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Laser flash induced spin-polarized transient electron paramagnetic resonance (TREPR) spectra for vanadyl
octaethylporphyrin in isotropic and partially ordered frozen solutions are presented and compared with
corresponding luminescence data. The TREPR spectra show well-resolved hyperfine couplings to the vanadium
nucleus and a multiplet polarization pattern with features typical of zero-field splitting (ZFS). The principal
values of the vanadium hyperfine coupling tensor evaluated from the spectra are 1/3 of the corresponding
values found from steady-state EPR spectra of the ground state. On the basis of these characteristics and
numerical simulations, the polarization patterns are assigned to the excited quartet state. The values of the
ZFS parameters of the trip-quartet obtained from simulation of the spectra (D ) 17.5 mT andE ) 1.5 mT)
are comparable to those of the triplet state of the zinc and free base octaethyl porphyrin. The lifetime of the
spin polarization is found to be temperature dependent and is essentially the same as that of the optical
emission. The temperature dependence is rationalized using a model in which the decay to the ground state
occurs from both the trip-quartet and trip-doublet, which are in thermal equilibrium even at 15 K. A fit of the
model to the observed spin polarization lifetimes yields an energy gap of 47 cm-1 between the trip-quartet
and trip-doublet. It is shown that the spin polarization evolves from a multiplet pattern at early times to a net
absorptive pattern at late times following the laser flash. It is proposed that the establishment of thermal
equilibrium leads to the evolution of the spin from multiplet to net polarization.

1. Introduction

Porphyrins and their derivatives play essential roles in nature,
mostly due to their ability to bind a wide variety of metals and
to become chemically active upon light excitation. This
combination of properties makes them ideal as building blocks
for complexes designed to capture and store light energy (see
refs 1-6 for some recent examples). One of the challenges
encountered in designing such systems is the need to control
the photochemistry of the porphyrin in the presence of metal
ions, which have a variety of electronic structures. In the case
of paramagnetic metalloporphyrins, the magnetic and/or elec-
tronic interactions between the central metal and the porphyrin
π-system have a profound impact on the nature of the excited
states and the photodynamics of the whole system. Hence, a
detailed understanding of these interactions and their influence
on the excited-state dynamics is central to the design of
metalloporphyrin-based supramolecular complexes.

In Figure 1, a Jablonski diagram of a molecule, in which the
π-electron system and a singled-electron are combined, is
presented using vanadyl octaethylporphyrin as an example. The
presence of the unpaired electron on the central metal means
that the ground state and singlet excitations of the porphyrin

π-electrons are doublet states, whereas the exchange interaction
splits the triplet excitations of the porphyrin into doublet and
quartet states. Using the notation first introduced by Gouter-
man,7,8 these states are usually referred to as “sing-doublet”,
“trip-doublet”, and “trip-quartet” and are given the symbols2S,
2T, and 4T, respectively. The terms “sing” or “trip” and the
corresponding symbols S or T describe the spin state of the
π-electrons, which in general are coupled most strongly. The
terms doublet and quartet and the corresponding superscript
express the entire spin multiplicity of the state. We assume that
the lowest excited state is the trip-quartet,8 as predicted
theoretically7 and observed in copper porphyrins.9-12 (Note that
the separation of the energy levels in Figure 1 is not to scale
and is only meant to give a qualitative picture of the relative
energies.) For octaalkyl porphyrins, thea1u f eg excitation is
predicted to be of lowest energy,9,13,14giving a doubly degener-
ate excited state ofEu symmetry.7-9 The peripheral substituents
and surroundings are expected to lift the degeneracy of theEu

state,15,16resulting in two low-lying trip-doublet and trip-quartet
states. The states are labeled (a1ex) and (a1ey) according to the
orientation in the molecular plane of the transition dipole
moments associated with the excitation. (Note that vanadyl
porphyrins haveC4V symmetry; hence, the states are labeled
a1e and nota1ueg as they would be for a metalloporphyrin with
D4h symmetry.)

Following light absorption and relaxation to the lowest excited
sing-doublet state2S1, rapid decay to the lowest trip-doublet
state, 2T1, can occur because it acquires some sing-doublet
character due to the different exchange interactions of the two
unpaired π-electrons with thed-electron of the metal.9,15
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Subsequent intersystem crossing from the trip-doublet to the
trip-quartet,4T1, is also highly efficient as shown by picosecond
and femtosecond absorption spectroscopy studies of copper
porphyrins.17-19 The decay of the trip-quartet to the ground state
can follow several pathways. The direct path, governed bykQG

(see Figure 1), is slow. Hence, at sufficiently high temperature,
decay via the trip-doublet, which has a faster rate,kDG, is also
possible. Which of these two pathways is favoured depends
critically on the energy gap between the trip-doublet and trip-
quartet,∆EDQ, and the temperature. If∆EDQ is relatively small
compared tokT, thermal equilibration of the trip-quartet and
trip-doublet can occur as indicated by the double-headed arrow
between them in Figure 1, and both states will have the same
lifetime. However, because the decay rate from the trip-doublet
kDG is expected to be greater than that from the trip-quartet,
kQG, the emission observed at ambient temperatures is ascribed
to radiative decay from the trip-doublet.8,9,17,20

Time-resolved optical spectroscopy in its various forms
provides a good method for monitoring the excited-state kinetics
of such complexes.21 However, it has the disadvantage that it
can be difficult to distinguish nearly degenerate states of
different multiplicity, which can be crucial for the photochem-
istry. Because of this, considerable effort has been invested in
trying to observe the excited multiplet states of such systems
by magnetic resonance techniques,16,22 in particular time-
resolved electron paramagnetic resonance (EPR) spectroscopy.23

These states are expected to show enhanced electron spin
polarization that, together with the magnetic parameters (zero-

field splitting, hyperfine couplings, g-tensor), provides detailed
information about the dynamics and the electronic structure of
the system.

