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Mechanisms of carbazole photoluminescence quenching by the free and chemically bound
nitroxyl radicals in the model bound system "carbazole (CBZ)—imidazolidine nitroxyl radical
R*" were investigated and the photophysical properties of the system were studied and com-
pared with those of free CBZ and R* in solution. The quantum yield and lifetime of fluores-
cence from the local singlet excited state of the carbazole moiety in the bound CBZ—R* system
is three orders of magnitude lower than in free CBZ. The lifetime of the local triplet excited
state of the carbazole moiety in the bound system is shorter than 50 ns. The rate constants for
intermolecular quenching of the singlet and triplet excited states of free CBZ by R* in acetoni-
trile were found to be (1.4+0.1)-10!0 and (1.5+0.2)-10° L mol~! s~!, respectively. The most
plausible mechanisms of both free and covalently bound carbazole luminescence quenching by
nitroxyl radicals are exchange energy transfer and acceleration of internal conversion due to

electron exchange.
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Spin catalysis of chemical reactions by paramagnetic
species occurs in triads of paramagnetic species where spin
conversion in a pair of species is initiated by the third
electron spin.!'2 This phenomenon was experimentally
confirmed for a number of photochemical, biochemical,
and radiation-chemical systems.3—5 The third spin plays
the role of the source of external magnetic field in which
a spin-correlated radical pair created in some (e.g., radia-
tion-chemical) way is placed. Systematic research on spin
catalysis requires some model compounds comprising
a paramagnetic fragment bound to a partner from the rad-
ical pair.

In this connection, spin-labeled luminophores are of
particular interest. Theoretical calculations predict a num-
ber of interesting effects in radiation processes involving
them.% However, in most cases the paramagnetic center
acts as an efficient quencher of the luminescence of such
compounds.®”=9 It should be noted that it was proposed
to use the reverse effect, viz., the rise of the luminescence
of fluorophore—nitroxide radical dyads due to reduction
of the nitroxide group, for the design of sensors for the
superoxide radical, antioxidants, hydrogen peroxide in bi-
ological systems, 10 and for alkyl radicals in polymers.!1

The accelerated internal conversion proceeding by the
electron exchange mechanism is the main quenching
mechanism of the fluorescence of chemically bound sys-
tems "luminophore—nitroxide radical".”-8 However, some
other mechanisms of quenching in these systems were pro-
posed, e.g., acceleration of intersystem crossing (ISC) from
the excited singlet to triplet state.” These assumptions are
based on the fact that quenching of singlet states of lumi-
nophores by free (chemically unbound) nitroxide radicals
(this process has been studied in more details) can follow
all known channels including energy transfer,!2:13 elec-
tron transfer,14 ISC,15:16 and internal conversion!4:16:17
(in particular, by the vibrational relaxation mechanism!5).
The contribution of each quenching channel is determined
by the properties of particular systems.

In the framework of a program of design of model
three-spin systems for spin catalysis, in this work we used
the reaction of 4-bromomethyl-2,2,3,5,5-pentamethyl-
imidazolidine 1-oxyl (1) with carbazole (CBZ) to synthe-
size 4-(carbazol-5-yl)methyl-2,2,3,5,5-pentamethylimid-
azolidine 1-oxyl (2, CBZ—R") (Scheme 1). The photo-
physical properties of system 2 were studied and
compared with those of carbazole and a mixture of car-

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 4, pp. 755—762, April, 2010.
1066-5285/10/5904-0771 © 2010 Springer Science+Business Media, Inc.



772 Russ.Chem.Bull., Int.Ed., Vol. 59, No. 4, April, 2010

Matveeva et al.

bazole and stable radical 3 (2,2,3,4,5,5-hexamethylimid-
azolidine 1-oxyl, R").

