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The spin-polarization patterns of a weakly coupled triplet-doublet spin pair are studied in a covalently linked
copper (II)-free base porphyrin dimer partially oriented in a liquid crystalline solvent. The triplet-doublet
pair is generated in the dimer by either spin-orbit intersystem crossing (ISC) within the free-base moiety or
via energy transfer (EnT) from the copper porphyrin. The two pathways result in two different spin-polarization
patterns, which can be observed separately by selectively exciting either the free base porphyrin at 640 nm
or the copper porphyrin at 540 nm. The time development and orientation dependence of the two spin-
polarization patterns is investigated at two microwave frequencies. An analysis of the EPR transients reveals
that the polarization associated with the EnT pathway rises monoexponentially, while the ISC polarization
rises rapidly and decays biexponentially. The rise of the EnT polarization pattern and the fast decay component
of the polarization from ISC are governed by the same characteristic lifetime of 2µs independent of the
molecular orientation. However, the ratio of the two decay components of the ISC polarization is strongly
orientation dependent. Separately, a general treatment of the spin-polarized transient EPR spectra of coupled
triplet-doublet spin pairs is presented and two possible mechanisms for the kinetic behavior involving spin-
selective depopulation or relaxation between the spin sublevels of the triplet-doublet pair are investigated.
It is shown that all the observed features of the polarization patterns including orientation and excitation
wavelength dependence as well as the kinetics can be explained in terms of the model and are consistent with
either of the two mechanisms. In addition to the weakly coupled triplet-doublet pair, narrow signal components
are observed near the center of the spectrum. The microwave frequency dependence of the spectra confirms
the previous assignment that these components are the quartet and doublet states of a strongly coupled triplet-
doublet pair generated in conformations of the dimer in which the two porphyrins are in close proximity.

1. Introduction

Electron spin polarization is an integral part of most light
induced processes and it has been studied extensively using time-
resolved electron paramagnetic resonance spectroscopy (EPR).1,2

In liquid solution, the radical products of photolysis reactions
are usually observed and the spin polarization, which is often
referred to as “chemically induced dynamic electron polariza-
tion” (CIDEP), can be used to determine reaction mechanisms.3

In solid or solidlike matrixes, on the other hand, radical pairs
and molecular triplet states can be measured and their spin-
polarization patterns have been used to obtain structural
information in photosynthetic reaction centers4 and donor-
acceptor model compounds.2 The spin polarization occurs as a
result of the correlation of the electron spins in the paramagnetic
excited states, or photoproducts generated by the light excitation.
For example, when a radical pair is generated rapidly from the
excited singlet state of a molecule, the spin correlation present
in the singlet state is retained in the radical pair. Because of
this dependence of the spin polarization on the nature of the
precursors to a given reaction intermediate, the pathway of the
reaction can be deduced by analyzing the spin-polarization
patterns and their time developments.

When the ground state is paramagnetic, light-induced pro-
cesses can generate systems with more than two interacting
spins. Recently, there has been considerable interest such
systems.5-11 For example, the polarization of a stable radical
through its interaction with a light-induced radical pair has been
studied in bacterial photosynthetic reaction centers12-14 and the
radical-triplet pair mechanism of CIDEP has been investigated
by several authors.15-17 The light-induced EPR signals from
complexes with a photoexcitable species such as a porphyrin
or fullerene with attached nitroxide spin labels have revealed
doublet, quartet, and quintet components,18,19 which could be
distinguished by their different nutation frequencies.9

In a previous study, we reported spin-polarization patterns
for a copper porphyrin-free base porphyrin heterodimer.20 The
structure and the energy transfer scheme of the dimer are shown
in Figure 1 and as can be seen, selective excitation of either
half eventually leads to population of the excited state labeled
2,4[2S0‚‚‚3T1], which represents a triplet excitation of the free
base porphyrin (H2P) part in the dimer. This state is a weakly
coupled triplet-doublet pair because of the interaction of the
triplet spin with the Cu(II) doublet ground state. The dependence
of the spin polarization on the excitation wavelength confirms
that energy transfer from the copper porphyrin half of the dimer
to the free base half occurs via the trip-quartet and/or trip-
doublet states of the copper porphyrin.
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The characteristic polarization patterns observed for the
two pathways in the dimer were explained qualitatively as
resulting from the spin selectivity of the population and
depopulation of the2,4[2S0‚‚‚3T1] state. The two pathways were
assumed to produce different initial population distributions of
the spin sublevels and it was postulated that subsequent spin-
selective depopulation occurred according to the doublet
character of the spin system. Apart from its interesting photo-
physics, this dimer system provides a framework within which
we can discuss features of the spin-polarization patterns of
correlated, coupled triplet-doublet pairs in a general way.
Two critical features of the qualitative model presented in
the previous work20 are the strength of the spin-spin coup-
ling and the postulated spin-selective depopulation. To test our
model and study the properties of triplet-doublet pairs in
general, we have examined spin-polarized EPR signals of the
dimer in liquid crystalline solvents at two microwave frequen-
cies. The data allow us to analyze the time-evolution of the
spin-polarization patterns quantitatively and examine their
dependence on the Zeeman energy. Here, we present a general
description of weakly coupled triplet-doublet pairs, which is
consistent with most of the features of the dimer including the
time, orientation and microwave frequency dependence of the
polarization patterns. Further, we will use the model to consider
details of the expected polarization patterns in the different
generation pathways and discuss the possible influence of spin
relaxation.

2. Experimental Section

The free base-copper hybrid dimer Cu-C3-H2 was synthe-
sized as described previously.21,22 EPR samples were prepared
by dissolving the dimer in the liquid crystalline solvent, E7
(BDH) to a concentration of 10-4 M. The solutions were placed
in suprasil EPR sample tubes (3 mm o.d.) and were degassed
by several freeze-pump-thaw cycles and then sealed under
vacuum.

The samples were ordered macroscopically by freezing from
the nematic phase in the magnetic field of the spectrometer.
The frozen samples were then measured with the director
parallel to the field, rotated by 90°, and measured again with
the director perpendicular to the field.