However, attempts to measure spin-polarized EPR signals of
the excited states of monomeric paramagnetic metalloporphyrins
themselves have been largely unsuccessful. In water-soluble
copper porphyrins24 and self-assembled electrostatic porphyrin
dimers,25 the observed polarization was assigned to the ground
state, and it was proposed that it resulted from transfer of the
net component of the trip-quartet polarization during electronic
relaxation. A Cr(V)O-corrole also showed spin polarization,26

which was likewise assigned to the ground state. A broad,
featureless, emissive spectrum of a Co(II) porphyrin ligated by
oxygen was briefly mentioned by Yamauchi,23 but apart from
this spectrum, spin-polarized EPR data from the excited
multiplet states of paramagnetic porphyrins are conspicuously
absent in the literature. On the other hand, the excited multiplet
states of complexes containing one or more stable radicals
tethered to an otherwise diamagnetic chromophore such as a
porphyrin or C60 have been observed,27-44 and we have also
reported spin-polarized EPR spectra of triplet-doublet spin pairs
in covalently linked copper porphyrin-free-base porphyrin
dimers.45-47 It is likely that the difficulty in observing the excited
states of paramagnetic metal complexes by transient EPR is
related to the large zero-field splitting associated with the metal,
which probably leads to very broad spectra with short spin-
lattice relaxation times.

Based on the premise that such effects should be smaller in
the light transition metals such as vanadium, we have begun a
study of vanadyl porphyrins. Recently, we reported the first spin-
polarized TREPR spectra of the excited states of a paramagnetic
metal complex, using vanadyl octaethylporphyrin (OEPVO).48

Here, we present a more detailed account of the TREPR data
of OEPVO and the evidence supporting their assignment to the
lowest trip-quartet state. We will show that the light-induced
spin polarization has the same lifetime as the luminescence over
a wide temperature range, and below∼50 K, the TREPR spectra
display a well-resolved hyperfine structure due to theI ) 7/2
vanadium nucleus. Using a partially ordered liquid crystalline
solvent, we are able to extract the principal values of the
hyperfine tensor and show that they are one-third of the
corresponding values in the ground state. Moreover, predomi-
nantly multiplet spin polarization is observed at early times.
Together, these features lead to an assignment of the observed
signals to the excited trip-quartet state. In addition, we will show
that the TREPR spectrum of the trip-quartet state evolves to a
pattern with pure net polarization at late times. We propose that
the initial multiplet polarization is generated in the trip-quartet
state by intersystem crossing (ISC) from the trip-doublet and
that the net polarization is built up at the expense of the multiplet
contribution by the subsequent equilibration of the trip-quartet
and trip-doublet states. In the accompanying paper,49 this
proposal is explored in more detail with an analysis of the time
dependence of the polarization and the development of a model
describing the mechanism by which the net polarization evolves.

2. Experimental Section

Preparation of OEPVO. 2,3,7,8,12,13,17,18-octaethylpor-
phynato oxovanadium(IV) (OEPVO) was prepared by refluxing
the corresponding free base porphyrin in dimethylformamide
for 40 h with an excess of vanadyl sulfate, which was added to
the reaction mixture by two portions. The product was purified
by chromatography on a dry-packed alumina column (Merck
Alumium Oxide 90 (II-III)) and then of silica gel (Wakogel

Figure 1. Molecular structure of vanadyl octaethylporphyrin and
simplified Jablonski diagram. The states are labeled according to the
overall spin as a superscript (2) doublet, 4) quartet) and the electronic
configuration of the porphyrinπ-orbitals (S) singlet, T) triplet).
Following light absorption to the excited sing-doublet state, (2S1) decays
to the trip-doublet manifold (2T1) and then to the lowest trip-quartet
state (4T1). Relaxation to the ground state is proposed to occur primarily
from the trip-doublet state populated via thermal equilibrium from the
trip-quartet. The decay rates from the trip-doublet and trip-quartet to
the ground state arekDG andkQG, respectively. The equilibrium between
the trip-doublet and trip-quartet is governed by the equilibrium constant,
K.
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C-200) with CH2Cl2 as eluent, mainly to separate unreacted free
base porphyrin. Further purification was carried out by recrys-
tallization from CH2Cl2/ethanol, and finally the crystals were
washed by hexane and dried.

EPR Experiments.EPR samples were prepared by dissolving
OEPVO in either toluene or the liquid crystalline solvent, E7
(Merck), to a concentration of∼10-4 M. The solutions were
placed in suprasil EPR sample tubes (4 mm o.d.) and were
degassed by several freeze-pump-thaw cycles and then sealed
under vacuum. The transient EPR (TREPR) measurements were
performed at X-band (9 GHz) using a setup described previ-
ously.50,51 Optical excitation at 532 nm was achieved using a
Nd:YAG laser.

Optical Emission Spectra and Lifetimes.For the optical
measurements at 77 K, a solution of OEPVO in toluene
containing 5% polystyrene was sealed in a suprasil EPR tube
as described above and placed in a quartz Dewar, filled with
liquid nitrogen.

For other temperatures between 4 and 120 K, transparent films
of OEPVO in poly(methyl methacrylate) (PMMA) were used.
The commercially available PMMA (degree of polymerization
7000-7500) was purified three times by reprecipitation from
CH2Cl2/methanol. The sample films were prepared by spontane-
ous evaporation of a homogeneous viscous solution of PMMA
and porphyrin in CH2Cl2 on a clean glass plate covered with a
Petri dish. For the measurements, the film was mounted in a
Japan Thermal Engineering cryostat (Model JHCS-HK-4.2-005).

Emission spectra were recorded on a Hitachi 4500 spectro-
fluorimeter equipped with a Hamamatsu photonics R928 pho-
tomultiplier. For the lifetime measurements, the porphyrin
solution was excited at 532 nm by a nanosecond Nd:YAG laser.
Transient emission signals were observed through a Nikon P-250
monochromator by a R928 photomultiplier and were digitized
and accumulated using a Leroy digital oscilloscope. The
lifetimes were determined by fitting the decay curves using an
iterative least-squares method.

