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Intramolecular Radiative and Radiationless Charge Recombination Processes in
Donor—Acceptor Carbazole Derivatives

1. Introduction

Over the past 30 yedrs? there has been considerable interest
in the photophysical properties of the donor {&)ceptor (A)
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Photoinduced intramolecular charge transfer (ICT) in a series of N-bonded-gacaeptor derivatives of
3,6-ditert-butylcarbazole containing benzonitrile, nicotinonitrile, or various dicyanobenzenes as an electron
acceptor has been studied in solutions. The latter group of compounds, contrary to benzonitrile and
nicotinonitrile derivatives, shows a well-separated low-energy CT absorption band which undergoes a distinct
blue shift with increasing solvent polarity. Solvatochromic effects on the spectral position and profile of the
stationary fluorescence spectra clearly indicate the CT character of the emitting singlet states of all of the
compounds studied both in a polar and a nonpolar environment. An analysis of the CT fluorescence and
absorption band shapes leads to the quantities relevant for the electron transfer in the Marcus inverted region.
The values of the fluorescence rate constajsaid corresponding transition dipole momem§ énd their

solvent polarity dependence indicate that the electronic coupling between the erf(iingtate and the
ground state is a governing factor of the radiative transitions. The relatively large valisndicate a
nonorthogonal geometry of the donor and acceptor subunits in the fluorescent states. It is shown that Marcus
theory can be applied for the quantitative description of the radiationless charge recombination processes in
the cases when an intersystem crossing to the excited triplet states can be neglected.

cencél22.25263n(d transient absorption studié€* There is an
important difference between luminescence properties of these
molecules and those containing 4-dialkylamino group as an
electron donorthe CT fluorescence of the large conjugate/®

compounds formally linked by a single bond. Dual fluorescence systems is strongly allowed. It has been postulated that the

of (N,N-dimethylamino)benzonitrile in a sufficiently polar and
mobile environment, discovered by Lippert et ‘ahas been
discussed in terms of several modki$. Grabowski and co-
workers proposed that the primary excited state ofAD
molecules (for example, 4-dialkylamino derivatives of benzoni-
trile,*° benzaldehyd&}° pyrimidines and pyriding'13 con-
verts to a highly polar fluorescent state with a mutually
perpendicular conformation of thetDand A~ moieties. This

donor-acceptor conformation in the lowest excited singlet states
of aryl derivatives of aromatic amin®sand various derivatives

of biphenyl? is far from perpendicular. Moreover, the tem-
perature and solvatochromic effects on the band shape of the
CT fluorescence show that the excited state conformation of
p-anthryl derivatives oN,N-dimethylanilines is flattened with
respect to that in the ground stéfeSimilarly, the luminescence
properties of 44,N-dimethylanilino)pyrimidine suggest an

twisted intramolecular charge transfer (TICT) state hypothesis annanced planarity of the ICT fluorescent state in a nonpolar

predicts that ther-electronic decoupling of the Dand A~
subunits leads to a full charge separation and, consequently,

energy (for reviews see refs+35). Dual luminescence is due

environment?

. f . 1y, 10 one of the most challenging problems is a large probability
alarge dipole moment and a considerable solvent reorientationaly¢ the 1cT —

S, emission in the latter BA systems. It has
been shown previoust{?8that due to strong donefacceptor

to emission from the substrate and product of the excited state;iaractions the simple perturbational approach underlying the

intramoleculz_ar electron transfer. _The TICT fluorescence is theory of intermolecular-complexe&34can hardly be applied
strongly forbidden. It should be pointed out, however, that the {5 the description of the photophysics of aryl derivatives of

role of the solvent and the changes of solute geometry are still 3 romatic amines if the conformational changes are not taken
a subject of controversy2 1517 into account. As a part of a continuing study, in this work we
A similar model has been adopted for large conjugate address the problems of molecular and electronic structure in a
w-systems like biaryls (e.g., bianthfy#). These com-  series of N-bonded BA derivatives of 3,6-diert-butylcarba-
pounds'®1%as well as aryl derivatives of aromatic amirés;2° zole containing benzonitrile, nicotinonitrile, or various dicy-
various derivatives of bipheny#3%-31and N-arylcarbazoled? anobenzenes as an electron acceptor (Figure 1) in order to
show a single fluorescence band at room temperature. The CTynderstand the mechanism of the radiative and nonradiative
character of their fluorescent state in polar solvents seems totransitions. The electron affinity of the acceptor moiety
be well proved by the huge Stokes shift, the large dipole moment (increasing in the following order: benzonitrile, nicotinonitrile,
change upon excitation, and by the time-resolved fluores- dicyanobenzenes) and the position of the cyano group(s) with
respect to the BA bond (what induces a variety of the shapes
of molecular orbitals and, consequently, changes the interactions
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Figure 1. Formulas of electron donefacceptor derivatives of 3,6-
di-tert-butylcarbazole and their abbreviations used in the text.
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purified and dried argon for fluorescence quantum yield and
lifetime measurements as well as for electrochemical investiga-
tions.

2.2. Instrumentation and Procedures Absorption spectra
were recorded with a Shimadzu UV 3100 spectrometer and
corrected luminescence and excitation spectra by means of the
Jasny spectrofluorimetéf. Quinine sulphate in 0.1 N 3Oy
served as a quantum yield standaget & 0.51)37

Fluorescence lifetimes were determined using the sampling
technique with the excitation provided by a MSG 350S nitrogen
laser (with pulse duration of 0.6 ns (fwhnd§).The experimental
decay curves were analyzed by the single-curve method using
the DECAN deconvolution program (kindly obtained from Prof.
F. C. De Schryver, Catholic University of Leuven, Belgium)
with the reference convolution based on the Marquardt algo-
rithm;3° the y2 test and the distribution of residuals served as
the main criteria in the evaluation of fit quality. In all the cases
studied the fluorescence decay was monoexponential on the
nanosecond scale of observation.

The standard potentials of the one electron oxidaiEguiD)
and reductionE(A) of all the compounds studied were
determined by a cyclic voltammetry technique. Measurements
were performed in ACN containing 0.1 M tetrebutylammo-
nium hexafluorophosphate (TBABFas the supporting elec-
trolyte. Investigation of the stability of the electrogenerated
radical ions have been made by varying the scan rate. The
analysis of the voltammograms, recorded at scan rates fast
enough to minimize the influence of the radical ions instabilities,
allowed us to determine the standard redox potentials. The
details of instrumentation used have been described previ-
ously#0:41

Semiempirical quantum chemical calculations have been
performed using the AM1 method (from HYPERCHEM pack-
age developed by Hypercube Inc.). Ground state geometry
optimizations were also done by molecular mechanics (MMX

between the donor and acceptor subunits) are the main variabledorce field, PCMODEL from Serena Software). Other calcula-

in our comparative investigations.

tions (e.g., band shape analysis) were made by means of the

The presented results are based on a study of the solvent anéfast-squares method using a Sigma Plot package from Jandel

temperature effects on the spectral position and the band shap

gorp.

of the CT absorption and fluorescence spectra as well as on the ) ]
CT emission quantum yields and excited state depopulation 3- Results and Discussion

kinetics.

2. Experimental Section

2.1. Materials. The synthesis and purification of 3,6-ir-
butylcarbazole (CAR) and its electron dor@cceptor deriva-
tives: 4-(3,6-ditert-butylcarbazol-9-yl)benzonitrile (CBP), 3-(3,6-
di-tert-butylcarbazol-9-yl)benzonitrile (CBM), 2-(3,6-trt-
butylcarbazol-9-yl)benzonitrile (CBO), 6-(3,6-dirt-butylcarbazol-
9-ylnicotinonitrile (CNP), 2-(3,6-dtert-butylcarbazol-9-yl)-
nicotinonitrile (CNO), 3-(3,6-dtert-butylcarbazol-9-yl)phtha-
lonitrile (CPO), (3,6-ditert-butylcarbazol-9-yl)terephthalonitrile
(CTO), 4-(3,6-ditert-butylcarbazol-9-yl)phthalonitrile (CPM),
4-(3,6-ditert-butylcarbazol-9-yl)isophthalonitrile (CIP), and
5-(3,6-ditert-butylcarbazol-9-yl)isophthalonitrile (CIM) will be
described elsewhef&.

n-Hexane (HEX), methylcyclohexane (MCH), butyl ether
(BE), isopropyl ether (IPE), ethyl ether (EE), butyl acetate (BA),
ethyl acetate (EA), tetrahydrofuran (THF), 1,2-dichloroethane
(DCE), N,N-dimethylformamide (DMF), acetonitrile (ACN), and
dimethy! sulfoxide (DMSO) were of spectroscopic or fluores-
cence grade. Butyronitrile, BN, (Merck, for synthesis) was
triply distilled over KMnQ+K,COs, P,Os, and CaH, respec-
tively. All solvents did not show any traces of luminescence.

