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Abstract. ,‘, 
The electronic absorption- and emission suectra of seven,(Dlonor-(Akceotor systems are studied with the 
general structure D-bridge-A, where the bridge consists of an extended, &id!~s%urated hydrocarbon 
skeleton that se~aratcs D and A bv distances raneine from 3 to 12 C-C a-bonds. Across bridaes with a 

ted- 
zz?e?ra 

and the grotmdstate. The 
r o tntervening cr-bonds from 850 cm’ 

Furthermom the rate of charge-recombination in the compounds studied is found to be proportional to the 
square of IIda :%tts providing .an expeHtental verification of this often implied “golden rule” t+ttt&. b 

1. If&ItCD&TI&+l~ 
Intramolecular electron transfer between redox cenrres interconnected, but held spatially apart, by various 
types of more or less rigid, saturated hydrocarbon bridges has recently been reported by a number of 
research getup&36. 
AhGdy in an early stage Pasmati et al. 32-35 suggested, that throti&h-bomfirrteraction of the electron- 
donor (D) and the electron-acceptor (A) moieties via the bridge o-orbitals is very likely involved in medi- 
ating the electron tmnsfer in such systems, implying that the electronic coupling.cn!curs via a special form 
of super-exchange. The structural and conformational aspects of the saturated’hydmcarbon skeleton, that 
comprises the interconnecting ‘bridge, must then play an important role in defining the extent of such 
interaction and themby the effkiency of electron-tunneling through the bridge. I., 
These suggestions have led to a recent upsurge of attempts129 37-43 to provide a theoretical framework, 
that allows prediction of the through-bond coupling between mdoxcenttes via various types and kngths 
of saturated hydmcarh&&idges. This is not an easy task since it mquir@s quantitative evaluation of the 
tunneling ma&lx ele&ttt@Ida) resulting from the very weak interaction between the ‘taIls’,of the D and,A 
wavefunctions as they extend into the bridge. Clearly experimental evaluation of this m&x element for 
various series of conformationally fully defined systems, each series spanning a large range of D-A dis- 
tances with tsingIa%ype of bridge structure, wouldpsovide an important gauge to measure the success of 
any such theotetlcal~nt. . ; 

For a series of ~closely related mixed valence systems, this goal has been achieved via theoxIremely 
elegant studies of Stein et al.“; &ho demonstrated that&it is possible to observe directly the lntramokcular 
intervalence absorption of these molecules. The intensity of this absorption band carries information 
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ed donor-acceptor sjrstef s&l&d as well as of the 
4and B) and the isolated acceptor modelsystems 

(BandZ.), - i . ” 
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about the coupling between the redox centres and can be related theoretically with the rate of intramolecu- 
lar electron exchan&e between these cennes 219 37. The Latter, however, a@ears not to be accessible for 
dir&t e,xperimental evaluation in these systems. 
For a t&tmber of other bridged DA systems the rate of hotoinduced or thermal hummolecular electron 
transfer has been measured and efforts have been made c 19 13918-20 to calculate therefrom the coupling 
occurring either ‘through-bond’ or ‘through-space’. This, however, rests heavily upon the ability to evaluate 
the Franck-Condon factors involved (vide it@ ). Furthermore most of the systems studied. either lack 
full conformational rigidity - which severely complicates any theoretical treatment - or comprise series 
that span a very limited ran 

z! 
e of D-A separations. 

We have recently reported 6953 the synthesis of a series of molecules l(n) (see Fig. 1) that contain a sin- 
gle D/A pair (D = 1&dimethoxynaphthalene and A = l,l-dicyanovinyl) held at a rigidly defined orienta- 
tion by norbornylogous bridges, spanning distances up to about 15 A (came to cenfre) where D and A are 
interconnected by a sigma-bonded framework comprising’the shortest path of n carbon-carbon bonds. We 
now also report the first members - Z(4) and a(3) - of two series that contain different D/A combinations 
(see Fig. 1). In addition Fig 1 shows the structure of ‘isolated donor modelsystems’ 9 and 9as well as ‘iso: 
lated acceptor modelsystems’ d andZ 
Clearly the conformational uniformity of the bichromophotic compounds shown in Fig, 1 and the large 
range of D-A distances covered, m&es this series veiy attractive for theoretical, treatment provlled that ’ 
quantitative experimental verification of the strength of D/A coupling can be realized. It was shown before 
that photoinduced electron-transfer2229 occurs in all members of the series Un). The rate of this process 
has been determined26~ 289 29 for n = 6; 8.10 and 12, while for n = 4 it occurs within the limits of the 
instrumental time resolution. Fu,rthermore the rates of direct charge-recombination in this series have been 
determined by following the decay of the hi hl di 
wave conductivity (TRl#Z) measurements ‘.d,d zf 

alar charge-separated state via time resolved micro- 
9 5, 7. Thus measurements of the rates of photoinduced 

charge-separation and then& charge-mcomhination have provided an, albeit rather indirect, measure for 
the strength of D/A coupling in an). It should be realized that the rates of photoinduced charge-separation 
are related,to such coupling betweentire locally excited state (D*A) and the charge separated state (D+A) 
while the rates of charge-recombination ate related to the coupling between @+A’, and the electronic 
groundstate (DA). 
In this paper it will be shown that a careful study of the electronic absorption and especially of the elec- 
tronic emission spectra of iompounds I(n) (h = 4,6,8 and lo), Z(4) and a(3) allows evaluation of the mdi- 
ative transition probabiiity between ground state and chargeiseparated state, thereby providing a d&l 
measure for the coupling between these states. 

