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We have synthesized a. potpby{i,n-antbraquimne mlgcule (PAQ) in which the AQ moiety is
attached directly at a meso-position of tritolylpo in. . The abpoxption spectrum shows pro-
nounced perturbations in the bands of both the P AQ groups that are dent of solvent
polarity; a charge-transfer band was not observed. In contrast, the spectnn of ‘the porxi:yrin
fluoresoence in PAQ is only moderntely red-ghifted, but the lifetimes and intepgities depend
_uarkedly on aolvem; dmlectrw f. the flmresceme is, quendxed ne‘ligibly in solvents
with eg. € 4, m&erately in, solventq i th 4 < €g;€ 6 and strongly in solvents with ¢g 2 7. In
methylene chlqride, .the, major, emitting canponant has a llfet.w of ~30.ps as . compared to
~9.0 ns for both, ;tetx‘atolylpoxmyr ('rrp) and an ester-linked TTP-AQ molgcule. . An. eleptron-
transfer mechanism is implicated even though the, energetics for net electron transfer do not
appear to be favorable. {the sun of the redox potentials being essentially, iscemergetioc. with
the porphyrin Sy state in benzonitrile). We infer that the short distance between the P and
AQ moieties (~1.4 A edge-to-edge) compensates for the otherwise marginal emergetics in accord
with Marcus theory. However, calculations of the reorganization energy, besed on a two-sphere
dielectric continuum model, and estimates of the solvent-dependemt reaction emergetics, using
the Weller equation, do not yield a meaningful correlation with the fluorescence data measured
in 19 solvents and binary solvent mixtures. Electron tmnsfer in this intimately linked
donor-acceptor molecule may involve an inner-sphere and/or adiabatic mechanism.

There has been a great deal of recent research on’ the propérties of porphyrin-containing
molecular assemblies in an attempt to mimic the ppmry lightrdriven step in natural photosyn-
thetic reaction centers.l Many current investigations are concerned with’ ‘covalently linked
porphyrin-quinone (P1Q) molecules 'irn érder to understand factors such as the effects of dis-
tance, orientation, energetics;. and the role of the medium oh the rates of intramolecular
electron transfer. The naturé of the linking bridge is also a subject of much interest since
hght—lnduced intramolecilar ‘electron transfer SET) in many linked donor-acceptor (DA) mole-
cules is dominated by through-bond interactions. .

Moat studies have concentrated on PLQ systems with relatively long covalent links possess-
ing various geometries and degrees of rigidity.l-7 In some molecules, an important factor
affecting the rates of both forward ET and subsequent chafge recombination asppears to be the
ability of the donor and acceptor moieties to assume one or more optimm configurations,1:4,5
The ‘didtributions of rate constants that arise from this flexibility have wade it difficult to
unravel the ;'ehtlve contributions of the various factorg mentioned above. There is thus a
need for a va.riety of DA systems containing rigid linkages. It should be borne in mind, how-
ever, that vibrational degrees of freedom within the link, no matter how well constructed, can
give rise to distributions of ET rates,’ and therefore complex spectroscopic profiles on the
pe time scale may be unavoidable.

Permanent addresses: 8Department of Chemistry, Metropolitan State College, Denver, Colorado
80204 bred Rocks Community College, Golden, Colorado 80401.
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There has been only one previous report;8 on a porphyrin-quinone molecule in which confor-
mational freedom was minimized by attaching benzoquinone (BQ) directly at a meso-position of
the porphyrin ring. Very rapid (<6 ps) decay of the porphyrin excited singlet state (8;) was
observed. The transient abeorption profiles were attributed to formation of the charge-separ-
ated radical-ion-pair state (RIP) by both singlet and triplet mechanisms; reverse ET from a
vibrationally unrelaxed triplet RIP was also postulated. Some of this complex behavior may
have been due to the relatively large (<-0.45 eV) driving force for forward ET; which
the energy of the RIP state very close to that of the localized porphyrin triplet state.

