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ABSTRACT: Two diazaporphyrin (DAP)-porphyrin hetero dimers, in f—meso and f—f
configurations, were prepared to study their photoinduced intramolecular electron transfer
properties. The two meso nitrogen atoms in the porphyrin ring of DAP change its redox
potential, making DAP more easily reduced, compared to its porphyrin counterpart. A
charge-transfer from porphyrin to DAP in both hetero dimers was verified by versatile
optical spectroscopic methods. The steady-state fluorescence spectra indicated an efficient
intramolecular exciplex formation for both dimers. For the f—meso dimer, ultrafast time-
resolved spectroscopic methods revealed the subpicosecond formation of two types of in non-
primary short-living (1—18 ps) intramolecular exciplexes, which relaxed in toluene to form |

a long-living final exciplex (1.4 ns) followed by a longer-living charge transfer complex (>S5 A

Exciplex
states

ns). However, in benzonitrile, the lifetime of the final exciplex was longer (660 ps) as was
that of the charge transfer complex (180 ps). The f—f analogue formed similar short-living
exciplexes in both solvents, but the final exciplex and the charge transfer state had
significantly shorter lifetimes. The electrochemical redox potential measurements and density functional theory calculations
supported the proposed mechanism.

B INTRODUCTION meso-nitrogen atoms linking two dipyrromethene units. DAPs
continue to receive interest in relation to their analogues,
porphyrins and phthalocyanines.é_11 It is well-known that Q
bands of DAPs are red-shifted and intensified compared to
those of porphyrins. This is because the incorporation of two

Porphyrin-based multichromophoric compounds are an
attractive platform to design new photoactive systems with a
multitude of interesting properties and potential applications,
from light harvesting in a wide spectral range' to fast and

efficient photoinduced charge separation.” One particularly meso nitrogen atoms reduces the molecular symmetry from D,
interesting and challenging approach in designing such (porphyrin) to Dy, (DAP). In the D-symmetric DAP 7-
compounds involves engineering the electronic coupling systems, both the highest occupied molecular orbital
between two or more chromophores, which opens up the (HOMO)/HOMO-1 and lowest unoccupied molecular orbital
possibility to tune electronic absorption and emission proper- (LUMO)/LUMO+1 are nondegenerated. In addition, the
ties, and to control the efficiency and degree of photoinduced HOMO and LUMO energies of DAPs are lower than those
charge separation. It has been shown that at close proximity of their porphyrin counterparts.

two covalently linked chromophores may form an intra- Quite recently, we have successfully prepared the first
molecular exciplex, which may be observed as a new broad examples of covalently linked DAP dimers by using palladium-
red-shifted emission band, but more importantly it can be catalyzed cross-coupling reactions.'>'* These DAP dimers have
designed as an intermediate state accelerating the formation of shown variable properties depending on the linkage modes.
a radical ion pair, or a complete charge separated state.” > This Among them, the f—f directly linked DAP dimers have been
raises the importance of studying and understanding the design found to possess coplanar and extended z-systems and show

principles and photophysics of dichromophoric systems with
exciplex-like characters.
Photochemical phenomena in porphyrins have been well
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Scheme 1. Synthesis of Covalently Linked DAP—Porphyrin Hetero Dimers 1 and 2“

wed-

cat. Pd(PPhg),
Cs,CO3 4
toluene-DMSO
Art
NN
N\Z /N\
NN T
N N
A A B
Art
3 cat. Pd(PPhg),
Cs,CO3

; |
Arl
\ =
N\ /N
7/ N\

Arl

toluene-DMSO

Ar' = 2,4,6-Me;C¢H,. Ar* = 3,5-(t-Bu),C¢Hs,.

Ar2

red-shifted Q bands attributable to the 7—z* HOMO—-LUMO
transitions.

The redox properties of DAP are also altered relative to
porphyrin, and this can be used to tune the rate and efficiency
of the electron transfer, for exam})le when complexed with a
fullerene acceptor in a dyad.'* Owing to the electron-
withdrawing character of the §,15-azasubstitution, DAP is
easier to reduce than porphyrin. 8 Thus, an electron transfer
from porphyrin to DAP would be expected.

