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We study the effects of symmetry breaking on the photogenerated intramolecular charge transfer (CT) state
of 9,9-bianthryl (BA) with femtosecond time-resolved near-IR spectroscopy. The time-resolved near-IR spectra
are measured in acetonitrile for a symmetric substituted derivative of 'i@icdyano-9,9-bianthryl (DCBA)

and asymmetric substituted derivatives of 10-cyanttighthryl (CBA) and 94-carbazolyl)anthracene (C9A),

as well as nonsubstituted BA. The transient near-IR absorption spectrum of each compound at 0 ps has a
locally excited (LE) absorption band, which agrees with the transient absorption band of the corresponding
monomer unit. At 3 ps after the photoexcitation, the symmetric compounds show a broad charge transfer
(CT) absorption band, whereas no absorption peak appears in the spectra of the asymmetric compounds. The
broad CT absorption at 1250 nm only observed for the symmetric compounds can be attributed to the charge
resonance transition associated with two equivalent charge separated states.

Introduction will affect the charge transfer kinetics of the asymmetric
derivatives. However, if the internal rotation from the perpen-

bianthryl (BA) is a key photochemical reaction for elucidatin dicular configuration affects the reaction kinetics, the reaction
the cha);ge transfer myeghani ABA has two anthracene ringsg rate is not necessarily affected by the asymmetric substitution.
perpendicular to each other in the ground state. When BA is Previous works have revealed the complicated nature of the
irradiated with the UV light, it is excited to the locally excited substituent effect on the intramolecu!ar charge transfer in .BA.
(LE) state in which one of the anthracene moieties is electroni- 1€ charge transfer proceeded faster in a monochloro-substituted
cally excited. In polar solvents, electrons are rearranged betweerPianthryl than in the nonsubstituted ohk.was suggested that
the two anthracene rings and the charge transfer (CT) state isthe asymmetric configuration of the prepolarized solvation shell
formed. In the charge transfer reaction, the solv&tidand the formed in the ground state promoted the reaction in the excited
internal rotation around the centra—C bond—1° have been state. A transient absorption study of BA adsorbed in porous
considered as vital processes. However, the mechanism of thigdlass® indicated an unexpected fast CT formation in the
basic reaction has not yet been fully understood. macroscopically nonpolar glass environment. The result sug-

Because the intramolecular charge transfer takes place in BAgeSted symmetry breaking in BA due to the adsorption. No
despite the fact that it has no permanent dipole moment in the acceleration was observed, however, in the reaction of another
ground state, the symmetry breaking in the reaction is of great plolar. derivative, ce}rbazolylanthrace.ne,lgn which an anthracene
significance for understanding how the CT state is formed in 1Nd is replaced with a carbazole rifi§.!° Cyano-substituted
polar solvents. Suppose that a permanent dipole is given to BA bianthryls showed the charge transfer within an excitation pulse
by asymmetric substitution. The solvation structure is formed duration of 60 fs followed by the solvation and internal rotation
. . . 13 i it is vi i i
in the ground state to stabilize the dipole. If the charge transfer processes$?13 Obviously, it is vital to examine the electronic
is controlled by the solvation process, this solvation structure structure of the reactant derivative for fully understanding the

reaction mechanism.
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(a) BA (b) CBA purified by column chromatography (5% chloroform in hexane).
CN It was then recrystallized from a mixture of benzene and
OOO COO chloroform at room temperature. The product was confirmed
by 1H, 13C NMR, and U\~ visible spectroscopy. Nonsubstituted
9,9-bianthryl (BA) was synthesized as reported by Magnus et
OOO OOO al2 Anthracene $99%) was purchased from Wako Pure

Chemical Industries Inc. and was used as received. The cyano-
substituted monomer unit, 9-cyanoanthracene (CA, 95%), was
purchased from Tokyo Kasei Kogyo Co., Ltd., and was used

