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Abstract. !
The electronic absorption- and emission spectra of seven.(D)anor-(A)cceptor systems are studied with the
general structure D-bridge-A, where the bridge consists of an extended, rigid, saturated hydrocarbon -
skeleton that separates D and A by distances ranging from 3 to 12 C-C o-bonds. Across bridges witha
length up to six 6-bonds sufficient electronic interaction occurs to cause a detectable perturbation of the-
electronic absorption spectra and for lower ;\omologues this leads to the appenranee of intramo-
lecular charge-transfer absorptions with an ntenmy fhatis,strongty enhanced. horrowmg
from symmetry-matched local transitions. In ‘the fluorescence spectra discrete e-tmnsfd-
emission has been demgoeed for bridge lengths up to ten o-bonds. The radiative transition. ptobabﬂl of :
thls CT emission provides a direct measure for the electronic foupling matrix element- (Hda)between the
e-separated- and the groundstate. The m, fgmtude of Hyj is found to deaeﬁse exponentially with the
r of intervening G-bonds from 850 cm™! at 3-bond separation to 17.6 cm" at 10-bond separation.
Furthermore the rate of charge-recombination in the compounds studied is found to be proportional to the
square of Hyy ,'thus provxdmg an experithental verification of this often implied golden rule" mlaunn '

L INTRODUCTION o _
Intramolecular electron transfer between redox centres interconnegcted, but held spatially apait, by various
types of more or less rigid, saturated hydrocarbon bridges has recently been reported by a niimber of
research groupsl -36,

Already in an early stage Pasman et al. 32-35 suggésted, that through-bond interaction of the electmn-
donor (D) and the electron-acceptor (A) moieties via the bridge o-orbitals is very likely involyed in medi-
ating the electron transfer in such systems, implying that the electronic coupling occurs via a ‘special form
of super-exchange. The structural and conformational aspects of the saturated hydrocarbon skeleton, that
comprises the interconnecting bridge, must then play an important role in defimng the extent of such
intefaction and thereby the efficiency of electron-tunneling through the bridge. '

These suggestions have led to a recent upsurge of attempts 2,37-43 o provide a theoretical framework,
that allows prediction of the through-bond coupling between redox-centres via various types and lengths
of saturated hydrocarbohi bridges. This is not an easy task since it requirés quantitative évaluation of the
tunneling matrix element: (Hda) resulting from the very weak interaction between the 'tails’ of the D and. A
wavefunctions as they extend into the bridge. Clearly expenmental evaluation of this matrix element for
various series of conformationally fully defined systems, each series spanning a large range of D-A dis-
tances with a single type of bridge structure, would pmvide an important gauge 0 measure the suocess of
any such theoreticaktreatment. .

For a series of three closely related mixed valence systems, this goal has been achleved vm the ex!remely
elegant studies of Stein et al. 21’ who demonstrated that it is possible to observe directly the intfamolecular
intervalence absorption of these molecules. The intensity of this absorption band carries information
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about the coupling between the redox centres and can be related theoretically with the rate of intramolécu-
lar electron excliange between these centres21: 37, The latter, however, appears not to be accessible for
diréct experimental evaluation in these systems.

For a riember of other bridged D-A systems the rate of i)hotoinduced or thermal intramolecular electron
transfer has been measured and efforts have been madel1, 13, 18-20 (g 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 infra ). 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 e of D-A separations.

We have rccently reported26,33 the synthesis of a series of molecules 1(n) (see Fig. 1) that contain a sin-
gle D/A pair (D = 1,4-dimethoxynaphthalene and A = 1,1-dicyanovinyl) held at a rigidly defined orienta-
tion by norbornylogous bridges, spanning distances up to about 15 A (centre to centre) where D and A ‘are
interconnected by a sigma-bonded framework comiprising the shortest path of n carbon-carbon bonds. We
now also report the first members - 2(4) and 3(3) - of two series that contain different D/A combinations
(see Fig. 1). In addition Fig. 1 shows the structure of 'isolated donor modelsystcms 4 and Sas well as 'iso-
lated acceptor modelsystems’ 6 and 7.

Clearly the conformational uniformity of the blchromophonc compounds shown in Flg, 1 and the large
range of D-A distances covered, makes this series very attractive for theoretical treatment provided that -
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quantitative expenmental verification of the strength of D/A coupling can be realized. It was shown before

that photoinduced clec'ron—tra.nsfer2 -29 occurs in all members of the series 1{n). The rate of this process
has been determined26: 28, 29 for n = 6, 8, 10 and 12, while for n = 4 it occurs within the limits of the
instrumental time resolution. Furthcrmorc the rates of direct charge-recombination in this series have been
determined by following the’ dccay of the hi 2&1113' di 2polar charge-separated state via time resolved micro-
wave conductivity (TRMC) measurempms 7. Thus measirements of the rates of photoinduced
charge-separation and thermal charge-recombination have provided an, albeit rather indirect, measure for
the strength of D/A coupling in 1(n). It should be realized that the rates of photoinduced charge-separation
are related to such coupling between the locally excited state (D*A) and the charge separated state (D*A")
while the rates of charge~wcombmauon are related to the coupling between (D*A) and the electronic
groundstate (DA).