Dimers, in which porphyrin (P) is complexed with DAP has
not yet been studied. In this work we have synthesized two P-
DAP dimers, in which P and DAP are linked with a short single
bond linker with different attachment points, providing a f—f
and a f—meso configuration. Transient absorption and
fluorescence spectroscopy were carried out in two different
solvents, toluene and benzonitrile, for both dyads. For each
compound, the photophysics was basically the same. Initial
formations of two excited dimers were confirmed by ultrafast
spectroscopic studies. The more polar solvent, benzonitrile,
allowed one excited dimer to relax fast to a charge separated
state, while in toluene both excited states relaxed to a third
excited dimer, to a significantly longer-living intramolecular
exciplex.

Through the observed differences in the photophysics and
density functional theory (DFT) calculations it is possible to
gather information on the electron density distribution,
dependence of the electronic coupling on torsion angle, or
the angle between the planes of the chromophore macrocycles.
The bonding position in f—meso and f—p configurations
greatly influenced the conjugation of electron densities between
the dimers and was manifested as retardations of all the
photophysical steps of the f—meso configuration.

B EXPERIMENTAL METHODS

Synthesis of DAP—Porphyrin Hetero Dimers. Scheme 1
summarizes the synthesis of covalently linked DAP—porphyrin

dimers 1 and 2. Suzuki—Miyaura coupling reactions of f-
bromo-DAP, 3, with meso-borylporphyrin, 4,'° and pg-
borylporphyrin, § 5,16 gave ff—meso linked hetero dimer 1 and
p—p linked hetero dimer 2, respectively. In the synthesis of 2,
we used compound 5 bearing meso-3,5-di(tert-butyl)phenyl
groups because an analogous f-borylporphyrin bearing meso-
2,4,6-trimethylphenyl (meso-mesityl) groups could not be
obtained. However, this difference in substituent groups for
the porphyrin moiety of 1 and 2 is not expected to have any
profound effect on the physical chemistry of the results
described in this article. Figure 1 shows the DAP and porphyrin
references, DAP-ref and P-ref respectively, which were
prepared via Suzuki—Miyaura coupling of 3 with mesitylbor-
onic acid and a standard Lindsey condensation of mesitalde-
hyde with pyrrole,'” respectively. The hetero dimers 1 and 2
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Figure 1. Structures of DAP-ref, P-ref, 1-m, and 2-m. Ar = 2,4,6-
Me;C¢H,.
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were characterized by 'H NMR spectroscopy and high-
resolution mass spectrometry. In the '"H NMR spectrum of 1
in CD,Cl,, the DAP-# proton adjacent to the inter-ring bond
was observed as a singlet peak at 6 9.51 ppm, whereas, in the
"H NMR spectrum of 2, the DAP-f, porphyrin-f and -meso
protons adjacent to the inter-ring bond were observed as singlet
peaks at 6 10.93, 10.20, and 9.63 ppm, respectively. The
synthesis of 1, 2 and DAP-ref are described in more detail in
the Experimental section in the Supporting Information.

Optical Measurements. Steady state absorption spectra
were recorded by a Shimadzu UV-3600 spectrophotometer.
The steady state emission spectra were measured using a
Fluorolog 3 fluorimeter (SpectraACQ), with the excitation
wavelength (405 nm) chosen to complement the time-resolved
measurements. All spectroscopic measurements were carried
out at room temperature and for time-resolved spectroscopy
the solutions in the cuvettes were constantly stirred to
minimize sample degradation and reduce the probability of
exciting the same molecules within the time scale of a spectral
acquisition.

Time-Resolved Fluorescence Spectroscopy. Fluores-
cence decays in the nanosecond time domain were measured
using a time-correlated single-photon counting instrument
(TCSPC, PicoQuant GmbH), which used a PDL-800-B driver
and a PicoHarp-200 controller. A pulsed diode laser (LDH—P-
C-405SB) excited the samples at 40S nm while the fluorescence
decays were typically monitored at the emission band centers,
which are 735 and 665 nm for 1 and 2 respectively, regardless
of solvent. The full-width half-maximum (fwhm) time
resolution of the TCSPC measurements was ca. 65 ps.

Ultrafast fluorescence decays were measured using an up-
conversion method described elsewhere,'® with a temporal
resolution of ~150 fs. In brief, fundamental pulses of 810 nm
produced by a Ti:sapphire laser (TiFS0, CDP-Avesta) at 80
MHz repetition rate were split into two beam. One portion
underwent second harmonic generation to excite the sample at
405 nm, generating emission. The second portion of the
fundamental pulse beam was passed to a delay line and then
mixed with the emission to achieve frequency up-conversion.
The resulting UV photons were detected by a photon counting
photomultiplier coupled with a monochromator with a typical
averaging of 10 s at each delay time.

