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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 fronathe 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 governeebtitspin
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 electron paramagnetic resonance spectroscopy (TREPR).
) ) ) ] Although the excited-state dynamics are often too fast to be

An important feature of most light-induced processes is the gpserved directly by EPR methods, the polarization patterns
role that the electron spin can play in the excited-state dynamlcs.depend on the energetics and relaxation pathways and can be
Despite the fact that the energy associated with the spin angulargaq to study these properties indirecty2? In paramagnetic
momentum is usually many orders of magnitude smaller than etq) complexes, the polarization is usually detected in the
the electrostatic energies, processes such as electronic relaxatlorbround stat¥19230r in the excited state of a chromophore that
energy transfer, and electron transfer are often spin-selective.q relatively weakly coupled to the mefd? 22
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 spambit coupling, which influences
the transitions between them. As a result, the paramagnetic™ 7. .
excited states generated by light excitation usually exhibit uration, and hence, vanadyl porphyrin has a doublet ground state

. - : - - and doublet and quartet—s* excited states. Using the
electron spin polarization, which can be detected using transient . : X
pinp g terminology introduced by Goutermanye will refer to these

LTITS

electronic states as “sing-doublet”, “trip-doublet”, and “trip-
quartet”, where “sing” and “trip” indicate singlet and triplet

Recently, however, we made the first repbrof spin
polarization in the excited quartet state of vanadyl octaetylpor-
phyrin (OEPVO). The vanadyl ion hasdA electronic config-
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parameters of the trip-quartet state and the energy gap between - intersystem crossing
the trip-quartet and trip-doublet states. internal conversion

An unusual feature of the spin polarization patterns is the - - - relaxation to ground state
strong net polarization and relatively weak multiplet contribu- A
tion. This observation is hard to rationalize within the framework B
of standard models for the generation of spin polariz&tion ID,y)
because intramolecular transitions, which are governed by the -
molecular symmetry, produce strong multiplet polarization. - 10,y)
Other mechanisms involving diffusion and level-crossing can R4
be excluded because of the low temperature of the experiment  py l

and strong spifrspin coupling in the molecule. Recently, we 4
developed a model to describe the polarization associated with " IDx)
doublet-quartet intersystem crossing in such systénihe . :
model assumes that relaxation occurs rapidly to the lowest trip- % e
doublet from which intersystem crossing to the lowest trip- ‘ -7 10.x)
quartet takes place. The intersystem crossing rate depends on VY -

the degree of doubletquartet mixing induced by spirorbit
coupling. Because the spin state energies depend on orientation
of the magnetic field, spinorbit coupling acts differently on

| > —— =~ 2

Sing-doublet Trip—doublet Trip—quartet

- : : - Figure 1. A simplified Jablonski diagram of OEPVO showing the
states with parallel and antiparallel spin projections. Thus, the low-lying states of the sing-doublet, trip-doublet, and trip-quartet

rates of ISC for the spin states are different due t(_) br_eaking of manifolds. The relative energies of the states is not to scale, and the
the molecular symmetry by the external magnetic field. The energy differences between the trip-doublet and trip-quartet states has
difference in the rates then results in net polarization of the been greatly expanded. The labelandy refer to states derived from
quartet state. However, this polarization is much weaker than excitation of an electron from the HOMO into tleg ande, orbitals,

the multiplet polarization associated with the spspin interac- respectively.

tion.

In this paper, we investigate a possible mechanism by which at €ach time point and plotting the amplitudes of the compo-
the strong net polarization observed for OEPVO could develop. Nents. The corresponding calculation of the time dependence
From measurements at 15 K in two solvents, we are able to ©n the basis of a kinetic model is described in the text below.
clearly distinguish two patterns and extract their dynamics. The
spectra show complex temporal behavior of these contributions. 3. Results and Analysis

The first pattern, which shows multiplet polarization, developsOI Before discussing the model for the evolution of the spin

within the rise time of the spectrometer and then decays an S . . o
P y cpolarlzatlon in OEPVO, we first summarize the characteristics

changes sign in the range of tens of microseconds. The secon ) . .
pattern shows net polarization several times more intense than®! (N€ observed TREPR data and briefly review the evidence

the multiplet polarization. This contribution rises within the first for the assignment of the spin polarization to the trip-quartet

several microseconds and decays with the lifetime of the trip- state. The degcnptmn Of th? polarization patterns in terms of
quartet. net and multiplet contributions presented in the preceding

The observed behavior can be understood within a model in papef® is then extended to extract the time and temperature

. e . ... dependence of these contributions. The results of this analysis
which the net polarization develops during thermal equilibration will be used in the subsequent section to specify the properties
between the trip-doublet and trip-quartet state. Such an equili- q P prop

bration between these states was first proposed by Goutérman of the model.

