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A series of semirigid donerbridge—acceptor (B-B—A) molecules was synthesized to study the effect of

the position and number of nonconjugated olefinic bonds in the bridge on the photoinduced charge-separation
and charge-recombination kinetics. The molecules consist of a phenylpiperidine electron donor, an oligo-
(cyclohexylidene) or oligo(cyclohexyl) bridge, and a dicyanovinyl acceptor. Partly saturated ter(cyclohexylidene)
bridges were used as well. The edge-to-edge doeacceptor separation of the compounds under study varies
between 2.89 and 15.4 A. The replacement of-a0Csingle bond by an olefinic bond increases the rate of
charge separation with a factor of 3#00.8 per replaced bond. For all-HB—A compounds the extended

fully charge-separated state folds to a compact charge-transfer (CCT) conformer. The rate of charge
recombination (CR) of the CCT state increases with solvent polarity for those compounds having an olefinic
bond located three bonds from the acceptor. Thus, while in cyclohexane the CR rate is equal for all
compounds, in benzene the CR rate in compounds with an olefinic bond near the acceptor is 10 times larger
than in compounds with a single bond instead. It is believed that a (virtual) charge-transfer state involving
the radical cation of the olefinic bond and the radical anion of the accepteB{D-A*") is responsible for

the enhanced CR process.

Introduction groups, such as a dihalocyclopropane Gnihich provide low

H _Re— _Ret_Ae—
Photoinduced long-range electron transfer (ET) has long beenenergywrtual states D—B*—A or D—B**—A"", can enhance

recognized as the key process in the conversion of solar energ)ﬂ;e rqtetg)f ch?rgel ?ep?r:atlof?.. Althougfh ahfatst (;]harge-lseparatlon
to chemical energy as taking place in natural and artificial step 1S beneticial Tor the €lliciency of pnotochemical energy

photosynthetic systems. The study of various deriwidge- conversion, it should be realized that charge-recombination rates

acceptor (B-B—A) molecules with rigid saturated hydrocarbon can be enhanced by.supgr-exchange involving these states as
bridges has contributed significantly to the understanding of the yvell. FOI: an extensive literature survey on the effect of
electron-transfer process. The influence of factors as denor |ntermed_|at§ and virtual states on charge-separation and
acceptor separation, reaction medium, and free energy on the—recomblnatlon rates the regder is referred to rgf_-&lect_ron

ET process has been studied extensivefyln the case of containing systems in a pndg_e may also pa£t|0|??te N a so-
saturated hydrocarbon bridges, ET proceeds via a superexchang alled sequential mechani8t in which the D*—B*"—A or

Rt _Ae— H H H
or through-bond mechanismand its rate is related to the B_ A s_tatebs_gmst_ as real mter(;nte)dl?]tes.l_ loh
magnitude of the coupling between the locally excited donor AN interesting bridge is represented by the oligo(cyclohexy-

or acceptor state and the charge-transfer (CT) state. lidene) skeleton. Oligo(cyclohexyliden&)¢Chart 1A) consist

The observation that a bacteriochlorophyll (BChl) is located of an array of cyclohexane rings which are linked at the 1 and/
between the initially excited bacteriochlorophyll dimer (P) and ©F 4 Positions by double bonds. The-z-topology in these
the bacteriopheophytin (H) electron acceptor in the purple molecules is well capable of relaying through-bond interactions

bacterial photosynthetic reaction center, combined with the fact PEtWeen funct;?nalltles attached to the termini as has been
that extremely fast ET from P to H occurs with a time constant demonstrated*by photoelectron spectroscopy in combination

of 3 ps over a 17 A center-to-center distance, has stimulated With ab initi_o cal_culatio_ns. Self-asser_nbled monolayere.oi- .
the research on the influence of intermediateystems on the sulfur-fu_nctlonallzed oligo(cyclohexylidene)s have been applied
rate of ET. It has been found thatsystems as well as other S medium for electron transfer between CdSe quantum dots
and a gold electrod¥:15> The distance dependence of the rate
t“Oligo(cyclohexylidene)s” and “oligo(cyclohexyl)s” are shorthand Of ET of these systems was found to be comparable to or in
notations for compounds named oligo(cyclohexan-1,4-diylidene)s and oligo- some cases even smaller than that of fully z-conjugated
(Cyfg’gkf;‘:rl‘;]lsvt‘i‘tftg')s' respectively, according to IUPAC nomenclature.  priqges. In donoracceptor-functionalized bi(cyclohexylidene)
s Laboratory of Organic Chemistry. D[373]A, as well as in bi(cyclohexy)D[7]A (Chart 2),

' Radiation Chemistry Department. photoinduced ET to a D —B—A*~ state has been observ&d.
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CHART 1: Oligo(cyclohexylidene)s (A) and SCHEME 1: Synthetic Scheme for the Syntheses of
Oligo(cyclohexyl)s (B) with the a- and e-Positions D[32373]A, D[37x37373]A, D[723]A, D[11]A, and
Indicated D[3x7]A®
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between brackets denotes the bond topology of the bridge. X= C\O>< 47.41.13.20 V= -OCHBu :g{gﬁgzg

Although we were not able to determine the rate of charge
separation, it was found that in benzene the rate of charge
recombination irD[323]A is substantially (20 times) faster than aReagents: (a)PrpNLi. THF: (b) Me;NCH(OCHCMes),, MeCN:
that inD[7]A .*° For D[323]A andD[7]A in the nonpolar solvent () HCI,gHZO, T(H}:(;P(c)f) I-bC(CN)z(, l)\IH4e,§\c, H(()Ac!_bbenze?’e)rzwe; @ H
cyclohexane evidence was also obtained for the occurrence ofpPd/C, THF (EtOH); (f) 1. NaOH, bD 2. HCI, HO.
large conformational changes (folding) accompanying charge
separation in the nonpolar solvent cyclohexane. WhileCfor Results and Discussion
[373]A it could not be determined whether folding precedes or
follows charge separation, in the caseli’]A a harpooning Synthesis.The syntheses of donebridge-acceptor com-
mechanisn??-23in which charge separation precedes the folding pounds D[3#373]A, D[3x7]A, D[7a3]A, D[11]A, and D-
process, was observed. [3737373]A are shown in Scheme 1. A key intermediate in
In the present study we report and discuss the photophysicalthe synthetic routes is carboxylic acke Initially, it was
properties of a series of longer-fB—A compoundD[37373]- prepared by a reaction sequence involving catalytic hydrogena-
A, D[773]A, D[377]A, D[11]A, andD[3737373]A (Chart 2). tion of ethyl 4-hydroxybenzoate to form ethyl 4-hydroxycyclo-
In these compounds we have systematically varied the numberhexanecarboxylaté:?* Since the yield of this step was irrepro-
and position of the olefinic bonds in the bridge as to be able to ducible (0-95%), an alternative and more reliable route was
address the influence of these parameters on the chargeused. This route (Scheme 2) involves the reaction of diethyl
separation and -recombination processes. Furthermore, themalonate with two equivalents of ethyl acrylate by 1,4-additions
photophysical properties @[323]A andD[7]A are studied in forming tetraethyl pentane-1,3,3,5-tetracarboxylag,(which
more detail. In particular, the effect of solvent polarity on both was ring-closed by means of a Dieckmann condensation to
the charge-recombination process and the folding process isform?®2¢ triethyl 4-oxocyclohexane-1,1,3-tricarboxylat2by.
discussed. The compounds were studied by means of steadyThis product was converted into 4-oxocyclohexanecarboxylic
state spectroscopic methods and time-resolved absorption andcid c) by means of acidic hydrolysis and decarboxylation.
fluorescence spectroscopy and microwave conductivity. Subsequently2c was converted int@e via 2d.

X= C=0 5,8,12,14, 22
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SCHEME 2: Synthetic Scheme for the Synthesis of 2¢
and 2¢
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Alkylation of the dianion of carboxylic aci@e with ketone
1 (Scheme 1) affordef-hydroxy acid3 which was decarboxy-
lated and dehydrated to yield acetalHydrolysis of4 gave
ketoneb, which was condensated with malononitrile to afford

Oosterbaan et al.
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Figure 1. Anti-syn-equilibrium of a bi(cyclohexylidene).

TABLE 1: Center-to-Center R, and Edge-to-EdgeRe
Donor—Acceptor Distances from MM2-Optimized
Geometries of the D-B—A Compounds under Study?

compound R (A) Re (A)
D[3]A 4.16 2.89
D[373]A a 8.3 7.02

a [8.41] [7.04]
S 7.5 6.3
D[7]A 8.6 7.34
[8.70] [7.33]
D[3#373]A aa 12.5 11.19
as 11.7 10.52
sa 115 10.45
SS 11.6 10.36
D[377]A a 12.6 11.39
S 10.9 9.98
D[7#3]A a 12.3 11.37
S 11.2 10.05
D[11]A 13.1 11.84
D[3737373]A aaa 16.7 15.37
Sss 15.4 14.24

a Distances between brackets are crystal éafde labels “a” and
“s” denote anti and syn geometry, respectively, with the first label

D[37x373]A. The same reaction sequence starting from ketones referring to the double bond closest to the donor.