Pump Probe Spectroscopy. For transient absorption
measurements, a subpicosecond resolution setup was used and
described in detail elsewhere."” Briefly, 800 nm laser pulses at a
1 kHz repetition rate were generated by a Ti:sapphire laser
system (Libra F, Coherent Inc.). The fundamental pulses were
split into two beams: one pump beam was guided through an
optical parametric amplifier (Topas C, LightConversion Ltd.)
to generate the excitation pulses at 380 nm. The pump beam
and the rest of fundamental were delivered to a pump—probe
measurement system (ExciPro, CDP Inc.). The system
generated a white light continuum (WLC) from the 800 nm
beam which was used as a probe pulse. The probe was guided
through a delay line with a moving right angle reflector that
changed the optical path length of the probe with respect to the
pump beam. The maximum time scale available to monitor
absorption changes was ca. 6 ns. The probe pulse was split in
two to obtain signal and reference beams that both passed
through the sample. The signal beam was overlapped with the
pump beam, while the reference beam was not. The excitation
was modulated by a chopper synchronized with excitation
pulses to detect probe pulse spectra with and without excitation
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and to calculate the differential transient absorbance for each
excitation pulse. Measurements were recorded with a 10 s
average for each delay time, ie., averaging 10000 excitation
shots. The spectra were acquired in two ranges: 550—750 nm
and 850—1070 nm. The measurements around the fundamental
wavelength, 800 nm, were unreliable since the continuum was
very uneven close to the fundamental.

The raw data were fit globally by a sum of exponents to
perform data analysis, a grocedure that has been described in
more detail previously.'® Briefly, the number of exponents
needed for a reasonable fit quality yielded the number of
transient species in the photoinduced processes. The rate
constants for the formation or relaxation of transient species
can be calculated from the respective lifetimes of each
component. The results of the fits are presented as decay
component spectra with the amplitudes of the exponents
plotted as functions of wavelength. A decay component
spectrum describes the amplitudes, or intensities, of each
individual function representing each lifetime in the sum
function, as the function of wavelength. A negative amplitude
for any component implies a negative pre-exponential factor in
the exponential fit and thus the formation of a transient species
within the lifetime of its decay. A positive pre-exponential factor
implies the decay of the transient species.

Quantum Chemical Calculations. The geometries of 1-m
and 2-m were optimized using the DFT method. The basis sets
used were 6-311G(d,p) basis set” for H, C, and N and the
Wachters-Hay all electron basis set”'~>* supplemented with
one f-function (exponent: 1.62) for Zn. The functional of DFT
was the Becke, three-parameter, Lee—Yang—Parr (B3LYP)
exchange-correlation functional**** We confirmed that the
optimized geometries were not on a saddle point. The
Cartesian coordinates are summarized in Table S1. All the
calculations were carried out using the Gaussian 09 suite of
programs.”®

B RESULTS

Structures. To obtain deeper insight into the structures of 1
and 2, we performed DFT calculations of their model
compounds 1-m and 2-m, shown in Figure 1, at the B3LYP/
6-311G(d,p) level. The optimized structures, selected Kohn—
Sham molecular orbitals (MOs), and orbital energies of 1-m
and 2-m are summarized in Figure 2.

In these hetero dimer models, the DAP and porphyrin rings
are twisted with respect to each other, and the torsion angle
between the DAP and porphyrin z-planes in 2-m (30°) is
considerably narrower than that in 1-m (71°). This indicates
that the z-conjugation through an inter-ring bond in 2-m is
more effective than that in 1-m from a geometric point of view.
As shown in Figure 2, the HOMO and HOMO-—1 reside on
the porphyrin unit, whereas the LUMO and LUMO+1 reside
on the DAP unit. In addition, the HOMO—-2 and HOMO-3
reside on the DAP unit, whereas the LUMO+2 and LUMO+3
on the porphyrin unit. These features are reasonable,
considering that the DAP 7z-system has intrinsically low-lying
HOMO/HOMO-1 and LUMO/LUMO+1 compared with the
porphyrin 7z-system.

Redox Potentials. To know the electrochemical properties
of the hetero dimers, we measured redox potentials of 1, 2,
DAP-ref, and P-ref in tetrahydrofuran (THF) by cyclic
voltammetry with nBu,NPF¢ as the supporting electrolyte.
The voltammograms are shown in Figure S1 in the Supporting
Information. The first oxidation potentials (E,, ;) of 1 and 2 are
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Figure 2. Selected Kohn—Sham molecular orbitals and their energies
(in eV) of the optimized structures of (a) 1-m and (b) 2-m calculated
at the B3LYP/6-31G(d,p) level. H = HOMO; L = LUMO.