Scheme 1
o Sa®
Me Q—’
/ N
N I
Me kMe H—>
Me II\I Me
0

- N Me )<Me
Me7k Me Me ’I\l Me
Me 'l\l Me oM
(o 3
2
Experimental

Electronic absorption spectra were measured on an Agilent
8453 spectrophotometer (Agilent Technologies). Steady-state
luminescence spectra were recorded on a Hitachi MPF-4 spec-
trofluorimeter. Stationary photolysis was carried out using
a DRSh-500 high-pressure mercury lamp and a number of glass
filters to select light with the necessary wavelengths. Laser flash
photolysis experiments were performed with a setup described
earlier, 18 with excitation by the fourth harmonic of an YAG laser
(excitation wavelength 266 nm, pulse duration 5—6 ns, pulse
energy up to 10 mJ). The temporal resolution of the setup was
a few hundreds of nanoseconds.

The reactants used were as follows: dioxane ("pure” grade)
dried with KOH and distilled over metallic sodium; carbazole
("pure" grade) for photochemical experiments was additionally
purified by recrystallization from hexane; acetonitrile ("analyti-
cal pure” grade, Cryochrome); silica gel (Merck); ethyl acetate;
hexane; and Et,O ("pure” grade). When needed, oxygen was
removed from the samples by bubbling with argon. Radicals 1 (see
Ref. 19) and 3 (see Ref. 20) were synthesized following known
procedures. The synthesis and physicochemical properties of
compound 2 are described below. By and large, the synthetic
procedure corresponds to a general approach of base catalysis
for hydrogen substitution reactions in a heteroaromatic ring.

Compound 2. A mixture of carbazole (100 mg) and NaH
(50 mg) in anhydrous dioxane (5 mL) was stirred for 30 min at
about 20 °C and then a solution of bromide 1 (150 mg) in di-
oxane was added dropwise with stirring over a period of 10 min.
Stirring was continued for 24 h, excess NaH was quenched by
adding EtOH (3 mL), the reaction mixture was diluted with
water (15 mL) and extracted with CHCl; (3x15 mL). The com-
bined extracts were dried with MgSO, and the solution was con-
centrated. Compound 2 was isolated by chromatography on

a column with silica gel (hexane—Et,0, 2:1). The yield was
100 mg (40%), m.p. 163—164.5 °C (hexanc—ethyl acetate).
Found (%): C, 74.57; H, 7.63; N, 12.5. C,;H5,N;O. Calculat-
ed (%): C, 74.97; H, 7.79; N, 12.49. UV spectrum (MeCN),
Ama/nm (/L mol~! cm~1): 236 (60300), 261 (26000),
292 (20600), 329 (4740), 342 (5640). EPR spectrum (hexane):
an = 14.04 G; ay = 0.19 G; aic = 5.99 G; g = 2.0036.

Results and Discussion

UV spectra and luminescence spectra of compounds un-
der study. The molecule of compound 2 synthesized in
this work contains two relatively weakly interacting frag-
ments of an N-substituted carbazole (CBZ) moiety and of
the nitroxide radical 3 (R*). This follows from a compari-
son of the UV spectraof CBZ, CBZ—R", and R* (Fig. 1, a).
The spectral pattern of CBZ—R" is almost identical to
that of CBZ; however, all absorption bands undergo
a bathochromic shift of 2 to 8 nm; also, they are 20—40%
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Fig. 1. a. Absorption spectra of compound 2 (/), CBZ (2), 3 (3)
and luminescence spectra of carbazole (4) and 2 (5) in MeCN;
b. Fragments of absorption spectra (2) and luminescence spectra
(4) of carbazole in the crossing region on a commeasurable scale.
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more intense. In the near-UV region, the radical R* ex-
hibits a weak absorption band with a maximum near 420 nm
(e =10 Lmol~! cm™!). In our laser flash photolysis exper-
iments, this absorption was neglected up to radical con-
centrations of about 10~2 mol L~1. The CBZ spectrum
presented in this work exactly matches that reported earlier.?!

