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Photoinduced intramolecular charge transfer (ICT) in a series of a newly synthesized N-bonded donor
acceptor derivatives of 3,6-tiert-butylcarbazole containing benzophenone and acetophenone as an electron
acceptor has been studied in solutions. In solvents more polar than butyl ether, excitation leads to an emissive
singlet state. 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 the compounds studied. 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 analysis of the fluorescence rate congqmatsd corresponding transition

dipole moments ) indicate that Marcus theory can be applied for the quantitative description of the
radiationless charge recombination processes in such cases, when an intersystem crossing to the excited triplet
states may be neglected (i.e., in the polar solvent). This last reaction channel, however, seems to operate
efficiently in nonpolar media in which charge-transfer fluorescence is totally quenched. The obtained results
support the hypothesis that the photophysical behavior of a particut®r @ompound can be predicted from

the properties of its donor and acceptor moieties, taking also into account the manner of linking between the
two subunits.

1. Introduction the locally excited states (with the electronic excitation localized

An elucidation of the factors that influence the photophysical O the donor or acceptor subunit) respectively. Relatively simple
properties of the doneracceptor compounds is important estimation of the abov_e-mentloned parameters is possible from
because the intramolecular excited-state electron transfer is & band-shape analysis of the CT absorptfoand/or fluore-
fundamental reaction playing a crucial role in a variety of scen(_:é‘13ar_1d from the solvent polarity effects on the electronic
photophysical, photochemical, and biochemical procésseke transition dipole moments of the CT absorptidWatd and
relatively simple systems in which the photoinduced intramo- €mission ¥s,),” 12 correspondingly. Moreover, eventual
lecular electron transfer can take place are acceptordanor solvent-induced changes of some of the above-mentioned
(D) subunits formally linked by a single bond. The electronic guantities (e.g., electron transfer coupling elements or inner
structure and conformation of the molecules in the excited "€0rganization energies) allow also for the discussion of the
charge transfer singlet staté€T) are the most important issues ~ Structural changes occurring upon photoexcitation.
related to the photophysics of these compounds. The intrinsic  Our previously reported comparative investigations of the
factors controlling the excited-state electron transfer seem to photophysics of relatively large aromatic dor@cceptor
be determined by the nature of the donor and the acceptorcompound®2425show a possibility to predict the photophysical
subunits, their relative orientation, as well as the reaction behavior of a particular AD system from the properties of its
medium polarity. donor and acceptor subunits alone. One of the most important

Pursuing the analogy between CT optical spectroscopy andfactors describing the properties of the given deraeceptor
thermal electron transfer proces$e3some information onthe  pair is connected with the manner in which A and D subunits
properties of these states can be independently obtained fromare bonded together and correspondingly with the interactions
the analysis of the charge transfer absorptiom <— S, and/or between the donor and acceptor subunits. It has been $hthéh
from the kinetics of the radiative and radiationless charge that the respective electron transfer coupling elements (describ-
recombinatiodCT — S,. Both processes are usually described ing the electronic interactions between the CT state and the
using a “Golden rule” type formula leading to the appropriate ground state and/or the locally excited states) are mainly
rate constant that is dependent on two quantities: (i) a Franck determined by the interactions between the atoms forming the
Condon weighted density of states, which contains the depen-A—D bond. Their values can be theoretically predicted following
dence of the rate on the energetic and nuclear parameters sucthe formalism proposed by Dogonadze et®drom the data

as the free energy gadGcr, the outer-solventig), and inner- for the individual chromophores. A similar approach can be
intramolecular ;) reorganization energies, the intramolecular applied to describe the properties of the sing@t states (e.g.,
nuclear-electronic coupling, and the frequencies of the the transition dipole moments for the CT absorptleT — S

vibronic states coupled to ET; (i) the electronic matrix elements and the fluorescenckCT — ;) as well as the characteristics
Vo andV; describing the electronic coupling between the lowest of the triplet3CT state¥’ (e.g., the zero-field splitting param-
excited charge transfer stat€T and the ground statey,Sor eters).
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Figure 1. Formulas of electron donefacceptor derivatives of 3,6-
di-tert-butylcarbazole and their abbreviations used in the text.

This work is a part of our continuous studies done in order

to better understand the properties of the intramolecular charge-

transfer states and the mechanism of the radiafi@d — S
and!CT — &) and nonradiative charge transfer transitions. The
currently investigated carbazol-9-yl derivatives of selected
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Figure 2. Room temperature absorption spectra recorded in acetonitrile
for 3,6-ditert-butylcarbazole (CAR) and its doneacceptor derivatives
containing acetophenone (CMA, COA, and CPA). Spectra of CMA,

aromatic ketones were chosen to test the application of the COA and CPA are shifted along theaxis by a factor of 2< 10%.

above-described simple model for the quantitative description
of the fluorescentCT states properties. The position of the
carbonyl (acetyl or benzoyl) group with respect to the &
bond in the given isomer was the main variable in our
comparative investigations. The o, m, or p attachment of the
acceptor group to 9-phenyl-3,6-thift-butylcarbazole leads to
the different values of the LCAO coefficients on the carbon
atom forming donoracceptor bond and presumably to the
differences in the electronic coupling matrix elements.

