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Abstract

Formation dynamics of intramolecular excimer in dioxa[3.3](3,6)carbazolophane (CzOCz) was
studied by time-resolved spectroscopic methods and computational calculations. In the ground state, the
most stable conformer in CzOCz is the anti-conformation where two carbazole rings are aligned in anti-
parallel. No other isomers were observed even after the solution was heated up to 150 °C, although
three characteristic isomers are found by the molecular mechanics calculation: the first is the anti-
conformer, the second is the syn-conformer where two carbazole rings are stacked in the same direction,
and the third is the int-conformer where two carbazole rings are aligned in an edge-to-face geometry.
Because of the anti-conformation, the interchromophoric interaction in CzOCz is negligible in the
ground state. Nonetheless, the intramolecular excimer in CzOCz was dynamically formed in an
acetonitrile (MeCN) solution, indicating strong interchromophoric interaction and the isomerization
from the anti- to syn-conformation in the excited state. The excimer formation in CzOCz is more
efficient in polar solvents than in less polar solvents, suggesting the contribution of the charge transfer
(CT) state to the excimer formation. The stabilization in the excited state is discussed in terms of
molecular orbital interaction between two carbazole rings. The solvent-polarity-induced excimer

formation is discussed in terms of the CT character in the int-conformation.

KEYWORDS (Word Style “BG_Keywords™). carbazole, cyclophane, intramolecular excimer, time-
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1. Introduction

Intramolecular excimer has attracted much attention from the view point of the relationship between
the molecular structure and the formation dynamics.t® The intramolecular excimers can be formed
when the stabilization energy due to exciton and charge resonance interactions exceeds the
conformational instability.>** Previous studies have shown that the intramolecular singlet excimer is
the most stable when the two chromophores can overlap in a symmetric sandwich or totally eclipsed
geometry. On the other hand, Lim et al. proposed the L-shaped structure of the triplet excimers of
naphthalene, which is stabilized mostly by charge transfer (CT) interaction.®>" In other words, the
intramolecular excimer formation is strongly dependent on conformational rearrangement in the excited
state. Solvent-polarity-induced intramolecular excimer was first observed for 1,2-di(1-anthryl)ethane
where the excimer formation was promoted in polar solvents.'®2° The solvent-polarity dependence is a
clear indication of an intermediate CT state in the excimer formation process. Their result suggests that
the activation energy of the conformational rearrangement is reduced in the CT state, and hence the
excimer is formed more easily.

Cyclophanes are one of the most reliable molecules for studying the intermolecular interactions
between two chromophoric groups not only in the ground state but also in the excited state,?* > because
they have a rigid structure where the relative geometry of two chromophoric groups is clearly defined.
In particular, various syn-cyclophanes have been studied to examine excimer properties in terms of their
structures.?®¢  On the other hand, the anti-cyclophanes have a structure where two chromophores are
bridged in anti-parallel geometry. Thus, the anti—syn isomerization in the anti-cyclophanes is difficult
in the ground state because of large activation energy.®”* Nonetheless, the intramolecular excimer
formation in the anti-cyclophanes has been reported by several groups.®**! Mataga et al. reported the
intramolecular excimer formation in metapyrenophane (mePy).*%*! Interestingly, the intramolecular
excimer in mePy is formed only in polar solvents. They speculated that conformational change in mePy
would be favorable in the CT state similarly to the case of 1,2-di(1-anthryl)ethane.** However, the

direct observation of intramolecular excimer formation dynamics in rigid anti-cyclophanes has not been
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reported so far and the relationship between the CT state and the excimer formation dynamics is not
fully understood.

Herein, we study the intramolecular excimer formation dynamics in a carbazolophane,
dioxa[3.3](3,6)carbazolophane (CzOCz, the chemical structure is shown in Figure 1) in which two N-
ethylcarbazole rings are linked at 3 and 6 positions with CH,OCH: bridges.*® Previously, we showed
that the stacking mode of two carbazole rings in CzOCz is the anti-conformation in the ground state as
shown in Figure 1, and hence no excimer emission is observed for CzOCz in a 2-methyltetrahydrofuran
solution. In this study, we found that CzOCz exhibits a clear excimer emission in polar solvents such as
acetonitrile (MeCN). This result suggests that the conformational rearrangement in CzOCz would be
promoted in the CT state. In terms of the conformation of CzOCz, we discuss the solvent-polarity-
induced intramolecular excimer formation dynamics experimentally by using time-resolved
spectroscopic methods and computationally by using molecular mechanics and density functional theory

(DFT).