As Bergkamp et al.8b guggested, studies of an analogous molecule containing a different
quinone (e.g., naphthoquinone, NQ) might yield information on the relative importance of such
factors as vibrational coupling and differences in Gibbe free-energy AG*’. In such a system
the detailed photophysical behavior might be simpler as well, since the driving force for
photoindmedm‘inaMmolemﬂeshouldbe~OZeV1essthaninthecaseofthemarnlocgelg
Anthmqy,inme( ig.in, turn more diffi e, than, MiﬁmlmOBV'
hence a Byatéh Amtafuw fphyrindl‘tpr  should m aieil even léss’ favordble energet-
ics for ET and oomplicatims due to t.riplet méchani sas should not arise,,

The fluorescence propertieq of the pol
(HzmAQandZnPEAQ) wereaeaswed Umi'ao‘ly et al.
in nine solvents, were indistincuishﬁble from those of
expected if the energetics for ET are unfavorable. ‘1 2 , however, the charge-separated
state lies ~0.4 eV below the metalloporphyrin Si state, 10 and significant fluorescends psnch-~
_ ing was ob ervpd.n‘ The intramolecular ET rate constant in this molecule (in n-butyrpmitrile)
‘wasfomd to be in very good eipent’ with the valie formumummsys-
tem ‘containing an alamantahié bridge, o ‘which constrains the two moléties m; mdiy but at
sbout the same average distance: 1 R :

'Iheaa-éemtoftlwm‘mbesforthesemtypeibf%mm”ﬁybeforwim

v'sinceﬂlerotatialal freedam’ of the AQ soceptor with respect to Zhp onor 'is alg:afmc—
tion of ‘the length ‘of the linking bridge: ‘This could a‘cpid.mthemehs‘ niger’ distance de-
campoundal® as compared to that in the

pendencé’ of ‘the’ rate constints’ in %his ‘weries of ZnPLAQ'
so~called - "Paddon-now" ‘-olecule- Alternatively,

s‘upe' in’ the Plex-
ible, electron-rich ester ‘linkage' relative to the ‘more constriined, ted"
bridge’ my empensabe for slower ET rates 1n unfavoxable dmfomtims allohéd by’ ﬂie former. 1

: . -HyPEAQ: M=H,
- PEAQ ZnPEAQ: M=2n

-
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In any cese, when the AQ acoeptor is linked directly at a meso-poeition of the donor por-
in’ ring; the short DA distance (~1.4 A, edge-to-edge) sholld play a major role'in:affeot-
ing the retes of ET quenching of the donor excited singlet state.l” Moreover, the emergy of
the Prodict RIP atate will be mach @more strongly solvert dependent inmﬂnmmlewles
mm&mmm di‘shhioec beowse of ‘the work-teh oormtiom It,'m

As we ahall show, Mua'ver, at such nhort. tustﬁloes ﬂfwra is e mh]s&ﬂﬂn qnmtitative
interpretation of the observed ET rate constants, pirobibly becaise an iiwier-aphere - preoeas15
is involved. At such close DA displacements, the solvent zation energy is not accur-
ately dm:mibed by the ‘two-sphere dielectric ‘continuum model.158,b Aleo, as  predicted by
Marous ‘thecry; 1 Mﬁwmhtmlydmtonthedrivnuhme, and’ it 'has rarely beem
possible to maké accurate detdrminstions of the true reaction énergetics' (AG*') for Ef. Even
if it were possible ‘to' messiire the ‘redox potentiale ofbu’ehdmor and acceptor in' every sol-
vent; ‘the' sun of these values ‘does not yield the actual’ ‘a®',1 and the utility of the Born
eqmtioh for est H.and ‘Bolvent effecta, as proposed by Weller,l has been challenged ‘on ex-
perm\:al crd\nds

- “Another mon thst ET ratel in different solvmts are mt reedily corpelated with solvent
polanty may be due to dielectric relaxation.l® Brealdown of Marcus theory is to be expected
when the rates become very fast (e.g., ket > 5 x 109 s-1) because of limitations imposed by
solvent dynamics.! However, it is not clear how one should account for these effects when
comparing ET rates for a given DA system in strudturally diesgimilar solvetits.}9d

L

m&\gis ;

PAQ was- prepared by adaptinn the zeneral method of porphyrin synthesl.s introduced by Lind-
sey and co—workers,zo as discussed in detail below.  This method involves am acid-catalyzed
reaction in moderately dilute methylene chloride solution to establish an equilibrium between
pyrrole and the appropriate aldehyde reactants and ‘the: ‘porphyrinogen product. The porghyrino-
gen is subsequently oxidized irreversibly to the desired pérpliyrin. Thede mild reaction con-
ditions have been demonstrated to provide porphyrm model system cleanly and oon’vmxent.ly
with a vanety of sensitive functional groups
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.. . The gynthetic strategy selected for.preperation of PAQ.is outlined in Scheme 1... The re-
quired: anthraquingne-2-carboxaldehiyde - {AQ-2-CHO).- is* well known end is most comveniently pme-
pared by oxidation of commercially svmilable: 2-(lwdrmcymethy1)~mﬂ-r£f;m : Thumy.. Teaction
with .chromiue: triaxide-poridine, .as. described by.Arjunan and. Berlin“ . for. mm of the
analogous 2-anthraldehyde, afforded an 81% yield of:AQ-2-CHO. This. material, wae; Mmﬂhimd
in stoichiometric ‘proportion with p-tolualdehyde and pyrrole according to the Lindaey
dure. . . Chromatographic analysis of .the crude. por[hyrm product, isolated in.53% yield, l.mhea—
ted the mrpnct.ed complex. product distrihxtmn.

