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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 spé&ztral7.5 mT ance = 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 metween 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 m-electrons are doublet states, whereas the exchange interaction
splits the triplet excitations of the porphyrin into doublet and
S . : . quartet states. Using the notation first introduced by Gouter-
mostly due to the|r_ab|I|ty to .b'nd aW|de_var|ety O.f m_etals an_d man/8 these states are usually referred to as “sing-doublet”,
to bepome chemlcall_y active upon .Ilght excitation. This “trip-doublet”, and “trip-quartet” and are given the symbass
combination of properties makes them ideal as building blocks 2T and*T réspectively The terms “sing” or “trip” and the

for complexes designed to capture and store light energy (Seeco,rresponéjing symbols S or T describe the spin state of the
refs 1-6 for some recent examples). Or_1e of the challenges -electrons, which in general are coupled most strongly. The
encountered in designing such systems is the need to controfe

the photochemistry of th hvrin in th ¢ metal rms doublet and quartet and the corresponding superscript
the photochemistry ot the porphyrin in the presence of meta express the entire spin multiplicity of the state. We assume that
ions, which have a variety of electronic structures. In the case

¢ " all hvrins. th " dlor el the lowest excited state is the trip-quaftefs predicted
of paramagnetic metalloporphyrins, the magnetic andjor elec- theoretically and observed in copper porphyritid2 (Note that

tronic interactions between .the central metal and the porphyrm the separation of the energy levels in Figure 1 is not to scale
nt-stystemdhet\%/e ahprtofgund |r_npacft t%n thi nlature tOf theHeXC|ted and is only meant to give a qualitative picture of the relative
states an € photodynamics of the whole system. Hence, aenergies.) For octaalkyl porphyrins, the, — g4 excitation is
detailed understanding of these interactions and their 'nﬂuencepredicted to be of lowest ener@y314giving a doubly degener-

on ttrl‘le excllqted'-stbate ((jjynamms IIS cle ntral tol the design of ate excited state &, symmetry!~° The peripheral substituents
metalloporphyrin- slse lfudpramo ec;; ar colmp Iex‘?s- hich th and surroundings are expected to lift the degeneracy oEthe
In Figure 1, a Jablonski diagram of a molecule, in which the ge15161e5lting in two low-lying trip-doublet and trip-quartet

m—electron system and a singdaelectron_are combined, IS giates. The states are labelegs() and @e,) according to the
presented using vanadyl octaethylporphyrin as an example. The

’ orientation in the molecular plane of the transition dipole
presence of the unpaired electron on the central metal meansy oments associated with the excitation. (Note that vanadyl
that the ground state and singlet excitations of the porphyrin

porphyrins haveCs, symmetry; hence, the states are labeled

- aze and notaygy as they would be for a metalloporphyrin with
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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 porphyrird and self-assembled electrostatic porphyrin
dimers?® 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)C-corrole also showed spin polarizatiéh,
which was likewise assigned to the ground state. A broad,
featureless, emissive spectrum of a Co(ll) porphyrin ligated by
oxygen was briefly mentioned by Yamauéhibut 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 Go have been observéd,;** and we have also
reported spin-polarized EPR spectra of tripldbublet spin pairs
in covalently linked copper porphyrifiree-base porphyrin
5 dimers?~47 It is likely that the difficulty in observing the excited

So states of paramagnetic metal complexes by transient EPR is
Figure 1. Molecular structure of vanadyl octaethylporphyrin and related to the large zero-field splitting associated with the metal,

simplified Jablonski diagram. The states are labeled according to the which probably leads to very broad spectra with short spin
overall spin as a superscript{2doublet, 4= quartet) and the electronic  |attice relaxation times.

configuration of the porphyrimc—orbitals (S= singlet, T= triplet). : .
FoIIowin_g light absorptio_n to the excited sing-doublet stﬁ)_(decays th B?Sﬁ?ton thtt_e premltselr that ﬁ uch effecat_s shouldhbe Sr[r;aller in
to the trip-doublet manifold?[;) and then to the lowest trip-quartet e lignt transition metals such as vanadium, we have begun a

state {Ty). Relaxation to the ground state is proposed to occur primarily Study of vanadyl porphyrins. Recently, we reported the first spin-

from the trip-doublet state populated via thermal equilibrium from the polarized TREPR spectra of the excited states of a paramagnetic

trip-quartet. The decay rates from the trip-doublet and trip-quartet to metal complex, using vanadyl octaethylporphyrin (OEP%).

the ground state ai@c andkos, respectively. The equilibrium between — Here, we present a more detailed account of the TREPR data

:?e trip-doublet and trip-quartet is governed by the equilibrium constant, 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

S_u bsequen: mt_e rSVS‘em crossing from the tnp-do_ublet to theawide temperature range, and bele®0 K, the TREPR spectra
trip-quartet,*T,, is also highly efficient as shown by picosecond display a well-resolved hyperfine structure due to khe 7/2

and femtosecond absorption spectroscopy studies of COPPEN, 4 nadi . ; - :
. . adium nucleus. Using a partially ordered liquid crystalline
porphyrinst’~1° The decay of the trip-quartet to the ground state gap y d 4

) solvent, we are able to extract the principal values of the
can follow several pathways. The direct path, governedday  pynerfine tensor and show that they are one-third of the

