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The excitation wavelength dependence of time-resolved EPR is used to demonstrate the pathway of
intramolecular energy transfer in a covalently linked coppet(ii@e base porphyrin dimer. Spin polarized
spectra are presented for selective excitation of both the copper(ll) porphyrin donor (at 540 nm) and the free
base porphyrin acceptor (at 640 nm) at 50 and 80 K. In all cases the observed spectra are assigned to the
triplet state of the free base which is coupled weakly to the copper ground state doublet. The polarization
pattern generated by selective excitation of the free base half is indicative of intersystem crossing (ISC),
whereas excitation of the copper(ll) half gives an eaa/eea polarization pattern. The latter is rationalized in
terms of energy transfer via the lowest excited-tiguartet state of the copper(ll) moiety, followed by selective
depopulation from the spin states with doublet character in the weakly coupled free base triplet-copper doublet
system. This leads to a spectrum which resembles that of the free base triplet state with overpopulation of the
T4+, and T-; sublevels. The spin-selective electronic relaxation is supported by the fact that the rise time of
the polarization is consistent with the decay rate of the triplet signal generated via ISC following direct
excitation of the free base. Superimposed on these triplet spectra is a narrow emissive feptueGt and

a very broad a/e pattern, both of which decay with the same rate. In addition, a short-lived absorptive feature
atg = 2.00 is observed at temperatures below 50 K. From tipeglues and temperature dependence these
features are tentatively assigned to quartet and doublet states in conformations of the complex in which the
coupling between the free base triplet and Cu(ll) ground state is strong.

1. Introduction the excited-state dynamics drastically. Thus, by varying the two
Long-range intramolecular energy transfer is of increasing metals, a variety of photophysical processes can be studied in

interest, especially in ensembles which absorb visible light, & 91Ven complex.

because it is crucial to understanding photoharvesting systems It is well-known that zinc(ll) porphyrir-free base porphyrin

in natural organisms as well as for utilizing solar energy and dimers undergo singletsinglet energy transfer and that the rate
designing molecular photonic devices. A great many kinds of depends on the distance, orientation, and linkage between the
porphyrin dimers and oligomers, which can be exploited for two halves' 1 In contrast to the large number of studies on
this purpose, have been synthesized and studied extensively ovethe diamagnetic zinc(lyfree base dimers, relatively little
the past decadeln these covalently and noncovalently linked —attention has been paid to dimers involving paramagnetic metal
porphyrin systems, the interactions between the choromophoregons!'~17 This is primarily because most paramagnetic metal-
and intramolecular processes such as energy and electroroporphyrins have (d,d*) or charge transfer excited states below
transfer have been investigate® and discussed in terms of their (z,7*) excited states, and the presence of these low-lying
through-space and through-bond mechan®&n#.In chemically states involving the metal excitation accelerates deactivation
bridged porphyrin dimers, the interaction between the two halves immediately after energy transfer, or directly prohibits energy
varies with the spacer unit, which not only can control their transfer itself.

mutual distance and orientation but also can specify the nature  copper(il) porphyrin has an unpaired electron in a copper
of the intervening chemical bonds? In particular, hybrid d, orbital, which has exchange interaction with the porphyrin
porphyrin dimers having two different central metal ions serve _ejectrons. This exchange interaction splits the porphyrin triplet
as excellent'dorlwefaccepyor systems, since the two halves have giates into so-called “tripdoublet” @T) and “trip—quartet” (T)
different excitation energies and redox potenﬁa@.Mqreover, states with an energy gap of several hundreds @3

the central metal ion of the macrocycle can sometimes change,, hareas the singlet states become “sidgublet2S states. The

nonzero exchange interaction also gives rise to the configuration
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SCHEME 1 Molecular Structure of Cu—Cs-H, and an observed because the transient absorption spectra of the two
Energy Diagram of the Dimer Constituents halves overlap severely. In this context, TREPR was expected
R to provide direct evidence of energy transfer to the triplet state

of the free base. It was shown that selective excitation of the
copper moiety at 532 nm and 77 K gave rise to a triplet-like
O R spectrum with zero-field splitting (ZFS) parameters, character-
R ~0 istic of the free base but with an unusual polarization pattern.
o R This spectrum was assigned to a triplet excitation of the free
base in conformations of the dimer in which the coupling
O between the triplet and the copper doublet is weak. The observed
R O CH polarization pattern suggests that the triplet state is not generated
3 by ISC in the free base, and thus it is likely to be generated by
intramolecular energy transfer. Nevertheless, the mechanism
which yields this polarization pattern is not fully clarified. In
addition, a narrow emissive signal @t~ 2, which cannot be
attributed to a triplet state, was also observed.
—_— In the present study, we examine the excitation wavelength
S = — S dependence of the TREPR spectra along with their temperature
\ 2p sc, K gnd orientation dependence, to investigate w_hy photodynamlcs
1 EnT / involving intramolecular energy transfer in this dimer leads to
> __ 7 the unusual polarization pattern. We will clarify the origin of
the polarization patterns by considering possible pathways and
by presenting a mechanism which accounts for photophysical
processes in the dimer. This report presents a novel observation
that the energy acceptor has;land T-; overpopulation, which
had been observed only for electron transfer cases.