3.1. Absorption and Fluorescence.Room temperature
absorption spectra of the studied compounds are presented in
Figures 2 and 3. The spectra show a superposition of the bands
corresponding to the donor and acceptor subunits which seem
to be only slightly perturbed by their interactions. Similarly to
carbazole¢/z=44 the first five absorption bands of CAR, being
centered inn-hexane at 29 700, 33 800, 38 800, 40 200, and
43 100 cnTl, have been assigned to the fitar,n*) states of
1A, 1By, 1By, A4, and B, symmetry, respectively. The two
former bands correspond in Platt’s notation to thg andL
excited states, and the last one to iBgstate. The transitions
with a relatively high probability}{; <— S, and'B,— S) can
be clearly observed in the absorption spectra of all the
compounds studied.

The effect of the lowest transitions in the acceptor moi-
eties?®46 1 |, — S, (centered at 35 00638 000 cnt! with the
molar extinction coefficientsy, in the range of 5062500 M1
cm ) andlL, — S (centered at 41 06646 000 cnt! with ey,
in the range of 700825 000 M1 cm™1), is manifested by an
increase of the width and intensity of the second and third
absorption bands of the-PA molecules with respect to those
of CAR. In the case of dicyano derivatives (CIM, CIP, CPO,
and CPM) an additional band (most probably corresponding to

The solutions were deaerated by the saturation with preliminary the batochromically shifte¢B, — S, transition in the acceptor



2334 J. Phys. Chem. A, Vol. 101, No. 12, 1997 Kapturkiewicz et al.

16 35
34 ©
- 3 00
. ~ CclP
£ ©
L £
s % 33F
©
k= £
: CNP S is
w = 3
= 5
0 CNO @
2 2
g = 31 F
CBP ©
c
0
-g \(\ 30 L L L i L A i
S . \ CBO 0.1 02 023 c2).4
() YL (e - ND/(2c + 1) - 0.5x(n" - 1)/(2n" + 1)
| Ik
% \‘ Figure 4. Plot of the solvatochromic shift of the energy related to the
S 2 : CBM CT absorption maxima for CTO and CIP (see text). The solvent polarity
/ ' function corresponds to eq 1.
CAR o -
0 2 s 4 — ] nicotinonitrile as an electron acceptor clearly indicates the
50000 40000 30000 20000

g presence of additional charge transfer singlet states. A long

Wavenumber /cm wave shoulder attributed to tARET — S, transition is observed
Figure 2. Room temperature absorption spectra recorded in acetonitrile in CBO and CNO (Figure 2). A dramatic increase of the
for 3,6-ditert-butylcarbazole (CAR) and its doneacceptor derivatives intensity of the first absorption maximum of CBRand CNP

containing benzonitrile (CBM, CBO, and CBP) and nicotinonitrile  j+icates that two transiti T— nd% *) r
(CNO and CNP) as an electron acceptor. Spectra of CBM, CBO, CBP, dicates that two transition So and () S, are

CNO, and CNP are shifted along tyeaxis by a factor of 2x 10° superimposed in this band. The red shift of the CT absorption
Low-energy parts of the absorption spectra of CAR, CBM, CBO, and Pand in CBO and CNO (as compared with CBP and CNP) may
CNO are expanded by a factor of 3. be explained by an increase of the coulombic stabilization energy

in a corresponding radical ion pairA-D™ with respect to that
in the latter ones (arising from the position of the negatively
charged CN group versus the positively charged donor moiety).
Due to the increasing electron affinity of the acceptor subunit
and the corresponding lowering of the CT states energy, (3,6-
di-tert-butylcarbazol-9-yl)dicyanobenzenes (except CIM) show
a well-separated low-energy CT absorption band (Figure 3).

An interesting result is provided by the blue shift of the CT
absorption bands with increasing solvent polarity (Figure 4).
Such an anomalous solvatochromic effect on the spectral
position of the CT absorption spectra of the bichromophoric
compounds connected by a single bond has been observed
previously3247

According to the theory of dielectric polarizatiéhpne can
expect the opposite behavior of the absorption band correspond-
ing to the transition from a state with a small dipole moment to
a state with a large one (eq 1). Assuming a point dipole situated
in the center of the spherical cavity and neglecting the mean
solute polarizabilitya in the states involved in the transition
(00 = ae = 0g = 0), one obtain§ 51

16

Molar extinction coefficient ¢ /10% M e

hov,, .= hcy —=
0 . 1 . \ . s abs abs 3 2
50000 4000 30000 20000 a, |.2E +1 2w+

Wavenumber /cm’”’ _ ~ . .
) . . . wheregigy andie are the dipole moments of the solute in the
Figure 3. Room temperature absorption spectra recorded in acetonitrile ~vac

for 3,6-ditert-butylcarbazole (CAR) and its doneacceptor derivatives ground and ??(C'ted state, Correspo.r.ldlngh,ssandvabs'are the .
containing phthalonitrile (CPO and CPM), isophthalonitrile (CIM and  SPectral positions of a solvent-equilibrated absorption maxima
CIP) and terephthalonitrile (CTO) as an electron acceptor. Spectra of and the value extrapolated to the gas-phase, respectialy,
CIM, CPO, CTO, CPM, and CIP are shifted along jkaxis by a factor the effective radius of the Onsager caifande andn are the

of 2 x 10%. Low-energy parts of the absorption spectra are expanded static dielectric constant and the refractive index of the solvent,
by a factor of 3. respectively. In the case of the well-separated CT absorption
moiety) with the high intensitye{, ~ 60 000 M2 cm™?) is bands, eq 1 is used to determine the valueBy@ie — ig)/a;
observed at about 48 000 cin and¥.s. The increase of the enerdyiaps in polar solvents,

Detailed inspection of the low-energy absorption region of however, can be hardly explained within the Onsadiéppert—
the D—A carbazole derivatives containing benzonitrile and Mataga model; eq 1 predicts either (i) the opposite orientation

TN CAR ~vac _ Zﬁg(ﬁe_ ﬁg)ll e—1 1n°-— l]J (1)
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Figure 6. Solvatochromic shift of the energy related to the CT
fluorescence maxima for CTO, CIP, CNP, and CBP as a function of
CBO the solvent polarity corresponding to eq 2. The arrow indicates the
N ) . deviation in nonpolar solvents from the linear correlation observed in
30000 25000 20000 15000 polar media.
-1
Wavenumber /cm TABLE 1: Slopes and Intercepts of the Solvatochromic

