
recorded at negative delay time from all the spectra obtained
2.2. Spectroscopic study for other delay times. All the femtosecond experiments were

carried out at room temperature.

Absorption spectra were measured with a “Specord Semi-empirical quantum—-chemical calculations of elec-
UV-VIS” spectrophotometer. Luminescence spectra were tron density and molecular geometry optimization were per-
recorded with a JY-3 spectrofluorimeter. The luminescence formed using PM3 program (HyperChemTM, Release 5.01
spectra were not corrected for the spectral sensitivity of the for Windows, Hypercube Inc.).
spectrofluorimeter; however, the spectral sensitivity of an
R777-01 photomultiplier used in the spectrofluorimeter was
almost constant in the region from 400 to 500 nm. 3. Results and discussion

Femtosecond experiments were performed using a setup
assembled in the laboratory of laser spectroscopy at N.N.3.1. Seady-state spectroscopy
Semenov Institute of Chemical Physics, RAS. A train of
pulses at a wavelength of 616 nm, with a duration of 50fs,  All TAIs studied strongly fluoresce in solutions at room
an energy of 30Q.J and a repetition rate of 25Hz was temperature and 77 K. The TAI luminescence excitation
divided with a beamsplitter into two parts to form a pump spectra in the long-wavelength region in fact coincide with
pulse and a probe pulse. The second harmonic at a wavetheir absorption spectra. This means that fluorescence be-
length of 308 nm was used as a pump pulse. A supercontin-longs to the molecules under study. Typical fluorescence
uum pulse, which was generated by focusing a femtosecondspectra are shown ifrigs. 1 and 2 fluorescence band
pulse in a quartz cell with distilled water, was used as a
probe pulse. The supercontinuum was stable in the regionTable 1
from 380 to 1000 nm, except the 580-630 nm region, where gy qcra parameters of TAI in different solvents
an intense noise was observed due to the supercontinuum

properties. For this reason, we ignored this region in the ™ Parameter Toluene  Dioxane  Ethanol
analysis of the spectra. The solutions of TAls in acetonitrile 300K 77K
were studied in a quartz cell of 1 mm thickness. Acetonitrile | hexe (NM) 318 305 312 305
has no photoinduced absorption upon excitation at 308 nm. Aum (nm) 382 380 377 373
The concentration of TAls was selected so that the absorp- AE (cm™) 5268 4453 5530 3960
tion of the pump pulse in the cell was about 70-80%. The ||a hexc (NM) 335 330 327 333
pump pulse diameter in the focus was 308 and that Aum (M) 460 455 438 435
of the probe pulse was 1Q0n. A part of the probe pulse AE (cm™) 8110 8320 7750 7040
was used as a reference beam and also passed through the, hexc (NM) 342 342 342 346
cell, but in the region not excited by the pump pulse. After Aum (nm) 465 460 445 440
passing through the cell, the reference and probe pulses AE (cm™) 7735 7670 6770 6175
were directed to a prism spectrometer, where their spectraiic Aexc (NM) 320 320 320 -
were simultaneously recorded with two CCD cameras. The Jum (NM) 470 470 448 -
experimental setup is described in detai[15)]. AE (em™) 9970 9970 8925 -
The supercontinuum pulse is usually strongly chirped 111 Lexc (NM) 340 340 330 335
and for this reason its different spectral components reach Hum (M) 415 420 425 380
the sample at different instants of time. Therefore, we per- AE(em™) 5315 5600 6710 3535
formed time correction of the recorded spectra. For this !V Lexc (Nm) 365 360 353 350
purpose, the dependence of the zero delay between pump Mum (””j)l 460 460 438 378
AE (cm™) 5660 6040 5500 2115

pulse and the corresponding supercontinuum component
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maximum A, fluorescence excitation maximuiyy: and 1,00 -
Stokes shiftsAE are presented iflable 1for TAI V. 080 4
It may be suggested that in aprotic solvents the molecule '
of hydroxy-substituted TAI exists as two different in- £ 0,60 -
tramolecular hydrogen-bonded isomd®s and R,. EXxci- g 0.40 |
tation of the first isomeR; should lead to the formation -
of the keto-isomeK due to ESIPT, while excitation of the 0,20 +
second isomeR> must yield the normal emission. But, we 0.00 . - . e
found out that the fluorescence spectralai-l1c in toluene 200 300 400 500 600
and dioxane contain only an abnormal Stokes-shifted emis- (y) Anm
sion band. This means that only tiiy isomer of these
molecules is stable under these conditions. 1,00 -
O H—Q O R 0,80
N N
I | . 0601
N N :
Q }-1 R Q H--0 £ 0401
H
R] R2 0,20 A
0,00 T
200 300 400
S\O S\(I) (b) A/nm
0o H R