In this paper it will be shown thata careful study of the electronic absorptxon and especially of the elec-
tronic emission spectra of compounds lin) (n =4, 6, 8 and 10), 2(4) and 3(3) allows evaluation of the radi-
ative transition probability between ground state and charge:separated state, thereby provndmg a direct
measure for the coupling between these states.

2. RESULTS AND DlSCUSSlON‘

2.1 Electronic absorptlon spectra

The systems under study contain two chromophores which are nonconjugatively connected and

seem spatially sufficxcntly apart for oné to expect that their absorpuon spectra are simply the sum of those
of the isolated chromophores. Absorpuon spectra of the four séparate reference chromophores are given
in Fig. 2.

The absorption spectra of the hngher homologucs in series 1(n) (i.e. n 2 8) fulfill the classical expectation
for nonconjugatlvcly connected chromophores, their absorption spectra being virtually indistinguishabie
from the sum spectrum of 4 andﬁ Thls situation is quite different, however, for 1(6) and especlally for
1(4). Thus (see Fig. 3)a sxgmﬁcant broademng of several absorption bands seems to occur in 1(6), while
for 1(4) very drastic changes occur.

The most pronounced features are: @)a hypsochmmlc shift and concomitant intensity decrease of the
bands in the 220 - 240 nm reg:on, wherc both isolated chromophores show their strongest transition, and-
(ii) the appcarance 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 side ofthe first donor absorption.

These features are born out more clearly in the différence spectrum shown in Fig. 4. From this it may be
concluded that two ‘new' absorpuon bands occur in the spectrum of 1(4) that cannot be attributed to ¢ither
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ElguLe_Z Absorptlon spectra. in cyclohexane. of the two donor chromophores (A) (ﬁ(—-) and {
5(-- -)) and the twmacceptor ehromophores (B) (ﬁ (,..__ )andZ {---)) .

40000

,240n

' molecular charge- transfer (C
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E|guLe_3_ Absorptlon spectra of 1(4) (.....) and 1(6)
(- - -) as well as the sumspectrum of 4
and § (— ) in cyclohexane.
30000 Ae(256) = 22000 M-tem-1
2¢(320) ~ 800 M-1em-1
0. .
4
-50000 4
200 - 300. * 4001
Waveiength (nm)
Eigure 4 Absorptnon difference spactrum obtained

by subtracting the sumspectrum of 4 ard
6 from that of 1(4).

" of the isolated chromophores

" Thus the new absorption maximum already

evident in Fig. 3 shows upas
‘(e=22000 M-lcm™}) at 256 ind in this dif-
fercnce spectrum, whilé the long wavelength
taxl is now identified as a weak E~800M
lem1) band with g maximum  arotind 320
he hypochromicity of the
transitions in the 220-
o leads to 4 strongly negative
“amplitide of thg différence spectrum in this
region. The absoption spectrum of 2(4) (sec
Fig. 5),in which the 1 4-d1methoxynaphtha—

" lene unit is substituted by a 1 [4-difriethoxy-

benzene system, displays very sitmildr fea-
tures.Thus a stron% new band (Apyax =258
nm; € = 14000 M 'em” ) and a much weaker
new absorption feature at longer wavelength
M(sh) =300 nm; e = 1500 M' cm )anse

From the electronic absorpuon spactra of
1@ and 2(4), it is evident that in'these com-
pounds extensive electronic interactioi
between the consututmg chromophores
 occurs, leading to the appearhnce of new’

 absorptions in the near UV region Th view

of the electron donorfacceptof ﬂature of the
chromophores it seems logical to atmbutc
these absorptions to transitions with an intra-
character.
From the extensive literdture®® on intérmo-
lecular CT interaction it is well known that
multiple CT transitions can be observed if

| the donor’ posscsses dosely spaced ioniza-

tion potentials dnd/or the acceptor possesscs
closely spaced electron affinities. The for-
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mer situation applies in the present sys--
tems as evidenced by HMO caicula-
tions and by the observation26 of two
CT transitions at 700 nm and at 495
nm for the complex between the refer-
ence donor 4 and the strong electron
acceptor tetracyanoethylene (TCNE).
The strong bathochromic shift of the
CT bands in the 4/TCNE complex as
compared to those in 1(4) may largely
be. attributed to the much stronger
acceptor properties of TCNE
= +0.24 V vs s.c.e. in acetonitrile )as
, - 400 compared to the dicyanovinyl unit

. ‘”“""Pﬂ"‘ {nm) . %d =-1.7 V vs s.c.e. in acetonitri-

ﬂgnr_e_& Absomhon spedmm of 24) (- - -) and the-sum_ ) in:d(4), This difference in accep-

tor ptopemék could thus account fora
spectrum of § and § (—— ) in cyclohexane. hypsact shift of 1.94 &V upon

substitution of TCNE by the acceptor

incorporated in 1(4).