EPR Spectral Simulations and Fitting.The spectral simula-
tions and fitting were performed using a program based on the
Mathematica system. The program models the stick spectra for
a static spin-Hamiltonian in the linear response regime and
exploits the ability of Mathematica to deal with analytical
expressions. It also uses a package called Spin Algebra that we
have developed, which allows all inputs to be made as spin
operators in the traditional form described in magnetic resonance
textbooks. The program also supports unlimited spin systems
with arbitrary spin multiplicities. The calculation of the reso-
nance frequencies and signal intensity along with the details of
the integration method used for the powder average are given
in Appendix 1. The orientational distribution function needed
for the liquid crystal samples is described in Appendix 2.

3. Results

3.1. Spin Polarization and Fluorescence Decay at 80 K.
The spin-polarized transient EPR spectrum of OEPVO in toluene
taken at 80 K during the first 10µs after the laser flash is shown
in the top left part of Figure 2. As can be seen, the spectrum is
about 50 mT wide and has only positive intensity; hence, it
shows purely absorptive net polarization. However, the assign-
ment of the spectrum to a particular state is not immediately
apparent. In principle, it could contain contributions from the
trip-doublet, trip-quartet, and/or the ground state depending on
the nature of the excited-state dynamics and the values of the
magnetic parameters. In the top right part of Figure 2, a
representative EPR transient taken at the magnetic field position

indicated by the arrow under the TREPR spectrum is shown.
The corresponding optical emission spectrum and the decay of
the luminescence measured at 702 nm are presented in the
bottom part of Figure 2. Fits of the transients using a monoex-
ponential decay function and the lifetimes obtained from the
fits are also shown in Figure 2.

As can be seen in Figure 2, the spin polarization and
luminescence lifetimes are nearly identical. Previous studies8,9

of vanadyl and copper (II) porphyrins suggest that the long-
lived luminescence arises from radiative decay of the trip-
doublet and trip-quartet states following very rapid ISC to the
trip-quartet. The fact that the spin polarization has the same
lifetime as the luminescence suggests that it is also governed
by the lifetimes of the trip-doublet and trip-quartet states. This
interpretation implies that either the spin-lattice relaxation time
in the excited states must be considerably longer than the
lifetime of the states or a spin-selective dynamic process
maintains the spin polarization during the lifetime of the excited
states. In addition, predominantly multiplet polarization is
expected for the trip-quartet if it is populated by spin-orbit
coupling-mediated intersystem crossing from the trip-doublet.
The fact that the spectrum is dominated by net polarization again
suggests the possibility of spin selective excited-state dynamics.

If this is correct, then the spin polarization is likely to be
temperature and orientation dependent. Thus, we have taken
spectra of OEPVO at 50 K in the liquid crystal E7. It is well-
known that when solutes are dissolved in a nematic liquid crystal
they are partially ordered by solvent-solute interaction and can
be macroscopically oriented in an external magnetic field. If
the solution is then frozen in the presence of the field, the
orientation is at least partially retained in the resulting solid. In
the case of OEPVO, the orientation of the sample can be
monitored using the steady-state EPR spectra.

3.2. X-Band Steady-State EPR Spectrum of Vanadyl
Octaethylporphyrin. Figure 3 shows experimental (solid lines)
and calculated (dashed lines) steady-state X-band EPR spectra

Figure 2. Transient EPR spectrum and spin polarization decay of
vanadyl octaethylporphyrin at 80 K (top) compared to the optical
emission spectrum and luminescence decay taken at 77 K (bottom).
The spin polarization pattern is the transient EPR signal intensity at 5
µs following the laser flash. The spin polarization decay was taken at
the field position indicated by the arrow under the spectrum. The
luminescence decay was measured at 702 nm, also indicated by an
arrow under the emission spectrum. The two decay curves are
monoexponential and are governed by approximately the same lifetime
as indicated in the figure. In both cases, the excitation wavelength was
532 nm and the solvent was toluene. The sample used for the optical
experiments also contained 5% polystyrene (see Materials and Meth-
ods).
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of OEPVO at 50 K. Note that these spectra are measured using
field modulation and are not spin-polarized. The spectra show
sharp peaks due to hyperfine coupling of the unpairedd-electron
with the I ) 7/2 vanadium nucleus. The hyperfine couplings to
the four nitrogen nuclei53 are not resolved under the conditions
used but contribute to the line width. The eight most prominent
peaks arise primarily from the in-plane (x,y) components of the
vanadium hyperfine coupling tensor and have a splitting of
roughly 6.0 mT. The out-of-plane (z) component has a larger
splitting of ∼15 mT.54 As can be seen, only the smaller in-
plane splitting is observed when the liquid crystal director is
parallel to the field (Figure 3, top right), whereas the large
splitting dominates when the director is perpendicular to the
field (Figure 3, bottom right). This behavior is expected because
the plane of the porphyrin ring is expected to be preferentially
oriented along the director of the liquid crystal, i.e., in-plane
directions are expected to have positive order parameters.

The g-tensor and vanadium hyperfine coupling tensor used
to simulate the spectra are given in Table 1 (ground-state values)
and are in good agreement with those found for other vanadyl
porphyrins.54 The nitrogen hyperfine couplings have been taken
into account in the inhomogeneous line width. The importance
of these simulations, which will be discussed in more detail
below, is that they provide independent values for the g-tensor,
vanadyl hyperfine tensor and order matrix needed for simulating
the transient EPR polarization patterns.