In addlum to tetmtolylpomwm (TTP) and PAQ as the more mobile. chromtmmpbio com-
ponents, . substantial ., amounts -of .at: least. two -othep leaa ‘maobile  porphyrinicx :
observeq, melattermnmpadmbethemmltpflmommbimofmmmm
quinone moiety, but.no further charscterizatjon was attempted. . Only incomplete pesolutien of
the components: of this: oonplex regetion mixture could be realized with colum o :
on aluming or silica gel. WAnalytical samples of PAQ were most oconveniently ﬁ\pd efﬂcimt,ly
obtained by preparative, silica~gel TIC of the isolated mixture of porphyrin. rogucts, . .. San-
ples of PAQ needed for fluorescence-lifetime measurements were obtained from HPLC separation;
1;25:1 gus abtained uaa dﬂpmtmted to be )99 9% pure both ohrcmtotrapbm&ll:r and; spsctroscop-

Qm&i%@m : e TR DR
In the 1H NMR spectrum of PAQ, :the highly shielded N-H protons appear at,§ «2.74, while
the highly deshielded protons on the B-positions of the pyrrole rings appear at ca. 5 8.8.
The tolyl ring protons are readily apparent as an AA’~-BB’ system at § 7.51-8.14, while the
methyl groups are clesrly represented at #§ 2.70. The spectrum im completed by thrae: multi-
plets centered at § 7.86, 8.40 and 8.70 and a broad singlet at & 9.14, whichareassicnedto
the aromatic protons of the anthraquinone substituent. These spectroacopic pmpapﬂ.

fully consistent;with those of previously reported. ml—suhsututsd tritolylporphyrins;!
gether w1t.h consideration of the spectrum of Aﬂ‘-z—(}b

When oaupurmg the M spectm of PAQ and m—cno it is: partwularly thstw tn nate
smnlfioant perturbations in the chemical shifts of gertain aromatio protong.. . Signels assign-
ed- to anthraquinone protons that are on. the ring directly attached to. the- porplmmﬁ.n nucleus
are shifted considerably downfield relative to the same protons in AQr2~CHO, + Thie, observation

is in accord with the perturbations seen in the UV-visible absorption spectrum of PAQ, to
which we now turn.

Scheme 1 "
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'lhe electronic abeorption spectrum of PAQ (Fig. 1) displays the cha.raet.erisucza porphyrin
Q-bands in the visible region and intense Soret band at 418 mm together with an. alsdrpbion at
254 mi due to the AQ moiety. The mtuisityofthe&ﬂhauiml’!ﬂ 1sdilinial71midemb1y
relativetotheamhanimﬂxespectmoftheedter-lhhdm addition,
theSoretba:ﬂofPAﬂisdistimtlyb:dndenedtotheraduﬂtoalessetextm\:meﬁ-bnds
are as well. This broadening in the of the parphyrin moiety is independeht of sol-
vent (except for a refractive index t24), and thus does not represent a ph'arq'e-tmnsfer
ahsorption. We note also that the spectrua of wm(z—mﬂlmyl)mmrinzs menifests no such
broadening, whereas the BQ analogue of PAQ does.B3 'Hence, we assign both effects (viz., dim-
inution of the AQ intensity and broadéning of the porphyrih bands) to interactiohs: befbwaen the

non-bidnded -C=0 electrons of AQ and ‘the m-orbitalsi!of the porphyrin. Such mtzruptials are:
eons:.qtentmtha&hedralmleuf-vﬁo"beweenthePandAQrincszs ,

In contrast to the absorptién sppctm, the fluo: e spectra of PAQ a.ne only sh.ghtly‘
red-shifted from those of other itetraarylporphyrins.® The major effect of solvent we. observed
on the emigsion spectrum of PAQ is also agoribed to refragtive index. As the static dielec-
tric constant (eg) of the molvent is increased from ~2 to ~8; the fluorescenve intensities and
(smle-component) lifetimes dqcredu gradually (';’sble 1). -However, in the moderately. polar
region 6 € €g ¢ 9 (i.e., chlorobenskne or ethyl acetate to methylene chloride), the values of
both pammebers decrease dramatically. To eumnnpe this effect further; we measured both the
intengities and lifetimes of PAQ fluoreacence in several binary mixtures of chlorobetizéne and
methylene chloride, with the results’ swmanzed in Table 1. The fluorescemce quenching is
seen to depend markedly on es, uhich strongly suggests that an ET mechanism is involved.