The transient EPR (TREPR) measurements were performed
at X-band (9 GHz) and K-band (24 GHz) using a setup described
previously.23,24 Reliable optical excitation at different wave-
lengths was achieved using a Nd:YAG pumped optical para-
metric oscillator described in detail elsewhere.20

3. Experimental Results

As shown in Figure 1, excitation with 640 nm results in a
triplet excitation of the free base half of the dimer via
intersystem crossing, while excitation at 540 nm gives the same
final excited state via energy transfer from the copper porphyrin.
Together with the doublet ground state of the Cu(II) metal atom
in the other half of the dimer, this state (2,4[2S0‚‚‚3T1] in Figure
1) constitutes a weakly coupled triplet-doublet pair20,21which
is deduced to be the main component of all the observed spectra
in this work.

3.1. X-Band Spectra in a Liquid Crystalline Solvent:
Orientation and Wavelength Dependence.X-band TREPR
spectra of Cu-C3-H2 in the liquid crystal (LC) E7 are presented
in Figure 2. The left side of Figure 2 (part A) shows spectra
taken with the LC director parallel to the external field, while
the right side (part B) shows corresponding spectra with the
director perpendicular to the field. The spectra in both parts of
the figure were taken at 80 K with excitation at 640 nm (top)
and 540 nm (bottom). The labels X, X′, Y, Y′, Z, Z′ indicate
the field positions where theX, Y, andZ canonical orientations
of the triplet contribute to the overall spectrum. The time
development of the polarization patterns is shown by the spectra
taken at 1µs (solid curves) and 4µs (dashed curves). The details
of the time development will be discussed below together with
signal decay curves, taken at the field positions indicated by
the arrows.

In Figure 2A, the polarization pattern corresponding to the
X-canonical orientation of the triplet changes fromE/A (E )
emission;A ) absorption) forλex) 640 nm (top) toA/E for
λex) 540 nm (bottom). This difference between the two
excitation wavelengths is a result of different populations of
the spin states when the triplet-doublet pair is generated via
the different pathways.20,21In both cases, theX- andY-canonical
orientations of the free base triplet dominate the spectra because
the director of the LC is parallel to the field and the porphyrin
plane is partially ordered such that itsX- andY-axes are parallel
to both the director and the magnetic field.25-27

On the other hand, contributions from theZ-orientation
dominate when the director is perpendicular to the field as seen
in Figure 2B. The sign of the polarization at theZ-canonical
orientation isE/A for both excitation wavelengths. By comparing
the spectra with the two excitation wavelengths in Figure 2, it
is apparent that the population distributions generated by the
two pathways differ primarily for theX-canonical orientation.

Figure 1. The molecular structure of Cu-C3-H2 and an energy
diagram of the dimer constituents. The transition wavelengths indicated
in the figure are those used to selectively excite the two halves of the
dimer, PCu and PH2. The states are labeled according to the electronic
state of each half of the dimer and the total spin multiplicity. The two
pathways leading to population of the triplet state of PH2 are labeled
(a) ISC within the PH2 moiety and (b) energy transfer from the trip-
quartet state of PCu. Note that the figure is meant to give only a
qualitative picture and the relative energies are not to scale.
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3.2. Time Dependence of the X-band TREPR Spectra.The
time development of the TREPR spectra of Cu-C3-H2 is
complex, with both the rise and decay of the spectra being
dependent on the excitation wavelength. This is demonstrated
in Figure 2 by the polarization patterns taken at 1µs (solid
curves) and 4µs (dashed curves) for two orientations of the
sample. In Figure 2A, it can be seen that when the triplet-
doublet pair,2,4[2S0‚‚‚3T1], is formed by ISC (λex ) 640 nm,
Figure 2A top), the overall amplitude of the spectrum decreases
between 1 and 4µs. On the other hand, when the same state is
generated by the energy transfer pathway (λex ) 540 nm, Figure
2A bottom), the signal intensity increases during the time
window between 1 and 4µs.

A similar effect can be seen in the spectra taken with the
director perpendicular to the field (Figure 2B), although it is
not as pronounced as in Figure 2A. Again, the signal decreases
between 1 and 4µs after the laser flash for the ISC pathway
(Figure 2B top), while for the energy transfer pathway (Figure
2B, bottom) it increases in the same time range.

Comparison of Figures 2A and 2B reveals that although the
overall behavior is the same (i.e., a signal decrease for ISC and
a signal increase for energy transfer), there is a clear difference
in the orientation dependence of the respective increase or
decrease for the two pathways. In the case of the ISC pathway
with λex ) 640 nm, the rate of decay depends significantly on
the orientation. The largest decrease is seen for theX-orientation
(Figure 2A, top) and smallest for theZ-orientation (Figure 2B
top). TheA/E pattern correspondingY-orientation (positions Y
and Y′, Figure 2A, top) actually shows a slight apparent increase
due to overlapping signal contributions with differing signs and
decay rates. In contrast, for the energy transfer pathway (λex )
540 nm, bottom spectra in Figures 2A and 2B) the increase in

the intensity of the spectrum between 1 and 4µs is roughly the
same for all three canonical orientations.

3.3. Kinetics Traces.Figure 3 shows kinetic traces corre-
sponding to the positions marked with arrows in Figure 2. These
traces represent the rise and decay of the spin polarization at
the X- and Z-canonical orientations. The solid curves are the
experimental data, and the dashed and dotted curves are fits,
which will be described in more detail later. Note that while
excitation at 640 nm is almost perfectly selective for the free
base porphyrin (2[2S0‚‚‚1S1] Figure 1, right side), irradiation at
540 nm is only partially selective for the copper porphyrin (2[2S1‚
‚‚1S0] Figure 1, left side), i.e., some excitation of the free base
also occurs at 540 nm. (See absorption spectra in ref 20).

