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The quenching of the triplet state of hypericin by acceptors of electronic energy and donors and acceptors of
electrons was studied by nanosecond laser photolysis. The energy of triplet hypeEegis i$3 350 cm?,

and for acceptors witkr < 13 300 cm the observed energy transfer rate constant declines with increasing
exothermicity. Quenching of triplet hypericin by amines in acetonitrile and electron acceptors in DMSO
occurs via electron transfer. Spectroscopic and kinetic properties and the quantum yield of hypericin radical
ion formation were established. The rate constant profiles for electron transfer (in both directions) are consistent
with an excited-state reaction occurring before electron transfer. The rate constant of the interaction of reduced
hypericin with Q was estimated to be 3.8 108 M~1 s71 in acetonitrile.

Introduction CHART 1. Tautomeric Forms of Hypercin

Hypericin is a polycyclic quinone and a naturally occurring
pigment in plants of the genudypericumthat has long been
used as a folk medicine. More recently, it has been found to
possess strong photodynamic activi/Hypericin inactivates
the human immunodeficiency virus (HIV) in a manner that
requires ligh~5 Singlet oxygen, superoxide, and proton release
have all been observed as a result of its irradiation. This has
led to the proposal of several mechanisms for biological action,
including type | and type Il oxygenation reactions and photo-

induced proton release. This question has not been fully (Hyp™ ; ; ;
. yp'~) and/or radical cation (Hyp) may be directly or
resolved, but undoubtedly the primary photoprocesses from theindirectly responsible for the photobiological activity of hy-

excited singlet and/or triplet states of hypericin have fundamental pericin, and electron-transfer quenching of the fluorescent singlet

importance. ) ] ) state has been observ&d?2 The literature lacks data about the
~ NMR and X-ray crystallographic studies point out that among pnotophysical parameters of Hypand the rate constant of the
five energetically reasonable tautonfetise natural and most  reqyction reaction 1 is unknown, though the reaction of anionic

stable form of hypericin in the solid state and in aprotic solvents aggregates of hypericin with has been reportéed.
is the [7,14] tautomer (Chart I Petrich et al. established that

in the excited singlet state hypericin undergoes tautomerization Hyp'™ + O,— Hyp+ O, 1)

on the picosecond time scale after laser excitation in both protic

and aprotic solvents:’? They have, in fact, argued that the  The quenching of hypericin fluorescence by electron acceptors

biological activity may result from acidification of the sur- such as quinones, nitro- and azobenzene in DMSO occurs via

roundings. Evidence suggests that the triplet is the proton donorelectron transfer, as established by EPRhe quenching of

but does not yet exclude the possibility that the singlet can also triplet hypericin by duroquinone in ethanol also goes by electron

donate its protoA? Uncertainty remains regarding which transfer with a rate constant close to the diffusion-controlled

tautomer or tautomers is or are formfed?'4the [1,7] tautomer,  |imit,25 and electron transfer to methyl viologen has been

a reasonable possibility, is also illustrated. observed® However, despite knowledge that hypericin is easily
Reactive intermediates have been observed in various pho-reduced, the quenching of the excited singlet and triplet states

tophysical studies of hypericin. Hypericin has been shown to of hypericin by electron donors is not reported in the literature

have a high quantum yield of triplet formation (8:6.7)1415 to the best of our knowledge.

and it efficiently generates singlet oxygknthough this may The energy of triplet state of hypericifHyp) has been

not be the mechanism for its photodynamic action. Superoxide estimated in rigid media from the position of the 0 vibronic

(Oz7) formation upon irradiation of hypericin has been detected band of the phosphorescence spectrum in ethanol as 13 190

in aqueous dispersions, in solution in dimethyl sulfoxide cmtat 1.2 K4and 13 250 cmt at 77 K25 There is very little

(DMSO0), in aqueous liposomal media, and for hypericin bound Stokes shift in the room-temperature fluorescence of hypericin,

to liposome membranég:1° Superoxide and the radical anion  but because of the possibility of significant energy relaxation

[7,14] Normal form [1,7] Tautomer
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due to conformational change or tautomerization in less rigid 1.4+
media and on a longer time scale, it is worthwhile to have a ]
reasonable estimate of the triplet energy in solution at room ]
temperature. For example, the triplet state energies of normal
and tautomeric forms of the natural antioxidant quercetin
(3,5,7,3,4-pentahydroxyflavone) were estimated using energy
transfer in 2-propanol at20 000 and 7000 cr, respectively®
Here we report a study of the quenching of triplet hypericin
(®Hyp) by different amines in acetonitrile and by electron
acceptors in dimethyl sulfoxide. We refine a previous rough
estimate of the solution phase triplet energyd8 700 cntlin
ethanol}* by using an appropriately chosen set of energy transfer <]
acceptors. Photophysical properties and formation efficiency of 0.0
Hyp'~ and Hyp™ radicals are reported, along with rate constants R A B N B AR N AR
for a series of quenchers that give rise to these species. From 350 400 450 500 550 600 650
these data, it is proposed that it is not the “normal” form of Wavelength, nm
hyperen poper Wich s being roduced, L. e o 8 e oo .o s e vt e e
fast process that produces a triplet Species thC_h n turn Is by 0.6 and b.3 for CIF;rity. Thénax of the Eedmosrt) bands are 599, 599,
quenched by electron transfer. Also given is an estimate of the ;1 ;=95 nm, respectively.
rate constant for the reaction of Hypwith O, to produce