and later by Asano et &tto explain the temperature dependence 3.1. Opservable StgtesA simplifieo_l Jablonski diagram of
of the luminescence lifetime. We suggest that during the OEPVO is presented in Figure 1, which shows all of the states

equilibration, the Zeeman interaction acts as a source of netthat, in principle, could contribute to the observed spin polariza-

polarization as invoked previously to explain the observations tion.*Th_e absorption of a photon near= 500 nm causes a
for relatively weakly coupled tripletdoublet pairg23° More m—a* singlet excitation .Of th_e porphyrin ring and_ initially
recently, we showed from a perturbation theory treatment that POPulates the lowest excited sing-doublet state. Rapid ISC from
it can also lead to observable changes in the spin polarizationtis State then populates the corresponding trip-doublet and trip-
patterns in strongly coupled systeth& and is probably quartet states. The lowest triplet-7* excitation of octaelth-
responsible for the light-induced net polarization of the ground YIPOrPhyrins has symmetmseand is doubly degenerate. Hence,
state of copper porphyrir€We postulate that the combination there are two low-lying trip-doublet and two trip-quartet states
of this effect and the back-and-forth transitions between the trip- ©0F OEPVO. We label these d3,, Dy, Qx, andQy (see Figure

quartet and trip-doublet leads to accumulation of net polariza- 1) t© indicate the direction of the transition dipole. (Note that
tion. Here, we examine this idea more closely and present athe relationship between the directions of the transition dipoles

detailed description of the associated kinetics. 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

Details of the sample preparation and experimental conditions different energies. The low-temperature luminescence lifetimes
used to measure the spin polarization patterns and EPR spectraf vanadyl porphyrins in the range of hundreds of microseconds
of the ground state along with the procedure used to simulate suggest that the spin polarization arises from some combination
the spectra are described in the preceding p#pleraddition of these four states. However, the ground sing-doublet state is
to the simulation of the spectra, the time dependence of thealso EPR active and could become polarized by the excitation
experimental polarization was obtained by fitting the spectrum and decay?1®Hence, it must also be considered.

2. Experimental Section
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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 wit8,,= —0.4 has been taken into account.

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 . . L
time windows were chosen to demonstrate the evolution of the '€quirement. Second, all components of the hyperfine splittings
polarization after the light excitation. The amplitdues of the spectra of both the multiplet pattern and the net polarization seen at
have not been scaled relative to one another and show that the nefater times are a factor of 3 smaller than those found from

polarization is the dominant contribution. The solid curves are the steady-state measurements of the ground state. This reduction
experimental spectra and the dashed curves are simulations of the tip- : . . .
quartet state using spin-Hamiltonian (eq 1) and density matrix (eq 4) is consistent with the expected reduction of the average spin

(for details, refer to text). The magnetic resonance parameters, usedd€nsity at the vanadium nucleus in an excited state with three
for simulations, and normalized weights of different contributions are unpaired electrons. Finally, both patterns can be simulated with
listed in Tables 1-3. (B) Three contributions to the polarization patterns the same set of parameters for the quartet state. Inclusion of a
corresponding to the terms of density matrix (eq 4). (a) axial multiplet contribution from the trip-doublet or ground sing-doublet does

contribution, (b) nonaxial muitiplet contribution, and (c) net contribu- .t iy hrove the quality of the simulation. Therefore, it is clear

tion. (C) Time dependence of the contributions shown in (B) obtained . o .
by fitting the complete time/field dataset. that both the net and multiplet polarization patterns arise

predominantly from the lowest trip-quartet.

Figures 2-4 show light-induced electron spin polarizaton ~ The main issue we wish to address here is how the spin
of OEPVO at 15 K. In Figure 2, the solvent is toluene, whereas polarization is generated initially and how the net polarization
in Figures 3 and 4, it is the liquid crystal E7 with the director seen at late times develops. For this purpose, it is useful to divide
oriented parallel and perpendicular to the external magnetic field, the observed polarization into contributions with specific
respectively. In each of the figures, panel A (left) shows Symmetry properties that can then be associated with the
experimental TREPR spectra (solid curves) in a series of 200- different possible interactions. These contributions also act as
ns time windows chosen to illustrate the evolution of the a good test of any model because they must correctly predict
predominantly multiplet polarization at early time to stronger their time dependence.
net polarization at later times. 3.2. Contributions to the Spin Polarization. The EPR

The assignment of the observed polarization patterns wassignals of the trip-quartet state can be described using a spin
addressed in detail in the preceding pajSeand they were Hamiltonian that includes the Zeeman interaction with
identified as arising from the lowest trip-quartet state. Here, external magnetic field®, the zero-field splitting given by the
we summarize briefly the features that support this conclusion. parameterd and E, and the hyperfine interaction described
First, at early times a multiplet pattern is observed. At low by the tensoA:
temperature in a rigid system with strongly coupled spin, such
a pattern requires an overall spin multiplicity larger tHan H=wS+ D(S,Z — )+ E(S,¢ + Suyd) + S.A-T
and of the possible states, only the trip-quartet fulfils this (2)
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TABLE 1: Simulation Parameters

g-tensor HFI tensor (mT) zero-field splitting order tensor
0,,=1.988 A,,=5.40 D=175mT ,=—0.4
O = Oy =1.995 A,=A,=1.84 E=15mT Sx—Sy=0