OOO after being recrystallized from toluene and sublimed under

vacuum at 378 K. Heptane (HPLC grade) and acetonitrile
OOO (spectrograde) were purchased from Kanto Kagaku Co. and were
used without further purification.
CN Steady-state UV visible absorption spectra were measured
Figure 1. Molecules examined in this study: (a) Slanthryl (BA); by a UV—visible—near-IR absorption spectrometer (Hitachi
(b) 1O-C}/ano-9,9b|anthryl (CBA); (c) 10,106dicyano-9,9-bianthryl U-3500). Femtosecond time-resolved near-IR absorption spectra
(DCBA); (d) 9-(N-carbazolyjanthracene (COA). were obtained with the pumfprobe technique. Details of the
spectrometer were described elsewh&Feor recording the time-
resolved absorption spectra of BA and C9A, the wavelength of
the pump light was set at 393 nm, using the second harmonic
of the amplified Ti:sapphire laser. The second harmonic was
tuned to 410 nm for the photoexcitation of CBA, DCBA, and
CA. For the measurement of anthracene, the third harmonic (262
nm) was used as the pump light. At the sample point, the pulse
energy and beam diameter (at the?intensity of the peak) of
the pump light were 3:J and~0.5 mm. The angle between
the polarization of the pump and probe light was fixed at 54.7
50 that rotational relaxation did not affect the measurement. All
of the experiments were performed at room temperature. The
concentrations of BA, C9A, CBA, and DCBA in acetonitrile
were 5x 1074, 1 x 1073, 1 x 1074, and 5x 107> mol dn3,
respectively. The concentration of anthracene in heptane was 2
x 1073 mol dm3. The concentration of CA in acetonitrile was
5 x 107 mol dm 3. The sample solutions were circulated
through a 2-mm-thick quartz cell.

(c) DCBA (d) COA

cyano-9,9bianthryl (CBA), 10,18dicyano-9,9bianthryl (DCBA),

and 9-(\-carbazolyl)anthracene (C9A) (Figure 1). The effects
of symmetric and asymmetric substitution on the intramolecular
charge transfer reaction are examined.

Among the ultrafast spectroscopies, femtosecond time-
resolved near-IR spectroscopy is particularly promising, because
it can detect both the LE and CT absorption bands simulta-
neously!® In the near-IR region, the LE band was observed at
a similar position as the transient absorption band ef S
anthracene, while the broad CT band was observed at 1250 nm
We discussed that the broad CT band reflected the interaction
between the two aromatic groups. In this study, we reveal that
the character of the CT state of the symmetric derivatives is
clearly different from the asymmetric ones, based on the
observed CT bands in the near-IR region.

Experimental Section

Samples of 10-cyano-9;®ianthryl (CBA) and 10,106di-
cyano-9,9-bianthryl (DCBA) were prepared from their respec- Results and Discussion
tive mono or dibromo derivative following a method suggested
by Muller and Baumgarte#f. The prepared compounds were Electronic Structure of the LE State. Steady-state absorp-
characterized byH NMR, 3C NMR, and IR spectroscopy. The tion spectra were recorded in the wavelength region between
electronic absorption and fluorescence spectra of the prepared250 and 800 nm. All of the derivatives showed an absorption
systems were found consistent with the literature. The carba-band in the range 368450 nm. The results are represented in
zolyl-substituted derivative, IN-carbazolyl)anthracene (C9A),  Figure 2a. The spectra of the asymmetric derivatives, CBA and
was synthesized by the fusion of carbazole (1.0 mol) and C9A, are well-explained as the superposition of the two
9-bromoanthracene (1.2 mol) at 28C for 2.5 h and was monomer units. Their LE states have the character of either of
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Figure 2. (a) Steady-state absorption spectra of BA, its derivatives, and their monomer units which are likely to be photoexcited. All of the spectra
are normalized at the absorption maximum. (b) Time-resolved near-IR absorption spectra of BA and its derivatives at O ps after the photoexcitation.