2. Results

2.1. 'H NMR of CzOCz in Solution. As shown in Figure 1, there are at least two possible isomers in
CzOCz: one is syn-conformer (syn-CzOCz) where two carbazole rings are fully overlapped, and the
other is anti-conformer (anti-CzOCz) where two carbazole rings are aligned in anti-parallel geometry.
To identify the isomeric structure in the ground state, we measured *H NMR spectra of CzOCz and
CzOMe (a reference monomer) in a DMSO-ds solution at room temperature. As summarized in Table 1,
the chemical shifts of the aromatic protons in CzOCz are almost the same as those of CzOMe. The
difference between them is as small as <0.1 ppm, indicating that two carbazole rings in CzOCz are far
apart and little overlapped in the anti-conformation as reported previously.*® No distinct difference in
the chemical shift was observed even at 150 °C, suggesting that the isomerization from anti- to syn-

conformation is negligible in the ground state because of large activation energy.
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2.2. Absorption and Fluorescence Spectra. Figure 2a shows the absorption spectra of CzOCz and
CzOMe in an MeCN solution at room temperature. There is no distinct difference in the absorption
spectra between CzOCz and CzOMe, which is consistent with the anti-conformation of CzOCz in the
ground state. The absorption bands at 300 and 350 nm are assigned to the L, «— A and L, < *A
transitions, respectively.**® On the other hand, as shown in Figure 2b, there is a clear difference in the
fluorescence spectra between CzOCz and CzOMe in an MeCN solution at room temperature. In the
fluorescence spectrum of CzOCz (black solid), a strong vibronic emission band was observed at around
360 nm and a weak and broad emission band was additionally observed at around 430 nm. The
emission band at 360 nm is in good agreement with that of CzOMe and hence is ascribed to the
monomer emission band. The structureless shoulder peak around 430 nm disappeared after Oz bubbling
(black broken), suggesting that this band is due to a long-lived excited species. As shown by the red
line in the figure, the differential spectrum before and after O> bubbling exhibits a broad emission band
without vibrational structures, which is in good agreement with the carbazole excimer emission reported
previously.2>2¢47 Note that no excimer emission was observed for the CzZOMe solution under the same
concentration. Thus, the broad emission at 430 nm is ascribed to the intramolecular excimer of CzOCz
in MeCN. In summary, the interchromophoric interaction in CzOCz is negligible in the ground state but

considerable in the excited state.

Figure 2c shows the fluorescence spectra of CzOCz in different solutions: MeCN (dielectric constant
er = 37.5, solvent viscosity # = 0.35 cP), N,N-dimethyl formamide (DMF; & = 36.7, n = 0.92 cP), and

tetrahydrofuran (THF; & = 7.58, # = 0.55 cP). The excimer emission intensity was much stronger in a
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more polar MeCN than in a less polar THF solution, suggesting that the excimer formation is more
efficient in polar solvents with higher dielectric constants. It is noteworthy that the peak wavelength of
the excimer band was independent of the dielectric constant of solvents as described below. On the
other hand, the excimer emission intensity was much stronger in the less viscous MeCN than in the
more viscous DMF solution, indicating that the excimer formation is accompanied by some
conformational rearrangements, most probably anti—syn isomerization in the excited state as will be
discussed later. In summary, the excimer formation in CzOCz is favorable in solvents with a higher

dielectric constant and lower viscosity.

2.3. Time-Resolved Emission. To examine the excimer formation dynamics, we measured the time-
resolved emission spectra and decay of CzOCz in MeCN, DMF, and THF solutions. As shown in
Figure 3a, a sharp monomer band was observed at 360 nm immediately after the laser excitation and
then decayed in a few nanoseconds. Subsequently, a broad excimer band was observed at 430 nm after
several ten nanoseconds. This temporal change in the emission spectra clearly shows the dynamical
formation of the intramolecular excimer from the monomer state. The peak wavelength of the excimer
band was neither shifted with time nor dependent on the solvent polarity. Figure 3b shows the time
evolution of the monomer band at 360 nm (triangles and squares) and the excimer band at 450 nm
(circles). The decay of the monomer band was fitted by a single exponential function, and the rise and
decay of the excimer band was fitted by double exponential functions. As summarized in Table 2, the
decay constant of the monomer band (zmono) is shorter than that of the reference emission of CzOMe (z°)
and is in good agreement with the rise constant of the excimer band. The coincidence in the rise and
decay constants is kinetic evidence for the dynamical formation of the intramolecular excimer in CzOCz.
The apparent excimer formation rate constant Kex = 1/zmono — 1/7° was estimated to be 5.6 x 108 s in an
MeCN solution, 2.1 x 108 s in a DMF solution, and 1.3 x 108 s™* in a THF solution. This trend in kex
is consistent with that in the excimer intensity as mentioned above, and thus again indicates that the