2. Experimental Section

2.1. Materials. The synthesis and purification of 3,6-dit-
butylcarbazole (CAR) was performed by alkylation of carbazole
with tert-butyl chloride and subsequent partial dealkyla#ién.
Its electron donoracceptor derivatives 4-(3,6-thrt-butylcar-
bazol-9-yl)acetophenone (CPA), 3-(3,6tdit-butylcarbazol-9-
yl)acetophenone (CMA), 2-(3,6-dért-butylcarbazol-9-yl)aceto-
phenone (COA), 4-(3,6-dert-butylcarbazol-9-yl)benzophenone
(CPB), 3-(3,6-ditert-butylcarbazol-9-yl)benzophenone (CMB),
and 2-(3,6-ditert-butylcarbazol-9-yl)benzophenone (COB) were
synthesized by means of the coppbronze-catalyzed Ulimann
condensatiot? of the corresponding bromoacetophenones (or
bromobenzophenones) with 3,64dit-butylcarbazole (Figure
1). The solvents used for absorption and emission studies,
hexane (HEX), methylcyclohexane (MCH), butyl ether (BE),
isopropyl ether (IPE), ethyl ether (EE), 1,2-dimethoxyethane
(DME), butyl acetate (BA), ethyl acetate (EA), 1,2-dichlo-
romethane (DCM), acetonitrile (ACNN,N-dimethylformamide
(DMF), N-methylpyrrolidone (NMP), dimethyl sulfoxide
(DMSO), and 1-propanol (PrOH) were of spectroscopic or
fluorescence grade (Aldrich and Merck). All solvents did not

Low-energy parts of the absorption spectra are expanded by a factor
of 4

900 CDT fluorometer (Edinburgh Analytical Instruments). For
the quantum vyield ®¢) determinations, the solutions had
identical optical densities at the excitation wavelength and were
deaerated by saturation with preliminary purified and dried argon
to avoid fluorescence quenching by oxygen. Quinine sulfate in
0.1 M H;SO; (with @¢ = 0.51) served as the quantum yield
standard?

Fluorescence lifetimes were obtained using a FL 900 CDT
time-resolved fluorometer (Edinburgh Analytical Instruments).
They? test and the distribution of residuals were the main criteria
in the evaluation of the quality of the fit of experimental decay
curves. 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 in the ACN and/
or DMF solutions containing 0.1 M tetmnabutylammonium
tetrafluoroborate (TBAPF as the supporting electrolyte. Mea-
surements were carried out under argon on approximately 1 mM
solutions. The analysis of the voltammograms, recorded at scan
rate 100 mV/s, 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 previousl|§z-32

Semiempirical quantum chemical calculations have been
performed using the AM1 method (from HYPERCHEM pack-
age developed by Hypercube Inc.). Other calculations (e.qg.,
band-shape analysis of the CT fluorescence) were made by
means of the least-squares method using a Sigma Plot package

show any traces of luminescence and were selected to coverffom Jandel Corp.

the wide range of the static dielectric permittivity value¥®

2.2. Instrumentation and Procedures.Absorption spectra
were recorded using a Shimadzu UV-2401 PC spectrometer.
Emission and excitation spectra (corrected for the spectral
sensitivity of the instrument) were measured by means of a FS

3. Results and Discussion

3.1. Absorption and Emission SpectraRoom temperature
absorption spectra of the studied compounds are presented in
Figures 2 and 3. The spectra show a superposition of the bands
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Wavenumber /cm” CT absorption and fluorescence spectra exhibit a mirror relationship.

) ) . ... Dotted line (resulting from a subtraction of the lowest CT absorption
Figure 3. Room temperature absorption spectra recorded in acetonitrile from the total absorption) corresponds to excitation localized in the

for 3,6-ditert-butylcarbazole (CAR) and its doneacceptor derivatives 3 g_gjtert-butylcarbazole (CAR) moiety.
containing benzophenone (CMB, COB and CPB). Spectra of CMB,

COB, and CPB are shifted along theaxis by a factor of 2x 10". Carbazol-9-yl derivatives of the aromatic ketones, similarly
Low-energy parts of the absorption spectra are expanded by a factor

of 4 as other large aromatic -AD molecules, exhibit a single
' fluorescence band at room temperature. A considerable red shift

corresponding to the donor and acceptor subunits, which seemOf the fluorescence spectral position (and the increase of the

. o . - Stokes shift and of the emission bandwidth) with increasing
to be only slightly perturbed by their interactions. Similarly to - .
carbazol@3 the first five absorption bands of CAR, being solvent polarity point clearly to the polar character of the

centered inhexane at 29 700, 33800, 38 800, 40200, and ;2 Ee SRR TR S RO L G of he
43 100 cnt?, were assigned to the find(r,n*) states of'Aj, P ’ Y

. excited state dipole momenfg.| are much higher than those
"Bz, 1Bz, Ay, andlB_z symn’]etry, respectively. Thle two former ¢y ground statétiy|. It shclrﬁld be noted that in contrast to
bands correspond in Platt's notation to fhe and .L.a exmtgd most of the large A-D aromatic compounds, no (or only trace)
states, and_the last one to tHie state. Thle transitions with a emission is observed in nonpolar (MCH or HEX) or weakly
relatively high pr'obablllty L. o So and B, — ) can be polar (BE) solvents. The emissive properties of the studiedA
C'eaf'y observed in the absorption spectr_a_ of al! the Comlooundssystems are enhanced in polar media. The fluorescence intensity
stu@gd. Thg eﬁect. of the Iowest.transmons in the.acceptor initially increases with the solvent polarity (starting from IPE),
moietie$537 is manifested by an increase of the width and

X ) ) ° maximizes for the moderately polar solvents (e.qg., for both para
intensity of the second and third absorption bands of théA isomers, CPA and CPB, the observed quantum yidid
molecules with respect to those of CAR. Detailed inspection approac'hes the values ciose to unity in EA or DME), and

of the low-energy absorption region of the studied-B  gecreases thereafter in more polar solvent (such as ACN or
carbazole derivatives clearly indicates the presence of additionalppr). This behavior is most probably connected with the
bands. Similarly, as was found for 3,64-butylcarbazol-9-  hresence of two competitive nonradiative excited state deactiva-
yl-dicyanobenzene®, the separation of the low-energy CT  tion channels-the intersystem crossing to the triplet manifold

absorption band is due to the increasing electron affinity of the anq a direct radiationless charge recombination process in the
acceptor (ketone) subunit and the corresponding lowering of singlet manifold.