(see Figure 1), is slow. Hence, at sufficiently high temperature, ¢orresponding values in the ground state. Moreover, predomi-
decay via the trip-doublet, which has a faster rég, is also nantly multiplet spin polarization is observed at early times.
possible. Which of these two pathways is favoured depends Together, these features lead to an assignment of the observed
critically on the energy gap between the trip-doublet and trip- sjgnals to the excited trip-quartet state. In addition, we will show
quartet AEpq, and the temperature. XEpq is relatively small  that the TREPR spectrum of the trip-quartet state evolves to a
compared tdkT, thermal equilibration of the trip-quartet and  pattern with pure net polarization at late times. We propose that
trip-doublet can occur as indicated by the double-headed arrowthe initial multiplet polarization is generated in the trip-quartet
between them in Figure 1, and both states will have the samestate by intersystem crossing (ISC) from the trip-doublet and
lifetime. However, because the decay rate from the trip-doublet that the net polarization is built up at the expense of the multiplet
ko is expected to be greater than that from the trip-quartet, contribution by the subsequent equilibration of the trip-quartet
koa, the emission observed at ambient temperatures is ascribedand trip-doublet states. In the accompanying pépehis
to radiative decay from the trip-doubf.17.20 proposal is explored in more detail with an analysis of the time
Time-resolved optical spectroscopy in its various forms dependence of the polarization and the development of a model
provides a good method for monitoring the excited-state kinetics €Scribing the mechanism by which the net polarization evolves.

of such complexe&t However, it has the disadvantage that it
can be difficult to distinguish nearly degenerate states o

different multiplicity, which can be crucial for the photochem- Preparation of OEPVO. 2,3,7,8,12,13,17,18-octaethylpor-
istry. Because of this, considerable effort has been invested inphynato oxovanadium(IV) (OEPVO) was prepared by refluxing
trying to observe the excited multiplet states of such systemsthe corresponding free base porphyrin in dimethylformamide
by magnetic resonance techniqdes? in particular time-  for 40 h with an excess of vanadyl sulfate, which was added to
resolved electron paramagnetic resonance (EPR) spectroScopy. the reaction mixture by two portions. The product was purified
These states are expected to show enhanced electron spilby chromatography on a dry-packed alumina column (Merck
polarization that, together with the magnetic parameters (zero- Alumium Oxide 90 (IFIIl)) and then of silica gel (Wakogel

¢ 2. Experimental Section
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C-200) with CHCI; as eluent, mainly to separate unreacted free TREPR spectrum
base porphyrin. Further purification was carried out by recrys-
tallization from CHCl,/ethanol, and finally the crystals were
washed by hexane and dried.
EPR Experiments.EPR samples were prepared by dissolving

spin polarization
T=130ps

OEPVO in either toluene or the liquid crystalline solvent, E7 T o

(Meer).' to a Con_centration Ofvl(rll M. The solutions were 21-'30 2;5 360 3;5 3I50 3;5 4(I)0 4I25 = (I) I1(')0 I 2(I)0 I S(I)O l 4(I)0 l 5(!)0
placed in suprasil EPR sample tubes (4 mm o.d.) and were B, /mT time(ps)

degassed by several freezsump—thaw cycles and then sealed

under vacuum. The transient EPR (TREPR) measurements were emission spectrum emission at 702 nm
performed at X-band (9 GHz) using a setup described previ- T=120ps

ously50:51 Optical excitation at 532 nm was achieved using a
Nd:YAG laser.

Optical Emission Spectra and Lifetimes.For the optical T |
measurements  at 77 K, a solution o_f OEPVO in toluene t———t—"20"""500 "o 700" 200 300 200 500
containing 5% polystyrene was sealed in a suprasil EPR tube Wavelength (nm) time(us)
as described above and placed in a quartz Dewar, filled with figyre 2. Transient EPR spectrum and spin polarization decay of
liquid nitrogen. vanadyl octaethylporphyrin at 80 K (top) compared to the optical

For other temperatures between 4 and 120 K, transparent filmsemission spectrum and luminescence decay taken at 77 K (bottom).
of OEPVO in poly(methyl methacrylate) (PMMA) were used. The spin polarization pattern is the transient EPR signal intensity at 5
The commercially available PMMA (degree of polymerization us following the laser flash. The spin polarization decay was taken at

e . A the field position indicated by the arrow under the spectrum. The
7000-7500) was purified three times by reprecipitation from luminescence decay was measured at 702 nm, also indicated by an

CH:Cl/methanol. The sample films were prepared by spontane- arrow under the emission spectrum. The two decay curves are

ous evaporation of a homogeneous viscous solution of PMMA monoexponential and are governed by approximately the same lifetime

and porphyrin in CHCI, on a clean glass plate covered with a as indicated in the figure. In both cases, the excitation wavelength was

Petri dish. For the measurements, the film was mounted in a 532 nm and the solvent was toluene. The sample used for the optical

Japan Thermal Engineering cryostat (Model JHCS-HK-4.2-005). experiments also contained 5% polystyrene (see Materials and Meth-

Emission spectra were recorded on a Hitachi 4500 spectro-O s

fluorimeter equipped with a Hamamatsu photonics R928 pho-

tomultiplier. For the lifetime measurements, the porphyrin . . o

solution was excited at 532 nm by a nanosecond Nd:YAG laser The cor(espondlng optical emission spectrum and the dec_ay of
- i : e ‘the luminescence measured at 702 nm are presented in the

Transient emission signals were observed through a Nikon P'zsobottom art of Fiqure 2. Fits of the transients using a Monoex-

monochromator by a R928 photomultiplier and were digitized P 9 - e ng

and accumulated using a Leroy digital oscilloscope. The ponential decay function and the lifetimes obtained from the

e . - ; fits are also shown in Figure 2.
lifetimes were determined by fitting the decay curves using an As can be seen in Eiqure 2. the spin polarization and
iterative least-squares method. 9 ’ pin_p