2. RESULTS AND DISCUSSION 

2.1 Electronic absorption spectra 
The systems under study contain two cbromophores which are nonconjugatlvely connected and 
seem spatially sufficiently apart for one to’expect that their absorption spectra are simply the sum of those 
of the isolated chromo$homs. Abso@on spectra of the four separate reference chromo~homs are given 
in Fig. 2. 
The absorption spectra of,the)higher homologues in series l(n) (i.e. n 2 8) fulfill the classical expectation 
for nonconjugatively corrected chiomophores, their absorption spectra being virtually indistinguishable 
from the sum spectrum of $ and&. This situation is quite different, however, for l(6) and especially for 
l(4). Thus (see Fig. 3) a significant broadening of several absorption bands seems to occur in l(6), while 
for l(4) very drastic changes occur. 
The most pronounced features are: ci, a hypsochromic shift and concomitant intensity decrease of the 
bands inthe 220 - 240 nm region, where both isolated chromophores show their strongest transition, and 
(ii) the appearance of a strong ‘new’ absorption at 256 nm. In addition to this a weak absorption tail 
appears in the 300 - 350 nm region at the long wavelength sidt &the first donor absorption. 
These features are born out more clearly in the difference spectiiun shown in Fig. 4. From this it may be 
concluded that two ‘new’ absorption bands occur in the s#ectrum of i(4) that cannot be attributed to either 
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:iaure Absdrption spectra, in cyclohexane, of the two donor chromophores (A) &-) and 

mre 3 

Wavslgngth (nm) 

Absorption spectra of l(4) (.....) and l(6) 
(- - -) as well as the sumspectrum of 4 
and 6 (- ) in cyclohexane. 

s0ooo -‘. 
A~(256) - 22000 Mm1 cm-l 

200 300 ., .( 

Wavelength (mt) 

m : Ab&rpfibn difference speckm’bbtaiii’ed 
I 

by%ubtractlqjthe sumSpectruhi of &a& 
6 from that of l(4). 

b;f the iioMted chmtik$ica&. ’ 
Thus the new abskpiion ma&urn already 
evident in Fig. 3 shows up &‘i ‘Siidng b&f 
(E ti 22000 k&m-1) at 256 itditi ‘this dif- 

new absoetion feature at Ion 
q 

er dairelength 
@_(sh) = 300 nm; E = 1500 M; cm-‘) arise. I,:. I 

From the electronic’a~soq&i spe+a&f 
l(4) and g(4), it is evideni that in:‘these’com- 
pounds extensive e&t&c intkiictiok 
belween the canstitutin~,qhrot@ph~res 
occuk, leading to thy @&.@&c~ of hee;N 
absorptions’in thk ne& UY kgim:Ih view 
of the +ctron dbn&~ac&$tM &$ii? of th$’ 
chroixiophores it S&ms lpgic:ilI tq attkib,t;te 
these absorptiqns to;trAnsitions &itb an mtka- 
mobctilai charge- transfet (C? ch$ractek 

B From the &&sive literiiture tin id&no- 
lectilti p interaction it is ~$11 kndwn that 
multiple CT transitions can be obserled’if 
the don?r’posses~s‘ek$y sl)aced ioniza- 
tion potentialir &d/or the accept& possesses 
closely spaced electron affinities. The for- 
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1 m AbsoijHion sp~khwnof#4) t_ - -) and the.sum 
spectrum of Land 6 (- ) in cyclchexane. 

incorporated in l(4). 

mer situation applies in the present sys- 
tems as evidenced by HMO calcula- 
tions and by the observation26 of two 
CT tmttsi&Stts at 700 nm and at 495 
nm for the complex between the refer- 
ence donor 4 and the strong electron 
acceptor tetracyaikthylene (KNE). 
The strong ba$m&romic shift of the 
CT bands in the #lCNE com#lex as 
compamd to those in l(4) may largely 
be attributed to the much stronger 
acceptor properties of TCNE 

%P +0.24 V vs s.c.e. in acetonitrile ) L 
compared to the dicyanovinyl unit 

%+ 
= -1.7 V vs s.c.e. in acetonitri- 

1 ) ins(4),, This difference in accep- 
tor propestiei could thus account for a 
hyps&romic shift of 1.94 eV upon 
substitution of TCNE by the acceptor 