When the lifetim beoone very short (€200 ps), the decay profiles often canmot be fit
satiafectorily even with multiple (up to four) exponential components. This may be due to
distributions of ET rate constants that; in turn; reflect distributions of ‘reaction energetics
due to solvent dynamics and/or hindered rptational osciliitions 6f the AQ moiety. af' the site
of attachment. As noted prevmusly, solvent dielectric relaxation may also play a- role.

The electrochemical data (Table 2) coupled with the fluorescence spectra indicate that, to

a first approxmauon, the presumed RIP state (P¥AQT) is roughly isocenergetic with the por-
phyrin 83 level in benzonitrile and presumably in more polar solvents as well. This assess-
ment does not account for the Coulombic term (-ezles *rps), which, at this center-to-cemter
distance (~8.7 &), would lower the RIP energy by as much as ~0.7 eV in a low-dielectric medium
{e.g., benzene or toluene) relative to nitrile solvents. It is likely that the sum of the
redox potentials of the P and AQ groups increeses with decreasing solvent polapityl4 due to
fess favorable ‘solvation of both ionic #peciés. Thus, qualitatively at least, there are two
cwnbervailm inflyences” df ‘golvent bulk dlelectric _congtant, as noted previously by ‘531—
ler. 17 “However, as discussed’ below, this a.pptroaoh does not neld a satisfactory qumtitative
corrélation of the observed trend of the fiuorescence qlienching listed in Table 1.

Correlations of ET rates_for a given DA molecule with solvent properties have rarely
vielded satisfactory results.! The major reason is that, as in the present case, it is not
always possible to make accurate determinations of the true energetics. The semi-classical
Marcus theoryl® of electron transafer predicts t.hat the rate of an outer-sphere reaction is a
quadratic fumction of the Gibbs free-energy (&G*‘)

2
- - (AG®! + \)
Kot = R Npa (4TAK) e"p[‘—TX"ki‘"] i

Thus, the rate should increase with reaction exergonicity to a maximm that is characteristic
of the total system (including solvent), and then decrease with further increases in exergon-
icity. The latter condition defines the Marcus "inverted" region.}

The electronic coupling term )Cp depends strongly on the center-to-center distance tm be-
tween D and. A, whereas the reorgmnization energy A should depend only weakly on rDA Thus,
Hpg should be the major factor in the dependence of ket on distance. Since this term involves
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Figure 1, ' Absorption spectrs of FAQ (———) and PEAQ (~ ~ ~) in methylene chloride ‘at- 298 K
normalized at ~518 ma.

Note the broadened and red-shifted absarption of PAQ relative to. PEAQ
in the porphyrin bands and the diminished intensity of the AQ band at ~254 mm.

A The spéctrum
of PEAQ 'is essentially a superposition of the spectra of equimolar concentrations of (non-
linked) TTP and AQ.
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A directly linked porphyrin—anthraquinone molecule

. Table 1. Solvent depemdence of fluorescemce properties of PAQ

Solvent® es® ¥rel® 71/nsd © 12/ns®
bengzene 2.27 (1.00) BN SR ¢ 4 . 11.9
toluene - -2.38 0.98 n.9f . 120
TEMES 4.20 0.98 12.6f ©-12.8
EtOAc 6.02 0.72 . 100f 12.5
ClBz 5.62 0.64 5.9f 10.8
ClBz-MeCly, 8:1h ~6.2 0.32 1.9 -
C1Bz-MeClg, 4:1 ~6.6 0.20 1.1 -