the CT state energy. The red shift of the lowest abSOfption band The |0W_temperature emission Spectra of acetophenone as
for benzophenone derivatives as compared to acetophenongyell as benzophenone derivatives were recorded at 77 K in
analogs may be simply related to the electron affinities of the glassy solvents such as MCH or PrOH. In both rigid matrices,
given acceptor subunits. The attribution of the lowest absorption a|| of the compounds studied emit mainly very intense phos-
bands to @CT - S transition is additionally supported by the  phorescence and similarly as at room temperatures in nonpolar
comparison of the reduced absorption bands (as plotted in theenvironment only a very weak (if any) fluorescence. The
form e(v75)/Va Vs 7a) and the emission profiles (i.e., a plot of the  observed spectra are presented in Figures 5 and 6. The molecules
normalized reduced intensit{#)/7 vs ). The corresponding  containing acetophenone as an electron acceptor show structured
spectra seem to exhibit a mirror relationship. Figure 4 shows phosphorescence spectra with the vibrational structure and the
the corresponding spectra for COB in ACN solution as the spectral positions of the 0,0 band similar to those observed for
representative example. An intrinsic increase of the first CAR (the carbazole Tstate is of3L, type®®). These results
absorption band intensity for CPB and CPA molecules (as indicate the dominari(zr,7*) character of the phosphorescent
compared to the other isomers studied) indicates that two triplet states with the excitation being mainly localized in the
transitions!CT — S and Y(,7*) — S are superimposed in  carbazole moiety. On the contrary, the phosphorescence spectra
this band. of the benzophenone derivatives correspond td(the*) state’®
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TABLE 1: Spectral Position of the Fluorescence Maxima
(7s), Quantum Yields (@), Decay Times €;,), and Resulting
Radiationless kn;) and Radiative (k) Rate Constants, and
Electronic Transition Dipole Moments (M) of the
Carbazol-9-yl Derivatives of Aromatic Ketones in
N,N-Dimethylformamide Solutions at Room Temperature

substance¥@ (cm™) @ e, (nS) k(s  k(s) M (D)

CPB 18400 0.29 9.8 7210 3.0x10° 23
coB 19000 0.058 105 9R10° 55x10° 0.9
CMB 18000 0.053 20.4 4610 26x10° 0.7
CPA 19400 0.27 105 7.810 26x 107 2.0
COA 20075 0.091 16.7 5510 55x10° 0.85
CMA 19550 0.071 226 4.%x10° 3.1x1¢° 0.7

a Scatter of results ig=100—-150 cntl. P Error is about 10%. Thus,
the maximal error is about 20% for the rate constdntand k., and
about 10% for the transition momeht.

CPA "
CMA /f
COA J/n

A

>

The spectroscopic properties of the-B system studied in
the present work are in accordance with the previously reported
data for the carbazol-9-yl derivatives of aromatic nitrité&3’

The main difference (lack of the fluorescence in nonpolar media)
CAR arises most probably from the nature of the lowest acceptor

— —T— F=—r— triplet state with®(n,7*) nature and is connected with the spin

30000 25000 20000 15000 orbit coupling effects.
Wavenumber /cm 3.2. Excited State Dipole MomentsThe lowest CT absorp-

Figure 5. Phosphorescence spectra (in 1-propanol glass at 77 K) of ion bands of the studied carbazole derivatives show a small
3,8-ditert-butylcarbazole (CAR) and its doneacceptor derivatives  red shift with increasing solvent polarity in agreement with the
(CMA, COA, and CPA) containing acetophenone as an acceptor theory of dielectric polarizatioff Such behavior of the absorp-
subunits. tion band is expected for the transitions from a state with a
small dipole moment to a state with a larger one (eq 1).
Assuming a point dipole situated in the centre of the spherical
cavity and neglecting the mean solute polarizabitityn the
states involved in the transitiom (= ae = og = 0), the
solvatochromic effects on the spectral position of the CT
absorption spectra can be givertby*

Phosphorescence intensity /a.u.

a

CPB

Zigie—Higle—1 1nP-1

303 l26+1 22n2_|_11)

hev = v {vac) —

CMB .
where V405 and Vapd{vac) are the spectral positions of the

absorption maxima and the value extrapolated to the gas phase,
respectively. The quantitigg, andzie are the dipole moments
of the solute in the ground and excited statgis the effective
radius of the Onsager cavity ¢ andn are the static dielectric
constant and the refractive index of the solvent, respectively.
Under the same assumptions as used for eq 1, the following
expression may be applied for the description of the solvent
induced changes of the fluorescence maxima

COB

Phosphorescence intensity /a.u.

EpEE

BZP

30000 25000 20000 15000 2ite — ﬁg)[ e—1 1n°-1

Wavenumber /cm™ " =N e0)” 303 |.2E +1 2 2n° +1
(2)

Figure 6. Phosphorescence spectra (in 1-propanol glass at 77 K) of
benzophenone (BZP) and its dor@cceptor derivatives (CMB, COB, ~ ~ .
and CFFJ’B) contasining) 3,8—dért—butylcargazole as a don(or subunit. wherev, andiu(vac) are the spectral positions of the solvent-
equilibrated fluorescence maxima and the value extrapolated
localized in the acceptor subunit (the energy of the benzophe-to the gas phase, respectively. The excited-state dipole moments
none T state, contrary to acetophenone, is somewhat lower thanz. can be estimated by the fluorescence solvatochromic shift
that of carbazof). The observed changes of the shape and method'~# due to the fact that, in our case, the excited states
spectral position of phosphorescence (as compared to thelive sufficiently long with respect to the orientational relaxation
reference systems) can be probably attributed to the interactiongime of the solvent (cf. Table 1). The compounds studied show
between locally excited tripletTand3CT state. The postulated  a satisfying linear correlation between the enenggy, and the
nature of the lowest emissive triplet state agrees well with the Lippert—Mataga solvent polarity function (Figure 7). The
preliminary results of the phosphorescence lifetitpg mea- obtained fluorescence data allow to determineiih@ie — zig)/
surements. a.® values (collected in the Table 2) and, correspondingly
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2 5 Figure 8. Correlation between the energy of the fluorescence maxima
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Figure 7. Solvatochromic shift of the energy related to the CT nitriles (open squares) and the difference in the standard redox potentials
quoresce.nce maxima for CPB and CPA as a function of the solvent (@cetonitrile oiN,N-dimethylformamide solutions at room temperature).

