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The dynamics of the low-lying excited states of vanadyl octaethylporphyrin (OEPVO) in frozen solution is
investigated by transient electron paramagnetic resonance (TREPR). The observation of spin-polarized TREPR
spectra from the lowest excited trip-quartet state of OEPVO, reported in the preceding paper, opens a new
avenue for investigation of the excited states of such molecules. Here, a model based on the back-and-forth
transitions between the trip-quartet and trip-doublet states is developed and used to explain the time dependence
of the low-temperature laser flash-induced electron spin polarization of OEPVO. At early times, the TREPR
spectra show predominantly multiplet polarization, whereas strong net polarization develops at later times.
An analysis of the time dependence reveals two well-separated processes: (i) fast evolution of the polarization
from the multiplet pattern to the net absorptive pattern and (ii) very slow decay of the net polarization. Both
processes are temperature dependent and are faster at higher temperature. All of these observed features can
be reproduced, and the experimental data can be simulated within the framework of the model. For simplicity,
only the two nearly degenerate orbital states resulting from thea1 f e triplet excitation of the porphyrin are
considered. Each of these is split into a trip-doublet and trip-quartet giving a total of four low-lying excited
states. Transitions between the trip-doublet and trip-quartet states are assumed to be governed by spin-orbit
coupling, which mixes the four low-lying states. It is known that following light excitation, the molecule
initially decays to the lowest trip-doublet state and then to the trip-quartet state. In agreement with the observed
TREPR spectra, the model predicts that this decay results in predominantly multiplet polarization of the
trip-quartet. However, a small amount of net polarization is also predicted due to the spin selectivity associated
with the Zeeman interaction. Because the energy gap between the trip-doublet and trip-quartet states is small,
back-and-forth electronic transitions between the trip-doublet and trip-quartet are expected to occur as thermal
equilibrium is established. The model predicts that it is these transitions that lead to the observed evolution
of the initial multiplet polarization to net absorptive polarization.

1. Introduction

An important feature of most light-induced processes is the
role that the electron spin can play in the excited-state dynamics.
Despite the fact that the energy associated with the spin angular
momentum is usually many orders of magnitude smaller than
the electrostatic energies, processes such as electronic relaxation,
energy transfer, and electron transfer are often spin-selective.
This spin selectivity arises because of the exchange interaction,
which has a significant effect on the energies of the excited
states, and because of the spin-orbit coupling, which influences
the transitions between them. As a result, the paramagnetic
excited states generated by light excitation usually exhibit
electron spin polarization, which can be detected using transient

electron paramagnetic resonance spectroscopy (TREPR).1-7

Although the excited-state dynamics are often too fast to be
observed directly by EPR methods, the polarization patterns
depend on the energetics and relaxation pathways and can be
used to study these properties indirectly.4,8-22 In paramagnetic
metal complexes, the polarization is usually detected in the
ground state10,19,23or in the excited state of a chromophore that
is relatively weakly coupled to the metal.9,21,22

Recently, however, we made the first report24 of spin
polarization in the excited quartet state of vanadyl octaetylpor-
phyrin (OEPVO). The vanadyl ion has ad1 electronic config-
uration, and hence, vanadyl porphyrin has a doublet ground state
and doublet and quartetπ-π* excited states. Using the
terminology introduced by Gouterman,25 we will refer to these
electronic states as “sing-doublet”, “trip-doublet”, and “trip-
quartet”, where “sing” and “trip” indicate singlet and triplet
multiplicities of the π-π* excitation whereas doublet and
quartet indicate the total spin multiplicity. In the preceding
paper,26 we presented an analysis of the orientation dependence
and lifetime of the spin polarization patterns of OEPVO
observed below 80 K and obtained the magnetic resonance
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parameters of the trip-quartet state and the energy gap between
the trip-quartet and trip-doublet states.

An unusual feature of the spin polarization patterns is the
strong net polarization and relatively weak multiplet contribu-
tion. This observation is hard to rationalize within the framework
of standard models for the generation of spin polarization27

because intramolecular transitions, which are governed by the
molecular symmetry, produce strong multiplet polarization.
Other mechanisms involving diffusion and level-crossing can
be excluded because of the low temperature of the experiment
and strong spin-spin coupling in the molecule. Recently, we
developed a model to describe the polarization associated with
doublet-quartet intersystem crossing in such systems.14 The
model assumes that relaxation occurs rapidly to the lowest trip-
doublet from which intersystem crossing to the lowest trip-
quartet takes place. The intersystem crossing rate depends on
the degree of doublet-quartet mixing induced by spin-orbit
coupling. Because the spin state energies depend on orientation
of the magnetic field, spin-orbit coupling acts differently on
states with parallel and antiparallel spin projections. Thus, the
rates of ISC for the spin states are different due to breaking of
the molecular symmetry by the external magnetic field. The
difference in the rates then results in net polarization of the
quartet state. However, this polarization is much weaker than
the multiplet polarization associated with the spin-spin interac-
tion.

In this paper, we investigate a possible mechanism by which
the strong net polarization observed for OEPVO could develop.
From measurements at 15 K in two solvents, we are able to
clearly distinguish two patterns and extract their dynamics. The
spectra show complex temporal behavior of these contributions.
The first pattern, which shows multiplet polarization, develops
within the rise time of the spectrometer and then decays and
changes sign in the range of tens of microseconds. The second
pattern shows net polarization several times more intense than
the multiplet polarization. This contribution rises within the first
several microseconds and decays with the lifetime of the trip-
quartet.