In the case of theX-orientation (Figure 3 top), the signal with
λex ) 640 nm rises with the response time of the spectrometer
and decays biexponentially with the faster component dominat-
ing. On the other hand, the behavior of the signal withλex )
540 nm is more complicated. This is due mostly to the fact that
we have contributions from both pathways, i.e., we also excite
the free base to some extent and have an ISC contribution. The
observed time trace can be ascribed to a superposition of the
two signals, which are shown by the dotted curves and have
been obtained from a fit of the transient (the details of the fitting
procedure is discussed in more detail below). The positive
contribution is from the ISC process and has a fast rise time.
On the other hand, the negative component from the energy
transfer pathway rises with a time constant, which is consider-
ably slower than the rise time of the spectrometer. These
observations are also consistent with Figure 2A, where the
spectrum withλex ) 640 nm rises promptly and decays quickly
whereas the spectrum withλex ) 540 nm rises slowly.

Figure 2. Spin polarization patterns of Cu-C3-H2 in the liquid crystal E7. All spectra are taken at X-band (9 GHz) and 80 K. The spectra
represent the average signal in a time window 0.4µs wide at either 1µs (solid spectra) or 4µs (dashed spectra) after the laser flash. Top: spectra
obtained with an excitation wavelengthλex ) 640 nm. Bottom:λex ) 540 nm. The labels X, Y, and Z and X’, Y’, and Z’ indicate the positions
of features originating from molecules with theX-, Y-, or Z-axis of the PH2 zfs tensor parallel to the field. A: The director oriented parallel to the
magnetic field. The arrows indicate the position at which the transients labeled X′ in the top part of Figure 3 were taken. B: The director oriented
perpendicular to the field. The arrows show the field positions corresponding to the transients labeled Z′ in the bottom part of Figure 3.
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For theZ-orientation (Figure 3 bottom), the signal decay with
λex ) 640 nm is much slower compared to that for the
X-orientation (Figure 3 top) although the rise time is the same
as that for theX-orientation. Similar to theX-orientation, the
signal withλex ) 540 nm can be considered as a superposition
of two positive contributions associated with the two pathways.
Again, the component associated with the energy transfer has
a slow rise, while the contribution from ISC has a fast rise.
These transient traces are consistent with the behavior observed
in Figure 2B.

From the transients, we can confirm (i) Excitation atλex )
540 nm leads to a signal component that rises with a compara-
tively slow time constant, which does not depend strongly on
the molecular orientation. (ii) The decay of the ISC component
is strongly orientation dependent and is fastest for theX-
orientation and slowest for theZ-orientation.

3.4. K-Band Spectra in a Liquid Crystal Solvent: Micro-
wave Frequency Dependence.Although the main features of

the spectra in Figures 2A and 2B appear at field positions
corresponding to those of the unperturbed triplet state, there
are also additional features in the center of the spectrum, which
have no triplet state counterpart. These features are seen most
clearly with excitation at 540 nm, (Figures 2A and 2B, bottom)
and are consistent with previous observations in frozen toluene
solution.20 These features have been tentatively assigned to
conformations of the dimer in which the coupling between the
triplet and doublet is strong, however this assignment is not
yet firmly established. The microwave frequency dependence
of the spectra provides additional information on which the
assignments can be based because the Cu doublet has a
considerable g-anisotropy. To this end, we have carried out
K-band measurements.

In Figure 4 spectra measured at a microwave frequency of 9
GHz (X-band) and 24 GHz (K-band) are compared. The spectra
have been taken at 50 K and the solid curves are the K-band
data while the dashed curves are the X-band results. The latter
are similar to the corresponding spectra in Figures 2A and 2B
taken at 80 K. In Figure 4, the spectra are plotted such that the
field position corresponding tog ) 2.0023 and the total width
in mT are the same for both frequency bands.

As can be seen in the upper parts of Figures 4A and 4B,
only minor differences between the two frequency bands are
observed when excitation with 640 nm is used. This observation
provides a support for our assignment of the main component
of the spectra to the state2,4[2S0‚‚‚3T1] with weak coupling
between the doublet2S0 and the triplet3T1 (see details in the
Discussion section). On the other hand, when excitation at 540
nm is used (Figures 4A and 4B, bottom) significant differences
in the spectra taken at the two microwave frequencies become
apparent. In particular, the relatively narrow emission/absorption
feature at the center of the spectra shows a larger separation at
K-band. This is seen most clearly for the parallel orientation in
the lower part of Figure 4A. As we will show below, the
observed behavior is consistent with that of a quartet and a
doublet state and supports our assignment of the narrow features
to conformations of the molecule in which the coupling between
the free base triplet and Cu doublet is strong.

4. Theoretical Model

To provide a basis for discussing the various features of the
experimental spectra, we present a general theoretical description
of coupled triplet-doublet spin pairs including a simple model
for their dynamics. While similar descriptions for weakly
coupled doublet-doublet pairs have been discussed by several
authors and are well established as the CCRP model first
introduced by Closs et al.,28 there are relatively few examples
for weakly coupled triplet-doublet pairs with a fixed geometry.
First, we will discuss the energy levels and transition frequencies
of the system as a function of the coupling between theS) 1/2
andS) 1 spins. Then we present the expected spin-polarization
patterns, with different initial population distributions resulting
from different possible pathways. The model will then be applied
to the analysis of our porphyrin dimer system.

4.1. Coupled Triplet-Doublet Spin Pairs.The behavior of
any coupled spin system depends critically on the strength of
the coupling. In the coupled triplet-doublet system, the limiting
cases of weak coupling and strong coupling can be easily treated
analytically. In both instances, there are six eigenstates, which
can be described using either a triplet-doublet or quartet-
doublet basis. Figures 5A and 5B show energy level diagrams
and stick spectra for the two cases. The details of the energies
and transition frequencies are given in Appendix 1 along with
general expressions for the wave functions and eigenvalues.