Free carbazole exhibits intense room-temperature flu-
orescence in the region 340—350 nm with ¢4 = 0.38 (see
Ref. 22) and 17 = 15 ns.23 Like the absorption spectrum of
compound 2, the luminescence spectrum of this system
(see Fig. 1, a) undergoes a bathochromic shift relative to
the spectrum of unsubstituted CBZ (the shift of the most
intense band is 7 nm) and its intensity is much lower
(by three orders of magnitude). Thus, the radical fragment
in molecule 2 causes rapid deactivation of the singlet ex-
cited state of the luminophore. Having compared these
spectra, one gets the following estimate: @q(2) = 1073; as
a consequence, the characteristic time of intramolecular
deactivation is a few tens of picoseconds.

To elucidate the mechanisms of the effect of nitroxide
radicals on the photophysical properties of carbazole, we
carried out two series of experiments involving (1) studies
of intermolecular quenching of I"CBZ by radical 3 and (2)
laser flash photolysis studies of the chemically bound sys-
tem 2 and an unbound system (CBZ in the presence of 3).

It should be noted that photoirradiation of CBZ and 2
in the region A > 254 nm does not change their absorption
spectra, i.e., the observed photophysical processes are not
complicated by additional photochemical reactions.

Intermolecular quenching of carbazole fluorescence by
nitroxide radical. The Stern—Volmer dependence of the
*CBZ fluorescence intensity on the concentration of 3
described by Eq. (1) is plotted in Fig. 2.

T/ 1(1QD =1+ Kg[Ql, 1)

where [ and I([Q]) are the fluorescence intensities in the
absence and in the presence of a quencher, respectively;
[Q] is the quencher concentration; and K® is the Stern—
Volmer constant equal to the product of the intrinsic fluo-
rescence lifetime of fluorophore by the rate constant for
quenching.?4 The slope of the straight line in Fig. 2 is
K,® = 210£20, which corresponds to the bimolecular rate
constant for quenching k,* = (1.4+0.1)- 10'° L mol~! s~
provided that 15(CBZ) = 15 ns (see Ref. 23). This is close to
the diffusion rate constant in MeCN (1.9 10! L mol~!s~!,
see below).

Short-lived intermediates formed during laser flash pho-
tolysis of CBZ (266 nm). To carry out a comparative laser
flash photolysis study of the chemically bound system 2
and the unbound system (CBZ in the presence of 3), we
did a preliminary research on photolysis of free CBZ in
order to optimize the experimental conditions.

The transient absorption spectrum of CBZ in a deoxy-
genated solution in MeCN observed upon excitation in
the region 266 nm is shown in Fig. 3, a. The spectrum is

Io/I([R])

0 0.004 0.008 [R]/mol L-!

Fig. 2. The Stern—Volmer depndence of the efficiency of CBZ
quenching by imidazolidine radical 3 in MeCN; [CBZ] =
=6.6-1073 mol L~'; /; and I are the CBZ fluorescence intensi-
ties in the absence and in the presence of quencher, respectively.

obtained immediately after the laser pulse. An example of
the kinetic curve is presented in Fig. 3, b. In solutions with
normal concentration of oxygen (concentration of dis-
solved oxygen in air-saturated MeCN is 2.4+ 10~3 mol L—!
at 298 K)?5 the characteristic decay time of transient ab-
sorption is shortened to less than 100 ns. Quenching by
oxygen indicates that the spectrum in Fig. 3, a belongs to
3*CBZ. Indeed, this spectrum matches the T—T-absorp-
tion spectrum of carbazole.26 At the same time, investi-
gations of the photophysical properties of 3*CBZ can be
complicated by two-photon reactions leading to either forma-
tion of carbazolyl radical or ionization of the starting com-
pound. Two-photon excitation caused by simultaneous
irradiation with light at A, = 266 and 530 nm gives
rise27=29 to an absorption maximum of carbazolyl radical
(CBZ*) at 620 nm (g,,,, = 5500 L mol~! cm~1)28 formed
as a result of homolytic dissociation of the N—H bond:

CBZ+2hv — CBZ" + H". (2)

Photodissociation with the formation of the radical
CBZ" can occur from both the triplet and the lowest sin-
glet excited states of CBZ.28

One should keep in mind that not only photodissocia-
tion, but also two-photon ionization is possible:

