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ABSTRACT

Photanduced electron transfer reactions 1o acetonitrile with bensopbencoe, anthraquinone, 9—cyancenthracene and
9.10-dicyancanthracene as electron acceptore, and with 1,4—diasabicyclof2,2,Zjoctane and N N—dimethyleniline o
slectron donors have besn studied with ne—laser flash photolyms and fluorescance quenching meesuremments. For
these systems the resulting free 100 yreld depends on the spin state of the gemunate 100 pair. e separstion is very
efficoent if formed in & triplet state (carbouyl compounds/donore), while it is very inefficent if formed in & englet
state (cyancanthracenes/donors). In the triplet systems, guminate back electron transfer is limited by the rate of
span flip

PRELIMINARIES : Relationship betwesn the work of Professor M.J.S. Dewar and the present work.

The techmque of UV-photoslectron spectrascopy (PE—spectroscopy) wes recognised by Professor M.J S Dewwr
shortly after its development in the mid mxties ss & decimve tool for jstifiying the model of Molecules Orbrtal
Theary. In 1068, Prefesser Dewar had already imstalied & corresponding axperimental ressarch group, ite first report
dealing with the PE-epectrum of cio—1 3-butacdiens (la] Simultanecusly hus thecretical resesrch group elsborated
uwm«sﬂw-ammaw-.mwmcmu
theoretical advances was provided by Koespmane theorem, one of the most direct lLinks existing between
Bartree—Fock+ype quantum calculation and expenmental chemustry The work of Professor Dewar and hm
collaborators widely supported the validity of that link, an early report being cited ia [2b).

PE~epectrascopy bowever is not himited 1o these types of investigations : it also allows a better understanding of the
nature of the electromic states of the studied compounds (2 e well a9 » direct experimental insight into same of the
dectronic states of the corresponding opep—ebell cations [3]. The latter species are increasingly recogmsed as
intermediates in all kinds of unportent chemical tramsformations where charge—trensier stepe are imvelved While
these teke place’ commanly in condensed phass, PB-speizoscopy provides date about the isslated ioms in the e
mumwmmmun—uwa—.m«-mq—um»m
have besa developed, among them bumalecular photoactived charge—tramsfer from e excited donce (D) to & ground
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state acceptor (A), or vice versa b solution (Weller—route) The present paper conmders 18 detail the expenmental
conditions requized (o oblain bigh free iom yields in comdensed—pbase electron trasefer reactions, this bemng »
prevequisite for cbtaining reliable data ca these epecies.

SPEOIFIO OUTLINE OF THE PROBLEM

A laege pumber of theoretical and experimental studies have been perforined oo electron transfer processes starting
from neutral precursors [4), es these represemt one of the most imporiant elementary cbemical steps. A high
separation efficiency of the geminate son pair formed in the primary process is clearly the crucial condition to obtain
o high free ion yield. The question arises, what are the factors which influence this separation efficiency? It has beso
suggested (5] that the energy gap betwesn the ico pasr state and the ground state may have an influence on the
charge separaticn eficency o smmall gap would favour charge tecombination and thereby decresse the separstion
probability. On the contrary, a largs gap would slow down the rate of recombinstion and incresse the ion yield.
Indeed, Iwa et al (6] bave cbesrved a linser dependence between the free enthalpy of reaction and the e yeld in s
ssties of closely related systems.

In the pressnt paper, we report & study of electron acosptors bermopbesame (BP), asthraquinone
(AQ).9—<ysnoasthracene (CNA) and’ 9.10-dicysmoanthracene (DONA) with 1 4—diasabicyclo [2.2.2joctane
(DABOO) and N N-dimethylaniline (DMA) 1o acetomutrile (MeCN) by laser flash photolyms and fluorescence
W.T\.mq‘mhﬂob‘nm{am:uﬂmﬂdyﬂ“tr:thl'owbooybuobo'nw
have 01-l,vhn~ the two cyancamhrecenes bave 01~0 We have focused our attention 10 particular on the
resson why in somse electron donor(D)/acceptor(A) systems the charge separation oficiency i close to unity, while
in others it 1 very low.
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Photoinduced electron transfer reactions 1337
The transent shecrption of a 8x10-%M deoxygensted sotution of BP in MeON wnd in benmene irradisted at 305 nen
with & 25 os laser pwise has been meastzred between 500 sad 700 nm. In MeON the speciruen of the imitial tramsient
absorption corresponds mostly to triplet~tAfter 3 s, & small band appears ot 830 am in MeCN, while it s not
present in beosene (Figure 1). It carresponds to the radical aniom sbeception (BP'NY. In the presemce of oxygmn,
the decresse of the other bamds is very promounced, as expecied for & T-T sheorptive. The prevance of chacged
specios is confirmed by sssssurement of the transient photocwrrent which incresses linsarly with the excitation light
intensity, indicating » manophotonic procuss (Pigure 2). A biplotonic process is unlikely since a plot of Iy vs. Eis s
straight line which passes through the origin [9).