5 and9 furnished B-B—A compound<D[37x37373]A andD-
[7723]A, respectively. Catalytic hydrogenation of acefdl
yielded13 as a mixture of cis and trans isomers. Hydrolysis of

are expected to be considerably more flexible. For the bridges
which contain an olefinic bond syranti isomerism (Figure 1)

this mixture followed by isomer separation gave the trans isomer is important. For 4,4di-tert-butylbi(cyclohexylidene) under

of ketonel4, which upon Knoevenagel condensation afforded
D[11]A.

For the synthesis dD[3x7]A, synthonl8 was prepared as
shown in Scheme 1. First6awas prepared by coupling of the
dianion of2ewith 15, which was prepared by esterification of
4-oxocyclohexanecarboxylic acidg Scheme 2) with neopentyl
alcohol. Dehydrative decarboxylation of the coupling product
then yieldedlL6atogether with the byproducttb and16c(see
Supporting Information). Catalytic hydrogenationifa gave
the cis and trans isomers &7 in a 1:1 ratio (according to GC

isomerization conditions an equilibrium composition with a anti/

syn ratio of 0.83/0.17 has been repoffedhich corresponds

to a Gibbs free energy difference of 0.95 kcal niollt is

reasonable to expect that also for the compounds in the present

study both syn and anti conformers are present in solution.
Support for the presence of different conformers in solution

of the compounds with bridges that contain an olefinic bond

was found®in 'H NMR spectra oD[373]A, D[373], and[373]-

A. For these compounds a single, time-averaged chemical shift

is observed for the equatorial and axial protons attached to the

analysis). Subsequent basic saponification followed by careful same carbon atom in the saturated hydrocarbon rings, whereas

acidification gavel8 as a mixture of cis and trans isomers. For
the synthesis oD[377]A, 18 had to be coupled t&9. In this
reaction it was found that the conditions under which dianion
formation of carboxylic aci@eis readily achieved did not lead
to dianion formation ofL8. This is probably caused by the low
solubility of the dilithium salt of the dianion 018 in THF.
This solubility problem was solved by Trost and Tanfarfor

a similar carboxylic acid by the use of THFHMPA mixtures.
Although we found that the addition of HMPA indeed promoted
dianion formation ofl18, in our hands the best results were
obtained by the use of TMEDA instead of HMPA. Dehydrative
decarboxylation oR0, followed by deprotection and condensa-
tion with malononitrile, finally gaveD[3x7]A.

All D —B—A compounds possess high melting points and low
solubilities in common organic solvents which decrease with
increasing molecular size.

Ground-State Conformational Properties and Donor-
Acceptor Distances An important factor in the study of charge
separation in B-B—A compounds is the distance between donor
and acceptor, which should be well-defined. Therefore, rigid
bridges, such as norborA§ksee however ref 29), cubl,and
steroid skeletond'32have been applied. The oligo(cyclohexy-

for D[7]A, D[7], and[7]A distinct signals are observed for the
equatorial and axial protons attached to the same carbon atom.
This implies that compounds which contain an olefinic bond
are conformationally flexible on the NMR time scale, while the
conformation of their saturated analogues is frozen. Moreover,
it was found that irD[7]A andD[7] the phenyl group occupies

an equatorial positio® Nevertheless, B3LYP calculations on
D[373] have showff that a conformer with the phenyl ring in

an axial position is sufficiently low in energy (0.8 kcal mdl
above the energy minimum) to be accessible at room temper-
ature. The donoracceptor distance in this conformer is,
however, only slightly different from that of the lowest energy
conformer.

As a consequence of the occurrence of-sgnti isomerism
(see Figure 1), the interchromophoric distance in the compounds
with double bonds in the bridge is not fixed. To get an estimate
of the variation in the interchromophoric distance molecular
mechanics (MM2) calculations have been performed on all
possible syn and anti conformers of the-B—A compounds
with bridges that contain one or more olefinic bonds. In Table
1 the donot-acceptor edge-to-edge distan€®of the various
D—B—A compounds and their syn and anti conformers (if any)

lidene) and oligo(cyclohexyl) bridges used in the present study are listed. The distand&. is measured as the distance between
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the anilino nitrogen atom and the olefinic C atom of the acceptor 25
which is incorporated in the ring. As can be seen-sgnti
interconversion produces a variation in the edge-to-edge distance

of up to 1.4 A (forD[3#7]A). In Table 1 also the center-to-

center distanceR. has been indicated. This is the distance — __ y
between the midpoint of the pheny®I bond and the midpoint h B
of the central olefinic bond of the acceptor. Ff323]A and =

D[7]A the calculated?. and R; values can be compared with = 404
Y

204

3

their crystal structure®. In the crystal, the (partly) saturated e
six-membered rings of both molecules adopt a chair-type
conformation and the phenyl group adopts a (pseedogtorial
orientation. The bridge dD[323]A is in an anti conformation.
As can be seen in Table 1 the MM2 distances are in good 01— T
agreement with the crystal data. 250 300 350 400

Electronic Absorption Spectra. The absorption spectra of A (nm)
D[3#3]A, D[7]A, D[3#3], D[7], [7]A, and[3#Z3]A have been Figure 2. Absorption spectra dd[3#373]A (solid), D[7#3]A (dash),
discussed befot&34 and will only be briefly reviewed here.  [37373]A (dash-dot), andD[373] (dot) in dichloromethane at 2.
The N,N-dialkylanilino donor exhibits three absorption bands . . .
in the region 195-350 nm. FoiD[7] in cyclohexane, these bands Xﬁg}%ﬁ%n %%sféﬁzﬁ'gﬁts""ea{l'@a,\,,’l"fagrﬁi‘?g‘;ﬂ%ﬂig in
are positioned at 203, 255 and 289 #hi.he olefinic bond in CHJCI; at 20 °C (range: 230-500 nm)
1,1-bi(cyclohexylidene) has a maximum at 206 &7 while

54

bt . . . compound Amax €

ther*—z-transition of the dicyanovinyl acceptor [i]A gives DI33 258.0 133

rise to a single maximum at 235 nfhiln [373]A, besides these DHt ] 258 5 120
two *—s-transitions, another band with a maximum at 274 D[373]A 248.0 20.7

nm in cyclohexan® is present, which has been ascribed to a D[7]A 2455 211
transition involving charge transfer from the olefinic bond to Eﬁ}%}p\ %gg-g g-ig

) . 38 . .

the dlcyanOV|n}/I acceptdé . Ba7IA 536.0 158
The absorption spectrum &f[7]A can be described as the D[37373]A 22 6%
sum of the spectra oD[7] and [7]A. Hence, no noticeable D[7#3]A 236.0 20.1

ground-state interaction between the donor and accepir in D[3#7]A 2443 23.8

D[11]A 245.3 22.2

[7]A is present. The same was conclutfefdr D[3z3]A, but a
careful reexamination of the absorption and excitation spectra 2 Shoulder in the region 285295 nm.® Not any maximum present,

of this compound revealed a very weak absorption tail extending € at 245 nm.

to about 355 nm in cyclohexane (estimated band maximum

between 300 and 320 nm). This absorption is neither present inabout one-third of the absorbed excitation light will produce a
[373]A nor in D[323] and is therefore ascribed to a transition locally excited donor and about two-thirds of the excitation light
involving charge separation from the phenylpiperidine donor Will produce a *local” [37""3]A"" charge-transfer state. Starting
to the dicyanovinyl acceptor: “B[373]A*~ < D[3z3]A. It thus with these two locally excited states, in principle two processes
appears that the presence of the olefinic bondD[8x3]A are possible: electron transfer, in which the electron residing
induces a ground-state interaction between the anilino donoron the excited donor is transferred to the acceptor, and hole
and the dicyanovinyl acceptor. FdD[3]A, which has an transfer, in which the hole initially produced on an olefinic bond
identical donor-acceptor pair, the position of the CT absorption is transferred to theN,N-dialkylanilino donor. In D[373]A

has been reported to be located at 342 nm-irexane®®4%and excitation in the 308315 nm region will also directly produce
it has a considerably larger absorption coefficient. Due to the the fully charge-separated state.
larger distance between the charges, the CT statf8B8]A*~ Solvent Dependence of the Steady-State Fluorescence of