The relative importance of the four contributions to the
density matrixAp depends on the mechanism by which the
polarization is generated. Because this mechanism is not known
in detail, we combine them using unknown weighisxa, «s,
andk; andyy, which are treated as time dependent adjustable
parameters:

Ap(t) = 16, () AP + K, (D)APR @+ ke i(DApy,

32I5. ‘ 3;5 4;5
VagneticFeld () Aoy = 100D + 16 APy() @

Because the angular dependence of the net contributions (eq 3)
is weak, k; and kyy are strongly correlated and their time
dependence is difficult to determine. To circumvent this
problem, we assume their ratio= «kyy, 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. A .
The three time-independent contributionp®®, Appe"@3e!
— T T T — T andApy are given in panel B in Figures-2. The calculation
275 300 325 350 375 400 0 T,5 10 15 of these contributions was carried out using the program
Magnetic Field (mT) e (ue) described in the preceding papéiThe program models the
Figure 4. X-band (9 GHz) spin-polarized transient EPR spectra of continuous-wave magnetic resonance spectra for an arbitrary
vanadyl octaethylporphyin in the liquid crystal E7 with the director static spin-Hamiltonian in the linear approximation of the
oriented perpendicular to the magnetic field. The spectra are taken Unde"lntensity of the microwave probing field and produces a stick
the same conditions and calculated as those shown in Figure 3. spectrum which is then convoluted numerically with a Gaussian
) line shape. Here, Hamiltonian (eq 1) was used with the
where S and | refer to the electron and nuclear spins, narameter values collected in Table 1. The orientation distribu-
respectively. The subscrig? indicates that the operator is for o ysed for the partially ordered samples is also described in
a component of the spin in the molecular frame. To describe getail in the preceding pap&t.The ratio of the two net
the spin polarization, i.e., the population distribution of the spin polarization contributions = k., Was determined by fitting
states of Hamiltonian (eq 1), we use the traceless reduced densityhe sum of the four spectra shown in panel A for each of Figures
matrix of the trip-quartetAp, written as a power series of the o4
Splﬂ OperatOI’S fOf the |0ng|tud|na| magnetization W|th terms Up 33 Tlme Dependence of the Net and Mu|t|p|et Polariza_
to third order!®* The even and odd terms of the series tijon, The time dependence of the amplitudes of the three
Correspond to multlplet and net contributions to the polarization, contributions is presented as three curves in pane| Cin Figures

respectively, and are denotéghy and Apn. 2—4. For these curves, the valuavas held fixed and the time
As discussed in the preceding pap&the multiplet contribu- dependence of the coefficients(t), «2(t), and «3(t) was
tion is written as the sum of an axial and a nonaxial term given determined by fitting the entire time/field dataset. The quality
by: of the fit is demonstrated by the comparison between the
experimental (solid curves) and calculated (dashed curves)
A pilnxial O@-3 coé 9)(%22 _ (1/3)§Q2) spectra in several different time windows shown in panel A of
Figures 2-4. Thex-coefficients obtained for these spectra are
Apf,\‘/lonaxia'g sir? 6 cos 2{;(%22 — (1/3)§QZ) 2) 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

wheref and¢ describe the orientation of the external field in
the molecular frame. The operators are given in the laboratory
frame and the subscrif refers to the quartet spin. The net
polarization is describéf by two terms proportional to the

operators; appear to be related, but the evolution of the polarization is
_ more complex than just a direct transformation from one pattern
Apy(2) Osirf 6 S, to another.
This separation of the data into net and multiplet contributions
Apy(xy) 0 cog 6 &, ®) that are correlated with different powers of the spin operators