Furthermore it should be realized that the intramoleculru donor/acce$or separation in l(4) is certainly 
larger than in the intermolecular complex. For the latter a sandwich type orientation witJt an intetplanar 
separation of -3.5 A is most likely, whereas in l(4) the closest atom to atom distances,amount to 4.6 A26. 
Because of this larger separation less Coulombic stabilization of the CT states occurs by (14.4%x1/3.5 - 
l/4.6) eV if D+and A- are treated as point chargesand if e represents the dielectric constant of the medium 
between these. Substitution of E = 2 (i.e. the dfelectric constant of saturated bydroearbons) indicates a fur- 
ther hypsochromic shift of 0.49 eV of the CTtransitions in l(4) as compated to those in the intermolecular 
complex. This shift, together with the shift due to the difference in redox potentials gives extrapolated 
positions of 295 nm and 251 nm for the, CT transitions in l(S), which is remarkably close to the positions 
observed (320 MI and 256 nm, see Fig.8 &&ering the-crudeness of the assumptions made ! 

While the positions of the two ‘new’ absorptkns’in l,(4) (as well as in Z(4)) are compatiblewith theii ’ 
assignment to intramolecular CT transitions, the enormously different intensity ,of these two CT‘tratisitions ’ 
deserves.further comment 
As we.have pointed outearlii#~ 46 symmetry factors may be of more importance in determinkg the 
intensity of CT transitions in rigid systems than in a rather loose intermolecular complex. The symmetry 
of the low lying CT excited~configurations is readily derived from that of the frontier MO’s between which 
the electron transfer formally occurs. Relevantfrontier MO’s as calculated by simple HMO are shown in 
Fig. 6. Thehighest occupied and first vacant MO’s in donor and acceptor are indicated as d. d* and a, a*. 
respectively, while the penultimate occupied donor orbital and the next vacant donor orbital are indicated 
as d-l and d*+l. Symmetry labels A’ and A” are assigned according to the C,point group of molecule l(4) 
(ad 30) 1. 
Recent CNDO/S cslculations42+43 have confirmed the correctness of these symmetry predictions made by 
the HMO method. The first CT transition in l(4) (d + a*) leads to a CT configuration with a symmetry 
different from the groundstate while the second Cf transition (d- 1 4 a*) leads to a CT configuration with 
a symmetry identical to that of the groundstate. In a simple two state description the transition dipolemo- 
ment of the Cf transitions is directly proportional to the amount of mixing between the groundstate and 
the particular CC excited state and such a model might thus seem to rationalize the differentiation of the 
intensities of the first and the second CT transition in J(4) as well as in z(4). 
That the situation is in fact more complicated became evident upon studying,the absorption spectrum of 
a(3), see Fig.7. This molecule also features C, symmetry; but now the first vacant acceptor MO (a*) 
belongs to the A” representation, see Fig. 6. Consequently the symmetry properties of the fmt and second 
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A’ 

A’ 

Frontier orbitals a&Ming to 
HMO csilculations of 
1,4_dimethoxynaphthalene 
(centre), 1 ,ldicyanoethylene 
(right) and 1 ,Zdimethoxycar- 
bonylethylene (W&In the 
acceptors only the MO coisffi- 
cients on the C-C double 
bond are indicated. 
The symmetry labels (A’ ahd 
A”).refer to the C, pointgroup. 
Arrows indicate excitations 
cwes~onding !q. the firs! and 
second CT.transitions: 

CT configuration are reversed with respect to those in l(4). Even though the donor and acceptor are now 
separated by three sigma-bonds instead of four only minor additional longwavelength absotption in the 
250-350 w rigi& is detected and furthermore the spectrum for a(3) lacks the very strong hypo&romic- 
ity in the 220 - 240 mn region typical for l(4) and z(4). From these ‘observations we conclude that ‘the very 

300 

WavelemgIh Uiml 

400 

-Absorption spectrum of $(3) (- )andthe 
sumspectrum of dand L(- - -) in cyclohexane . 

high inteqity of the second CX transi- 
tion in l(4) and z(4) is not just a result of 
a matching between the symmetries of 
the groundstate and the second excited 
CT configuration, because then the fit 
CT transition of a(3) should have shown 
a comparably high intensity. A more 
likely explanation is that in l(4) and Z(4) 
the symmetry of the second excited CT 
configuration also matchesthat of one or 
more local excited states that are con- 
nected with the very strong transitions in 
the 220 -240 nm region. Mixing between 
these states and the energetically nearby 
second CT configuration can then lead 
to extensive intensity transfer from the 
local transitions to the second CT transi- 
tion thus explaining both the high inten- 
sity of the latter and the strong hype- 
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chromic effect~qbserved fq tJle former. 
FNml QIDO/S .?&I! calcnla&ns4~ da the’bhkmphores incorporated in l(4) it may be concluded that 
both cb&po&oms &deed *lay at least,o$e’stro~g tranSition of the correct s-try ia the 220 -240 
nmngiP1FThus~~faar_*,~~~=,228nm;E=15J00M-1cm~1,setFig.2)ofacceptor4 
related to Thea + a? exe@@ kzujs ta+a~ A’ excited state. Furthermore stmng configu&ion in-on 
occurs l#$een the co&i- ending to d-l + d* and d + d*+l excitations of l&dimethox- 
ynaphthalene. ‘lhis ~IXY#%+ -,&IF of A’ symmetry, the lower of these is probably connected to the 
weak transition which appears g p sh@er at 328 nm, while the upper is conneged o the strongest tran- 
sition of the chromo~ $I the, near W rcghw around 240 nm. Intensity bormw@ from the strongest 
transitim by the sr;Epnd CT mu&on is then symmetry allowed and might, as already stipulated above, be 
quite efficient because irt: the small en9 gap involved. While earlier CNDO/S-CI calculations42 on l(6) 
gave no indications for such intensity borrowing. more recent calculations orl l(4). seem to support its 