Figure 5. Corrected and normalized fluorescence spectra of CBO, Plots of the CT Fluorescence of the B-A Carbazole
CNP, CPO, and CTO im-hexane, butyl ether, tetrahydrofuran, and Derivatives

acetonitrile (from left to right, respectively). nonpolar and polar solverits polar solvents onfy
of the dipole moment&, andie (it can explain the observed  compound hoiy’, eV Fidde — fighal, eV heii, eV Jieltie — Hig)ad, eV
effects for CBO and CNO but surely not for the other CNO 311 0.83 322 1.00
compounds studied; e.qg., this effect is also observed for CTO CBO 3.47 0.94 3.58 1.10
with |zig| as small as about 1 D) or (ii) that the absolute values ~ CPO 3.08 1.16 3.16 127
of |zie] are much lower than those @iy which would be in a gITPO g'gg éég g'gé ié;
striking contrast with the solvatochromic effects on the fluo- ' ' ' '
rescence spectra (Figure 5). The blue shift of the CT absorption gg'\PA %ggl 11'22% %‘%% 11";91
bands of the large aromatic systems is probably due to the fact ~\p 3.38 118 351 137
that the dipolar molecule cannot be approximated by the point cim 3.13 1.16 3.25 1.35
dipole situated in the center of the cavity (see Appendix). In  CPM 3.27 1.45 3.42 1.69

our case the ground state dipole moment is mostly determined  a it of the CT fluorescence maxima to eq 2 in the whole range of
by cyano groups lying far from the center of the molecule. It the solvents used (including methylcyclohexane artexane)® Fit
leads to an increase of the effective Onsager reaction*field of the CT fluorescence maxima to eq 2 in polar solvents (from butyl
and to a corresponding increase in the ground state solvationether to acetonitrile).
energies, and, consequently, to the observed blue shift in the
absorption spectra. The approximation of the spherical cavity, to the gas-phase, respectively. The compounds studied show a
however, with the dipole moment situated in its center seems satisfying linear correlation between the enelgys, and the
to be more appropriate for the excited state, in which the solvent polarity function in a polar environment and also in all
negative and positive ends of the electric dipole are localised the solvents including alkanes (Figure 6). The fit can not be
nearly in the centers of the A and D subunits, respectively. improved by taking into account the solute polarizability
Solvent effects on the room temperature fluorescence spectraeffects®:53
of the donor-acceptor carbazole derivatives are presented in  The experiments allow us to estimate the valueSi. —
Figure 5. A considerable red shift of their spectral position, 7 /% and7}2 the results are collected in Table 1. It should
and the increase of the Stokes shift and of the emission pe noted, however, that these values, extracted from the data
bandwidth with increasing solvent polarity point to the CT measured in polar media, are somewhat larger than those
character of the fluorescent states and clearly indicate that theresulting from the analysis of the data obtained for the whole
absolute values offiel are much higher than those pig. range of the solvents. The effect increases with the energy of
The excited state dipole momepiscan be estimated by the e emitting state as well as with the interactions between A
fluorescence solvatochromic shift metfidd* due to the fact 44 p subunits (as expressed in terms of an electronic transition
that, in our case, the_excned states I_|ve sufficiently long with dipole moment, cf. Tables 4 and 5 and eq 18). This finding
respect to the orlen_tatlonal relaxation time of _the soI_vent. Under can be explained by the dependence of the electronic structure
the same assumptions as used for expression 1, it follows thatyt i fiyorescent states on solvation. Due to a relatively small
21 (i, — T )l- T energy gap between the lowé€IT states ar_1q the states excited
hcvg, = hc,j}’lff _eve vl € —= (2) locally in the donor (and acceptor?) subunit in nonpolar solvents,
ag |,26 +1 221241 one can expect an increase of the contribution ofther*)
character to the wave function of the CT states. It leads to a
where 7y, and 75° are the spectral positions of the solvent- lowering of energy with respect to a “pure” CT state because
equilibrated fluorescence maxima and the value extrapolatedof a stabilizing character of such interactions.
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TABLE 2: Results of the CT Band-Shape Analysis within a

@
o
|

Semiclassical Description Including a Single High-Frequency >
Mode Approximation Using Eq 4 (4; and hv;) or Eqs 4 and 7 = 55
(04 and (e — fig)?/ad) £ o AD
X ~cap
compound A,eV  hw,eV  Olo, eV (e — g)¥as eV 8 264
CNO 0.31 0.17 0.11 0.97 8
CBO 0.21 0.19 0.07 1.21 S 244
CPO 0.22 0.18 0.09 1.25 o
CTO 0.22 0.19 0.11 1.34 O 0o
CIP 0.18 0.19 0.10 1.25 3
CBM 0.22 0.18 0.09 1.56 Tv- 204 _ e
CBP 021 019 0.08 1.68 I R/
CNP 0.21 0.19 0.17 1.47 Ry ’
CIM 0.25 0.16 0.11 1.40 & - O Derivatives of Carbazole
CPM 0.18 0.20 0.13 1.54 E 16 ’ O Derivatives of NN-Dimethylaniline
L

"22 24 26 28 30 32 34 36
Difference in the Standard Redox Potentials /V

Figure 7. Correlation between the energy of the fluorescence maxima
of the D—A derivatives of carbazole (squares) and aryl derivatives of

Under the assumption that the CT fluorescence corresponds
to the state reached directly upon excitation, the quariity-(
Jig?/ad can be evaluated from the solvation effects on the

Stokes shift*> N,N-dimethylaniliné* (circles) in acetonitrile at room temperature and
the difference in the standard redox potentials. The best fit corresponds
~ ~ — ~vac ~va H H . : ” f
ho(¥ps— V,) = ho(Pne — Vﬂﬁ + to a slope of 0.79, the line with the “theoretical” slope of 1.00 is

presented for the comparison.

withdrawing character of the acceptor moiety. Heg(A) and
Eox(D) values indicate also (in agreement with the absorption

L o spectra) that both subunits of all the-B molecules studied
Considering the limitations of the model (as shown by the qiaract very weakly.

solvent effects on the absorption spectra), the corresponding 35 T Band-Shape Analysis. Pursuing the analogy
— 3 . ) L. .
values of fie — 7ig)’/ay, estimated for the compounds showing petween CT optical spectroscopy and thermal electron transfer

are similar to those ofie(tie — Tigla} resulting from the  expression for the CT fluorescence profile can be defi&e
analysis of the solvatochromic effects on the fluorescence

20— i) Te—1 -1 @)
@ |2+l o2+

spectra. . 4 ® ,-Sq
The eqs 13 relate the measured quantities to the excited ') = 64r M? ¢S x
state dipole momentg.. Under the assumption th@ie| > n317f3 3h JZ j!
ligl and with the effective spherical radius of the—R i .
moleculesa, ~ 0.6 nm (as estimaté® from the molecular 1 (ihw; + 4, + hci; + AGcy)
dimensions of the compounds calculated by molecular mechan- AigsT exp — 1LRT (4)
(¢} [0}

ics), egs 2 and 3 yield very similar values @f being in the
range of 19-21 D and 22-24 D for the molecules with and
without a cyano group in the ortho position with respect to the With Sbeing the electron-vibration coupling constant
D—A bond, respectively. Such large values correspond to a
CT distance of about 0.46D.45 nm, which roughly agrees with S= At (5)
the center-to-center distance between the donor and acceptor
moieties of the compounds and suggest that the full (or nearly and whereM is the electronic transition dipole momefit; the
full) electron transfer takes place in all the-B systems studied. = wavenumber of the emissioh@ is the energy of the emitted
This conclusion is in agreement with a linear relationship photon);AGcr is the free energy of the charge recombination
found between the CT fluorescence energies and the differenceprocesskg, the Boltzmann constant; and the temperature.
in the redox potentials corresponding to the oxidation of the The inner reorganization energly corresponds to the high-
donor subuni€yy(D) and the reduction of the acceptor moiety frequency motions (represented by a single “averaged” mode
EredA) in the D—A molecules. The correlation is shown in characterized by;) associated with the changes in the solute
Figure 7, where the results obtained for the carbazole derivativesbond lengths and angles. The reorganization enkygyrelated
are compared with the data reported previotfslipr aryl to the low-frequency motions such as reorientation of the solvent
derivatives ofN,N-dimethylaniline. shell () as well as any other low- and medium-frequency
In this correlation the values dfo(D)—E{A) are taken nuclear motions of the soluté4,) undergoing electron transfer.
from the electrochemical data obtained for the giverAD Following the procedure of the band-shape analysis of the CT
molecule in ACN containing 0.1 M TBARF These values, fluorescence spectra proposed by Cortes, Heitele, and Jéttner,
however, are very similar to those expected from the electro- the quantities relevant for the electron transfer (RS, hy;,
chemical properties of the donor and acceptor alone; the standardt;, andA,) were varied as free fit parameters. It has been done
oxidation potential€.(D), as well as the standard reduction with an assumption that the electronic transition dipole moment
potentialsE{A), were close to the values found for CAR valueM is independent of the emitted (absorbed) photon energy.
and a proper acceptéf, respectively. The small shift of It seems to be justified in view of the results of the excited CT
EeA) to more negative potentials can be explained by the state depopulation kinetics (Tables 3 and 4). It should be
electron donating properties of 3,648H-butylcarbazole bonded  stressed that nearly the same results are obtained in the analysis
to the acceptor subunit. Correspondingly, the small shift of taking into account the dependence\i/s 7; (cf. also ref 59).
EredD) to more positive potentials arises from the electron Representative examples of the numerical fits (within a single
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TABLE 3: Solvent Effects on the Spectral Position of the
Fluorescence Maxima ¥1,), Quantum Yields (®f), Decay
Times (r) and Resulting Radiationless K,;) and Radiative
(k) Rate Constants, and Electronic Transition Dipole
Moments (M) of CBO, CBM, CBP, CNO, and CNP at Room
Temperature