640 nm

— S 2. Experimental Section

The free basecopper hybrid dimer CuCz—H, (Cu—Cs—
PCu PH, H, denotes [5-[2-[3-[2-[10,15,20-tris(4-methylphenyl)-223H-
porphyrin-5-yl[phenoxy]propoxy]phenyl]-10,15,20-tris(4-me-
states. In noncoordinating solvents, tia state is the lowest  thylphenyl)porphyrinato]copper(li),2IN,22N,23N24) was synthe-
excited stat@>30 because the (d, d*) and charge transfer states sized as described previousf!® EPR samples were prepared
are absent below tid; and*T; states due to the strong ligand by dissolving the dimer in toluene (Merck, spectroscopic grade)
field and the @ configuration. or a liquid crystal, E7 (BDH) to give a final concentration of

The lowest singlet and triplet excited states of the free base 107* M. The solutions in Suprasil tubes (3 mm o.d.) were
porphyrin are lower than the corresponding excited states of degassed by several freezaump—thaw cycles and then sealed
copper(ll) porphyrirg3 Therefore, intramolecular energy transfer under vacuum.
from copper porphyrin to the free base can be expected in copper For the measurements in the liquid crystal (LC), macroscopic
porphyrin—free base porphyrin hetero dimers. However, the ordering in the solid phase of the sample was obtained by
rapid ISC process in the copper porphyrin moiety prevents freezing from the nematic phase in the presence of the external
energy transfer between the excited states of singtet*{ magnetic field. Once frozen, the director of the LC was then
character but allows energy transfer from the lowest excited rotated with respect to the magnetic field to give a desired
states of the copper(ll) porphyrin to the free base triplet $fate. orientation between the director and the field.

Time-resolved EPR (TREPR) is well suited for studying such ~ TREPR measurements were performed using a transient
processes involving paramagnetic intermediates because theX-band microwave bridge (Bruker ER 046 XK-T) equipped with
light-induced spin polarization patterns can be used to identify a dielectric resonator (Bruker model ER4118X-MD5(W1),
the states present in a given time window. Although the time unloadedQ = 4000). The time resolution of the spectrometer
resolution of the method is limited to10 ns and diamagnetic  with diode detection and a narrow band amplifier is estimated
species are not accessible, it is often possible to deduce theast (1/e)= 500 ns. The sample temperature was controlled in
nature of short-lived precursor states based on their influencea helium gas-flow cryostat (Oxford CF935). A microwave power
on the observed spectra. This is one of the most advantageousf 0.08 mW was used for all the measurements. The sample
aspects of this method, wherein the resultant spectrum dependsvas excited using an optical parametric oscillator (Quanta-Ray
on the pathway by which the paramagnetic species is generatedOPO-710) pumped by a frequency tripled Nd:YAG laser
even in the condensed media. This is different from optical (Quanta-Ray GCR-170). The wavelength accuracy of the system
absorption measurements, which usually provide rather broad,is 5 nm, and a pulse energy 62 mJ was used. The output
pathway-independent spectra in such media due to fast vibra-power variation of the laser is less than 10% between 450 and
tional relaxation within the electronic states. 680 nm. The wavelength of the laser can be changed easily

Recently, we have used TREPR to study energy transfer in by rotating a BBO crystal in the oscillator without changing
a copper(ll)-free base porphyrin dimer with a three-carbon alkyl other conditions, and this allows for reliable wavelength-
linkagel® Scheme 1 shows the structure of the dimer{Cu  dependent measurements on the same sample.

Cs—Hy) and an energy diagram. Transient absorption measure- The time development of the EPR absorption signal was
ments of the dimer suggested efficient intramolecular energy digitized using a transient recorder (LeCroy 9350A) which was
transfer via the trip-doublet and/or trip-quartet states of the  triggered by the laser flash. Transients were collected at a series
Cu(ll) half12 However, the rise of the acceptor could not be of equally spaced magnetic field positions over a given range
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Figure 1. Absorption spectra of (a) CuCz;—H; dimer and (b)
porphyrin monomers, TTPCu~) and TTPH (- - -), in toluene at room
temperature.

Figure 2. TREPR spectra of CdCs;—H; in toluene excited at 640

nm and 80 K. Upper spectrum: detection gate time is—0.2 us

following the laser pulse. Lower spectrum: detection gate-8.0us.

The intensities of the spectra are normalized to account for the different

and transferred to a computer. Spectra are generated from theyate widths. Middle spectrum: simulation using parameters typical of

timeffield data set by numerically integrating over an appropriate the free base monomer. ZFS parametds= 375 x 104 cm™;, E=

time window and subtracting the average baseline before the80 x 10~*cm. Initial population ratio: P.,/P,/P, = 0.75:0.25:0. Line

trigger event. width: AB = 2.0 mT. The corresponding values for the monomer,
TTPH, in ref 16 areD = 372 x 104 cm™, E= 79 x 10% cm,

Py/Py/P, = 0.72:0.28:0, andAB = 1.0 mT. Arrows A and E stand for

3. Results microwave absorption and emission, respectively.
3.1. Excitation Wavelength Dependence at 80 Krigure 1 T T T T

shows the optical absorption spectra of the dimerCg—Ha 540 nm 80K

and the monomers TTRHTTP: 5,10,15,20-tetratolylporphin)

and TTPCu in toluene at room temperature. Since the absorption T A 08~ 125

Q-band of the dimer is approximately described as a 1:1 f\w ~

superposition of those of the two monomers, the transitions to lE

the S states of both halves can be considered as independent.

As can be seen in Figure 1, the free base monomer has an [\ 20-24ps

absorption at 640 nm, which is absent in the Cu(ll) monomer. \/ N

Similarly, the absorption intensity of the copper porphyrin at

540 nm is strong while that of the free base is weak. As a result,

it is possible to selectively excite the two halves in the dimer /\ 4.0-4.8 s

with these wavelengths.