EPR Spectral Simulations and Fitting, The spectral simula- luminescence lifetimes are nearly identical. Previous stéflies

tions and fitting were performed using a program based on the of vanadyl and copper (Il) porphyrins suggest that the long-

Mathematica svstem. The proaram models the stick spectra forlived luminescence arises from radiative decay of the trip-
. -a system. | he program P doublet and trip-quartet states following very rapid ISC to the
a static spin-Hamiltonian in the linear response regime and

exploits the ability of Mathematica to deal with analytical trip-quartet. The fact that the spin polarization has the same

expressions. It also uses a package called Spin Alaebra that w lifetime as the luminescence suggests that it is also governed
P : . P ge P Y . eby the lifetimes of the trip-doublet and trip-quartet states. This
have developed, which allows all inputs to be made as spin

operators in the traditional form described in magnetic resonatnce!merpre'[a1t|0n implies that either the spilattice relaxation time

textbooks. The program also supports unlimited spin systems'.n the excited states must be.con5|de.rably Ionggr than the
with arbitr.ary spin multiplicities. The calculation of the reso- I|fet_|me_ of the states or a spm?selectn{e d ynamic process
nance frequencies and signal intensity along with the details of maintains the Spin polanzatlon during the I_|fet|me of t_he ?XC't(.ad

) . -~ states. In addition, predominantly multiplet polarization is
the integration method used for the powder average are given

. . . 3 o X expected for the trip-quartet if it is populated by sporbit
in Appendix 1. The orientational distribution function needed . . . . iy
for the liquid crystal samples is described in Appendix 2. 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

3.1. Spin Polarization and Fluorescence Decay at 80 K.  temperature and orientation dependent. Thus, we have taken
The spin-polarized transient EPR spectrum of OEPVO in toluene spectra of OEPVO at 50 K in the liquid crystal E7. It is well-
taken at 80 K during the first 1@s after the laser flash is shown known that when solutes are dissolved in a nematic liquid crystal
in the top left part of Figure 2. As can be seen, the spectrum is they are partially ordered by solvergolute interaction and can
about 50 mT wide and has only positive intensity; hence, it be macroscopically oriented in an external magnetic field. If
shows purely absorptive net polarization. However, the assign-the solution is then frozen in the presence of the field, the
ment of the spectrum to a particular state is not immediately orientation is at least partially retained in the resulting solid. In
apparent. In principle, it could contain contributions from the the case of OEPVO, the orientation of the sample can be
trip-doublet, trip-quartet, and/or the ground state depending on monitored using the steady-state EPR spectra.
the nature of the excited-state dynamics and the values of the 3.2. X-Band Steady-State EPR Spectrum of Vanadyl
magnetic parameters. In the top right part of Figure 2, a Octaethylporphyrin. Figure 3 shows experimental (solid lines)
representative EPR transient taken at the magnetic field positionand calculated (dashed lines) steady-state X-band EPR spectra

indicated by the arrow under the TREPR spectrum is shown.

3. Results
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TABLE 1: Magnetic Parameters of Vanadyl
Octaethylporphyrin

Toluene E7 (parallel) gtensor Oxx Oyy 02z
== MM’*—'—*‘ ground statedyo) 1.980 1980 1960 E7

1.980 1980 1.955 toluene
(r—x*) triplet (g) 2.0023 2.0023 2.0023
trip-quartet (2/3)r + (1/3)gvo  1.995 1.995 1.988

— Experiment

—-=- Simulation vanadium hfc tensor (MT) A Ay Az
ground stateAp) 5.80 5.80 17.05 E7
E7 (isotropic) E7 (perpendicular) 6.00 6.00 17.10 toluene
MJ 4 agan zero-field splitting (mT} D E
trip-quartet 175 15
OEPHZ2 triplet state 51 2
OEPZrt triplet state 37 5
" 300 350 400 " 300 350 400 aThe values in magnetic field units are related to frequency units
Magnetic Field (mT) Magnetic Field (mT) by g¢8/h = 28.024 MHz/mT P Free-base octaethylporphyrinZinc

Figure 3. Steady-state EPR spectra of the ground state of vanadyl octaethylporphyrin.
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

A = 0.5 mT and the microwave frequency (expressed in magnetic field
units) iswe = 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 witg,, = —0.4.

—— experiment
---- simulation

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 unpairetectron

with thel = 7/2 vanadium nucleus. The hyperfine couplings to
the four nitrogen nuclé? are not resolved under the conditions
used but contribute to the line width. The eight most prominent
peaks arise primarily from the in-planey) components of the
vanadium hyperfine coupling tensor and have a splitting of
roughly 6.0 mT. The out-of-planez)(component has a larger

splitting of ~15 mT>* As can be seen, only the smaller in- : 075 300 305 350 375 400
plane splitting is observed when the liquid crystal director is Magnetic Field (mT)

par.al_lel to th.e field (Figure 3, .tOp right), Wherees the large Figure 4. X-band (9 GHz) spin-polarized transient EPR spectra of
s_pllttlng dominates When the Q|rect0r IS p_erpendlcular to the va%IadyI ocaethylpo(rphyin i)n Ep7 a{)early and late delay timespl)‘ollowing
field (Figure 3, bottom right). This behavior is expected because jignt excitation at 50 K. Early spectrum (top): 10800 ns. Late

the plane of the porphyrin ring is expected to be preferentially spectrum (bottom): 12:012.2 us. The spectra are measured using
oriented along the director of the liquid crystal, i.e., in-plane direct detection, and positive signals represent microwave absorption
directions are expected to have positive order parameters. ~ whereas negative signals are emission. The sample was frozen outside