Figure 3. Time traces taken at the field positions indicated by the
arrows in Figure 2. The dotted curves are fits to the experimental data
(solid curves). Withλex ) 640 nm the fitted curve is a biexponential
decay with the following lifetimes and amplitude ratios. X′: τ1 ) 18
µs, 25%;τ2 ) 1.8 µs, 75%. Z′: τ1 ) 18.3µs, 84%;τ2 ) 3.0 µs, 16%.
With λex ) 540 nm the traces have been fitted by adding the result of
the fit at λex ) 640 nm to a curve with the following rise and decay
lifetimes. X′: τrise) 1.8 µs, τdecay) 10 µs. Z′: τrise ) 2.4 µs, τdecay)
14µs decay. The contributions to the fitted curve are shown individually
in the figure.
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In the case of weak coupling, the wave functions are
approximately product states of the triplet and doublet. As can
be seen in Figure 5A, there are seven allowed EPR transitions.
Four of these are associated primarily with the triplet spin and
three are doublet transitions. (Note, however, that this assign-
ment of the transitions to individual spins is only strictly valid
in the limit of zero coupling.) The corresponding stick spectrum

is shown in the bottom part of Figure 5A. The two pairs of the
triplet transitions with frequenciesω13, ω24, ω35, andω46 have
a splitting of (ω13 - ω24) ) (ω35 - ω46) ) 2(d-J) in each
pair. The doublet transitionsω12, ω34, andω56 are centered at
the resonance frequency of the doublet and have the same
splitting as the pairs of triplet transitions. The total spectral width
(2D* + 2/3D*TD) is slightly wider than the corresponding

Figure 4. Microwave frequency/ magnetic field dependence of the spin-polarization patterns of Cu-C3-H2 in the liquid crystal E7. A: Liquid
crystal director oriented parallel to the field. B: Liquid crystal director oriented perpendicular to the field. Solid spectra: X-band (9 GHz). Dashed
spectra: K-band (24 GHz). The spectra have been superimposed such that the total spectra width in mT and field position corresponding tog )
2.0023 are the same for both frequency bands. The excitation wavelength is as shown. Temperature: 50 K. Time window: 0.2-0.3 µs (K-band),
1-2 µs (X-band). Different time windows have been used to take the faster response time of the K-band spectrometer into account.

Figure 5. Energy level diagram and stick spectra of a coupled triplet doublet spin pair. A: Weak coupling. B: Strong coupling. The expressions
for the energy levels and transitions frequencies are given in Appendix 1. The resonance frequencies of the triplet and doublet spins have been
chosen such thatωT > ωD as indicated by the arrows. The spin-spin coupling between the triplet and doublet is taken asd > J > 0. The heights
of the lines in the stick spectrum represent the transition probabilities.
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original triplet (2D*). As a result, the powder averaged spectrum
for a random distribution of orientations relative to the field is
slightly broader than the superposition of the triplet and doublet
spectra alone.

As the strength of the coupling increases, the degree of the
triplet-doublet mixing increases. The transition probabilities
associated with the triplet transitions become unequal and one
of them becomes increasingly forbidden. The situation is similar
for the three doublet transitions with the two outer lines losing
intensities as the coupling increases. In addition, the frequencies
of these transitions, i.e.,ω12, ω24, ω56, andω35 are shifted to
much higher or lower values as their intensities become weak.
As a consequence, these four transitions disappear from the
spectrum in the strong coupling limit. In contrast, the transition
between states 2 and 5, which is forbidden in the weak coupling,
becomes allowed. When the coupling is sufficiently strong, only
four transitions are allowed as described in Appendix 1(eqs
A1.17 and A1.18).

Figure 5B shows energy levels and stick spectra of the strong
coupling case. Three of the transitions correspond to the trip-
quartet manifold while the fourth is a trip-doublet transition.
The total width of the spectrum is narrower than the original
triplet component, as has been observed in strongly coupled
systems.29

4.2. Expected Spin-Polarization in Weakly Coupled Trip-
let-Doublet Pairs. We now consider the expected spin
polarization in weakly coupled triplet-doublet pairs. A complete
discussion would include the motion of the spin system under
a time dependent Hamiltonian from a given set of initial

conditions. However, to grasp basic features of such systems,
it is sufficient to deal with the initial populations resulting from
different excitation pathways and the evolution of the population
due to various relaxation mechanisms along with their orienta-
tion dependence.

4.2.1. Initial Spectra.Here we consider two situations for
the population pathways: (i) spin-orbit intersystem crossing
within the species carrying the triplet (ii) energy transfer from
a quartet or doublet precursor. In case (i), we assume that the
relative rates of ISC follow Px > Py > Pz, and in case (ii) we
assume population according to the spin-quantum number of
the precursor, which has its spin states equally populated.
Although, these pathways correspond to the situation in the Cu-
C3-H2 dimer (Figure 1), our purpose is to describe the system
generally and we do not need to make any assumptions about
the specific system being considered. Indeed, the two cases
represent the two general situations in which the spin selectivity
of the population pathway is governed by interactions internal
to the molecule (case i) or interaction with the external field
(case ii).

Figure 6 shows the expected stick spectra for the weak-
coupling case for the two population pathways. The spectra are
calculated for the magnetic field oriented along theX-axis of
the triplet ZFS tensor (B0||X). Initially, for the ISC case only
lines associated with the triplet state are observed (Figure 6,
columns 1 and 3, top row). This is because both orientations of
the doublet spin are equally probable and states that differ only
by a flip of the doublet spin will have equal population. Note

Figure 6. Stick spectra showing the expected polarization of the weakly coupled triplet doublet pair formed by a triplet excitation of PH2 (i.e., the
state labeled2,4[2S0‚‚‚3T1] in Figure 1). The spectra are calculated for either theX-axis or theZ-axis of the PH2 zfs tensor oriented parallel to the
field (B0) as indicated. The patterns expected from the two pathways, ISC (path a in Figure 1) and energy transfer from a quartet precursor (path
b in Figure 1), are shown. From top to bottom, they indicate the initial polarization (top), the effect of selective depopulation (middle) and the effect
of flip-flop spin relaxation (bottom). The parameters are the same as used for the simulations in Figure 7 except that the g-factor of the doublet has
been placed at 2.0023 and the hyperfine couplings have been ignored in the interest of clarity.
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that within each of the pairs of triplet transitions both lines have
the same sign.