Furthermore it should be realized that the intramolecular donor/acceptor separation in 1(4) is certainly
larger than in the intermolecular complex. For the latter a sandwich type orientation with an mterplanar
separation of ~3.5 A is most likely, whereas in 1(4) the closest atom to atem distances amount to 4.6 A26,
Because of this larger separation less Coulombic stabilization of the CT states occurs by (14.45/€)(1/3.5 -
1/4.6) eV if D* and A~ are treated as point charges and if € represents the dielectric constant of the medium
between these. Substitution of € = 2 (i.¢. the dielectric constant of saturated hydrocarbons) indicates a fur-
ther hypsochromic shift of 0.49 eV of the CT transitions in 1(4) as compated 1o 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 1(4), which is remarkably close to the posmons
observed (320 nm and 256 nm, see Fig.4) cons1denng the crudeness of the assumpuons made !

While the posmons of the two 'new’ absorpuons m 1@) (as well as in 2(4)) are compatlble ‘with their
assignment to intramolecular CT transitions, the enonnously dxfferent intensity of these two Cl' transmons
deserves further comment.

As we have pointed outeaxlm45 46 symmetry factors may be of more nnportanoc in determxmng 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 réadily derived from that of the frontier MO's between which
the electron transfer formally occurs. Relevant frontier 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-1 and d*+1. Symmetry labels A’ and A" are assigned according to the C point group of molecule 1(4) -
(and 3(3)).

Recent CNDO/S calculations42- 43 have confirmed the correctness of these symmetry predictions made by
the HMO method. The first CT. transmon in 1{4) (d — a*) leads to a CT configuration with a symmetry
different from the groundstate while the second CT transition (d-1 — a*) leads to a CT configuration with

a symmetry identical to that of the grpund_state In a simple two state description the transition dipolemo-
ment of the CT transitions is directly proportional to the amount of mixing betwéen the groundstate and

the particular CT excited state and such a model mxght thus seem to rationalize the differentiation of the
intensities of the first and the second CT transition in 1(4) as well as in 203).

That the situation is in fact more complicated became evident upon studying the absorption spectrum of
3(3), see Fig.7. This molecule also features Cg symmetry, but now the first vacant acceptor MO (%)
belongs to the A" representation, see Fig. 6. Consequently the symmetry properties of the first and second

¥
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Figure 6
Frontier orbitals according to
HMO calculations of =
4-d|methoxynaphthalene“
(centre), 1,1-dicyanoethylene
(right) and 1,2-dimethoxycar-
bonylethylene (left).In the
acceptors only the MO coeffi-
cients on the C-C double
bond are indicated. -
_| The symmetry labeis (A’ and
“| A"y refer to the C, pointgroup.
Arrows indicate excitations
corresponding to the first and
-| second CT transitions."

CT configuration are reversed with respect to those in 1(4). Even though the donor and acceptor are now
separated by three sxgma -bonds instead of four only minor additional longwavelength absorption in the
250-350 nm region is detected and furthermore the spectrum for 3(3) lacks the very strong hypochromic-
ity in the 220 - 240 nm region typical for 1(4) and 2(d). From thése observations we conclude that the very

w-vclenglh (l'lm)

Eigure 7 Absorption spectrum of 33) (—— ) and the :
sumspectrum of 4and 7 (- - -) in cyclohexane .

high intensity of the second CT transi-
tion in 1(4) and 2(4) is niot just a‘result of
a matching between the symmetries of
the groundstate and the second excited
CT configuration, because then the first
CT transition of 3(3) should have shown
a comparably high intensity. A more

* likely explanation is that in 1(4) and 2(4) -

the symmetry of the second excited CT
configuration also matches that 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 seconid CT transi-
tion thus explaining both the high inten-
sity of the latter and the strorig hypo-
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chromic effect observed for the former. ' .
From CNDO/S +CI calcnlauonsuon the’ chmmophorcs incorporated in 1(4) it iay be concluded thag
both chmmpgmes mdoed display at least one strong transition of the correct symmetry in the 220 -240
nm region. Thus thcﬁrstn >R tmnatwn (lm“=228 nm; & = 15500 M-lem'1 , see Fig. 2) of acceptor §
related to the a — a* excitation Iends to-an A' excited state. Furthermore strong configuration interdction
occurs between the confignmtions cpm:s;)ondmg to d-1 — d* and d — d*+1 excitations of 1,4-dimethox- _
ynaphthalene, Thls produces two states of A' symmetry, the lower of these is probably connected to the
weak transition which [appears.as a shoulder at 328 nm, while the upper is connected to the strongest tran-
sition of the cluomophm: in the near UV region around 240 nm. Intensity borrowing from the strongest
transition by the sggsmd CT transition is then symmetry allowed and might, as already supulated abovc, be
quite efficient because of the small energy gap involved. While earlier CNDO/S-CI calculations#2 on 1(6)
gave no indications for such i mtensny borrowmg, more recent calculations on 1(4) seem to support its
occurTenc