excimer formation in CzOCz is accompanied by some conformational rearrangements in the excited
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state and is more rapid in polar solvents. As listed in Table 2, the decay constant of the excimer
emission was longer than that of CzOMe monomer emission, indicating that the excimer emission is
symmetrically forbidden as reported previously,®2**" and hence the CzOCz excimer is syn-
conformation rather than anti-conformation. Furthermore, the decay constant was independent of
solvents, suggesting that the excimer conformation is independent of solvent polarity and viscosity and

that CT character of the excimer state is negligibly small.

Figure 4 shows the Arrhenius plots of kex of CzOCz in an MeCN solution against the temperature
ranging from 273 to 323 K. The solid line represents a fitting curve by the Arrhenius equation: kex = A
exp(—Ea/RT) where A is the pre-exponential factor and Ea is the apparent activation energy for the
excimer formation. The pre-exponential factor A was estimated to be 8.6 x 10*° s™* for all the solvents
employed. Thus, the difference in the excimer formation efficiency is attributed to the activation energy
difference. The apparent activation energy Ea was estimated to be 12.3 kJ mol™ in an MeCN solution
and 16.1 kJ mol ! in a THF solution. Because the activation energy due to solvent viscosity E, has been
reported to be about 7.1 kJ mol™* (MeCN) and 7.5 kJ mol™* (THF),*%° the activation energy for the
isomerization Eis, Was estimated to be as low as 5.2 kJ mol™ (MeCN) and 8.6 kJ mol™ (THF). This
finding indicates that the potential barrier for the isomerization is much lower than that in the ground

state and becomes lower in polar solutions as will be discussed later.

2.4. Transient Absorption. Figure 5 shows the transient absorption spectra of CzOCz and CzOMe in

various solutions measured from 1 ps to 3 ns after the laser excitation at 350 nm. Immediately after the
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laser excitation at 1 ps, two absorption bands were observed at 650 and 1100 nm for all the solutions.
These bands are ascribed to the S, « S: absorption of the carbazole monomer as reported
previously.®>® In other words, the primary photoexcitation in CzOCz is localized onto one carbazole
ring because CzOCz is anti-conformation in the ground state. On a time scale of nanoseconds, a new
absorption band gradually increased at around 900 nm. The rise time of this band was estimated to be
1.2 ns for CzOCz in an MeCN solution, which is in good agreement with the excimer rise time
mentioned above (data is shown in the Supporting Information). At 3 ns after the laser excitation (red
solid), the new band was observed for all three solutions. As reported previously, this band is ascribed
to the charge transfer (CT) band of carbazole excimer as shown in Scheme 1 and the spectral position of
the band is sensitive to the relative geometry of two carbazole rings.®* As shown in Figure 5, the peak
wavelength was independent of the solvent employed, which is consistent with the time-resolved
emission spectra. Thus, these findings suggest that the conformation of CzOCz excimer is almost the
same for all the solvents employed. Note that no remarkable absorption change was observed for the
band at 650 nm. This is because the Sn < S1 absorption of the carbazole monomer is almost the same
as the local excitation (LE) band of the carbazole excimer (Scheme 1).% It is also noted that other

transients such as radical ion or ion pair were not observed under this experimental conditions.

2.5. Molecular Mechanics and Quantum Chemical Calculations. To find the most stable
conformation, we calculated the potential energy surface of CzOCz in the ground state by using the
AMBER force field®? where the dihedral angles 1 and ¢ are defined as shown in Figure 6a. As a result,
three local potential minima were found as shown in Figure 6b. The first one is the anti-conformer with