Selectie Excitation of the Free Base HaFigure 2 shows
TREPR spectra of CdCs;—Hj> in toluene with selective irradia- /\
tion of the free base halfi{x = 640 nm,T = 80 K). The

A\ 60-70us

spectrum taken in the time window 0-8.2 us after the laser \/ -
flash (top) is very similar to that of the triplet state of the
corresponding free base monomer formed by ISC. This indicates /\
that (i) in terms of the selectivity of the population into the /\
triplet sublevels, ISC within the free base half is not affected V Simulation
by the copper porphyrin counterpart and (i) the ZFS parameters
of the free base half are almost identical to those of the | [ |
monomer. However, some differences associated with the signal . Zy,6 X X, Y7 ,
280 320 360 400

decay are observed.
As seen from the time development of the EPR spectra of Magnetic field / mT
the dimer (Figure 2), the features associated withXwanonical Figure 3. Time development of TREPR spectra of ©0s—Hj in

orlentatlon decf”‘y more rapidly than those assoqlated W.It.h the'[oluene excited at 540 nm and 80 K, together with a simulated spectrum
Y andZ orientations. The decay profiles taken at field positions (pottom). The detection gate times after the laser pulse from top to
corresponding to thi orientation (not shown) exhibit a major  bottom are 0.81.2, 2.6-2.4, 4.0-4.8, and 6.6-7.0 us, respectively.
component ¥ 90%) witht ~ 2 us and a minor component with  For the simulation, a population ratio {T— To)/(T-1 — To) = 0.5:0.5

7~ 20 us. In the case of the monomer, the features fromdthe  is used. Other details are the same as for Figure 2.

orientation decay more slowly and show two kinetic phases of

equal intensity governed iy~ 5 us andr ~ 30us. By contrast, absorptive feature on the low-field side of the dimer spectrum,
the intensities for th& orientation decay with much the same Which is not observed in the monomer.

time constant in the monomer & 14 us) and dimer{ ~ 11 Selectie Excitation of the Copper HalffFigure 3 shows
us). Another difference is the existence of a weak, broad TREPR spectra obtained with selective excitation of the copper
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half of the dimer {ex = 540 nm, 80 K). In contrast to the copper
monomer, which gives no spin-polarized TREPR signal between
20 and 300 K817 the spectra of the dimer in Figure 3 show -
two main components. One is a spectrum which is characterized
by the same ZFS parameters as the triplet state of the free base
monomer and which is seen most clearly in the time window
6.0—7.0 us (see Figure 3). The polarization pattern from low - L
to high magnetic field is eaa/eea, where e stands for microwave Voo BLL
emission and a stands for absorption. We assign the spectrum
to the triplet state of the free base half of the dimer weakly
coupled to the Cu(ll) ground state and refer to it as the “triplet -
component”. The other component is a narrow, emissive feature

a) 640 nm

atg = 2.02 (see Figure 3, top trace). T W

The eaal/eea polarization pattern of the triplet component is \/
different from that obtained when the free base is selectively i ) 7]
excited. As described in the Experimental Section, the measure- Y ot % Y
ments withlex = 540 nm were done just before or after the 280 320 360 200
measurements withex = 640 nm on the same sample. Thus, it
is clear that the different polarization patterns are due to the Magnetic field / mT

different excitation wavelengths and not changes in other Figure 4. Orientation dependence of TREPR spectra of-Cu—H,

experimental conditions. It should be noted that the rise time in E7 at 80 K. The solid lines<) are the spectra for BL, while the

of the triplet spectrum withex = 540 nm is rather slow (ca. ~ dotted lines (- - -) are for BJL: (a) Zex = 640 nm, detection gate

2—3 us), whereas that dlex = 640 nm (Figure 2) is the same 1.0-1.5us foIIOW|_ng the laser pulse; (B« = 540 nm, detection gate
’ . X 3.0-3.5 us following the laser pulse.

as the response time of the spectrometed.b us).

The spectra obtained withex = 540 nm at 80 K are T T T T
essentially the same as those reported previously Using 640 nm 50 K
532 nm andT = 77 K16 However, in the present study, the
SN ratio for the TREPR spectra is considerably improved
mainly due to the use of the dielectric resonator (see the

Experimental Section). In addition, a broad, weak e/a feature T A 10-20s
is clearly observed over the magnetic field region of ca.-270 e

420 mT. This signal decays with approximately the same time lE \./

constant as that of the narrow feature in the center. The latter

was ten_tative!y assigned to a quartet or doublet species in which . /"\ A0 -1z s
the excited triplet state of the free base and the ground state of N A

the copper porphyrin interact strongly in a closer conforma-

tion.2620 The narrow emissive feature rises with the response | | [ ||

time of the apparatusr (= 0.5 us), and decays more rapidly ) LY X xoxs

than the triplet component. 280 320 360 400
3.2. Orientation DependenceTo understand the origin of Magnetic field / mT

the differences in the polarization pattern with different excita- _. . .
Figure 5. TREPR spectra of CdCz;—H; in toluene taken with 640

tion Wavelengths_ and to_ confirm the sign of t_he Spin polarization nm excitation at 50 K at early and late times. Top: detection gai 1
obsgrved n the '.SOt.rOp'C glass, the orientation deTper.ldence Wa?zs after the laser pulse. Bottom: detection gate 1Dus. Other details
studied using a |IqUId CryStaI (LC), E7. The Orderlng in the LC are the same as for Figure 2.
is governed by short-range interactions, and the most probable
orientation of the porphyrin plane is coplanar with the LC porphin35-37 On the other hand, with selective excitation of
director34-36 By turning the direCtOf, L, with reSpeCt to the the Copper(“) ha|flex = 540 nm), the Sign of the po|arization
magnetic field, different relative orientations of the porphyrin associated with th&-canonical orientation is inverted to a/e,
plane and the field can be achieved. Thus, with the director while the polarization from the other orientations, i¥andz,
paraIIeI to the fle'd, theX andY canonical orientations are most remains a/e and e/al respective]y_ According|y, the popu|ation
probable and the corresponding spectral features are strongeref the spin states in the two cases is the same foivtaadZ
Similarly, with the director perpendicular to the field, the directions, but for theX direction it changes, as consistent with
features associated with tleorientation dominate the spec- those observed in toluene.
trum37 This orientation selection enables us to determine the 3.3. Temperature Dependencdn FiguresS and 6, spectra
sign of the polarization for the individual canonical orientations taken atT = 50 K are shown which Correspond to those in
and to confirm the results obtained for the toluene frozen Figures 2 and 3 taken at 80 K. The spectrum obtained for
solution. selective excitation at the free badgy(= 640 nm) is shown in
TREPR spectra of the dimer in E7 are presented in Figure 4 Figure 5. A careful inspection of Figure 5 reveals that there is
with Aex = 640 nm (top) and 540 nm (bottom) at 80 K. The a component which has the same ZFS parameters as those of
solid and dotted lines are the spectra taken with L parallel and the triplet component at 80 K (Figure 2). However, superim-
perpendicular to the magnetic fielB, i.e., Bl L and BO L, posed on this spectrum, there is an absorptive contribution
respectively. Withlex = 640 nm, the polarization pattern of primarily in the center of the spectral region. The overlap of
the Z and X orientations is e/a while that of is a/e, which is this component leads to a decrease in the intensity of the
the same as reported for a monomer free base tetraphenylemissive maximum and an increase of the absorptive maximum
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Figure 6. Time development of TREPR spectra of ©0;—H; in
toluene taken with 540 nm excitation at 50 K. The gate times from top
to bottom are 0.60.8, 1-2, 4-5, 10-12, and 26-22 us, respectively.
Other details are the same as for Figure 2.