In contrast, the initial spectra observed with a quartet
precursor (Figure 6 columns 2 and 4, top row), consist of three
antiphase doublets. The two outer anti-phase doublets cor-
respond to triplet transitions, whereas the middle one is from
the doublet. In general, the lines of the stick spectrum will be
inhomogeneously broadened, primarily due to unresolved hy-
perfine couplings, and the line width will be larger than or
comparable to the splitting. Under these conditions, the lines
will add in the ISC case but cancel in the quartet precursor case.
Accordingly, the initial spectrum should closely resemble that
of the original triplet in the ISC case but will be very weak
with a quartet precursor.

4.2.2. Late Spectra.After the initial population of the weakly
coupled triplet-doublet states, we consider two possible mech-
anisms that would change the spin distribution of the system.
These two mechanisms reflect characteristic properties of the
triplet-doublet system. One is selective depopulation of the
spin-states with doublet character, i.e.,Ψ2, Ψ3, Ψ4, andΨ5, as
we have proposed previously.20 The other is a flip-flop relaxation
mechanism between states with the same value ofmz, i.e., Ψ2

T Ψ3 andΨ4 T Ψ5. Fluctuations of dipolar-dipolar coupling
and/or exchange coupling can cause a flip-flop of the two spins,
leading to equalization of the population between spin states
with the same quantum number,mz. The expected spectra for
both mechanisms are presented in the middle and bottom rows
of Figure 6.

In the case of ISC, both mechanisms lead to a decrease in
the intensities of the lines associated with the triplet transitions
(Figure 6, columns 1 and 3, middle and bottom rows) while in
the center of the spectra, the copper doublet transitions appear
with antiphase polarization. Thus, spin polarization associated
with the doublet is expected to increase with time. However,
the intensity of these contributions will be weak due to the
cancelation effect discussed above. In contrast, for the quartet
precursor (Figure 6, columns 2 and 4, middle and bottom rows)
the two mechanisms remove the cancellation effect for the triplet
transitions while it remains intact for the doublet (Cu) transitions.
Thus, we expect the triplet spectrum to increase in intensity, as
the states of doublet character are depopulated or flip-flop
relaxation takes place.

In short, Figure 6 shows that both mechanisms have a similar
effect on the time development of the spectra. However, when
the triplet-doublet pair is formed by ISC they lead to a decrease
in intensity whereas when the pair is formed from a quartet
precursor they cause the signal to increase in intensity as time
develops.

4.2.3. Orientation Dependence.The orientation dependence
of the initial and late spectra can also be seen in Figure 6 by
comparing the left side of the figure, which corresponds to B0//
X, and the right side which shows spectra for B0//Z. From this
comparison, it is apparent that the intensity of the late spectrum
is weak for B0//X in the ISC case (Figure 6, column 1, lower
two spectra). This is because the ISC mechanism selectively
populates statesΨ2-Ψ4 for this orientation and it is these states,
which are affected most by the selective depopulation and flip-
flop mechanisms. Whereas, with B0//Z and ISC (Figure 6,
column 3, lower two spectra), the effect of the two mechanisms
is much less becauseΨ1-Ψ6 are populated to a large extent
for this orientation. In contrast to the ISC case, when the system
is populated from a quartet precursor (Figures 6), the intensity
of the late spectrum is roughly the same for both orientations.
This is reasonable since both the initial population and the decay

mechanisms depend only on the quartet and doublet character
of the spin states, which are not strongly orientation dependent.
As a consequence, the decay of the spin polarization for the
ISC case is orientation dependent while the rise of the spectra
for the energy transfer case is less orientation dependent.

5. Analysis and Discussion

Based on the above theoretical considerations, we now discuss
our experimental results in the framework of triplet-doublet
pairs.

5.1. Microwave Frequency Dependence.The most impor-
tant conclusion we can confirm from Figure 4 is that the main
component of the spectra arises from a weakly coupled triplet-
doublet species. This confirmation comes from the close
correspondence of the triplet-like spectra measured at two
different microwave frequencies, demonstrating that the zero-
field splitting (zfs) of the triplet dominates the EPR spectra.
Thus, the perturbation of the original triplet by the coupling
with the doublet is small. (see Figure 5A and Appendix 1, eq
A1.16).

Another important piece of information, which can be
obtained from Figure 4 is the assignment of the features, which
appear in the center of the spectrum and show a significant
microwave frequency dependence. Our initial assignment was
to a strongly coupled doublet-triplet pair in conformations of
the dimer in which the two porphyrins are in close proximity
to one another. This assignment20 was based primarily on the
estimated g-values of the quartet and doublet transitions (eqs
A1.17 and A1.18). However, the stick spectra in Figures 5 and
6 show that the doublet transitions of the weakly coupled
triplet-doublet pair also contribute in this region and it is
possible that they are responsible for these contributions. These
two possible assignments can be distinguished by their magnetic
field dependences relative to the features associated primarily
with the free base triplet. Figure 4 shows that theE/A features
near the middle of the spectrum become broader at K-band (24
GHz) compared to X-band (9 GHz) and the components are
shifted in opposite directions relative to the middle of the triplet
spectrum as the microwave frequency increases.

Since the splitting between the triplet transitions of the weakly
coupled triplet-doublet pair are not field dependent except at
very low field, they provide a reference point against which
the shift of the spectral features with changes in the field can
be measured. The center of the triplet powder spectrum
corresponds togT ) pωT/âB0 and for the free base porphyrin it
is close to free electron g-factor,ge. The principalg-values of
the copper doublet, on the other hand, are larger thange and
features associated with the doublet transitions in a weakly
coupled pair will appear downfield from the center of the triplet
spectrum (eq. A1.15). Thus, if the emissive and absorptive
features in the center of the spectrum are from the copper
doublet, both the features should move downfield relative to
the center of the triplet spectrum with increasing microwave
frequency. However, this does not agree with what is observed
in the dimer (Figure 4).