superoxide. It is .foun(.j that'the radical ions of hypericin are identical and are clearly those of monomeric hypericin. As a
themselves reactive with various electron donors and acceptors,result, we will work under the presumption that the monomeric

and these da@a are presented. Finally,_it is shown that the rate o rmal form” of hypericir33 predominates in all experiments.
constant for triplet energy transfer to various acceptors gradually Th tonati tate of h icin is al . .
falls off as the acceptor triplet energy falls noticeably below e prolona 'OZ‘S a ebo. fypgncm flsha ?0 an ISsue, evzn n
that of hypericin, and it is suggested that this is a rare example gz;?gglr::r?gsvrir:;surZZ?Hé;:o;?]\;S:/rizir: ir? gfurggj:ﬁifell?eg‘r‘ er.
of bimolecular energy transfer in the inverted region. Two deprotonations are observed, withyo= 7 and 11. The
difference between the spectra of the neutral and the monoanion
is subtle. A deprotonation in a similar pH range near 7 was
Hypericin was synthesized and purified as described in the observed in related electrochemical regidh¥amazaki and
literature?”-28 It should be noted that a newer synthesis has Song report a K, of Hyp in Triton micelles as 11.% The
appeared? Other compounds were obtained commercially and spectral shifts andiy value are quite similar to those reported
purified by recrystallization or sublimation as necessary. for the second I§; of Hyp by Jardor$4 Jardon also observes a
Spectrometric grade acetonitrile and tetrahydrofuran (THF) were protic equilibrium at approximately pi 1 that he attributes
used as received. No special precautions were taken to rigorousiyto HypH*+/Hyp .34
exclude water. Experiments were carried af€3and solutions In contrast, Falk reports the Hyp/HyppKa (for a water-

were deoxygenated by Ar bubbling for 15 min. _ solubilized derivative) at approximately32The assignment is
Absorption spectra were recorded on a UV-2101 PC Shi- pased on an electrophoresis experiment on a cellulose support,
madzu spectrophotometer. The formation of ground-state charge+, which the spot assigned to Hypmigrates over a wide pH
transfer complexes between hypericin and any of the quenchergange. Recent experiments using specifically protected hypericin
was not observed in acetonitrile or DMSO, as determined by gerivatived® and atmospheric pressure chemical ionization mass
UV/vis absorption spectroscopy in the concentration ranges spectrometr§f strengthen this conclusion. On the basis of
investigated here. ) ) electrochemical data, Gerson has argued that hypericin is singly
All flash experiments were carried out using a nanosecond geprotonated in the solvents we used unless water is rigorously
laser photolysis apparatus described elsewtfeTae solutions  excluded? The spectra reported in rigorously dry solvents are
of hypericin in acetonitrile, OD(532 nmy 0.1, [Hyp]~ 1.0 x apparently the same as those observed by Jardon at low pH.

10° M, and emaf(595 nm)= 4.1 x 10* M~* cm™*, were  \ye were unable to reproduce this effect of rigorous dryness of
irradiated with the second harmonic of a Continuum Surelite go|yent on absorption or emission spectra.

Nd:YAG laser (532 nm, 5 ns, 10 mJ). The decay kinetics and
transient absorption spectra were recorded with a help of 1P-G
28 and FEU-84 and -83 photomultipliers. The yield of transients
was directly proportional to the energy of the laser pulse. The
thermodynamic parameters of the energy transfer were deter-
mined in a thermostatic cell over a range of @ °C. The
accuracy of quantum yields, molar extinction coefficients, and
various rate constants is estimated tobE5%.

Absorbance

Experimental Section

The spectra shown in Figure 1 are consistent with those
erson and Falk attribute to the monoanion and others attribute
to the neutral. For clarity of reading, because of the ambiguity
in the literature about the aqueou&jpand because of the
somewhat unpredictable effect of solvent ok,pwe have
written using an arbitrary convention that hypericin is found in
its neutral form (Hyp) in organic solvents. Therefore, for
instance, we will refer to the one electron reduced compound
as Hyp~. At the same time, we must recognize that the
predominant ground-state species under our conditions may very
The solvents used in the current study were tetrahydrofuran well be the monoanion, Hyp Under such circumstances, the
(THF), acetonitrile, and dimethyl sulfoxide (DMSO). Because electron-transfer products are Hyand Hyp2~ for oxidation
the solvent can have an effect on the aggregation and protonatiorand reduction, respectively. Fortunately, this has very little
state of hypericin and this should be reflected in the absorption impact on the interpretation of the work, and note will be made
spectrumt’-21.23.31.33t js worthwhile to note that the absorption  where it is important. Our experiments do not address this
spectra in these three solvents, shown in Figure 1, are virtually question directly.