Transient absorption spectra of anthracene and CA in thetdBe are also shown. (c) Time-resolved near-IR absorption spectra of BA and its
derivatives at 3 ps after the photoexcitation.
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Figure 3. Time dependence of absorbance changes of BA and its the CT state. X= H or CN. (b) The schematic diagram of the charge
derivatives at the LE peak position: (a) BA; (b) CBA; (c) DCBA; (d) ésonance transition.

C9A. The data points are represented by open circles. The best results

of the fitting analysis are shown with solid curves. The CT Absorption Bands Dependent on the Symmetry

of Substitution. After 3 ps from the photoexcitation, absorption
bands assigned to the CT absorptfoappeared, while the LE
pands decayed and disappeared. The results are shown in Figure
2c. The obtained CT absorption bands are classified into two
groups, based on their band shapes. BA and DCBA have broad
CT absorption bands centered at 1250 nm, whereas CBA and
C9A show absorption which monotonically decreases as the
probe wavelength becomes longer. This distinction clearly shows
that the shape of the CT band, unlike the LE band, is dependent
on the symmetry of the derivatives.

According to the transient visible absorptiddand coherent
anti-Stokes Raman spectroscopy (CARS]Judies, BA and its
derivatives had a CT absorption band centered at around 690
nm. It was assigned to the radical absorption band, because the
anior?* or catior?® radical of anthracene showed an absorption
band in this wavelength region. A distinct near-IR band observed
only for the symmetric derivatives at 1250 nm, however, is not
%onsistent with the charge separated state model in which the

T state is described as the summation of the cation radical
and the anion radical of the anthracene monomer. In the charge

The observed LE bands are classified into two groups. BA and separation model, the 1250 nm band should originate in either
C9A show the LE bands at 102980 nm, respectively, whereas the cation or anion radical of the anthracene moiety. Because
CBA and DCBA show those at arounoi 1150 nm. Tﬁis result is CBA has an electron withdrawing group connected to the

consistent with the assumption, as mentioned above, that theanthracene manamer, it will show the absorption bands of the

anthracene ring is photoexcited in BA and C9A and that the anthracene cation radical if the CT state is the charge separated
CA ring is photoexcited in CBA and DCBA state. Similarly, because C9A has an electron donating group,

. : : its CT state will show the anthracene anion radical bands.

The charge transfer rate is estimated by plotting the absor- .
bance change at the peak position of the LE band against timeHowever, neither O.f them shoyved the 1250 nm b?“d- Therefo_re,
delay. The obtained time dependence is shown in Figure 3.the 1250 nm band is not explained as the absorption of the cation

There was no difference between the decay curves for BA or anion radical of anthracene. The charge separated state is
recorded with pump energies of 3 and 43 Time constants hot a good model for the excited CT state of BA.

of the LE decay curves were determined by least-squares fitting hln otrr:jer to ele\E) |;III’I v(\;hé/Tong/ thet_symbme(tjrlc BAd den\;atwes del
with a single-exponential function. The obtained time constants show [he near-i broa absorption bands, we adopt a mode

are 0.38+ 0.01, 0.15:+ 0.02, 0.6+ 0.1, and 0.44+ 0.02 ps based on the charge resonance mechanism. The schematic
for BA CBA [SCIéA ana CQA res[oe’ctively ' The 6bserved diagram of the CT-state stabilization in this model is shown in
, , , , . . _ o
decay dynamics is not simply explained by the difference of '1?\‘#%_4_' A:I\—l\\llvg asqw;]/alen'tm\f_lt_at(tas, d(AfW?[;(ANR | and
the symmetry of substitution. The asymmetric substitution results( ). '(th )h ;’; erbe th ;an s for the anb rgNgroutpk)],
in a faster (CBA) or slower (C9A) charge transfer rate, while can mix with €ach other by the charge resonance between them.

: - . Wave functions of the CT stateg;, are expressed by the linear
the symmetric substitution decelerates the reaction by 60%. The - w - o
obtained time constants probably indicate that the reaction C'gm_)'?f‘ﬂozl\?;t?f wave functions of (ANT)—(ANT)’" and
kinetics is strongly influenced by the electronic structure of the ( )7 =( )
reactants in the LE and CT states. It seems difficult to extract 1
information on the effect.of the solvation or the internal rotation PHCT) = _{¢(A5+Aa—) + ¢(A5—Aé+)} 1)
process on the decay kinetics. V2

the monomer units which is locally excited at the moment of
the photoexcitation.