On the other hand, as can be seen in eqs A1.17 and A1.18),
the mz ) (1/2 transitions of the quartet and doublet states of a
strongly coupled doublet-triplet pair will lie on opposite sides
of gT. If the E/A features are from a strongly coupled species,
they will move in opposite directions relative to field position
corresponding togT. This is consistent with Figure 4 and
confirms our previous assignment that the features are from the
quartet and doublet transitions in conformations of the dimer
in which the coupling strong.
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5.2. Kinetics.We now examine the time traces (Figure 3) in
more detail to estimate the rate of the spin-selective depopulation
or relaxation. In keeping with our treatment of the spectra in
which only changes in the populations of the states were
considered, we restrict ourselves to an empirical analysis and
will not explicitly consider coherent motion of the spin system.
The analysis of the kinetics is complicated by the fact that the
datasets contain overlapping contributions from different ori-
entations and conformations of the complex. Thus, we use only
the selected transients shown in Figure 3, which correspond to
the weakly coupled conformations at theX- and Z-canonical
orientations. We begin by fitting the traces taken withλex )
640 nm because this excitation is completely selective for the
ISC pathway. Inspection of the traces shows that they are
biexponential and have a rise time of∼500 ns due to the narrow
bandwidth of the resonator (cf. Figure 3, top trace). Therefore
we have fit the transients using a biexponential decay function
convoluted with the response function of the spectrometer. As
shown in Figure 3, the curves markedλex ) 640 nm can be
fitted well and components with decay times ofτ ≈ 2 µs and
τ ≈ 20 µs are found at both field positions. The trace
corresponding to theX canonical orientation (Figure 3 top,
markedX′) is dominated by the faster component while the trace
markedZ′ is dominated by the slower component.

On the other hand, excitation of the dimer atλex ) 540 nm
predominantly leads to excitation of the copper porphyrin and
energy transfer to the free base. However, as described in the
Results section, it is not completely selective and we expect a
minor contribution from the ISC pathway due to direct excitation
of the free base. This is most evident in the trace atλex ) 540
nm for X′ (Figure 3 top). As can be seen in Figure 3, excellent
agreement between the experimental transients atλex ) 540 nm
and their fits are obtained for both theX′ and theZ′ orientation
by adding a component with a slow rise time to the decay curve
for the ISC contribution, which was obtained from the fitting
procedure withλex ) 640 nm.30 The component found for the
energy transfer pathway has a rise time ofτ ≈ 2 µs and a single
decay time ofτ ≈ 12 µs for both traces of theX′ and Z′
orientations.

These results are consistent with the two models describing
either an equalization or a depletion of the populations of the
mz ) (1/2 sublevels. Both mechanisms will lead to a rise of
the EPR signal when the spin system is populated from a quartet
precursor and a decrease when the population is via ISC. If we
assume that the fast component of theλex ) 640 nm decay is
due to one or both of these mechanisms, it should dominate for
the X′ orientation and be a minor component for theZ′
orientation as discussed in section 4.2.3. This is consistent with
our observations. Further, the faster decay component of the
decay should be the same as the rise time forλex ) 540 nm
and the rise time should be orientation independent. Since both
of these features are observed, we conclude that the depopula-
tion/relaxation lifetime is reflected in the fast component of the
λex ) 640 nm decay and theλex ) 540 nm rise time ofτ ≈ 2
µs.

5.3. Simulations.Having shown that the kinetics is consistent
with the proposed models, we now present simulations of the
spin-polarized spectra. The simulations are based on the
transition frequencies given in Appendix 1. The intensities of
the transitions are then calculated from the populations of the
states and the transition probabilities. Broadening due to
unresolved hyperfine couplings and inhomogeneities are taken
into account as a Gaussian line shape. The orientation of the

dimer in the liquid crystalline environment is taken into account
as described in Appendix 2.

The initial populations of the sates are calculated either via
rates associated with the zero-field triplet states in the ISC case
or by the quartet character of the states. The population is then
allowed to change with time in accordance with either (i) a
depopulation of the states according to their doublet character
or (ii) an equalization of the populations of themz ) (1/2
sublevels with an exponential decay function. The two mech-
anisms produce very similar spectra with only minor differences.
Therefore, only the first possibility, i.e., spin-selective depopula-
tion will be presented.

Because of the large number of parameters, it is not feasible
to obtain values for all of them by fitting the simulations to the
experimental spectra. Fortunately, reasonable estimates for most
of the parameters can be made from independent sources. The
magnetic properties of the Cu porphyrin doublet (g-tensors and
hyperfine coupling tensors) and free base porphyrin triplet state
(zero-field splitting tensor and ISC population rates) are known
from their monomer simulations and can be used also in the
dimer. The spin-spin coupling between the triplet and doublet
is difficult to determine accurately. However, using a model of
the complex and the point dipole approximation, we estimate
that the dipole-dipole coupling is on the order of-0.5 mT.
The exchange coupling can be expected to of similar magnitude
but its sign is not easily estimated.

The spectra also depend on the relative orientation of the
magnetic tensors. Because the geometry is not known, we have
made some simple but reasonable assumptions. First, we assume
that principal axes of the free base triplet zfs tensor are aligned
such that itsZ-axis is normal to the porphyrin plane and theX-
andY-directions are through opposite pairs of nitrogen atoms.
Next we assume that the two porphyrin rings are coplanar, i.e.,
the Cug-tensor and the free base zfs tensor are parallel. Finally,
we assume that the vector describing the dipolar coupling lies
in the plane of both porphyrins at an angle of 45° to both the
X- andY-axes. To estimate the orientational distribution in the
liquid crystal, we use parameters found for a porphyrin donor-
acceptor complex with a similar structure.27

The results of the simulations are presented in Figure 7.
Comparison of the simulations in Figure 7 with the correspond-
ing experimental spectra in Figure 2 reveals that all of the
essential features of the spin polarization are reproduced
satisfactorily. In the energy transfer case (path b in Figure 1),
we have assumed that the observed triplet-doublet pair is
populated via the trip-quartet4[4T1‚‚‚1S0]. This is reasonable
because the energy transfer occurs from the lowest lying excited
state of the copper porphyrin and is consistent with the fast
relaxation from the trip-doublet to the trip-quartet reported
in other copper porphyrins.31-33 It is important to note, however,
that our assumption does not exclude the possibility of energy
transfer via the trip-doublet, since the spin polarization
generated via the trip-doublet and trip-quartet channels are
complementary and cancel each other. Thus, if energy transfer
from both the trip-doublet and trip-quartet occurs, we will
observe only the excess polarization from the dominant pathway.
The good agreement between the simulations (Figure 7, bottom
spectra) and the experimental spectra (Figure 2, bottom spectra)
clearly suggests that withλex ) 540 nm energy transfer occurs
predominantly via the trip-quartet.