3.3. X-Band Spin-Polarized TREPR Spectra at 50 K.
Figures 4, 5, and 6 show spin-polarized transient EPR spectra
of OEPVO at X-band measured at 50 K in the liquid crystal
E7. In Figure 4, the sample was frozen outside the magnetic
field and is not oriented, whereas Figures 5 and 6 are for the
director oriented parallel and perpendicular to the field, respec-
tively. Each figure shows two spectra taken at different delay
times after the laser flash. In contrast to 80 K (Figure 2), the

polarization patterns at 50 K (Figures 4, 5, and 6) change
significantly with time and show a great deal of structure. In
all cases, a multiplet pattern is observed at early time (top
spectrum in each figure), whereas at later time, the polarization
is purely absorptive (bottom spectrum in each figure) and shows
a clear pattern of hyperfine lines near the center of the spectrum.
All of these features, the multiplet and net spin polarization
and the hyperfine pattern, are strongly orientation dependent.

Figure 3. Steady-state EPR spectra of the ground state of vanadyl
octaethylporpyrin measured in toluene and the liquid crystal E7 using
field modulation. The solid curves are the experimental X-band spectra
measured at 50 K. For E7, the three spectra correspond to (i) an isotropic
distribution of director orientations relative to the magnetic field (bottom
left), (ii) the director oriented parallel to the magnetic field (top right),
and (iii) the director oriented perpendicular to the magnetic field (bottom
right). The dashed curves are the simulations of the thermal equilibrium
spectrum. The g-tensor and hyperfine coupling constants used in the
simulation are given in Table 1. For all simulations, the half line width
∆ ) 0.5 mT and the microwave frequency (expressed in magnetic field
units) isω0 ) 350 mT. The microwave frequency of the experimental
spectra is not calibrated. For the partially oriented samples, the order
matrix is found to be axially symmetric withSzz ) -0.4.

TABLE 1: Magnetic Parameters of Vanadyl
Octaethylporphyrin

g tensor gxx gyy gzz

ground state (gVO) 1.980 1.980 1.960 E7
1.980 1.980 1.955 toluene

(π-π* ) triplet (gT) 2.0023 2.0023 2.0023
trip-quartet (2/3)gT + (1/3)gVO 1.995 1.995 1.988

vanadium hfc tensor (mT)a Axx Ayy Azz

ground state (AD) 5.80 5.80 17.05 E7
6.00 6.00 17.10 toluene

zero-field splitting (mT)a D E

trip-quartet 17.5 1.5
OEPH2b triplet state 51 2
OEPZnc triplet state 37 5

a The values in magnetic field units are related to frequency units
by geâ/h ) 28.024 MHz/mT.b Free-base octaethylporphyrin.c Zinc
octaethylporphyrin.

Figure 4. X-band (9 GHz) spin-polarized transient EPR spectra of
vanadyl ocaethylporphyin in E7 at early and late delay times following
light excitation at 50 K. Early spectrum (top): 100-300 ns. Late
spectrum (bottom): 12.0-12.2 µs. The spectra are measured using
direct detection, and positive signals represent microwave absorption
whereas negative signals are emission. The sample was frozen outside
the magnetic field and is not oriented. The dashed line is a simulation,
as described in the text, using the magnetic parameters for the trip-
quartet, given in Table 1. The calculated spectra are the sum of two
multiplet polarization patterns,∆FM

axial and∆FM
nonaxial, and a net polar-

ization pattern∆FN ) κ1∆FN(z) + κ2∆FN(xy). The weights of the three
components (∆FM

axial, ∆FM
nonaxial, ∆FN) are (0.185,-0.029, 0.189) for

the early spectrum and (-0.069, 0.040, 0.545) for the late spectrum.
The ratio of the two contributions to the net component is fixed at
κ1/κ2 ) 0.473 for both spectra.
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4. Discussion

The observation of an orientation-dependent multiplet pattern
suggests that the polarization arises from the trip-quartet state.
However, it is useful to first summarize the expected EPR
properties of the possible states before making a definitive
assignment.

4.1. EPR Properties of Strongly Coupled Triplet-Doublet
Spin Systems.If the exchange coupling between theπ-electrons
and thed-electron is much larger than the difference in the
precession frequencies of the spins then the three spin states,
sing-doublet (ground state), trip-doublet, and trip-quartet, can
be treated separately and their spin-Hamiltonians can be written
as:

Here we have neglected the Zeeman interaction of the vanadium
nucleus, I, because it is much weaker than the hyperfine
interaction. The values of resonance field positions,ωD,Q,
hyperfine interactionsAD,Q, and ZFS tensorDQ of the trip-
doublet and trip-quartet can be related to the corresponding
values of the triplet and doublet (see for example ref 55). The
values of resonance fields are:

where

are the resonance frequencies for the excited triplet of the
porphyrin ring, subscriptT, and doublet unpaired electron of
vanadyl, subscriptVO.

The hyperfine interactions in trip-doublet and trip-quartet
states are likewise given by:

The spin-spin contribution to the ZFS is given by:55,56

whereDT is the ZFS of the triplet andDTD is the dipolar coupling
between the triplet and the doublet. These expressions in
combination with the expected properties of the spin polarization
allow the observed spectra to be assigned.

4.2. Assignment of the Spin Polarization Patterns.The
multiplet contribution is most easily explained as being due to
the trip-quartet state. A multiplet pattern for trip-doublet or
ground doublet state would only be expected if the nuclear spins
were involved in the generation of polarization. However, such
mechanisms are extremely inefficient if the hyperfine interaction
is 3 orders of magnitude smaller than the energy difference
between the trip-quartet and trip-doublet. Hence, we assign the
multiplet pattern to the trip-quartet. The net polarization pattern
can be most easily assigned using the hyperfine couplings. With
the director parallel to the field (Figure 5), the in-plane
component of the hyperfine tensor dominates, whereas the out-
of-plane component is seen with the director perpendicular to
the field (Figure 6).