+0.33 and +0.36 V, respectively (vs ferrocene/ferrocenium; Fc/
Fc*), which are close to the E,,, value of P-ref (+0.36 V) and
much more negative than that of DAP-ref (+0.73 V). On the
other hand, the first reduction potentials (E,.q;) of 1 and 2 are
—1.44 and —1.46 V, respectively (vs Fc/Fc"), which are close to
the E, 4, value of DAP-ref (—1.47 V) and much more positive
than that of P-ref (—2.07 V). These data are in good agreement
with the theoretical predictions, and indicate that the HOMO
and LUMO of the hetero dimers essentially possess the
characters of the porphyrin and DAP units, respectively. The
electrochemical measurements predict for the free energy of the
charge separated state, where electron is localized on DAP and
hole on Por, values of 1.77 and 1.82 eV for 1 and 2,
respectively.

Absorption and Emission Properties of f—meso and
p—p Compounds in Toluene and Benzonitrile. The
absorption and emission spectra of the reference compounds
DAP-ref and P-ref in toluene are shown in Figure 3.

Figure 4 compares the absorption and emission bands of the
both hetero dimers, 1 and 2, in toluene and benzonitrile. The
emission bands are broad and intense, particularly for those in
toluene. The change of the solvent does not alter the ground
state absorption bands significantly for either dimer.

The fluorescence quantum yields of the dyads are for the f—
meso compound 0.12 and 0.01 and for the f—f compound 0.18
and 0.02 in toluene and benzonitrile, respectively.

Photophysical Properties of f—meso Compound in
Toluene and Benzonitrile. Figure Sa shows the transient
absorption decay component spectra of the hetero dimer 1 in
toluene. It was necessary to employ a four exponential function
to obtain a satisfactory fitting.

After exciting the second excited state of the dimer 1 at 380
nm, it first undergoes an S,—S; transition via the internal
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Figure 3. Absorption (solid lines) and emission (dotted lines) spectra
of the reference compounds DAP-ref (black) and P-ref (red) in
toluene.
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Figure 4. Absorption (solid lines) and emission (dashed lines) spectra
for (a) the f—meso dimer (compound 1) and (b) the f—p dimer
(compound 2) in toluene (red) and in benzonitrile (black).

conversion (IC) on a subpicosecond time scale, which is not
time-resolved in this measurement. The lifetimes of the two
shortest living components are ca. 0.6 and 17 ps, both having
two minima. For the 0.6 ps component the minima are at 660
and 1040 nm, and those for the 17 ps component at 710 and
980 nm, as shown in Figure Sa. Both components contribute to
the formation of a new common intermediate state with two
broad bands, with maxima at 680 and 1000 nm and a lifetime of
1.4 ns. This state decays to form a long-living intermediate with
a lifetime longer than the instrumental resolution, > S ns.

The same phenomenon can be seen in Figure 5b, which
shows the spectral evolution at different time delays. By 3 ps,
two positive absorption bands (at 660 and 1030 nm) are
formed mainly from the 0.6 ps component. By 500 ps, as the 17
ps component has also decayed, the bands are shifted to 680
and 1000 nm, respectively, and resemble the component
spectrum of the 1.4 ns component (Figure Sa).
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Figure S. Transient absorption decay component spectra (a) and
delay spectra (b) of compound 1 in toluene. The excitation
wavelength was 380 nm.

The components of compound 1, corresponding to those
with lifetimes of 0.6 ps, 17 ps, and 1.4 ns in Figure Sa, were also
observed in emission decays, measured by the TCSPC and up-
conversion methods, and are shown in Figure 6a. Due to a
poorer time-resolution, the measured lifetimes are <4 ps, 20 ps,
and 1.8 ns, satisfactorily close to those of the pump—probe
measurements. It is important that the three shortest living
transient absorption components have also emissions.

In addition to the 380 nm excitation (S, state of DAP),
Figure Sa, the transient absorption spectra of 1 were recorded
in toluene also with the excitation wavelengths of 405 nm (S,
state of DAP, to some extent that of P) and 560 nm (S, state of
DAP, to some extent that of P), shown in Figures S2 and S3,
respectively, in the Supporting Information. It is important to
note that exactly the same processes were observed when the
Q-band (S state) or the Soret band (S, state) of compound 1
were exited in toluene. In benzonitrile, exactly the same
independence of the excitation energy was also observed.