The observed behavior can be understood within a model in
which the net polarization develops during thermal equilibration
between the trip-doublet and trip-quartet state. Such an equili-
bration between these states was first proposed by Gouterman25

and later by Asano et al.28 to explain the temperature dependence
of the luminescence lifetime. We suggest that during the
equilibration, the Zeeman interaction acts as a source of net
polarization as invoked previously to explain the observations
for relatively weakly coupled triplet-doublet pairs.29,30 More
recently, we showed from a perturbation theory treatment that
it can also lead to observable changes in the spin polarization
patterns in strongly coupled systems13,14 and is probably
responsible for the light-induced net polarization of the ground
state of copper porphyrins.10 We postulate that the combination
of this effect and the back-and-forth transitions between the trip-
quartet and trip-doublet leads to accumulation of net polariza-
tion. Here, we examine this idea more closely and present a
detailed description of the associated kinetics.

2. Experimental Section

Details of the sample preparation and experimental conditions
used to measure the spin polarization patterns and EPR spectra
of the ground state along with the procedure used to simulate
the spectra are described in the preceding paper.26 In addition
to the simulation of the spectra, the time dependence of the
experimental polarization was obtained by fitting the spectrum

at each time point and plotting the amplitudes of the compo-
nents. The corresponding calculation of the time dependence
on the basis of a kinetic model is described in the text below.

3. Results and Analysis

Before discussing the model for the evolution of the spin
polarization in OEPVO, we first summarize the characteristics
of the observed TREPR data and briefly review the evidence
for the assignment of the spin polarization to the trip-quartet
state. The description of the polarization patterns in terms of
net and multiplet contributions presented in the preceding
paper26 is then extended to extract the time and temperature
dependence of these contributions. The results of this analysis
will be used in the subsequent section to specify the properties
of the model.

3.1. Observable States.A simplified Jablonski diagram of
OEPVO is presented in Figure 1, which shows all of the states
that, in principle, could contribute to the observed spin polariza-
tion. The absorption of a photon nearλ ) 500 nm causes a
π-π* singlet excitation of the porphyrin ring and initially
populates the lowest excited sing-doublet state. Rapid ISC from
this state then populates the corresponding trip-doublet and trip-
quartet states. The lowest tripletπ-π* excitation of octaelth-
ylporphyrins has symmetrya1eand is doubly degenerate. Hence,
there are two low-lying trip-doublet and two trip-quartet states
for OEPVO. We label these asDx, Dy, Qx, andQy (see Figure
1) to indicate the direction of the transition dipole. (Note that
the relationship between the directions of the transition dipoles
and the in-plane axes of the magnetic interactions has not been
established and the labels should not be taken to imply that
they coincide.) Because it is likely that the degeneracy is
partially lifted, these states are shown in Figure 1 as having
different energies. The low-temperature luminescence lifetimes
of vanadyl porphyrins in the range of hundreds of microseconds
suggest that the spin polarization arises from some combination
of these four states. However, the ground sing-doublet state is
also EPR active and could become polarized by the excitation
and decay.10,19 Hence, it must also be considered.

Figure 1. A simplified Jablonski diagram of OEPVO showing the
low-lying states of the sing-doublet, trip-doublet, and trip-quartet
manifolds. The relative energies of the states is not to scale, and the
energy differences between the trip-doublet and trip-quartet states has
been greatly expanded. The labelsx andy refer to states derived from
excitation of an electron from the HOMO into theex andey orbitals,
respectively.
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Figures 2-4 show light-induced electron spin polarization
of OEPVO at 15 K. In Figure 2, the solvent is toluene, whereas
in Figures 3 and 4, it is the liquid crystal E7 with the director
oriented parallel and perpendicular to the external magnetic field,
respectively. In each of the figures, panel A (left) shows
experimental TREPR spectra (solid curves) in a series of 200-
ns time windows chosen to illustrate the evolution of the
predominantly multiplet polarization at early time to stronger
net polarization at later times.

The assignment of the observed polarization patterns was
addressed in detail in the preceding paper,26 and they were
identified as arising from the lowest trip-quartet state. Here,
we summarize briefly the features that support this conclusion.
First, at early times a multiplet pattern is observed. At low
temperature in a rigid system with strongly coupled spin, such
a pattern requires an overall spin multiplicity larger than1/2,
and of the possible states, only the trip-quartet fulfils this

requirement. Second, all components of the hyperfine splittings
of both the multiplet pattern and the net polarization seen at
later times are a factor of 3 smaller than those found from
steady-state measurements of the ground state. This reduction
is consistent with the expected reduction of the average spin
density at the vanadium nucleus in an excited state with three
unpaired electrons. Finally, both patterns can be simulated with
the same set of parameters for the quartet state. Inclusion of a
contribution from the trip-doublet or ground sing-doublet does
not improve the quality of the simulation. Therefore, it is clear
that both the net and multiplet polarization patterns arise
predominantly from the lowest trip-quartet.

The main issue we wish to address here is how the spin
polarization is generated initially and how the net polarization
seen at late times develops. For this purpose, it is useful to divide
the observed polarization into contributions with specific
symmetry properties that can then be associated with the
different possible interactions. These contributions also act as
a good test of any model because they must correctly predict
their time dependence.

3.2. Contributions to the Spin Polarization. The EPR
signals of the trip-quartet state can be described using a spin
Hamiltonian that includes the Zeeman interactionω with
external magnetic fieldB, the zero-field splitting given by the
parametersD and E, and the hyperfine interaction described
by the tensorA:

Figure 2. X-band (9 GHz) spin-polarized transient EPR spectra of
vanadyl octaethylporphyin measured in toluene at 15 K after the light
excitation. The spectra were measured using direct detection, and
positive signals represent microwave absorption whereas negative
signals are emission. (A) TREPR spectra in a series of 200-ns wide
time windows centered at the times indicated beside the spectra. The
time windows were chosen to demonstrate the evolution of the
polarization after the light excitation. The amplitdues of the spectra
have not been scaled relative to one another and show that the net
polarization is the dominant contribution. The solid curves are the
experimental spectra and the dashed curves are simulations of the tip-
quartet state using spin-Hamiltonian (eq 1) and density matrix (eq 4)
(for details, refer to text). The magnetic resonance parameters, used
for simulations, and normalized weights of different contributions are
listed in Tables 1-3. (B) Three contributions to the polarization patterns
corresponding to the terms of density matrix (eq 4). (a) axial multiplet
contribution, (b) nonaxial multiplet contribution, and (c) net contribu-
tion. (C) Time dependence of the contributions shown in (B) obtained
by fitting the complete time/field dataset.