The g-tensor and vanadium hyperfine coupling tensor used the magn_etlc f_|eld and is not_orlented. The d_ashed lineis a S|mulat|o_n,
to simulate the spectra are given in Table 1 (ground-state values) described in the text, using the magnetic parameters for the trip-

. . quartet, given in Table 1. The calculated spectra are the sum of two
and are in good agreement Wlth those feund for other vanadyl multiplet polarization patterns\e2® and A" and a net polar-
porphyrins>* The nitrogen hyperfine couplings have been taken jzation patterm\pn = k1Apn(2) + Kk2Apn(XY). The weights of the three
into account in the inhomogeneous line width. The importance components 4p2®, Apl>"®@ Apy) are (0.185,—0.029, 0.189) for
of these simulations, which will be discussed in more detail the early spectrum and-0.069, 0.040, 0.545) for the late spectrum.
below, is that they provide independent values for the g-tensor, The ratio of the two contributions to the net component is fixed at
vanady! hyperfine tensor and order matrix needed for simulating ¥/k2 = 0.473 for both spectra.
the transient EPR polarization patterns. o )

3.3. X-Band Spin-Polarized TREPR Spectra at 50 K.  Polarization patterns at 50 K (Figures 4, 5, and 6) change
Figures 4, 5, and 6 show spin-polarized transient EPR spectraSignificantly with time and show a great deal of structure. In
of OEPVO at X-band measured at 50 K in the liquid crystal all cases, a multiplet pattern is observed at early time (top
E7. In Figure 4, the sample was frozen outside the magnetic SPectrum in each figure), whereas at later time, the polarization
field and is not oriented, whereas Figures 5 and 6 are for the is purely absorptive (bottom spectrum in each figure) and shows
director oriented parallel and perpendicular to the field, respec- a clear pattern of hyperfine lines near the center of the spectrum.
tively. Each figure shows two spectra taken at different delay All of these features, the multiplet and net spin polarization
times after the laser flash. In contrast to 80 K (Figure 2), the and the hyperfine pattern, are strongly orientation dependent.
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200 ns “, 4.1. EPR Properties of Strongly Coupled Triplet-Doublet
p Spin Systemslf the exchange coupling between thelectrons
/ ; 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:
—— experiment

---- simulation Hg = AMwyoSyo, T évoAT)
335 340 345 350 Hp = A(wpSh, + SpAp 1)

Ho = M0y T SAo! + SDoSo) (1)
Here we have neglected the Zeeman interaction of the vanadium
nucleus, |, because it is much weaker than the hyperfine
interaction. The values of resonance field positions, o,
hyperfine interaction®\p,q, and ZFS tensoDq of the trip-
doublet and trip-quartet can be related to the corresponding

275 300 325 350 3'75 4(')0 values of the triplet and doublet (see for example ref 55). The
Magnetic Field (mT) values of resonance fields are:
Figure 5. X-band (9 GHz) spin-polarized transient EPR spectra of = 4/3w- — 1/3w
vanadyl ocaethylporphyin in the liquid crystal E7 with the director “o T Vo
oriented parallel to the magnetic field. The spectra are taken under the wo= 213w, + 1/3&)\/0 2)

same conditions and calculated as those shown in Figure 4, except that

the orientation distribution described in Appendix 2 has been introduced y here

such thatS,; = —0.4. The central region of the spectrum at 12slis

also plotted on an expanded to scale to show the hyperfine splitting of

the vanadium nucleus more clearly. The weights of the three compo- Wryo= gTVOBB (3)
nents Qe Aplo"@@! Ap\) are (0.074,-0.107, 0.049) for the early ' ’

spectrum and-{0.026, 0.006, 0.951) for the late spectrum. The ratio are the resonance frequencies for the excited triplet of the

of the two contributions to the net component is fixed @t, = 0.670 porphyrin ring, subscripT, and doublet unpaired electron of
for both spectra. vanadyl, subscript/O.
200 ns X The hyperfine interactions in trip-doublet and trip-quartet
MWM» states are likewise given by:
Ag=—Ap=1/3A 4)
The spin-spin contribution to the ZFS is given 15§5°
—— experiment _
———- simulation D = (1/3)D; + (1/3)D1p (5)

whereDr is the ZFS of the triplet anD+p 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 PatternsThe
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
275 300 325 350 375 400 is 3 orders of magnitude smaller than the energy difference

Magnetic Field (mT) between the trip-quartet and trip-doublet. Hence, we assign the

Figure 6. Transient EPR spectra of vanadyl ocaethylporphyin in the Multiplet pattern to the trip-quartet. The net polarization pattern
liquid crystal E7 corresponding to those in Figure 4 except that the Can be most easily assigned using the hyperfine couplings. With
director is oriented perpendicular to the magnetic field. The weights the director parallel to the field (Figure 5), the in-plane
of the three componenta\p&@, Apl*"™®4! A ) are (0.112,-0.106, component of the hyperfine tensor dominates, whereas the out-
0.067) for the early spectrum anetQ.056, 0.071, 0.958) for the late  of-plane component is seen with the director perpendicular to
spectrum. The ratio of the two contributions to the net component is the field (Figure 6).
fixed atr/k; = 0.653 for both spectra. Inspection of the spectra in Figures 5 and 6 shows that the
in-plane component of the hyperfine splittingi mT (Figure
5) whereas the out-of-plane componenti6 mT (Figure 6).
The observation of an orientation-dependent multiplet pattern From the values of 5.80 and 17.05 mT obtained for the
suggests that the polarization arises from the trip-quartet state.respective components of the vanadyl hyperfine coupling tensor
However, it is useful to first summarize the expected EPR in the ground doublet state, we predict splittings of 1.93 and
properties of the possible states before making a definitive 5.68 mT, respectively, in the trip-quartet and trip-doublet from
assignment. eq 4. Hence, the observed splittings in the spectra in Figures