compared to the corresponding spectrum at 80 K. The sign of
the spin polarization of the triplet component is the same as
observed at 80 K (Figure 2). This suggests that the population
selectivity for ISC is essentially the same between 80 and 50
K. In analogy to what is seen at 80 K, the signal at the X
canonical orientations decays faster.

For Aex = 540 nm, the two main features found at 80 K
(Figure 3) are also observed at 50 K (Figure 6): (i) a triplet-
like component which exhibits an eaa/eea polarization pattern

(represented by the bottom spectrum taken at a delay time of

20—22 us); (ii) a narrow, emissive feature at the center of the
magnetic field accompanied by two broad wings (2300 and
390420 mT). However, similar to what is observed witk

= 640 nm at 50 K, a new, intense absorptive feature appears

around the center of the triplet component spectrum at early
delay times. The maximum of this feature is located upfigld (
= 2.00) from the narrow emissive featurg@= 2.02). The rise

of this new band is faster than the other components and it
decays more rapidly.

4. Discussion

4.1. Assignment of the “Triplet” Component Spectra.The
“triplet” component observed withex = 532 nm was assigned
in ref 16 to theT; state of the free base half of the dimer. This
assignment is confirmed by the fact that excitation at 640 nm
yields a “triplet” spectrum through spiorbit coupling (SOy-

Asano-Someda et al.

For individual orientations of the molecule, the coupling leads
to a splitting of the spectral lines. However, if the splitting is
of the same magnitude or less than the inhomogeneous line
width, it only results in a broadening of the spectrum. The
dipolar coupling can be estimated & > 0.68 mT from the
center-to-center distance of 1.6 nm between the two porphyrins
in a possible conformation in which the two moieties are
separated at the maximum distance. The exchange coupling is
more difficult to estimate. However, values of 0-:06.1 mT
for |J| have been reported in doreacceptor systems in which
the two spins are separated by 1168 nm3438 Consequently,
the total spir-spin coupling should be of the order of at least
0.7 mT. On the other hand, if the coupling is larger than this
lower limit, significant deviations from a pure triplet spectrum
should be observed. On the basis of the above arguments, it is
concluded that the spectra of the “triplet” component arise from
extended conformations of the molecule in which the coupling
is close to the lower limit.

4.2. Possible Pathways Yielding the “Triplet” Component
with an eaa/eea Polarization PatternBefore discussing the
mechanism which leads to the observed polarization patterns,
we need to consider possible pathways which lead to the “triplet”
component. The different polarization patterns observed with
selective excitation of the two halves of the dimer (see Figures
2—4) can be ascribed to differences in the pathways by which
the free base triplet state is generated, since the ZFS parameters
are the same. This is also supported by the different rise times
with the two excitation wavelengths. (at 80 K~ 0.5 us for
Aex = 640 nm vs ca. 23 us for Aex = 540 nm).

Direct excitation of the free base leads to the “triplet”
spectrum via S©ISC. The fact that excitation of the copper-
(1) half yields the triplet spectrum, which is different from the
SO-ISC spectrum, also suggests that no energy transfer from
the 2S; of the copper moiety to the;f the free base takes
place. This is consistent with the conclusion derived from the
fluorescence excitation spectrum of the free base'&ffhich
is coincident with the absorption spectrum of the free base
monomer but not with that of the copper-free base dimer.

The most likely pathway by which excitation of the copper-
() half could populate the free base triplet is energy transfer
via the T, state of the copper porphyrin as shown in Scheme
1. Although the transient absorption measurements did not
suggest any trace of radicals and other intermedidtes
cannot completely exclude the possibility that the TREPR and
optical experiments could be reporting on different subpopu-
lations generated by different pathways. Thus, we also need to
consider the possibility that electron transfer is involved.

Intramolecular Electron TransfeAs discussed previoush,
the polarization pattern observed with selective excitation of
the copper moiety (Figures 3, 4, and 6), i.e., the eaal/eea pattern,
is consistent with excess population of the spin states with T
and T-; character (see simulation at the bottom of Figure 3). It
is conceivable that such a population distribution could be
generated by the following electron transtér:

PCu*~H,P— [PCU'—H,P] — PCu-"H,P* (1)

ISC. The observed spin-polarized spectrum is reproduced well This is analogous to the generation of the triplet states via charge
using parameters typical of the triplet state of the free base recombination in photosynthetic reaction centers and model
monomer, as shown in Figure 2 (see figure caption for the ZFS compound$?47 In these systems, a radical pair is generated
parameters). The only significant difference in the parameters from the excited singlet state of the donor and subsequefy S

for the dimer and the monomer is that the line width is larger mixing in the radical pair leads to recombination to thestate

in the dimer (2.0 mT for the dimer vs 1.0 mT for the monomer). of the donor or acceptdf: 48