Inspection of the spectra in Figures 5 and 6 shows that the
in-plane component of the hyperfine splitting is∼2 mT (Figure
5) whereas the out-of-plane component is∼6 mT (Figure 6).
From the values of 5.80 and 17.05 mT obtained for the
respective components of the vanadyl hyperfine coupling tensor
in the ground doublet state, we predict splittings of 1.93 and
5.68 mT, respectively, in the trip-quartet and trip-doublet from
eq 4. Hence, the observed splittings in the spectra in Figures

Figure 5. X-band (9 GHz) spin-polarized transient EPR spectra of
vanadyl ocaethylporphyin 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 4, except that
the orientation distribution described in Appendix 2 has been introduced
such thatSzz ) -0.4. The central region of the spectrum at 12.1µs is
also plotted on an expanded to scale to show the hyperfine splitting of
the vanadium nucleus more clearly. The weights of the three compo-
nents (∆FM

axial, ∆FM
nonaxial, ∆FN) are (0.074,-0.107, 0.049) for the early

spectrum and (-0.026, 0.006, 0.951) for the late spectrum. The ratio
of the two contributions to the net component is fixed atκ1/κ2 ) 0.670
for both spectra.

Figure 6. Transient EPR spectra of vanadyl ocaethylporphyin in the
liquid crystal E7 corresponding to those in Figure 4 except that the
director is oriented perpendicular to the magnetic field. The weights
of the three components (∆FM

axial, ∆FM
nonaxial, ∆FN) are (0.112,-0.106,

0.067) for the early spectrum and (-0.056, 0.071, 0.958) for the late
spectrum. The ratio of the two contributions to the net component is
fixed at κ1/κ2 ) 0.653 for both spectra.

HG ) p(ωVOSVOz+ SBVOA IB)

HD ) p(ωDSDz + SBDAD IB)

HQ ) p(ωQSQz + SBQAQIB + SBQDQSBQ) (1)

ωD ) 4/3ωT - 1/3ωVO

ωQ ) 2/3ωT + 1/3ωVO (2)

ωT,VO ) gT,VOâB (3)

AQ ) -AD ) 1/3A (4)

D ) (1/3)DT + (1/3)DTD (5)
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4-6 are in good agreement with those expected for either the
trip-quartet or trip-doublet state.

An interesting point in Figures 5 and 6 is that that the ratio
of the in-plane and out-of-plane components of the hyperfine
tensor is∼1:3, so that the in-plane component in the ground
doublet state has about the same value as the out-of-plane
component in the trip-doublet or trip-quartet. Because of this,
partially oriented samples are required for an unambiguous
assignment of the hyperfine splittings in the spin-polarized
spectra. From Figures 5 and 6, it is clear that both components
of the hyperfine tensor are reduced by a factor of∼3 compared
to the ground state. The fact that the net polarization pattern is
the same width as the multiplet pattern and that the spin
polarization has the same lifetime as the luminescence clearly
suggests that both polarization patterns arise from the quartet
state. To test this assignment, we have simulated the experi-
mental spectra using a model57,58 we developed recently to
describe the polarization generated during intersystem crossing
induced by spin-orbit coupling.

4.3. Spectral Simulations.The parameters needed for the
simulations are given in Table 1 and have been fixed as far as
possible from the ground-state spectra (Figure 3). For all of the
calculated spectra shown in Figures 3-6, we use the appropriate
static spin Hamiltonian given in eq 1.

4.3.1. Steady-State Spectra.To simulate the steady-state
spectra (Figure 3), a Boltzmann population distribution was
assumed, and the calculated spectra were convoluted with a
Gaussian line shape to take inhomogeneous broadening into
account and then differentiated numerically. The hyperfine
couplings, g-values, and order parameter were adjusted to obtain
the best agreement with the experimental spectra. Compared to
the spin-polarized spectra of the quartet state, the ground-state
spectra have a broader overall shape due to the larger hyperfine
splitting and, thus, are more sensitive to the EPR parameters
and the distribution function. Therefore, the g-values and
hyperfine coupling parameters shown in Table 1 and the order
parameterSzz ) -0.4 obtained from the fit of the steady-state
spectra were kept constant in the simulations of the spin-
polarized spectra.

4.3.2. TREPR Spectra:For the simulations of the spin-
polarized spectra, we have estimated the Zeeman frequency,
ωQ, and the vanadium hyperfine tensor,A, of the trip-quartet
from the corresponding values for the ground state and triplet
excitation of the porphyrin ring using eqs 2-5. As shown in
Table 1, we assume that the triplet excitation has an isotropic
g-tensor at the free electron g-value. Note that the g-values and
hyperfine couplings of the ground state of vanadyl porphyrin
in toluene and in the liquid crystal E7 differ slightly. However,
because the ground state values are scaled by a factor of 1/3
when calculating the parameters for the trip-quartet (see eqs 4
and 5), the solvent dependence becomes negligible. Careful
comparison of the spin-polarized spectra (Figures 4-6) and
ground state spectra (Figure 3) shows that the ratio of the
hyperfine splittings deviates slightly from the expected ratio of
1/3 as given by eq 4. The splittings in the polarization pattern
were found to be about 5% smaller than expected (see Table
1). This deviation is likely the result of a slight difference in
the spin density distribution of thed-electron in the ground state
and the excited state.

The zero-field splitting parameters were estimated initially
by visual inspection of the spectra and then fitted to the
experimental spectra (see below). The values ofD ) 17.5 mT
andE ) 1.5 mT reported in Table 1 gave the best agreement

with experiment. The polarization patterns are very sensitive
to these values, and the error is estimated to be less than 1 mT.