Clearly this mmauon is quue dlffexent in §(3) Here it is the first CT transition (d — a*) which leads to an
A' state but the large energy gap between this transition and the strong A’ transition of the donor prevents
extensive intensity transfer. The. seoondCT ttansmon (d-1 — a*) now leads to an A" state whxch matches
the symmetry. of the first acceptor excxtcd state (a —a¥) (Xmu 240 nm; e = 6600 M-lem1 ), but this
local acceptor transition is not particularly strong and oonsequently neither of the two CT transmons is
significantly enhanced in 3(3).

The model discussed above seelm to account quahtatlvely well for the interesting absorption features of
the bichromophoric systems and indicates that a more accurate description should at least involve quantit-
ative evaluation of the configuration interaction between locally excited configurations and CT excited
configurations. The latter is not a trivial task, however, as evident from the results of CNDO/S + CI cal-
culations on 1(6)42:43 and 1(4)47 by Larsson et al.. While these calculations gave a fair description of the
local transitions, the CT transitions are 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 D-A distances involved cause the energy required for 'vertical' charge-separa-
tion to be quite sensitive towards the polarizability of the surrounding medium and its inclusion thus
seems crucial in calculations that seek to quantify the con-
. figuration interaction between locally- and CT-excited con-
figurations in donor-acceptor systems“8

2.2. Electronic emission spectra
As reported earlier22, 24, 26 photomduced electron trans-
| ferin 1(n) causes a substantial or even complete quenching
 of the local donor ﬂuorcscence The weakness or even com-
plete absence of any fluorescence attributable to one of the
separate chromophores, resulting from efficient intramolec-
|- ular photoinduced electron-transfer, allows for sensitive.
25 55 e25 | detection of eventual fluorescence (hver) resulting from
Wavelength (nm) radiative deactivation of the charge separated state:

Intensity (arb. scale)

Figure 8 - _ D*A" —— D-A + hyep 6]
Charge transfer fluorescence of 1(4) -
in a number of solvents. The detectability of such charge-transfer fluorescence is
1 = cyclohexane, 2 = benzene, further enhanced by its significant Stokes-shift26, which °
3 = di-n-butylether, 4 = dusopropy|- tends to move it into a region not overlapped by the residual
ether.and 5 = dlathylether . donor or acceptor emissions, even if the related charge
transfer absorpnon is strongly overlapped by local D — D*
"or A —A” uansitions.
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Systems 1(4), 2(4) and 3(3) provxde convmcmg .
-~ examples of the sitifation described ‘above. As
. discussed in the previous section, the first CT- ' *
absorpum in these systems can only be detected
with great difficalty because of its weakhess and
its location in a region where stronger D' p*
n'ansitlons occur’ In a humber 'of solvents, how: -
ever, a broad longwavelength emigsion is
detected which can'be attntmed?-‘s to'radiative
deactivation'of the chatge- separited state, Fig. 8
" displays this em:ssien s observed fer 1(4) ina
number of solvents. :
For the higher homologues 1(6), 1(8) and 1(10) of
series 1(n) CT-fluorescence has also been
observed, although for 1(8) ind L(10)only in two -
— T . " solvents, befizéne ahd di-n-butylethiér. T tore:
450 Tt gsa ' 850 'pblarsolventsthcennssxomsm%akwbe ‘
7 Wavelength (nm) obsérved. Fuithermore; as showrneartier 26, there
Figure 9 ; " : is'no driving force for électron’ traﬁefer i 1(10) in
Charge transfer fluorescence of 1(4), 1(6) 1(8) saturated hydrocarbon solvents; by ‘diit of ther:’
and 1(10) in benzen 0. ‘ modynamic features, while in these solvents 18) ‘
— : shows subsmnnal delayed denor ﬂuoreseencez‘ﬁ’

Intensity (arb. scale)

Table 1
CT fludrescence maxima, quantum y1e1ds and lifetimes of compounds
1(4, 6, 8, 10) in a number of solvents at room temperature .

1) 1) e g

solvent -~ | A T ¢ A T b A T o0 b A 0
. _l.(nm) (ns) - (om) _ (ns) b (nm) . (n J(om) (o). o ]
n-hexane - §475:10 8 0,03 443H10. 55 0,042 . }. - N .
cyclohexane (47510 9 0,034 ]447+10 47 0,038 ‘ ) N DR
benzene 565430 08 0,0008 ]555430 6 00007< 538435 40 0,002 : [526435 410 0,0041
di-n-butylether [530+15 2 10,0024 [525+20 10 " 0,0018 - |520430 49 0,002 '|520435 340 0,0034
diisopropyletherf 5556+256 1,3 0,001 550126 8 0,0005 .
diethylether 563130 0,7 0,0006 |572+30 - 1,2 0,0002#‘

g

resulting from thermal repopulation of the D *A state by back electron transfer from the D*A"state. This
results in the absence or the obscurarice of C’I‘-ﬂuorescence for both compounds in solvents other than
benzene and di-h-butylether.