Figure 3. X-band (9 GHz) spin-polarized transient EPR spectra of
vanadyl octaethylporphyin in the liquid crystal E7 with the director
oriented parallel to the magnetic field. The spectra are taken under the
same conditions and calculated as those shown in Figure 2, except that
the orientational ordering withSzz) -0.4 has been taken into account.

H ) ωSz + D(SΩ,z2 - SB2) + E(SΩ,x2 + SΩ,y2) + SB ‚ A ‚ IB
(1)
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where S and I refer to the electron and nuclear spins,
respectively. The subscriptΩ indicates that the operator is for
a component of the spin in the molecular frame. To describe
the spin polarization, i.e., the population distribution of the spin
states of Hamiltonian (eq 1), we use the traceless reduced density
matrix of the trip-quartet,∆F, written as a power series of the
spin operators for the longitudinal magnetization with terms up
to third order.13,14 The even and odd terms of the series
correspond to multiplet and net contributions to the polarization,
respectively, and are denoted∆FM and∆FN.

As discussed in the preceding paper,26 the multiplet contribu-
tion is written as the sum of an axial and a nonaxial term given
by:

whereθ andφ describe the orientation of the external field in
the molecular frame. The operators are given in the laboratory
frame and the subscriptQ refers to the quartet spin. The net
polarization is described26 by two terms proportional to the
operatorSz:

Here, we neglect the possible contribution from cubic terms,
i.e., with the density matrix proportional andSz.3

The relative importance of the four contributions to the
density matrix∆F depends on the mechanism by which the
polarization is generated. Because this mechanism is not known
in detail, we combine them using unknown weightsκ1, κ2, κ3,
andκz andκxy, which are treated as time dependent adjustable
parameters:

Because the angular dependence of the net contributions (eq 3)
is weak, κz and κxy are strongly correlated and their time
dependence is difficult to determine. To circumvent this
problem, we assume their ratio,κ ) κz/κxy, is time-independent.
If this assumption is correct, the ratio is a property of the
molecule. However, some variation between samples may be
expected due to the influence of the solvent on the relative
efficiency of the in-plane and out-of-plane components of the
spin-orbit coupling.

The three time-independent contributions∆FM
axial, ∆FM

nonaxial,
and∆FN are given in panel B in Figures 2-4. The calculation
of these contributions was carried out using the program
described in the preceding paper.26 The program models the
continuous-wave magnetic resonance spectra for an arbitrary
static spin-Hamiltonian in the linear approximation of the
intensity of the microwave probing field and produces a stick
spectrum which is then convoluted numerically with a Gaussian
line shape. Here, Hamiltonian (eq 1) was used with the
parameter values collected in Table 1. The orientation distribu-
tion used for the partially ordered samples is also described in
detail in the preceding paper.26 The ratio of the two net
polarization contributionsκ ) κz/κxy was determined by fitting
the sum of the four spectra shown in panel A for each of Figures
2-4.

3.3. Time Dependence of the Net and Multiplet Polariza-
tion. The time dependence of the amplitudes of the three
contributions is presented as three curves in panel C in Figures
2-4. For these curves, the valueκ was held fixed and the time
dependence of the coefficientsκ1(t), κ2(t), and κ3(t) was
determined by fitting the entire time/field dataset. The quality
of the fit is demonstrated by the comparison between the
experimental (solid curves) and calculated (dashed curves)
spectra in several different time windows shown in panel A of
Figures 2-4. Theκ-coefficients obtained for these spectra are
listed in Table 2. These values and the complete time depen-
dence show that the multiplet polarization dominates im-
mediately after the laser flash and then decays as the net
polarization rises. The decay of the net polarization is ap-
proximately 3 orders of magnitude slower than its rise. Although
the decay of the multiplet polarization and the rise of the net
polarization are similar, they are not identical. Hence, they
appear to be related, but the evolution of the polarization is
more complex than just a direct transformation from one pattern
to another.

This separation of the data into net and multiplet contributions
that are correlated with different powers of the spin operators
is important in understanding the origin of the polarization
because the terms reflect the symmetry of different types of
interactions. Processes internal to the molecule generally follow

Figure 4. X-band (9 GHz) spin-polarized transient EPR spectra of
vanadyl octaethylporphyin in the liquid crystal E7 with the director
oriented perpendicular to the magnetic field. The spectra are taken under
the same conditions and calculated as those shown in Figure 3.

TABLE 1: Simulation Parameters

g-tensor HFI tensor (mT) zero-field splitting order tensor

gzz)1.988 Azz) 5.40 D ) 17.5 mT Szz) - 0.4
gxx ) gyy ) 1.995 Axx)Ayy)1.84 E ) 1.5 mT Sxx - Syy ) 0

∆FM
axial ∝ (1 - 3 cos2 θ)(SQz

2 - (1/3)SBQ
2)

∆FM
nonaxial∝ sin2 θ cos 2φ(SQz

2 - (1/3)SBQ
2) (2)

∆FN(z) ∝ sin2 θ SQz

∆FN(xy) ∝ cos2 θ SQz (3)

∆F(t) ) κ1(t)∆FM
axial + κ2(t)∆FM

nonaxial+ κ3(t)∆FN

∆FN ) κz∆FN(z) + κxy∆FN(xy) (4)
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even powers of the operators, whereas interactions with an
external field follow the odd powers. This can be seen, for
example, in Hamiltonian (eq 1) in which the Zeeman interaction
scales asSz whereas the zero-field splitting scales asSΩ

2. Thus,
because the multiplet polarization dominates initially, we
surmise that the electronic transition to the quartet state follows
the molecular symmetry as would be expected for spin-orbit
coupling mediated intersystem crossing.