The transient lifetimes for compound 1 in toluene were thus
determined from four different experiments, namely three series
of transient absorption measurements with different excitation
wavelengths and one emission decay measurement. The
averages of the time constants of the two fastest components
are ca. 1 and 18 ps, and both of them were observed by
fluorescence and absorption methods. The relaxation of these
short-living states leads to the formation of a longer-living
intermediate, with an average lifetime of 1.4 ns. These values
are used in the following discussion.
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Figure 6. Fluorescence decay profiles for compound 1 (a) in toluene
(<4 ps, 20 ps, 1.8 ns) and (b) in benzonitrile (1.7 ps, 10.2 ps, 670 ps).
The excitation and monitoring wavelengths are 405 and 750 nm,
respectively. The inset graphs show the fluorescence up-conversion
measurements. The excitation and monitoring wavelengths are 412
and 700 nm, respectively.

The decay component spectra for dimer 1 in benzonitrile are
shown in Figure 7. Two components, with lifetimes of 2.4 and
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Figure 7. Transient absorption decay component spectra of
compound 1 in benzonitrile. The excitation wavelength was 560 nm.

12 ps, have negative amplitudes in the visible region, whose
minima are at 680 and 740 nm, respectively. In the near-IR
region, however, these two components appear with positive
amplitudes at 1040 and 1000 nm, respectively. A broad and
strong absorption band from 600 nm to about 800 nm is
formed from at least one of the two transient components. This
new transient species also has a negative band in the near-IR
region and a lifetime of 180 ps. Eventually, a long-living
component with a 660 ps lifetime is observed in both the visible
and near-IR spectral regions.

Figure 6b shows the emission profiles of compound 1 in
benzonitrile at 750 nm on the nanosecond time scale, with the
inset showing the emission profile at 700 nm at early times. The
1.7 and 102 ps emission lifetimes correspond well to the

DOI: 10.1021/jp510903a
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transient absorption component time constants, 2.4 and 12 ps
in Figure 7. The two fluorescent components account for 95%
of the emission intensity, and the remaining much slower
component (670 ps) only 5%. This lifetime corresponds
perfectly with the transient absorption component with the
lifetime of 660 ps. Due to the very low signal intensity, the
emission at 700 nm could not be measured in the nanosecond
time scale by the fluorescence up-conversion method.
Photophysical Properties of f—f Compound in
Toluene and Benzonitrile. Figure 8 shows the transient
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Figure 8. Transient decay component spectra of compound 2 in
toluene. The excitation wavelength was 380 nm.

absorption decay component spectra of dimer 2 in toluene.
There is a fast 0.3 ps signal, a decay (a positive signal) and
formation in the visible and near-IR regions, respectively. The
lifetime could correspond to the decay time of the singlet
excited state, but this state has no absorption at the near-IR.
Thus, it is just a short-living state formed very fast. Another, a 9
ps component is also seen in the visible range. From those two
transient states, a long-living species is formed, with a lifetime
of 600 ps, which gives rise to a broad absorption band in the
near-IR and a narrower one in the visible region. This new
species decays to form a state with lifetime of about 6 ns, which
can be seen as bleaching of the ground state absorption at 570—
670 nm.

Figures 9 and 10 show the transient absorption decay
component spectra and the emission decay, respectively, for
dimer 2 in benzonitrile. The transient absorption dynamics
have similarities with its f—meso analogue, 1, in benzonitrile. A
fast formation of a transient absorption signal (0.75 ps) is
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Figure 9. Transient decay component spectra of compound 2 in
benzonitrile. The excitation wavelength was 380 nm.
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Figure 10. Fluorescence decay profiles for compound 2 in benzonitrile
(0.9 ps, 8.1 ps, 860 ps). The excitation and monitoring wavelengths are
40S and 655 nm, respectively. The inset graph shows the fluorescence
up-conversion measurement. The excitation and monitoring wave-
lengths are 432 and 655 nm, respectively.

accompanied by a short-lived transient species with a lifetime of
8.5 ps, which has a negative amplitude at 750 nm and a positive
amplitude at 1100 nm. A broad absorption band from the
visible to the near-IR grows when the preceding transients
decay. This has a lifetime of 83 ps. A weak transient band with a
lifetime close to 900 ps still remains.