Results
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Figure 2. Differential T-T absorption spectrum of hypericin in
acetonitrile.

The differential triplet-triplet absorption spectrum of hy-
pericin in acetonitrile is shown in Figure 2. An identicatT
absorption spectrum was recorded using tripteplet energy
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is the energy of Coulombic interaction between the two ions in
the CRIP usingna = ru + ra. Using a spherical approximation
for the size of hypericin from its crystallographic structute
givery = 7 A and takingra to be 5 A, we obtaire?/rpae =
0.03 eV. Although this value is obviously a rough approxima-
tion, the difference in Coulomb energies is small when using
different values ofrya. (The Coulomb term is doubled if the
initial species is Hyp.) The estimated values cAGg, are
given in Table 1.

The absorption spectrum of radical cation NfN,N,N'-
tetramethylbenzidine (TMB) and the TT absorption of
hypericin overlap strongly (Figures 2 and 3a). Thus khealue
was estimated at the isosbestic point of theTTspectrum at
430 nm from the dependence of the buildup time of TNVB
radical on the concentration of amine. The same method was
used forN,N-diphenylp-phenylenediamine and 4-aminobiphe-
nyl at the isosbestic point at 370 nm. In the cas&gf,N,N'-
tetramethylphenylenediamine (TMPD), thgvalue was esti-
mated from the dependence of the triplet hypericin lifetime on
the concentration of amine by monitoring at 465 nm, the

transfer from anthracene with excitation by the laser pulse at jggspestic point of the differential absorption spectrum of the

355 nm. The grow-in ofHyp matched the decay of triplet
anthracene. The extinction coefficient fdtlyp at Amax = 630

radical ions (Figure 3a). The other radical cations of amines
absorb light insignificantly at 630 nft, and k; values were

nm was estimated by comparison of the bleaching of the ground measured at this wavelength.

state at 590 nm with the triplet absorption at 630 nm. A value

of €(630 nm)= 9.0 x 10° M~ cm™! was determined; the

The extinction coefficient of Hyp at 735 nm was estimated
by comparison of the absorption at 735 nm to that of the TMB

spectrum and extinction coefficient are in good agreement with ragical at 470 nm ¢ = 4.1 x 10* M~t cm 94 and the

previous report$*15The lifetime of the triplet in deoxygenated
solvent was about 5@s, whereas in air-saturated solution it
was 370 ns. Given that fPin air-saturated acetonitrile is 1.9

absorption of TMPDB' at 570 and 620 nme(= 1.3 x 10* M1
cm~1)48 as shown in Figure 3a,b. In both cases{(Hyp*") =
2.0 x 10* M~1 cm™! was obtained and also when using

mM,38 a crude estimate of the rate constant for the quenching bleaching of Hyp ground state at 590 nm as a standard. The

of triplet hypericin by Q can be made: 1.4 1® M~1s™L
Quenching by @ does not lead to formation of radical ions
detectable by our method.

Electron Transfer. The bimolecular rate constantk;) of
triplet hypericin Hyp) quenching by different amines in

differential absorption spectrum at> 570 nm in Figure 3c is
related exclusively to Hyp. In Figure 3a atl > 750 nm, an
additional absorption band was recorded that is due to an
absorption of TMB".49

The decay kinetics of Hyp are first order in deoxygenated

acetonitrile are collected in Table 1. Triplet energy transfer is gcetonitrile with a lifetime of 25:s. In air-saturated solution,

energetically inaccessib¥3°and quenching occurs via electron
transfer. A new long-lived transient with an absorption maxi-

the lifetime is 1.34s. The rate constant for quenching of Myp
by O, can be roughly estimated as 3810° M1 s7L, It is

mum at 735 nm was observed in all cases; it is attributed to the 35sumed that this results in the formation of superoxide as shown

radical anion of hypericin, Hyp. This absorption is not due to

solvated electrons formed by photoionization of Hyp, as it would

ineq 1.
The lifetime of Hyp~, formed by electron transfer from

have also been observed in the absence of amines. The plots ofMmpp, decreases linearly with increasing [TMPD] in solution.
v~1 vs [amine] were strictly linear; there was no indication of a¢ [TMPD] = 3 mM, the lifetime of Hyp~ is 10us, and a rate
acid—base or other interactions that might distort the plots used ¢gnstant for quenching of Hyp by TMPD was estimated at

to determine the rate constai®sAdditionally observed were
transients attributable to the amine radical catitins.