Due to the broadness, the weakness and the location of the CT-fluorescence on a tail of the much stronger -
donor fluorescence (especially for the higher homologues) the determination of the fluorescence maxi-
mum becomes critically dependent on the fluorescence apparatus used, more specifically orn the correc-
tion factors for the wavelength sensitivity of the detector. =

It is evident, however, (see Fig. 8) that the CT-fluorescence undergoes a very large bathochromic. shnft
upon increasing solvent polarity, which confirms that the emission results from the deactivation of a -
highly dlpolar state. Emission spectra for other members of the series 1m) dlsplaymg the long WaVelength
CT type emission in benzene are shown in Fig. 9. )

Table I compiles the lifetimes and the quaitum yields deterinined for these long wavelength ﬂuoreseences
as determined in a number of solvents. Despite the large influence of the correction factors for the:wave-
length sensitivity of the fluorescence detector on the fluoréscence maximum the effects on the quantum
yields of the CT-fluorescence are much less dramatic. However, it still remains-difficult to-obtain these
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. | quantum yilds'especially for the -
Table I longer homologues where the weak
Dipolemoment and lifetime of the charge separated state ' C'I‘-‘ﬂugmenwm mmg’gﬂ '
as measured by TRMC [refs.23, 25, 27] in benzene at 20 C. donor fluorescence overlap. Thus
the quantum yiélds'can be estimated
compound P within no better than 10% accuracy.
poun (Deb €) (ns) As reported eartier 23, 25, 27 time
1@) % T resolved microwave conductivity
e » 6 (TRMC) meastireinents allow direct
18) 55 32 determination of the dipoie moment
1a0. : 8 360 and the lifetime of the charge separ-
112) . ated state. Results of these'measure- :
— ¥ Determined in cyclohexane Since the ifetime _ - ments are-compiled in Table I1. The
in Berizehé is too'short for accurate determination identity of the dipolar transients
of the dipolemoment. detected by these TRMCmeasure-
*#) Corrected for the incomplete (~ 50%) quantumyield ments and the state responsible for
of the photoinduced charge separation. ‘ the long wavelength emission now
: observed for k(n) (n =4, 6,8 and'
10) is supported by the virtual iden-

Table III

. CT-fluorescence quantum yields, lifetimes and maxima of compounds 2(4)and 3(3)ina number

of solvents at room temperature

solvent

30)
A (nm) i)

T(ps)

. 24)
A (nm) 6] T(ns)

cyclohexane
benzene
di-n-butylether
diisopropylether
diethylether

5165

604 +20
564£15
58015
592120

--0.014
0.00044
0.0018
0.0008

0.00038

2000
6

420

220

120

4205

53015
49010
51010
530110

0.034 20
0.0053
0.0088
0.0038.
0.0018

Naoo
~N -

Intensity (arb. scale)

300 - . . . A50 ..

: wpvaquah (om)

. .600

“in thé’'gasphase at 473 K.

'e 1rans?er ﬂuorescence ofa(s)

“tity of their decay times as evident from the

companson of the data in Tablé T with those ‘
glv_'en in Table I in the same solvent (benzene).
Strongly solvatochromic CT fluorescence has

| also been observed for compounds 2(4)and
1 33ina series of solvents. Quantitative data on

quantum yields and lifetimes are given in Table
I11. For compound 3(3) it was even possible to
obtain a fluorescence spectrum in the gasphase
at473 K (seeFig. 10). The spectrum shows
only CT-fluorescence with a maximum at ~
470 nm and no donor fluorescence at all; indi-
cating that for 3(3) even in the gasphase the
charge-separated state lies below the locally

-excited donor state, thereby allowing very fast -

electron transfer to occur!
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2.3. Estimation of the through-bond matrix coupling element Hg, ’
From the data.compiled in Tables I and II it is simple to calculate the radiative (kp) and the radlauohless
(kq) deqay mtes of.the charge transfer states via:

k= ore e
"kq=1/'t ke ! : €)

Thc values thus calculated for 1(n), n=4,6, 8 and 10 are complled in Table IV and those for 1(4)
and 3(3) these values are: compxled in Table V.

and .