o1 = @2 = —50 ° where two carbazole rings are aligned in anti-parallel. The second one is the syn-
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conformer with g1 =~ =75 ° and @2 = 75 ° where two carbazole rings are aligned in parallel. The third
one is an intermediate conformer with g1 = =150 ° and ¢2 =~ 70 ° where two carbazole rings are rather
stacked in an edge-to-face geometry (hereafter abbreviated as int-conformation). As shown in Figure 6b,
the anti-syn isomerization via the int-conformer is the most probable although it is still
thermodynamically unfavorable because of the high potential barrier (60 kJ mol™) in the ground state.
This is consistent with our observation that only anti-CzOCz exists in the ground state as mentioned
above. As shown in Figure 6c, the potential barrier is higher in the anti—int isomerization than in the
int-syn isomerization, suggesting that the anti—int isomerization is more difficult than the int-syn
isomerization. This is probably true in the excited state although the potential is calculated in the
ground state. Thus, the anti—int isomerization would be more difficult than the int-syn isomerization in
the excited state as will be discussed later. Here we consider symmetric isomerization pathway alone in
the AMBER calculations: the dihedral angles in the opposite side, ¢1' and ¢2', are assumed to be equal to
@1 and g2, respectively. Full detail of the isomerization is described in the Supporting Information. We
note that basically the same three conformers are obtained even though asymmetric isomerization

pathways are considered.

Next, we calculated the optimized structures of these three stable CzOCz conformers in the ground
(excited) states by (time-dependent) density functional theory ((TD-)DFT) at the (TD-)DFT/CAM-
B3LYP level with the 6-31G(d,p) basis set.>*** In the ground state, anti-CzOCz is the most stable and
int-CzOCz is the most unstable among three conformers, both of which are consistent with the AMBER
calculations. For anti-CzOCz and int-CzOCz, as shown in Figure 7a, no distinct difference in the
conformation is observed between the ground and excited state. For syn-CzOCz, the interchromophoric
distance is shorter in the excited state than in the ground state, resulting from the attractive

interchromophoric interaction in the excited state. Figure 7b shows the relevant molecular orbitals of

10
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these three CzOCz conformers in the excited state conformation. In the anti-CzOCz, small orbital
overlap is in good agreement with localization of the primary photoexcitation onto one carbazole ring as
mentioned above. In the syn-CzOCz, the LUMO is symmetrically delocalized over two carbazole
chromophores in contrast to the anti-CzOCz, suggesting considerable interchromophoric interaction.
Interestingly, the molecular orbitals in the int-CzOCz are distributed asymmetrically between two
carbazole chromophores: the HOMO and LUMO+1 are almost localized onto one carbazole ring and the
HOMO-1 and LUMO are almost localized onto another ring as will be discussed later.

To discuss the CT character of the CzOCz conformers in the excited states, we analyzed the change in
the Mulliken charge upon excitation as shown in Figure 8. For anti- and syn-CzOCz, no difference in
the Mulliken charge was observed for two carbazole rings, suggesting no CT character in the excited
state. This is consistent with the solvent-polarity independent emission observed for the anti-CzOCz
and syn-CzOCz as mentioned above. For int-CzOCz, on the other hand, asymmetric distribution of the
Mulliken charge was observed: the upper (axial) carbazole ring was negatively charged while the lower
(facial) ring was positively charged in the edge-to-face geometry as shown in Figure 8b. This finding
indicates a CT character of int-CzOCz in the excited state as will be discussed later.

To compare the relative stability in these three CzOCz conformers, we calculated the energy
difference between the optimized conformers in the excited state AE. In contrast to the ground state, the
anti-conformer is the most unstable in the excited state, suggesting the attractive interaction between
two carbazole rings in the int- and syn-conformations in the excited state. As summarized in Table 3,
the energy difference between the anti- and int-conformers AEai increases from —1.8 to —8.8 kJ mol™
with increasing surrounding polarity. On the other hand, the energy difference between the anti- and
syn-conformations AEas remains the same at ~ —15 kJ mol™* independently of the surrounding polarity.
This polarity dependence indicates that the int-CzOCz has a CT character in the excited state while the
syn-CzOCz in the excited state is rather neutral as mentioned above. It is noteworthy that the vertical
excitation energy from the ground to the excited state Evert for anti- and syn-conformers is independent

of the surrounding polarity, which is consistent with the polarity-independent emission mentioned above.

11
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3. Discussion
3.1. Kinetics of the Intramolecular Excimer Formation. In order to analyze the formation
dynamics of intramolecular excimer in CzOCz, we propose the kinetic scheme as shown in Scheme 2.