P, Tb, Kar, ki,
compound solvent cm® &P ns 10°s' 10°st M,D

CBO HEX 26400 0.12 35 251 3.4 15
BE 24900 0.16 9.1 9.2 1.8 1.2
THF 23475 0.26 154 4.8 17 12
ACN 22075 0.30 36.0 1.9 0.83 1.0

CBM HEX 27550 0.11 6.5 13.7 1.7 1.0
BE 25550 0.14 11.0 7.9 12 0.9
THF 23625 0.25 225 3.3 11 1.0
ACN 21525 0.31 56.0 12 0.55 0.9

CBP HEX 27600 035 49 133 7.1 20 30000 e

Fluorescence intensity /a.u.

BE 25750 031 6.4 108 48 1.8 W ber /o
THF 23700 033 79 85 4.2 1.9 avenumbper /cm

ACN 21625 0:41 17.7 3.4 2.3 17 Figure 8. Room temperature CT fluorescence spectra of CNP and
CNO HEX 23625 011 11.8 76 0.88 0.9 IC:‘lt) in n-ﬂexane, bqtylI etherc,1 tﬁtrahydrofurag., and acetpnit;ile (frolncwj
BE 22450 011 143 6.3 0.73 0.9 eft to right, respectively) and the corresponding numerical fits (soli

THF 21050 025 27.6 27 091 1.1 llnes)usingeq 4.
ACN 19700 012 241 37 050 09

CNP HEX 25150 046 59 59.2 7.6 2.4
BE 23575 035 7.4 8.8 4.7 2.0
THF 21575 0.36 11.9 54 3.0 19
ACN 19700 0.29 13.3 5.4 2.2 2.0

a Scatter of results is=100—150 cnT™. ° Error is about 10%. Thus
the maximum error is about 20% for the rate consté&nendk, and
about 10% for the transition momekht.

TABLE 4: Solvent Effects on the Spectral Position of the
Fluorescence Maxima ¥1,), Quantum Yields (®s), Decay
Times (r) and Resulting Radiationless K,;) and Radiative
(kf) Rate Constants, and Electronic Transition Dipole
Moments (M) of CIM, CIP, CPO, CPM, and CTO at Room
Temperature

Viu®, Ko, ks,
compound solvent cm* &% P, ns 10°st 10°st M,D
CiM HEX 23150 0.067 12.7 7.3 0.53 0.7

BE 21575 012 296 30 040 07 26000 24000 20000 16000
THF 19550 0.24 429 18 056 09 Wavenumber /cm

ACN 17825 0055 19.3 4.9 0.28 0.8 Figure 9. Room temperature reduced and normalized CT absorption
CIP HEX 23300 0.29 13.9 5.1 2.1 1.4 and CT fluorescence spectra (see text) for CIP and CT@®hexane

BE 21850 0.23 17.0 4.5 14 1.3 (dotted lines) and acetonitrile (solid lines).

THF 20175 0.61 224 1.7 2.7 1.9

ACN 18850 030 190 37 16 18 gV (because of the model approximations the real uncertainty
CPO HEX 23125 0.16 143 59 11 1.0  can be somewhat larger).

BE 20925 019 327 25 058 09 In a similar way, the molar absorption coefficies{i’;) for

XEE %579 2(5)8 8-82 4?-5 l;-g 8-;% (1)-; CT absorption of a given photon with the enetty, can be
: ‘ ' ' ‘ expressed as follows:
CPM  HEX 23975 038 122 51 31 17
BE 21650 038 178 35 21 16 ~ 3 2w sa
THE 19450 047 215 25 22 18 ) 87 M*Ze S "
2

Reduced absorption and emission intensity /a.u.

ACN 17200 0.05 48 19.9 1.0 1.6 e 31n10 ¢

a

CTO HEX 22325 0.31 26.3 2.6 12 1.2

BE 20175 0.255 350 21 073 1.0 1 (ihv, + A, — hcv, + AG.)°
THF 18450 0.17 23.6 35 0.72 1.2 expl —
ACN 17125 0.017 4.7 209 0.36 1.0 4\7-[j,okBT ‘MoRT
a Scatter of results=£100-150 cnt™. P Error is about 10%. Thus
the maximum error is about 20% for the rate consténendk, and Figure 9 shows the comparison of the reduced CT absorption
about 10% for the transition momeht. bands (as plotted in the fore{#)/7 vs 7) and the CT emission

high-frequency mode approximation according to eq 4) of the spectra (i.e., a plot of the normalized reduced intensity/if

CT fluorescence spectra are presented in Figure 8; the experi-vs ¥) of CTO and CIP in a nonpolar (HEX) and polar (ACN)
mental emission profiles of all the-BA compounds studied in ~ environment; the corresponding spectra exhibit a mirror rela-
the whole range of the solvents could be adequately reproducedtionship. Consequently, the CT absorption bands are reproduc-
It should be noted, however, thAGct and 1, as well ashy; ible with the same set of the energetic and nuclear parameters
and; turn out to be somewhat correlated, leading to a numerical as obtained from the analysis of the respective CT emission
uncertainty (standard deviations) of their values of akhie02 profiles.
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Figure 10. Correlation between the reorganization enetgwand the

solvent polarity function corresponding to eq 7.

For the given D-A molecule, the quantitied; and hy;

(collected in Table 2) have been found to be nearly constant

(with uncertainty of abou#-0.02 eV) over the whole solvents
range. Thehy; values (being about 0.18.20 eV) seem to
correspond to the stretching vibrations of the @ and C-N

Kapturkiewicz et al.
0.200 -

2, =0.089 eV ; < v, > =405 cm’”

o

-

~

18]
1

0.150

0.125 +

0.100

8h, = ay(hv, /2K T)coth(hy, /2k.T) /eV

T T T 1
200 250 300 350

Temperature /K

100 150
Figure 11. Fit (solid line) of the dependence of the reorganization
energy o4, (obtained from eq 4, squares) on temperature in the
semiclassical approximation according to eq 8 for CTO in methylcy-
clohexane. The intermediate wavenumbgr ~ 400 cnt? of the
intramolecular vibration mode and the corresponding value of the
reorganization energyu = 0.089 eV result from the analysis where
both quantities were varied as free fit parameters (see text).

of the solute % = 300-600 cn1?) with a reorganization energy

bonds®® The values ofl; are in a reasonable agreement with n.5° Information about the relative contributions af and

the results of AM1 semiempirical calculations. The d_ifference Am t0 64, can be obtained from the analysis of the temperature
betWeen the Computed Va|UeS Of the heat Of fOI’ma'[IOI’l Of the effects on the CT f|u0rescence Spectra In our case the
donor in its equilibrium nuclear geometry and in the conforma- experiments were performed in a nonpolar solvent (MCH) to
tion corresponding to the equilibrium geometry of its radical minimize possible effects caused by the temperature dependence

cation is added to the respective value calculated for the acceptorof the solvent properties (@ndn). The quantitiesAGer, hwi,
and its radical anion. The sum of these energy differences cany, and 1, were again varied as free fit parameters. Within
be regarded as a lower limit of the inner reorganization energies. yncertainty limits of our analysis, the values obtained Har

The calculated values (being in the range of 6:0719 eV)

and; were again constant; the variations of the CT emission

are somewhat smaller than those obtained experimentally (Tableprofile are mainly due to the changesf(i.e., 40, because

2), but the above approach neglects the changes of the nitrogen
carbon bond between the donor and acceptor subunits.
The values ofAG¢ct and A, extracted from the band-shape

analysis depend on the solvent polarity, as expected. The MOr€)arametersiy, Au

in MCH € = n?). It has been found that the effectivé, values
increase with a lowering of the temperature (Figure 11).