1.7 x 10/ M~1 s71. It is tempting to ascribe this to a second
reduction by TMPD to make another 1 equiv of Witer's Blue

The free energy of the electron transfer was estimated using(TmpD*+), but this is not thermodynamically reasonable. For

the Rehm-Weller equatiof?

ok e .~ &
AGg = EJ(D/D™) — ES(Hyp/Hyp'™) — Ey — an @

where E})(D/D*") is the half-wave oxidation potential of
amine vs SCE in acetonitrile. The first reduction potential of
Hyp (or Hyp') is only slightly dependent on solvent (or
counterion) in polar aprotic solveht3246\We adopt the value

of —1.15 V vs SCE, which is arrived by near consensus among

several measurements in polar aprotic solVErts*® after

adjustment to compensate for differences in reference elec-
trode®3 (Gerson attributes this reduction to the monoanion being

the more weakly electron donating amine TMB, the analogous
rate constant is less thanx110° M~* s™%. The exact nature of
this process remains unclear.

As a result of electron donation by amine in theHyp
guenching event, a triplet contact radical ion pair (CRIP) is born.
The fraction of CRIPs that yield free ion pair®uy,—, was
estimated by comparison of the triplet absorptionfldfp at
630 nm to the Hyp absorption at 735 nm using eq 3, where

_ AOD(Hyp )[e(630 nm)]kj + k,[A]
WP (Hyp', 735 nm)AOD;)  Ki[A]

®3)

reduced to the radical dianion. Regardless, it is the species inAOD(Hyp"~) andAOD+ are the optical densities of Hypand

our solutions.)
The energy of the triplet state of hypericin acetonitrile is ca.
13 350 cnt?! or 38 kcal/mol (vide infra). The last term in eq 2

T—T absorption, respectively, arl@ is 71 at the limit of [A]
= 0. Optical densities for the triplet and for the radical anions
were obtained from separate samples that were optically
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TABLE 1: Quenching of Triplet Hypericin by Amines

Darmanyan et al.

quencher E752 V vs SCE AGE, eV Ky M71s7t Dy kp, S —AGp, eV

TMPD 0.18 —0.38 1.4x 10 0.43 6.6x 10° 1.48
p-phenylenediamine 0.18 —0.36 6.6x 10° 0.43 6.6x 10° 1.50
4-aminodiphenylamine 0.27 -0.27 8.5x 10° 0.48 5.4x 10° 1.59
TMB¢® 0.32 —-0.22 1.5x 10 0.32 1.1x 1@ 1.64
N,N- diphenylp-phenylenediamine 0.335 -0.20 1.3x 10 <0.34 c 1.56
o-phenylenediamine 0.40 -0.14 9.0x 10° 0.08 5.8x 10° 1.72
2-aminoanthracene 0.44 —0.10 1.1x 1 0.094 4.8x 10° 1.76
2-aminofluorene 0.53 —0.01 1.8x 1¢® 0.04 1.2x 109 1.85
1-aminonaphthalene 0.54 —0.00 8.0x 10° 0.045 1.1x 101 1.86
DABCOH 0.57 0.03 1.1x 18 >0.08

N,N-dimethyl-p-toluidine 0.65 0.11 5.% 10° >0.10

N,N-dimethylaniline 0.71 0.17 1.%10°

2]n CH:CN vs SCE*? Corrections for reference electrode, when necessary, were as per pédf@rence 445 N,N,N,N'-tetramethylbenzidine.
Value is not estimated due to a strong overlapping of absorption of Hymd radical cation of amin®. ¢ 1,4-diazabicyclo[2.2 2]octane.
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Figure 3. Differential absorption spectra of ion radicals recorded 5
us after the laser pulse in quenching of triplet hypericin by amines:
(@ [TMPD] = 5 x 10° M; (b) [TMB] = 5 x 10° M; (c)

[p-phenylenediaminef 1 x 1074 M.

matched. Addition of amines at concentrations greater than 10naphthoquinone (NQ), the absorption of N@Amax= 390 nm,
mM leads additionally to quenching of fluorescence, and the € = 1.25x 10* M~ cm 1) and Hyp™ overlap strongly (Figure

TABLE 2: Quenching of Triplet Hypericin by Electron
Acceptors

Eie®  AG, K

quencher VVsSCE eV  Mls? Py
chloranil +0.08 —1.16 2.2x10° 0.54
fluoranil —-0.0# —-1.04 29x10° 0.50
1,4-benzoquinone —0.40 —0.68 2.0x 1¢® 0.52
1,4-dihydroxyanthraquinone —0.5% —0.51 1.8x 10° 0.53
1,4-naphthoquinone —-0.60¢ —0.48 9.7x1¢® 0.50
duroquinone -0.73 —0.35 3.5x 10° 0.57
4-nitrophthalimide -0.7% —-0.33 1.3x 107
3-nitrophthalimide —-0.84 —0.24 12x1C°
9,10-anthraquinone —0.864 —0.22 4.6x 10°
maleic anhydride -0.88¢ —0.20 3.0x 10

aln DMSO vs SCE*? PIn CHsCN. ¢ DMF. 9 Reference 38.

yield of 3Hyp decreases. The second term in eq 3 compensates
when limited amine concentrations meant less than complete
triplet quenching. FoiN,N-dimethylp-toluidine andN,N-di-
methylaniline we could estimate only a lower limit f@ry,-

due to the lowk, values.