Another obvious fact from the data in Figures 3 and 4
(partially oriented samples) is that the multiplet polarization
changes sign at about 5-6 µs after the laser flash. This can be
seen in the fact that the coefficients of both multiplet contribu-
tions pass through zero at the same point. This observation is
also supported by integrated spectra taken at 3 and 12µs
(Figures 3 and 4, panel A). In the time window at 3µs, the
right-hand side of the spectra is more intense because the
multiplet and net contributions add in this region. The low-
field side of the spectrum is weaker because the net and multiplet
contributions cancel in this region. At 12µs, this pattern is
reversed and the low-field side is stronger because the sign of
the multiplet contribution has changed.

3.4. Influence of the Dynamics on the Spectral Properties.
The process that causes the change in the polarization patterns
with time also affects some of the parameters used to simulate
the spectra in Figures 2-4. The prinicipal values of the g-tensor,
HFI tensor, ZFS tensor and order matrix are given in Table 1
and are independent of temperature and solvent. The line widths
and the kinetic parameters on the other hand depend on the
experimental conditions, and therefore, they are collected
separately in Tables 3 and 4, respectively. Inspection of these
two tables shows that the line width and the kinetic rates both
increase with the temperature, suggesting that the processes
causing the change in the polarization also broadens the spectra.
In addition, the measurements taken in E7 show that the line
width is orientation dependent and correlates with the zero-
field splitting and hyperfine coupling. Thez-components of the
ZFS and HFI tensors are larger than the in-plane components,

and they contribute primarily to the spectra when the director
is perpendicular to the field. In Table 3, it can be seen that the
line width is consistently larger for the perpendicular orientations
as well. In the simulations, the axial contribution to the multiplet
polarization shows a steplike pattern in the wings of the spectra
that comes from thez-component of the hyperfine coupling (see
Figure 4B, spectrum a). However, in the experimental spectrum,
this pattern is not resolved. These observations suggest that back-
and-forth transitions between the trip-quartet and trip-doublet
states may broaden the spectrum of the trip-quartet by causing
a shift in the resonance frequency. Such a shift is expected to
be proportional to the magnitude of the zero-field and hyperfine
splittings in the spectrum and the rate of the transitions. Hence,
it would be largest when the molecularz-axis is parallel to the
field.

3.5. Temperature Dependence of the Rise and Decay of
the Net Polarization. The suggestion that time development
of the polarization is due to transitions between the trip-quartet
and trip-doublet is also supported by the small energy gap
between trip-doublet and trip-quartet estimated from the tem-
perature dependence of the decay rate of the net polarization.26

The value of 47 cm-1 obtained from decay rates suggests that
the thermal energy is sufficient to support transitions between
the lowest excited trip-quartet and trip-doublet states, even at
15 K.

The rise and decay rates of the net contribution have been
determined by summing the TREPR signal over the field range
and fitting the resulting transient with a biexponential function.
The values obtained from these fits are summarized in Table 4.
Because the two rates differ by 3 orders of magnitude, the signal
cannot be digitized with sufficient resolution to determine both
rates from a single measurement; thus, different datasets with
different digital resolution were used. The rise rates are based
on the measurements of the first 16µs with 25 ns/point, whereas
the decay rates were obtained from a time window from 0.8 to
1.6 ms measured with 2.5µs/point. For the later measurements,
low-frequency background noise with a period in the range of
several ms becomes difficult to subtract, and hence, the error
in the decay rates is estimated to be 20-30%. The difficulties
do not affect the signal at short times, and the error in the initial
rise rate is estimated to be∼5%. In some cases, the transients
show evidence of more complex behavior than a simple
biexponential process.

The rates from Table 4, averaged over a series of experiments
at the same temperature, are presented as the corresponding
lifetimes in Figure 5. The open circles are the initial rise (in
microseconds) whereas the filled circles are the decay time (in
milliseconds). As can be seen, both rates have similar temper-
ature dependencies and only begin to slow dramatically below
about 50 K. Thus, it is likely that they are both governed by
the energy gap between the trip-doublet and trip-quartet states.
However, the processes involved in determining the two rates
are clearly very different.

In summary, the properties of the TREPR data clearly suggest
that the spin-polarization reflects the internal dynamics of the
excited states. Among the possible processes that could affect
the polarization, the mostly likely candidate is the back-and-
forth transitions between the trip-quartet and trip-doublet states.

4. Model

We now turn to the details of a model for the excited-state
dynamics that should rationalize all of the above observations.
The model is based on the idea that the back-and-forth
transitions between the trip-doublet and trip-quartet states are

TABLE 2: Weights of Different Polarization Patterns

window κ 1 κ2 κ3 κz κxy

X-band TREPR spectra in toluene at 15 K
(Figure 1)

0.3-0.5µs 0.170 -0.144 0. 148 -0.878 0.122
1.0-1.2µs 0.726 -0.347 0.484
2.0-2.2µs 0.732 -0.313 0.716
12.0-12.2µs 0.165 -0.077 0.994

X-band TREPR spectra in E7 in parallel orientation at 15 K
(Figure 2)

0.3-0.5µs 0.244 -0.581 0.123 -0.823 -0.177
2.0-2.2µs 0.495 -0.418 0.765
3.0-3.2µs 0.252 -0.147 0.885
12.0-12.2µs -0.069 -0.003 0.996

X-band TREPR spectra in E7 in perpendicular orientation at 15 K
(Figure 3)

0.3-0.5µs 0.348 -0.420 0.174 -0.799 -0.201
2.0-2.2µs 0.553 -0.536 0.813
3.0-3.2µs 0.231 -0.219 0.889
12.0-12.2µs -0.054 0.098 0.995

TABLE 3: Inhomogeneous Gaussian Linewidths

temperature

solute 15 K 25 K 50 K 80 K

toluene 2.0 mT 2.0 mT 2.4 mT 2.4 mT
E7, isotropic - 1.4 mT 1.4 mT 2.0 mT
E7, parallel 1.0 mT - 1.0 mT -
E7, perpendicular 1.4 mT - 1.8 mT -

Vanadyl Porphyrin Excited-State Dynamics J. Phys. Chem. A, Vol. 110, No. 31, 20069621



the origin of the evolution of the polarization. However, two
main questions remain that are not straightforward to answer.