will be less stabilized than that @[3]A, and hence a blue-  D[323]A and D[7]A. Fluorescence maxima and fluorescence
shift for the absorption maximum is expectedhich is indeed quantum yieldsp; of all D—B—A compounds as well as those
observed. of [373]A and [3#373]A are given in Table 3. The steady-
The absorption spectra &f[723]A, D[37373]A, [37373]- state fluorescence spectra@f3#3]A andD[7]A, recorded in
A, andD[323] in dichloromethane are presented in Figure 2. solvents of different polarity, are presented in Figure 3. The
Absorption maxima and molar absorption coefficients are local donor emission, located at 336 nm for b&f8x3] and
tabulated in Table 2. The absorption spectrum3#373]A D[7] in cyclohexané? is largely quenched forD[373]A
shows an absorption maximum which is slightly red-shifted as (>99.8%) andD[7]A (=97%) in all solvent$! A comparison
compared to that of3z3]A. Furthermore, in[3z7]A CT between the emission spectralj3#3]A and those of373]A
absorption bands could not be detected. The absorption spectrgnot shown) reveals that emission from the partly charge-
of D[37#373]A, D[723]A, D[3x7]A, and D[11]A can be separated stat®B[3xz°*3]A*~, which is formed upon photoex-
reasonably well described as the sum spectra of separate donogitation of D[37#3]A as well (see above), is not present in any
and acceptor compounds. solvent. This indicates that, in addition to electron transfer from
It is important to note that the UV spectra show that in the the excited phenylpiperidine donor to the dicyanovinyl acceptor,
wavelength range 368315 nm, in which most samples have also hole transfer from the olefinic bond to the phenylpiperidino
been excited for fluorescence measurements, in the cd3e of donor takes place. The fluorescence bands which remain are
[71A, D[3x7]A, andD[11]A only the anilino donor is excited,  ascribed to the fully charge-separated st@e4373]A*~ and
while in the case oD[3#3]A, D[3#373]A, andD[7x3]A only D *[7]A*~ for D[3x3]A andD[7]A, respectively®
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TABLE 3: Experimental Steady-State Charge-Transfer Fluorescence Maxima; (in nm) (Quantum Yield @/1073) of the
Compounds Given in Various Solvents at 20C Together with the Results of Solvatochromic Fits

solvent Af  D[3a3]A D[7]A [323]A D[3#373]A D[7a3]A D[3x7]A D[11]A [37373]A D[3x37373]A

cyclohexane 0.101 388(3.0) 4928) 361(1.2) 511 (48) 512 (18) 496 (27) 508 (4.7) 360 (2.0)b
521 (32)

benzene 0.117 525(3.0) 515(23) 416 (15) 574 (3.2) 576 (2.6) 548 (3.9) 547 (1.8) 415 (22) ~415,577
di-n-pentyl ether 0.173 5286.5) 483(17) 378(4.1) 550(8.1) 550 (44) 531 (4.5) ~500*(1.6) 379(6.9) b
di-n-butyl ether 0.193 5204.7) 484 (17) 381(4.8) 554 (6.2) 555 (35) 534 (4.1) 5189(~1.7) 382(7.2) b
diisopropyl ether 0.234 522(3.8) 521(20) 389(7.9) 558(3.9) 56642.1537 (2.6) 546(0.5) 389(9.2) b
diethyl ether 0.254 542 (2.9) 545(12) 409 (10) 576 (1.9)  578¢1.1)555 (1.9) 552 (1.2)  410(14) b
ethyl acetate 0.293 630 650 468 (8.1) f ~468 (1.4y f f 468 (9.9) ~468 ()
THF 0.308 630 (0.3) 650 464 (12) ~635 ~464 (1.3 ~650*(<0.1) f 465(13) ~465 (2.2)
CHCl, 0.319 461 (19) 461 (25)
butyronitrile 0.376 512 (1.1) 512 (1.0)
v¢(0) (1¢° cm™Y) 30.840.5 28.9+ 1.3 32.0+£1.0 20.7+0.4 20.8:0.3 225+1.0 20.7+£0.3 32.0+0.9
slope (16cm™) —49.3+£2 —439+5 —325+3.6 —13.0+£2.2 —13.84+15 —125+23 —-96+14 —-32.6+3.5
correlation coefficient 0.997 0.974 0.959 0.958 0.982 0.954 0.989 0.961

2 Not used in the solvatochromic fit (see textSolubility too low. ¢ Values obtained in benzene were not used in the solvatochromic comparison,
since it is known that the polarity of benzene is not well described bafit§ Maximum obtained by deconvolutioAValue obtained by streak
camera measurementlo CT fluorescence observetiResidual acceptor emission.

0.8 3

cyclohexane (x 0.2) cyclohexane benzene
A di-n-butylether B
064 di-n-butyl ether diisopropyl ether diisopropyl ether
di-n-pentyl ether diethyl ether

> benzene >
g 0.44 ‘é
] o
kS THF (x5 g

0.24
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Figure 3. Fluorescence spectra B{373]A (A) andD[7]A (B) in various solvents (excited between 270 and 300 nm). The intensity of all spectra
is corrected for the absorbance (excited at 300 nm).

In cyclohexane,D[373]A clearly shows two CT bands of donor and acceptor, respectively, as determined in acetonitrile
positioned at 388 and 520 nm. The 520 nm band has previously(es = 37). When it is assumed that is independent oR,
been assigned to a folded or compact charge-transfer (CCT)which is reasonable since the main portion of the structural
conformer of the D[373]A*~ state!® The remaining band at  reorganization is expected to be located on the donor and
388 nm (3.20 eV) is assigned to the extended CT state (ECT acceptor sites and not on the bridge, eq 2 predicts a blue shift

state) of D[373]A"". of the ECT emission maximum upon increasiRg For D[3]A
The energy of the CT fluorescence is givert by in cyclohexane an emission maximum of 450“Af2.76 eV)
has been reported and hence the ECT stat¢3e3]A*~ of D-

e = AG — A — A+ By ) [373]A is indeed destabilized with respect to thaidjB]A by

an amount of 0.44 eV.
While for D[373]A in cyclohexane two maxima are present,
one corresponding to an ECT species and one to a CCT species,

where h is Planck’s constantAG is the (negative) energy
difference between the relaxed locally excited state and the

relaxed QT state;' is the (positive) inner reorganization energy . the more polar solvents di-pentyl ether and di-buty ether
uponl going from the Flr]aneklc:ondon ground state formed rl:pon only a single very broad fluorescence band is present (Figure
CT fluorescence to the relaxed ground state, whiés the 35y The full widths at half-height\vy, of the spectra in di-
solvent reorganization energy associated with this proéess. n-pentyl ether and di-butyl ether are~7.4 and~7.2 x 10°

is the zero-zero transition energy of the locally excited state ;-1 respectively, while values for CT fluorescence bands

from which charge transfer takes place. In a model where the typically range from 4.5 to 6.5 10° cm~142 Furthermore, the

donor and acceptor are represented by two spheres with mearg,ation of the band maximum seems to be virtually independent
radius r separated by a center-to-center distariRe and

. . . . T = of solvent polarity. These observations indicate that also in di-
immersed in a medium with refractive indexand permittivity n-pentyl ether and divbutyl ether emission is observed from
¢s €q 1 becomés both ECT and CCT species. A similar broad band is present in
, benzene which shows that even in this quasi polar solvent CCT
hvi = F[E(D) — EfA)] — €737 — 4/ + emission is observed. This supports oﬂr earIFi)er presumnition
(1 — 1IR)(2le— 1) (2) that the small excited-state dipole moment obtained with time-
resolved microwave conductivity (TRMC) in benzene is due
whereF is Faraday’s constang is the elementary charge, and to the presence of folded conformers. Note that the occurrence
Eox(D) and E,A) are the oxidation and reduction potentials of two species in this solvent was confirmed with time-resolved
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TABLE 4: Deconvolution of Fluorescence Spectra of 28
D[373]A2 ]
ECT ccT 261
solvent Af vmax  Av b Vmax AV b 24 4
cyclohexane 0.100 25.62 4.740.312 19.04  4.76-0.122 —
di-n-pentyl ether 0.173 21.42  4.950.107 17.66  4.75—0.120 ‘e 22
di-n-butyl ether 0.194 21.07  4.%5-0.092 17.53  4.75-0.119 S
diisopropyl ether 0.237 19.11 5.560.113 © 20-
diethyl ether 0.251 18.36 5.33-0.090 ~
ethyl acetate 0.292 1587  5.570.021 218 4
aValues forvma and Av are given in 1® cm=L © Av fixed at this 1
value (see text). 16
fluorescence spectroscopy (see “Time-Resolved CT Fluores- 1‘:) s oo T T T T
cence” section). The fluorescence spectra OjBa3]A in ’ : 0.15 0.20 0.25 0.30 0.35
diisopropy! ether, diethyl ether, ethyl acetate (not shown in af

Figure 3A), and THF have normal band shapes and widths. Figure 4. Plot of charge-transfer fluorescence maximaersus the
BandwidthsAvy; range from 5.34 to 5.5% 108 cm™L. On the solvent polarity parameteXf: (a) D[373]A; () maxima forD[373]-
basis of the electrostatic nature of the driving force for folding, A obtained by deconvolution of the experimental spectrum (eq 3). Note
less CCT emission is expected in these polar solvents and thethat these maxima have not been used in the Lippddtaga

. : . analysis: D[7]A; (O) maxima derived from time-resolved data for
band maxima are considered to be representative for the ECTD[?]X. Thg)so[li(} Iin(e i)s the fit for ECT emission d[373]A; the

species. dotted line is a guide to the eye for CCT emissiorD§Ba3]A.
Since we were not able to distinguish between the emission
of the extended and the compact CT conformers in-gentyl In egs 5 and 6, which are in CGS unitsjs the velocity of
ether and di-butyl ether, we deconvolutédithe steady-state  |ight, and »;(0) the gas-phase position of. Furthermore p
spectra by skewed Gaussian functidhs: denotes the effective radius of the solvent cavity enclosing the
’ CT species.
1(v) = fnaxexp( In 2[In(1 + 2b(v — v, )/AV)ID]7)  (3) In Figure 4 the fluorescence maxinmafound for D[323]A
. . . andD[7]A are plotted versuaf. A good fit to eq 5 is obtained
The value for the full bandwidth at half-heightvy, is given for the ECT emission maximum dd[373]A in cyclohexane
by and the emission maxima in diisopropy! ether and more polar
Avy, = (Av sinhb)/b @) solvents. The fitting parameters are given in Table 3. The value

obtained for the slope-2u¢?/hco® allows ue to be determined.