4. Discussion
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4—6 are in good agreement with those expected for either the with experiment. The polarization patterns are very sensitive
trip-quartet or trip-doublet state. to these values, and the error is estimated to be less than 1 mT.
An interesting point in Figures 5 and 6 is that that the ratio ~ 4.3.3. Spin Polarization and Fitting Proceduta.the TREPR

of the in-plane and out-of-plane components of the hyperfine technique, the signal is proportional to the light-induced
tensor is~1:3, so that the in-plane component in the ground Polarization after th(_a laser flash. Th|_s is in contrast to steady-
doublet state has about the same value as the out-of-planeState EPR observations where the signal is proportional to the
component in the trip-doublet or trip-quartet. Because of this, Boltzmann polarization at thermal equilibrium. So, for the
partially oriented samples are required for an unambiguous TREPR spectra, the spin polarization must also be taken into
assignment of the hyperfine splittings in the spin-polarized account. Here, we express the_polanz_atlon as the traceless
spectra. From Figures 5 and 6, it is clear that both componentsd'agonal part of the reduged density matrix for the.quartet state.
of the hyperfine tensor are reduced by a factor-8fcompared In general, it may be written as the sum of multiplet and net

to the ground state. The fact that the net polarization pattern is Contributions, which we labehow andApy, respectively. We
the same width as the multiplet pattern and that the spin expect the trip-quartet to be populated initially by ISC from

polarization has the same lifetime as the luminescence clearlythe trip-doublet (see Figure 1). This process will be governed

i i inao7.58 i
suggests that both polarization patterns arise from the quartetby spin-orbit coupling; which follows the molecular

state. To test this assignment, we have simulated the experi_symmetry. Hence, the polarization can be broken up into terms

mental spectra using a motele we developed recently to associated with each of the molecular axes. For porphyrins,
spin—orbit coupling is expected to be most effective about the

_descrlbe the pplanzz_atlon ge_nerated during intersystem rossiNG olecularz-axis. However, contributions associated with the
induced by spir-orbit coupling. . )
) i molecularx- andy-axes may also be involved. The mutliplet
4.3. Spectral Simulations.The parameters needed for the polarization,Apy, can be described by the even powers of the

simulations are given in Table 1 and have been fixed as far asgnin gperators, and because it reflects the traceless anisotropy
possible from the ground-state spectra (Figure 3). For all of the ¢ he spin-orbit coupling, we need only introduce two

calculated spectra shown in Figures@ we use the appropriate  conributions: (i) an axial term describing the contribution
static spin Hamiltonian given in eq 1. associated with the-axis, which is proportional t&o o2 —
4.3.1. Steady-State Spectrio simulate the steady-state 1/3S? in the molecular frameQ, and (ii) a nonaxial term
spectra (Figure 3), a Boltzmann population distribution was describing the difference of contributions about the molecular
assumed, and the calculated spectra were convoluted with ax- andy-axes, which is proportional 18, o? — S Transform-
Gaussian line shape to take inhomogeneous broadening intang to the laboratory frame and ignoring off-diagonal elements
account and then differentiated numerically. The hyperfine gives:
couplings, g-values, and order parameter were adjusted to obtain

the best agreement with the experimental spectra. Compared to Apy™ 0 (1 - 3 cod 0)(Sy07 — 1/3S)
the spin-polarized spectra of the quartet state, the ground-state onaial 5 -,
spectra have a broader overall shape due to the larger hyperfine Apy O sirf 6 cos (S, — 113y) (6)

splitting and, thus, are more sensitive to the EPR parameters

and the distribution function. Therefore, the g-values and wheref and¢ describe the orientation of the porphyrin molecule

hyperfine coupling parameters shown in Table 1 and the order along the external field.

parametelS,, = —0.4 obtained from the fit of the steady-state ~ The net polarization is described by the odd powers of the

spectra were kept constant in the simulations of the spin- Spin operator8/>® and in principle, a term for each of the

polarized spectra. components of the spirorbit coupling should be introduced.
4.3.2. TREPR SpectraFor the simulations of the spin- " Practice, however, the deviation from axial symmetry is very

polarized spectra, we have estimated the Zeeman frequencysmaII and the linear and cubic terms are virtually indistinguish-
wo, and the vana;jium hyperfine tensér, of the trip-quartet able. Therefore, to reduce the number of independent contribu-

from the corresponding values for the ground state and triplet :f:igﬁ;?gﬁ%ﬁgi?é%eﬁy: :ﬁg ?gilgegfolr"gﬁﬁ;;e;gﬁ] alr;dtg?r:]nblne
excitation of the porphyrin ring using eqs-8. As shown in y 9 )