H Fig. 1. (a) Fluorescence spectra (1 and 2) and fluorescence excitation
O i 0 1'\1 spectra (3 and 4) of TAl (1 and 3) andla (2 and 4) in dioxane at 293 K.
N (b) Fluorescence spectra (2 and 4) and fluorescence excitation spectra (1
I >—Q l N and 3) of TAllla in EtOH at 293K (1 and 4) and 77K (2 and 3).

RS RS
H \
Q R H 1,00 1
R3 R4 2
0,80
However, in the case of hydroxyl-containing solvent . 060 4
(EtOH), a short-wavelength emission band appears for 5
Ila—llc, which is absent in the fluorescence spectrunh of g 0401 ;
(Fig. 1b. This result corresponds to the data obtained ear-
lier [17,18] for compounds demonstrating ESIPT, and can 0,201
be explained by the presence of intermolecular hydrogen 0,00 . ' . ‘
bonding with solvent molecules leading to the stabiliza- 200 300 400 500 600
tion of solvated isomer&3 and/orR4 in which ESIPT is (a) Mnm

impossible.

The Stokes shift decreases as the temperature is lowered 1,00
to 77K, but it remains large enough fora—I I c compared
to AE for | (without the OH group), which suggests that
ESIPT occurs at this temperature as well. 0,60

The non-planar structures of naphthyl derivativdsand
IV caused by the hindrance between imidazole and naph-
thyl (in eighth position) hydrogen atoms are significantly
different from the planar structures ofandlla—-Ic. The
molecular geometry optimization gives the values of 40 and
30 for the dihedral angle between imidazolyl and naph- 200 300 200 500 600
thyl planes forR; isomer ofl Il andlV, respectively. Such (b) Anm
a molecular Stru.Cture influences significantly spectral lumi- Fig. 2. (a) Fluorescence spectrum (1) and fluorescence excitation spectrum
nescent properties of moleculds andIV. As a result, the (2) of TAI IV in dioxane at 293 K. (b) Fluorescence spectra (1 and 3)
luminescence spectra b in toluene and dioxand=(g. 29 and fluorescence excitation spectra (2 and 4) of MAlin EtOH at 293K
contain two bands: a short-wavelength band and a band with(1 and 2) and 77K (3 and 4).
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a large Stokes shift, which indicates the presence of Rpth ~ Table 2
andR; isomers in the media without hydroxyl groups. We Electronic density of atoms N(3) and O for TNla
can assume that the intramolecular hydrogen bond iRthe  Atom Form
isomer oflV is weakened because of non-planar structure
leading to the stabilization of the, isomer.

A mixture of two isomers also presents in the solution NG) —0.147 —0.172 +0.233
of TAl IV in EtOH at room temperature. But, after cool- —0.264 —0.236 —0.489
ing this solution to 77 K, the situation changes—the shape
of the spectrum and a significantly decreased valua Bf the planarity of this fragment with imidazole cycle. Natu-
(2115 cnm1) suggest the presence of only one isomenof rally, such a rotation is impossible in glassy matrix at 77 K.
under these conditions—when ESIPT does not occur. We For better understanding the ESIPT mechanism in TAl,
believe that for ESIPT to occur iV, the 2-hydroxynaphthyl ~ we performed quantum—chemical calculations of electron
fragment of the molecule should turn at some angle to reachdensity for theK andE isomers of the TAIl molecule in the

E E* K
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Fig. 3. Dynamics of photoinduced absorption spectra of TA&) andlll (b) in acetonitrile.