This is probably due to the spitspin coupling between the In the case of the porphyrin dimer, the radical pair in eq 1 is
free base triplet and the copper doublet. a three-spin system and the precursor is in a doublet or quartet
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state. While the spin dynamics of such a system are quite and tetratolyl porphyrins, the emission in a glassy medium
complicated® and depend on the nature of the precursor state, decays multiexponentially and the spectral shape changes with
the recombination can be expected to be spin selective. Thustime (<1 us)?%28 Although the emission behavior of these
it is important to examine whether such a reaction is feasible copper porphyrins is somewhat complicated, the slowest
or not. component of the kinetic phase has a decay constant of longer
Generally, whether electron transfer (ET) takes place or not than 1 ms at 77 K52858Consequently, théT; state, which is
can be discussed in terms of the free energy change before angrimarily populated via the fast relaxation after photoexcitation,
after the reaction by using the Rekiweller equatiorf? is sufficiently long-lived for energy transfer to occur.
2 On the basis of the above arguments, the observed TREPR
_ e spectra withlex = 540 nm can be ascribed to triplet excitation
AG = —E{A) + E,(D) — E ca of the free base generated via intramolecular energy transfer
from the2T; and/or*T; excited states of the copper half of the
whereEreq and Eox are the reduction potential of the electron dimer. We will now consider the origin of the observed
acceptor and the oxidation potential of the electron donor, polarization pattern.
respectively, and* is the energy of the excited state which is 4.3. Mechanism Leading to the eaa/eea Pattern of the
the precursor of ET. The last term is the so-called work term in TREPR Spectra. The polarization pattern of the “triplet”
the case of charge separation from the neutral state, with acomponent, observed withex = 540 nm (overpopulation of
donor-acceptor distancey, and the dielectric constart, of the states with J; and T_; character), is determined by the
the solvent. spin dynamics during the energy transfer process and relaxation
The Rehm-Weller equation is valid for most polar solvents, in the final metastable state in which the free base is a triplet.
but it is not applicable for solvents with low polarity such as Here, we first examine the nature of the spin states before and
toluene because the solvation energy is difficult to estimate. after the energy transfer and then consider the origin of the
However, experimental and theoretical estimates suggest thatyolarization pattern specifically.
AG in such low polarity solvents is approximately 6:8.6 eV Spin States of the Excited States of the Copperfige Base
higher than predicted by eq 2 and also higher than in polar Porphyrin Dimer.Following photoexcitation at 540 nm and 1SC
solvents>~53 Therefore, we only need to estimai for the within the copper moiety, the spin eigenstates of the system
liquid crystal E7 which is more polar than toluene. are the trip-doublet T;) and trip-quartet {T,) states of the
The free energy changes in E7 are estimatefi@s= —0.17, copper porphyrin. Energy transfer then excites the free base half
+0.23, and+0.32 eV for the reactions from t%S,, 2T1, and  of the dimer into the triplet state, which is weakly coupled to
“T, states in eq 1, respectivetyWhile the large positive values  the copper doublet ground state. In this case, it is instructive to
for the °T; and“T, states predict that ET is not feasible from  describe the spin eigenstates of the system as linear combinations
these two states, the negative value for #8gstate suggests  of either the product states of the triplet (free base) and doublet
that ET is energetically favorable in this case. However, ET (copper) components (i.e., the weak coupling limit functions)
from the?S; state is also very unlikely because it must compete or the quartet and doublet states (i.e., the strong coupling limit
with the fast ¢ < 8 ps) ISC in the copper porphyrit®2Since  functions) (see Appendix). As discussed above, the coupling
the TREPR measurements were carried out in the frozen, glasspetween the triplet spins and the copper doublet is fairly weak

)

regime, picosecond ET rates are not expected due to the slowin the present case (the upper limit of the spépin coupling

rotational diffusion of the solvent molecules. This is in line with
the fact that the ET rates for many dor@cceptor complex

is 1.0 mT; see section 4.1). Under these conditions, the mixing
of the product states will be weak and the quartet and doublet

systems are attenuated from the picosecond to the microsecon@haracter of the eigenstates will be approximately that of the

time range in the nematic phase of L&s®’ As a consequence,
the electron-transfer pathway can be excluded on energetic
grounds from théT; and*T, states and for kinetic reasons from
the 25, state of the copper porphyrin.

Intramolecular Energy TransfeA more plausible explana-
tion for the eaa/eea polarization pattern following the copper
half excitation is intramolecular energy transfer via #ie or

4T, state of the copper to the free base triplet, as described above.

One important question for such a mechanism is whether the
lifetime of the precursor state is compatible with the energy
transfer rate. In the monomer copper porphyrin, ISC from the
25, state to théT, state takes place on a time scale on the order
of picoseconds and proceeds further via relaxation to*The
state3132 The relaxation rate fron¥T; to 4Ty is reported as
several hundred picoseconds in a protoporphyrin comlex,
while in some other copper porphyrins faster rates have been
suggested due to the lack of a change iiTTabsorption spectra

in this time region. In any case, phosphorescence from copper
porphyrins at room temperature is assigned to the emission of
the 2T, state thermally activated from tH&; state. At around

80 K, most molecules reside in ti&; state since the energy
gap between théT; and“T; states is much larger thaT.26-28

product states:

¢~ [T q,0l= Qg1

1 2
¢~ |T,f0= \/.\:3)|Q1/2D+ \/;“31/2['
N 2 1
¢z~ |Toal= \/%|Q1/25_ \/%“31/2D
N 2 1
Py~ |T015D: §|Q—1/2|:H_ :__3|D71/2D
N 1 2
¢s~ |T_al= §|Q—1/25_ :3,|D—1/2D

¢~ | T_1,0= |Q 3,0

@)

The spin states of the energy donor and acceptor are illustrated
graphically in Figure 7. In part A of the figure, tR&;, and*T,
states of the copper half of the dimer are shown, whereas the
corresponding eigenstates of the free base trijglepper doublet
ground state are shown in part B. Note that the actual energy

While the observed emission at this temperature is also ascribedseparation in part A is larger than that in part B of the figure

to the radiative decay from théT; state, the decay rate
represents the lifetimes of thg state. In the case of tetraphenyl

and that the separation between ffi¢ and*T; states is much
larger than indicated. Since the ZFS in copper porphytin$ (
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Figure 7. Schematic illustration of the spin states involved in the energy transfer from the copper porphyrin (PCu) to the free Hase (PH
Cu—Cs—H; (see Scheme 1). The populations of the spin states are indicated by the shaded circles. (A)-Thatig {T,) and trip—doublet

(?T,) states of PCu. (B) The spin states of the free base triplet weakly coupled to the copper doublet. Population according to the quartet character
of the acceptor spin states. (C) Selective depopulation of the spin states according to the doublet character after energy transfer in the weakly
coupled triplet-doublet system.