is important in understanding the origin of the polarization
Here, we neglect the possible contribution from cubic terms, because the terms reflect the symmetry of different types of
i.e., with the density matrix proportional argl.3 interactions. Processes internal to the molecule generally follow
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TABLE 2: Weights of Different Polarization Patterns and they contribute primarily to the spectra when the director
window 1 Ko s < Ky is perpendicular to the field. In Table 3, it can be seen that the
X-band TREPR spectra in toluene at 15 K line width is con.5|sten.tly larger for. the perpen@cular orlentafuons
(Figure 1) as We_II. I_n the S|mulat|ons,_the axial co_ntnbuthn to the multiplet
0.3-0.5us 0170 -0144 0.148 —0.878 0.122 polarization shows a steplike pattern in the wings of the spectra
1.0-1.2us 0.726 —0.347 0.484 that comes from the-component of the hyperfine coupling (see
2.0-2.2us 0.732 -0.313 0.716 Figure 4B, spectrum a). However, in the experimental spectrum,
12.0-12.2us 0.165 —0.077 0.994 this pattern is not resolved. These observations suggest that back-
X-band TREPR spectra in E7 in parallel orientation at 15 K and-forth transitions between the trip-quartet and trip-doublet
(Figure 2) states may broaden the spectrum of the trip-quartet by causing
0.3-0.5us 0.244 -0581 0123 -0823 -0.177 a shift in the resonance frequency. Such a shift is expected to
2.0-2.2us 0.495 0418 0765 be proportional to the magnitude of the zero-field and hyperfine
3.0-3.2us 0.252 —-0.147 0.885 L . "
12.0-12.2us —0.069 —0.003 0.996 splittings in the spectrum and the rate of the transitions. Hence,
X-band TREPR spectra in E7 in perpendicular orientation at 15 K I'F would be largest when the moleculzaxis is paraliel to the
(Figure 3) field.
0.3-0.5us 0.348 —0.420 0.174 -0.799 -0.201 3.5. Temperature Dependence of the Rise and Decay of
2.0-2.2us 0.553 -0.536 0.813 the Net Polarization. The suggestion that time development
3.0-3.2us 0.231 -0.219  0.889 of the polarization is due to transitions between the trip-quartet
12.0-12.2us  —0.054 0.098  0.995 and trip-doublet is also supported by the small energy gap
TABLE 3: Inhomogeneous Gaussian Linewidths between trip-doublet and trip-quartet estimated from the tem-
temperature perature dependence of t_he decay rate of the net polariZtion.
The value of 47 cm! obtained from decay rates suggests that
solute 15K 25K S0K 80K the thermal energy is sufficient to support transitions between
toluene 2.0mT 20mT  24mT 2.4mT the lowest excited trip-quartet and trip-doublet states, even at
E7, isotropic - 1.4mT 1.4mT 2.0mT 15 K.
E; Bg:g'é‘;' dicular 11'94TTTT - i:g m$ - 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 A& with 25 ns/point, whereas
the decay rates were obtained from a time window from 0.8 to
1.6 ms measured with 2//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-30%. The difficulties

do not affect the signal at short times, and the error in the initial
rise rate is estimated to be5%. In some cases, the transients

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 a$, whereas the zero-field splitting scales3g. 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 spirbit
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® us 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

aIsp supported by integrated spectra taken at 3 andisl2 o5 evidence of more complex behavior than a simple
(Figures 3 and 4, panel A). In the time window a8, the biexponential process

:Lgur;:i-hé?insédﬁe?fcct)rrﬁrisgﬁg:? ;j dmi(;rttahi?t;eensiﬁnbgrcha;uslgwt_he The rates from Table 4, averaged over a series of experiments
field side of the spectrum is weaker because thegnet énd multi Ietat the same temperature, are presented as the corresponding
P P€ifetimes in Figure 5. The open circles are the initial rise (in

fg\?;:f;é'(:;z fr?g?c?\lfvlgetlglssizjigilggtrﬁ; ]‘fbggzugztttﬁ?; n ofmicroseconds) whereas the filled circles are the decay time (in
the multiplet contribution has changed 9 9 milliseconds). As_can be seen, bo_th rates have smllar temper-
. ’ . ature dependencies and only begin to slow dramatically below

3.4. Influence of the Dynamics on the Spectral Properties. 54t 50 K. Thus, it is likely that they are both governed by

The process that causes the change in the polarization _patternﬁqe energy gap between the trip-doublet and trip-quartet states.
with time also affects some of the parameters used to simulateyqyever, the processes involved in determining the two rates
the spectra in Figures24. The prinicipal values of the g-tensor, 5.0 clearly very different.

HFdl tens_o(rj, ZFSdtensofr and order mat(rjlx alre g|v$ﬂ 'T_ Tabl_z ?\ In summary, the properties of the TREPR data clearly suggest
and are independent of temperature and solvent. The line widithSy, ; the spin-polarization reflects the internal dynamics of the

and the Kinetic parameters on the other hand depend on theexcited states. Among the possible processes that could affect
experimental conditions, and therefore, they are collected

. ) - the polarization, the mostly likely candidate is the back-and-
separately in Tables 3 and_4, re_spectlvely. Inspec_tlon of theseforth transitions between the trip-quartet and trip-doublet states.
two tables shows that the line width and the kinetic rates both
increase with the temperature, suggesting that the processes \1odel
causing the change in the polarization also broadens the spectra.”