Tahle IV L

The radiative- (ko and the radmnonlqss (k) decay rate from the CT-state. of compounds].(n). a=
4, 6, 8 and 10 calculated via qqs (2) and (3) from the data i in 'I‘abfe Iina number of _

ToOm temperature. ‘

L

1@ 1@ 1(8)' — mof

:{104) ?;?106) ?;104) l((;?106) ?;104) (x106) :flo“) (x106)
s wl o sh Y B R ' B (2 B 3

solvent . .

n-hexane 380 120 76 17

cyclohexane - = 380 . 120 81 21 V S ,
benzene 100 1200 12 150 50 25 110 24
di-n-butylether 120 500 18 100 4.1 20 10 29
, diisopropylether 80 760 6 120

diethylether 70 1400 ' 17 830

TableV

The radxanve- (k,) a,nd the radmnonless (k) decay rate’ from the CT-state of compounds 2(4) and
313 calculated via eq. (2) and 3 from Tal %le IILin a number of solvents at room temperature.

C B 24
solvent - kg k,
o (x 105) L& 107) x 105) (x 107)
R ‘ s L s (s s
n-hexane - - o 70 ' 49 - -
cyclohexane . 70 49 o 17 4.8
benzene : . (730 - €170000) 8.8 17
di-n-butylether - - .43 240 11 12 : ‘
diisopropylether 36 , 450 2.3 %4 !
.7 7 . |

diethylether - / 32 830

From these data it appears that a specific (iritermolecular CT ?) intetaction-between 3(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 radiationless processes, A small decrease oLk, upon
increasing solvent polarity was also found by Pasman4? for some rigid D-A systems, where itwas - ‘

1
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explained by the: fact that upon increasing solvent stabilization of the charge transfer state there will be a
decrease in the admixture of locally excited'states and hence a decrease in intensity "borrowing” from the
local donor or: acCeptol: transitions. Furthermore it should be noted that in more palar solvems exiensivé.
solvent reorganization occurs upon: creation of the charge: transfer state, which mnst hava a suhstnmul ’
effect upon the Franck-Condon factors for the charge-recombination process. ¥

Neglecting such effects the oscillator strength (f) of the CT transition con‘espondmg to the CI‘ fluores-
cence canbeappmximted-mfmmthckrvaluesmeq @, ‘

k=02t @

where vis the CT-transition maximum (in cm'l) The oscillator strength is related0 to the mblar extine-
tion coeffiment of the absorption band via eq. (5),

£=43x109 | edu~43x10‘9emaxAum D

where emax is the molar extinction coefficient at the maximum of the absoxpuon band and Avyp, is the
full width at half helght (fwhm) of the absorpuon band. On using for vthe maximung of the C‘I‘-absorp-
tion as obtamcdm Fig. 4for 1(4) (320 nm = 31250 em” ), with a fwhm of 2000 cm™ and the k mc clo-=
“hexane we calculate an g,y of 450 M' e, which is remarkably éldse to the value (800 M‘
determined by difference spectroscopy (see Fig. 4). From the rapid decrease of kp with increasing D-A
separation (se¢e Table IV) it is thus evident why no detectable CT absorption is found in the absorption
spectra of systems 1(n), with n. 2 6. The oscillator strength of the direct DA <> D*A" t:ansiuon as deter- -
mined via eq: (4) is related to the transition dipolemoment of this transition via eq, (6), ’

=105 v ler;2 ' ©

where lerj| is the transition dipolemoment and v s the CT u-ansiuon—frequency {in cm‘l) Forapure CT ~
type transition the transition dipolemoment can be glven from a two state (DA /DtAY) tmmngmodel37
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 polantles beyond that of
saturated alkanes where'k, becomes fairly constant.

brl—eRcHda/(E Ecr) . - (7)

In (7) E; - Ecypis the energy dxffemnce between ground- and charge-transfeﬁ’state whwh we will assume
to equal the CT-fluorescence maximum (in cm 1), R, is the centre to céritre donor-acreptor distance (m
A) and H 4, is the electronic coupling mamx element between the groundsmte and thé charge-separated
state. ,

Table VI

The couplmg matrix eloments for the series of molecules 1(n), n= 4 6, 8 and 10 and for the: -
molecules 2(4) and 3(3) calculated via eq. (4), (6) and (7) from the radiative decay rates of the
charge-transfer state (kp) in di-n-butylether as compiled in Tables IV and V.

compound number of bonds R.(A) R.(A) Hg, (cm™)
1%4) 4 4.6 6.8 370 -
1(6) 6 6.8 8.7 112
1®) 8 9.4 115 40
1010) 10 11.5 130 17.6
33) 3 37 5.8 850
2(4) 4 4.6 6.1 381
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The coupling atrix:¢lements for the series 1(n), n = 4, 6, 8 and 10, and for 2(4) and 3(3) as calculated:
via eq. (4); (6) and (7) fromthe radiative decay rates of the charge transfer.staté (k,) in di-n-butylether"
are compllod inTable VI, For the series of molecules 1(n),n = 4, 6, 8 and 10, the values-of H,4, com- -
piled in Table VEprovide a divect mieasure: fm- the couplmg betwecn a smgle dona'/accepm p ovcr .
an'aysof468and10bonds Chea oo
In aplot of Hda vs. the number of bonds (n) or the edge to edge distance (Rc) an exponennal dlstmce
dependence of the through-bond couplmg matrix element can be demonstrated (see F1g 11 ), given by
eq. (8).