Table 1, we assume that the triplet excitation has an isotropic This gives:
g-tensor at the free electron g-value. Note that the g-values and .
hyperfine couplings of the ground state of vanadyl porphyrin Apy(@) O sin’ ¢ Sz

in toluene and in the liquid crystal E7 differ slightly. However, Ao (xv) 0 coL 0 7
because the ground state values are scaled by a factor of 1/3 PO Sz )

when calculating the parameters for the trip-quartet (see eds 4 504 the amplitudes of these four contributions as adjustable
and 5),.the solvent dgpendepce becomes n'egllglble. Caremlparameters, we have fit the experimental TREPR spectra as
comparison of the spin-polarized spectra (Figuress}and follows. First, all four contributions were adjusted independently
ground state spectra (Figure 3) shows that the ratio of the i, reproduce the experimental spectrum summed over a series
hyperflng splittings deviates s!lghtly from the expect.ed ratio of ,t 200 ns time windows chosen to span the time region during
1/3 as given by eq 4. The splittings in the polarization pattern ich the multiplet polarization evolves to net polarization. The
were found to be about 5% smaller than expected (see Tableratig petween the two net contributions was then held fixed at
1). This deviation is likely the result of a slight difference in  ine value obtained, and all other time windows in the dataset
the spin density distribution of thbelectron in the ground state  yere fit using two independent multiplet patterns and one net
and the excited state. contribution representing the two net patterns with fixed ratio.
The zero-field splitting parameters were estimated initially The results of the fits for two selected time windows are shown
by visual inspection of the spectra and then fitted to the as dashed curves in Figures@.
experimental spectra (see below). The valueB&f 17.5 mT As can be seen in Figures-#, excellent agreement between
andE = 1.5 mT reported in Table 1 gave the best agreement the simulated and experimental spectra is obtained. This clearly
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identifies the trip-quartet state as the origin of both the multiplet 1200
pattern at early time and the net polarization pattern at late time. -
(The ratios of the two net contributions are given in the figure 1000 spin polarization

fit (A = 47 cm”™)

luminescence (slow component)
luminescence (fast component)
luminescence EtioPVO

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 600 —
net pattern at late time. L
4.4. Temperature Dependence of the Spin Polarization 400 -
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. U | | L .
We propose that the evolution of the spin polarization is the 0 20 40 60 80 100
result of transitions between the trip-quartet and trip-doublet Temperature (K)
as thermal equilibration occurs, and a detailed model for this Figure 7. Temperature dependence of the spin polarization lifetime

. . . . of OEPVO in E7. @) Experimental values of the spin polarization
process is developed in the accompanying p&hes a first lifetime, t, at each temperature. The solid curve is a fit to the

step in Fh's analys_'s’ we examine the temperature dependenc%xperimental transient EPR data using eq 8, which describes the
of the trip-quartet lifetime evaluated from the decay rate of the opserved decay of the trip-quartet via the scheme shown in Figure 1.
net polarization. The fit yields values of 47 cni for AEpg, 20 us for kog™%, and 1.06
Generally, when electronic relaxation from the trip-quartet ms forkoe™. The squares are luminescence decay lifetimes for OEPVO
state takes place both as decay from the thermally repopulatedn @ PMMA film. The decays are found to be biexponential Shand
trip-doublet state and direct relaxation from the trip-quartet state, & ' the two decay components. The luminescence decays were taken
the lifetimes of the excited states are determined by the at 696 nm, a_nd the_ex_cnanon wavelength was 532 nm fpr poth the
. . EPR and optical emission measurementy.l(uminescence lifetimes
relaxation rates of the two excited states and by the energyfor vanady! etioporphyrin in PMMA taken from ref 8.
gapd22tWhether the trip-doublet and trip-quartet states are in
thermal equilibrium or not depends on temperature region as Clearly, the temperature dependences of the spin polarization
well as the relaxation rates and the energy gap. and luminescence decays are very similar. However, the spin
From previous studi€gl5°of vanadyl porphyrins, it is not  polarization lifetimes are slightly longer than the luminescence
clear whether thermal equilibrium between the trip-doublet and lifetimes at all temperatures. This difference is probably because
trip-quartet states is established at low temperatures. In addition the luminescence was measured in PMMA whereas the spin
it is difficult to tell that the observed emission of OEPVO is polarization decays were taken in E7. The optical emission decay
only from the trip-doublet state, or from both the trip-doublet for OEPVO was found to be biphasic, and the filled and open
and trip-quartet as obseneith OEPCu, which is suggested] squares are the two decay components. For the spin polarization
to have a larger energy gap than OEPVO. However, becausedecays, the signal-to-noise ratio was not sufficient to clearly
the spin-polarization decay rate of the trip-quartet state and distinguish between monoexponential or biexponential behavior.
emission decay rate are identical at 77 K as in Figure 2, we can Therefore, only a single lifetime is given. The ratio of the
safely assume that the lifetime of the net polarization and amplitudes and the ratio of the lifetimes of the two kinetic
luminescence both represent the lifetime of the trip-quartet state.components obtained from the optical data are both independent
Here, we analyze the temperature dependence of the polarizatio®f temperature. This finding suggests that they arise from
decay and discuss the electronic dynamics to confirm the different local environments rather than from competing pro-
proposed kinetic scheme, on which our spin-polarization model cesses within the molecule. Also shown in the Figure 7 is a fit
presented in the following paper is based. Because the expresof eq 8 to the spin polarization decay lifetimes. The fit yields
sions for the decay rates are quite complicated for a completely @ value of 47 cm* for AEpq, 20us forkpg ™%, and 1.06 ms for
general kinetic schenfewe simplify the analysis by assuming Ko *. These values are in line with what one would expect
thermal equilibrium between the trip-quartet and trip-doublet. and are similar to those obtained from other related porph§fins.
With this assumption, the lifetime can be written in a The value of 47 cm! for AEpq is almost identical to that