In addition, the measurements taken in E7 show that the line  We now turn to the details of a model for the excited-state

width is orientation dependent and correlates with the zero- dynamics that should rationalize all of the above observations.
field splitting and hyperfine coupling. Threcomponents of the ~ The model is based on the idea that the back-and-forth
ZFS and HFI tensors are larger than the in-plane components transitions between the trip-doublet and trip-quartet states are
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TABLE 4: Rise and Decay Rates of the Net Polarizatiof

15K 25K 50K 80K
rate solute  risel(®st  decayl®s' rise,1(fs? decayl®®s?! rise,1fs? decayl®®s! rise,1°st  decayl0®s!
toluene 0.74 - 1.13 - 1.44 - 1.56 5.4
E7,iso - 1.2 1.02 2.5 - 6.0 1.17 10.8
E7, para 0.77 - - - 1.42 - - -
E7, perp 0.88 — - -~ 1.24 - — -~

aThe rates were obtained from a fit of the sum of the TREPR time traces at all field positions in the time/field 8&@asatmination of the
decay rate was hampered by low-frequency noise in the experimentaF @ae.decay rate from optical measurements is 8980° s*. The
TREPR time trace in center of the spectrum at 342 mT has a dec&y oaf270 x 10° s

the initial multiplet polarization. Second, any proposed model
14r O rise time must be consistent with the observation that the lifetime of the
I o ® decay time net polarization correlates with that of the trip-quartet state. In
B 121 this context, an important additional observation is that the decay
° | of the polarization was found to be independent of the
-% T o microwave power within the available range. Moreover, transient
2 ' . nutations could not be induced despite the fact that under the
% 08r o o same conditions they are observed for the triplet states of related
E T molecules. We will show that all of these features are consistent
£ 06 with back-and-forth quartet-doublet transitions, which reduce
P the multiplet polarization and continually regenerate the net
8041 ¢ polarization.
02k 4.2. Description of the States InvolvedIn the analysis of
. ° : i
| ° the EPR data presented above, the spectra were simulated using
0 L a spin Hamiltonian containing the Zeeman and sispin
0 20 40 60 80 100 interactions. The populations were treated as unknown param-

Temperature K . .
) ) o eters. To calculate these populations, orbital terms must be
Figure 5. Temperature dependence of the spin polarization lifetime

of OEPVO, the averaged summary over measurements at differentincluded.inthe Hamiltgnian because the polari.zation is generated
temperatures and in different medi@)(Experimental values of the ~ PY ISC, i.e., by transitions between electronic states. Here we
net polarization rise time at each temperatu®.Experimental values consider only the trip-doublet and trip-quartet states of the two
of the signal decay time. lowest excited electronic configurations as shown in Figure 1.
In the Hamiltonian, we include a crystal field splitting term,
the origin of the evolution of the polarization. However, two Ha, to describe the orbital part of the energy gap between these
main questions remain that are not straightforward to answer. states. The exchange interactidnbetween the triplet excitation
4.1. Requirements for the Model.The first challenge is to ~ @nd the unpaired vanadyl d-electron is also included and is taken

explain the origin of the net contribution generated during the 0 P& independent of the orbital states. The zero-field and
detection of the signal. Under the conditions of the experiment, hyperfine interactions are assumed to have no significant
this problem is nontrivial because low temperature prevents anyinfluence on the transitions between the electronic states because
large-scale molecular motion, and therefore, variation of the their contribution to the energy is small. Hence, they are ignored
exchange interactions can be ruled out. Because of this, the level" the calculation of the populations. The Zeeman interaction,
crossing mechanism and other pathways referred as the triplet©n the other hand, cannot be ignored, despite the fact that it is
mechanism in the CIDEP literature are not efficient for this case. @S0 much smaller than the crystal field splitting and the
The polarization also cannot be generated by the mixing of statesexchange interaction, because it is responsible for the net
by precession of the spins because such mechanisms ardolarization. The resulting Hamiltonian is then:
effective only when the exchange interaction is similar to the -
differences of Zeeman interactions. This is clearly not the case H=w(S,+ S0, = 2SS0+ Hy ©)
in vanadyl porphyrin molecules. The only model that has been
proposed to explain the polarization in such systems invokes where the subscript§ and VO indicate that the operators act
spin-selective transitions between trip-doublet and trip-quartet on the triplet spin of the excited porphyrin ring and the doublet
states via spifrorbit coupling to explain both the net and the spin of the vanadyl ion, respectively, ancefers to the magnetic
multiplet contributions of the polarization. It has been illustrated field direction in the laboratory frame.
that a relatively weak Zeeman energy can lead to a noticeable Next, we need to consider the orbital part of the eigenstates
contribution to the net polarization even in a strongly coupled of H and to define the operatad, more precisely. The
molecular syster?'* We assume that this mechanism is jmportant feature of the two orbital states taken into account in
dominant in the case of OEPVO. the model is that they havE, symmetry and transform as
The second problem is that even if the presence of net vectors along« andy. This also means they are mixed by the
polarization can be explained by the influence of the Zeeman zcomponent of the spirorbit coupling, which transforms as
interaction on spirrorbit coupling ISC, we must still provide  a rotation about the molecularaxis. Following the strategy
a rationalization for the complex time and temperature depen- introduced by Canters and van der Wa&lgie label these two
dence of the TREPR signals. First, we must explain why the states|xdJand |yCJand represent them with two orthogonal
net polarization increases with time to become much larger thanfunctions having the correct rotational symmetfy2
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IXC= iz(“_,_m_ L0 Herel is the strength of the interaction between the spin angular