To analyze this effect, all the low- and medium-frequency
andwvy were explicitly included in fitting

polar is the medium, the smaller is the energy gap between they,e temperature dependencedf. The dependence of the band

ground and excited CT states and the larger is the outer

reorganization energyls, in agreement with the continuum
dielectric model of solvation. An analysis of the solvent effects
on A, is possible according to e8!

F—HTe—1 nt—1
@ |2+l 2m+1

Ay 04y + A,= 04y + @)

This relation is different from the classical Marcus expres&fon,
but it is more suitable for the direct comparison with the results

shapes on the frequeneyof the emitted (or absorbed) photon
remains the same as in the single high-frequency mode
description. The most important difference is connected with
the denominator in the exponential part of eqs 4 and 6

hvy,
wf 2

It should be stressed that the procedure of the analysis was
somewhat different than that proposed in ref 59; three quantities

hv,,

ArokaT = T\ 2t A+ 3 7

(8)

of the investigations of the solvatochromic effects on the spectral (As + A0), Am, andvy were varied as free fit parameters. Fitting
position of the CT fluorescence maxima and the Stokes shift the data of the temperature dependencé/gfshows that the
(egs 2 and 3). Typical dependence of the reorganization energysum @s + A.) in eq 8 is negligible; on the contrary, a

Ao On the solvent polarity function is presented in Figure 10.
The values of g — ﬁg)zlag obtained from the slopes of the
plots corresponding to eq 7 (Table 2) agree well with those
collected in Table 1 and confirm again that| > |zg|.

The values 0864, estimated from the intercepts of the plot
of 1, vs solvent polarity function (eq 7) are in the range of
0.07-0.13 eV for all the D-A carbazole derivatives excluding
CNP (Table 2). As mentioned abov&}, can be connected
with the low-frequency intramolecular vibration modeg (<
200 cn1l, e.g., associated with librations, internal rotations) with
a reorganization energly and with the medium-frequency mode

contribution of the medium-frequency intramolecular mode is
important (e.g., for CTO with the wavenumbgy ~ 400 cnt?!
and the reorganization enerdy ~ 0.09 eV). It suggests that
the intramolecular nuclear motions of the—B carbazole
derivatives coupled to the electron transfer are not connected
with a torsion around the single-BA bond; ¥y ~ 400 cnT?
corresponds most probably to a ring skeletal vibraffon.

It should be noted that the modification of the denominator
in the exponential part of eqs 4 and 6 as expressed by eq 8
requires a simple reinterpretatfRSrof the quantitiesAGer and
Ao fitted according to eqs 4 and 6
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1, . -
—AGr~ E(hcvabs+ hcvg,) (13)
324

and, correspondingly, their difference with the sum of all the
reorganization energies

3.04 NCP s — Ny, & 2(As+ 4, + Ay) (14)

The experimental positions of the CT absorption and fluores-
cence maxima as well as the values of Stokes shift agree well
(cf. Figures 12 and 13) with those predicted by the band-shape

2.8+

—AGCT (from band shape analysis) /eV

cip analysis. The sum&; + A; + Ay, however, are slightly larger
v CTO (about 0.05 eV) than the experimental Stokes shift. The
261 o CPM observed deviations can be hardly rationalized, because they
are within the accuracy of the fitting procedures (cax 8.02
T v T v T v T v evV).
26 28 30 32

- - 3.3. Excited CT State Depopulation Kinetics. Applying

0.5 x (hCVaps thevey) /eV a simple kinetic model of an irreversible excited charge transfer
Figure 12. Correlation between the free energy of the charge state formation (with 100% efficiency) the radiationle&g)(
recombination procesSGCT obtained from the CT fluorescence band- and radiative Kf) rate constants can be determined from the CT
shape analysis in a single high-frequency mode approximation accordings|,orescence quantum yieldB; and lifetimesz
to eq 4 and the sum of the energies corresponding to the maxima of
the reduced CT absorption and fluorescence spectra (eq 13) for CIP, k,=(1— @)t (15)
CTO, and CPM in the whole range of the solvents used. r f

> and
2
‘@ 084 k= @/t (16)
723
>
E The experimentak: andky, values for all the B-A carbazole
®© derivatives in selected solvents are collected in Tables 3 and 4.
% 0.6 The radiative rate constants allow us to obtain the electronic
< transition dipole momentt%3
'g
T 647T 353 M2
£ cIP
= The electronic transition dipole momeMt is mainly deter-
. v CTO mined by the direct interactions between the low€sT state
+ O CPM and the ground state and by the contribution from locally excited
" — (LE) configuration&*
o 0.2 0.4 0.6 0.8 L
0.5 x (hcVgps — hovg,) eV " Vap (e — fig) N ViM; a8)
Figure 13. Correlation between the sum of the reorganization energies B hCT/ﬂu —E — hCT/ﬂu

and the energy corresponding to the Stokes shift between the reduced

g;,\‘;’Ilti’ﬁotrhpé'wh;gdrgﬁg;es;:fﬁgesé?vggaug‘z‘(‘j 14) for CIP, CTO, and |\ herevap andV; are the electronic coupling elements between
' the ICT state and the ground state or between D& state
and ILE states “i” of energyE;, respectively, andVi; is an
9) electronic transmon moment corresponding to the radiative
transition {LE); — S.. The important result is that the values
of M do not show any clear dependence on the solvent polarity
] (10) (Tables 3 and 4). Contrary to aryl derivatives of aromatic
amines?’28the electronic transition dipole moments for CIM
and CIP increase with solvent polarity; tiv values for the
The above corrections taGcr and 4o, however, are small  other D-A carbazole derivatives are roughly constant in polar
(being smaller than 0.05 eV at room temperature). solvents ranging from BE to ACN. The lack of any significant
From egs 4 and 6 modified by relation 8 the following lowering of theM values with increasing energy gap between
approximate expressions for the CT absorption and fluorescencethe emitting!CT state and'LE states in highly polar media

e 3 2k T hvy
Aq(true)= A (fit) (3/10[1 o ta r{ZkBT

AG(true)= AG(fit) + 610[1 kB r{ T

maxima can be derived: strongly suggests that the first term in eq 18 is dominant in the
description of the radiative properties of the compounds
hov e~ —AGer + A+ 4 + Ay (11) studied®* This hypothesis is confirmed by the analysis of the

. absorption spectra (Figures 2 and 3); no spectral evidence of

hcig, ~ —=AGer — A — 4 — Ay (12) the significant role of the mechanism expressed by the second

term in eq 18 is observed. For example, the dramatic increase
allowing an independent verification of the computed data. The of the intensity of the first absorption band in CBP and CNP
absorption and fluorescence maxima are simply connected withwith respect to that of CAR or the appearance of the intense
AGct CT band in CPM and CIP do not generate any marked decrease
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Figure 14. Correlation between the electronic coupling elemé&fats
between the'CT state and the ground state (as estimated from the
experimental electronic transition dipole momeMsunder the as-
sumption that the first term in eq 18 plays a dominant role in the
description of the radiative properties of the low&sT states of all

the D—A carbazole derivatives in acetonitrile) and the absolute values
of the LCAO coefficients of the LUMO orbital at the carbon atom of
the donof-acceptor bond (as calculated by AM1 method, see Table
6).

of the intensity of the bands corresponding to the donor and

Kapturkiewicz et al.