~ 0.35 cnT! and|E| = ~0.27 cn11,252% is not small compared  quartet character. This assumption that spin relaxation takes
to the Zeeman energy By = 300 mT (0.3 cntl), the quartet place rapidly in the coppéiT; state is very reasonable because
state {Ty, Figure 7A) is close to the zero-field limit and is split no spin polarization is observed at-2800 K with X-band

into two pairs of spin sublevels. In comparison, the ZFS in part microwave and because a largB| value, reported from

B of Figure 7 is relatively small and the wave functions are experiments at very low temperatures4(2 K)2527is expected
almost in the high field limit atBp = 300 mT. The energy  to cause rapid relaxation. The resultant population distribution
transfer effectively projects the six states on part A of Figure 7 due to the energy transfer is indicated by the shaded circles in

onto the six states on part B. part B of Figure 7. The EPR spectrum from this population

Possible Origins for the eaa/eea Polarization Pattefine distribution consists of pairs of oppositely polarized transitions.
observed spin polarization pattern withy = 540 nm is For example, the two transitiong:, — ¢3 and ¢ — ¢4
attributable to excess population of the spin states withahd correspond approximately to th&, 00— |Te[transition in the
T_; character (e.g¢1 andgs). Here, we consider two possible  free base triplet for the two orientationgs of the doublet spin.
origins for such a population distribution. The population differences for these two transitions are

(i) The energy transfer from the copper porphyrin could be
spin selective such that these states are preferentially populated. I3 0 —AP = — 1 4)

(i) The polarization could develop through spin-selective 3
electronic relaxation to the ground state. 1

In general, both the energy transfer and the electronic log U —APy =+ 3 ®)

relaxation can be expected to be spin selective. Thus, possibili-
ties (i) and (ii) are the two limiting cases in which one Obviously, their intensities are equal and opposite. Similarly,
mechanism dominates. If possibility (i) holds, the rise time of the total intensity of the pair of transitions < ¢s and ¢, —
the triplet component (23 us) would correspond to the energy ¢, which correspond to th@ o | T—;[transition, is also zero.
transfer rate. On the other hand, if possibility (ii) holds, then In the extreme case of no coupling between the doublet and
the rise of the signal corresponds to the difference in the triplet, the pairs of transitions are degenerate and their intensities
lifetimes of the spin states and the selective electronic relaxation cancel each other completely. However, as discussed above,
must be faster than the spin relaxation. the coupling in the dimer is expected to be roughly as large as
Spin-Selectie Energy Transfevia the Trip—Quartet State the inhomogeneous line width. Therefore, the spectral contribu-
of the Copper(ll) Half A simple explanation for the overpopu- tions from the pairs of transitions will overlap to a large extent
lation, i.e., possibility (i), could be that the ISC and spin but will not cancel each other completely. The resulting
dynamics within the copper moiety lead to selective population polarization pattern summed over all orientations (not shown)
of the S, = +3/2 sublevels in théT; state of the copper. The resembles the first derivative of the triplet spectrum in thermal
projection of this population distribution onto the spin states in equilibrium and is roughly a factor of X0 weaker than the
the free base tripletcopper(ll) doublet system (part B of Figure  simulation shown in Figure 3. Although the possibility that such
7) would then populate only statess and ¢s because they  a spectrum makes a weak contribution to the experimental data

correspond to the staté®zlland|Q-3/.L] respectively. How- cannot be ruled out, it does not account for the eaa/eea pattern
ever, we can exclude this possibility because the spin states inobserved withlex = 540 nm.
the copperT; state are not in the high-field limit ar} is not Spin-Selectie Electronic Relaxation Following Energy Trans-

a good quantum number. Moreover, it is likely that rapid spin fer via the Trip—Quartet StateThe second possibility is that
relaxation takes place in tH&; state leading to rapid equilibra-  selective depopulation of the spin states occurs. It is likely that
tion among the sublevels. the states with doublet character relax more rapidly because
If we assume fast spin relaxation in tH&; state, the the ground state is a doublet. This process corresponds to parts
subsequent energy transfer will populate the spin states of theB and C of Figure 7. We can assign two rate constadgtsnd
weakly coupled tripletdoublet pair solely according to their  kp, to the electronic relaxation from a pure quartet and a pure
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doublet state, respectively. The relaxation frgm-g¢e, will then can take place only fromp,, ¢3, ¢4, and¢s states (see Figure

be governed by rate constants which are linear combinations7C). In the free base, ISC predominantly populates states with

of kg andkp. In general, these rate constants will be different x-symmetry. This means that spin states withcharacter ¢s

and the polarization pattern will change with time. and ¢4) are populated withB Il X, whereas withB || Z, states
Assuming that (i) the electronic relaxation from the quartet with T4, and T-1 character ¢1, ¢, ¢s and ¢g) are populated

states is slow, i.eko ~ 0, and (i) the spin relaxation rate is  almost equally. Thus, the selective relaxation should affect the