The time-resolved emission profiles of 2 in benzonitrile are
shown in Figure 10. At least 90% of the emission occurs within
100 ps, while the lifetime of the remaining slow relaxation is
determined to be 860 ps, which is complementary to the low
intensity transient component in Figure 9. The up-conversion
emission decay was fitted to two components of 0.9 (50%) and
8.1 ps (50%), which similarly complement the transient
absorption decay components.

B DISCUSSION

General. There are a few general characteristic properties
common for both hetero dimers investigated, as well as the
effect of the different solvents on their physical behavior. First,
the fluorescence emissions of the both dimers are not the
superposition of the sum of the fluorescence of their
monomers. Instead, the dimers have significantly red-shifted,
broad, and structureless emission bands, typical for excited
emitting molecular dimers, known as excimers or exciplexes.
The emission in the more polar environment, benzonitrile, is
less intensive than in the almost nonpolar toluene. This
phenomenon is well-known for dimers forming charge transfer
complexes.'"® It should be noted that the chromophoric
moieties of the dimer increase the intramolecular conjugation
length. The two chromophoric rings are twisted with respect to
each other at the optimized structures of 1-m and 2-m in the
ground state (Figure 2). Although we have not optimized the
excited-state structures, the twisted conformations of 1-m and
2-m may suggest that the two chromophores can rotate rapidly
about the inter-ring bond to more conjugated conformers in
the excited states.

Based on the steady-state optical properties of the studied
monomers and dimers, we propose the photoinduced processes
described in Scheme 2. The initial excitation pulse forms an
excited singlet state, either directly or via an IC process from
the second excited state, in a dimer denoted as P*-DAP or P-
DAP*. This state may relax back to the ground state via
fluorescence, with a rate constant of kz. More likely, however, is
that the excited dimer forms an intramolecular exciplex (P-
DAP)*, with a rate constant of k,y,. This exciplex may form a

DOI: 10.1021/jp510903a
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Scheme 2. An Initial Hypothesis for the Reaction Scheme for
the Relaxation Pathways of the Excited State of Dimers 1
and 2

P* - DAP or P-DAP*

exp

(P— DAP)*

In benzonitrile
ker
(P~ DAP-)

In toluene

hv

k,

Tec

P - DAP v

single or triplet charge separated state, (P**—~DAP~*), which is
favored in the more polar environment such as benzonitrile.
Alternatively, the exciplex may relax to the ground state in
either a radiative or nonradiative transition. In the case of a
charge separated state (CSS), a recombination of the charges
via back electron transfer relaxes the transient species back to
the ground state with a rate constant of k.

The time-resolved pump—probe and emission measurements
yielded, however, more complex, but simultaneously more
detailed information on the processes involved. The most
remarkable observation is that, instead of two transient species
(Scheme 2), four transient species were detected for both
dimers and in both solvents; three of those were emissive,
instead of the one supposed in Scheme 2.

Based on the steady-state fluorescence results the long-living
fluorescent components (1.4 and 0.66 ns for compound 1 and
0.60 and 0.87 ns for compound 2 in toluene and benzonitrile,
respectively) are intramolecular exciplexes formed in excitation
of the dyads. They were preceded by two short-living transient
species, which were formed in time shorter than 100 fs directly
from two different ground state conformers, in which the
chromophores are twisted with respect to each other. The
formed excited complexes both show fluorescence at lower
energy than neither of the parent moieties. This is a general
property of exciplexes and justifies assignment of those two
species to primary exciplexes.

Because the primary exciplexes are formed directly from their
ground state conformers, their energies are not optimized to
the minumum of each excited dimer. As soon as a primary
exciplex is formed it relaxes rapidly, in few picoseconds to few
tens of picoseconds, by rotation about the inter-ring bond to a
conformer corresponding to the minimum energy in the excited
state, forming the final exciplex, which could be common for
both primary exciplexes. Alternatively, a primary exciplex could
relax to another transient species, e.g, to a charge transfer (CT)
state.

Another general observation was that different excitation
wavelengths did not result in distinguishable difference in
transient absorption responses. This means that (1) involve-
ment of the second excited state of either of the excited
chromophores does not play any essential role in the electron
transfer reaction, instead (2) the internal conversion from the
second to the first singlet excited state of porphyrin or
diazaporphyrin, S,—S,, is fast and not time-resolved, and (3)
the formations of the excited complexes are also fast and do not
depend on the primary excited chromophore.