V2 momentum of the triplet excitation of the porphyrin ring and
) the orbital angular momentum ¢fCand |yC] the symbolQ is
lyC= '7(| L,—1CH |L,10 (6) used to indicate the molecular reference system of the spin states.
2

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@&Cand Q,y(
by spin—orbit coupling followed by fast internal conversion of
|Q,yto |Q,x[J 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 betweéBrxJand |Q,y[J

We use the lettet to indicate that the states are associated
with different projections of the orbital angular momentum of
the excitedsz-orbital of porphyrin ring. The corresponding
operatorL, acts as a rotation and transform&linto |yCJand
vice versa. To describe the crystal field interactidp, we
require an operator that splits these states by an energigap

XHAIXE=0

YHA = A @ Kk, = koD XIH,IQ YIED, %) — EQY)  (9)

Because the operatby? has the propertie|L,2/xCand | L2 yL)
it is convenient to define the operatdly, = AL Here |D;,xOis the spin sublevel of the trip-doublet in orbital

The exchange interaction between the triplet and doublet splits St&té[xtfrom which the transition takes place ar@yLis the
each of the two orbital states into a trip-doublet and trip-quartet, SPin sublevel of the trip-quartet state in orbital stpte ko is
giving the four low-lying excited electronic staté3,x[] |Q,x) the rate of spin independent internal conversion figiio the
|D,ydand |Q,ytl Finally, the doublet and quartet states further [XGJE(Di,x) andE(Q;y) are the corresponding energies of levels
split by the Zeeman interaction into spin states with different i andj. An analogous expression can be written for transitions
projections as shown in Figure 1. in the opposite direction, i.e., from the lowest trip-quartet to

At this point, it is important to discuss the consequences of the lowest trip-doublet, and is obtained by substituting the
these approximations. By only including the two low-lying &PPropriate wave functions and energies in (eq 9).
orbital components, the main features of the system including 4.4, Rate Equations.The rate constants obtained from (eq

the spectral, temporal, and thermal properties can be describecb) can then be used in the set of kinetic rate equations
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 onfot=K -n (10)
leads to the nonaxial component of the multiplet polarization

ApP"™™@ and the in-plane component of the net polarization ) ] ) _
Apn(xy). However, this restriction can be overcome by a for the spin populations of the lowest trip-doublet and trip-
straightforward expansion of the description to include other duartet statesD,x(Jand |Q,x[J

orbital configurations, if the parameters of interactions are

known. Here, we use only the simplified model, and hence, the fi=(n n n n n n )Ir
calculation only gives a qualitative description of the features D12 "Dz TQ-8/2 TQ-12 T2 TQH32 (12)

of the observed spin polarization.

4.3. Introduction of SO Coupling and Rate Constants.
Next, we introduce spinorbit coupling as a perturbation that

mixes the eigenstates of and thus mediates ISC between thﬁiogjmn Vt? cttor. Tht_e dlzgonal eLen}etEts Ofgl]e ralte cogi:]ant ;natrlx
trip-doublet and trip-quartet manifolds. For simplicity, we escribe transitionsom each ot the sublevels and theretore

assume that this mixing represents only a small perturbation of are negative, whereas the_ _off-diagonal elements describe transi-
the spin eigenstates and that the unperturbed energies may bd0NSto them and are positive. If the decay to the ground state
used. This approach should be valid for weak srbit is also taken into account, the matrix of rate constafiszan
coupling and greatly simplifies the resulting expressions for the P& written as the sum of three contributions:

rates and the populations of the states. A more rigorous treatment

is given elsewher&>'4In addition, we assume thatand |yl K=Kg+Kpo+K, (12)

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 Kg is the rate of relaxation to the ground state wher€gag

where the superscript tr indicates the transpose, n.gs, a

the z-component of spirorbit coupling, which mixegx‘and andK, are different contributions to the rate constants obtained
Ll Although the symmetry of the spin polarization patterns from eq 9. The contribution described Byq arises from the
suggests that the- andy-components of spinorbit coupling interactions that follow the molecular symmetry, wher&as

also play a role, they can be described using the results obtainectontains the terms that depend on the Zeeman enexgior
for the zcomponent by simply redefining the axes. Here, the eyperiments at X-bandy is expected to be small compared to
perturbing spir-orbit coupling is expressed as the splitting between electronic states, i@.< A — 3J, A +