Moreover, the very different polarization patterns observed
for the ISC population pathway (Figure 2, top spectra) are
predicted properly. Comparison of Figures 7A and 7B with
Figures 2A and 2B also show that the time development and
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dependence of the spectra on the liquid crystal orientation agree
well with the experimental result. At present we cannot make
a clear choice between the two possible mechanisms: spin-
selective depopulation or flip-flop spin relaxation. The observed
lifetime (τ ∼ 2 µs) associated with the process seems be closer
to a spin-relaxation time than to a triplet state lifetime, which
should correlate with spin-selective depopulation. The lifetime
also displays a strong temperature dependence again in keeping
with spin relaxation, which is usually very sensitive to temper-
ature. However, this behavior does not rule out spin-selective
depopulation. In the absence of experimental data, which clearly
favor one process over another, the nature of the mechanism
must be left as an open question.

Using the model outlined above, it is also possible to calculate
the time dependence of the narrow spectral features assigned
to strongly coupled conformations of the complex. However,
such an analysis is complicated because these spectral features
cannot be easily separated from the dominant weakly coupled
triplet-doublet pair spectrum and the geometry of the confor-
mations is not known. Moreover, spin relaxation due to
modulation of the zeo-field splitting may also play contribute
to the decay of the polarization of the quartet components for
these conformations of the molecule. Therefore, we note only
that in terms of the selective depopulation model the features
belonging to the trip-doublet are predicted to decay more
rapidly than those associated with the trip-quartet and that there
is some evidence for such behavior in the spectra (see figure 6
of ref 20).

6. Conclusions

We have shown that the spin-polarization patterns from our
porphyrin dimer can be well understood in the framework of a

coupled triplet-doublet spin pair with different possible precur-
sors and a spin-selective relaxation mechanism.

Especially by using partially ordered samples, the difference
in the kinetic behavior of the polarization patterns was succes-
sively extracted for the two pathways as well as their differences
in the orientation dependence. The good agreement between
the experimental results and simulations, in Figures 2 and 7,
shows that our model correctly predicts all major features of
the observed spin polarization. In particular, the excitation
wavelength dependence is explained quite naturally as a result
of differences in the nature of the precursor.

The analysis of transients from the liquid crystal samples
yields the same value of 2µs, for both of the decay of the
polarization in the ISC case and the rise of the polarization in
the EnT case. Our model correctly predicts this behavior
including the orientation dependence, although we are not yet
able to clearly distinguish between the affect of the two proposed
mechanisms. This result not only rationalizes the results in the
present dimer system but also provides support for the contention
that the model predicts the spin polarization of weakly coupled
triplet and doublet pairs, generally.
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Appendix 1

The spin Hamiltonian of a coupled triplet-doublet system
is given by

Figure 7. Simulations corresponding to the experimental spectra in Figure 2 The transition frequencies have been calculated using the expressions
A1.14 and the orientation distribution has been calculated according to Appendix 2. The pathway by which the triplet is formed (ISC or energy
transfer from a quartet precursor) is indicated and decay by spin-selective depopulation is assumed. The following parameters have been used:
g(2Cu) ) {2.053, 2.053, 2.193}, g(3PH2)){2.0023, 2.0023, 2.0023},A(N) ) {16, 16, 14} × 10-4 cm-1, A(Cu) ) {33, 33, 203} × 10-4 cm-1, DT

) 0.0375 cm-1, ET ) 0.0080 cm-1, DTD ) 0.0028 cm-1, ETD ) 0, ISC population rates: Px:Py:Pz ) 0.75:0.25:0.00, (Txx- Tyy) ) 0.0,Tzz ) -4.0.
Early spectrat/τ ) 0.5; late spectrat/τ ) 0.75. The internal geometry used is discussed in the text.
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The six eigenstates are obtained by diagonalizing the Hamil-
tonian matrix in either a quartet-doublet or triplet-doublet
basis. Here, we will use a quartet-doublet basis because it
allows the quartet and doublet character of the eigenstates to
be calculated more easily and it reflects the symmetry of the
precursor when energy transfer from PCu takes place. In this
basis the eigenstates at high field are

where

and

ωΤ and ωD are the resonance frequencies of the triplet and
doublet, respectively and include the contribution from the local
hyperfine fields.J is the exchange coupling between the triplet
and doublet.D* and d are the orientation dependent dipolar
couplings within the triplet and between the doublet and triplet,
respectively. The anglesθTD,φTD and θT,φT describe the
orientation of the external field relative to the respective dipolar
coupling tensorsDTD and DT. DTD, ETD, DT, and ET are the

corresponding zero-field splitting parameters. WhenθTD,φTD )
0 andθT,φT ) 0, D* ) DT andDTD*)DTD, respectively. The
term for the dipolar coupling between the triplet and doublet in
the Hamiltonian (eq A1.1) can be written using the operatorsS
and Sz for the total spin and the parameterd in eq A1.9 as
follows,

The energies of the six eigenstates are given by

where and

The transition frequencies of the eight possible single quantum
transitions are given by

In the limit of zero coupling between the triplet and doublet,
the wave functions of the system become products of triplet
and doublet basis states:Ψ1 ) |T+1R〉, Ψ2 ) |T+1â〉, Ψ3 )
|T0R〉, Ψ4 ) |T0â〉, Ψ5 ) |T -1R〉, andΨ6 ) |T -1â〉 and in the
limit of infinite coupling, cosθ )1, sin θ )0, cosφ )1, and
sinφ ) 0 in eq A1.2 and the wave functions become the quartet