occunUlce47. 

Clearly this situations is quite &fen+ in a(3). &re it is tiu? first CT transition (d + a*) which leads to an 
A’ state but the large energy iap betwee@& *sition and the stmng A’ transition of the donor prevents 
extensive intensity tranafez. The secotiq, tra@#on (d-l + a*) now leads to an A” state which mat&es 
the symmetry of the first acceptor excitf$ state,(a + a*) (& 7 240 nm; E = 6600 M-l~-l), but this 
local acceptor transition is not particularly strong and umsequ&tiy neither of,the two CT transitions is 
significantly enhanced in J(3). 

The model discus above &ems to account qualitatively well for the interesting absoiption featllres cif 
the bichromophoric systems and indica@$ that a more accurate d&ription~shotdd at ieast involve quantit- 
ative evaluation of the configuration intemction between locally excited configurations and (X excited 
configurations. The latter is not a trivial task, however, as evident fmrm the results of CNDO/S + Q cal- 
culations on l(6)42*43 and 1(4)47 by Lars son et al.. While these calculations gave a fair description of the 
local transitions, the CT transitions a& calculated at much too high energy which, as also suggested by 
Larsson et al., may largely be due to the omission of solvent molecules in these calculations. As we have 
shown before26, the large DiA disuuices involved cause the energy ,required for ‘vertical’ charge-separa; 
tion to be quite sensitive towards the polarizability of the surrounding ti~edium and its inclusion thus 

J 
425 525 625 

wavelength (nm) 

Charge transfer fluorescence of I(4) 
in a number of solvents. 
1 = cyclohexane, 2 = benzene, 
3 = di-n+tylether, 4 in diisoprapyl- 
ether and 5 = diet.hylether. 

seems ciucial in calc$itions that seek to qutitify the con- 
figuration interaction between locally- and CT-excitdd con- 
figurations in donor-acceptor systems48. 

2.2. Electronic emissions 
As reported earlier22* 24. r$toinduced electron-trans- 
fer in l(n) causes a substantial or even complete quenching 
of the local donor fluorescence. The weakness or even com- 
plete absence of any fluoresdence awb$able co one of the 
separate chromophores, resulting from efficient intimolec- 
ular photoinduced electron-transfer, allows for sensitive 
detection of eventual fluorescence (hva) resulting from 
radiative deactivation of the charge separated state: 

D+-A- + D-A + hm (1) 

The detectability of such charge-transfer fluorescenc,e is 
further enhanced by its significant Stokes-shift26, which 
tends to move it into a region not overlapped by the residual 
donor or acceptor emissions, even if the related charge 
transfer absorption is strongly overlapped by local b -_) D* 
or A +A* transitions. 
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_ 
series l(v) ,CT-fluorqcence has also been 
obsbnkd, &hough fog- A($) ‘&I #$@otiy ih two 

b s&&r, b&tine tid di-n-b&t$lWi&.‘la’ &m 
4?iO 

I 
550 650 pblarsolv&tS ~the~imissiob is 636 +eaktdbE ’ 

, 
Wavelehgth (nm) ob&rvizd. F&therm&% as sHoVv~ea& x; there 

’ 
Flaure 

is’hb. dri+ing fom! for &M.+‘tk&f~fii: l(lO) in 

Charge transfer fluorescence of l(4), l(S), l(8) saturated hydrocarbon soltrents, by !diqt of tit& 

and l(l0) in benzen+ 
modynamic features, while in these solvents l(8) 

, 
. shows substantial dela@d d&or fluoMeence29 

pable 1 , ‘, ; ‘,, ,/,, ,/ 

IT fIudresceuce maxima, quantum yieids and lifetimes of c0mpoundS : ‘. 

1(4,6,8,10) in a numbor of solvents at room temperature ! i 

l(4) l(g) i(8j :’ “i&j I 
solvent ,.a. z Q h z .4p & -z_ ., 4’: <n. ,” ‘e e . . 