slow compared with the depopulation rakg, the following signal decay for th&-canonical orientation strongly but should
time-dependent intensities are obtained as the products of theonly have a weak influence for th&orientation, as observed.
transition probability and population differences. Spin Polarization Patterns Expected by Energy Transfer
“Triplet” transitions: the Trip—Doublet State of the Copper Porphyrin Hals shown
above, the selective depopulation following the energy transfer
[T, 00— |T,E via the“T; state of the copper(ll) porphyrin half explains not
only the eaa/eea polarization pattern witly = 540 nm but
l4(t) O _{ 1— 2 ex;(_—th)} (6) also the orientation dependence of the signal decaysAith
13 3 3 640 nm. In the previous two subsections, we have assumed
1 —2kt\ o —kot energy transfer takes place_via the state _of the popper(ll),
L,t) O _{_ ex;{ ) —Zexp (_)} ) since most molecules relax into thHE; state immediately after
3 3 3 3 the excitation of the copper half as discussed in section 4.2.
IT0— T_,0 However, energy transfer might take place from the-tdpublet
state which could be thermally activated from tHg state.
1 -2ty 2 —kpt In a manner similar to the above, we can examine the expected
ls® D 3exA—3 ) —38H 3 (®) in polarization patt db transfer through th
3 3 3 3 spin polarization pattern caused by energy transfer through the
2T, state of the copper(ll).
() O { 1— 2 ex __th)} 9) For energy tr_ansfer from the thermally populafdd state,
46 3 3 the following time dependence of the EPR transitions are

. obtained by assuming (i) population of the free base triplet
Because the energy transfer via tifq state populates the  copper doublet spin states according to their doublet character
spin states according to their quartet character under theand (i) spin-selective depopulation from the spin states also

assumption of rapid spin relaxation in the energy donor, the according to their doublet character (only transitions corre-
intensities at = 0 are the same as those in the discussion for sponding to|T+10— |Todare shown below).

possibility (i). Therefore, the intensity at early times will be “Triplet” (|T+10— |Tol) transitions:

weak. However, as the states are depopulated, the intensities

of the transitions will become unequal and at long times only 1 —kot

transitionsl 13 andls which correspond to the triplet transitions L O 3% —3— (10)

| T2 |ToOand | Tolk— | T—10will have appreciable intensity.
This is a result of the fact that the two staggsand ¢s, are L0 0 { 2 ox —2th) N 1 ox (ﬁ)} 1)
pure quartet states and also have only @nd T-; character. 24 3 3 3 P 3
Thus, these states will be longer lived and the spin-selective
relaxation to the ground-state results in a spectrum which Similar to the energy transfer directly from tH€; state, the
corresponds to the /§ and T-; overpopulation. total intensity for the pair of transitions &= O is zero, and the

In the above mechanism, the energy transfer rate should bepopulation from the?T; state also will yield a very weak
kent > (1us)™! and the rise time of the triplet spectrum will  spectrum which resembles the first derivative of the triplet
correspond roughly to the relaxation ratk;. Since the spectrum (with the opposite phase to that from fhestate).
depopulation takes place after the formation of the free base As time increases, the selective depopulation due to the doublet
triplet, the effect should also contribute to the time development character induces unequal intensities for the pairs of transitions.
of the spectra with the selective excitation of the free base half. However, in contrast to the direct energy transfer from*he
This is indeed observed in the signal decays with= 640 state, the total intensity foT .0« |Tolis positive whereas
nm and their orientation dependence (Figures 2 and 5). At thethat for |Tol~— |T_10] i.e., I35 (=—l24) and l4g (=—1l13), is
X-canonical orientation, the major component of the signal decay negative. These lead to a triplet-like spectrum corresponding
is ~2 us, which is much faster than the corresponding decay in to excess {§ population. Although further depopulation leads
the monomer and almost coincident with the rise time of the to no intensity for the spectrum at longer delay times, during

eaa/eea component observed withy = 540 nm>° This the depopulation, the spin-polarized spectrum appears with an
observation supports the presented mechanism, i.e., the spinaee/aae pattern which is reversed to that observed in the dimer.
selective electronic depopulation from the excited state. As a consequence, the energy transfer viz?lhestate as well

In contrast to thex-canonical orientation, the signal decays as that followed by the spin-selective depopulation is inconsis-
corresponding to th&-orientations, with excitation of the free  tent with the observed results and cannot be the origin for the
base half {ex = 640 nm), are only slightly faster than those of eaal/eea polarization pattern.
the free base monomer and are different from the rise time for Doublet Signalsin the above discussion, we have ignored
Aex = 540 nm. This orientation dependence also supports the the transitiong, <— ¢1, ¢4 < ¢3, andegs ~— ¢s which correspond
selective depopulation, which is subjected to orientation de- to a flip of doublet spin, i.e. o< |B0 The population
pendence of the initial population in the case of ISC. The effect difference for transitiom, — ¢3 is zero, and the separation of
of the depopulation on the signal decays is expected for the transitionsp, < ¢1 andgs — ¢s is twice as large as the doubtet
orientations in which ISC yields dominant population igig triplet splitting. Assuming energy transfer directly from tfig
¢3, ¢4, andgs states but not expected when ISC populates  state of the copper(ll), the spin-selective relaxation leads to the
andgs states. This is because the selective electronic relaxationfollowing time dependence.
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“Doublet” transitions,|o.— |30 ms = +1/2 transition of the quartet while the absorption band

is a doublet. A faster decay of the absorption band is also

1 —2Kot consistent with this assignment since the doublet state should
11A1), 1s6(t) 0 i{é exp{ 3 ) N 1} (12) have a shorter lifetime.
Broad Wings of the Spectrdn addition to the narrow
[3,(t) = 0 (13) emissive and absorptive bands, there are broad contributions

which exhibit absorption in the lower magnetic fieldZ70—

Becausel;» and lss have the same time dependence, the 300 mT) and emission in the higher magnetic fiete300—
contribution from these transitions will be weak due to the 420 mT) (see Figures 3 and 6). These two wings have almost
cancellation effects discussed for possibility (i). Although eq identical decay kinetics to that of the narrow band, which
10 suggests that the spectral contribution from the copper suggests that they belong to the same species and implies that
doublet will increase with time due to an increasing of individual they are thems = +3/2 <> +£1/2 transitions of the quartet.
intensities, it will also remain weak for the same reason. In  In the strong coupling limit, the quartet ZFS is given by
agreement with this prediction, we do not observe spin-polarized 1 1
spectra of the copper doublet. éDT + éDTD