Also given in Table 1 are estimates of rate constants for first-
order back electron transfer from the ion paks, These are
derived from®yy- by assuming that “escape” to form free
Hyp~ and A" and back electron transfer are the only available
processes, i.e@yp~ = Kesd(Kesct ko). FoOr purposes of making
this estimatekescis taken to be 5« 108 s™1, which has been
determined by Weller for ion pairs from magnetic field
measurements in acetonitrfie.

The quenching ofHyp by electron acceptors was studied in
DMSO. In Ar-flushed solvent, the lifetime dHyp was 70us.
Quenching with the series of compounds in Table 2 occurs
through electron transfer with the formation of radical anions
of the electron acceptors and a new long-lived transient (
150us) that has a broad differential absorption band Witk
at 710 nm and is attributed to Hyp°! This transient was
recorded with all quenchers in the series. Typical differential
absorption spectra are shown in Figure 4. The quenching rate
constants were determined by monitoriftdyp at ~500 nm
where the absorption of the radical ions are insignificant. Strong
electron acceptors, such as chloranil, quenched the fastest among
this set, very near the diffusion controlled liffiof 3 x 10°
M1s1,

The extinction coefficient of Hyp at 710 nm was established
by comparison of the absorption of this radical with the
absorption of chloranil radical anion at 450 nen 9.0 x 10°
M~1 cm™1in acetonitrilé?) or with the ground-state bleaching
of hypericin at 598 nm (Figure 4a). The estimates givec
(Hyp**, 710 nm)= 2.0 x 10* M~cm™. In the case of 1,4-



Quenching of Excited Triplet State Hypericin

(@) o0.02

S ©
<

-0.01

-0.02

-O-OSIIYIIT\VIIWITYTI
300 400 500 600 700

A, Nm

T T T

800 960

o.o1—f \ /\
A
@)

-0.02

-0.03]

T T

400 500

TT T T T T

600 766 860 92’)0

A, Nm

300

Figure 4. Differential absorption spectra of ion radicals recorded 15
us after the laser pulse in quenching of triplet hypericin by cabonyl
compounds: (a) [chloranif 1.3 x 104 M; (b) [1,4-naphthoquinone]
=26x 10*M.

TABLE 3: Interaction Rate Constants of Hyp** with
Electron Donors in DMSO

Ella’ k.,
reagent V vs SCE M-ts?t
TMPD 0.16 1.0x 10°
TMB 0.32 1.6x 10°
2-aminoanthracene 0.44 9210
triphenylamine 0.92 3.5 10°
1,2,4-trimethoxybenzene 142 45x 10°

aReference 422 Reference 55.

J. Phys. Chem. B, Vol. 103, No. 17, 1998327

TABLE 4: Rate Constants of Energy Transfer from Triplet
Hypericin to Various Acceptors

S
10%en M7ty calimol

Er, cm?!

energy transfer acceptor (kcal/molf  CHsCN THF THF
[-carotene 7100 (20) 1.8 0.48 1.6
rubrene 9 309(26.3) 4.6 0.93
tetracene 10 250 (29.3) 4.7 35
1,3-diphenylisobenzofuran 11 900 (33.9) 7.0 3.2
perylene 12 600 (36.1) 8.6 2.4
ferrocene 13300(38.0) 11.5 35
azulene 13600 (38.9) 0.12  0.028 2.8
9,10-dibromoanthracene 14 000 (40.0) 0.037

aTriplet energies from ref 38.40.15 kcal/mol.c Reference 58.

Gg; values in DMSO without further correction when values in
DMSO were unavailabe (Table 2).

The interaction rate constantk)(of Hypt with different
electron donors were also determined (Table 3). The addition
of quenchers leads to the decrease of Hylifetime and the
formation of radical cations of amines as shown in eq 4.

Hyp™" + D 5 Hyp+ D" (4)

The rates of decay of Hyp and grow-in of D™ were equal.
The rate constants of reaction 4 correlate well with the oxidation
potential of the electron donors. Hypdoes not interact rapidly
with molecular oxygen, and the rate constant may be estimated
as<10' M~ts