4.3.3. Spin Polarization and Fitting Procedure.In the TREPR
technique, the signal is proportional to the light-induced
polarization after the laser flash. This is in contrast to steady-
state EPR observations where the signal is proportional to the
Boltzmann polarization at thermal equilibrium. So, for the
TREPR spectra, the spin polarization must also be taken into
account. Here, we express the polarization as the traceless
diagonal part of the reduced density matrix for the quartet state.
In general, it may be written as the sum of multiplet and net
contributions, which we label∆FM and∆FN, respectively. We
expect the trip-quartet to be populated initially by ISC from
the trip-doublet (see Figure 1). This process will be governed
by spin-orbit coupling,57,58 which follows the molecular
symmetry. Hence, the polarization can be broken up into terms
associated with each of the molecular axes. For porphyrins,
spin-orbit coupling is expected to be most effective about the
molecularz-axis. However, contributions associated with the
molecularx- and y-axes may also be involved. The mutliplet
polarization,∆FM, can be described by the even powers of the
spin operators, and because it reflects the traceless anisotropy
of the spin-orbit coupling, we need only introduce two
contributions: (i) an axial term describing the contribution
associated with thez-axis, which is proportional toSΩ,Qz

2 -
1/3SBQ

2 in the molecular frame,Ω, and (ii) a nonaxial term
describing the difference of contributions about the molecular
x- andy-axes, which is proportional toSΩ,Qx

2 - SQ
2. Transform-

ing to the laboratory frame and ignoring off-diagonal elements
gives:

whereθ andφ describe the orientation of the porphyrin molecule
along the external field.

The net polarization is described by the odd powers of the
spin operators,57,58 and in principle, a term for each of the
components of the spin-orbit coupling should be introduced.
In practice, however, the deviation from axial symmetry is very
small and the linear and cubic terms are virtually indistinguish-
able. Therefore, to reduce the number of independent contribu-
tions as far as possible, we use only the linear terms and combine
the contributions from thex- andy-directions into a single term.
This gives:

Taking the amplitudes of these four contributions as adjustable
parameters, we have fit the experimental TREPR spectra as
follows. First, all four contributions were adjusted independently
to reproduce the experimental spectrum summed over a series
of 200 ns time windows chosen to span the time region during
which the multiplet polarization evolves to net polarization. The
ratio between the two net contributions was then held fixed at
the value obtained, and all other time windows in the dataset
were fit using two independent multiplet patterns and one net
contribution representing the two net patterns with fixed ratio.
The results of the fits for two selected time windows are shown
as dashed curves in Figures 4-6.

As can be seen in Figures 4-6, excellent agreement between
the simulated and experimental spectra is obtained. This clearly

∆FM
axial ∝ (1 - 3 cos2 θ)(SΩ,Qz

2 - 1/3SBQ
2)

∆FM
nonaxial∝ sin2 θ cos 2φ(SΩ,Qz

2 - 1/3SBQ
2) (6)

∆FN(z) ∝ sin2 θ SQz

∆FN(xy) ∝ cos2 θ SQz (7)
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identifies the trip-quartet state as the origin of both the multiplet
pattern at early time and the net polarization pattern at late time.
(The ratios of the two net contributions are given in the figure
captions). It was found that the inhomogeneous Gaussian line-
widths of the TREPR spectra were noticeably larger than those
of the corresponding steady-state EPR spectra. It is likely that
this difference reflects the excited-state dynamics that also lead
to the evolution from a multiplet pattern at early time to the
net pattern at late time.

4.4. Temperature Dependence of the Spin Polarization
Decay.On the basis of the above assignment, we can draw two
important conclusions: (i) The quartet state spin polarization
changes from an initial multiplet pattern to a net absorptive
pattern at later time. (ii) The decay of net polarization and the
luminescence are governed by the lifetime of the trip-quartet.
We propose that the evolution of the spin polarization is the
result of transitions between the trip-quartet and trip-doublet
as thermal equilibration occurs, and a detailed model for this
process is developed in the accompanying paper.49 As a first
step in this analysis, we examine the temperature dependence
of the trip-quartet lifetime evaluated from the decay rate of the
net polarization.

Generally, when electronic relaxation from the trip-quartet
state takes place both as decay from the thermally repopulated
trip-doublet state and direct relaxation from the trip-quartet state,
the lifetimes of the excited states are determined by the
relaxation rates of the two excited states and by the energy
gap.8,9,21Whether the trip-doublet and trip-quartet states are in
thermal equilibrium or not depends on temperature region as
well as the relaxation rates and the energy gap.

From previous studies8,21,59of vanadyl porphyrins, it is not
clear whether thermal equilibrium between the trip-doublet and
trip-quartet states is established at low temperatures. In addition,
it is difficult to tell that the observed emission of OEPVO is
only from the trip-doublet state, or from both the trip-doublet
and trip-quartet as observed9 in OEPCu, which is suggested8,9

to have a larger energy gap than OEPVO. However, because
the spin-polarization decay rate of the trip-quartet state and
emission decay rate are identical at 77 K as in Figure 2, we can
safely assume that the lifetime of the net polarization and
luminescence both represent the lifetime of the trip-quartet state.
Here, we analyze the temperature dependence of the polarization
decay and discuss the electronic dynamics to confirm the
proposed kinetic scheme, on which our spin-polarization model
presented in the following paper is based. Because the expres-
sions for the decay rates are quite complicated for a completely
general kinetic scheme,9 we simplify the analysis by assuming
thermal equilibrium between the trip-quartet and trip-doublet.

With this assumption, the lifetime can be written in a
straightforward manner based on the two-state model proposed
by Gouterman et al.8 and expanded upon by Asano et al.9 In
this model, the trip-doublet and trip-quartet states are separated
by an energy gap∆EDQ and have decay rateskDG andkQG to
the ground state, respectively (see Figure 1). The lifetime of
the trip-quartet in thermal equilibrium is given by:9

whereK ) 1/2 exp{-∆EDQ/kBT} is the equilibrium constant
between the trip-doublet and trip-quartet states.

Figure 7 shows the experimental lifetimes of the net polariza-
tion (b) and the optical emission (0,9) of OEPVO as a function
of temperature. Also shown are the luminescence lifetimes of
vanadyl etioporphyrin (EtioVO) taken from the literature8 (O).