. ..(nm) (n) 
475h10 B” 0,03 

(9 ) ( ) rsS nm 
44Go z 0.042 1 

), (nsS (nm) .(ns) : . 
n-hexw .,., 

cycbhexane 475110 9 0,034 447klO 47 0,038 
benzene 565-k30 0.8 0.0008 '555X30 8 0,0007' !%38&35 40 0,002 526835 410 0.0041 
di-n-butylether -15 2 0.0024 5%?0 10 0.0018 520X30 49 (1,002 52Ok35 340 0.0034 
diisopropylether 555~l25 1.3 0.001 55Ozt25 8 0,0005 
diethylether 583k30 0.7 0.000s ,57&w 1.2 O,OOb2 I 

resulting from thermal repopulation of the D*A state by b&k electron transfer from the D+A’ state. This 
results in the absence or the obscura& of CI’-fluorescence for both compounds in solvents other than 
benzene and di-h-butylether. 
Due to the broadness, the weakness and the locatidn of the CT-fluorescence on a tail of the much stronger 
donor fluoiescence (especially for the higher h&nolo$u& the determination. of the fluorescence maxi- 
mum becomes critically dependent on the fluorescende apparatus used, more specifically ori the correc- 
tion factors for the wavelength selisitivity of the detectof: 
It is evident, however, (see Fig. 8) that the CT-fluorescence undergoes a very large bathochro&-shift 
upon Increasing solvent polarity, which confirms that the emission, results from the deactivation of a 
highly dipolar state. Emission spectra for other members of the series&(n) displayin& the loti& ti@elehgth 
CT type emission’in benzene am shown in Fig. 9. 

1 r 

Table I compiles the lifetimes and the quaittum yields dete@ned for these long wavelength fluoresmnces 
as determined in a number of &vents. Despite the large idfluence of the corm&~ f&to& for the:wave- 
length sensitiGity of the fluorescence detector oh the fluorescence maximum the effects on the quantum 
yields of the CT-fluorescence are much less dramatic. However, it still remains difficult toobtain these 
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quantum yieldsespeclaIly for the 
longer homofogues where theweak 
c!T&loresee~audtresidual’ 
donor fluorescence overlap. Thus 
the quantum $Mdscan be estimated 
within no better than 10% accumcy. 
As reported earlier23.25.27 time 
resolved microwave conductivity 
(TRn4C)muasummentsall~direct 
determiuation of&e d&t& moment 
and the liitime of the charge separ- 
ated state. Results of these measure- 
mems arecompiled in Table II. ,The 
idet&ty of the &polar ‘trausients 
detected by thesr’TRMC~m&sut+ 

the incomplete (- 50%) quantumyield 
of the photoinduced charge ,separation. 

ments and the state responsible for 
the loug.wavelength emission now 
observed for I(n) (n = 4.6.8 and 

i 10) is saivported by the virtual iden- 

Table III 
CT-fluorescence quantum yields, lifetimes and maxima of compounds z(4) and a(3) in a number 
of solvents at room temperatum. . 

solvent h (mu) 
gi 

xcr;s) 
2(4) 

h (nm) Q, z(ns) ’ I. 

cyclohexane 516 f 5 0.014 2ooo 420&S 0;034 20 
benzene 604f20 

564f15 
EE4 530f15 0.0053 6 

di-n-butylether 
diisopropylether .580 f “15 Ok08 

4206 
49OflO 0.0088 

220 510 f 10 0.0038 fl 
diethylether 592 f 20 0.00938 120 530f 10 O.UO18 2:7 

thy of their decay times as evideut from the’ 
comparison of the data in Table II with those 
given in Table I in the same solvent (benzene). 
Strongly solvatochromic CT fluorescence has 
also been observed for compounds z(4) and 
a(3) in a series of solvents. Quantitative data on 
quantum yields and lifetimes are given in Table 
III. For compound a(3) it was even possible to 
obtain a fluorescence spectrum in the gasphase 
at 473 K (seea@ig. 10). The spectrum shows 
only CT-fluorescence with a maximum at - 
470 nm and no donor fluorescence at ‘alla indi- 
cating that for 3(3) even in the gasphase the 
charge-separated state lies below the locally 
ex&ed donor state, thereby allowing very fast 
electron transfer to occur! 
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2.3. Est&#m of the ~b-buud +trS &upling element Hb ” 
From the datacompihxl Ia Tables Land JII it is simple to calculate the radiative (k,) and the radiatioiWs 
(%) decay :rates, ofthe charge transfer states via: 

,.I$ = w ’ @) 
and 

~‘kq=Wkf . (3) 

The values ~IJUS cablaW for l(n), a = 4,6,8 and 10 are compiled in Table IV and those for Z(4) 
and ;2(3) these values are compiled in Table V. 

solvent k-kq kr ks. 
(x 104) (x106) (x 104) (x106) &04, (x 10 ) lrq 6 

b-9 [s-l] [i’] [s-l) [Q:l] 1. is-l) 

a-hexane 380 120 76 
CyClohexane 380 120 81 

.; 
beazeae 100 1200 12 150 5.0 25 .l.O 24 
di-a-butylether 120 500 18 100 4.1 20 1.0 2.9 
diisopmpylether 80 -760 6 120 
diethylether 70 1400 17 830 

Table V 
The ra$&v&(k& qnd the radiationless (h ) decay rate from the CT-state of compounds z(4) and 
a(3) calculated via eq. (2) and (3) from T&e III in,a number of SO~WSS at room temperature. 

soivent ” 
a(3) 2i4) 

::105, 
b-9 

‘;9x 107) $105) kq 
W’l [s-l1 

(x 107) . 
‘_ 

n-her&e 
y=b&-e 

di-n-butylether 
diisoprop ylethei 
diethylether . 