Energy Transfer. The energy transfer fromHyp to the
different triplet energy acceptors was recorded by monitoring
the transient decay of hypericin at 520 or 630 nm, and the so-
obtained rate constantkef) are shown in Table 4. Quenching
occurs via energy transfer; the rise-times of the triplet acceptor
absorption® coincided with the lifetimes of triplet hypericin,
and the formation of radicals was not observed. Except for
ferrocene ang-carotene, the oxidation potentials of all quench-
ers in Table 4 are greater than 0.8 eV vs S€Bccording to
data in Table 1, reductive electron-transfer quenchingHyp
is insignificant in this range. The oxidation potential for
p-carotene vs SCE in THF is 0.74and triplet quenching is
expected to strongly dominate. For ferrocene, the oxidation
potential is low (Ej;, = 0.31 V vs SCE in CKHCN) and one
might expect some contribution of electron transfer. However

4b), but the same estimate is obtained using the bleaching bandhe data imply that even the ferrocene quenching occurs mainly

of hypericin ground state as a standard. In the regioa of
500 nm the absorption spectrum is related exclusively toHyp

via energy transfer, as the rate constants for quenching in THF
are all smaller by a very comparable factor when compared to

(Figure 4). Spectra of other electron acceptors could not be acetonitrile and no additional transients were observed.

recorded. The quantum yields of Hypvere measured as above

Azulene3® 9,10-dibromoanthracer®,and ferrocene have

using eq 3 with the parameters of this radical and are collected short-lived triplet states, and the concentration of hypericin used

in Table 2.

in this work is very low (ca. Ix 10°> M). Therefore, reversible

Itis necessary to estimate the free energy for electron transferenergy transfer from the acceptor triplet state to hypericin in
in these systems as well and a properly adapted version of egS€condary encounters may be neglected.

2 is used. An irreversible oxidation wave for hypericin is
observed in DMSO with a peak potential of 0.93 V vs NHE®

Redpenning has shown that 0.85 V (vs NHE) is a reasonable

estimate of the thermodynamic oxidation poterftfadnd thus
we adopt a value of 0.61 V vs SCEThe Coulomb term is

Discussion

Electron Transfer. A standard RehmWeller type kinetic
scheme for the quenching of hypericin by amines as donors

0.03 eV>* For some electron acceptors the reduction potentials (D) is given in Scheme 1. Using a sequential steady-state
are known only in DMF. For carbonyl compounds the reduction approximation, the observed quenching rate congtgistgiven

potentials in aprotic solvents DMSO and DMF practically
coincide? so we used data in DMF in order to estimate the

by eq 5 where the equilibrium constant for electron transfer is
eq 645 The form of the forward electron-transfer rate constant
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SCHEME 1. Kinetic Scheme for Electron Transfer
Quenching of Hypercin

Kait ket .
SHyp+D =——3(Hyp'D) —=3(Hyp D™
k. git ket
kesc J kb
Hyp +D™ Hyp +D
is given by eq 7.
Kait
= K_ gt k d'lff ©)
1+ ——+ ———exp(AG./RT)
T T e PG
koK et = €XP(—AG,/RT) (6)
kee= A eXp(-AG/RT) )

Modern electron transfer theory usks based on Fermi's
golden rule

_ 27, 2
k=ZVI°F 8)

whereV is an electronic coupling matrix element connecting
initial and final states ané is the Franck-Condon weighted
density of states. Using a classical expressiorFathis gives

k=ZEVPamikgT) 2 expl-(AGq + 4ikgT] (9)

where/ is the total reorganization energy, which can be broken
into solvent 4s) and internal {,) components. Using a single
quantized mode approximation, ecP%6 has enjoyed consider-
able success in describing experimental results.

© o SQ) (A + AGg, + hvn)?
ex
n! A KT

21
k=—VP(4nideT)
h n=
(10)
Here, S= A,/hv, wherehv is the energy of the representative
molecular vibration.
While quantitatively different reorganization energies and
coupling matrix elements are found using the Marcus (0-n¥éde)
and single-mode semiclassical expressf3n%: the latter is
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Figure 5. Dependence of the observed quenching rate of triplet
hypericin by amines on the free energy of electron transfer. The solid
line is the Rehm-Weller curve withA = 10 s, 1 = 0.73 eV, and

0 = 0.17 V. See text for details.

Kairr 47N,

K.gr 3000

11)
also to independently vary could produce reasonable fits, but
they gave physically unreasonable valueAaind &y, + Kesg.

If, instead of ky + kesg, @ third parameted was allowed to
float asAGe = AGg, + 0, reasonable values éfandA could
be obtained. Experimenting showed that the best values of
were 0.15-0.21, regardless of the other parameters) ifias
fixed at 0.17 eV, the problem was again reduced to two
parametersA and A. At this point, a range of physically
reasonable values éfand/ gave good fits because there were
not enough data to uniquely determine the curvature in the
region of AGZ, ~ —0.3 to 0.1. For exampled = 102 s™1 and
A = 0.7 eV gave a similarly good fit a& = 10 st andi =
1.2 eV.