FE. Gostev et al./Journal of Photochemistry and Photobiology A: Chemistry 156 (2003) 15-22 19
ground and the first excited states. The results are presentedpectra upon excitation by a femtosecond pulse at 308 nm.
in Table 2 One can see that excitation Bfmolecule leads  First of all, compounds$ andl11 without ESIPT have been
to the increase in the electron density at the N(3) atom andstudied.Fig. 3 shows that their spectra change with time
its decrease at the O atom resulting in ESIPT and formation similarly. At the first stage, in the period of time up to 250fs,
of theK* isomer in excited state. Then, thé isomer emits a wide absorption band with the maxima at 480 nmi fand
luminescence and returns to the ground stéfewvhich is 500 nm forlll is developed. Then, in the time interval from
characterized by a large positive charge at the N(3) atom and250 fs to 1 ps, some spectral broadening is observed and the
negative charge at the O atom. As a result, a reverse processpectrum remains unchanged up to 600 ps.
occurs in the ground state of the molecule, producing an  According to the steady-state absorption spectraafd
initial molecule in the fornk. I11, excitation of these molecules by light at 308 nm transfers
them intoS; state or intoS] excited vibration state. In any
case, a photoinduced band at 480 nmlf¢gand 520 nm for
I11) should be assigned to the absorption from the first singlet
To confirm our proposals discussed in the previous sec-excited electronic statg; (the S; — S, transition) of the
tion, we examined the dynamics of photoinduced absorption initial molecule. Therefore, the characteristic time of the

3.2. Femtosecond spectroscopy
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0,084 "
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—~O0fs
---100fs

250 fs
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T T T 1
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Fig. 4. Dynamics of photoinduced absorption spectra of Mal in acetonitrile for the delay times in the intervals: 0-250fs (a) and 250 fs—30 ps (b).
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appearance of this band (100fs for both the compounds)

represents the time of internal conversion and/or vibration g 40 | —-2001s

relaxation to theS; state 8 — Sy or S} — Sy). ] - = 0fs
The introduction of a hydroxy! group into position 2 of an 0,08 - - -2001s

aryl substituent, qualitatively changes the dynamics of pho- |

toinduced absorption spectra due to ESIPT. The charactel® g g et T

of changes is the same fhra—I | c compounds and different o | . el ..

for TAI 1V. < ooad e Lo

Fig. 4 shows the dynamics of photoinduced absorption i
spectra forlla. Three absorption bands at 415, 520 and 0,02 4
895 nm increase simultaneously at short times. Then, up to N s~ === N

10 ps, two long-wavelength bands virtually disappear dur- 0,00 e N, ——

1 1eti i i 1 | ! LI Tl L ! I LA DL | ! LI
ing the charactenstlct|me~3.2ps,.whereasthe intensity of 400 420 440 460 480 500 520 540 560 580
the short-wavelength band remains unchanged (a small de-

crease in the optical density is caused by relaxation process). 1 200 fs
The kinetic curves fofla at these wavelengths are shown in 010 2N\ — — 400 fs
Fig. 6a Their analysis demonstrates full coincidence of the 1. “\ .- -800fs
kinetics at 520 and 850 nm bands, which suggests that these . 0.08 1 - —— 1000 fs
bands belong to one specie. Therefore, one can observe wi 1 "\

intermediate products in the photoinduced absorption spec-Z, 0.067
tra ofl1a. ]

The long-lived (at the femtosecond timescale) species be- ~ 0.04
ing characterized by the absorption maximum at 415 nm is 1
evidently keto-formK * in the first electronic excite8; state 0,02+
formed due to ESIPT. We observe this intermediate as a sta-

0,00

ble one, because it will emit fluorescence only during several ——— T ——T———
nanoseconds, as almost all complex organic molecules do. 400 420 440 460 480 500 520 540 560 580
Therefore, we can evaluate the ESIPT time by the increase Anm

in the absorption band at 415 nm. Ade-lIc, this time is
100fs. It should be noted that this value is approximate be-
cause it is unknown in which state Bf form (Sz(E), S;(S)
or S1(E)) ESIPT occurs. This result is in good agreement
with the data in the literature on the ESIPT time for other levels are populated in competitive manner during vibration

Fig. 5. Dynamics of photoinduced absorption spectra of TAlin ace-
tonitrile for different delay times.

molecules with a planar reaction cenf&f—21] relaxation from highly located levels of tHe* isomer. In

As for the short-lived species with absorption bands at future, theSy(nw™) level is non-radiatively deactivated to
520 and 895 nm: the Sp ground state, and the lifetime of ti8(nw*) state is

- . ) ) several picoseconds.

(i) it cannot be thee® isomer in the5, () state because it Therefore, we conclude, that a short-lived species in the

should undergo the transition into t8g(K) state due  poleculella represents a molecule &* isomer in the

) _tO_ ES“_:’T for 100 fs; _ . _ Sy(nr*) state.