straightforward manner based on the two-state model proposedeported for EtioV3? (40 cnit) but is considerably smaller

oom | @

800 —
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200 —

o

n
1

o o
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by Gouterman et #.and expanded upon by Asano efah than the value~500 cnT* suggested for vanady! tetraphen-
this model, the trip-doublet and trip-quartet states are separatedylporphyrin (TPPVO}! This result is reasonable because the
by an energy gap\Epg and have decay ratégg and ko to 3(r,r*) excitation involved in the lowest trip-doublet and tri-
the ground state, respectively (see Figure 1). The lifetime of p-quartet states of OEPVO and EtioVO have the s&@age,)
the trip-quartet in thermal equilibrium is given By: electronic configuration, whereas for TPPVO, the configuration
is 3(aguey) o1
;—_1tK ®) In eq 8, it assumed that the establishment of equilibrium is
KooK + kQG 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
whereK = 1/2 exd —AEpg/ksT} is the equilibrium constant  the trip-doublet and trip-quartet, it is important to consider
between the trip-doublet and trip-quartet states. whether this assumption is valid. The lifetime associated with

Figure 7 shows the experimental lifetimes of the net polariza- ISC from the trip-doublet to trip-quartet probably lies in the
tion (@) and the optical emissioi(l) of OEPVO as a function range of a few picosecondd’ However, even if we assume
of temperature. Also shown are the luminescence lifetimes of that it is as long as-1 ns, the lifetime for the reverse process,
vanadyl etioporphyrin (EtioVO) taken from the literat®i(®). i.e., from the trip-quartet to the trip-doublet, is calculated as
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ca. 200 ns at 15 K with a 47 cmh gap. These values are the lifetime of the excited states is probably too short for them
sufficiently short that despite the uncertainty in the ISC rates, to be detected by TREPR.

it is clear that thermal equilibrium between the trip-doublet and

trip-quartet states is established during the excited-state lifetime.5. Concluding Remarks

Thus, we can conclude that the luminescence and spin polariza- it the analysis of the spin polarization patterns of OEPVO
tion decay under thermal equilibration between the trip-doublet presented here, we have established that they arise from the

and trip-quartet states even at temperatures as low as 15 K. W&y _qyartet state. The evolution of the spin polarization with

also note that with a 47 cm gap, it is very difficult to  a therefore reflects the dynamics of the trip-quartet. In the

distinguish between_ emission fr_om the trip-quartet and trip- accompanying pap&we will explore these dynamics in more

doublet on the basis of the emitted wavelength because thegesil and present a model based on thermal equilibrium between

energy corresponds to only 2 nm. the trip-doublet and trip-quartet to explain the evolution of the
The value ofAEpqg for OEPVO is significantly smaller than spin polarization.

that obtained for OEPCUThis result is consistent with what

is expected for the difference of the exchange interaction Acknowledgment. This work was supported by the Natural

between OEPCu and OEPVO; the vanadium(lV) ion has an Sciences and Engineering Research Council (NSERC) and by

unpairedd electron mainly in ¢, orbital, whereas for the copper-  two Grants-In-Aid for Scientific Research from JSPS, No.
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is expected to overlap to a greater extent with the porphyrin

m-electron system. Appendix 1: Calculation of the EPR Spectra

4.5. Magnetic Parameters of the Trip-Quartet StateThe  The frequencies of the EPR transitions at a fixed value of
data in Table 1 give a more detailed picture of the magnetic the external magnetic field are calculated as the differences
interaction parameters of a porphyrin trip-quartet than has petween two eigenvalues of the spin Hamiltonian (eq A1.1). In

previously been available. The slight deviation of the hyperfine rotating frame withw as the microwave frequency thus gives:
couplings from the value predicted by eq 4 discussed above

indicates that the spin density at the vanadium nucleus in quartet Aw” = HQ P — F'ij — w, (A1.1)

state is lower than in the ground state. One possible explanation ’ '

for this observation is that the vanadl orbital may be mixed  \yhere the symbol” is used to refer to the representation of

differently with thes-orbitals of the porphyrin in the excited  he operator in the frame in which the spin-Hamiltonian is

state compared to the ground-state, resulting in a lower spin giagonal, andi andj denote the two spin eigenstates. The

density at the vanadium nucleus. intensity of the stick spectrum at positi@with step AB is
One of the most striking features of the trip-quartet is that then described as

the ZFS parameters are of similar magnitude to those of the

triplet state of free-base, Zn, and Mg porphrytfJhe values Iy ~ Z|S(|2i_ (B — B)U(Aw;) (A1.2)

measured for free base and Zn analogues of OEPVO are given T ) J !

in Table 1 for comparison. In general, the zero-field splitting

(ZFS) contains contributions from the direct spspin dipolar The operatop describes the density matrix and the functién

coupling as well as from the spirorbit coupling. In the triplet is nonzero only ifAwj; changes sign in the interve®,B + AB):

states of organic compounds with extendegystems? the

direct spir-spin coupling usually dominates. In the diamagnetic 1 XgXgiag <0
metalloporphyrins, both contributions play a role, but the UX) =[1/2 XgXgiag =0
contribution from spir-orbit coupling varies strongly depending 0 XgXging > O

on the metal. For the diamagnetic metals of the first transition
period, the spirorbit contribution is much smaller than the
spin—spin contribution. For the metals furthér down the period 514 is summed over all possible orientations of the molecule
table such as Pd, the spiorbit contribution dominates. o|4tive to the field. Because of the conditions under which the
Corresponding data for the excited multiplet states of porphyrins gpp signal is observed, it is invariant to rotations about the
with paramagnetic metals are scarce. However, copper porphy-qyiarnal fieldes = 8s(0,¢), and only two angles are required

rins have ZFS || ~ 370 mT (0.35 cm?) and|E| = ~ 290 to fix the vectorés in the molecular frame. The orientations of
mT (0.27 cnt1))22 that are about an order of magnitude larger