Thus, the rate equations are described by Eq. 1

dA(t)
5 = ~kanA®) = kaiA(E) + kial (£)

dr()

2 = ~hazl (©) + kaiA() = kigl (8) = kil (8) + ksiS () (1)
ds(e)
— = ~kaaS(®) + kisI () — kgiS(1)

where A(t), I(t), and S(t) are the density of the anti-, int-, and syn-CzOCz in the excited state at a delay
time t after the laser excitation, kq1, ka2, and kqz are the rate constants of the radiative and non-radiative
deactivations in the anti-, int-, and syn-CzOCz, respectively, and kai, Kis, Kia, and ksi are the isomerization
rate constants in the excited state. On the basis of the energy difference calculated above, it can be
safely said that kai >> kia and kis >> ksi, which is consistent with the single exponential decay of the
monomer emission in CzOCz. Furthermore, it can be set that kai << kis because I(t) = 0: no observation
of the int-CzOCz in the time-resolved fluorescence and transient absorption measurements. In other
words, the anti—int isomerization is the rate-limiting process for the excimer formation in CzOCz (see
the Supporting Information). Under these conditions, A(t) and S(t) are simply described by Eq. 2

(details are described in the Supporting Information).

A(t) = Agexp[—(kq1+kg)t]

kai (2)
Ao{exp(—kast) — exp[—(ka1+kqi)t]}

S@E) = —— 4
kay + kai — ka3

12
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Therefore, the apparent excimer formation rate constant can be considered to be the same as kai = 1/zmono
— kd1. Assuming that kqi1 is the same as the decay rate constant of the CzOMe, kai is described as kai =
1/mono — 1/7° = kex Where 7’ is the fluorescence lifetime of the CzOMe. Thus, the kex and Eis evaluated
above corresponds to the rate constant and the activation energy for the anti—int isomerization,
respectively. We therefore conclude that the efficient excimer formation in polar solutions is attributed

to the reduction in the potential barrier for the anti—int isomerization of CzOCz in the excited state.

3.2. Excimer Formation Mechanism. On the basis of the kinetic analysis described above, the
intramolecular excimer formation in CzOCz can be summarized as shown in Scheme 3. In the ground
state, the anti-conformation is more stable than the int- and syn-conformations. This is because both
bonding and anti-bonding orbitals are filled with electrons in the ground state and hence favorable and
unfavorable orbital interaction is canceled out in the dimer geometry. Rather, the repulsive
interchromophoric interaction increases as two carbazole rings are approaching in the ground state. As
a result, the anti-conformation is the most stable because of the smallest ring overlap. As shown in
Scheme 3, the potential barrier from the anti- to int-CzOCz is so high that the anti—int isomerization is
negligible (arrow a): only anti-CzOCz exists in the ground state. In contrast, the anti-conformation is
the most unstable in the excited state as summarized in Table 3, suggesting that the attractive interaction
between two carbazole rings in the int- and syn-conformations is considerably large in the excited state.
In the dimer geometry, the LUMO is a bonding orbital and the HOMO is an anti-bonding orbital. Thus,
the favorable interaction is enhanced by the electron transition from HOMO to LUMO. On the other
hand, the stabilization energy is dependent on the interchromophoric interaction in CzOCz, which is
most sensitive to the interchromophoric distance. Thus, syn-CzOCz is the most stable and anti-CzOCz
is the most unstable in the excited state.®4% The stabilization of int-CzOCz in the excited state leads

to the decrease in the potential barrier, resulting in the efficient anti—int isomerization (arrow b). Once

13
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anti-CzOCz converts to int-CzOCz, it immediately further converts to syn-CzOCz, because the int-syn
isomerization rate is much larger than the anti—int isomerization rate as mentioned above (arrow c). The
int-CzOCz in polar solutions is more stable because of the CT character in the excited state, resulting in
the lower potential barrier for the anti—int isomerization. Thus, the anti—int isomerization is more
efficient in polar solutions. We therefore conclude that the CT character of the int-CzOCz in the excited

state is a key determinant for the solvent-polarity-induced intramolecular excimer formation.