The solvent reorganization energy for the charge separation
reaction can be estimated from the usual equation on the basis
of the dielectric continuum mod@l

—eh (12)

where n is the refractive index of acetonitrile andis the
dielectric constant. Substituting in eq 12 the values\ofra

affected by assumptions about quantities that cannot be easilyand rya defined above, we obtains = 0.67 eV, which is

tested with our data. It is clear from the literature that eq 10 is
superior for describing electron transfer in the inverted region,

but eq 9 is adequate for endothermic to moderately exothermic

“normal region” electron transfer. It has the advantages of
requiring only two parameters and easily reducing to the form

consistent with the range d@fvalues that fit the data in Figure
5.

It is somewhat unorthodox to allowGe;to be an adjustable
parameter in fits such as these. The implication of the result is
that the reduction potential of the species being reduced is

of eq 7 and will be used here by treating the preexponential actually—1.32 V vs SCE rather than thel.15 V previously

part as a single adjustable parameterOther equations that
try to explain why an inverted region is generally not observed

adopted for Hyp. It is possible that this simply reflects an error
in the assumption of the reduction potential of Hyp, though this

for bimolecular charge separations, such as those based orfcorrection” seems a little large for that. (This conclusion applies

asymptotic reorganization enerdieer diffusion mediated rate
constant$? are also unnecessary for the current analysis.

For purposes of evaluating eq 5, we tadkg to be 1.9x
1019 M~1 57138 For Kkgit/k—_qif, we obtain 4.4 M from the
Eigen—Fuoss equation, eq 11. The values kgrand kesc are
obtained as previously described.

whether the hypericin is deprotonated, since the potentials were

measured under conditions similar to those used here.)

We offer a speculative interpretation here. There is ample
evidencé 12 for very rapid tautomerization of hypericin in its
singlet chemistry. If either (a) tautomerization occurs in the
excited singlet manifold and intersystem crossing occurs after

The data in Table 1 and Figure 5 are not sufficient to supply the tautomerization or (b) tautamerization is very rapid and

a unique fit to eq 5. Using two adjustible parameté&a(dA),
no satisfactory fit was obtained. Arbitrarily allowing,(+ Kesd

occurs in the triplet manifold as well, thehe species that is
being reduced is actually the tautomés a result, the reduction
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Figure 6. Dependence of the observed quenching rate of triplet
hypericin by electron acceptors on the free energy of electron transfer.
The solid line is the RehmWeller curve withA = 102 s71, A = 0.72

eV, andd = 0.48 V. See text for details.

potential of the normal [7,14] form of hypericin is not actually
the appropriate one to be used in calculaix@g, in eq 2.The
correct reduction potential is that of the tautom&iven the
optimal value o, it may be suggested that the tautomer (Taut)
has a reduction potential in the range .32 V vs SCE.
Support for this suggestion will come from the oxidative
qguenching of Hyp as well.

The free energy for back electron transfer from Mygor
Taut™) to the amine radical cation is given by

AG, = —EXY(AIA™) + EEYH/H) (13)

WhereErl‘“jg(H/H'*) is the reduction potential of hypericin or its
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Figure 7. Dependence of the energy transfer rate constant from triplet
hypericin to energy acceptors on the triplet energy of sensitizers. Open
circles are data in acetonitrile, and filled circles are data in THF.

energy is taken at the energy where the observed energy transfer
rate constant is half of the maximum limiting value (usually
near the diffusion-controlled limit). If one takes the datum for
ferrocene to represekt,, maxand draws a line through the point

for azulene (Figure 7), an estimate of 13 350 éris obtained

for Er(Hyp). Taking the point along that line that corresponds
to 0.%gqi¢ from the referenc® value of kg yields a nearly
equivalent triplet energy of 13 300 crh A very similar estimate

is obtained in THF using the data for ferrocene, azulene, and

tautomer under our proposed interpretation. These values aredibromoanthracene. This triplet energy is in good agreement

given in Table 1, usingES(H/H") = —1.32 V. The largest
values ofk, are at the most exothermic rates; i.e., these are still
in the normal region for electron transfer. It is fairly typical for
such charge recombination reactions to have their maximum
rates at—AGp = 1.5-2.0 eV5773 as appears would be the
case here if this were a longer series.

The charge-transfer quenchingfyp by electron acceptors

with previous spectroscopic determination in rigid media at very
low temperatures and indicates that there are not gross structural
changes in the triplet state that lead to energy relaxafigh.
However, it is also consistent with an excited-state rearrange-
ment with only minor geometrical changes and the very small
Stokes shift observed in the fluorescence.