. C1Bg-MeClz, 2:1 ~7.1 0.07g 0.5 -
ClBz-MeClz, 1:1 ~7.7 0.03g 0.2 -
ClBz-MeClz, 1:2 ~8.1 0.024 - -
ClBz-MeClz, 1:4 ~8.5 0.02g - -
MeCla 8.93 0.014 0.1 [0.03] 9.0
DCE 10.37 : - 0.024 0.3 -
pyridine 12.91 0.015 0.3 -—
acetone-MeCly, 1:1 ~13.6 0.023 - -
n-PrcN 20.3 0.04¢ 0.8 [0.09]  12.1
-acetone ' 20.56 0.034 0.9 [
BzON 25,2 0.029 - 0.2 [0.15) 11.4
MeCN1 ~36 <0.04 0.2 {0.06]1  12.0
Abbreviations: TEME = t-butyl methyl ether; BtOAc = ethyl acetate; ClBz =

chlorobenzene; MeCla = methylene chloride; . BCE = 1,2-dichloroethsane;

n-PréN = p~butyronitrile; - BzCn = benzohitrile; MeCN = acetonitrile. ~ Mea-
surements made on aerated:solutions uniess noted otherwise.

At 250 C from ref. 31; values for binary solvent mixtures are estimated
from mole fractions. Cofiparisons with measurements of ¢g of other binary
solvent mixturesl4d ghow that this is & good approximation.

Integrated intensities relative to PAQ in benzene corrected for contribu-
tions from long-lived impurity (probably TTP) using the ns lifetime data.

* Major eanponent‘ measurements mde with either ns or [ps] excitation, as

indicated.

H4PEAQ in deoxygenated solutions.ll
Deoxygenated.

Solvent ‘properties are those of diethyl ether.
Volume ratio, ClBz:MeClsp.

Contains toluene (~1-5% vol).

Table 2. Rlectrod)e-iealpotmtmls‘ of PAQ and related -o]acules

PAQ PEAQ TTP AQ-2-CHp0HP
oxidation +1.029 +1.005 +0.95¢ -—
reduction  -0.9%9 -0.875  -—- -0.999

" Volts vk. Ag/AgCl, measured in benzonitrile
b. 2-(hydroxymethy1)anthraqu1none ‘

4837
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integration over electronic wave functioms,! tt is. usually assuméd to dedwéase exponentially
with rpg :

¥pe(rpa) = Mpg(rplexpl-g(rpa - ro}/2] - (2)

vwhere r, is a reference distance, and the factor of % in the exponent acomumits for the fact
that eq. 1 is expressed in terms of .+ _i# .depends on both the absolute and:relative ener-
getics of the'donor, bridge.and accep r.l”“Hence, in a series of DA molecule# with the same
values of AG*’ and A but differing 1py, the rate constants should follow the rélation (eq. ETE

ket (rna) = Ket(ro)exp([4(rps = ro)] - @
In practice, it is found' t;lxat the referaﬁée distance r, correspénds .to thesm of the van

der Waals radii of D and A.. For a typical ‘éase with A ='1 eV, then Mpalrg) # 0.025 eV; this
value represents an approximate dividing line between adidbatic and hon-adiabatic SET process-

es.l It is generally considered that ET reactions ‘become adiabatic as rpg = rgl!
In Eq. 1, i:he reormamzatmn energy A is composed of two parts: ‘
A = Ajn * Aout- " (4)

The "inner” téfm, Ain» is due to structural changes between the reactant snd product states
and is independent of the surrounding medium. For large molecules (e.g., '.;;ildmphylls and
porphyrins), Ain is caloulated to be relatively small, viz., ~0.1-0.3 ev.158,27 .

The solvent-dependent "outer” term, -Xuit, ‘arises from reorganization’ of the surrounding
medium because of differences between the orientation and polarization -of solvent molecules
around the neutral reactant state (DA) -and -ionic product.state (DYAT). - If the medium is
treated as a dielectric oontinmm,lsuthistem can be expressed-as: o TR

IS VIPCAEC N (O TRPCRS SEFINED SE) (9) SR S 0
Aot = g [ Zrp ' Zra T Toa ]x[ €op s A8)

where e is the electronic charge, rp and rj are the radii of the donor and acceptor molecules,
respectively, and rpy has been defined previously. eqop is the optical .dielectric constant
{given by the square of the refractive index) and eg is the static (i.e., bulk) dielectric
constant. For PLQ systems with rpy * 10-15 A, Aoyt can be negligible in non-polat.solvents or
as higll'x &s 5-81 .259 eV in organic media that are sufficiently polar to stabilize the product RIP
state.1» 14,40,