CBZ+2hy — CBZ'* +e . 3)

According to published data,3? the radical cation
CBZ "™ in solution is characterized by an absorption max-
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Fig. 3. Laser flash photolysis (266 nm) of carbazole
(1.26-10~* mol L~1) in MeCN (1-cm cell, solution was bubbled
with argon for 15 min): transient absorption spectrum recorded

immediately after laser pulse (@) and a typical kinetic curve
(420 nm) (b).

imum in the region 780 nm and a charge resonance band
in the IR region (~1600 nm). Stabilized radical cations
CBZ"* were also detected in low-temperature polymer
matrices3! and in zeolites.32 The position of the maximum
and the widths of spectral bands are strongly dependent on
the environment.

Localization of the excess electron in acetonitrile
has been an intensively debatable issue (see Ref. 33
and references cited therein). Experiments on pulsed ra-
diolysis of liquid MeCN revealed two types of anions
being in equilibrium, viz., anion I characterized by
an absorption maximum in the IR region (1450 nm) and
anion II characterized by absorption in the region
550 nm.34 It was assumed that anion I is a solvated elec-
tron while anion II is a radical anion of acetonitrile dimer
(MeCN)," =35

In our experiments, a considerable increase in the ex-
citation pulse energy led to the appearance of a weak ab-
sorption band in the region 550—630 nm (Fig. 4). Coinci-
dence of the transient absorption spectrum at high inten-
sity of excitation light (see 4, curve 2) with the spectrum of
carbazolyl radical?’—29 suggests that two-photon excita-
tion of CBZ at 266 nm produces the radical CBZ* with
a maximum concentration estimated at 10> mol L=!. No
absorption bands of the radical cation CBZ* and solvated
electron were observed.
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Fig. 4. Production of carbazolyl radical under two-photon exci-
tation of carbazole: laser flash photolysis (266 nm) of carbazole
(1.26-10~*mol L~1) in MeCN (1-cm cell, solution was bubbled
with argon for 15 min). The transient absorption spectra were
recorded immediately after laser pulse; spectra / and 2 corre-
spond to a pulse energy ratio of 1 :5.7.

Further experiments with 3*CBZ were carried out at
low intensity of excitation radiation, which ensured the
absence of the radicals CBZ" and other products of two-
photon photochemistry in the system (see Fig. 4, curve 1).

To establish the 3*CBZ loss regularities, we measured
the dependence of the initial apparent first-order rate con-
stant k,,,, on the initial optical density at the maximum of
the T—T-absorption band (i.e., in fact on the concentra-
tion of triplets). The ,,, value was determined from the
portions of the kinetic curves corresponding to the degree
of conversion of about 20%. The initial concentration of
triplets was varied by varying the excitation pulse energy.
Experimental results are shown in Fig. 5. Linear depen-
dence, which does not pass through the origin, indicates
that both first- and second-order reactions contribute to
the loss of 3*CBZ:

mono

k.
3*CBZ +3X ——— CBZ + "X, 4)

k..
3*CBZ + 3*CBZ —2» 1*CBZ + CBZ. )

The apparent rate constant for the loss of 3*CBZ deter-
mined from the initial portion of the kinetic curves is

k kmono + 2 kiim[>*CBZ]. (6)

app
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Fig. 5. Determination of the rate constant for T—T-annihilation
of carbazole in acetonitrile: apparent rate constant for loss of
3*CBZ (kapp) plotted vs. initial change in the optical density
(AAy) of the sample under laser flash photolysis (266 nm) of
carbazole (1.26+10~* mol L~1); A = 420 nm.

The rate constant for T—T-annihilation ky;,, calculat-
ed taking into account the slope of the straight line (see
Fig. 5) is (7.5+0.2)-10° L mol~! s=! (the value ¢ =
= 14000 L mol~! cm~! was taken from Ref. 26). Using
a known expression30

kq=8 RT/(3000m) (L mol~!s~!) (7

and the MeCN viscosity (1 = 3.45- 1073 P),37 the diffu-
sion rate constant was estimated: k4= 1.9+ 101 L mol~!s~!.
Thus, one gets kg = 2.5ky;,,,. Similar results were obtained38
for T—T-annihilation of carbazole triplets in cyclohex-
ane, viz., ki, = 4.1+10% L mol~! s~! at a solvent viscosity
0f9.0- 1073 P (see Ref. 37) and a diffusion rate constant of
7.3-10° L mol~!s~ 1.