The steady-state absorption spectra indicate that the monome
unit which has the lower excitation energy in the derivatives is
selectively photoexcited when they are irradiated at the wave-
length corresponding to the-® transition. From the spectra
of the monomer compounds, we can estimate that {fen&rgy
level of anthracene is below that of carbazole by 3320%cm
and above that of CA by 1730 cth These energy differences
allow a selective photoexcitation with the femtosecond pump
pulses, which has an energy width=200 cnTl. We assume
that the anthracene ring is electronically excited in BA and C9A
by the irradiation of the pump light, whereas the cyano-
anthracene (CA) ring is excited in CBA and DCBA.

Near-IR absorbance changes of BA and its derivatives
induced by photoexcitation were recorded in the polar solvent
acetonitrile. The femtosecond time-resolved near-IR absorption
spectra showed two temporal components, as presented in Figur:
2b and c. At 0 ps (Figure 2b), each BA derivative exhibits an
absorption band that is assigned to the LE-state absorftion.



4294 J. Phys. Chem. A, Vol. 110, No. 13, 2006 Letters

where p(A%*A7) and p(A%~A%) are the wave functions of eV (58 600 cn?), respectively, from the ionization energy of
(ANT)?*—(ANT)?~ and (ANTY~—(ANT)*, respectively. With anthracene and CA in the gas ph#s&and from their electron
regard to the axis along the centrat-C bond,y* andy~ have affinity.3132 The large energy gap of 8800 cibetween the
the gerade and ungerade symmetries. The transition betweenwo states does not cause the resonance interaction between the
T andy™ is, therefore, optically allowed and has the transient two rings. Thus, the CT-state stabilization mechanism of the
dipole moment along the central-<C bond. The broad CT  symmetric bianthryls is different from that of the asymmetric
absorption band of the symmetric derivatives can be attributed ones. The mechanism of the intramolecular charge transfer
to the transition fromy™ to y~. The observed CT bandwidth  reaction can also be different between them, because it contains
of BA and DCBA extends over 3000 crh which is common the stabilization process of the photoproduct. The charge
in many charge resonance bands. resonance in the CT state of symmetric derivatives can be a
The charge resonance between two fully electron-transferredkey factor of the charge transfer reaction in acetonitrile, in
states, (ANTJ—(ANT)~ to (ANT)"—(ANT)*, requires the addition to the possible solvation and internal rotation processes.
rearrangement of two electrons. The two-electron transfer is not ) ) o
simply described, ify* andy~ are expressed as products of Acknoyvledgr.nen.t._ This work is supported by Grant-ln-Ald.
one-electron wave functions. Because the product of one- fqr Creatlvg ngntlfm Research (no. 11NP0101) and Grant-in-
electron wave functions is generally a good approximation for Aid for Scientific Research (B) (no. 15350005) from Japan
expressing a molecular wave function, the probability of the Society for the Promotion of Science (JSPS) and Grant-in-Aid
two-electron transfer should be sufficiently small. Apparently, for Scientific Research on Priority Areas (area 417, no.
the electrons are not fully transferred from one moiety to the 15033219) from the Ministry of Education, Culture, Sports,
other. Okada and his collaborat#rsuggested that BA did not ~ Science and Technology (MEXT) of the Japanese Government.
reach the complete charge separation at above 165 K. Our model Nis work is also supported by the Joint Research Project under
is consistent with their experimental results at room temperature.the India-Japan Scientific Cooperative Programme funded jointly
Our assignment of the near-IR absorption band to the chargeby JSPS and Department of Science and Technology (DST),

resonance transition may appear inconsistent with the previousGove'rnment of India.
assignment of the visible absorption band to the radical ion
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