SD‚DTD‚ST ) 1
2
d(3Sz

2 - S2) (A1.10)

E1 ) pωT + 1
2

ωD + 1
3
D* + 3

2
(d - J)

E2 ) 1
2(pωT - 1

3
D* - 3

2
d) - Ω1

E3 ) 1
2(pωT - 1

3
D* - 3

2
d) + Ω1

E4 ) 1
2(-pωT - 1

3
D* - 3

2
d) + Ω2

E5 ) 1
2(-pωT - 1

3
D* - 3

2
d) - Ω2

E6 ) -pωT - 1
2

pωD + 1
3
D* + 3

2
(d - J) (A1.11)

Ω1 ) sign(q1)
1
2{q1

2 + 8(∆ω + 1
3
D* )2}1/2

(A1.12)

Ω2 ) sign(q2)
1
2{q2

2 + 8(∆ω - 1
3
D* )2}1/2

(A1.13)

pω12 ) p
2
(ωT + ωD) + 1

2
D* + 3

2(32d - J) + Ω1

pω13 ) p
2

(ωT + ωD) + 1
2

D* + 3
2 (32 d - J) - Ω1

pω24 ) pωT - Ω1 - Ω2

pω34 ) pωT + Ω1 - Ω2 (A1.14)

pω25 ) pωT - Ω1 + Ω2

pω35 ) pωT + Ω1 + Ω2

pω46 ) p
2
(ωT + ωD) - 1

2
D* - 3

2(32d - J) + Ω2

pω56 ) p
2
(ωT + ωD) - 1

2
D* - 3

2(32d - J) - Ω2

H ) âeB‚gT‚ST + âeB‚gD‚SD + ∑
i

ITi‚ATi‚ST +

∑
i

IDi‚ADi‚SD + ST‚DT‚ST - JTD(12 + 2ST‚SD) +

SD‚DTD‚ST (A1.1)

Ψ1 ) |Q3/2〉

Ψ2 ) - sin θ|Q1/2〉 + cosθ|D1/2〉

Ψ3 ) cosθ|Q1/2〉 + sin θ|D1/2〉

Ψ4 ) cosφ|Q-1/2〉 + sinφ|D-1/2〉

Ψ5 ) -sinφ|Q-1/2〉 + cosφ|D-1/2〉

Ψ6 ) |Q-3/2〉 (A1.2)

tan 2θ ) 2x2
q1

(∆ω + 1
3
D* ), tan 2φ ) 2x2

q2
(-∆ω + 1

3
D* )

(A1.3)

q1 ) - ∆ω - 1
3
D* - 3

2
(d + 2J),

q2 ) ∆ω - 1
3
D* - 3

2
(d + 2J) (A1.4)

∆ω ) p
3
(ωT - ωD) (A1.5)

pωT ) geffTâeB0, pωD ) geff DâeB0 (A1.6)

D*(θT,φT) ) DT(32cos2 θT - 1
2) +

3
2
ET(sin2 θT cos2 φT - sin2 θT sin2

φT) (A1.7)

DTD
/ (θTD,φTD) ) DTD(32cos2 θTD - 1

2) +

3
2
ETD(sin2 θTD cos2φTD - sin2 θTD sin2

φTD) (A1.8)

d ) 2
9
DTD

/ (θTD,φTD) (A1.9)

8540 J. Phys. Chem. A, Vol. 106, No. 37, 2002 van der Est et al.



and doublet basis states:Ψ1 ) |Q3/2〉, Ψ2 ) |D1/2〉, Ψ3 ) |Q1/2〉,
Ψ4 ) |Q-1/2〉 ,Ψ5 ) |D -/2〉, andΨ6 ) |Q-3/2〉.

In the case of weak coupling shown in Figure 5a, the
transitions can be assigned to a flip of either the triplet or the
doublet spin and the frequencies become doublet transitions:

and triplet transitions

In the strong coupling case the eigenstates become a doublet
and quartet as shown in Figure 5b, the four allowed transitions
are a doublet transition

and three quartet transitions

Appendix 2

To simulate spectra based on the transition frequencies given
in Appendix 1, we take inhomogeneous broadening due to
unresolved hyperfine couplings, magnetic field inhomogeneity,
etc., into account with a Gaussian line shape,

and integrate the line shape over all orientations of the molecule
with respect to the external field:

Here,Ω, represents the set of angles describing the orientation
and P(Ω) is the orientational distribution function of the
molecule in the liquid crystalline solvent. This distribution is
determined by a potential energy surface:

whereU(Ω) is the potential energy of the solute as function of
its orientation. The most general form forU(Ω) is the product
of two second-rank tensors, one describing the solvent and the
other the solute.27,34 In a uniaxial liquid crystal, the tensor

describing the solvent is axially symmetric andU(Ω) can be
written as a function of the direction cosines between the
molecular axes and the director of the liquid crystal:

where lxZ, lyZ, and lzZ are the direction cosines between the
molecularx,y andz axes and the director,Z. Txx, Tyy, andTzz

describe the strength of the tensorial solvent-solute interaction.
With U(Ω) in such a form, the orientational distribution,P(Ω)
of the solute is determined two parameters,Tzzand(Txx - Tyy)/
2, and the directions of the axesx,y, andz in the molecule. In
the frozen liquid crystal we also need to take into account the
fact that the director can be rotated away from the magnetic
field direction. For a given orientation of the director relative
to the magnetic field, we define two space fixed axis systems:
one with the magnetic field as itsz-axis and the other with the
director as itsz-axis. The EPR signalI(Ω,B0) depends on the
relative orientation of the molecular and magnetic field axis
systems, which can be expressed as an Euler matrixRIB. The
direction cosines in eq A24 can then be obtained by calculating
the corresponding Euler matrix for the director axis system

Note that when the director is not parallel to the field,P(Ω) is
not axially symmetric with respect to the field and the integration
in eq A2.2 must be taken over all three Euler angles.
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