The intercept in Fig. 5 is koo = (7.7£1.3) - 104 s71;
this corresponds to a 3*CBZ lifetime of 13 us, which
is most likely determined by quenching of 3*CBZ by
the residual oxygen present in the solvent. Indeed, assum-
ing that quenching of triplet carbazole is diffusion-con-
trolled, the oxygen concentration is estimated at [O,] =
=4.10"% mol L, i.e., bubbling argon through the sam-
ples reduces the O, concentration by three orders of
magnitude.

The rate constant qu for quenching of 3*CBZ by radi-
cal 3 was determined from the reaction

kT
3*CBZ +3 — CBZ +3. (8)

The apparent rate constant for the loss of 3*CBZ in the
presence of radical 3 is given by

Kapp = ke + 2 kpim[*"CBZ], ©)
where
keft = Kmono + kg [R]. (10)

For a series of samples with a constant CBZ concen-
tration and a variable concentration of radical 3, we mea-
sured the rate constants k. and ky;,, using a procedure
similar to that described above for the determination of
Kmono and kp;p, in the absence of radical 3. The depen-
dence of kg on the concentration of radicals is linear (Fig. 6).
Then, kyon, and qu were calculated using the depen-
dence of k. on [R] (see Fig. 6). The measured rate con-
stant k,T for bimolecular quenching of **CBZ by radicals
3 was found to be (1.5+0.2) - 10° L mol~! s~!, which is an
order of magnitude lower than the diffusion limit for
MeCN. This can be to some extent due to spin statistics,
which introduces a factor of 1/3 for the probability of the
process "triplet + doublet = singlet + doublet".

Laser flash photolysis of compound 2 at low intensity
of excitation radiation (i.e., under conditions excluding
the occurrence of two-photon processes in the case of free
carbazole) does not produce transient absorption. This
indicates that the characteristic time of quenching of the
local triplet excited state of 3*CBZ in system 2 is with
certainty shorter than 50 ns. Note that, owing to the lack

Kogp+ 10-5/571

0 1 2 3 [R]-10%/mol L~

Fig. 6. Rate constant for loss of 3*CBZ (k) by the first-order
reaction mechanism (see text) plotted vs. concentration of radi-
cals 3 in the quenching of the triplet excited state of carbazole by
stable 3-imidazolidine radical.
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of absorption, which could be ascribed to charge-transfer
states, the probability of quenching by the electron trans-
fer mechanism seems to be low.

Thus, quenching of triplet CBZ in system 2 by radical
3 occurs at a rate constant close to the diffusion rate con-
stant. This information is of importance for understand-
ing the fluorescence quenching mechanism of the free and
bound carbazole.

Mechanism of 1*CBZ quenching by the nitroxide radi-
cal. Consider how different factors affect the quenching
of luminescence of compound 2. The overall rate con-
stant for intramolecular deactivation of a local singlet ex-
cited state of carbazole ("CBZ—R") by radical 3 (k%)
may include contributions from the rate constants for
energy transfer by the dipole-dipole (Forster, kpt), ex-
change (Dexter, kpt), and electron transfer (kgt) me-
chanisms, as well as acceleration of internal conversion
(kic) and intersystem crossing (kjgc) through electron
exchange:

ke®=kpr t kpt * kprt kic t kisc (11)

In the literature, all five channels of luminescence
quenching in the bound system luminophore—nitroxide
radical are considered.”

The available experimental data allow one to evaluate
the contributions of some processes to the quenching of
free and bound *"CBZ.