The value forAv was fixed at 4.75< 10° cm™1, i.e., close to Taking p as 0.4 times the length of the molectfewhich is
the value obtained for the ECT and CCT bands in the known to be 16 A from its X-ray structuf®,a ue value of 36

cyclohexane spectrum (Table 4 and Figure 1S). The positionsP S calculated. This corresponds to a unit charge separation
of the maxima for the ECT and CCT species obtained in this ©V€' /-2 A, which is in reasonable agreement withRgealue

way fit well in the solvatochromic trend obtained by means of of 8.4 A found in the crysta_l structure. It is W‘?”hV.Vh”e o
a Lippert-Mataga analysis (see belod). compare the slope from the Lippettlataga analysis with that

The emission spectra @[7]A are given in Figure 3B. It is of D[3]A, since the ratio should reflect the ratioRf values*®

immediately evident that the emission spectrumbD§7]A in By fittingogthe Yf‘lues reported in ref 40 a slopggoni.Si
cyclohexane is very broad, suggesting the presence of more than--8) > 10° cm = and av¢(0) of (24.7+ 0.3) x 10° cm™ are
one emitting species. It was found by Hoogesteger et al. by obtained forD[3]A. The ratio of the slopes thus equals 0.53

means of nanosecond time-resolved emission measurements théﬁ’_h”e the ratic_> of theRC valugs equals 0.50, which is i_n line
in cyclohexane the emission initially appears at 440 nm and With expectation. This provides strong support that in both

subsequently shifts to 500 nm, reflecting the conversion of an compou_nds full charge_separatl_on oceurs. .
ECT into a CCT specie¥ These initial and final fluorescence ~ 1he high energy maxima obtained by fitting the experimental
maxima are indicated in Figure 4 by open circles. It appears SPectra ofD[3z3]A in di-n-pentyl ether and di+-butyl ether
that the initial maximum is red-shifted as compared to that of (Table 4) are very close to the fitted line for the ECT species
the ECT species oD[373]A. In the more polar solvents the ~ (Figure 4), while the low energy maxima are on a straight line
emission bands have usual bandwidths (517) x 102 cm™1] W|th a _snr_lall slope as |nd|_cated _by _the dotted line in Flg_ure 4,
with maxima that shift with solvent polarity. It is thought that  Which is in accordance with emission from a CCT species.
these emission bands represent predominantly ECT emiésion.  |f the maxima ofD[7]A, except for the cyclohexane maxi-
On the assumption that the excited-state dipole momept (  Mum, are fitted to eq 5, a slope 0f43.9+ 5) x 10° cm™*
is large as that of the ground state, the Lippéfataga corresp_ond_lng to_a 37 D dipole moment or 7.7 A charge
relationship? (eq 5) predicts a linear relationship between the Separation is obtained. These values are all in good agreement

fluorescence maximumx of a CT state with dipole momept, with charge separation in an extended conformer.
and the solvent po|arity paramemf_ Transient Absorption SpeCtrOSCOpy of D[3T3.7t3]A, D-
[723]A, D[3x7]A, and D[11]A. Transient absorption (TA)
guez spectra ofD[37373]A, D[7x3]A, andD[11]A were recorded
vy =1(0) — 3Af (5) upon excitation with a nanosecond (308 nm, 7 ns fwhm) XeCl
hco excimer laser pulse in benzene. BBa7]A a 295 nm, 2.7 ns

fwhm laser pulse was used. The solubility Df3737373]A
= — (6) was too low to allow the recording of a TA spectrum.
26+l 4P+ 2 Absorption maxima and lifetimes are presented in Table 5. In

&1 n’—1
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TABLE 5: Transient Absorption Maxima (nm) and
Lifetimes 7 (ns) of Donor—Bridge—Acceptor Compounds in
Benzene at 20°C

compound Amax

D[37373]A 340, 467 <5
D[7x3]A 340, 480 10
D[377]A a, 470 10
D[11]A 340, 500 46

a2 Not measured.

ver (10°cm™)

all cases a broad band in the 48800 nm range and a band at
340 nm were visible. The 466600 nm band is attributed to
the N,N-dialkylanilino radical cation. Th&,N-dimethylaniline
radical cation is known to absorb at 475 BfriThe 340 nm
band is attributed to the dicyanovinyl radical anft is thus

concluded that for all compounds full charge separation occurs Figure 5. Plot of charge-transfer fluorescence maximaersus the

upon photoexcitation. solvent polarity parametexf: (+) D[323#3]A, (O) D[7#3]A, (x) D-
Steady-State Fluorescence of D{@B#3]A, D[7#3]A, D- [377]A, (O) D[11]A. Top line: fit for D[73]A. Bottom line: fit for

[377]A, D[11]A, D[3#37373]A, [373]A, and [37373]A. The D[37373]A.

CT fluorescence maxima and quantum yields of the longer

D—B—A compounds[373]A and[37373]A, are given in Table fluorescence from a folded (CCT) species is observed, in which

3. The fluorescence maxima and band shapes obtained forthe donor and acceptor are in close contact (see also TRMC

[37373]A are virtually identical to those ¢823]A, indicating section).

that the positive charge in the charge-separated staBa{33]A*~ Due to its low solubility, fluorescence spectraBx37373]-

is localized on the olefinic bond adjacent to the acceptor. A could only be obtained in three solvents. In addition to the

Apparently, Coulombic attraction between the opposite charges[3z°"3]A*~-like emission at 415 nm, in benzene a CT emission

prevents the formation of the CT staterf3373]A*". at 577 nm belonging to a fully charge-separated state could be
For all D—B—A compounds the donor fluorescence is identified. The fact that its band maximum is almost identical
strongly reduced in intensity. F@[37373]A, D[7x3]A, D- to that of D[37373]A leaves no doubt about the folded nature

[377]A, and D[11]A in diisopropyl ether and more polar of the emitting species. It is conspicuous that the fluorescence
solvents the residual percentage of local donor emission wasmaxima of D[37373]A, D[7a3]A, and the single maximum
about 4, 6, 15, and 40%, respectively, of that of the model donor obtained forD[3737373]A are systematically red-shifted in
compounds. ID[37373]A, D[723]A, andD[3737373]A, also comparison to the maxima d@[3x7]A and D[11]A (for the

the [37*T3]A* -like emission is strongly quenched in all latter with the exception of cyclohexane) by an average of (7.0
solvents. Instead, for all compounds a broad structureless4 0.8) x 10? cm (0.094 0.01 eV, Figure 5). In other words,
fluorescence band is visible. Since this band is red-shifted asthe transition energy is smaller when a double bond is attached
compared to both the local donor fluorescence and the &- to the ring bearing the acceptor. According to eq 2 there are
A*~-type CT fluorescence in all cases this emission stems from two possible explanations for this difference. The first is a
the fully charge-separated state, i.e., the CT state with the difference in reduction potential of the acceptor. However, cyclic
positive charge located on the anilino donor and the negative voltammetry revealed that the onsets of the irreversible reduction
charge on the dicyanovinyl acceptor (see TA spectroscopy waves of[3z3]A and[7]A do not differ by more than 0.02 V,
section). The quantum yield of this fluorescence is highest in which means that the reduction potentials are equal within
cyclohexane and is strongly reduced in the more polar solvents.experimental error. The second possibility is a difference in
For compound®[7a3]A and D[3737373]A in ethyl acetate reorganization energy;’ upon charge recombination in the
and THF, the CT fluorescence is so low in intensity that the folded state. Apparently, the nature of the bond connecting the
fluorescence spectra can be adequately described as the sum afng bearing the acceptor to the other part of the molecule is of
remaining donor and [3*3]A* -like fluorescence bands. interest for the reorganization energy of the CCT species,
Fluorescence spectra D{723]A and D[3737373]A in other whereas the bond type near the donor site does not have an
solvents could be well fitted as the sum of a donor fluorescence effect (see below).