Clearly, the temperature dependences of the spin polarization
and luminescence decays are very similar. However, the spin
polarization lifetimes are slightly longer than the luminescence
lifetimes at all temperatures. This difference is probably because
the luminescence was measured in PMMA whereas the spin
polarization decays were taken in E7. The optical emission decay
for OEPVO was found to be biphasic, and the filled and open
squares are the two decay components. For the spin polarization
decays, the signal-to-noise ratio was not sufficient to clearly
distinguish between monoexponential or biexponential behavior.
Therefore, only a single lifetime is given. The ratio of the
amplitudes and the ratio of the lifetimes of the two kinetic
components obtained from the optical data are both independent
of temperature. This finding suggests that they arise from
different local environments rather than from competing pro-
cesses within the molecule. Also shown in the Figure 7 is a fit
of eq 8 to the spin polarization decay lifetimes. The fit yields
a value of 47 cm-1 for ∆EDQ, 20µs for kDG

-1, and 1.06 ms for
kQG

-1. These values are in line with what one would expect
and are similar to those obtained from other related porphyrins.8,9

The value of 47 cm-1 for ∆EDQ is almost identical to that
reported for EtioVO8,9 (40 cm-1) but is considerably smaller
than the value∼500 cm-1 suggested for vanadyl tetraphen-
ylporphyrin (TPPVO).21 This result is reasonable because the
3(π,π*) excitation involved in the lowest trip-doublet and tri-
p-quartet states of OEPVO and EtioVO have the same3(a1ueg)
electronic configuration, whereas for TPPVO, the configuration
is 3(a2ueg).9,14

In eq 8, it assumed that the establishment of equilibrium is
fast compared to the two decay rates. Because the fit gives only
K, the ratio of the rates of the back-and-forth transitions between
the trip-doublet and trip-quartet, it is important to consider
whether this assumption is valid. The lifetime associated with
ISC from the trip-doublet to trip-quartet probably lies in the
range of a few picoseconds.9,17 However, even if we assume
that it is as long as∼1 ns, the lifetime for the reverse process,
i.e., from the trip-quartet to the trip-doublet, is calculated as

τ ) 1 + K
kDGK + kQG

(8)

Figure 7. Temperature dependence of the spin polarization lifetime
of OEPVO in E7. (b) Experimental values of the spin polarization
lifetime, t, at each temperature. The solid curve is a fit to the
experimental transient EPR data using eq 8, which describes the
observed decay of the trip-quartet via the scheme shown in Figure 1.
The fit yields values of 47 cm-1 for ∆EDQ, 20 µs for kDG

-1, and 1.06
ms forkQG

-1. The squares are luminescence decay lifetimes for OEPVO
in a PMMA film. The decays are found to be biexponential and9 and
0 are the two decay components. The luminescence decays were taken
at 696 nm, and the excitation wavelength was 532 nm for both the
EPR and optical emission measurements. (O) Luminescence lifetimes
for vanadyl etioporphyrin in PMMA taken from ref 8.
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ca. 200 ns at 15 K with a 47 cm-1 gap. These values are
sufficiently short that despite the uncertainty in the ISC rates,
it is clear that thermal equilibrium between the trip-doublet and
trip-quartet states is established during the excited-state lifetime.
Thus, we can conclude that the luminescence and spin polariza-
tion decay under thermal equilibration between the trip-doublet
and trip-quartet states even at temperatures as low as 15 K. We
also note that with a 47 cm-1 gap, it is very difficult to
distinguish between emission from the trip-quartet and trip-
doublet on the basis of the emitted wavelength because the
energy corresponds to only 2 nm.

The value of∆EDQ for OEPVO is significantly smaller than
that obtained for OEPCu.8 This result is consistent with what
is expected for the difference of the exchange interaction
between OEPCu and OEPVO; the vanadium(IV) ion has an
unpairedd electron mainly in dxy orbital, whereas for the copper-
(II) ion, the unpaired electron resides in a dx2-y2 orbital, which
is expected to overlap to a greater extent with the porphyrin
π-electron system.

4.5. Magnetic Parameters of the Trip-Quartet State.The
data in Table 1 give a more detailed picture of the magnetic
interaction parameters of a porphyrin trip-quartet than has
previously been available. The slight deviation of the hyperfine
couplings from the value predicted by eq 4 discussed above
indicates that the spin density at the vanadium nucleus in quartet
state is lower than in the ground state. One possible explanation
for this observation is that the vanadyldxy orbital may be mixed
differently with theπ-orbitals of the porphyrin in the excited
state compared to the ground-state, resulting in a lower spin
density at the vanadium nucleus.

One of the most striking features of the trip-quartet is that
the ZFS parameters are of similar magnitude to those of the
triplet state of free-base, Zn, and Mg porphryins.16 The values
measured for free base and Zn analogues of OEPVO are given
in Table 1 for comparison. In general, the zero-field splitting
(ZFS) contains contributions from the direct spin-spin dipolar
coupling as well as from the spin-orbit coupling. In the triplet
states of organic compounds with extendedπ-systems,60 the
direct spin-spin coupling usually dominates. In the diamagnetic
metalloporphyrins, both contributions play a role, but the
contribution from spin-orbit coupling varies strongly depending
on the metal. For the diamagnetic metals of the first transition
period, the spin-orbit contribution is much smaller than the
spin-spin contribution. For the metals further down the period
table such as Pd, the spin-orbit contribution dominates.
Corresponding data for the excited multiplet states of porphyrins
with paramagnetic metals are scarce. However, copper porphy-
rins have ZFS (|D| ∼ 370 mT (0.35 cm-1) and |E| ) ∼ 290
mT (0.27 cm-1))22 that are about an order of magnitude larger
than found, here, for OEPVO. Thus, it would appear that there
is likely a large difference in the spin-orbit contribution to the
ZFS in OEPVO and copper porphyrins.