With DABQO addition, the photocurrent incresses by a factor of 40. The behaviour of the transient absorption at
830 nm i very similar : with small addition of this donor, the ion yield snhancement is very strong, and at higher
DABOO concentration the ion absorption reaches s maximum value which keeps comstant even st very high
DABOO concentration (Figure 3 and 4}). Concurrently the T—T absorption is quenched.
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D

From the molar decadic extinction coefficient of BP” st 630 nm [8] and the number of absorbed photons, 'eb.-n
mtmuedtbofnexony\ddQ = 0.96+0.10.

Kinetic studies of BP'[DAB@' free ion recombination show that within our time resolution {>20 ns) the process
i second arder with an observed rate constant k= 2.0640.30x10% M-%™. This value is close to the diffusion rate
constant in MeCN calculated from the Debys equation:

8RT

m-u-u-— = 1.91x10%0 M-y

kye= 1)

R being the gas constant in erg mol iKY, T the absolute temperature and 5 the solvent viscosity in centipoisss. In
the case of charged species however, this squation needs & modification sccording to Debye [10} and Bigen {11] for
the electrostatic interaction:

o znT CatF
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andrAbdng.thiodcuﬁ.sAundsnthoioﬁch, ¢&beodnmmkdidmm,udlnthe
Boltsmann constanit. For the prassnt systeme, assuming that the electron transfer takes place st contact ‘distance,
mmvdmdk&f-u.zxw“ll’h"htbcowi.c -bwttviccthnollrnc.

When DMA is used instend of DABOO, the 630 nm transient absorption disappears. This s due to » photochensicel
teaction. The irreversible photoreduction of BP* by DMAY is well established [12) involving H-4ranefer from the
cation to the snion. This process is favorable due to formation of a 3¢™—2 center-boad in the resulting cation. In the
case of DABCO, howevee, the same process would not lead to formation of such a bood dus to the orthogonality
between the n—orbital at the N—atom and the ensuing 2p—orbital at the adjacent trigonal C-atom; it is therefote
energotically less favorable.

ANTHRAQUINONE (AQ)

A 2x103 M deaxygenated solution of AQ in MeCN shows a weak transient abeorption in the same region as the
radical anion prepared by y-irradiation in & MTHF glass. Its optical density at 543 nm corresponds to an ion yield
oion- 0.02 under the same conditions, the transient photocurrent being weak as well.

With DABOO addition to the AQ-solution, the transient absorption incresses in the same way as occurs for the
BP-solution, the maximum ion yield being ’ion' 0.88 £ 0.09. Concurrently, the T-T abeorption is also quenched.
Figures 5 and 6 show the close analogy between the transient spectrum and the electronic absorption spectrum of
AQ’ prepared by y—irradiation in a rigid gianss. The photocurrent incresses by a factor of 20. Replacing DABCO by
DMA leads to very similar results: the ion yield is ’ion- 0.90 £ 0.09 and the photocurrent increases by a factor of
20. The kinetics of free ion recombination are second order for both donors with rate constants of 2.03 £ 0.10x10%
M-'s"! for DABCO and of 1.90 £ 0.20x10'° M-%"! for DMA.
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of AQ in MeCN following laser ezcrtation (DABCO enton of AQ prepared by v—irredishon m o MTHF
mole fraction, XD=0 91) glass
CYANO-QOMPOUNDS

In order to kmow the regions of electronic absorption of CNA® and DCRA”, these species bave been prepared by
y—irradiation in MTHF glass. The reaction is (13):

MTHF —IU™: __ MTHF*+ e

M+e

M being the solute molecule.
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The G value of tetal scovengonble tloctrons for this kind of glass bas besm estimated as 2.5 [14]. The abserbed dose
being known, the molar decadic extinction cosficient is then easily deterntined. Knowledgs of this value is essentisl
for making an estimatica of the ion yield in flash photolysis experiments.