TABLE 5: Results of Semiempirical AM1 and Molecular
Mechanics Calculations: |y, Ground State Dipole
Moments; ®a—-p, Angles between the Planes of the Donor
and Acceptor Subunits; and C ymo, LCAO Coefficients of
the 2p, Atomic Orbital at the Carbon Atom in the
Donor—Acceptor Bond

AML, MMX,2 AM1, Mmx,> _ 1Cwwol
compound |z D ®a-p deg AM1 ESR

CBM 30 47 44 53 0217 0.109
CBO 35 43 51 64 0342 0381
CBP 29 43 41 54 0526 0.580
CNO 33 38 50 49 0367

CNP 26 37 40 38 0537

cip 35 43 48 61 0512 0576
CIM 29 43 43 53 0.000 0.050
CPM 52 70 41 53 0405 0.406
CPO 51 70 51 62 0100 0.130
CTO 07 03 53 64 0282 0252

a Experimental values of the ground state dipole moments for the

acceptor$?7°Benzonitrile, 4.0 D; nicotinonitrile, 3.5 D; isophthaloni-
trile, 4.1 D; phthalonitrile, 6.2 D; and terephthalonitrile, 0.0 D. The
corresponding value for carbazole is 1.7'D? X-ray crystallographic
datd? for N-phenylcarbazole anti-(2-pyridyl)carbazole indicate a
presence of two conformers, with the following torsion angles between
carbazole and phenyl (78.4 and 53.8r pyridyl (61.9 and 47.9 rings.
The AM1 value#’ are 48 and 38 respectively® As estimated from
the experimental proton hyperfine spliting constaatsof the ESR
spectra of the acceptor anion radiéalssing McConnell relationship:
66 aq = QCH(CLUMQ)Z with QCH =25 G.

acceptor subunits. The dependence of the experimental value%LUNIo and Chowmo can be obtained in two independent ways:

of M on ¥y, is smaller than that expected from the first term of
eq 18; most probably it is due to small contributions connected
with the mixing of the!CT state andLE states.

The values of the electronic coupling elemevitp (as
estimated from the experimentdlvalues under the assumption
that the direct interactions between the low&3T state and
the ground state (first term in eq 18) play a dominant role in
the description of the radiative properties of the loweSt states
of all the D—A carbazole derivatives in ACN) are found to be
correlated with the absolute values of the LCAO coefficient of
the acceptor LUMO orbital at the carbon atom of the denor
acceptor bond (Figure 14).

Following Dogonadze et &5the electronic coupling element
Vap between théCT state and the ground state can be related
to the sum of the products of the LCAO coefficients of the
highest occupied molecular orbital (HOMO) at an atom in the
donor moiety and of the lowest unoccupied molecular orbital
(LUMO) at another atom in the acceptor subunit and the
corresponding resonance integidlgraq @ag) for the given pair
of atoms

Vap = Z;CLUMO(a)CHOMO(d)ﬁad(rad’ $ad  (19)

By assuming thaVap is mainly determined by the interactions
between the carbon and nitrogen atoms formingDAbond
(which is reasonable because the resonance intBggad an
exponential function of a distance) and by neglecting contribu-
tions from theo orbitals, the above relationship can be simplified
Vao = CLumoCriomaBen €0S@, p) + const  (20)
where®a_p is the angle between the planes of the donor and
acceptor subunits ard ymo andCyowmo are the corresponding
LCAO coefficients of the 2patomic orbitals (where is the
axis perpendicular to the acceptor ring) of the carbon and
nitrogen atoms forming AD bond, respectively. The values

(i) from semiempirical AM1 calculations and (ii) from the
hyperfine structure of the ESR speéfraf the respective radical
anion$” and cation$® Both methods yield very similar values
(Table 5). Similarly, one can describe the electronic coupling
elementsV; between thelCT state and'LE states either
connected with the donor (by taking into considerations the
LCAO coefficients of the LUMO (and higher UMO) orbitals
at respective pair of atoms in the donor and acceptor subunits)
or with the acceptor (the HOMO (and lower OMO) orbitals
should be considered). The large value (0.503) of the LCAO
coefficient of the HOMO orbital at the carbazole nitrogen atom
and the small ones (0.153 and 0.00) of the corresponding
coefficients of the LUMO and LUMG* 1 orbitals, respectively,
agree well with the dominant role of the interactions between
the emitting charge transf@CT state and the ground state.

The slope of the plot of the relation betwe¥g, andCiumo
(eq 20) allows us to estimate qualitatively the an@le p. The
values 65 (slope= 0.451 and const 0) and 73 (slope=
0.265 and const 0) can be regarded as the lower and upper
limits. The range of th@®a_p values (calculated witlfcy =
2 eV) agree well with the crystallographic data available for
N-pyridyl- andN-phenylcarbazole®. The intercept value higher
than zero can arise from two reasons: (i) the not negligible
interactions between the pairs of atoms different than those
forming the A—D bond, and/or (ii) the values of the LCAO
coefficients of 2p orbitals can be somewhat affected by the
interacting positive and negative charges in the contact ion pair
forming the excited CT state.

It should be pointed out, however, that for all the-B
carbazole derivatives in nonpolar solvents (HEX, MCH) the
electronic coupling elementgsp estimated from the experi-
mentalM values under the assumption that the first term in eq
18 plays a dominant role in the description of the radiative
properties of the fluorescehET states are slightly larger than
those predicted from the correlation observed in a polar
environment and shown in Figure 14. It suggests strongly that
due to a decreasing energy gap between these states the
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contribution of the LE configurations ! is not negligible in TABLE 6: Comparison between Experimental (Eq 15) and
nonpolar media. Similarly as fovap values, the difference ~ Computed (Eq 21)kn Values (Data in Acetonitrile Solutions)

between the calculated values\gir(HEX) andVap(ACN) (eq Aiv i, Ao, —AGcr®, Vap, kaf(calcd), kn(exptl),

18) increases in line with the LCAO coefficient of the acceptor compound eV eV eV Y eV 10s?t 10st?
LUMO orbital at the carbon atom of the-BA bond. It suggests CBM 022 018 055 3.30 0.12 0.008 1.2
that the respectiv®; values can be also discussed in terms of CBO  0.21 0.19 047 325 0.17 0.008 1.9
the expression similar to eq 20. The lack of the fluorescence CBP ~ 0.21 0.19 061 335 024 0.07 3.4
data in solvents with dielectric constants between 2 and 3 does cNO  0.31 0.17 042 3.05 0.13 1.1 3.7
not allow us for a more quantitative discussion, but\healues CNP 0.21 0.19 071 323 0.23 15 5.4
seem to be small with respect to thoseMap. cIP 0.18 0.19 051 292 021 0.4 3.7
Similar correlation betweeM and C_ymo is observed for CIM 0.25 0.16 0.53 2.85 0.09 1.1 49
absorption, but too small energy gaps between the corresponding CPM ~ 0.18 0.20 0.61 280 0.18 141 19.9
CPO 0.22 0.18 047 276 011 1.9 12.9

_Franck—Condon CT and LE states do not permit the discussion CTO 022 019 048 272 013 100 209
in terms of respectively modified eq 18. _ _

The nonradiative depopulation of the lowest excHed state 2 Energy of the lowest(w,7*) triplet state localized on the donor
of the studied compounds, similarly to aryl derivatives of moiety is about 3.0 eV. Thus, contrary to the benzonitrile derivatives

: S a7 ! . (CBM, CBO, and CBP), the nearly degenerated charge transfer states

a_lromatlchaml_neé, 'ﬁ most probably contr_olled by two cr:lomp_eltl (*CT and®CT) of all dicyanobenzene derivatives (CIP, CIM, CPM,
tive mechanismsthe intersystem crossing (ISC) to the triplet  cpo, and CTO) are lying energetically lower than the formerone
manifold and a direct radiationless charge recombination (DICR) (the nicotinonitrile derivatives (CNO and CNP) seems to be a border
process in the singlet manifold. To examine the latter process case).