From these data it appears that a specific (intermolecular CT ?) ihteraction-betwe J(3) and benzene 
occurs. Furthermore the Tables show that the radiative decay rate from the charge separated state to the ’ 
groundstate is much less solvent dependent than the radia,tionless’pr&essSes. A shqtll.decrease otX,. upon 
increasing solvent polarity was also found by Pasman 49 for some rigid 0-A systems, “here it was 
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explained by tbc&t that upon Wg solvent stabilization of the charge &at&Jr state thcM wBl be: a 
decxease in tbeS& k+yexeitedlstates and h&ice a decmase in intens@ %oxYowi*# fmar the 
local donor or~transI&ionr+ari(ionai. Ruthermom it should be noted that itt more pdk*lvent.saM a 

. 
solvent v ‘oo~~cneptiorr.of~chargG~f~s~w~~havEawlPsSaMirl 
effectupontheFrancLCondoafactarsforthecharge-recombinationprocess. 5 ’ 1 
Neglecting such effects tbe osciWor strength (f) of the CT transition comsponding to the CT fluotes- 
cencecanbe ag$pdm@h the k,valw via cq. (4), ., 1 !I. 

,’ ,’ “’ 
kr=u2f (4) 

where 1) is the CT-transition &urn (in cm-l).The oscillator sttength is related50 to the mblsr exdnc- 
tion coefficient of the absorption band via q. (5), 

,’ . 
f = 4.3~109 j E dv -4.3x10-9 wAvt/~ (5) 

where emax is the molar extinction coefficient at the maximum of the absorption band and Avm is the 
full width at half height (ftibm) of the ab&nption band. On using for v the r&&ydf the a-absorp- 
tion as obtained@ Fig..4’for l(4) (320 nm & 31250 em-‘), with a fwbm of 2000 cm- and the k iui c CIW 
hexane we c&date an h of 450 v’lcm-!, ‘which is remarkably &se to the value (800 r r v-. cm- ) 
determined w difference spectroscopy, (see Fig. 4). From the rapid decrease of kr with increasing D-A 
separation (SW Table IV) it is thus evident why no detectable CT absorption is found in the absorption 
spectra’of sy&ems l(n), with Q, 26. The oscillator strength of the direct DA c) D+A- tram&on as deter- 
mined via q. (4) is related to the transition dipolemoment of this transition via q, (6). 

f = 10e5 V leri12 (6) 

where leril is she tram&ion dipolemyt and v is the CT transition-frtQMicy (in’cni*l); For’s pw CT - 
type transitioti the t&n&ion dipolemoment can be given from a two state (DA ID*&) &g&e137 
via by eq. (7), which seems a good approximation in solvents that lower D+A- sufficiently relative to 
locally excited states. From Table IV it appears that this is the case for solvent polarities beyond that of 
saturated alkanes wttete krbecomes fairly constant. I. : . 

I+ = eRcHda/(Eg-E& 0 

In (7) E 
to qu alg 

- E-is the.energydiffer&cebetween ground- and charge.-trMfi.mtatc, whieb we Cillassume 
the CT-fluorescence maximum (in cm-l), Rc .is the cektre to dntre dotior-aceept&didt&nce (in 

A) and Hda‘is’the electronic coupling matrix element between the’ @&uidsuife and the chaige-seljrirated 
state. ‘. 

Table VI 
., 

* i , 

The coupling matrix elements for the series of molecules d(n), n- = 4,6,g and ld andcior the 
molecules z(4) and a(3) caiculated via eq. (4), (6) and (7) from the radiative decay rates (;f the 
charge-transfer state (k,.) in di-n-butylether as compiled in Tables IV and V. 

compound number of bonds Re (A) 
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The coupliug%uatrixelements.feMe &z&l(n), n = 4.6.8 and 10, and,for2(41 and 3(3)w c&&t& 
via eq. (4)r (6) and, 0) fmm!the radiativedecay rates of the charge transfar Sati (Q in di-n-bntylether 
are compiMin?TablelVI~~ Forthe series .ofmolecules l(h),-n = 4,Q 8’and 16; the vahtesof.I% corn- 
piled in Talsltt VIqarmdde a direct measure for the coupling betw&n a single donor/acceptor p % over 
arraysof4,6,8andlObonds. ; :. “A, 

_ *, .d: ,,,, 
In a plot of Hda vs. the number of bonds (n) or the edge to edge distance (Ri) anex$onemial distance 
dependence of the through-bond coupling matrix element can be demonstrated (see Fig. 11). given by 
eq. (8) . \ 

~(inCmi~) ;e 24fUYexp (-04&R& = 2566 exI~(Xl.51 n) (8) ‘, 
_ i, ,.li”, 

where R, is in Angstram. For comparison the data of Z(4) and a(3) have also been plotted in Fig. 11, and 
interestingly these ate found to deviate only marginally from the values predicted from eq. (8). 