3.3. Origin of the CT Character of int-CzOCz. We finally discuss the origin of the CT character
even in a homodimer with two carbazole groups. Intramolecular CT in the dimer of identical
chromophores was first reported for 1,2-di(1-anthryl)ethane in polar solutions by Mataga et al.*81956-59
They found that anthracene radical cation and anion are formed first because of strong intramolecular
CT character and then intramolecular excimer is formed by recombination of the CT state.’®'® The
energy level of the CT state in 1,2-di(1-anthryl)ethane is estimated to be lower than that of the LE state,
and hence the CT character is large. In our case, the energy level of the CT state in the anti-CzOCz in
an MeCN solution is estimated to be 4.2 eV, which is 0.6 eV higher than that of the LE state (details are
described in the Supporting Information),235476961 and hence mixing of the CT state and the LE state
would be negligibly small in the anti-conformation. This is in good agreement with the solvent-polarity
independent monomer emission band. Thus, the conformation of the int-CzOCz is probably important
to the CT character. Because of the edge-to-face geometry in the int-CzOCz, the facial and axial
carbazole rings are energetically not equivalent. This is in contrast to the symmetrical geometry in the
anti- and syn-CzOCz. Consequently, as shown in Figure 7b, the molecular orbitals are distributed
asymmetrically between two carbazole rings in the int-CzOCz, which would be helpful to mix the CT
state with the LE state.5? We therefore conclude that the asymmetrical edge-to-face geometry is a key

determinant of the CT character in the int-CzOCz in the excited state.
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4. Conclusions

We have studied solvent-polarity-induced formation dynamics of the intramolecular excimer in
CzOCz by time-resolved spectroscopic methods and computational calculations. In the ground state,
the stacking mode of two carbazole rings is the anti-conformation, and the isomerization from the anti-
to syn-CzOCz is negligible because of large activation energy. In contrast, in the excited state, the
potential barrier for the isomerization is much lower than that in the ground state and becomes lower in
polar solutions. The rate-limiting process of the excimer formation is the anti—int isomerization, and
hence the potential barrier for the isomerization Eis, corresponds to the activation energy for the anti—int
isomerization. Owing to the favorable orbital interaction between the two carbazole rings, the int-
CzOCz becomes more stable compared to the anti-CzOCz in the excited state. This stabilization leads
to the decrease in the potential barrier in the excited state. The int-CzOCz in polar solutions is more
stable because of the CT character in the excited state, resulting in efficient anti—int isomerization in
polar solutions. We therefore conclude that the efficient excimer formation in polar solvents is
attributed to the CT character of the int-CzOCz in the excited state. Because of the edge-to-face
geometry in the int-CzOCz, the facial and axial carbazole rings are energetically not equivalent.
Consequently, the molecular orbitals are distributed asymmetrically between two carbazole rings in int-
CzOCz, which would be helpful to mix the CT state to the LE state. We therefore conclude that the
asymmetrical edge-to-face geometry is a key determinant of the CT character in the int-CzOCz in the

excited state.

5. Experimental Section

Materials. Dioxa[3.3](3,6)carbazolophane (CzOCz) was synthesized by the cyclization reaction
between 3,6-bis(hydroxymethyl)carbazole and 3,6-bis(bromomethyl)carbazole, and was purified by
alumina chromatography and recrystallization. As a reference, 3,6-bis(methoxymethyl)carbazole

(CzOMe) was also prepared. Details of the synthesis have been described elsewhere.*® Solvents used in
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this study were acetonitrile (MeCN, Wako, spectroscopic grade), N,N-dimethyl formamide (DMF,
Nacalai Tesque, spectroscopic grade), and tetrahydrofuran (THF, Wako, spectroscopic grade). These
solvents were used without further purification.

Measurements. Absorption and photoluminescence spectra were measured at room temperature in a
1-cm quartz cell with a UV-visible spectrophotometer (Hitachi, U-3500) and a fluorescence
spectrophotometer (Hitachi, F-4500) equipped with a red-sensitive photomultiplier (Hamamatsu,
R928F), respectively. Photoluminescence decay was measured by the time-correlated single-photon-
counting (TCSPC) method (Horiba Jobin Yvon, FluoroCube). The excitation wavelength was 296 nm.
The total instrument response function is an fwhm of ca. 800 ps. Transient absorption data were
collected with a pump and probe femtosecond transient spectroscopy system. This system consists of a
transient absorption spectrometer (Ultrafast Systems, Helios) and a regenerative amplified Ti:sapphire
laser (Spectra-Physics, Hurricane). The amplified Ti:sapphire laser provided 800 nm fundamental
pulses at a repetition rate of 1 kHz with a power of 0.9 mJ and a pulse width of 100 fs (fwhm), which
were split into two optical beams with a beam splitter to generate pump and probe pulses. One
fundamental beam was converted into pump pulses at 350 nm with an ultrafast optical parametric
amplifier (Spectra-Physics, TOPAS). The other fundamental beam was converted into white light
pulses employed as probe pulses in the wavelength region from 400 to 1700 nm. The pump pulses were
modulated mechanically with a repetition rate of 500 Hz. The temporal evolution of the probe intensity
was recorded with a CMOS linear sensor (Ultrafast Systems, SPEC-VIS) for the visible measurement
and with an InGaAs linear diode array sensor (Ultrafast Systems, SPEC-NIR) for the near-IR
measurement. The transient absorption spectra and decays were collected over the time range from —5
ps to 3 ns. Typically, 2500 laser shots were averaged at each delay time to obtain a detectable
absorbance change as small as ~10™*. In order to cancel out orientation effects on the dynamics, the
polarization direction of the linearly polarized probe pulse was set at a magic angle of 54.7 ° with
respect to that of the pump pulse. Samples were degassed by Ar bubbling for 30 min. The