. € map out points on the surface of a sphere, and the algorithm
than found, here, for OEPVO. Thus, it would appear that there gq,,q distribute the points quasi-uniformly over the surface.
is likely a large difference in the spirorbit contribution to the

. ” Because the spectrum does not depend on the sigs thfe
ZFS in OEPVO and copper porphyrins. calculation can be restricted to a hemisphere. A uniform
Another important aspect of the results is that the observed distribution can be achieved by choosing points on a spiral that
spin polarization is very different from that found for similar  runs from the equator to the pole in such a way that the angle
compounds such as copper porphy#nand a chromium(V)  between any pair of neighboring points is constant. This method
oxide corroleZ® In both of these cases, emissive polarization of \as first suggested by Mombourquette and #eitho com-
the ground state was observed but no signals from the quartetputed the values df; andg; numerically. Later Porfi? derived
state were detected. There are a number of reasons for thighe following simple analytical expressions (note that the

observation. First, the larger ZFS of the copper porphyrins makesexpressions in Pofffiare in error by a factor of 2), which give
observation of the quartet spin polarization difficult. Second, 3 distribution of points of similar uniformity:

luminescence data for these and other related comp®B@ptis

point toward population of the trip-quartet at low temperature 6, = arccos(—1/2/n)
but quenching at high temperature. Thus, at the high temper- e —_— i =
atures under which chromium(V) oxide corrélevas measured, @ = v 2mnarcsin{ — 1/2i)

The intensity function runs all values of the external field

1--n (AL.3)



Vanadyl Porphyrin Spin Polarization J. Phys. Chem. A, Vol. 110, No. 31, 2008615

wheren is the number of points on the hemisphere, aigdan molecule relative to the director can also be expressed as a

iterator running from 1 ta. function of the orientation of the magnetic field in the molecular
frameés = €g(0,¢), the angley between the magnetic field

Appendix 2: Calculation of the Orientation Distribution and the director, and the angjethat fixes thex-axis of the

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

f(Q) O expV(Q)/KT) (A2.1)

(sinp cosa, sing sina, cosp) =

(0,0,1): R(¥) - R(x) - R(6) - R(¢) (A2.6)

o ) ~ Here, we use the symbBlto denote the Euler rotation operator.
whereQ, represents the set of angles describing the orientation The expansion of equations is

andf(Q) is the probability of the orientation/(L2) represents
the potential energy of a given orientation. The most general sin 8 coso. = sin 6 cosg, cosy +
form for V(Q), consistent with the known properties of liquid (cos cosg cosy — sing siny) siny
crystals, is the product of two second-rank tensors, one . L .
describing the solvent and the other the soffif&:56 In a space- sinf sina.=sindsing, cosy + i , )
fixed axis system, the potential can then be written as: (cos® sin cosy + sing siny) siny
cosf} = cos6 cosy — sin@ siny cos A2.7
V(Q) = —1/2Z FiTy (A2.2) 4 v yeosy (A20)
If the EPR signal represents the magnetization along the field,
. . L the laboratory frame can be assumed to be axially symmetric,
whereF is a traceless tensor representing the liquid crystal and g the orientational distribution is proportional to the integral
T is the molecular property of the solute that |n'.[er'act.s With of equation over the values 8 y < 2x. Taking the axial
I andJ denote the space-fixed axes. In a nematic liquid crystal gymmetry of the OEPVO distribution around the director into

such as E7F is axially symmetric and diagonal if one of the  5ccount, the orientational distribution for an arbitrary angle
space-fixed axes (usually defined as Z) is parallel to the director. panyeen the director and the field is:

Thus, V(Q) can be written as a function dfzz and the
orientation of the director in the principal axes f fw(e) 0 exp{—a(3 co§ﬁ — DKT}

V=- Z)FZZZTKK(@/Z)COé Oz~ (112)) = fohexp{ —a(3(cose cosy — sin @ siny cosy)? —
1)KT} dy
(A2.3) (A2.8)

where the parameters and b describe the strength of the These equations are simplified further for the parallel and
interaction between the porphyrin and the liquid crystal and the perpendicular orientations.

anglesa. andf define the orientation of the molecule relative

to the director of the liquid crystal. The distribution function

also determines the Saupe order ma@xwhich is diagonalin  fi(6) 0 exp—,(3 cos 6 — 1)

the principal axes off and has two independent nonzero o )
elements: f(0) O [ exp{—n(3sirf 6 cos y — 1)} dy (A2.9)

= a((3/2)cod  — (1/2))+ b sir? f cos 2

S,= Eﬂ3/2)co§ﬂ — (1/2)0 Here we have replacedkT with a temperature-independent
. parametew; to reflect the fact that in the frozen liquid crystal,
(Su— S,) = [3/2)sirf f cos 2] (A2.4) the reorientation of the solvent and solute are hindered and,

hence, the ordering is not expected to vary with temperature.
The angular brackets denote the ensemble average. For OEPVO,
the 4-fold rotational symmetry also requires that the parameter References and Notes
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