Although the spin-selective depopulation of the weakly
coupled triplet-doublet system is formally analogous to the spin 84 whereDq andDr are the quartet and triplet ZFS parameters,
selective recombination of a radical pair in the presence of an respectively, an®p is the coupling between the doublet and
observer spiff? there is a significant difference in spin polariza- triplet. From eq 16, it is expected tHag < Dr, i.e., the quartet
tion in the doublet spins. In contrast to such a recombination spectrum is not broader than the triplet, unlBsg is more than
process which will generally lead to appreciable polarization twice as large a®r. Since the observed features are broader
in the observer doublet, it is noted that our weakly coupled dimer than the “triplet” component, this assignment might imply an
results in apparently very weak spin polarization of the copper unreasonably strong dipolar coupling between the triplet and
doublet following relaxation of the triplet. Calculations aimed doublet. However, the EPR spectrum of the ground state copper
at investigating the relationships between the magnetic propertiesporphyrin extends over ca. 100 mT due to large hyperfine
of the system and the polarization of the doublet state are coupling, and thus the observed broad spectra are likely to be
currently in progress. a result of the large hyperfine interaction ascribed to the copper-

On the basis of the evidence presented above, we concludgll) doublet. Experiments with higher microwave frequencies
that the observed polarization of the “triplet” component with and their analysis taking account of the anisotropicalues
Aex = 540 nm is a result of intramolecular energy transfer and hyperfine coupling of the ground-state copper(ll) are in
directly from the*T, state and subsequent selective depopulation progress and may lead to a better separation of the contributions

Do = (16)

of the states according to their doublet character.

4.4. Narrow Emission and Absorption Bands Observed
in the Center of the Spectral Region and Broad Wings.
Narrow Emission and Absorption Bandss seen in Figures 3

and a more complete understanding of both the narrow bands
in the center and broad wings of the spectrum.

5. Conclusions

and 6, a narrow emission band is observed at around the center Selective excitation of the individual halves of the dimer leads

of the triplet component spectra at both 50 and 80 K viith 5 the conclusion that intramolecular energy transfer takes place
540 nm. In addition, an absorption band appears ap- girectly from the copper(ll) trip-quartet state to the free base

proximately 2 mT upfield from the emissive feature when the 164 "However, subsequent spin-selective depopulation in the
temperature is decreased to 50 K. Because the bridging groupgnergy acceptor appears to also play a crucial role in determining
between the two porphyrins is a flexible three-carbon chain, o ghserved polarization pattern. This spin-selective depopula-

several conformations of the dimer are possibi€lt is likely

tion is rationalized in terms of electronic relaxation to the ground

that these two bands are due to a species in which the couplinggiate gue to the doublet character of the spin states of the energy

between the free base triplet and copper doublet is strong. In

this case, the spin states split into doublet and quartet state
(see Appendix§o-64

Under the condition that th&coupling is much larger than
the Zeeman energies and dipelipole coupling g-factors for

the quartet and doublet states generated in the coupled triple

(A)—doublet (B) system are given #y

2 1
9 =30 + 3% (14)

9= ggA - %QB (15)
Assuming thaiga = 2.008 (free base triplet) angk = 2.055
(the ground state copper, perpendicufanalues of 2.024 and
1.992 are calculated fogo and gp, respectively. Thus, the
resonance field of the doublet state is expected upfield from
that of the quartet. The observegfactors are 2.02 and 2.00

for the peak positions of the emission and absorption bands,

acceptor, where the free base triplet is weakly coupled with the

Syround state copper(ll) doublet. Here, it is noteworthy that

TREPR measurements using selective excitation of both the
energy donor and acceptor provide clear evidence of the
dynamics of the molecular electronic states through the con-
Sistent rise and decay of the EPR signals resulting from this
depopulation.

On the other hand, the decay kinetics apthctors of the
additional features in the center of the spectrum suggest that
they are the doublet and quartet states in conformations of the
dimer in which the two halves interact strongly. These results
lead to the suggestion that electronic dynamics in molecular
systems involving a paramagnetic metal can vary to a large
extent through the interaction with the remote spins. We are
currently studying a series of similar dimers with rigid bridging
groups in which the strength of the coupling strength between
the triplet and doublet can be varied systematically.

Appendix

respectively. These values correspond reasonably well with the The spin states in a coupled triptedoublet system can be

estimatedg-factors and suggest that the emission band is the

described as follows:
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$1= T, 100= Qg
¢, = cosO|T ,fH sinO|T o0

1 2 .
(\/::3 cosf + \/::3 sin 0)|Q1,2D+
2 1.
(\/; cosO — \/; sin 0)|Dl,2D
—sin@|Ty olH cos|T 40
2 1.
(\/% coso — \/% sin 0)|Q1,2D—
1 2 .
(\/; cosf + «/;) sin 0)|Dl,2D
¢, = cosg|TBH sing|T_;al
2 1.
(ﬁ cosg + \/é sin ¢)|Q_1,2D+
1 2 .
(\é cosgp — \/::3 sin (p)|Dl,2[|
—sing|TyB0+ cose|T_ 00
1 2 .
(\/::,) Cosg — \/% sin €0)|Q—1/2D_
2 1.
(\[:—% cosg + \[5 sin ¢)|D_1,2D

In the weak coupling limit, co8 = cosg = 1, sinf = sing

= 0 and the eigenstates,**¢s become the product states
|T+180) | Toal) |ToB0) and | T-1al) respectively. In the strong
coupling limit, cosd = v/2/3, sing = —/1/3, cosp = v/2/3,
sing = J1_/9,, and the eigenstates:--¢s are |Qx12[0and
[D1/2l]

#3

&5

$e = IT_f= |Q_g,1
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