Compounds 1 and 2 in Toluene. According to the
ultrafast pump—probe experiments, exciting compound 1 in
toluene resulted in the formation of two short-lived transient
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species with average time constants of 1 and 18 ps (Figures S,
S2, and S3). These components were also determined by the
fluorescent up-conversion method (Figure 6a) and are
considered as primary exciplexes of compound 1. The
relaxation of these two states led to the formation of a relative
long-living intermediate, with an average lifetime of 1.4 ns. This
lifetime was also measured for the decay of the broad emission
band assigned to an exciplex. This exciplex relaxes to a long-
living, > 5 ns, nonemitting state, which is probably a CT state,
(P**-DAP™*).

Similarly, when compound 2 was excited in toluene, two
primary exciplexes were formed very quickly and decay to the
final exciplex with lifetimes of 0.3 and 9.0 ps (Figure 8). The
final exciplex lives 600 ps and forms a CT state, which decays
with a lifetime of 5.8 ns. These processes mirror the
observations for compound 1 in toluene, but are significantly
faster. The implication is that the difference in geometry and 7-
conjugation between the two dimers results in a faster
relaxation of the excited states in 2.

In summary, compounds 1 and 2 can exist as two different
conformers in the ground state, which form under light
excitation two primary intramolecular exciplexes. The photo-
induced processes for compounds 1 and 2 are shown in
Scheme 3, with the experimental rate parameters being related

Scheme 3. Proposed Reaction Scheme and Kinetics for the
Relaxation Pathways of the Excited Singlet State of Dimer 1

in Toluene
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to compound 1. The lifetime of the longer-living primary
exciplex is marked by 7, = 18 ps and that of the shorter-living
exciplex by 7, = 1 ps. This selection will be justified later. The
lifetimes are summarized in Table 1.

According to Scheme 3, excitation of either the porphyrin or
the diazaporphyrin moiety leads to formation of the two very
short-living exciplexes '(P-DAP),* and '(P-DAP),*. These
transient species transform to the final exciplex, '(P-DAP)*,
which, like the primary exciplexes, also have some charge

Table 1. Lifetimes of the Transient States of Compounds 1
and 2 in Toluene and Benzonitrile”

7 (ps)  mps) 7 (ns) T (nS)
1 toluene 1 18 14 >S5
benzonitrile 2.4 12 0.66 0.185
2 toluene 0.3 9.0 0.60 5.85
benzonitrile 0.9 8.5 0.87 0.08

“7, and 7, are the lifetimes of the emissive primary transient states, 7
is the lifetime of the exciplex, and 7,.. is the recombination time of the
CT state. See Schemes 3 and 4.
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transfer character due to the differences in their electron
donor—acceptor properties. The final exciplex relaxes to a
charge transfer complex, which recombines back to the ground
state.

Compounds 1 and 2 in Benzonitrile. Exciting com-
pounds 1 and 2 in benzonitrile resulted in the formation of two
short-living transient species for both conformers, with
averaged time constants of 2.4 and 12 ps for compound 1
(Figures 6b and 7) and 0.9 and 8.5 ps for compound 2 (Figures
9 and 10). They are considered as primary exciplexes of
compounds 1 and 2 in benzonitrile. The third emitting state,
the final exciplex, has a lifetime of 660 or 870 ps for compounds
1 and 2, respectively.

There are, however, two important differences between the
optical and photophysical properties of compound 1 and 2 in
toluene and benzonitrile. First, the fluorescence quantum
yields, mainly due to the exciplex emissions, are 12 and 8 times
higher in toluene than in benzonitrile for compound 1 and 2,
respectively. Second, as the longest living component in toluene
for both compounds was observed to be the charge transfer
complex, (P**-DAP™*), with lifetimes >S ns, longer than the
exciplex fluorescence lifetimes (1.4 and 0.60 ns, for 1 and 2), in
benzonitrile the longest living component was the transient
exciplex with lifetimes of 660 ps for compound 1 (Figures 6b
and 7) and 870 ps for compound 2 (Figures 9 and 10). In the
pump probe experiments, however, shorter living (180 and 83
ps, for 1 and 2, respectively) nonemitting intermediate states
were observed (Figures 7 and 9). They could not be formed
from the longer-living exciplex.

Nevertheless, the apparent difference in the solvent-depend-
ent behavior is simple to resolve, if either of the primary short-
living exciplexes, '(P-DAP),* or '(P-DAP),* would relax
directly to the charge transfer complex, (P**-DAP™*), as shown
in Scheme 4 for compound 1 in benzonitrile. The CT state

Scheme 4. Proposed Reaction Scheme and Kinetics for the
Relaxation Pathways of the Excited Singlet State of Dimer 1
in Benzonitrile
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decays with the recombination time of 7,.. = 180 ps. In Scheme
4 the shorter-living primary exciplex, '(P-DAP),*, decays to
charge transfer complex, with a time constant of 7, = 2.4 ps.
This will be justified below.