A. Energy transfer by the dipole-dipole mechanism. In
this case, the rate constant for energy transfer (L mol~! s—1)
is given by3?

ki = (4/3000) %R Nk (1) (2

Here R is the sum of the characteristic sizes of the donor
and acceptor and ky4(r) is the probability of energy trans-
fer by the dipole-dipole mechanism

kaa(r) = (1/70)(Ro/1)S, (13)

where 1 is the intrinsic lifetime of the fluorophore and R,
is the critical distance of energy transfer. The R, value is
determined from the expression

Ry® =9000(1n10)62¢ 5/ (12871 N}). (14)

Here 62 is the orientation factor equal to 2/3 for low-
viscosity liquids, » is the refractive index of the solvent,
¢q is the quantum yield of fluorescence, Jg is the Forster
overlap integral given by

Jp = J'[F(v)s(v)/v4]dv/-|'F(v)dv, (15)
0 0
where F(v) is the fluorophore fluorescence intensity and
£(v) is the extinction coefficient of the acceptor (nitroxide
radical) at the frequency v. The overlap of the absorption
spectrum of radical 3 and the luminescence spectrum of

CBZ isshown in Fig. 7. It is provided by a weak absorption
band of the radical in the visible region.

The rate constant for dipole-dipole energy transfer was
calculated using relationships (12)—(15) with o5 = 0.38,22
1o = 15ns,23 n = 1.3441 (see Ref. 37), and r = ry + r,. The
radii of carbazole (ry) and the nitroxide radical (r,) were
assumed to be 4 and 2.4 A, respectively (obtained from
simulation using the Chem3D Ultra software). This led to
a critical distance of energy transfer R, of 10.8 A and
a bimolecular rate constant kpp of 2-10° L mol~! s71.
Thus, dipole-dipole energy transfer can make only a mi-
nor contribution to the rate constant for quenching of free
CBZ by radical 3 equal to 1.4-10!% L mol~! s—!. Appar-
ently, this also holds for the bound system CBZ—R".

B. Energy transfer by exchange mechanism. In this case,
direct calculations of the rate constant kpt from the val-
ues of spectral parameters are impossible because one
should know the numerical value of the matrix element of
the overlap H in expression (16).7

kpyt = 4n2H2J 1y /h = 4n2 Hy2exp(—2R/L)Jp/h. (16)

Here H, is the pre-exponent, L = 1 A is the characteristic
distance of exponential decrease in the transition proba-
bility, 4 is the Planck constant, and Jp is the Dexter over-
lap integral equal to

Jp = [IFWeV)dv/([ F(v)dv [e(v)dv). (17)
0 0 0

1 (rel. units) £-1073/L mol~! cm™!

40

20 F

. 1 1

20000 25000 30000

Fig. 7. Absorption spectra of nitroxide radical 3 (/) and fluores-
cence spectra of Carbazole (2) in MeCN on a commean-
surable scale.

v/ecm™!
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However, following, e.g., Ref. 40, one can estimate the
maximum value of the characteristic radius of exchange
quenching R,. The rate constant kT can be represented in
the form*!

kpyt = 2nLR%k(R), (18)

where the quenching probability is a function of distance
(see Ref. 36):

kex(r) = (1/tg)exp[—=2(r — Ry)/L]. (19)

Assuming that the experimental rate constant for
quenching of free carbazole by the nitroxide radical equal
to 1.4-10!1% L mol~! s~! is due to the Dexter mechanism,
for the characteristic distance of energy transfer R, in the
pair we get a quite realistic value of 14.3 A, i.e., quenching
of I"CBZ by radical 3 can proceed by the mechanism of
exchange energy transfer.