3J. Under these conditions, we obtain the following expressions
HA = 18,,TzL, 8) for K, Kpo, andK,,:
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—kog O 0 0 0 0
0 kg0 0 0 0
o 0 kO 0O 0
Ke=lp o o ko 0 0 (13)
0 0 0 0 kg O
Koo T 0 0 0 0 0 ke
T—ZkDQ 0 (3/2)kop SINF O 2kop COS O (1/2)kgp Sint 0 0
0 —2kpq 0 (1/2)kgp Sir’ 6 2kqp COSH (3/2)kgp SiN’ 6
(3/2)kpq SiN%0 0 —(3/2)kgp S 6 0 0 0
2KpoCOS O (1/2)kpgSin%0 0 —(1/2)kgp(1 + 3 cos 6) 0 0
(L2kpoSiP O 2kpoco$0 0 0 —(1/2)kgp(1 + 3 cog6) 0
0 (3/2kog SIO O 0 0 —~(3/2)kgp ST 0 J
(14)
o 0 —(3/2yqp O (1/2pgp 0
0 Moq 0 -(2mqp O (32)10p
_ 2,320 0 (32 0 0 0
K, =sin @ o DQ Wy 0 QD e 0 0 (15)
(12050 O 0 0 —(1/2pqp 0O
0 —(32)po O 0 0 ~(31219p

where the angl® describes the orientation of the molecular
z-axis relative to the space-fixefiaxis. The rates constarkso,
kop, 1po, and ngp describing the back-and-forth transitions
between the trip-doublet and trip-quartet are given by:

/12
9(A — 3J)

_ 2w _ 2w
oo = 3 —g3Peleo T 1 gy

—3J/KT

kDQ= zkol(QDz

(16)

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 assuming 3J. This factor

reflects the difference in the rates of the back-and-forth

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

No_a2 0 0 o
o No 120 0
Pa= o 0 Novz O
0 0 0 Ngae

17)

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

Apg = P1Sor+ PSy, — (13)S) + S, (18)

transitions between the lowest trip-doublet and trip-quartet statesThe coefficientg, andps are the net polarization arg is the

if they are in thermal equilibrium.

multiplet polarization.

In matrixes 14 and 15, inspection of the elements corre- 4.5. Numerical Calculations of the Time Dependence of
sponding to the kinetic equations for the trip-quartet sublevels the Polarizations. Figure 6 shows the net and multiplet
(bottom four rows of the matrixes) shows thébg and K, contributions to the polarization obtained from a numerical
describe the kinetics of the multiplet and net polarization, solution of the kinetic equations (eq 11). The polarization is
respectively. This can be seen, for example, in the fact the expressed as a percentage of the total population calculated for
elements oK pq for the+1/2 sublevels of the trip-quartet (rows  the sum over an isotropic distribution of molecular orientations.
4 and 5) have the same form and are different from those for Because negative polarization (i.e., greater population in the

the +3/2 levels (rows 3 and 6). The tracekf, is zero; hence,
these terms create ondlifferencesn the rates for the various

sublevels of lower energy) results in an absorptive (positive)
EPR signal, the polarization is plotted with negative values on

transitions whereas the sum of the rates remains the same. It ighe ordinate axis in Figure 6. For the calculation, the exchange
these differences in rate that generate the net polarization. ForintegralJ is estimated to be 16 cm (1/3 of 47 cnt! 29 andw

example, the contribution fronK, increases the rate of
transitionsfrom the +1/2 and+3/2 sublevels of the quartet
whereas the rate of transitions these levels are decreased.
The opposite effect is found for thel/2 and—3/2 sublevels.
This is also reflected in the fact thit, is antisymmetric about
the diagonal. For instance, the contribution frén) increases
the rate constant for the transition frah-1, — Q412 by an
amountK,,1,5 = 5po/2 whereas the rate of reverse process
Q+12 — D-1pp is decreased b¥,,51 = — nqoo/2. These

= 0.3 cntl. The value ofA is unknown, but we expect it to be

in the range of several tens of wavenumbers, and a valde of

= 60 cnT! 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 (sqtidand
dotted curvesp;+ps) being generated, whereas the multiplet
polarization (dashed curvey) decays and changes sign. In
addition, the two net polarization curves show that the contribu-

differences in the rates effectively describe a change in the spintion from the third-order termps, is relatively weak and that

orientation during ISC.

truncation after the linear term is a reasonable approximation.
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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 spirorbit coupling and higher order
-1.0%[ ] perturbation term&314However, 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
\ txm . important role in determining the strength of the net polarization.

\ . Within the framework of the model, this energy gap,— 3J,

Ny ~ must be small if strong net polarization is to be produced.
0 N Therefore, A should not differ greatly from the value ofl3=