polarity (according to eq 2). Solid line corresponds to the “theoretical” slope of 1.00.
TABLE 2: Slopes of the Solvatochromic Plots of the CT v T
Fluorescence and Results from the CT Band-Shape Analysis -10 |
of the A—D Carbazole Derivatives
sub-  fidde — i)l (i — U (e — o) i hvi 82
stance  ay’ (eV) as (eV) a(eV) (eV) (eV) (eV) 5
CPB 1.70 1.53 1.98 0.26 0.19 0.10 <
COB 1.06 1.35 0.99 0.28 0.20 0.10 =
CMB 1.48 ~1.25 a 0.30 0.19 = 0 =
CPA 1.70 1.50 2.05 0.27 0.20 0.06 o
COA 1.30 1.44 1.14 0.30 0.20 0.10 5
CMA 1.40 ~1.14 a 0.31 0.19 O 5L
2 The corresponding plots exhibit the deviations from linearity, see
text.
10 |
(considering the limitations of the model), to estimate of the L R S
excited state dipole momenfg. It was done under the 1 0 -1 -2
assumption thafiiel > |[zig] and with the effective spherical Potential vs FC NV

radius of the A-D moleculesa, ~ 0.6 nm (as estimated from Figure 9. Room temperature cyclic voltammogram of 1 mM CPB in

the molecular dimensions of the compounds calculated by g3\ TBABF,/ACN solutions. (Pt working electrode; scan ratet00

molecular mechanics). The obtained valuegeaire in the range  my/s, potential scale according to ferrocene/ferricene internal reference
of 15—20 D and 26-25 D for the molecules with and without  redox system).

carbonyl group in the ortho position with respect to the & . . .

bond, respectively. Such large values correspond to a CT'espectively. The small shift of.{A) to more negative
distance of about 0.460.45 nm, which roughly agrees with potentials can be explained by the electron-donating properties
the center-to-center distance between the donor and acceptoP! 3,6-ditert-butylcarbazole bonded to the acceptor subunit.

moieties of the compounds. It suggests that the full (or nearly Correspondingly, the small shift d&(D) to more positive
full) electron transfer takes place in all of the-® systems potentials arises from the electron-withdrawing character of the

studied. acceptor moiety. Th&{A) and Ex(D) values indicate also
This conclusion is in excellent agreement with a linear (in agreement with the absorptior! spectra) that both subunits

relationship found between the CT fluorescence energies and®f all the A—D molecules studied interact very weakly.

the differences in the redox potentials corresponding to the 3-3- CT Band-Shape AnalysisAdditional information on

oxidation of the donor subun.(D) and the reduction of the the properties of the excited CT states can be obtained from

acceptor moietE.((A) in the A—D molecules. The correlation  the analysis of the charge transfer absorpti@iT(— Sy) and/

for the studied A-D compounds is shown in Figure 8 together ©OF the radiative charge recombinatid€T — So). As has been

with the results reported previoudhfor carbazol-9-yl deriva- ~ Shown by Marcus, Hush, and Ulstrup, the following expression

tives of aromatic nitriles. In the above correlation the values of for the molar absorption coefficiea{v) for CT absorption of

Exx(D) — EredA) are determined from the cyclic voltametry @ given photon with energhiciia can be derivett!

data obtained for the given-AD molecule in ACN and/or DMF . )

containing 0.1 M TBABEK (an exemplary voltammogram is €(y) 8’ M* _e9 1

shown in Figure 9). The obtained values are very similar to ~ -~ — T .

those expected from the electrochemical properties of the donor i, 3inl0c S j! AnokgT

and acceptor alone; the standard oxidation poterfigd®) as (AGgr + 4, + jhv, — hoir)?

well as the standard reduction potentig(A) were found exp —

close to the values found for CARand a proper ketorf€, 4 ks T

®3)
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TABLE 3: Free Energies of the Excited!CT States of the
Carbazol-9-yl Derivatives of the Aromatic Ketones in
Acetonitrile and N,N-Dimethylformamide Solutions.
Comparison between the Values Obtained from the
Electrochemical and Spectroscopic Investigations

=

g acetonitrile N,N-dimethylformamide
= substanceF(Ey, —Eng)? —AGcr® —Wr F(Ey —Eng? —AGcr® —Wr
[72)

g CPA 3.19 3.16 0.03
€ CMA 3.13 3.13 0.00
e COA 3.16 3.02 0.14
o CPB 2.97 2.97 0.00 3.07 3.09 —0.02
@ CMB 2.91 2.84 0.07 2.91 2.95 —0.04
= COB 3.00 279 021 3.04 2.81 0.25
Lt

a Scatter of the results i40.02 eV.” The estimated uncertainty of
the computed values (band-shape analysis) is ca. 0.02 eV. Thus, the
maximal error is about 0.04 eV for thes term.

30000 25000 20000 15000 10000
A the CT emission spectra (i.e., a plot of the normalized reduced
Wavenumber /cm intensity | (V5)/7:3 vs ) is observed in the case of the system
Figure 10. Room temperature CT fluorescence spectra of CPB and stydied (cf. Figure 4). Consequently, the CT absorption and CT

COB in isopropyl ether, dimethoxyethane, awdl-dimethylformamide  — f,5rescence bands are reproducible with the same set of the
(from left to right, respectively) and the corresponding numerical fit energetic and nuclear parameters.