1 3gure 11 Estimated (see Table VI) coupling matrix elements ,(Hda) for the coupling betd, 
ween the charge-separated state and the groundstate as a function of the mini- 
mum number of separating sigma-bonds (n) (A)and the edge to edge donor- 
acceptor distance (Re) (B) in di-n-butylether. The line drawn gives the least 
squares fit, to the data for,the series l(n), (n = 4.6.6 and 10) while datapoints for 
?Ir)) qr@ d(;r) have been ,added for comparison. 
:, ,.*, .‘ 

It should be noted that at this point we have collected data for the rate of charge-recombination ( kcr = 
l/r , see Tables ,I- III) in our compounds as well as - via an independent toutq - for the electronic 
coupling matrix element (IIda, see Table VI) between the states involved (D+A- + DA ). This allows us 
to verify the applicability of the “golden rule” expression (9) that relates the rate of electron-transfer with 
the electronic coupling between D and A according,to non-adiabatic electron-transfer theories. 

a _ 

k, =(4x2/h) Hda2 FC (9) 

This expression has infact been relied upon extensively in cases where only rateslg-20~11~ 13 or I-Ida 
(from CT-transition oscillator strengths 21~ 30~ 37) were accessible. That procedure, however, is compli- 
cated by the necessity to evaluate the Franck-Condon factor (PC), which is related to the energy differ- 
ence between the two states and to the molecular: and solvent reorganization energies, and which can in 
most cases only be estimated using rather simplified models and under the assumption that it is constant 
in a series of ‘related’ systems. 
Fig. 12 now shows a double logarithmic plot of the kcr values as determined from fluorescence decay 
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Been added fW c&npki~dn. 

(Table I and Table III) mea&urements versus I-Ida values detertnihe4j (Table y1) froin the 
tion probability between D+A- and DA stat& (all in di-n-butylether). 
6.8 and 1O)indeed define a linear coimlation with slope reasonably 
again the datapoints for Z(4) and a(3) do not deviate dramatically 
especially for2(4) the deviation seems suffhziently large to suggeia 
don factors! 
We have shown elsewhere27 that the distance dependence of k,... (as determined by TRMC id &&al sol- 
vents) in the series l(n) is descxibed quite well b$ the exponentiai expnzssion givih ii~ eq. (lo),’ ’ 

k, = vcr exp(-0;88 RJ (10) 

where the preexponential factor vcr is strongly solvent depend&nt.‘Camparison of (10) wiih tl& eiponen- 
tial distancd dependence found for Hda ( I-&,- ex&-$44 Re), see Fig.‘1 1) also riictly demonstrates that 
kcr is indeed pmportiottal to (Hda>2 as,predicted by theory. ThisJ,ippears ir> & thd first exmmenial vet- 
fication of this propo&maliUy in such a Series of D/A systemi ahil’rherebjt i&ides irnpottaht sup&-t for 
the application of&q. (9) to determine Hda from k, br vice-versa iti systep when one df &&e’parame- 
ters is not accessilile via experiment. 

2.4. Comparison af the magnitude and distance dependence of Hda fd l(n) with other’sfleti 
Recently Penfield et al.30 

: 
reported the electronic abso@ion spectra of the mdic& aniods of l(S), l(6) &nd 

l(8) created by pulse radiolysis. In these radical anions the negative charge is highly localized in,the 
acceptor moiety (D-A? but in the electronic spectra a long wavelength band can be detected which is 
attributed to an intramolecular CT transition transferring charge to the na’ hthalkni moiety (D’-A). Frbni 
~~_~~~~~~~~~~b~ds~~-633nm;r-2~M-1cmP,~=~~nm;p-IOJM-’ 

- 125 M cm- 
tively), electronid couplit& of 1300 cm-l 

m THE for the rat%& anions of l(4); l(6) atrd’lf8) respec- 
,484 cm-l and’242 cm-l between the D-A-and’D’-A states in 

these radical anibns were derived. These values are significrtntly larger than those give? in Table VI for 
the parent neutral molecules. It should, however, be realized ‘that they refer to diffirerit’ types bf coupling 
as may be appreciated from simpli one-electron considerations. Thus, in a ch-e-mo*%bitiation process 
(D+-A- + D-A ) the leading orbital interaction (s&e Fig. 6) is d/a*, while for charg&migr&ti&i (D-A- + 
D--A ) iri the radic&anions it is d * /a * . The latter.is in fact more closely relatea to thk pery fast photoin- 
ducedcharge-separation26 process in the neutral molecules. 
Another series of fully rigid compounds for which electrodic coupling matrix elements w&e determined 
are the mixii valence systems with spirocylobutane bridges studied by Stein et d.21. In these systems 
qa values of 170 cm-l; 68 c-m-l and 32 cm-l across 4,6 and 8 sigma bonds were estimat&l from the 
intensity of the intramolecular intervalence transition, which thus ihow more resemblance both in ibso- 
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lute magnitude and in distance dependence with those estimated for l(4), 
3 The same applies fqthe Hda valuesttlculated Ttly by Gloss et a1.l l-1 