Another important aspect of the results is that the observed
spin polarization is very different from that found for similar
compounds such as copper porphyrins24 and a chromium(V)
oxide corrole.26 In both of these cases, emissive polarization of
the ground state was observed but no signals from the quartet
state were detected. There are a number of reasons for this
observation. First, the larger ZFS of the copper porphyrins makes
observation of the quartet spin polarization difficult. Second,
luminescence data for these and other related compounds8,9,59,61

point toward population of the trip-quartet at low temperature
but quenching at high temperature. Thus, at the high temper-
atures under which chromium(V) oxide corrole26 was measured,

the lifetime of the excited states is probably too short for them
to be detected by TREPR.

5. Concluding Remarks

With the analysis of the spin polarization patterns of OEPVO
presented here, we have established that they arise from the
trip-quartet state. The evolution of the spin polarization with
time therefore reflects the dynamics of the trip-quartet. In the
accompanying paper49 we will explore these dynamics in more
detail and present a model based on thermal equilibrium between
the trip-doublet and trip-quartet to explain the evolution of the
spin polarization.
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Appendix 1: Calculation of the EPR Spectra

The frequencies of the EPR transitions at a fixed value of
the external magnetic field are calculated as the differences
between two eigenvalues of the spin Hamiltonian (eq A1.1). In
rotating frame withω0 as the microwave frequency thus gives:

where the symbol “∼” is used to refer to the representation of
the operator in the frame in which the spin-Hamiltonian is
diagonal, andi and j denote the two spin eigenstates. The
intensity of the stick spectrum at positionB with step∆B is
then described as

The operatorF describes the density matrix and the functionU
is nonzero only if∆ωij changes sign in the interval (B,B + ∆B):

The intensity function runs all values of the external field
and is summed over all possible orientations of the molecule
relative to the field. Because of the conditions under which the
EPR signal is observed, it is invariant to rotations about the
external fieldebB ) ebB(θ,æ), and only two angles are required
to fix the vectorebB in the molecular frame. The orientations of
ebB map out points on the surface of a sphere, and the algorithm
should distribute the points quasi-uniformly over the surface.
Because the spectrum does not depend on the sign ofebB the
calculation can be restricted to a hemisphere. A uniform
distribution can be achieved by choosing points on a spiral that
runs from the equator to the pole in such a way that the angle
between any pair of neighboring points is constant. This method
was first suggested by Mombourquette and Weil62 who com-
puted the values ofθi andæi numerically. Later Ponti52 derived
the following simple analytical expressions (note that the
expressions in Ponti52 are in error by a factor of 2), which give
a distribution of points of similar uniformity:

∆ωij ) H̃Q,ii - H̃Q,jj - ω0 (A1.1)

IB ∼ ∑
ij

|S̃x|2ij (F̃ii - F̃jj)U(∆ωij) (A1.2)

U(x) ) [1 xBxB+∆B < 0
1/2 xBxB+∆B ) 0
0 xBxB+∆B > 0 ]

[θi ) arccos(i-1/2/n)

æi ) x2πnarcsin(i - 1/2/n) ]i ) 1 ‚‚‚ n (A1.3)
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wheren is the number of points on the hemisphere, andi is an
iterator running from 1 ton.

Appendix 2: Calculation of the Orientation Distribution

To describe the partially oriented samples in E7, the stick
spectrum for each orientation is given a weighting factor
determined by the orientation distribution function:

whereΩ, represents the set of angles describing the orientation
and f(Ω) is the probability of the orientation.V(Ω) represents
the potential energy of a given orientation. The most general
form for V(Ω), consistent with the known properties of liquid
crystals, is the product of two second-rank tensors, one
describing the solvent and the other the solute.46,63-66 In a space-
fixed axis system, the potential can then be written as:

whereF is a traceless tensor representing the liquid crystal and
T is the molecular property of the solute that interacts withF.
I andJ denote the space-fixed axes. In a nematic liquid crystal
such as E7,F is axially symmetric and diagonal if one of the
space-fixed axes (usually defined as Z) is parallel to the director.
Thus, V(Ω) can be written as a function ofFZZ and the
orientation of the director in the principal axes ofT.

where the parametersa and b describe the strength of the
interaction between the porphyrin and the liquid crystal and the
anglesR andâ define the orientation of the molecule relative
to the director of the liquid crystal. The distribution function
also determines the Saupe order matrix,S, which is diagonal in
the principal axes ofT and has two independent nonzero
elements:

The angular brackets denote the ensemble average. For OEPVO,
the 4-fold rotational symmetry also requires that the parameter
b in the potential and (Sxx - Syy) are zero.64 This requirement is
confirmed by our simulations, which give the best fit forb )
0. Hence, the potential contains a single unknown parameter,
a, and the orientation distribution is characterized by a single
order parameter,Szz. The symmetry also requires that the
principal axes of the magnetic interaction tensors and the order
matrix are the same.

For samples in which the director is parallel to the magnetic
field, the orientation of the molecular axes relative to the
magnetic field and to the director can be described by the same
two angles, i.e.,â ) θ and R ) φ. In the more general case
when the director and the magnetic field are not parallel, a
transformation between the two sets of angles is required and
the probability function takes the form:

where the anglesR and â describing the orientation of the

molecule relative to the director can also be expressed as a
function of the orientation of the magnetic field in the molecular
frame ebB ) ebB(θ,æ), the angleψ between the magnetic field
and the director, and the angleø that fixes thex-axis of the
laboratory frame relative to the director:

Here, we use the symbolR to denote the Euler rotation operator.
The expansion of equations is

If the EPR signal represents the magnetization along the field,
the laboratory frame can be assumed to be axially symmetric,
and the orientational distribution is proportional to the integral
of equation over the values 0e ø < 2π. Taking the axial
symmetry of the OEPVO distribution around the director into
account, the orientational distribution for an arbitrary angleψ
between the director and the field is:

These equations are simplified further for the parallel and
perpendicular orientations.

Here we have replaceda/kT with a temperature-independent
parameterη to reflect the fact that in the frozen liquid crystal,
the reorientation of the solvent and solute are hindered and,
hence, the ordering is not expected to vary with temperature.
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