(circles, squares, and diamonds, correspondingly) according to eq 4.
The values ofAGcr and A, extracted from the band-shape

where M is the electronic transition dipole momerks the analysis depend on the solvent polarity, as expected. The more
Boltzmann constant the velocity of light, andl temperature. polar is the medium, the larger is the outer reorganization energy
In a similar way, the CT fluorescence profile, i.e., the gfe) (o) and the smaller is the energy gap between the ground and

of the emission of a given photon with enerysis, is given by excited ICT states AGcr), in agreement with the dielectric
continuum model of solvation. An analysis of the solvent effects

(7)) 6ar* e 59 1 on AGcr is possible according to eq 5 (based on the Onsager
= M? Z theory* of the dipole solvation energy):
n317f3 3h & ! 4l Ks T
~2_ =2
ihv. )2 Ue —UgTe—1
] @er o+ v+ b @ AGe; = AGg (vac) + =19 [—26 = ©
AksT %

The experimental values ofi — zig?)/a.,® term are collected

in Table 2. These values are similar to those obtained from the
solvatochromic dataig(zie — fig)/a,® parameters). Both values
for the given A-D system should be identical within the
dielectric continuum approximation, if the ground state dipole
moment is equal zero. This is not the case with the studie® A
compounds which have the ground state dipole moments in the
range of 2-4 D (from AM1 calculations). Moreover, for both
meta derivatives (contrary to ortho and para isomers) some

The electror-vibration coupling constargis equal to the inner
reorganization energy expressed in units of vibrational quanta
(S= Ai/hwy). The inner reorganization energycorresponds to
the high-frequency motions (represented by a single “averaged”
mode characterized by) associated with the changes in the
solute bond lengths and angles. The reorganization erirgy
is related to the low-frequency motions such as reorientation
of the solvent shellXs) as well as any other low- and medium-

frequency nuclear motions of the solutéif) undergoing deviations from the linear fitAGer vs (¢ — 1)/(2¢ + 1)) are

electron transfer. . . .
observed. The effect is small and similarlytg(as discussed

Following the procedure of the band-shape analysis of the bel bably ari f h | induced ch
CT fluorescence spectra proposed by Cortes, Heitele, and; elow) most probably arises from the solvent induced changes

Jortnert? the quantities relevant for the electron transfer (i.e., in the excited CT state dipole moments.

AGcr, hvi, 4i, andig) were varied as free fit parameters. It has It should be emphasized that the valuesAdbcr obtained
been done with an assumption that the electronic transition from the spectroscopic data agree very well with the independent
dipole moment valud is independent of the emitted (absorbed) €stimations of the energy levels of theT states based on the
photon energy. It should be stressed that nearly the same result§lectrochemical measuremefts® It may be done according
are obtained in the analysis taking into account the dependencé® €d 6 in which the last term corresponds to the Coulombic
of M vs # (cf. also ref 12). Representative examples of the Stabilization energy (between the elementary chaeges the
numerical fits (within a single high-frequency mode approxima- Separation distancep) in the radical ion pair (as forming a
tion according to eq 4) of the CT fluorescence spectra are CT state)

presented in Figure 10; the experimental emission profiles of

all the A-D compounds studied in the whole range of the AGgr= F(E{A) — E;i(D)) — Wg = F(E,A) —

solvents could be adequately reproduced. It should be noted, e?

however, thaGet and A, as well ashy; andA; turn out to be E.(D)) — ° (6)
somewhat correlated, leading to a numerical uncertainty (stan- €Map

dard deviations) of their values of abat0.02 eV. Because of

the model approximations, however, the real uncertainty can Table 3 presents the results of such comparison in DMF and
be somewhat larger. The mirror relationship between the reducedACN solutions. The respective values of coulombic attraction
CT absorption bands (as plotted in the fot(#,)/7, vs ¥5) and terms wg are very small for meta and para isomers and
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Figure 11. Correlation between the reorganization enetgwand the
solvent polarity function (according to eq 7) fdrcarbazolyl derivatives
of benzophenone:¥) CPB, (») COB, and ) CMB.

somewhat larger for ortho systems. It corresponds very well to

04

the different distances between redox centers and agrees alsd

with the experimental values of the excited state dipole
moments.

The quantitative discussion #§, values is possible according
to eq 7, which is somewhat different from the classical Marcus
expression but more suitable for the direct comparison with the
results of the solvatochromic investigatiéh$®

(te — ﬁg)z
3

8

The dependence of the reorganization endrggn the solvent
polarity function is presented in Figure 11 for the-B systems
containing the benzophenone subunit. Nearly the same pictur
was obtained also for the case of acetophenone derivatives. Fo
both ortho and para isomers the valuesaf< zig)%/a,® obtained
from the slopes of the plots corresponding to eq 7 agree with
those obtained from the other solvatochromic data (cf. Table
2). The meta isomers, however, show somewhat different
behavior. Linearization of the experimentd) values is not
possible without the physically meaningless assumption of the
negative intercept®)i,. The observed inconsistency arises
probably from the solvent-induced changes of the solute
geometry (i.e., conformation) of the excited CT state ap-
proximated as the contact ion pair. In low-polarity solvents (with
€ < 5), Coulombic attraction between oppositely charged
carbonyl group (in acceptor subunits) and positively charged
nitrogen atom (in donor subunit) leads to conformation which
corresponds to the lower value of the excited state dipole
moment. In more polar solvent (witk > 5), Coulombic

(-1 -1
[2¢+1 2041

Ao = 0Ay + A=Ay + )

€

J. Phys. Chem. A, Vol. 103, No. 41, 1998151

1-C,H,

N

N &
S¥
O
g
<S5 €>5

Figure 12. Two possible conformers of the excité@T states of
carbazol-9-yl derivatives of benzophenone in low polar<(5) and
high polar € > 5) media, respectively.