Figure 7 shows the slectromic absorption specira of CNA” and DONA” obtained in these expariments.
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Fig.7. Electronic sbsorption spectra of CNA"(1eR) and DONA™(right) prepered by y—rrradistion in ¢ MTHF glass.

$-CYANOANTARACENE (CNA)

A deoxygensted solution of 2x10~*M ONA in MeON irradiated at 355 nm shows & weak transient absorplion at 596
am. On irradistion in the presence of DABOO, the optical density increases very weakly by a factor of 1.2 and the
ton yield does not exceed 0.08.

The CNA fluoreacence is strongly quenched by DABOD, the quenching rate constant being 1.06x10% M-4. Even
in a non—polar solvent like cyclobaxane, no-exciplex amission has been observed.

Using DMA instead of DABOO, the results are similar and the quenching rate constant is 1.56x10% M-t

210-DICYANOANTHRACENE (DONA)}

Systems with DONA show a very similar bebaviour to those with UNA. The observation of the radical anioe
abecrption is difficult since the tripiet—tripiet abscrption lies very close to the anion absorption region. In the
abeence of » donor, no transient absorption at 700 nm noe any photocurrent have been detected. With DABOO or
Mdﬁw.m&ﬂmwomiwmwammw&ohnilt'-lSO
times smaller than in the BP/DABOO system.

DONA flucrescencs is quenched by DABOO and by DMA, the quenching rate constants being 2.13x10% M4t and
2.43x10% M5!, respectively.

DISCUSSION

As already mentioned in the introduction, the dectron scceptors bave been selected to fall inko two distinct clasees:
BP.AQ:QT-:I,nd(MA,DWA:OTuO.

Cloarly, for the first class the donor will quench the triplet state, while for the second class it will quench the simglet
siate. Actordingly, the encounter commpléxes snd the ensuing geminate iom peirs will be formed with the
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corresponding multiplicities. The reaction sequence can then be summarised simply according to the scheme below
with s=3 (i.e. triplet) for the first and sm] (i.e. singlet) for the second class.

A+ D‘-tg-“'wr A + D|—22[(AD) |——2—[xa*D"]—22—[a; +7D],

T ec

Note that k.,

kwnd km do not depend on the multiplicity by reasone given bejow.

Turning oow to the results, they show clearly the very different bebaviour of the carbony! and the cyano—aromatic
compounds. In all four cases electron transfer takes place and s geminate ion pair must be generated. In the cases of
ONA and DONA only a very small pert separates into free solvated ions, wherens with BP and AQ essentially all
ion pairs separate. For these last two systemms, the kinetica of free jon recombination are second order with rate
constants very close to the diffusional limit. This suggests that back electron tranafer occurs essentially at the first
sncountar betwesn the two ions.

A first question arises which to our knowledge has never been considered explicitely : Why then do these jons
separate in the first place, only to recombine at the first encounter afterwards with subsequent back—electron
transfer? Several factors can be comsidered:

— The excess opergy libersted in forward electron transfer s concentrated strongly in the mode
linking the two ioms since this degree of freedom will suffer the strongwt changes upon this
reaction. This outcome will lead to particulary fast dissocistion (within half of » vibrational
period) since quenching of the excess energy by the medium may in this case be lems
competitive;

~ The energy balance of the back electron transfer in the cage can influence its rate ;

~ The spin state of the geminate ion pair can favour either separation or back electron tramefer;

— The Coulombic forces: For eloctron transfer between phenothissines and viclogen, a linea
dependence belween the free icn yield ’ionmd the Coulombic work term between products
(p) and reactants (r), o has been reported [15§:

s N
wergmape AR Kem ) G O]

whers # is the distance between the centers of the ions and p the ionic strength.

The energy balance for electron transfer reactions are calculated with the Rehm-Weller equation [16] using the
modified Coulanb term of {17}:

AG,, = E_(D)~E,4A)-E +C @
P .
B ¥

spplicable in cases of Van—der—Waals contact between donots and acceptors. The values of the different pazametars
are listed in the following table for the different possible reactive states of the molecules considered in this work.
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The resulte show that Bmo correlstion exasts between the energy balance of the photoinduced electron transfer
poa-andQM.lﬂbeac-cwum&bedrivin;forufaicnmruion.tbeclA/dommdNNA/dom
reactions should have s much higher ’ion' The results show furthermore no correlation betwoen ¢, = and the
magnitude of the Coulomb term.