spectrum (eitheD[323] or D[7]), a fluorescence spectrum of Time-Resolved CT FluorescenceCharge-transfer fluores-
[373]A or [3x373]A and a skewed Gaussian for the CT cence decay times; for all D—B—A compounds in a few
emission band originating from the fully charge-separated state solvents are given in Table 6. Lifetimes were measured with a
(see Supporting Information for two examples). In this way it streak camera system upon 295 nm excitation (fwhm 2.7 ns).
was possible to obtain proper CT fluorescence maxima and To obtain a better time-resolution, in benzene and cyclohexane

gquantum yields. additional SPC measurements were performed (excitation 312
When the CT fluorescence maxima are plotted agaifisa 315 nm, fwhm instrument response timé.7 ps).
linear relationship is found fdP[3#373]A, D[723]A, D[3x7]- In steady-state measurementsBa3]A, two fluorescence

A, andD[11]A (Figure 5)%2 The slopes obtained for these four bands were observed in cyclohexane and benzene (see “Solvent
compounds are virtually identical and are smaller than those of Dependence of the Steady-State Fluorescen@3#3]A and
D[323]A, D[7]A, and everD[3]A. When the distance between D[7]A” section) of which one was assigned to an ECT species
donor and acceptd®. is estimated on the basis that the ratio of and the other to a CCT species. It was noted previdtighat

the Lippert-Mataga slopes is essentially equal to the ratio of the CCT fluorescence dD[373]A in cyclohexane seems to
the R, distances (using a slope of 25810° cm™1, with R, = appear instantaneously upon excitation. This was tentatively
4.16 A for D[3]A), extremely small values of 2-2.2 A are attributed to the occurrence of charge separation in a partly
obtainec®® This leads to the conclusion that in all cases folded conformation or to very rapid folding of a stretched
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TABLE 6: Charge-Transfer Fluorescence Rise Timeg; and Decay Timest; (in ns) of Donor—Bridge—Acceptor Compounds in
Various Solvents at 20°C. Data Determined near the Maximum of the Fluorescence Band (See Table 3)

D[373]A D[7]A D[3 #373]A D[7#3]A D[3x7]A D[11]A
solvent Ti Tf Ti Tf Ti Tf Ti Tf Ti Tf Ti Tf
cyclohexane a 0.24 (ECT);126 (29 13 13(248) a 205 14 136 09 229 c 21
di-n-pentyl ether 20
benzene a 0.36 (ECT); 1.6 (9 a 19(3¢) 0.21 27 08 43 07 109 a 31
di-n-butyl ether 29 6.4 19
diisopropyl ether ~1.6 14 2.7 4.0 10.5 19
aRise of the fluorescence signal not observedalues from ref 18° Not observed as a consequence of too low intensity.
TABLE 7: Fluorescence Lifetimes (in ns) [Quantum TABLE 8: TRMC Data for Donor —Bridge—Acceptor
Yields]® of Donor and Acceptor Chromophores at 20°C Compounds
solvent D[373] D[7] [3#3]A  [3ax373]A compound T(ns) w62 (D?psY) ey (D) uspn(D)
cyclohexane  1.87[0.25] 1.82[0.25] D[373]A8 2.0 3.43 27.9 16.8
benzene 2.66[0.34] 2.56[0.35] 1.32 1.50 D[7]A%8 36.0 3.74 29.4 17.6
THF 2.50 2.43 2.07 231 D[37373]A 2.2 2.63 32.3 16.4
D[7#3]A 5.0 2.50 31.6 15.7
conformation. We have now determined the lifetime of the ECT  D[377]A 6.5 4.73 43.6 21.8
D[11]A 25 5.17 45.5 22.8

state to be 0.2_4 ns in cyclohexane and 0.36 ns in benzene and D[3737373]A 52 > 63 40.7 18.2

confirmed the instantaneous appearance of CCT fluorescence.

This means that the decay of the ECT fluorescenceads aValues are corrected for the quantum yield for charge separation

coupled to the appearance of the CCT fluorescence. This?@S obtained from time-resolved fluorescence measurements (Table

observation shows that different conformers of the fully charge- ~

separated state are present directly after photoexcitation foIIowedf . . . .
. ) . or a trichromophoric compound consisting of a 1,3-diphenyl-

by charge separation. The ECT species, for instance, could be P b g pheny

. . propanedioate boron oxalate acceptor, d-Bighenylene B
the anti conformer while the already partly folded syn conformer donor and a methoxynaphthalene Bonor. A 3- to 4-fold

could be held responsible for the apparent instant appearancqcraase in the charge-recombination rate upon addition of two
of CCT fluorescence. A . methoxy groups to a benzene spacer in a trichromophoric
In cyclohexane the lifetimes of the CCT species of the compound with a zinc porphyrin donor and a 1,4-naphtho-

D—B—A compounds are in the range-223 ns. Upon increas- : . ;
. . o quinone acceptor has been observed by WasielewskiPétral.
ing the solvent polarity, the CCT lifetimes dD[323]A, this case a virtual B-D;*T—A*~ state was held responsible for

D[37373]A, andD[7x3]A decrease dramatically, while f@- . -
- . - the increased charge-recombination rate.
[7]A andD[11]A, containing fully saturated bridges, this is not Time-Resolved Microwave Conductivity (TRMC). Using

the c_ase.l For elxample, n belr:zgnfe, which is c_on_S|dered to be &he TRMC technique, the change in microwave conductivity
quasi polar solvent (as invoked from CT_em|SS|on_ maxima), Ao occurring on flash-photolysis at 308 nm of benzene solutions
the .I'fet'me of the CCT state dD[3#33]A is approxmaf[ely of the present compounds was measured. To a good approxima-
10 times shorter than that B{11]A. ForD[3#7]A intermediate tion Ao is related to the concentration of excited states formed

behavior is observed. By comparing the CCT lifetimesef o . . .
[37373]A andD[7#3]A it appears that the extra olefinic bond Elr;;hg 3’;‘;;“23 state dipole momegn and the dipole relaxation

next to the donor inD[32373]A has only a very small
accelerating effect on the recombination rate (factor of about
1.5). These observations indicate that the olefinic bond provides
an additional decay channel and that this channel becomes less 27k T
important as the distance between the olefinic bond and the
acceptor is enlarged. This is quite remarkable since the From convolution fits to the TRMC transients, the excited-
compounds are in a folded conformation. The most probable state lifetimer, and the parameters?0 can be derived, and
decay channel is governed by an increased coupling of the CCTthese are given in Table 8. In derivipg%0, the fact that the
state with the [3*"3]A* -like “local” CT state. This state has  quantum yields of formation of the dipolar excited states of the
a short lifetime (see Table 7) in all solvents employed and its longer-bridge compounds are somewhat smaller than unity as
energy drops faster with increasing solvent polarity than that derived from the optical data, was taken into account (Table
of the CCT states (see the slopes of Lippdviataga plots in 9).
Table 3)>* Thus, the energetic distance between the3]A*~ The TRMC results confirm the highly dipolar, charge-transfer
state and the CCT state decreases upon increasing solvennature of the relaxed;States of all of the B.B—A compounds
polarity by which the coupling between these states is enlarged.investigated. The decay times of the TRMC transients are in
A small degree of admixture of a short-lived state can strongly reasonable agreement with the decay times found for the
reduce the lifetime of a CT stateIf the degree of mixing is transient absorption and the fluorescence of the same compounds
small, the magnitude of the CT state’s dipole moment is not in benzene (Tables 5 and 6). Of particular interest is the
substantially affected. FOD[3x7]A it is anticipated that the influence of the bridging unit on the decay time since this is
D[3n*t7]A*~ state lies higher in energy than the BEBr"3]A*~ governed by charge recombination involving electron transfer
state of D[37373]A due to the larger distance between the between the donor and acceptor moieties.
charges. This state could provide the additional decay channel ForD[7]A andD[323]A, both of which have seven carben
in D[3x7]A. carbon bonds between donor and acceptor and close to equal
Unexpectedly fast charge recombination possibly due to an donor-acceptor distances in the ground state, the recombination
intermediate B—D;"T—A*~ state has been observed befére time is more than an order of magnitude shorter for the latter

2 2 2
n°+ 2)°N
yo 2 e_u; @)
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TABLE 9: Donor Fluorescence Lifetimes ¢ in ns) and Rates of Photoinduced Intramolecular ET ke in s71 [Calculated
Quantum Yield of Charge Separation®.(]) of Donor—Bridge—Acceptor Compounds at 20°C

D[37373]A D[743]A D[3a7]A D[11]A D[3737373]A
solvent T ke 10° T ke 10° T ke 10° T ke 10° T Ked10°
cyclohexane  0.17  5.3[0.91] 030 28[0.84] 020 45[0.89] 046 1.6[0.75]a a
benzene 011 87[0.96] 021 4.4[092] 018 52[0.93] 059 1.3[0.77] 0.93,1.5 0.70 [0.65]
THF 019 49[092] 036 24[0.85 038 22[0.85 092 068[0.62] 1.06,1.92  0.54[0.58]

a Solubility too low.