Hgj (incnr'!) = 2440 exp (-0.44'R) = 2566 exp.(-0.51 n) @

where Rcisin Angstram. For comparison the data of 2(4) and 3(3) have also been plotted in Fig. il ,and
interestingly these are found to:deviate only marginally from the values predictéd from eq. (8).

, ln(Hda)- 85 - Q.fmx ! L ln(Hda)-?B 044(Re) |
."3(3) Al oo B
] ?“‘?. S ks I CORERE Y
8 s- ' E 5
£ 4 $ 41
£ c 1
3 - 34
A b SR SR I S sy
fn-(numbsrowonds.)‘» - 2 4 GRe"(A)’; IR 1‘zk

Figure 11 Estamated (see Table VI) coupllng matnx elements {Hgg) for the couphng bet-v “
ween the charge-separated state and the grounds(ate as a function of the mini-
mum number of separating sigma-bonds (n) (A) and the edge to edge donor-
acceptor distance (Rg) (B) in di-n-butylether. The line drawn gives the least
.squares fit to the data for the series 1(n), (n = 4, 6, 8 and 10) while datapomts fog'
2(4) and 3(3) have been -added for companson )

It should be noted that at thls pomt we have collected data for the rate of charge-recombmatxon (ker=
1/t , see‘Tables I- II) in-our compounds as well as - via an independent route - for the electronic -
coupling matrix element (Hgy, see Table VI) between the states involved (DYA- — DA ). This allows us
to verify the applicability of the "golden rule" expression (9) that relates the rate of electron-transfer w1th
the electronic couphng between D and A accordmg to non-adiabatic electron-transfer theories.

=(41t2/h) Hg,2 FC o)

This expression has in fact been felied upon extensxvely in cases where only rates18-20, 11,13 o¢ Hga
(from CT-transition oscillator strengths21, 30, 37) were accessible. That procedure, however, is compli-
cated by the necessity to evaluate the Franck-Condon factor (FC), 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 constarit
in a series of 'related’ systems. ,
Fig. 12 now shows a double logarithmic plot of the k; values as determined from fluorescence decay
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» Figure 12 -

: o “Double logarithmic plot of’the decay

10 1= St — rate of the cHiarge separaed state‘’asa -
i S 33) a1 |'tunction of the (:Jgupﬂhg inatcrcl:gc ei:;:m

: ort A Y e ‘Hda whire the e drawn cotresponds

| loatkent= 4.5 + 1.7 log(Hda), 10 the leaist squares fit to the data for
' . the series 1(n), (n'= 4, 8, 8 and 10)

28 | while datapoints for (4 and X3) have

been added for comparlson B

T
log (Hda)

(Table I and Table III) measurements versus Hda values determined (Table VI ) from the radiative transi- o
tion probabxhty between DTA” and DA states (all in dl-n-butylethcr) The datapomts for’ scnes =4,
6, 8 and 10)-indeed define a linear correlation with slope reasonably closeto 2 (i.e: k ~ Hab . Onice

again the datapoints for 2(4) and 3(3) do not deviate dramatically from the correlation found for {(n), but’
especially for 2(4) the deviation seems sufficiently large to suggesta sxgmﬁcam change in Franck-Con-

don factors!

We have shown elsewhere27 that the distance dependence of k¢y (as determined by TRMC in scveral sol-
vents) in the series 1(n) is descnbed quite well by the exponential express:on giveﬁ ineq. (10),

© ker=Ver exp(-0.88 R) ‘ (10)

where the preexponential factor v, is strongly solvent dependent. Cdmpanson of ¢10) with the exponien-

ual distancé dependence found for Hya ( Hga~ exp(-0.44 Re), see Fig. 11) also nicely demonstrates that
k.. is indeed proportionat to (Hda)z as predicted by theory This appears to be the first expeqmental veri-

fication of this proportionality in such a series of D/A systems ahd therchy provides 1mportant s\Jpport for

the apphcanon of eq. (9) to determine Hy, from k. or vice-versa in systems where one of theSe parame-