Note that a linesr dependence between free enthalpy and separation efficiency bas been reported in [6]. In this case
however, the two components (oxonine—on and a neutral donor) do not acquire opposite electric charges after
electron transfer. The Coulombic force has not to be overcome and for this reason the separation of the perticles is
oasier than in the cases conmdered in the present paper.

fon separation certainly depends on the rate of the competing back electron transfer process in the geminate ion pair
as implied in the scheme shown above:

k
.oiong z%q” (sm] or 3) (5)

noungtbnk“ # conmdered 1o be independent of the spin state of the geminate pair, being determined only by
diffusion {25](i.e. 5x10% 9™ under our conditions). it is therefore possible to cdculﬂe'kb“(‘l‘ab!a 2).

TABLE 2: Values of A(},,.c calculated from eq (8) and of approximate values for kboc calculated from oq.(5).
Energies in oV.

ACCEPTOR  AG,_ (DABOO) AG, (DMA) .. .
(Ms)

BP -181 -199 5107 3

AQ -102 -1.20 108 3

CNA -1.66 ~184 101 1

DONA 107 -1.26 22100 1

According to the semiclassical Marcus—Hush model {4 4i], *b.c in principle depends on the free reaction enthalpy
AG,
bac

AG, = -E (D) + E_4(A)-C )

'lhWJAONM&@M(Qnd(s)fatbe&ﬂmmicumfamdinuﬂoi

lﬂollontwtbmhnonlsiouhipkb‘-f(AOw) discernable. Indeed, the resuits fall cleazly into two clasesms
which correspond to those defined above for the acceptors. For ONA and DONA which react from the singlet state,
thmco{bukolxmuaufchmhightodbﬂtbminmimpdrto-oparm.hcocQOion-O. For the
wbcnyicomp«n&.Mmmbtwudmdmthb&kdmmwwbmmhdﬁyth
wmdthmmimp&.mmm*uhthnhmiudbytbecpinﬁipmecomvhicbind
the order of the electronic spin lattice relaxation tirme, 1077 5 or more. The ions will therefore separate and the spin
oonohticnwﬂwﬂuﬂyhlﬂ‘mwdmwdkwuowwhhkﬂmwvithtbo
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Debye—Eigen equation (eq. 2). A smaller value of k __ with respect to k . is expected since thearetically cnly 25 %
of the homogenous encounters Jead to a singlet ion peir which can decay to ground state neutrals by back electron
transfer.
Nouthd'mtho-'ndulylumea-‘dcodhthhmﬁhovd\mdAGb“nyb‘tvm—lM—QoV,'hidl
corresponds to the top region of the Marcus curve ky = (G, ) (20} For move emrgonic reactions &, is
expected to fall off (*inverted m').%mwycmm&n.mwhm’im.

OONCLUSION

We have investigated donor/excited acceptor systems for which the final ion yislds are very different. In all these
cases, the electron transfer takes place by the diffusion comtrolled quenching of the excited states, but the ion pair
separation into free ions does not occur in every case. The excess energy does not seem to be a decisive driving force
for the separation, not is the jon yield dependent on the free reaction enthalpy of geminate back electron tranafer
A(}b.‘.

The crucial parameter for ion separation appesrs to be the epin state of the geminate ion pair. In the case of a
triplet pair, the beck electron transfer is limited by the spin flip hence allowing the ions to separate with high yield.
In the case of the singlet pair, the ion yield depends strongly on the rate of geminate back electron transfer, which is
much faster than for the tnplet pair. Hence, for the present systems, the ion yield is low.

EXPERIMENTAL

BP (Fluks) was recrystallised tmce . AQ (Fluka), ONA (Aldrich) and DCNA (Xodek) were recristallised
twice from chloroform. DHA & Fischer column under Ar and D (Fluke) was
sublimed under vacuum (th)m to Bensene and
loCN(ﬂnhUVgndo)mmeanhﬂhp-ﬁaﬁnAﬂadwmmwgybn Nj for 10 to

1S min.
mwwmmmmmmmm-ﬁc[m

Electronic n of the radical anions were salutions (T=77 K) of the
cytno—ccnm F 10 1.3 MeV v—radiation from owm/\)faﬂh qnct)nm
recorded on a Perkin—Elmer Lambds 9 UV, /V'ISINIR specirophotometer interfaced to & PE 3400 miczocomputer

which was itself connected to & Olivetti M} personal computer where the spectra were warked up digitally.
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