““““““ 47 cn! 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

0 5 10 15 20 A and 3 also provides a logical explanation of why the trip-
Time (us) quartet is not observed in copper porphyrins, because even a
Figure 6. Time-dependence of the contributions to the polarization modest increase i\ — 3J| leads to a significant drop in the
of the quartet state. The solid, dotted, and dashed curves correspond &trength of the polarization. For instance, if this value is

the coefficient9,, pi+ps, andp; of the operatorSy, S, + S, and ; it
2 — (1/3)S2, respectively (see eq 18). The first two of these describe increased from 13 to 53 crh, the polarization (eq 19) drops

the net contribution, where&/ — (1/3)S? is the multiplet polarization from 2 to 0.5%: The Val,ues_ _QT that have been reported for
of the quartet state. The curves in the inserted frame are enlarged by &COPPer porphyrir®$ are significantly larger than for OEPVO
factor of 10 to demonstrate the change of sign of mutiplet polarization. which would be consistent with weaker net polarization.
The polarization contributions are derived from numerical solutions of However, because the relative magnitudeAah OEPVO and

the kinetic equations (eq 11) with initial populatidfs= (1,1,0,0,0,0)/2 the copper porphyrins is not known, the effect of the difference

corresponding to unpolarized population of the trip-doublet state. The j, 3 o the polarization cannot be predicted with confidence.
solutions of (eq 10) were averaged over isotropic distribution of

molecular orientations. The exchange interactlon 16 cn?, kog = .
0.05 x 10° 571, andkos = 0.94 x 10° s'* were estimated from the 4. Concluding Remarks
temperature dependence of the TREPR spectra discussed in the

-1.5%

Polarization

-0.5% -

preceding papée¥ The temperatur@ = 15 K and the Zeeman energy The kinetic_model based on th_e‘ spiarbit mixing  trip-
o = 0.3 cn! (X-band) correspond to the conditions used for the doublet and trip-quarter states unifies the large set of spectral
experiments summarized in Figures£ The value of the spinorbit and temporal data on OEPVO in different solutes at several

coupling, 4, and the rate of IClo, act jointly (eq 17) and determine  temperatures. As we have shown, all of the observed properties
the rate of the back-and-forth transitions between the trip-quartet and of the polarization and experimental parameters are consistent

trip-doublet. We choose them as 3 thand 102 s, respectively. : ; ; ;
The energy gaph, between the orbitalxCand|y[(eq 6) is arbitrarily with this model. The main feature of the model is that the

set to 60 o, symmetry of the spirorbit coupling leads initially to over
population of thet1/2 sublevels of the trip-quartet, which gives
Unlike the experimenta| data, the calculations give 0n|y one the initial mUltlpl.et pattern and weak net pqlarlzatlon. The back-
multiplet contribution because we have considered only the and-forth transitions to the trip-doublet, which are also governed
contribution of thez-component of the spirorbit coupling (see by spin—orbit coupling, then deplete thel/2 sublevels, leading
eq 18). to a decrease in the multiplet polarization and accumulation of
Experimentally, we find that the decay to the ground state is Net polarization. As shown in Figures—2 the multiplet
several orders of magnitude slower than the rise of the net Polarization changes sign at late times under some conditions
polarization. Hence, the observed polarization at late times (compare Figures 2 and 3). Whether or not the multiplet
should correspond approximately to the stationary conditions Polarization changes sign depends on how strongly the popula-
when kDG = kQG = 0. Under these Conditionsl we obtain for tion of the £1/2 sublevels is dep'etEd relative to tHeS/2
the stationary population8i: sublevels. Within the model, both the decay to the ground state
and the back-and-forth transitions between the excited states
Ny = result in such a depletion. However, our calculations indicate
tr that the change in sign of the multiplet polarization is predicted
1 kQD kQD .
2 ——1+2y),—1+n),1+3p,1+2p,1+9y,1 only if the decay rates to the ground state are nonzero.
Kog Kog Another feature of the model is that it suggests that a local

20A . o spin temperature is maintained in the trip-quartet as a result of
rzs'” o the back-and-forth transitions to the trip-doublet. In this context,
(20) an important parameter is the spilattice relaxation timeT;.

The excited-state dynamics make it difficult to obtain a reliable
Thus,n represents the maximal value of the quartet polarization, value for T; for the trip-quartet. However, the frequency and
and it can be calculated from the parameters used for Figure 6.temperature dependence of splattice relaxation for the ground
The angular dependence integrated over the unit sphere givestate of a vanadyl porphyrin has been reported in the liter&ture.
$ir? 0= 2/3. With A = 60 cnT?, we obtain~ 2%. This At 15 K, the observed; for the ground state is about an order
value can be compared to the Boltzmann factor at 15 K, which of magnitude longer than the lifetime of the net polarization
gives a polarization of~3%. The observed polarization of the shown in Figure 5@). Thus, it is probable that in trip-quartet,
trip-quartet is much larger than that of the ground state at thermaldecay to the ground state is faster than spin lattice relaxation at
equilibrium although a quantitative measure of the relative 15 K. At 80 K, the ground-stat&; is comparable to the trip-

n= (l/Z)Sinze(nDQ/kDQ + 11op/Kqp) =
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quartet lifetime. In generall; is expected to be shorter in the

trip-quartet than in the ground state because the zero-field4790-
splitting provides an additional relaxation mechanism. Thus, it g;g,

is likely that for temperatures above80 K, T 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 T;, as would be expected if the polarization is maintained
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