The lowest excited singlet state of the porphyrin moiety can relax by fluorescence, inter-
nal conversion, intersystem crossing to the triplet state, or electron transfer to the attach-
ed quinone. The first three factors are properties of the porphyrin moiety and generally do
not change significantly when a quinone is ‘attqqhedqao‘ If the shorter flugreascence lifetime
of a linked PLQ mbledule (rélative to a reference POrphyrin such as TIP) is due entirely to
electron transfer, the rate constant ket is given by:1,3

ket 2 17y - 112 A (6)

where 71 and 72 are the measured fluorescence lifetimes |defined as the reciprocals of the
suns of the rate constants) of PLQ and the reference porphyrin, respectively. The ratio of
these lifetimes (71/73) gives the extent of fluorescence quenching and should be in gquantita-
tive agreement with the measured relative quantum yields, provided that all quenching is dy-
namic and not static,l,1} S )

We have used eq. 6 to derive values of kgt taking the values of 7 obtained with both ns
and, where applicable, ps excitation (see Table 1). AG®’ was estimated using data available3l
for €g and the simplified form of the Weller equation:l

AG®' = -0.09 + 1.89/eg (ev) (7)
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where:the constants were evalusted from the: energy of the excited-singlet state (fortuitously,
~1,89 eV, assisied tb be essentinlly indepéndent of solvenmt), the sum of the oxidation and re-
duction potentials of P and AQ;: respectively. {~1.94 eV _in benzonitrile, Table 2), and dimen-
sions estimatod frosi molecular mechanics calculatims.32 ‘A was caloulated usinz ecp 4 and' 5,
with Ajp = 0.2 eV.

- Substituting these. ealqulntad terme along with the values of ket extracted from the.fluor-
escence lifetimes obeerved: for éach solvent into -eq. 1 .yields values of Mpg that range from
~0.4 eV. (in ethyl .acetate -ahd .chlorobemzene) to ~0.7 eV (in -methylene omde) The fact
that this approach fails to provide values of that are €0.025 eV and sensibly independent
of solvent demonstrates that ET in this mol e does not occur via a non-adiabatic, outer-
. sphere mechanism. 15,16 S

The values ealculated for kwt {eq. 5), AG" (eq. 7) and. therefore. ¥pg are very sensi-
tive to the choice of the molecular radii. For example, increasing the mean porphyrin and AQ
radii to ~8.4 A and ~3.9 A, respectively (i.e., the mean radii within the-planes of the two
rings), -gives: values of Hpg € 0.025 eV for all solvent systems except 2:1 and'1:1 chloroben-
zene-imethylene .chloride and neat:methylene chloride. It is doubtful, however, that thesa di-
mensions are realistic.

We think that :electron transfer in PAQ occurs by an- inner-sphere rather than an outer-
sphere mechaniswm,’ 15C in which «case calculations of Aout using- the two-sphere dielectric con-
tinuum model and AG®’ from the Weller equation are not meaningful. 14 * Alternatively, since the
center-to—center distance is fairly long (~8.7 &), outer-sphere ET could-indeed be the approp—
riate model, but eq. 1 would not-apply if the reaction were. adlabatic 15,16

Whatever the detailed explmtion for this solvent dependemoe PAQ appears to be a highly
sensitive probe-of the ‘local diélectric’ environment. Further-studies axre currently in pro-
gress to investigate the mechanism(s) of flucrescence quenchilrig' in this molécule, 'including
temperature and’ viscosﬂ‘.y dépendence and the role of selvent dielectric relsxation. “Transient
absorption data ofi ‘the ps time’ acale demonstrate unambiguously that ET doed in fact ocour, 33
Thus, another impoirtant aspect‘is the solvent deperidence of “the lifetime of the product RIP.
The energy of this state should ‘be sufficiently high ‘above the ground: dtate that charge recom-
bination is in the ‘Marcus inverbed region, 16 a5 is the aase for virtually every lmked PQ sys-
tem studied to date.l -

Our resultd ‘show 'further that, a.lt.hough AQ is a poor ‘terminal acceptor, it should be an
excellent bridge to facilitate electron ‘transfer td a:seécondary acceptor attached to it. ' We
shall report on the synthesis a.mi ctmracterization of" suoh a systan in'a future cc_mumnon.