4.1. Requirements for the Model.The first challenge is to
explain the origin of the net contribution generated during the
detection of the signal. Under the conditions of the experiment,
this problem is nontrivial because low temperature prevents any
large-scale molecular motion, and therefore, variation of the
exchange interactions can be ruled out. Because of this, the level
crossing mechanism and other pathways referred as the triplet
mechanism in the CIDEP literature are not efficient for this case.
The polarization also cannot be generated by the mixing of states
by precession of the spins because such mechanisms are
effective only when the exchange interaction is similar to the
differences of Zeeman interactions. This is clearly not the case
in vanadyl porphyrin molecules. The only model that has been
proposed to explain the polarization in such systems invokes
spin-selective transitions between trip-doublet and trip-quartet
states via spin-orbit coupling to explain both the net and the
multiplet contributions of the polarization. It has been illustrated
that a relatively weak Zeeman energy can lead to a noticeable
contribution to the net polarization even in a strongly coupled
molecular system.13,14 We assume that this mechanism is
dominant in the case of OEPVO.

The second problem is that even if the presence of net
polarization can be explained by the influence of the Zeeman
interaction on spin-orbit coupling ISC, we must still provide
a rationalization for the complex time and temperature depen-
dence of the TREPR signals. First, we must explain why the
net polarization increases with time to become much larger than

the initial multiplet polarization. Second, any proposed model
must be consistent with the observation that the lifetime of the
net polarization correlates with that of the trip-quartet state. In
this context, an important additional observation is that the decay
of the polarization was found to be independent of the
microwave power within the available range. Moreover, transient
nutations could not be induced despite the fact that under the
same conditions they are observed for the triplet states of related
molecules. We will show that all of these features are consistent
with back-and-forth quartet-doublet transitions, which reduce
the multiplet polarization and continually regenerate the net
polarization.

4.2. Description of the States Involved.In the analysis of
the EPR data presented above, the spectra were simulated using
a spin Hamiltonian containing the Zeeman and spin-spin
interactions. The populations were treated as unknown param-
eters. To calculate these populations, orbital terms must be
included in the Hamiltonian because the polarization is generated
by ISC, i.e., by transitions between electronic states. Here we
consider only the trip-doublet and trip-quartet states of the two
lowest excited electronic configurations as shown in Figure 1.
In the Hamiltonian, we include a crystal field splitting term,
H∆, to describe the orbital part of the energy gap between these
states. The exchange interaction,J, between the triplet excitation
and the unpaired vanadyl d-electron is also included and is taken
to be independent of the orbital states. The zero-field and
hyperfine interactions are assumed to have no significant
influence on the transitions between the electronic states because
their contribution to the energy is small. Hence, they are ignored
in the calculation of the populations. The Zeeman interaction,
on the other hand, cannot be ignored, despite the fact that it is
also much smaller than the crystal field splitting and the
exchange interaction, because it is responsible for the net
polarization. The resulting Hamiltonian is then:

where the subscriptsT andVO indicate that the operators act
on the triplet spin of the excited porphyrin ring and the doublet
spin of the vanadyl ion, respectively, andz refers to the magnetic
field direction in the laboratory frame.

Next, we need to consider the orbital part of the eigenstates
of H and to define the operatorH∆ more precisely. The
important feature of the two orbital states taken into account in
the model is that they haveEu symmetry and transform as
vectors alongx andy. This also means they are mixed by the
z-component of the spin-orbit coupling, which transforms as
a rotation about the molecularz-axis. Following the strategy
introduced by Canters and van der Waals,31 we label these two
states|x〉 and |y〉 and represent them with two orthogonal
functions having the correct rotational symmetry:32,33

TABLE 4: Rise and Decay Rates of the Net Polarizationa

15 K 25 K 50 K 80 K

rate solute rise,106 s-1 decay103 s-1 rise,106 s-1 decay,103 s-1 rise,106 s-1 decay,103 s-1 rise,106 s-1 decay,103 s-1

toluene 0.74 - 1.13 - 1.44 - 1.56 5.4
E7, iso - 1.2b 1.02 2.5 - 6.0 1.17 10.8c

E7, para 0.77 - - - 1.42 - - -
E7, perp 0.88 - - - 1.24 - - -
a The rates were obtained from a fit of the sum of the TREPR time traces at all field positions in the time/field dataset.b Determination of the

decay rate was hampered by low-frequency noise in the experimental data.c The decay rate from optical measurements is 8.98× 103 s-1. The
TREPR time trace in center of the spectrum at 342 mT has a decay rate26 of 7.70× 103 s-1.

Figure 5. Temperature dependence of the spin polarization lifetime
of OEPVO, the averaged summary over measurements at different
temperatures and in different media. (O) Experimental values of the
net polarization rise time at each temperature. (b) Experimental values
of the signal decay time.

H ) ω(ST,z + SVO,z) - 2JSBTSBVO + H∆ (5)
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We use the letterL to indicate that the states are associated
with different projections of the orbital angular momentum of
the excitedπ-orbital of porphyrin ring. The corresponding
operatorLz acts as a rotation and transforms|x〉 into |y〉 and
vice versa. To describe the crystal field interactionH∆, we
require an operator that splits these states by an energy gap∆:

Because the operatorLx
2 has the properties〈x|Lx

2|x〉 and〈y|Lx
2|y〉,

it is convenient to define the operatorH∆ ) ∆Lx
2.