compound. The presence of a centrdond in the bridge would maxima ofD[37x373]A andD[7x3]A as compared to those of
therefore appear to have a marked accelerating effect on electrorD[3x7]A and D[11]A which indicate that their CCT state is

transfer. stabilized.
For the four compounds with a total of 11 carberarbon ~ Energetics of Charge SeparationAn important quantity -
bonds in the bridgd)[11]A, D[377]A, D[723]A, andD[37#373]- in the analysis of the charge-separation process is the Gibbs

A, the lifetime toward recombination is found to decrease by a energy differencé\G between the initial and final states of the
factor of approximately 5 in going from the completely saturated charge-separation step*D-B—A*" — D*—~B—-A. A well-
bridge to bridges containing omebond. A further decrease in ~ known way to estimateAG is by means of the Weller
lifetime by a factor of 2-3 is found on introducing a second ~€duatiort®®* The usefulness of the Weller equation critically
7-bond in the bridge. The present results on both the seven-depends on the choice of the mean ion radiasd the donor

and 11-bond B-B—A compounds therefore clearly demonstrate acceptor distancB. A more direct way to obtain an estimate
the pronounced positive influence on charge recombination of for AG is possible when both charge-transfer absorption and
the substitution of a- for ac-bond in the bridging unit. While ~ €mission bands can be measured. The energy of a CT state can
we cannot exclude the possibility that the effects observed arisethen be estimated by the mean value of the absorption and
to a certain extent from the greater conformational flexibility €Mission maximé For most of the B-B—A compounds in

of the bridges containing double bonds, we consider that this is the Present study these values cannot be obtained, either because
insufficient to explain the results completely. We conclude that CT @psorptions involving full charge separation are not discern-
the intervening double bonds have a super-exchange functionidl€ in the spectra or because of overlap with other bands. For

and facilitate charge recombination via electron transfer through PI373JA in cyclohexane, however, the onset of a CT absorption
the bridge. band and the emission from an ECT species in cyclohexane

could be determined. Although a maximum of the CT absorption
band is not present, the intersection of the onsets of both bands
also yieldsEge. Thus, using the spectra represented in a reduced
form®? and scaled in intensity in such a way that the mirror
image relationship holds for the onsets of both bandsEthe
value for the CT transition in cyclohexane is estimated as 3.52
eV. ForD[7] the Egp value obtained in this way in cyclohexane

is 3.92 eV, so thaG ~ —0.40 eV for charge separation in
D[3#3]A in cyclohexane. This value is in reasonable agreement
with our previoud® estimate of-0.52 eV which was obtained

As discussed in previous sections, there is evidence that the,
geometrical conformation of the molecules in the excited state
may differ considerably from that in the ground state. Because
of this it is not possible to make a reasonable estimate of the
rotational relaxation time?, which is required to derive an
estimate of the dipole moment of the relaxedsg&te from the
values of 4?6 determined experimentally. In Table 8 we
therefore give two estimates fag, one of whichucy, is based
on a value of@ estimated for an outstretched, cylindrical

geometry, and the othetsph is based on a compact spherical y\sing the Weller equation. For the shorter homolog[&IA
geometry?? using the CT absorption and fluorescence maxima= 3.63
The value ofuspncorresponds to the smallest dipole moment eV (342 nm) andw; = 2.77 eV (22.3x 10° cm2) in n-hexané®
possible for & For all D—B—A compounds this is significantly  a value forAG of ~ —0.72 eV is calculated. When obtained in
larger than the value of 10 to 12 D associated with close-contact,a nonpolar solvent for which the outer or solvent reorganization
donor-acceptor exciplexes. On the other hand the values of energy can be neglectéd,CT absorption and fluorescence

Ucyi are in general smaller than would be expected for complete maxima also give access to the inner reorganization igxia?
charge separation between donor and acceptor moieties in the

ground-state geometry, i.e., ca. 40 and 60 D for the seven- and hv, — hyv, = 24, (8)
11-bond bridged compounds, respectively. The TRMC results
are therefore in general agreement with the previous conclusionsupon use of the same data, f@[3]A a value fori; of
that a substantial change in the molecular geometry occurs aﬂerapproximately 0.4 eV is obtained. This value is expected not
charge separation which results in a decrease in the distancgg depend much on the doreacceptor separation distange
between the donor and acceptor moieties. Complete folding of since the main structural reorganization upon charge transfer
the bridge, resulting in the formation of a contact deRor  akes place on the donor and acceptor sites. Thus, assuming
acceptor pair does not however occur for any of the compoundsinat 4, ~ 0.4 is also valid forD[373]A andD[7]A, it can be
studied. concluded that for these compounds (in cyclohexane) charge
It is conspicuous that the.?/0 data divide the four 11-bonds-  transfer takes place near the optimal region whenss = A.
bridged compounds into two pairs. The values for the com- For the longer homologues ET in cyclohexane will almost
pounds with an olefinic bond next to the acceptor are much certainly take place in the normal region for whielAG < 4
smaller than those for the compounds with a single bond at the since the longer doneracceptor distanc®. for these com-
corresponding position. This could well be related to the pounds will decrease the driving force for charge separation. It
occurrence of different structures of the two sets of compoundsis known that with increasing medium polarity, both the driving
(which affects rather than, since the LippertMataga slopes  force and the total reorganization energyncrease, but since
are similar). This is supported by the red-shifted fluorescence these contributions tend to cancel each cthés expected that
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the above conclusions will hold throughout the applied solvent
polarity range.
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In the following analysis a survey of the influence of bridge
topology on the rate of Eke is made. Although formally

Bridge Dependence of the Charge-Separation Processo incorrect, it will be assumed that the ET rate processes of the
compare the charge-separation dynamics as a function of bridgedifferent conformers can be represented by a single rate constant.
topology, we determined the fluorescence lifetimes of the model For D[3#373]A, D[3x7]A, D[7x3]A, andD[11]A the electron
donors and acceptors (Table 7). The emission could in all casedransfer was found to occur in an extended conformation prior
be fitted well with a single exponential. In addition, the decay to folding. In that case the electronic coupling energy between
of the residual local donor emission of the-B—A compounds reactant and product stately, is expected to be small so that
was measured (Table 9). FB[32z3]A andD[7]A no reliable the ET process is nonadiabatic and can be described by
decay data could be obtained. In the case of compoids semiclassical electron transfer theéfyl he rate constark is
[37373]A, D[723]A, D[3x7]A, andD[11]A, the residual local then given b$?
donor fluorescence could be satisfactorily fitted with two
lifetimes: a very short component and a component with a
lifetime in the order of those of the model donor compounds
D[323] andD[7]. For D[3737373]A more exponentials were
necessary. The component comparable to the lifetime of the where FCWD is the FranekCondon weighted density of states.
model donor compounds probably stems from minute amountsf it is also assumed that compounds of comparable length and
of molecules which lack the acceptor. When it is assumed that identical donof-acceptor pair such as used here possess a similar
the short component of the donor fluorescence decay is FCWD value, differences ike; will directly reflect differences
shortened only by the additional pathway of ET and that the in Hrp%. SinceHy, is predominantly determined by the nature of
latter process is irreversible, rates of intramolecular electron the bridge ket also directly gives the effect of incorporation of
transferke: can be calculated with an olefinic bond in the bridge.

The following trend is observed: the rates D[3x373]A
Koy -1 are roughly 2 times faster than those Rji723]A andD[3x7]-
7(DBA) A, which are of similar magnitude. The rates @f7#3]A and
D[3#7]A in turn are about 3 times faster than thoseD§t 1]-
A. For the quantum yield of charge separation also the trend
D[37373]A > D[7a3]A ~ D[3x7]A > D[11]A is found.
Although this suggests that replacement of the first single bond
by a double bond has a larger effect than replacement of the
second, on average an increase in the rate of charge separation
of 3.0+ 0.8 per olefinic bond is observed. This corresponds to
an increase of the electronic coupling of 170.2 per bond.
At this point it is of interest to note that the introduction of a
double bond increases the electronic coupling in two hardly
separable ways. It increases the derexceptor interaction since
the bridge facilitates transport of electronic effects. Concurrently,
the donor-acceptor distance is reduced, assaCdouble bond
is shorter than a €C single bond. The shorter distance is
expected to affecAG, 4 and FCWD, which is a function of
bothAG andA. As it is likely thatke; follows the usual distance
dependencée O exp(—pR.), the net effect will be that upon
going from D[11]A to D[37373]A ke also increases as a
consequence of the shorter doracceptor distance. This makes
the factor of 1.7+ 0.2 an upper limit to the purely electronic
coupling. When viewed in terms of the number of bonds, one
may however also state that the effect on the electronic coupling

4-.77:2

h (11)