A modest but real decrease in energy transfer rate constants

in DMSO can be analyzed in much the same way as was doneis observed with decreasirigr of the acceptor below 13 000

for the amine donors in GCN. Since®yyy- is close to 0.5
for the whole seriesk, + ke was taken to be k 10° s~ for all
quenchers. A value of 3.6 10° M1 s 1 was used foikg.38
Again, no reasonable fit could be obtained without using an
additional paramete¥ such thatAGe; = AGE, + 0. A range of

0 = 0.45-0.51 V gave reasonable fits, with the bestdat
0.48 V. Again, a range oA values and correlatedvalues gave
reasonable fits. Witth held at 162s71, 1 was 0.72 eV, as shown

in Figure 7. The value foi was 1.2 eV ifA was as large as
104,

The shift of nearly 0.5 V would appear to be much more
than is reasonable to attribute to error in the thermodynamic
oxidation potential. Thus, the oxidative electron-transfer quench-
ing data for®Hyp also support the notion that it is inadequate

cm! (Figure 7). This decrease does not appear attributable to
steric factors. Energy transfer from anthracene (a flat molecule
like hypericin) tof-carotene, for instance, occurs with a rate
constant of 1.4x 10 M~1 s71in toluene’® This datum also
argues against the current series being limited by diffusion.
Despite the unusual appearance of the rate constant profile,
it seems reasonable to suggest that the rate constant falloff is
an example of the Marcus inverted region for energy transfer.
This was not a result that was easily anticipated since most
analogous triplettriplet energy transfer series simply achieve
the diffusion-controlled limit when exothermic. The essential
requirement to observe the inverted region for cases like this is
a small matrix elemer¥ that leads to maximum rate constants
below diffusion control. Though comparatively rare in the

to describe the electron-transfer energetics with the reductionliterature, both unimolecular and bimolecular examples of the

potential of hypericin in its ordinary [7,14] form. The fits again
suggest that it is a tautomeric form of Hyp that is oxidized.
The tautomer is more difficult to oxidize than Hyp by about
0.48 V, giving it an oxidation potential of about 1.09 V vs
SCE/4

Energy Transfer. The energy of the triplet state of hypericin

inverted region in energy transfer have been repofted.

There have been theoretical and experimental efforts to link
triplet energy transfer and electron transfe?3-86 In the weak
coupling limit, both are nonadiabatic processes that should
follow the golden rule and rates of energy transfer are usually
predicted by some variation of eq 11. We adopt eq 14, used

may be estimated from the dependence of the energy transfeipreviously by Meyer and Schanze, that takes into account a

rate constant on the energy of triplet acceptérghe triplet

single quantized mode for both the donor and accefSt&All
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o ()™ (SY)" opposite mode of electron transfer is observed when quenching
k= —(4mA kBT)—1/2|V|ZZ ze—(SD+SA) —— ——exp the triplet state of hypericin in DMSO with electron acceptors.
h ° TR n! o n! In both cases, the rate constant profile is inconsistent with the

2 use of the appropriate redox potential for ground-state hypericin
~[As+ AEr + hwnp + by 14 in the usual RehmWeller energy formulation. It is suggested
43 KT (14) that this is because the actual species being reduced or oxidized
N is not merely the triplet state of hypericin, but probably a
dautomer formed in its triplet state before the electron transfer
step. Within this model, the tautomer is somewhat more difficult
to oxidize and to reduce than “normal” hypericin and is also

of the terms are the same as above, save that both donor an
acceptor modes are considered.

Unimolecular rate constants for the microscopic energy likelv the bhosph ¢ . tlow t ;
transfer step™ were extracted from the observed bimolecular "< 1€ PhOSPhOrescent Species at low temperalure.
rate constants by adapting Scheme 1 and eq 5. Only the point If one works under th.e. assumption that hypericin is neutral
for ferrocene in acetonitrile cannot be easily determined in this under_ th? current c_ond|t|ops, _the species formed_by electron
way, since it is so close to the diffusion-controlled limit. The donation is Hyp". This species is found to interact with oxygen

» . i with a rate constant greater than8181—1 s71, which may

resulting unimolecular rate constark$, are lower than the

observed bimolecular rate constakis but the overall appear- account for the formation of superoxide in biologically relevant
StaRes L app conditions. The one-electron oxidized form of hypericin does
ance of the rate constant profile is very similar to Figure 7.

raot react with @ at an appreciable rate.
Reasonable parameter values must be measured or assume ) . o .
The quenching of triplet hypericin by energy transfer with

to try to fit eq 14 to the data. It is expected theoretically and sensitizers whose triplet energy is less than 13 300-%cm

apparent from the rapid falloff of the energy transfer rate apparently occurs in the inverted region. The apparent solvent

constants in the endothermic region tiiatis small. Meyer’s 2 . .
- .. reorganization energy is very low, but we were unable to achieve
value of Sy = 0.9, measured for anthracene and used with . .
a reasonable fit of the data to the usual expressions for

tetracene als# was adopted for all acceptors. Well-precedented - -

L Lo .~ nonadiabatic energy transfer.
approximations were used for the acceptor vibrational spacing
(i.e., ca. 1300 cmt), and a similar value was adopted for the
vibrational spacing in*Hyp, based on its phosphorescence
spectrunt®

Fits were attempted by fixing tH&parameters and vibrational
spacing, while allowing a preexponential term ardo vary.
Despite repeateql attempts using a wide range of the fi>_<ed Va'”‘?SReferences and Notes
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