The exchange interaction between the triplet and doublet splits
each of the two orbital states into a trip-doublet and trip-quartet,
giving the four low-lying excited electronic states|D,x〉, |Q,x〉,
|D,y〉 and |Q,y〉. Finally, the doublet and quartet states further
split by the Zeeman interaction into spin states with different
projections as shown in Figure 1.

At this point, it is important to discuss the consequences of
these approximations. By only including the two low-lying
orbital components, the main features of the system including
the spectral, temporal, and thermal properties can be described
analytically. However, with this restriction, the model does not
reproduce all of the observed properties of the TREPR spectra.
In particular, it cannot generate the population distribution that
leads to the nonaxial component of the multiplet polarization
∆FM

nonaxial and the in-plane component of the net polarization
∆FN(xy). However, this restriction can be overcome by a
straightforward expansion of the description to include other
orbital configurations, if the parameters of interactions are
known. Here, we use only the simplified model, and hence, the
calculation only gives a qualitative description of the features
of the observed spin polarization.

4.3. Introduction of SO Coupling and Rate Constants.
Next, we introduce spin-orbit coupling as a perturbation that
mixes the eigenstates of and thus mediates ISC between the
trip-doublet and trip-quartet manifolds. For simplicity, we
assume that this mixing represents only a small perturbation of
the spin eigenstates and that the unperturbed energies may be
used. This approach should be valid for weak spin-orbit
coupling and greatly simplifies the resulting expressions for the
rates and the populations of the states. A more rigorous treatment
is given elsewhere.13,14 In addition, we assume that|x〉and |y〉
are well separated energetically from all other orbitals, and
therefore, only mixing between the trip-doublet and trip-quartet
states shown in Figure 1 is significant. Hence, we retain only
the z-component of spin-orbit coupling, which mixes|x〉 and
|y〉. Although the symmetry of the spin polarization patterns
suggests that thex- andy-components of spin-orbit coupling
also play a role, they can be described using the results obtained
for the z-component by simply redefining the axes. Here, the
perturbing spin-orbit coupling is expressed as

Hereλ is the strength of the interaction between the spin angular
momentum of the triplet excitation of the porphyrin ring and
the orbital angular momentum of|x〉 and |y〉; the symbolΩ is
used to indicate the molecular reference system of the spin states.

Because the energy gap between the initial and final states
is small, the usual description of electronic relaxation via
transitions into a continuum of vibronic states does not apply
to decay from the lowest trip-doublet state to the lowest trip-
quartet. Instead, this process involves mixing of|D,x〉 and|Q,y〉
by spin-orbit coupling followed by fast internal conversion of
|Q,y〉 to |Q,x〉. Therefore we expect that the rate of doublet-
quartet ISC can be expressed as the product of the rate of internal
conversion and the degree of mixing between|D,x〉 and|Q,y〉:

Here |Di,x〉 is the spin sublevel of the trip-doublet in orbital
state|x〉 from which the transition takes place and|Qj,y〉 is the
spin sublevel of the trip-quartet state in orbital state|y〉, k0 is
the rate of spin independent internal conversion from|y〉 to the
|x〉; E(Di,x) andE(Qj,y) are the corresponding energies of levels
i and j. An analogous expression can be written for transitions
in the opposite direction, i.e., from the lowest trip-quartet to
the lowest trip-doublet, and is obtained by substituting the
appropriate wave functions and energies in (eq 9).

4.4. Rate Equations.The rate constants obtained from (eq
9) can then be used in the set of kinetic rate equations

for the spin populations of the lowest trip-doublet and trip-
quartet states|D,x〉 and |Q,x〉:

where the superscript tr indicates the transpose, i.e.,nb is a
column vector. The diagonal elements of the rate constant matrix
K describe transitionsfrom each of the sublevels and therefore
are negative, whereas the off-diagonal elements describe transi-
tions to them and are positive. If the decay to the ground state
is also taken into account, the matrix of rate constants,K , can
be written as the sum of three contributions:

KG is the rate of relaxation to the ground state whereasKDQ

andKω are different contributions to the rate constants obtained
from eq 9. The contribution described byKDQ arises from the
interactions that follow the molecular symmetry, whereasKω

contains the terms that depend on the Zeeman energy,ω. For
experiments at X-band,ω is expected to be small compared to
the splitting between electronic states, i.e.,ω , ∆ - 3J, ∆ +
3J. Under these conditions, we obtain the following expressions
for KG, KDQ, andKω:

|x〉 ) 1

x2
(|L,-1〉 - |L,1〉)

|y〉 ) i

x2
(|L,-1〉 + |L,1〉) (6)

〈x|H∆|x〉 ) 0

〈y|H∆|y〉 ) ∆ (7)

Hλ ) λSΩ,TzLz (8)

kij ) k0|〈Di,x|Hλ|Qj,y〉|2/(E(Di,x) - E(Qj,y))2 (9)

∂nb/∂t ) K ‚nb (10)

nb ) (nD,-1/2 nD,+1/2 nQ,-3/2 nQ,-1/2 nQ,+1/2 nQ,+3/2)tr

(11)

K ) KG + KDQ + Kω (12)
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where the angleθ describes the orientation of the molecular
z-axis relative to the space-fixedZ-axis. The rates constantskDQ,
kQD, ηDQ, and ηQD describing the back-and-forth transitions
between the trip-doublet and trip-quartet are given by:

In eq 16, we add a Boltzmann factor for transitions from the
trip-quartet to the trip-doublet on the basis of the energy
difference between these states assumingω , 3J. This factor
reflects the difference in the rates of the back-and-forth
transitions between the lowest trip-doublet and trip-quartet states
if they are in thermal equilibrium.