(ii) itis unlikely a molecule of thée™ isomer in the excited Thus, the following scheme of processes taking place after

triplet stateT,(E) formed as a result of intersystem  gycitation of theE isomer of thella molecule by light at
crossing because of ultra short time of ESIPT in the 308 nm can be present&theme 1
_ Si(E) state; .. _ _ The results obtained fdib andllc confirm this scheme.
(iii) it cannot be a molecule of thik* isomer in the excited  gome differences are only in the position of maxima and
triplet stateT1(K) because its formation must be ac- |ifetimes of theS,(nmr*) state (sedable 3.
companied by a decrease in the intensity of the 415 nm

absorption band due to tf® (K) — T1(K) process.

It is reasonable to suppose that it is a molecule of the ESIPT
E* isomer in such an excited electronic state, in which ~100 fs
S1(E) —> S1(K)

ESIPT is in principle impossible. It may be a singlet ex- SH(F)
cited state of thexm* type. The datd22—-26]on ESIPT in So(E) + hv —>{ }

[2,2-bipyridile]-3,3-diole (Bp(OH))—a molecule with a S1V(E) Sp(ar)
reaction center that is similar to that of TAl—support our 32 ps

conclusion. In Bp(OH, theS;(n*) level is located closely =

to the S (™) level, from which ESIPT occurs. Both these Scheme 1.
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Fig. 6. Dependence of the optical density on time for solutions of MAl(a) andlV (b) in acetonitrile at different detection wavelengths.

Table 3
Data of femtosecond study éfa—l1c in acetonitrile

All these conclusions are true for planar OH-containing
TAl under study. Dynamics of photoinduced absorption
of non-planar V differs significantly from that follla, as
one can see fronfrig. 5 First, only one absorption band

at 510 nm appears during a time interval of 0-200fs. Then,
this band disappears during 350 fs simultaneously with the
appearance of a new absorption band at 420 nm. The latter

TAI Transition Transition Relaxation time
S(nm*) — Si(K) — S(nm*) —
Si(E) (nm) Su(K) (nm) So(E) (fs)

lla 520, 895 415 3200

b 500, 930 420 1055

llc 525, 905 ~390 1520

band remains unchanged up to 600Fig. 6bshows kinetic
curves at 420 and 510 nm. Analogously, a short-wavelength
absorption band can be assign to the long-lived fluorescent
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Rotation
350 fs

ESIPT
~100 fs

—> S1(B)—> Sir(&—>S1(K)

Scheme 2.

state of keto-isome®;(K). But contrary to the case dfa,

here the appearance of the molecule in this state occurs
d [3] A.U. Acuna, F. Amat-Guerri, A. Costela, A. Douhal, J.M. Figuera,

simultaneously with the decrease of the absorption ban
at 510 nm, which allows us to attribute this band to the
molecule in the5; (E) state and synchronous changes of the
optical density in the absorption bands at 420 and 510 nm
to the ESIPT. Consequently, IV, ESIPT occurs 3.5 times
slower than inlla, due to the necessity for some rotation of
2-hydroxynaphthyl fragment in the excited state of Hie
isomer.

SecondFigs. 5 and 6ishow that thés; (K) state is formed
by only one way through th&(E) — S1(K) transition. It
means that ESIPT does not occur from 8¢E) andS] (E)
states inlV. The fact is that the lifetime of these states
in IV is shorter than the time needed for conformational
rearrangement of the molecule for ESIPI¥360fs).

Third, the Sy(nm*) state inlV is not revealed. In can be
explained by the significant changes in the location of the
excited electronic levels iV compared tdla because of
the annellation of benzene ring.

To sum up, we can represent tieheme Df the process
occurring inlV upon excitation by light at 308 nn§] (E)
means the molecule in th&;(E) state after a rotation of
molecular fragments.

4. Conclusions

We have established that ESIPT and time of this process

in hydroxy-substituted TAls depend on the structure of a
molecular reaction center. In TAI molecules having planar
reaction center, ESIPT occurs very rapidly both in solutions
and glassy matrixes. For ESIPT to occur in molecules with a

non-planar reaction center, molecular fragments should ro-
tate, which increases the ESIPT time in solutions and makes

ESIPT impossible in a glassy state.
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