2
Ket H,, FCWD

1
(D)

©)

where 7:(DBA) is the donor fluorescence lifetime in the
D—B—A compound ands(D) the fluorescence lifetime of the
appropriate model donor compourid[823] or D[7]). Within
the same approximation the quantum yield of &F; can be
calculated with

o - Ket ke
k(D) + k(D) + kg 1i(D) + ky
7(D) — 7(DBA)
(D)

(10)

where k(D) and k(D) are the fluorescent and nonradiative
decay rates of the model donor compound, respectively.
Obtained values ofke; and ®¢; are also collected in Table 9.
With the SPC setup the rise of the CT fluorescencé®eof
[87373]A, D[723]A, andD[3x7]A in cyclohexane and benzene
was observed, with time constants in the range-0.2 ns.
Unfortunately, the CT fluorescence band@fL1]A was very
weak which, in combination with its low solubility, hampered
a reliable study of the possible rise of CT fluorescence. When
the lifetimes of donor fluorescence B{3x373]A, D[3x7]A,
D[7#3]A, andD[11]A are compared to the time constants for is a factor of 1.7+ 0.2 per double bond.
the ingrowth of the CCT fluorescence (Table 6) it can be seen  An effect of the incorporation of two olefinic bonds on
that in all cases where both values are available the former arethe rate of charge separation has been observed by de Rege
substantially shorter. In other words, the decay of the local donor et al® as well. They found that incorporation of two double
fluorescence does not reflect the formation of the CCT state. bonds in a saturated bicyclic hydrocarbon bridge enhances the
An intermediate state has to be present and this is supposed tgate of charge separation by a factor of 2. Introduction of
be an ECT state. Hence, ET in an extended conformer occursexocyclic double bonds in the oligo(cyclohexyl) bridge thus has
which is followed by folding to a compact or CCT state. This a larger effect. This larger effect might find its origin in the
sequence is known as “harpoonirf§”23 For D[7]A a harpoon- favorable interaction between the double bond ang-&—
ing mechanism is operative as well, but in the casB[&r3]- C—Hax Units1213
A ingrowth of the CCT emission could not be detected whereas Solvent Dependence of the Rate of Charge Transfer in
decay of the ECT emission was observed (see above). This carD[11]A. To obtain an indication of the magnitude of the barrier
be explained by assuming different behavior for the syn and for ET in D[11]A (for which the donoracceptor separation
anti conformers ofD[373]A. ECT emission may only be distance is considered to be well-defined) the donor fluorescence
produced by the anti conformer whereas the rapid appearancdifetimes of this compound and those Df7] were measured
of CCT emission may originate from contraction of syn in six solvents (Table 10). ET rates obtained from these data
conformers. The latter are already partly folded in the ground via eq 9 range from 0.6& 10° s™1in THF to 1.6 x 1(° s™1in
state. cyclohexane. Hence, the effect of the medium polaritkgis
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TABLE 10: Donor Fluorescence Lifetimes ¢ in ns) of D[7] Experimental Section
and D[11]A and Rates of Photoinduced Intramolecular ET
[kein s [Calculated Quantum Yield of Charge Separation General. All reactions and distillations were carried out under
@] for D[11]A in Various Solvents at 20 °C an atmosphere of dryNinless stated otherwise. Commercially
D[7] D[11]A available reagents were used without further purification. THF
solvent T T Ked 10° and diethyl ether were distilled from Na/benzophenone prior
cyclohexane 182 0.46.1.6 1.6 [0.75] to use. MeC_ZN was d|st|IIed’ fr?m CaHEtOH was stor_ed on
di-n-pentyl ether 21 0.73,2.2 0.89 [0.65] molecular sieves 3 A)\I,N,_l\_l N -'I_'etra_methylethylenedlam|ne
di-n-butyl ether 2.10 0.84,2.0 0.71[0.60] (TMEDA) was dried by boiling with LiAIH, under reflux for 3
diisopropy! ether 1.99 0.75,1.8 0.83[0.62] h, followed by distillation under reduced pressure (0.01 TgGr).
THF 2.43 0.92,1.9 0.68 [0.62] Column chromatography was performed using ACROS silicagel
benzene 2.56 0.59, 2.7 1.3[0.77]

0.035-0.070 mm, pore diameter ca. 6 nm. Thin-layer chroma-
tography was performed on Merck silicagel 684 Spots were
detected by the use of iodine vapor and/or UV light. Melting

. ; . ) L2 points were determined on a homemade melting point apparatus
magpnitude in all solvents. According to design criteria for ET o o 5 Mettler FP5/FP51 photoelectric melting point apparatus
systems? this near solvent independence suggests that the and are uncorrected. Gas chromatography was performed on a
donor-acceptor combination, along with the bridge, provides \;4rian 3350 instrument equipped with a DB-5 (i.d. 0.309 mm,
an efficient ET system. This boils down to the fact that the 55 m) capillary liquid-phase column and an FID using &
quantity EoD) — EredA) — Eoo will not deviate more from 5461 gas. NMR spectra were recorded on a Bruker AC 300

the op'Firr)aI va]ue than ca. 0.5 eV.. A glance at Table 9 indicates spectrometer operating at 300.13 MHz ¥8rNMR and at 75.47
that this is valid for the whole series of compouriR{8z373]- MHz for 13C NMR. Samples were dissolved in deuterated

A, D[7#3]A, D[3#7]A, and D[11]A. Note that forD[373]A chloroform unless stated otherwise. Chemical shifts (in ppm)
andD[7]A it was inferred that ET will be close to barrierless, 4. given relative to internal TMS (0 ppm) in the caseief

very moderate. This indicates that ID[11]A the donofr
acceptor distance is such that the barrier for ET is of similar

since it was found that AG ~ 4. NMR and relative to CDGI (77.00 ppm) in the case dfC
NMR. Infrared spectra were recorded on a Mattson Galaxy
Conclusions Series FTIR 5000 operating with 2 chresolution. Solids were

) ) measured in KBr pellets, while liquid materials were measured

Photoinduced ET takes place in extended conformef3-of 55 5 thin film between NaCl plates. Peak maxima are given in
[71A, D[3”.3”3]A’ D[7z3]A, D[327]A, D[11]A, andD[3737373]- . cm1, while intensities are designated as s (strong), m (medium),
A producing a fully charge-separated state. The ET step is o \y (weak). Molecular mechanics (MM2) calculations were
followed by folding, even in solvents as polar as diethyl ether. performed using the MM2 force field as implemented in
For D[373]A both the extended and folded fully charge- cambridgeSoft Chem3D Pro, version 4.0 (1997). Cyclic vol-
separated CT conf_ormers were detected_, but the decay of thetammetry was performed with a EG&G Princeton Applied
ECT fluorescence is not coupled to the ingrowth of the CCT Regearch model 263A potentiostat/galvanostat. The scan rate
fluorescence. This is explained by the presence of both syn andemployed was 50 mV—2. Measurements were conducted in
anti conformers in solution, which exhibit markedly different \jecN (freshly distilled from Cab) using anhydrous tetrabu-
excited-state behavior. tylammonium hexafluorophosphate in 0.1 M concentration as

The presence of an olefinic bond in the bridge influences the electrolyte. The solution was purged with ptior to the
the charge-separation and -recombination rates, as well as theneasurement. A three-electrode setup was used, with a Pt disk
excited-state properties of the studied-B—A compounds electrode (area 0.78 nfp a Pt counter electrode and a Ag/
considerably. The fluorescence maxima of CCT states with a AgNO3; (0.1 M in MeCN) reference electrode. Solute concentra-
[373]A-type acceptor are consistently 0.09 eV red-shifted as tions were 2 mM. MALDI TOF-MS (positive-ion mode) was
compared to those of compounds with a [7]A-type acceptor. performed on a Perkin-Elmer/PerSeptive Biosystems Voyager-
This might be explained by a structural difference in the two DE-RP MALDI TOFF-MS [N; laser; Zexe = 337 nm (3 ns
sets of CCT conformers. TRMC measurements also point to a pulses)]. TOF-MS spectra were recorded in the reflectron mode.

structural difference in the CCT species. The sampleD[3737373]A and D[3z7]A were mixed with
In the serieD[37373]A, D[327]A, D[773]A, andD[11]A, dihydroxybenzoic acid solution (3 mg mb); 1 uL of the

the rate of charge separation*'D-B—A*~ — D*—B—A suspension was loaded on the Au-sample plate.

increases with a factor of 3.8 0.8 per olefinic bond and is Steady-State Absorption and Fluorescence Spectroscopy.

not strongly affected by the position of the olefinic bond in the Details of the instrumentation used to record absorption and
bridge. Since the incorporation of an olefinic bond also slightly fluorescence spectra are given in ref 34. Fluorescence quantum
reduces the doneracceptor distance, this corresponds to a yields were determined relative to quinine sulfate in 0.5 M H
maximum factor of 1.7 0.2 for the increase of the electronic SO, (¢ = 0.546§8 at 20°C (excitation at 300 nm). To accurately
coupling with the introduction of an olefinic bond. The charge- measure the lowg( < 0.05) quantum yields of CT emission a
recombination rate of the CCT state increases with increasingsolution of quinine sulfate with known absorbance at the
solvent polarity for compounds whose bridge contains an excitation wavelength was diluted by a known factor in such a
olefinic bond. This behavior is explained by a recombination way that the maximum emission intensity of the quinine sulfate
process that involves BB*"—A*~ states. The effect is most  solution was comparable to that of the sample. To correct for
pronounced in case the olefinic bond is located next to the the wavelength dependence of the fluorescence intensity due
acceptor, i.e., for compounds with af3]A-like acceptor. Thus, to the use of monochromators, the fluorescence intemgily

in benzene the recombination rate ©f37373]A is 11 times was multiplied byA2 when converting the spectra to an energy
that found for D[11]A. Hence, although incorporation of a scale. Solutions were purged with Ar for at least 10 min prior
double bond accelerates the charge-separation process, the effetd measurement. Corrections for solvent refractive indices were
on the charge-recombination rate is even more pronounced. made according to Eatéhwhen needed.