For the given A-D molecule, the quantitied; and hy;
(collected in Table 2) have been found to be nearly constant
(with uncertainty of aboui0.02 eV) over the whole solvents
range. Thehy; values (being about 0.39.20 eV) seem to
correspond to the stretching vibrations of the € and C-N
bonds®® The experimental values of; are in a reasonable
agreement with the results of AM1 semiempirical calculations.
he difference between the computed values of the heat of
formation of the donor in its equilibrium nuclear geometry and
in the conformation corresponding to the equilibrium geometry
of its radical cation is added to the respective value calculated
for the acceptor and its radical anion. The sum of these energy
differences can be regarded as a lower limit of the inner
reorganization energies. The above approach neglects, however,
the contribution related to the changes of the nitrogesrbon
bond between the donor and acceptor subunits. The calculated
values (being in the range of 0.28.27 eV) agree very well
with those obtained experimentally (Table 2).

An independent verification of the computed parameters
AGcr, 4i, and/, is possible due to the following approximate
expressions for the maxima of the reduced CT absorption and
fluorescence specfral®

llz(hd’abs_ hCT’ﬂu) = ’lo + ’li 8

gl ANCV s+ hCivg) = —AGcr )
The experimental positions of the maxima of the reduced CT
absorption and CT fluorescence spectra as well as the energy
of the corresponding Stokes shift agree well with those predicted
by the band-shape analysis (within the accuracy of the fitting
procedure (ca. 3« 0.02 eV)). It indicates that the dielectric
continuum model describes quite well the observed solvent
effects in our particular case of the largearomatic A-D
systems.

The absence of the solvent-induced changes; itogether
with small values 0b/, indicates also the lack of any significant

attraction forces are smaller and the effects caused by an increasstramolecular nuclear motions (e.g. rotations arouneDA

of the excited state solvation energy prevail, leading to the
conformation with a higher value of the excited state dipole

bond) upon excitation for the studied—-® systems with
carbonyl group in ortho or para position. Especially, the twist

moment. From sterical reasons such conformation changes areangle between the donor and acceptor moieties in the emitting

only possible for the meta isomers (cf. Figure 12). The values
of 61, estimated from the intercepts of the plotgfvs solvent
polarity function (eq 5) are in the range of 0:68.10 eV for

all the A—D carbazole derivatives. As mentioned aba¥g, is
probably connected with the low-frequency intramolecular
vibration mode 7. < 200 cnT?, e.g. associated with librations,
internal rotations) and/or with the medium-frequency mode of
the solute #y = 300-600 cnT?, e.g., an aromatic ring skeletal
vibration).

1CT state seems to be similar to that in the ground state. The
conclusion appears to be also fulfilled for the meta isomers
where two conformers seem to have the same energies, with
only somewhat restricted internal rotation of carbonyl group.
3.4. Radiative Rate Constants and Electron Transfer
Coupling Elements.If we apply a simple kinetic model of an
irreversible excited charge transfer state formation (with 100%
efficiency), the radiationles{) and radiativel) rate constants
can be determined from the CT fluorescence quantum yields
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®r and lifetimeser, Vo= Clumo Criomo Bap C0SOpp) +const (14

ke = ey, (10) where®,p is the angle between the planes of the donor and

k. =(1— @)y, (11) acceptor subunit;, and\,o and CBOMQ are .the correspo_nd-
ing LCAO coefficients of the 2patomic orbitals (where is

the axis perpendicular to the acceptor or donor ring) of the
carbon and nitrogen atoms forming—-® bond, respectively.
The quantity const is related to the electronic interactions
between the remaining pairs of atoms in a givenAmolecule
(this contribution is relatively small and negligible). The values
Clumo andChouo May be obtained in two independent ways:
VIR (12) (i) from semiempirical AM1 calculations and (ii) from the
hyperfine structure of the ESR speéfraf the respective radical
catiorP® and aniorP”-58Both methods yield very similar values.
Assuming the resonance integr8lp = 1.8 eV (carbor-
nitrogen bond) and neglecting the electronic interactions between
the remaining pairs of atoms in the dor@cceptor systems
(i.e., const= 0) the value of\y has been calculated from eq
14. It was done using the necessary valuesGah angle
obtained by means of AM1 calculations (crystallographic data
are available only foN-pyridyl andN-phenylcarbazolé&9). The
ycalculateol\/o values agree quite well with those found experi-
mentally; the corresponding correlation is presented in Figure
©13 (for comparison also the data for otherB system&325
are included).

Similarly, the electronic coupling element$ between the
1CT state andLE states (either connected with the doNgP
or with acceptoV,* can be described:

The experimentak; and ky, values for all the A-D carbazole
derivatives in DMF solutions are collected in Table 1 together
with the corresponding values of electronic transition dipole
momentsM calculated according &

_ 647t
k= 3h

The important result is that the values bf for emission
processes are comparable with those estimated for the corre
sponding absorption (estimated from the CT band intensity).
This finding (in agreement with the conclusion from the CT
band-shape analysis) supports the lack of any significant
conformational changes (especially connected with the angle
between the planes of the donor and acceptor subunits)
accompanying the excited state charge separation. Consequentl
the observed values of the transition dipole moment (for CT
absorption as well as emission) can be interpreted in the sam
way.