Solvent-Dependent Behavior. Because the fluorescence
quantum yield of compound 1 is 12 times lower in benzonitrile,
it is logical to suppose that the shorter-living primary exciplex,
!'(P-DAP),*, with lifetime of 7, = 2.4 ps, would relax to the
charger transfer complex, and thus reduce the fluorescence
quantum yield. If one supposes the formation efficiencies of the
primary exciplexes to be equal, 0.5 for both, the quantum yields
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for the formation of the final exciplex state, '(P**-DAP®")*,
would be in benzonitrile
1/7

X —— = 0.5 X 0.165 = 0.083
(/7 + 1/1y)

PIS = 0.5

and in toluene
S =05 x1=05

Furthermore, the total fluorescence quantum yields for the
final exciplex state would be in benzonitrile (Scheme 4)

k/ﬂ
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nr
where kf and k,, (not shown in Scheme 4) are the radiative and

nonradiative rate constants, respectively, of the exciplex state.
Analogously, in toluene (Scheme 3),
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The ratio of the fluorescence quantum yields in toluene and
benzonitrile is
q
(I)Tol _

fl
q)BN

Drg X kﬂTTezT 0.5 X kfrlr X 1.4 ns

L
= =128 X =
0.083 X kg X 0.66 ns

kg

OF X kyri
when the experimental rate parameters shown in Schemes 3
and 4 are applied. The ratio is very close to the experimental
quantum vyield ratio, 12, if the ratio of the radiative rate
constants in benzonitrile and toluene is kj/kg &~ 1. Analogical
treatment could be done for compound 2. The time constants
related to Scheme 4 for both compounds are combined in
Table 1.

The main reason for the reduced fluorescence efficiency of
compound 1 in benzonitrile is the fast decay of the short living
primary exciplex to the CT state, (P**-DAP~*). This is strongly
supported by comparison of the transient absorption decay
component spectra in Figures 7 and S3, in which compound 1
is excited at S60 nm. In benzonitrile (Figure 7) the most
intense transient (at 720 nm) is the CT state with lifetime of
180 ps. In toluene (Figure S3) the most intense component is
the exciplex state (maxima at 660 and 990 nm), with lifetime of
1.2 ns, whereas the intensity of the CT state (at 720 nm) is
relative low. Similarly, in transient absorption decay component
spectra for compound 2, as it was for compound 1, the most
intense transient in benzonitrile (Figure 9) is the CT state with
lifetime of 83 ps. In toluene (Figure 8), the most intense
component is the exciplex state with lifetime of 600 ps.

Almost all the transient components for dimer 2 relax faster
than those formed in dimer 1, regardless of solvent. These
observations are complementary to the greater z-conjugation in
dimer 2 determined computationally. However, it is clear that
the lifetime of the final exciplex for dimer 2 in benzonitrile is
slightly longer than for dimer 1. Although this contradicts the
previous observations, there are two potential explanations.
First, the difference is small and within the error of the
measurements. Alternatively, the energy of the final exciplex in
dimer 2 is slightly lower than its counterpart in compound 1.
This might lead to a more stable exciplex that would manifest
itself as a longer-lived one. The lifetimes of the transient states
for compounds 1 and 2 in toluene and benzonitrile are
presented in Table 1.
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B CONCLUSIONS

This study shows that after photoexcitation of the f—meso and
p—p dimers of the diazaporphyrin (DAP)-porphyrin dyad in
nonpolar toluene, both form a relatively long-living intra-
molecular exciplex, which has a strong emission and relaxes first
to a charge transfer complex, and then recombines to the
ground state. For both dimers the long-living exciplex is
preceded by two short living primary transient states, observed
by the ultrafast pump—probe method and as two fluorescent
species by the fluorescence up-conversion method. Because the
two chromophoric rings of the hetero dimers are twisted with
respect to each other, they might be able to rotate rapidly about
the inter-ring bond in the excited state. This would explain the
nature of the two observed exciplex type transients, before the
formation of the long-living exciplex. In a more polar
environment like benzonitrile, the shorter-living primary
exciplexes relax, however, directly to the charge transfer
complex, which has a shorter lifetime than the observed
excimer emission. The electrochemical redox potential
measurements and DFT calculations support the proposed
mechanism.
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