Photoinduced Intramolecular Charge Separation

J. Phys. Chem. A, Vol. 107, No. 19, 2003623

Spectroscopic grade solvents were used throughout with the  4-[4-(3,3-Dimethyl-1,5-dioxaspiro[5.5]undecan-9-ylidene)-

following exceptions; diisopropyl ether (ACROS-9%0) and
di-n-butyl ether (Fluka, p.a.; low in aromatic compounds;
>99.5%) were stirred with LiAlH for at least 1 day and then
distilled. Di-n-pentyl ether (Fluka, 99%) was purified as follows.
Five parts of the ether were stirred with one part of sulfuric
acid (Merck, p.a. 9597%) for 1 day. The brown mixture was

cyclohexylidene]-1-phenylpiperidine (4).To a suspension of
B-hydroxy acid3 (2.35 g, 4.86 mmol) in MeCN (50 mL) was
addedN,N-dimethylformamide dineopentyl acetal (2.35 g, 10.2
mmol) and after stirring fiol h atroom temperature the reaction
mixture was heated to reflux overnight. The resulting yellow
solution was cooled te-20 °C and the resulting precipitate was

poured into 2.5 parts of water and the layers were separated filtered off, washed with cold MeCN, and dried to yield an off-

The organic layer was washed with water, saturated NagHCO
solution and water (similar volumes), dried on Mgs@nd

filtered. This procedure was repeated until a brown color did
not develop anymore upon stirring with sulfuric acid. Subse-

white solid (1.73 g, 85%): mp 222 (dec).'H NMR ¢: 0.98
(s, 6H), 1.79-1.83 (m, 4H), 2.23-2.30 (m, 12H), 2.442.48
(m, 4H), 3.20-3.24 (m, 4H), 3.53 (s, 4H), 6.78.82 (m, 1H),
6.91-6.93 (m, 2H), 7.227.25 (m, 2H).13C NMR ¢§: 22.8,

quently, the ether was treated as described for diisopropyl ether.25.1, 29.0, 29.4 (%), 30.2, 33.4,50.4, 70.1, 97.8, 115.9, 118.8,

Ethyl acetate (ACROS, HPLC grade99.5%) was stirred with
CaH, for 3 days and subsequently distilled. THF and diethyl
ether were distilled from Na/benzophenone. All purified solvents
were checked for spurious emission.

Time-Resolved MeasurementsPicosecond single-photon-

125.6,128.2,129.0 (%), 130.1, 151.4. FT-IRmax 3096, 3067,

3040, 3023, 2976, 2953, 2928, 2890, 2866, 2839, 2830, 1599,

1462, 1445, 1429, 1113, 1099, 748, 685.
4'-(1-Phenylpiperidin-4-ylidene)-1,1-bi(cyclohexyliden)-4-

one (5).Acetal 4 (1.72 g, 4.09 mmol) was dissolved in THF

counting (SPC) fluorescence decay traces were measured an@50 ML), and 5% HCI solution (25 mL) was added. The
analyzed using the setup and computer programs described ifnixture was heated to reflux for 4 h. After cooling to room-

ref 69. Samples were degassed by purging with Ar for 10 to 15
min and were excited at 3820 nm. Time-resolved micro-
wave conductivity was performed as described in ref 18.
Transient absorption spectroscopyDi8x373]A, D[7x3]A, and

temperature THF was removed under reduced pressure and the
resulting suspension was extracted with CEH@I x 150 mL).

The combined organic extracts were washed with a saturated
NaHCG; solution and water. Drying over MgS(Xollowed by

D[11]A was performed using the equipment and procedures evaporation of the solvent under reduced pressure, gave an off-

described in ref 18. In the case Bf3x7]A the equipment and
procedures described in ref 34 were used.

Synthesis.The syntheses dD[373]A, D[7]A, D[373], D-
[7], and[323]A have been described in ref 18. The syntheses
of [373]A and[377]A have been described in ref M[373]A
was exhaustively purified by column chromatography with,CH
Cl, as eluent followed by two crystallizations from ethyl acetate
(6.5 mg mL1, reflux until reaching room temperature) under a
N, atmosphere. The purity was monitored by recording the
emission spectrum in THF, the relative intensity of “local”
emission functioning as an indicator for the amount of impurity.
D[7]A was purified by column chromatography with g,
as eluent. The synthetic procedures for the preparatia2eof
and D-B—A compoundsD[3737373]A, D[7x3]A, D[11]A,
andD[3x7]A are available as Supporting Information.

Synthesis of D-B—A Compounds. 9-[1-Hydroxy-4-(1-
phenylpiperidin-4-ylidene)cyclohexyl]-3,3-dimethyl-1,5-
dioxaspiro[5.5]undecane-9-carboxylic acid (3)A two-necked
flask was filled with THF (50 mL) and diisopropylamine (2.17
g, 21.7 mmol). To this solution-butyllithium in n-hexane (14.5
mL of a 1.46 M solution, 21.2 mmol) was added-a40 °C.
After the mixture was stirred for 30 min, 3,3-dimethyl-1,5-
dioxaspiro[5.5]undecane-9-carboxylic acke(! (2.37 g, 10.4
mmol) in THF (50 mL) was added at40 °C. The reaction
mixture was stirred at 50C for two h and recooled te-40 °C.
The compound 1-phenylpiperidin-4-on&9*° (2.63 g, 10.3
mmol) in THF (50 mL) was added, and the reaction mixture
was stirred at 50C for another 2 h. After the mixture was

white solid (1.25 g, 91%): mp 158 (dec).!H NMR ¢: 2.32

(s, 8H), 2.39-2.44 (m, 4H), 2.452.49 (m, 4H), 2.552.59

(m, 4H), 3.2%+3.25 (m, 4H), 6.79-6.84 (m, 1H), 6.936.94

(m, 2H), 7.23-7.28 (m, 2H).13C NMR 6. 26.5, 28.8, 28.9,
29.3,40.5,50.4, 115.9, 118.9, 124.3, 126.1, 129.0, 129.4, 131.9,
151.3,212.9. FT-IRmax 3092, 3063, 3040, 3017, 2971, 2959,
2890, 2841, 2828, 2810, 1723, 1599, 1460, 1438, 1423, 758,
696.

[4'-(1-Phenylpiperidin-4-ylidene)-1,1-bi(cyclohexyliden)-
4-ylidene]malononitrile (D[37373]A). A mixture of ketoneb
(0.63 g, 1.88 mmol), malononitrile (0.24 g, 3.64 mmol),
ammonium acetate (0.19 g, 2.5 mmol) and acetic acid (0.45
mL, 7.9 mmol) in benzene (130 mL) was refluxed fbh in a
Dean-Stark apparatus. After ca. 100 mL of benzene-water
mixture was distilled off, the remaining suspension was cooled
to room temperature. The greenish precipitate formed was
filtered off, washed with benzene and purified by column
chromatography (silica; eluent CH{LI This gaveD[32373]A
(0.41 g, 57%) as a greenish solid: mp 29@. 'H NMR 0o:

2.30 (s, 8H), 2.462.50 (m, 8H), 2.73-2.77 (m, 4H), 3.2%

3.24 (m, 4H), 6.79-6.84 (m, 1H), 6.9%6.94 (m, 2H), 7.23

7.26 (m, 2H).13C NMR &: 28.2, 28.8, 29.0, 29.4, 34.5, 50.4,
83.0, 111.6, 115.9, 118.9, 123.4, 126.5, 129.0, 129.1, 133.2,
151.3, 184.9. FT-IRmax 3090, 3077, 2982, 2969, 2903, 2839,
2230, 1599, 1504, 1465, 1439, 1425, 750, 688. Anal. Calcd for
CoeHooNs: C, 81.42; H, 7.62; N, 10.96. Found: C, 81.21; H,
7.70; N, 10.90.
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