ters is not accessible via expcnment

2.4. Comparison of the magnitude and distance dependence of Hyg in 1(n) with other’ systems -
Recently Penfield et al. 30 reported the electronic absorption spectra of the radical anions of 1(4), 1(6) and
1(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 naphthalene moiety (D“-A). From
the shape and intensity of these bands Skma{ =633 nm; € ~ 2000 M- lom s Amax = 599 nm; €~ 500 M- '
leml and Ay, = 555 nm; e~ 125 M- o in THF for the radical anions of 1(4); 1(6) and 1(8) respec-
tively), electronic couplings of 1300 cm™ 1,484 cm Y and 242 cm™! between the D-A~and D™A states in
these radical anions were derived. These values are sxgmficantly larger than those given in Table VI for
the parent neutral molecules. It should, however, be realized that they refer to different types of coupling
as may be appreciated from simple one-electron conmderauons Thus, ina charge-recombinanon process ,
(D*-A" — D-A ) the leading orbital interaction (see Fig. 6)is d/a*, while for charge-migration (D-A" =
DA ) in the radical-anions it is d*/a* . The latter is in fact more closely related to the very fast photom-
duced charge separatmn26 process in the neutral molecules. -
Another series of fully rigid compounds for which electronic coupling matrix elements were determined
are the mixed valence systems with spirocylobutane bridges studied by Stein et a1.21, In thése systems
Hda values of 170 cm™1, 68 cm™! and 32 cm™! across 4, 6and 8 sigma bonds were estimated ffom the
intensity of the 1ntramolecular intervalence transition, which thus show more resemblance both in abso-
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lute magnitude and in distance dependence with those estimated for 1(4), (6) and 1(8), see Table VI.

The same applies to the Hyy values calculated recently by Closs et al. 11,13 via eq (9) - and making a par-
tial correction for the dls;ancé dependence of the Franck-Condon factor - from the rates of intramelecular
electron transfu ‘ Ts(:ues of amon-radxcals, created by pulse radiolysis, comprising 2-naphthyl and' 4-
biphenyl groups linked by cyclobexane, tran,s-decalme and steroidal umts to provide separanons rangmg
from 4 to 10 sigma-bonds and yielding Hga values ranging from 168 cm-1 16 6.2 cm-1

Although the: mtauonql freedom of the chmmopho:es with respect to the bridges presents additional prob-
lems in interpreting the l.atter results, together with those presented in this paper and with the data of Stein
et al. they provide convincing evidence that effective through-bond couplmg allowing for fast long-range
electron transfer is by no means limited 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, wlth respect
to the bridge and by the effect of the internal configuration of the bridge demonsl:mted51 52y very tecently
by us, the actual magnitude of Hg, is not simply determined by the number of i mtervemng bonds.

Large Hg, values require a mode of attachment of D and A to the bridge that allows for optimal *hyper-
conjugative’ overlap of the relevant frontier n-orbitals of D and Awith the o-system of the bridge, and fur-
thermore require a specific configuration in the relay of o-bonds provided by the bridge, in accordance
with the earliest predictions made on the conformational reqmrements for through-bond interaction. The
all-trans conﬁgnranon of the relay of C-C c-bonds in the bridges of the rcsent compounds (see: Fig. 1)
provides such an opnmal sityation and as we have shown very recently>1,52a drastic lowering of the..
coupling, efﬁmency msults fmm changcs in that situation thus, allowing a ﬁne-tumng of the rate of elec-
tron-transfer by molecular engineering of the bridge. ;

3. CONCLUSIONS .

In this paper we have demonstrated that absorptmn measurcments provide dlrect ewdence for through-
bond interaction in molecules 1(4), 2(4) and 3(3) by the observation of “extra"-absorption bands not attri-
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-separated state directly to the groundstate has been observed for compounds 1(n), n =
4,6,8and. 10, 2(4) and 3,(3) in a number of solvents From the bathochromig shift of this charge-transfcr
fluorescence: upon increasing solvent polarity and especially from Time Resolved Microwave Conductiv-
ity measurcments the highly dipolar character of the charge-sepaxated state has been shown.

Quantitative analysm of the transition probabxhty for CT-emission enabled us to determine the through-
bond electronic coupling matrix elements Hg, between the groundstate and the charge-separated state.
Hgy, 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—reeombmanon, predicted
by non-adiabatic electron-transfer theory, was substantiated. ,

4, EXPERIME;NTAL

Synthesis and identification of the compounds are described elsewhere 26, 53, 54,

Samples for emlsswn measurements were made in spectrograde solvents, with an absorption at the exclta-
tion wavelength between 0.1 and 0.2 and furthermore they were carefully deoxygenated by purging with
argon for at least 15 minutes. The static ﬂuorescence measurements were performed on a SPEX Fluorolog
11 instrument, with a Hamarmatsu R928 detegtor and an excitation wavelength of 300 nm, The quantum
yields are measured relaglve to d:phenylanthracene in cyclohexane (® = 1), upon variation of solvents
there has been cmrecncd for the change in refractive index of the solvents. For the time resolved fluores-
cence measurements on a nanosecond time scale the 308 nm line.of a XeCl filled Lambda Physik EMG-
101 excimer laser has been used as excitation source. The emitted l1ght -was detected via a Zeiss M4QIII .
monochromator by a RCA C-31025 C GaAs photomultiplier, from which the electric sxgnal was fed into a
Biomation 6500 transient digitizer coupled to a Tandy TRS80 model III microcomputer for data handling.
For the subnanosccond time resolved fluorescence measurements a time correlated single photon counting
equipment has been used .which has been described extensively before2 26, Static absorption measuremems
were performed with a Hewlett Packard 8451A diode-array spectrophotometer. o
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