. We thahk Dr. John A. 'Turner, Solar Energy Research Ingtﬂ:ute (SERI), for assistance mth
the eléctrochemical me.surements Pr.C. J. Curtis and Mr. Alex Miedaner, SERI, for help with
the NMR spectra; and Dr, Aleksander Siemiarczuk, The University of Western Ontario, for meas-

_urements of ps fluorescenoe lifetmes. RAC gratefully aclmawledges the Associated Western
Universities for a gabbatical leqve grant.’ This work wag supported by t.he U S. Department of
Energy, Office of Basic Energy Scienoes, vaismn of Chanlcal Seienoes

MLOQ. Absorptlon spectra were recorded on a Hewlett-Packard 8450A UV/visible
rapid-scan qpectrophotometer w1th samples in 1. 00-cm or, 2. DO-m pathlength cuvettes. A Spex
Fluorolog I was used to ‘acquire fluorescence and excitakion spect.ra with either’ front-face or
_right-angle detection, ag appropriate. Fluoresoenoe lifetimes were measired by the technique
of time-correlated’ s1n¢1e-ﬁ\oton—cmmtmg using a qutochemmal Research Associates Model 3000
lifetime fluormeter with ns exc1tat10n {Hz arc lamp), usually at 355 nm The" optlcnl system
was configured for optimal deteotmn in the red region of the spectrum, 3% and decay profiles
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‘were fit by computer deconvolution to either single- or double-exponential decay models,::as
redquired by the data.: Some lkifetime -data were obtained at The University of: Westerm:Ontario

- with pe laser excitation3® at 570 mm; these decey profiles were fit to mltlpla {up to four)
‘expanential components as needed to meet the usual statistical criteria: (X4, random relidm.ls,
autocorrelation profile).

' ‘All solvents were of the purest grade commercially available (usually Burdick and Jackson)
and were used’ as received from freshly opened containers. - The exception:-was:methylene chlor-
- ide, which was stonedavermhydmxsxzwgg topreclu’leprotonatimofpyrmlenitmﬂmmthe
’ free—base por;b;rrms. g

Qxidatlon and reductmn potentials of PAQ, PEAQ and their non-linked wnstituults were
measured by differential pulse polarography (PAR 174A) using a glassy carbon electrode,
Ag/AgCl reference-electrode and Pt counter-electrode.  The carbon electroda ‘wes-polished wit.h
0.03 m alumina and the Ptelegtrodevbsﬁm—cleanai prior to -each. & mefsurement.
measurements were made on ~107Y:M solutions in fresh benzonitrile ( clc and .Jacksbn) mcn—
- taining 0.1 M tetrabutylammonium hexafluorophosphate (Southwest Am.lytiml ‘Electrograde) as
supporting electrolyte. . Blank runs were made on :the solvent ‘plus -supporting: elwtrolyte
before each measurement. The samples were scamned at 10 mV/s with 10 mV pulses. :

lﬂmspectrawersobtainedonaJmLFXQOQspectroneteratanopemtihzfrequencyof
89 56 }ﬁz ameniml sh:lfts are expressed in ppm relutive to interrnl tetrmthyhilane

o HP'IE separations ‘were performed ‘ona. Beckmn aystan calposed of a Model ‘110B- dxnl solvmt
dellvery system and ‘a Model 163 variable wavelength detector.: .. Optimsl  separations were
achieved on a noxml ﬂlase sihca colum with met.hylene chloride and hexa.ne (4 1 by volune)

lde -2-CH A 15.0-g. (0 15 mol) portion, of anbydm chmiun
trioxide was adied to a vxgopously stirred solution -of 25.0 g (0.30 mol). of .anhydrous pyridine
in 350 mL of methylene chloride. After the burgundy-colored solutiom had been.stirred at am-
bient temperature.for 15 min, a suspemsion of 5.0 g (0,021 mol) of Zw(«hydrwmthylhanthm—
quinone , (Aldrich 22,662-1) .in_ 150 al, of methylene chlonde was added at once, A tarry, black
deposit  formed J.madiabely, and stirring was continued for an additional 15 min. .The dark so-
lution was decanted, and the tarry deposit.was washed with two 500-mL volumes of et.her. The
combined organic solutions were washed successively with three 500-mL porti,oqs of 5% aq NaOH,
three 500-mL portions of 5% aq HCl, two 500-mL portions of 5% aq NaHCO3 and one 500-mL portion
of saturated aq NaCl. After drying with anhydrous NapS8Q4, the.solvent wes removed.on a.rotary
evaporator to yield 4.0 g (81%) of a pale yellow powder. This material ms”shmm to. be .pure
by TIC analysis (silica gel, methylene chloride g Recrystallizati gn quzene—heptan
afforded pale yellow needles, mp 186-188° (1it.36 mp 185-187°; 1it.37 mp 1é7-1as*); Iy NR
(CDCly) & 7.78-7.93 (m, 2H), 8.21-8.50 (m, 4H), 8. 77 (s, 1H), 10.23 (s, 1H, CHO).