In matrixes 14 and 15, inspection of the elements corre-
sponding to the kinetic equations for the trip-quartet sublevels
(bottom four rows of the matrixes) shows thatKDQ and Kω
describe the kinetics of the multiplet and net polarization,
respectively. This can be seen, for example, in the fact the
elements ofKDQ for the(1/2 sublevels of the trip-quartet (rows
4 and 5) have the same form and are different from those for
the(3/2 levels (rows 3 and 6). The trace ofKω is zero; hence,
these terms create onlydifferencesin the rates for the various
transitions whereas the sum of the rates remains the same. It is
these differences in rate that generate the net polarization. For
example, the contribution fromKω increases the rate of
transitionsfrom the +1/2 and+3/2 sublevels of the quartet
whereas the rate of transitionsto these levels are decreased.
The opposite effect is found for the-1/2 and-3/2 sublevels.
This is also reflected in the fact thatKω is antisymmetric about
the diagonal. For instance, the contribution fromKω increases
the rate constant for the transition fromD-1/2 f Q+1/2 by an
amountKω,1,5 ) ηDQ/2 whereas the rate of reverse process
Q+1/2 f D-1/2 is decreased byKω,5,1 ) - ηQD/2. These
differences in the rates effectively describe a change in the spin
orientation during ISC.

The solutionnb (eq 12) of kinetic equations (eq 11) represent
the populations of the trip-doubletDx and trip-quartetQx states.
From this vector we can derive the corresponding density
matrixes. For the quartet state this is:

To obtain the polarization of the quartet state, we rewriteFQ in
operator form and take the traceless part of the density matrix:

The coefficientsp1 andp3 are the net polarization andp2 is the
multiplet polarization.

4.5. Numerical Calculations of the Time Dependence of
the Polarizations. Figure 6 shows the net and multiplet
contributions to the polarization obtained from a numerical
solution of the kinetic equations (eq 11). The polarization is
expressed as a percentage of the total population calculated for
the sum over an isotropic distribution of molecular orientations.
Because negative polarization (i.e., greater population in the
sublevels of lower energy) results in an absorptive (positive)
EPR signal, the polarization is plotted with negative values on
the ordinate axis in Figure 6. For the calculation, the exchange
integralJ is estimated to be 16 cm-1 (1/3 of 47 cm-1 26) andω
) 0.3 cm-1. The value of∆ is unknown, but we expect it to be
in the range of several tens of wavenumbers, and a value of∆
) 60 cm-1 has been chosen arbitrarily. The values of the other
parameters used in the calculation are given in the caption to
Figure 6. As can be seen, the model reproduces the main features
of the observed polarization, with net polarization (solid,p1 and
dotted curves,p1+p3) being generated, whereas the multiplet
polarization (dashed curve,p2) decays and changes sign. In
addition, the two net polarization curves show that the contribu-
tion from the third-order term,p3, is relatively weak and that
truncation after the linear term is a reasonable approximation.

KG ) (-kDG 0 0 0 0 0
0 -kDG 0 0 0 0
0 0 -kQG 0 0 0
0 0 0 -kQG 0 0
0 0 0 0 -kQG 0
0 0 0 0 0 -kQG

) (13)

KDQ )

(-2kDQ 0 (3/2)kQD sin2 θ 2kQD cos2 θ (1/2)kQD sin2 θ 0

0 -2kDQ 0 (1/2)kQD sin2 θ 2kQD cos2θ (3/2)kQD sin2 θ
(3/2)kDQ sin 2θ 0 -(3/2)kQD sin2 θ 0 0 0

2kDQ cos2 θ (1/2)kDQ sin 2θ 0 -(1/2)kQD(1 + 3 cos2 θ) 0 0

(1/2)kDQ sin2 θ 2kDQ cos2θ 0 0 -(1/2)kQD(1 + 3 cos2 θ) 0

0 (3/2)kDQ sin2 θ 0 0 0 -(3/2)kQD sin2 θ
)

(14)

Kω ) sin2 θ(-ηDQ 0 -(3/2)ηQD 0 (1/2)ηQD 0
0 ηDQ 0 - (1/2)ηQD 0 (3/2)ηQD

(3/2)ηDQ 0 (3/2)ηQD 0 0 0
0 (1/2)ηDQ 0 (1/2)ηQD 0 0
-(1/2)ηDQ 0 0 0 -(1/2)ηQD 0
0 -(3/2)ηDQ 0 0 0 -(3/2)ηQD

) (15)

kDQ ) λ2

9(∆ - 3J)2
k0 kQD ) λ2

9(∆ + 3J)2
k0e

-3J/kT

ηDQ ) 2ω
∆ - 3J

kDQ ηQD ) 2ω
∆ + 3J

kQD (16)

FQ ) (nQ,-3/2 0 0 0
0 nQ,-1/2 0 0
0 0 nQ,1/2 0
0 0 0 nQ,3/2

) (17)

∆FQ ) p1SQz + p2(SQz - (1/3)SBQ
2) + p3SQz

3 (18)
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Unlike the experimental data, the calculations give only one
multiplet contribution because we have considered only the
contribution of thez-component of the spin-orbit coupling (see
eq 18).

Experimentally, we find that the decay to the ground state is
several orders of magnitude slower than the rise of the net
polarization. Hence, the observed polarization at late times
should correspond approximately to the stationary conditions
when kDG ) kQG ) 0. Under these conditions, we obtain for
the stationary populations,nb0:

Thus,η represents the maximal value of the quartet polarization,
and it can be calculated from the parameters used for Figure 6.
The angular dependence integrated over the unit sphere gives
〈sin2 θ〉 ) 2/3. With ∆ ) 60 cm-1, we obtain〈η〉 ≈ 2%. This
value can be compared to the Boltzmann factor at 15 K, which
gives a polarization of∼3%. The observed polarization of the
trip-quartet is much larger than that of the ground state at thermal
equilibrium although a quantitative measure of the relative

magnitudes of their EPR spectra is difficult to obtain. Thus,
with the parameters chosen for Figure 6, the model appears to
give a polarization of the quartet-state that is weaker than
observed.