concentration of carbazole compounds was in the order of 1074 mol L™ for the transient absorption
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measurements and 107> mol L for the other measurements. Note that the transient absorption spectra
and dynamics were highly reproducible even after the several times measurements. In other words, the
laser irradiation had negligible effects on the sample degradation at least under this experimental
condition.

Calculations. Gas-phase molecular mechanics calculations of the CzOCz were performed with
AMBER10.°> The CzOCz was assigned to gaff atom types and AM1-BCC charges by using the
antechamber module. The molecular structure in the anti-, int-, and syn-conformers was energy-
minimized with the sander module. Owing to the reversal symmetry in CzOCz, the dihedral angles in
the opposite side, 1" and ¢2', can be assumed to be equal to @1 and g2, respectively. As a function of the
dihedral angles @1 and g2, conformational energy was determined from minimization by applying a very
strong harmonic potential around the value of each dihedral angle. All quantum chemical calculations
were carried out using Gaussian 09.3 The ground state optimizations were carried out using the density
functional theory (DFT) methods with the CAM-B3LYP functional, which is a long-distance corrected
functional, at the 6-31G(d,p) basis set. The excited state optimizations were carried out using time-
dependent DFT (TD-DFT) methods with the same level. The effect of solvent environment was
simulated using the polarizable continuum model (PCM).>* The state-specific solvation of vertical
transitions (absorption and emission) was accomplished using a procedure described in the g09

manual.>®* Molecular orbitals were visualized by using Molekel 5.4.5
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Supporting Information Available: Transient absorption decays of CzOMe and CzOCz, detailed
analysis of the kinetics, estimation of energy level of the CT state, asymmetric isomerization pathway,
and optimized geometries of CzOCz conformers. This material is available free of charge via the

Internet at http://pubs.acs.org.
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Figure 1. Chemical structures of dioxa[3.3](3,6)carbazolophane (CzOCz) in syn- and anti-

conformation and 3,6-bis(methoxymethyl)-N-ethylcarbazole (CzOMe) as a reference.

Figure 2. (a) Absorption spectra of CzOCz (black solid), and CzOMe (gray solid) in an MeCN solution
at room temperature. (b) Fluorescence spectra of CzOCz (black lines) and CzOMe (gray line) in an
MeCN solution at room temperature. The fluorescence spectra of CzOCz were measured after Ar
(black solid) and O2 (black broken) bubbling. The red spectrum was obtained by subtracting black
broken from black solid. (c) Fluorescence spectra of CzOCz in MeCN (black solid), DMF (black

broken), and THF (gray solid) solutions at room temperature.

Figure 3. (a) Time-resolved emission spectra of CzOCz in an MeCN solution at room temperature
measured at 0.5, 3, 5, 7.5, 10, and 20 ns after the laser excitation. (b) Fluorescence decay curves of
CzOCz and CzOMe in an MeCN solution at room temperature: excimer emission of CzOCz (red
circles), monomer emission of CzOCz (green triangles), and monomer emission of CzOMe (blue
squares). The gray broken line represents an instrument response function. The solid lines represent

fitting curves with two (red) and one (green and blue) exponential functions, respectively.

Figure 4. Arrhenius plots of the apparent excimer formation rate constant kex of CzOCz in an MeCN
solution against the temperature from 273 to 323 K. The apparent excimer formation rate constant Kex
was estimated as kex = 1/zmono — 1/7°. The solid line represents the fitting curve with the Arrhenius
equation: Inkex = InA — Eo/RT. From the best fitting result, the pre-exponential factor A was estimated to
be 8.6 x 10'° s for all the solvents employed. The apparent activation energy Ea was estimated to be

12.3 kJ mol™! for an MeCN solution and 16.1 kJ mol™! for a THF solution.
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Figure 5. Transient absorption spectra of (a—c) CzOCz and (d) CzOMe solutions measured at (purple)
1, (blue) 10, (green) 100, (yellow) 500, (orange) 1000, and (red) 3000 ps after the laser excitation at 350

nm (~30 pJ cm~2). Solvents were (a) MeCN, (b, d) DMF, and (c) THF.