(6) and’l(8). see Table VI. 
via eq (9) - and making a par- 

tial correction~fat: the distance dependence. of the Franck-Condon factor - from the rates of inmmoleculw 

electron ‘transfer iir a&$es ofan@-radic& -ted by pulse radiolysis, comprising 2-naphthyl and 4- 
biphenyl groups ,$nked by %c yclohexanc~ ,+ru@ec&e and steroidal units to provide separations, ranging 
from 4 to’ 10 si~+otaa and ‘y$ding Hda ,vahtes ranging from 168 ,cm-l to’6.2 cm-l: 
Although the r&tationd freedom of the chromophores with respect to the bridges presents additional prob- 
lems in interpre@g the latter results, together with those presented in this paper and with the data of Stein 
et al. they provide convii&g evidence that effe&ve through-bond coupling alloting for fast long-range 
electron transfer is by no means ihnited to a single type of hydrocarbon bridges. However, as indicated by 
the results of Closs et al. concerning the effect of the,orientation (axial/equatorial) of D and A! llrith respect 
to the bridge and by the effect of the internal configuration of the bridge demonstrated51* s2 very recently 
by us, the actual magnitude of Hda is not simply determined by the number of intervening bonds. 
Large Hda values requite a mode of attachment of D ,and A to the bridge that allow% for optimal ‘hyper- 
conjugative’ overlap of the relevant frontier tt-orbitals of D and Awlth the o-system of the bridge, and fur- 
thermore require a specific configuration in the relay of c+onds provided by the bridge, in,accordance 
with the earliest predictions made on the confotmational requirements for through-bond intera+n. The 
all-rranr con@uation of the relay of ‘C-C u-bonds in the bridges of the 

s provides such,‘&:optimal sit@an and as we have shown very recently 
resent compounds (seeFig. 1) 

lt52a drastic lowering of the 
coupling,e&iciency r&u$from changes in that situation thus, ,allowing a fine-tuning of the rate of elw- 
tron-transfer by mol&lar e&neering of the bridge. 

3.CONCLHSIONS ,, I 
In this paper we have demonstrated that absorption measurements provide dir@t, evidence for through- 
bond interaction in molecules l(4), z(4) and z(3) by the observation of “extra’‘-absorption bands not attrl- 
butable to local donor- or acceptor transitions. These charge transfer absorption bands enable direct elec- 
tron-transfer from the groundstate to the charge-separated state upon excitation with light. Radiative 
decay of the charge-$eparated state directly to the groundstate has been observed for compounds l(p), n,t 
4,6,8 and 10,2(4> and a(3) in a number of solvents. From the bathoehromic shift of this charge-transfer 
fluoresce&e upon increasing solvent pobuity .&id especially from Tii Resolved Microwave Coriductiv- 
ity measurements the highly dipolar character of the charge-separated state has been.shosvn. , 
Quantitative at&& of @e transition probability for CT-emission enabled us to determine the through- 
bond ele&roni~ coupling &t-lx elements Hda between the groundstate and the charge-separated state. 
Hda shows, as expected for weak electronic coupling, a single exponential distance dependence and fur- 
thermore the proportionality between the square of Hda and the rate of charge-recombination, predicted 
by non-adiabatic electron-transfer theory, was substantiated. 

4. EXPE@+WAL 
Synthesis and identification of the compounds are described elsewhere 26,539 54. 
Samples for emission measurements were made in spectrograde solvents, with an absorption at the excita- 
tion wavelengthb@veen O! 1 and 0.2 and furthetmore they were carefully deoxygenated by purging with 
argon for at least~l5~minutes. The static fluorescence measurements were performed on a SPBXFltiorolog 
II instrument, w$h a Hamamatsu R928 detector and an excitation wavelength of 300 nm The quantum 
yields are measured relapve to diplienylanthracene in cyclohexane (@ = l), upon variation of solvents 
there has been co&&ted for the,change in refractive index of the solvents. For the time resolved,fluores- 
cence measure&$, on a nanosecond time scale the 308 nm line,,of a XeCl filled Lambda Physrk EMG- 
101 excimer laser has been used as excitation soume. The emitted light was detected via,a Zeiss M4QBIII 
monochromator by a RCA C-31025 C GaAs photomultiplier, from which the electric signal was fed into a 
Biomation 6500 transient digitizer coupled to a Tandy TRSIO model III microcomputer for data’handling. 
For the subnanosecond time resolved fluorescence measurements a time correlated single photon counting 
equipment has been used,:which has ,been described extensively before 26, Static absorption measurements 
were performed with a Hewlett,,Fackard 8451A diode-array spectrophotometer. :, I_ 
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