Generally, the electronic transition dipole moments are
discusset in terms of the electronic coupling between #@&T
and $ states (Mulliken’s two-state modél and/or between
the ICT state and close lyindLE state of the appropriate
symmetry (intensity “borrowing” mechanism as advanced by
Murrell®¥). In the case of fluorescence the following expresion
can be applied for the estimation of the appropriate contribu-

V,* = Cliomo Criowio Bap €0S@pp) + const  (15)

tions: V;° = Clumo Clumo Bap C0SOp) + const  (16)
V(e — Tiy) VM, Expressions 15 and 16 are valid only for the interactions with
= ¢ + (13) thelLE states mainly described by a configuration corresponding

hcy, — E — hcyy, to an electron jump from HOMO to LUMO (e.dL, states of

the studied subunits). Higher UMO and lower OMO orbitals

whereVy andV; are the electronic coupling elements between should be considered if the given interacting LE state is
the ICT state and the ground state or between D& state described using the configuration interaction (Cl). The small
andlLE states I” of energyE;, respectivelyM; is the electronic values (0.153, 0.00) of the coefficients of the LUMO and LUMO
transition moment corresponding to the radiative transitidh + 1 orbitals at the carbazole nitrogen atom explain the absence
— S,. Similarly as was found for carbazol-9-yl derivatives of of any significant intensity “borrowing” from the donor subunit.
aromatic nitrilest3 the first term in eq 13 seems to be mostly The corresponding effect originating from the acceptors is not
responsible for the observédd values for the A-D molecules operative because of relatively large energy gap between the
studied. The analysis of the absorption spectra (cf. Figures 2acceptor LE andCT states. The large value (0.503) of the
and 3) shows no spectral evidence of significant role of the LCAO coefficient of the HOMO orbital at the carbazole nitrogen
mechanism expressed by the second term in eq 18. For exampleatom agrees well with the dominant role of the interactions
the increase of the intensity of the first absorption band in CPB between the emittingCT and the ground states.
and CPA with respect to that of CAR does not introduce any  The values of the appropriate LCAO coefficients of the donor
marked decrease of the intensity of the bands corresponding toLUMO (and higher UMO) orbitals and of the acceptor HOMO
the donor and acceptor subunits. (and lower OMO) explain also (at least qualitatively) the effects

The values of the electronic coupling eleméptas estimated ~ observed in the phosphorescence spectra. For example, the red
from the experimentdll values under the assumption that the shift of the phosphorescence maxima can be explained by taking
first term in eq 13 plays a dominant role) are found to be into accounts the stabilizing interaction between the lowest
correlated with the position of the carbonyl (acetyl or benzoyl) excited 3LE and CT states. The appropriate values of the
group with respect to the AD bond. Such behavior seems to  products Cfjomo Chomo @nd Crumo Clumo SUggest that such
be understandable within the concept that the electronic couplinginteractions should be relatively weak for the locally excited
elements are mainly determined by the interactions between thetriplets within the donor and stronger for the acceptor moieties
atoms forming the A'D bond. The formalism proposed by (the respective energy gaps are similar). Moreover, the observed
Dogonadze et &€ and adapted for the intramolecular charge- effects should be largest for the para isomers. Both predictions
transfer in refs 13, 24, and 25 allows a quantitative description are really observed in the recorded phosphorescence spectra (cf.
of this finding. The electronic coupling elemevii responsible Figures 5 and 6), but further investigations of the nature of the
for such kind of interactions can be estimated according to eq lowest emissive triplet states are required for the more detailed
14: discussion.
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TABLE 4: Comparison between Experimental (Eq 11) and
Computed (Eq 17)k, Values (Data in
N,N-Dimethylformamide Solutions)}

0.2

0.1

0.0

Electron transfer matrix element (exp.) /eV

0.0 01 02 03
Electron transfer matrix element (calc.) /eV

Figure 13. Correlation between the experimental and calculated
(according to eq 13) values of the electronic matrix elemafits
describing the electronic coupling between the excited charge transfer
1CT state and the ground statg: M) carbazol-9-yl derivatives of
aromatic ketones[{) carbazol-9-yl derivatives of aromatic nitrilé%,

and ©) 9-acridyl derivatives of aromatic aminé&s.

3.5. Competition between Radiative and Radiationless
Transitions. As mentioned above, the nonradiative depopulation
of the lowest excitedCT state of the studied compounds is
most probably controlled by two competitive mechanisms: (i)
the intersystem crossing (ISC) to the triplet manifold and (ii) a
direct radiationless charge recombination (DICR) to the ground
S state in the singlet manifold. The efficiency of the radia-
tionless depopulation path via the triplet manifold in various
A—D systems should depend on the energy of At states

with respect to that of the CT state. To examine the latter process

it should be recognized to what degree the nonradiative
deactivation of théCT state can be assigned to the DICR path.
The decrease of the CT fluorescence intensity with the growing
solvent polarity for all of the studied AD derivatives suggests
that the DICR channel is the dominant radiationless deactivation
path in the polar media. To test this hypothesis, the experimental
rate constants of the DICR{ values in highly polar solvents
such as DMF) can be compared with those calculated from the
following relatiorf©

47 K T
(AGer + 44+ thi)2
40 ks T

ex a7

where the values oAGcr, 4o, hvi, andS are derived from the
band-shape analysis of the CT fluorescence spectra (eq 4) an
those of the electronic coupling elemeltsfrom the investiga-
tions of the radiative properties of tAET states. The discrep-
ancies between the experimental nonradiative rate condtants
and the values calculated from eq 17 for the studiedDA
derivatives are smaller than 1 order of magnitude (cf. Table 4)
which may be regarded as satisfactory (especially taking into

account the number of the parameters going into calculations).

The obtained results illustrate that, similarly to electron transfer
in contact radical ion pair%,1! the Marcus theory can be used
for at least a semiquantitative description of the electron transfer
rate constants also in the intramolecular doeracceptor
systems. Moreover, similarly as it was found previotishpr

Vo Ai hvi Ao AGer ka(exptl) kn(calcd)
substance (eV) (eV) (eV) (eV) (eV) (10'shH (10°s™?
CPB 0.21 0.26 0.19 0.69 3.09 7.2 48
COB 0.11 0.28 0.20 0.38 281 9.0 15
CMB 0.063 0.30 0.19 0.60 2.95 4.6 26
CPA 0.19 0.27 0.20 0.63 3.16 7.0 21
COA 0.11 0.30 0.20 0.43 3.02 55 7.1
CMA 0.068 0.31 0.19 0.63 3.3 4.1 9.9

2 The values of the outei§) and inner {;) reorganization energies,
the free energy gapGcr, and the vibrational quantav; as computed
from CT emission band-shape analysis (eq 4). The electronic matrix
elements/, calculated from the experimental electronic transition dipole
moment (Table 1) according to eq 13 (with neglect of possible
contribution from the locally excited states, see text).

carbazol-9-yl derivatives of aromatic nitriles, ISC processes can
be neglected in the polar media.