C. Electron transfer. Now we will consider the possibil-
ity of quenching by the electron transfer mechanism. For
the Gibbs free energy of a chemical reaction

CBZ—R'+hy —> CBZ't* — R~ (20)
one has*2:
AGET = on — Lred T EOO + AGCoul + AGsolvs (21)

where E,, and E,.4 are the oxidation potential of CBZ and
the reduction potential of 3, respectively, £ is the fluoro-
phore excitation energy, AGc,, and AG, are the Gibbs
free energies of the Coulomb stabilization and solvation,
respectively. The oxidation potential of CBZ vs. s.c.e. in
acetonitrile3 is E,, = 1.11 eV, the reduction potential of
radical 3 vs. s.c.e. in water—DMF mixture®3 is E. 4 =
= —0.61 eV. The CBZ excitation energy is Ey, = 3.72 eV
(determined from the crossing point of the absorption and
luminescence spectra,?? see Fig. 1, b). The Coulomb sta-
bilization energy is

AGcoy =—€*/(eRp_p), (22)

where e is the electron charge, € is the static dielectric
permittivity of the solvent (e = 36.2 for MeCN)37 and Rj,_,
is the distance between the electron donor and ac-
ceptor. The Rp_, value was estimated as the distance
between the nitrogen atom of the carbazole moiety
and the oxygen atom of imidazolidine fragment of the
CBZ—R" molecule. Simulation using the Chem3D Ultra
software gave Rp,_, = 4.7 A. Therefore, one gets AG¢,y =
= —0.08 eV and it is clear that particular procedure for
Rp_4 evaluation is insignificant because of the very small
final value.

Would the redox potentials of the donor and acceptor
be measured in the same solvent, the solvation energy
AG,, in expression (21) should be set to zero. Since the
redox potential of the nitroxide radical was measured in

the water— DMF mixture rather than acetonitrile, an ad-
ditional term appears’ in relation (21)

AGgory = —(€%/2)(1/en,0—pME — 1/emeeN)(1/rp + 1/r4), (23)

where rp and r, are the radii of the electron donor (CBZ)
and acceptor (3), respectively. The dielectric permittivity
of water—DMF mixture varies from 36.7 (pure DMF) to
78.2 (pure water). The rp and r, values are 4 and 2.4 A,
respectively. Because the € values are high, AG, is at
most 0.1 eV and can be ignored. Therefore, one gets
AGgt = —2 €V, i.e., quenching by the electron transfer
mechanism is realistic from energy considerations.

However, no radical cations CBZ"* were detected in
the experiments on laser flash photolysis of CBZ in the
presence of radical 3 in both chemically bound and un-
bound systems (see above). Thus, the probability of elec-
tron transfer seems to be low.

D. Acceleration of 1SC. One can assume!® that intro-
duction of a radical fragment into a molecule leads to
acceleration of ISC. This would be a reason for an in-
crease in the quantum yield of triplet excited states com-
pared to the value of 0.36 for free carbazole.3® However,
laser flash photolysis experiments revealed the reverse sit-
uation, viz., quenching of 3*CBZ by the nitroxide radical
at almost diffusion rate constant.

E. Acceleration of internal conversion. Spin exchange
between the singlet excited state of carbazole (1*CBZ) and
doublet ground state of radical 2R* may result in accelera-

tion of internal conversion in the fluorophore mole-
cule?-14.44

l+CBZ + 2R* — ICBZ + 2R". (24)

Experimentally, there are no grounds to reject the
mechanism (24).

k% 3k

Thus, the measured rate constant for intermolecular
quenching of singlet excited state of free carbazole by the
nitroxide radical R* (3) is close to the diffusion limit. In
this situation, the choice of the most plausible quenching
mechanism is rather complicated.14 Out of five mecha-
nisms considered, three can be rejected. These are the
dipole-dipole energy transfer, electron transfer and accel-
erated ISC. In any case, none of them can pretend to the
role of the main mechanism. Then, using the elimination
method, one gets that the most probable mechanisms in-
clude the exchange energy transfer and acceleration of
internal conversion through electron exchange.

These processes also seem to be responsible for the
luminescence quenching in the chemically bound system
"luminophore—nitroxide radical". Earlier studies”-8 of oth-
er chemically bound systems showed that the most plausi-
ble quenching mechanism is acceleration of internal con-
version. Making eventual decision requires pulsed fluo-



778

Russ.Chem.Bull., Int.Ed., Vol. 59, No. 4, April, 2010

Matveeva et al.

rometry experiments with picosecond temporal resolution
for both free and bound carbazole.
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