it should be recognized to what degree the nonradiative

deactivation of théCT state can be assigned to the DICR path 21
and how far to the ISC processes (generally, ISC may occur to ‘ )
the charge transféCT triplet state and/or to the locally excited | v !
8(z,m*) triplet states). The efficiency of the radiationless 209 A\ /
depopulation path via the triplet manifold in various—B | I/
systems should depend on the energy ofther*) states with \ ‘@ cam
respect to that of th&3CT states. The comparative investiga- - %1 */ ® cEo
tions of the lowest excited triplet stategin the series of B-A .\; ol / A cep
carbazole derivatives undoubtedly show the change of their = o4 | A/ V¥ CNO
electronic structure with the increasing electron affinity of the = \ e ® & cne
acceptor moiety® (3,6-Di-tert-butylcarbazol-9-yl)benzonitriles ~ \ v o op
and (3,6-ditert-butylcarbazol-9-yl)nicotinonitriles exhibit a 5 o \e 0'%&’ O cm
number of phosphorescence features characteristic of carbazole owy O o O cpPo
(the energy of the lowest triplet state localized on the donor é "@éy 4 cPm
: ) O Avae3 (o)
moiety is about 3 eV), and the ESR measurements clearly 0 .
indicate that the spin density in the emitting State is mainly 15000 20000 25000 30000

distributed over the carbazolesystem. These results point
unamblguously to th‘? dqmlnaf(h,n*) _Characte_r of the lowest Figure 15. Dependence of the radiationless rate constlptsn the
triplet states, the excitation being mainly localized in the donor gpecral position of the CT fluorescence maxima at room temperature
moiety. On the contrary, the solvent, concentration, and for all the DA carbazole derivatives in selected solverthéxane,
temperature effects on the long-lived emission (phosphorescencebutyl ether, tetrahydrofuran, and acetonitrile). An arbitrary dashed line
and delayed fluorescence), measurements of low-temperaturds drawn to show the trend of the changeskgfvalues.

luminescence polarization and lifetimes, and ESR investigations

Fluorescence maxima /cm’'

do point to a CT character of the emitting Jtates of (3,6-di-  where the values oAGcr, hw;, 4o, and S are derived from the
tert-butylcarbazol-9-yl)dicyanobenzen®és. band-shape analysis of the CT fluorescence spectra (eqs 4 and
The dependence of the nonradiative rate constaptm the 5) and those of the electronic coupling elemevits from the

spectral positions of the CT fluorescence maxima at room investigations of the radiative properties of th&T states (eq
temperature for all the BA carbazole derivatives suggests that 18). The discrepancies between the experimental rate constants
ISC is the dominant radiationless deactivation path for théAD  knr and the values calculated from eq 21 for nicotinonitrile and
systems with, > 20 000 cnT! (Table 6 and Figure 15). The dicyanobenzene derivatives are smaller than one order of
decrease of the energy gap between the exéifddstate and magnitude (cf. Table 6) which may be regarded as satisfactory.
the ground stateif, < 20 000 cnT?) induces the increase of  For benzonitrile derivatives with relatively high energy of the
the rate of the direct CR process (the similar effect is observed CT state, however, most probably the ISC depopulation channel
for aryl derivatives of aromatic amin&s is dominant which results in much larger differences between
Experimental rate constants of the DIGR: {/alues in highly ~ the calculated and experimentg} values.
polar solvents like ACN, DMSO, and DMF) can be compared  The obtained results illustrate that, similarly to electron
with those calculated from the following relatiéh: transfer in contact radical ion paifsthe Marcus theory can be
used for at least a semiquantitative description of the electron
AP e 59 transfer rate constants also in the intramolecular deaoceptor
k, = TV,iDZT X systems when ISC processes can be neglected.
=t )

. 4. Concluding Remarks
1 (v, + 4+ AGer)”

expg — (21) Radiative and radiationless charge recombination processes
Zn 42 RT exemplified respectively by the CT fluorescence and direct
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radiationless charge recombination to the ground state have beeis based on the Onsager coné@pf the reaction fielR created
studied in a series of N-bonded dor@cceptor derivatives of  in the solution by a solute dipole momehtvhich is located at
3,6-ditert-butylcarbazole containing benzonitrile, nicotinonitrile, the center of the spherical cavity with the radass
or various dicyanobenzenes as an electron acceptor.

The results of the electrochemical measurements and the _2Zie—1
investigations of the solvent and temperature effects on the R T 32 +1 (A1)
spectral position and band shape of the CT absorption and %
emission show a very good agreement (e.g., Figures 7, 12, and ) o
13) between the two independent estimations of the energyOnsager’s theory provides a possibility to calculate the energy

levels of thelCT states based on the electrochemigai(e) of equilibrium solvation of an ideal nonpolarizable dipole
way and the photophysic&cr(p) oné:76 immersed in a dielectric continuum. Due to the nonequilibrium
5 situation of the FranckCondon states (as reached in the
€ absorption or emission process), an approach to a solvatochromic

Ecr(8) = EodD) — EedA) + TAS, — (22)

data requires the function describing the solvation energy to be
split into orientational (slow) and inductive (fast) components.
Ecr(p) = hevy, + A+ 4 + 4y, (23) Usually the Onsager reaction field is treated as the sum of two

) ) ) respective contributionRor and Ring
where AS, is a standard entropy change in the reaction (the

values ofTAS, should be relatively small and can be neglected) ol e -1 2_ 4 ol 1
and the last term in eq 22 corresponds to the coulombic R=R_ +R — <K £ _n ].q__%’n—]
8,

"AD

nd =
stabilization energy (between the elementary chaegetd the " ag 2c+1 2n?+1 2’ + 1,

separation distancep) in the radical ion pair (as forming an A2
ICT state). (A-2)

The analysis of the temperature dependence of the CT
fluorescence profile and the bandwidth in a nonpolar environ- X . . )
ment suggests that the-BA carbazole derivatives, contrary to the FrapckCondon state reached either in the absorption or in
anthryl derivatives of aromatic amin&s2do not undergo any ~ the emission (cf. ref 4853).
significant low-frequency intramolecular nuclear motions (e.g.,  Taking also into account the energies required for the
rotations) upon excitation. Thus, the twist angle between the polarization of the solvent shell, the following expressions for
donor and acceptor moieties in the emitth@jT state seemsto  the spectral shift of the absorptiohdA¥4p9 and fluorescence
be similar to that in the ground state. This hypothesis is strongly (hcA#s,) maxima can be obtained
supported by the large values of the fluorescence rate constants
(ks) and the corresponding transition dipole momens (This hcAv
finding clearly indicates a nonperpendicular conformation of

1 i imi S — - = —
the !CT state for all the B-A compounds studied (similarly to 2 — ”9)[ -1 1r- 1] . T, — /“‘9)[ W 1]

This approach leads to the expressions for the reaction field in

abs ™

the aryl derivatives of aromatic amirféand various derivatives 3 =
of biphenyt?:30.33, a, |,26 +1 221241

The probabilities of the radiative electron transfer exemplified
by the CT fluorescence can be correlated with the magnitude
of the LCAO coefficient of the acceptor LUMO orbital at the hcAy, =
position of the donoracceptor bond (Figure 14 and Table 5).

The large value (0.503) of the LCAO coefficient of the HOMO 27 (7, — [i 2 G (i, — i)l 2
orbital at the carbazole nitrogen atom and the small one (0.153) Hellle /“tg)ll e-1 1n - 1] Ho\He — Mg [ n— 1]
of the corresponding coefficient of the LUMO orbital agree well a |2¢+1 20241

with the dominant role of the electronic interactions between
the emitting!CT state and the ground state.