It is possible that this is because we have neglected in-plane
components of the spin-orbit coupling and higher order
perturbation terms.13,14However, the inverse dependence of the
net polarization on the energy gap between lowest excited trip-
doublet and the next excited trip-quartet state plays a more
important role in determining the strength of the net polarization.
Within the framework of the model, this energy gap,∆ - 3J,
must be small if strong net polarization is to be produced.
Therefore,∆ should not differ greatly from the value of 3J )
47 cm-1 estimated from the temperature dependence of the
luminescence and spin-polarization lifetimes. The strong de-
pendence of the net polarization on the relative magnitudes of
∆ and 3J also provides a logical explanation of why the trip-
quartet is not observed in copper porphyrins, because even a
modest increase in|∆ - 3J| leads to a significant drop in the
strength of the polarization. For instance, if this value is
increased from 13 to 53 cm-1, the polarization (eq 19) drops
from 2 to 0.5%. The values ofJ that have been reported for
copper porphyrins25 are significantly larger than for OEPVO
which would be consistent with weaker net polarization.
However, because the relative magnitude of∆ in OEPVO and
the copper porphyrins is not known, the effect of the difference
in J on the polarization cannot be predicted with confidence.

4. Concluding Remarks

The kinetic model based on the spin-orbit mixing trip-
doublet and trip-quarter states unifies the large set of spectral
and temporal data on OEPVO in different solutes at several
temperatures. As we have shown, all of the observed properties
of the polarization and experimental parameters are consistent
with this model. The main feature of the model is that the
symmetry of the spin-orbit coupling leads initially to over
population of the(1/2 sublevels of the trip-quartet, which gives
the initial multiplet pattern and weak net polarization. The back-
and-forth transitions to the trip-doublet, which are also governed
by spin-orbit coupling, then deplete the(1/2 sublevels, leading
to a decrease in the multiplet polarization and accumulation of
net polarization. As shown in Figures 2-4 the multiplet
polarization changes sign at late times under some conditions
(compare Figures 2 and 3). Whether or not the multiplet
polarization changes sign depends on how strongly the popula-
tion of the (1/2 sublevels is depleted relative to the(3/2
sublevels. Within the model, both the decay to the ground state
and the back-and-forth transitions between the excited states
result in such a depletion. However, our calculations indicate
that the change in sign of the multiplet polarization is predicted
only if the decay rates to the ground state are nonzero.

Another feature of the model is that it suggests that a local
spin temperature is maintained in the trip-quartet as a result of
the back-and-forth transitions to the trip-doublet. In this context,
an important parameter is the spin-lattice relaxation time,T1.
The excited-state dynamics make it difficult to obtain a reliable
value for T1 for the trip-quartet. However, the frequency and
temperature dependence of spin-lattice relaxation for the ground
state of a vanadyl porphyrin has been reported in the literature.34

At 15 K, the observedT1 for the ground state is about an order
of magnitude longer than the lifetime of the net polarization
shown in Figure 5 (b). Thus, it is probable that in trip-quartet,
decay to the ground state is faster than spin lattice relaxation at
15 K. At 80 K, the ground-stateT1 is comparable to the trip-

Figure 6. Time-dependence of the contributions to the polarization
of the quartet state. The solid, dotted, and dashed curves correspond to
the coefficientsp1, p1+p3, andp2 of the operatorsSQz, SQz + SQz

3, and
SQz

2 - (1/3)SBQ
2, respectively (see eq 18). The first two of these describe

the net contribution, whereasSQz
2 - (1/3)SBQ

2 is the multiplet polarization
of the quartet state. The curves in the inserted frame are enlarged by a
factor of 10 to demonstrate the change of sign of mutiplet polarization.
The polarization contributions are derived from numerical solutions of
the kinetic equations (eq 11) with initial populationsnb0 ) (1,1,0,0,0,0)/2
corresponding to unpolarized population of the trip-doublet state. The
solutions of (eq 10) were averaged over isotropic distribution of
molecular orientations. The exchange interactionJ ) 16 cm-1, kDG )
0.05 × 106 s-1, andkQG ) 0.94 × 103 s-1 were estimated from the
temperature dependence of the TREPR spectra discussed in the
preceding paper.26 The temperatureT ) 15 K and the Zeeman energy
ω ) 0.3 cm-1 (X-band) correspond to the conditions used for the
experiments summarized in Figures 2-4. The value of the spin-orbit
coupling,λ, and the rate of IC,k0, act jointly (eq 17) and determine
the rate of the back-and-forth transitions between the trip-quartet and
trip-doublet. We choose them as 3 cm-1 and 1013 s-1, respectively.
The energy gap,∆, between the orbitals|x〉 and|y〉 (eq 6) is arbitrarily
set to 60 cm-1.

nb0 )

1
4(kQD

kDQ
(1 + 2η),

kQD

kDQ
(1 + η), 1 + 3η, 1 + 2η, 1 + η, 1)tr

η ) (1/2)sin2θ(ηDQ/kDQ + ηQD/kQD) ) 2ω∆
∆2 - 9J2

sin 2θ

(20)
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quartet lifetime. In general,T1 is expected to be shorter in the
trip-quartet than in the ground state because the zero-field
splitting provides an additional relaxation mechanism. Thus, it
is likely that for temperatures above∼80 K, T1 in the trip-
quartet is shorter than the spin-polarization lifetime. From this,
it appears that the decay of the spin polarization is independent
of T1, as would be expected if the polarization is maintained
by the back-and-forth transitions between the excited states.
Consistent with this, transient nutations could not be induced
at high microwave power. Together, these observations support
the idea that internal processes maintain the spin temperature
in the excited states.
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