5,10,15-Tri (p-tolyl ) -20-(2-enthraquinonyl jporphyrin (PAQ): The following reaction’ was per-
formed in a 2-L, three-necked, round-bottomed flask, which was equipped with a‘stlrrer, reflux

condenser and nitrogen inlet. ' The vessel was charged with a solutmn ad of 472 mg
(2.0 mmol, 2.5 x 1073 M) of AQ-2-CHD, 720 mg (6.0 mmol, 7.5 x 10=3 M) ofp—tqi‘ ldehyvde and
536 mg (8.0 mmol, 1.0 x 10"2 M) of pyrrole (freshly distiflled from ca.lcnln hydr f-3 "win 8500 mL
of methylene chloride (stored 'over anhydrous potassium carbonate). The atmoqﬂi e

with a stream of nitrogen, and 0.32 mL of a 2.5 M solution of boron trii,’luoride ethera t

methylene chloride (0.8 mmol, 1.0 x 10~3 M) was added. The reaction vessel was wrapped with
foil and stirring was continued at room temperature for 1 h. Chloranil (1.476 g, 6.0 mmol)
was then added at once to the resulting red reaction mixture. The color changed immediately
to purple, and the reaction mixture was refluxed with stirring for an ‘aidditional "I h.  The
solution was.concentrated to about 50 mL on a rotary evaporator, and 15.g of Florlsil (60-100
mesh, Baker) were added. The remaining solvent was removed to afford a dark ‘purple’ ‘powder,

which was poured onto the top of a chrqnatogmphy colum (2.5-¢m I.D.) dry‘-pucked with 60'g of
Florisil. . The oolumn was eluted with 800 mL of methylene chloride to remove ylull amounts of
‘mcha.racterized yellow, green and blue p1anents. Washing with ‘iricreasing amounts of diethyl
ether’ in methylene chloride (10-33%; 1.5'L total) eluted marcdon fractmns contain;lng the por-
phyrin products; little fmtlomtim of these products - occurred EVapdra.tidn of the mroon
solutions yielded 0.83 g (53%, assuming only PAQ) of a dark purple solid.
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Analysis by TIC (silica gel, methylene chloride or chloreform-heptane, 1:1) indicated the
presence of at least five components comprising the expected complex product distribution of
unreacted  p-tolualdehyde, TTP, PAQ, and other higher substituted anthraquinone..porphyrine,
which were not further, charecteriged. Partial separation of the; porphyrin componests could be
achieved by column chmto‘rw {alumine or -silica gel, methylene chloride), but. smelytical
samples of PAQ were more conveniently isolated by preparative TIC (silica gel without fluores-
cent indicator, pethylene chloride); = Use of comsercial, preparative TLC plates oontaining a
fluoreacent indicator (mainly, zinc. gilicate) resulted.in formation. of, congiderable emounts of
zinc-centered porphyrin. Samples of -PAQ. for fluorescence-lifetime measurements were obtained
by extraction of analytical nec plates (silica gel, methylene chloride) or by HPLC sepamtlon
{silica, methylene chloride-hexane, 4:1).

PAQ was found to be quite soluble in solvents of low .to moderate. dielectric:constant
(eg € 10) but less so in acetone: gnd benzonit:rii.gA it is v;\;'l:\nlly insoluble in simple:alco-
hols and acetonitrile. Crystallization of PAQ together with trace amounts of a long-lived
fluorescent mpunty {probably TTP) readily occurred from solutions in toluene-acetonitrile
mixtures.

. The followmg data were found . for PAQ: UV/Vm (Gﬂgclg) 254, 418, 518, 558, 592, 648 nn; 1H
NMR (CDCl3): & ~2.74 (bxr s, 2H, N-H), 2,70 (s, 9H, CH3z), 7.55 apd 8:10 (AA'-BB’ 'd of 4, J =
8 Hz, 12H, tolyl ring protons), 7.81 (m, 2H, anthraquinone ring protons), 8.38 (m, 2H, anthra-
quinone ring protons), 8.68-8.92 (m with s at 8.87, 10H, anthraquinone and A-pyrrole ring pro-
tons), 8.15 (br s, 1H, anthraquinone ring proton). Anal. .Caled for CssHagNgO2: C,-83.94; H,
4.87; N, 7.12; 0, 4.07.  Fownd: C, 84.09 H, 5. 18, N. 6. 64, 0, 4.09. (cornect.ed for - 3.32% inert
material). L :
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