The obtained results (Table 5 and Figure 15) illustrate that, ] ] ]
similarly to electron transfer in contact radical ion pdfrshe which leads (with the assumption that the second terms in egs
Marcus theory can be used for the quantitative description of A-3 and A.4 are nearly constant) to the familiar expressions
the radiationless electron transfer rate constants also in the(€ds 1 and 2) for the solvent induced shift of the absorption
intramolecular donofacceptor systems when ISC processes can and fluorescence Spectra. It should be noted that this formalism
be neglected. is principally applicable only for the spherical solutes with both

We hope that our comparative studies of theAdcompounds ~ 4g andzie point dipole moments located in the center of the
(the present paper and refs 27,28,73) will show a possibility to molecule.
predict the photophysical behavior of the lowest excited If the dipole momenii is located eccentrically, the model
intramoleculaf-3CT states from the properties of the donor and should take into account the respective values of the reaction
acceptor subunits forming the-BA molecule. fields at the position of the dipole. A system for which such

considerations can be performed without difficulty is an

Acknowledgment. This work was sponsored by Grant eccentric dipole in a spherical cavity, directed along the radius
3T09A12708 from the Committee of Scientific Research. yector (with the distancefrom the dipole to the cavity center).
Technical assistance from Mrs. A. Ziedka and Mrs. M. gych considerations have been first performed by Dékkéth
Gotebiewska is deeply appreciated. the general conclusion that in the cavity center the value of the
reaction field is independent of the dipole position. Contrary
to that, at the position of the dipole, the reaction fi€tdis

Blue Shift of the CT Absorption Bands. Description of enhanced by a fact@rbeing a function of the solvent properties
the solvent effects on the absorption and fluorescence spectrge or n?) and the ratior/a,. The corresponding expression is

@ |+
(A.3)

& leP+1
(A.4)

Appendix
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2uz—1 201

=%- £ with
a 2z+1

“ﬁm+m&+Wrmﬁ
— (A.5)
= 2(m+ mz+ 2) [aD]

wherez is equal toe or n? for Ry, andRjnq, respectively. The
calculation of& performed for different values of andr/a,
(cf. Figure 16) clearly establishes that the influencez @i
the & is relatively small, but the effective value Bfincreases
strongly with the eccentricity.

In our particular case the description of the reaction field of
the bichromophoric molecule in the ground state is different
than that in the excited state. The ground state dipole moment
should be treated within the model including the corrections
arising from its eccentric localisation. The excited state dipole

v T v v T
0.0 02 04 0.6 0.8

moment, however, can be further considered in the classical (r/a)
Onsager model, due to the fact that if the dipole is localized in
the center, the reaction field is uniform over the whole cavity.
Following the mathematical procedures leading to eqs A.3 and
A.4 one can obtain
_ g — &gl e —1 1n—1
hcAD,, 3 +
Abe = fg)l n® — 1
felle 3 9 [2 o1 (A.6) ground state excited CT state
n
% Figure 16. lllustration of the effects connected with a fact that the
21 (i ) 2 dipolar molecule cannot be approximated by the point dipole situated
hcA” He\le ,ug [ e-1 1n-1 in the center of the cavity. The ground state dipole moment mostly
Viu = ag l26 +1 2o9n24+1 determined by polar groups lying far from the center of the molecule

oo R leads to the increase of the effective Onsager reaction*figidthe
#g(ﬂe - E/lg)ll n—1 dipole position by a factog and therefore induces the increase of the
3 |. > (A7) ground state solvation energies. In the CT excited state, however, in
8 2"+ 1, which the negative and positive ends of the electric dipole are localized
nearly in the centers of the A and D subunits, respectively, the
From eq A.6 it becomes evident that the effects of the solvent approximation of the spherical cavity with the dipole situated in its

polarity on the spectral position of the CT absorption depend center seems to be better obeyed. The upper part shows the dependence
on the relative values of the eccentric facfoand the ratio of ~ (according to eq A.5) of on the eccentricity of the dipole position (as
the dipole momentgidzig; the blue shift of the CT band is related to the ratio of the distancérom the dipole to the cavity center
expected wherg > ﬁefﬁs On the contrary, the eccentricity and the Onsager’s cavity radias) and on the dielectric constants

. . ’ T squares¢ = 2; circles,e = 8; and diamondsg = 32).
effects which may influence the second term in eq A.7 should (sq f ¢ s )

be negligible in the solvent dependence of fluorescence. Tie and]ig
Similar considerations lead also to the description of the
solvent-induced changes in the Stokes shift as well as in the —2 =2
energy gapAGcr between the excited and the ground states. AGer = AGEC+ Hee-1l Hge—1l (A.9)
Changes in the Stokes shift correspond to the difference between ag 2e+1 "2+l

hCAi}abs and hCAﬁm

2 ) whereAGET is the energy of the CT state in the gas phase. The
ho(AT,, — AV,,) = q(“e ”9) [ e-1 n -1 + solvation energy of the ground state dipole moment is enlarged
flu ab a l26 +1 o241 by a factor&; correspondingly the change of theSct values

2 with solvent polarity is smaller than that expected from the
& )Mg e—1 (A.8) classical formulation
8|2¢ +1 n+1

-2
Ue e — 1 ﬂge 1

Similarly to fluorescence, the observed Stokes shift is mostly AGer = AGeT +— 11 B2t 1 A0
determined by the first term in the above equation which does % &
not depend on the eccentricity; the slopes in the linearized plot i ) ) .
of he{A¥, — APand Vs solvent polarity function should be According to eq A.10 the slopes of the linear relationship

somewhat larger (ca. 320%) than those determined from the between the energy of the CT state and the solvent polarity
analysis of the CT fluorescence. It is observed indeed for the function should be similar to term@d(e — Jig)/a3 obtained
D—A compounds studied in this work. from the analysis of the solvent induced fluorescence shift. In

The eccentricity effect is expected to be pronounced in the fact, the experimental values @i — 7ig?)/a3 for the studied
description of the changes of the energy gap between the excited®—A compounds are smaller somewhat than gb@ie — tig)/
state and the ground state. Such changes correspond to thag, suggesting that eq A.9 is more accurate for the quantitative
differences in the equilibrated solvation energies of the dipoles description.
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In summary, the description of the solvent polarity effects

on the charge transfer processes may be improved by taking

Kapturkiewicz et al.

(28) Herbich, J.; Kapturkiewicz, AChem. Phys1993 170, 221 and
references cited therein.
(29) Onkelinx, A.; De Schryver, F. C.; Viaene, L.; Van der Auweraer,

into considerations the eccentricity effect. In our case this effect \; -yai K .: Yamamoto, M.; Ichikawa, M.; Masuhara, H.: Maus, M.; Rettig

can be simply applied for the-BA systems with cyano group(s)

in the meta or para position with respect to the deramceptor
bond (e.g. CNP, CBM, CBP, CIM, or CPM). More complicated
is the situation for the compounds with two cyano groups, one
of them being in the ortho position with respect to the denor

acceptor bond (e.g., CIP, CPO, or CTO). In such cases, one of
the group is far from the cavity center and should be treated as

described above. The second one (in the ortho position, i.e.

cally” or with the smaller value of. Moreover, the direction
of the dipole moment of this particular group with regard to

the excited state dipole moment induces already (according to
eq A.3) a small blue shift in the absorption spectra (in the same

way as for CBO or CNO). Thus, both cyano groups in CPO,

W. J. Am. Chem. Sod.996 118 2892 and references cited therein.

(30) Tamai, N.; Yamazaki, Y.; Masuhara, H.; Mataga,Qthem. Phys.
Lett. 1984 104 485.

(31) Van Damme, W.; Hofkens, J.; De Schryver, F. C.; Ryan, T. G.;
Rettig, W.; Klock, A.Tetrahedron1989 45, 4693.

(32) Rettig, W.; Zander, MChem. Phys. Lettl982 87, 229.

(33) Mulliken, R. S.; Person, W. BMolecular Complexes. A Lecture
and Reprint VolumeWiley: New York, 1969.

(34) Beens, H.; Weller, A. IOrganic Molecular Photophysic8irks,

: -1B. J., Ed.; Wiley: New York, 1975; Vol. 2, p 159.
located nearer to the cavity center) should be treated “classi-

(35) Nowacki, J., in preparation.

(36) Jasny, JJ. Lumin.1978 17, 143.

(37) Velapoldi, R. A. Natl. But. Std. 378, Proc. Conf. NBS, Gaithersburg
1972 p231.

(38) Karpiuk, J.; Grabowski, Z. RChem. Phys. Lett1989 160, 451.

(39) Marquardt, D. WJ. Soc. Ind. Appl. Math1963 11, 431.

(40) Kapturkiewicz, A.; Grabowski, Z. R.; Jasny,JJElectroanal. Chem.

CTO, and CIP are expected to cause the changes in the samé998 279 55.

direction, but the guantitative estimation of both contributions
seems to be rather difficult. Moreover, for these derivatives
the blue shift in the absorption spectra should be more
pronounced as compared for example with CNP or CPM, which
is observed indeed.
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