Figure 6. (a) Definition of the dihedral angles ¢1 and ¢.. The dihedral angles in the opposite side, ¢1'
and ¢2', are assumed to be the same as @1 and ¢, respectively. (b) Potential energy surface of CzOCz in
the ground state as a function of the dihedral angles @1 and ¢2 calculated by using generalized AMBER
force field (gaff). Three local potential minima, anti-, int-, and syn-conformers, are marked as e. (c)

Potential energy curves along the solid lines in the panel (b).

Figure 7. (a) Optimized structures of CzOCz isomers in the ground (the first and second rows), and
excited state (the third row) calculated with the (TD-)DFT/CAM-B3LYP level at the 6-31G(d,p) basis
set. (b) Relevant molecular orbitals HOMO-1, HOMO, LUMO, and LUMO+1 in CzOCz conformers

calculated with the TD-DFT/CAM-B3LYP level at the 6-31G(d,p) basis set.

Figure 8. Mulliken charge difference between two carbazole rings in the excited state: (a) anti-CzOCz,
(b) int-CzOCz, and (c) syn-CzOCz. The red and blue regions represent positively and negatively

charged units than that of corresponding units in another carbazole ring, respectively.

SCHEME TITLES
Scheme 1. Schematic Energy Diagram of LE and CT bands in the Excimer State.
Scheme 2. Kinetic Scheme for the Intramolecular Excimer Formation.

Scheme 3. Schematic Illustration of Potential Curve for Intramolecular Excimer Formation.
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TABLES

Table 1. *H NMR Chemical Shifts of Aromatic Protons in CzOCz and CzOMe.

Table 2. Fitting Parameters for Fluorescence Decay and Apparent Excimer Formation Rate Constants.

Table 3. Vertical Transition Energies and Energy Difference Calculated.
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Monomer

Absorption LE Band

S5 R cT
S Band

Cz*OCz (CzOC2z)*

The LE band is a transition from the lowest excimer state to a higher state, and has almost the same
spectral position as the monomer S1—Si, transition. The CT band is a transition from the lowest excimer
state to the second lowest state which has a CT character. The CT band is observed regardless of the
strength of the CT character in the excimer state, but the spectral position of the CT band is strongly
dependent on the molecular structure.

Scheme 1
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anti-CzOCz int-CzOCz syn-CzOCz

The rate constants ka1, ka2, and kqs are due to radiative and non-radiative monomolecular deactivations
of anti-, int-, and syn-CzOCz, respectively. The rate constants kai, kis, kia, and ksi are the isomerization
rate constants in the excited state. The rate constant kex represents the apparent excimer formation rate
of the intramolecular excimer.

Scheme 2
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vert, anti E vert, syn

The anti—int isomerization is negligible in the ground state because of high potential barrier (a). In
contrast, the potential barrier in the excited state is much lower than that in the ground state, and hence
the isomerization easily undergoes (b). Because the potential barrier becomes lower in polar solutions,
the int-conformer is formed more efficiently in polar solutions. Once, the int-conformer is formed, the
subsequent isomerization from the int- to syn-conformer undergoes immediately because of lower
potential barrier (c).

Scheme 3
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HI/H8  H2/MH7  H4/H5

Cz0cCz 7.48 7.64 8.15
CzOMe 7.41 7.58 8.10
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Table 2
360 nm 450 nm 450 nm Kex 2
(decay, ns)  (rise, ns)  (decay,ns) (108s™)
in MeCN 1.6 15 12.9 5.6
in DMF 3.1 3.1 12.9 2.1
in THF 4.4 4.2 12.6 1.3
CzOMe 9.5 — — —

2 The apparent excimer formation rate constant kex was estimated as Kex = 1/zmono — 1/7°.
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Evert, anti Evert, syn AE;i AEas
(kJmol?)  (kJmol?)  (kJmol?)  (kIJmol™?)
Vaccum 415 (4.30) 345 (3.57) -1.8 -15.1
inMeCN 411 (4.26) 348 (3.61) -8.8 ~16.2
in THF 412 (4.27) 348 (3.60) 6.7 ~15.0

The vertical transition energies in parenthesis are in eV scale.
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