According to the energy gap rule (i.e., the energy difference
between!CT state and &state) lowering ofk, rate should
follow the decrease of the solvent polarity. In the studied cases
it is indeed observed in the moderately polar solvents (like EA
or DME) with the maximal values of the fluorescence quantum
yields. In nonpolar (HEX or MCH) or low polar media (BE)
lack (or only traces) of the room temperature emission clearly
indicates the opening of another nonradiative deactivation
channel, most probably an ISC process. More detailed inspection
in the results of the CT band-shape analydi&¢r values) and
comparison of the computetiGer values with the energies of
the locally excited triplefLE states (of the donor and acceptor
subunits) support the above explanation. The studieeDA
molecules emit intense fluorescence if the energies of their
emissivelCT states are equal or smaller than 3-B025 and
2.95-3.10 eV for acetophenone and benzophenone derivatives,
respectively. The corresponding energies for the lowest triplet
states (6-0 transition in the parent acceptor phosphorescence
spectra) are 3.20 and 3.00 eV. For the donor subunit (3,8-di-
tert-butylcarbazole) the corresponding transition is localized at
3.05 eV. In nonpolar solvents the correspondix@cr values
(extrapolated according to eq 5) are distinctly higher than the
energies of the locally excited triplets and correspondingly the
fast transition'CT — SLE may take place. Contrary to that, in
the polar medidCT states are situated below the locally excited
triplets and ISC processes do not occur. Solvents like IPE or
EE (in which the room temperature fluorescence appears) seem
to be a border case. The above conclusions are summarized in
Figure 14 which presents the corresponding processes and
energy level diagrams.

It becomes evident that the observed very fast ISC process
in nonpolar solvents is connected with fife,z*) nature of the
lowest acceptor triplet and arises from the spambit coupling
effect caused by the oxygen atom from the carbonyl groups. In
the case of benzophenone derivatives the low(@st*) triplet
state (localized within the acceptor subunit) is populated directly.
In the case of acetophenone derivatives, however, the reaction
mechanism is somewhat more complicated. J(ner*) triplet
state of the acceptor subunit seems to be an intermediate which
undergoes the excitation energy transfer into the IGirgr*)
triplet state (localized within the donor subunit). Similarly as
was observed in the cases OFcarbazolyl derivatives of
aromatic nitrilesi®27the direct population of this lowest excited
triplet state in the acetophenone derivatives is much slower. The
mechanism as discussed above seems to be the most probable
from the kinetic point of view, but detailed transient absorption
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Figure 14. Energy levels diagrams for carbazol-9-yl derivatives of acetophenone (top) and benzophenone (bottom) in nonpolar and polar solvents,
respectively.

investigations are necessary for more advanced discussion an@nd band shape of the CT absorption and emission allowed to
for the confirmation of the solvent polarity induced changes in estimate the energy levels for the-® molecules studied. A

the reaction mechanism. The increase of the solvent polarity very good agreement between two independent estimations of
(and, correspondingly, the decrease of tB€T states energy)  the energy levels of thkCT states based on the two independent
not only induces the changes in the competition between two ways, i.e., electrochemical and the photophysical, is observed.
nonradiative deactivation channels but also should lead to the  The analysis of the CT fluorescence profile leads to the
different electronic structure of the lowest triplet state in the guantities relevant for the electron transfer in the Marcus
given A-D molecule. It arises from the switching from the jnverted region. The obtained values suggest that the studied
stabilizing (nonpolar media) to the destabilizing (polar media) A —p derivatives do not undergo any significant low-frequency

interactions between the CT state and the locally excitétl  jntramolecular nuclear motions (e.g., rotations) upon excitation.
triplet state (in the acceptor or donor subunits). In nonpolar The twist angle between the donor and acceptor moieties in
media the electronic interactions are stabilizing because’@ie the emitting!CT state seems to be similar to that in the ground

states are energetically located above of the locally excited gtate. This hypothesis agrees well with the values of the
triplets. It is mdegd qbserved in the phosphorescence spectrag,orescence rate constanks) @nd the corresponding transition
On the contrary, in higly polar solvents théCT states for the  ginole momentsNi). The probabilities of the radiative electron
studied A-D systems seem to be localized below the locally {ansfer exemplified by the CT fluorescence can be correlated

excited triplets. The wave function of the lowest triplet state in ith the magnitude of the LCAO coefficient of the acceptor
the studied A-D molecules should have a considerable amount | MmO orbital at the position of the donercceptor bond. The

of the CT character, _similarly as it was reported for the carbazol- large value of the LCAO coefficient of the HOMO orbital at
9-yl derivatives of dicyanobenzengs. the carbazole nitrogen atom and the small one of the corre-
sponding coefficient of the LUMO orbital are responsible for
the dominant role of the electronic interactions between the

Radiative and radiationless charge recombination processesmitting!CT state and the ground state. Moreover, the obtained
exemplified respectively by the CT fluorescence and direct results illustrate again that, similarly to electron transfer in
radiationless charge recombination to the ground state in thecontact radical ion pairs, the Marcus theory can be used for the
singlet manifold have been studied in a series of N-bonded quantitative description of the radiationless electron transfer rate
donor—acceptor derivatives of 3,6-tiert-butylcarbazole con- constants also in the intramolecular donacceptor systems
taining acetophenone and benzophenone as an electron acceptorith the same set of the parameters going into theory. Of course
The investigations of the solvent effects on the spectral position it is possible only when ISC processes can be neglected.

4. Concluding Remarks
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