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Abstract: Time-resolved (fs) spectroscopy allows the direct observation of charge-transfer ion pairs resulting from
the photoexcitation of the electron doracceptor (EDA) complexes of tetracyanoethylene with various olefin donors,

i.e., [olefin, TCNE], in dichloromethane solutions. Measurement of the spectral decays yields first-order rate constants
for electron transferkgr) in the collapse of the charge-transfer ion pairs [ofefiTCNE ] by very rapid return to

the ground-state EDA complex at 26. [These ultrafast ET rates necessitated the design/construction of a new
tunable, high-power pumpprobe spectrometer based on a Ti:sapphire laser with 250-fs resolution.] The value of
ket =5 x 10" s71is strikingly nonvariant for the different TCNE complexes despite large differences in the driving
force for electron transferAGg), as evaluated from the varying ionization potentials of the olefins. Such a unique
nonvariant trend for the free energy relationship (leg versusAGo) is analyzed in terms of a dominant inner-
sphere component to electron transfer. In a more general context, the inner-sphere (adiabatic) electron transfer in
[olefin*t, TCNE] relates to a similar, but less pronounced, inner-sphere behavior noted in the analogous,[arene
TCNE] radical-ion pairs. As such, these electron-transfer processes represent an extremum in the continuum of
ET transition states based on the inner-sphere/outer-sphere dichotomy.

Introduction

Recent developments in time-resolved spectroscopy allow the
direct observation of very fast electron-transfer (ET) procégses
to probe the intermolecular interactions inherent to a full
description of the transition stateln particular, the dynamic

behavior of photogenerated radical-ion pairs has been studied

extensively with a view to current electron-transfer thectiés.
Perhaps the most intriguing result of these studies is that the
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ET rates in radical-ion pairs generated by electron-transfer
guenching of excited states show a distinct driving-force
dependence as predicted by outer-sphere electron-transfer
theories*™8 In contrast, ET rates in radical-ion pairs generated
by charge-transfer (CT) excitation of electron donacceptor
(EDA) complexes (hereafter referred to as charge-transfer ion
pairs) do not seem to follow the “bell-shaped” correlatio#?

A second remarkable observation has been reported by several
groups, namely, that ET rates in radical-ion pairs not only
depend on the free-energy change of the redox process, but also
on the type of the electron donors and acceptors, for example,
n- or 7-donors, and on the size of thresystem involved in the
electron transfet&1° For instance, cation radicals derived from
n-donors such as amines react faster when ion-paired with anion
radicals than those derived from aromaticlonors of compa-
rable oxidation potentiaf.Furthermore, benzene cation radicals
react faster than naphthalene or anthracene cation radicals of
comparable oxidation potentigld®

Various theoretical approaches have been suggested to
account for these experimental results. Thus, the original outer-
sphere electron-transfer model has been modified by allowing
for (i) the variation in the solvation and Coulombic work
terms!3-15 (ii) the variation in the reorganization energy tertfis,
or (iii) the variation in the electronic coupling between donor
and acceptor orbitald. Since all these parameters are highly
dependent on the electron donr@cceptor distance, the most
pronounced deviations are expected for radical-ion pairs consist-
ing of relatively smallz-donors andr-acceptors for whictab
initio calculations predict a rather close intermolecular distéhce.
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On the basis of these considerations, the classic electronTable 1. Electron Donor-Acceptor Complexes of
acceptor tetracyanoethylene (TCNE) is the obvious choice. It Tétracyanoethylene with Various Olefins

is compact in size and has a very high acceptor strength, as olefin donor IP(eV) Act®(nm) ket (s7)
defined by its well-known one-electron reduction potential in - ~3 3 gimethyl-1-butene 0.67 340 4.6% 101
solutiort® and its electron affinity in the gas pha®elt forms 1-hexene 9.48 360 2.9x 101
numerous EDA complexes with various types of electron donors, 2,3-dimethyl-1-butene 9.11 400 6.4x 10U
which have been characterized by YVis spectroscop§t 24 2-hexene 8.95 420 4.5x 10"
Raman spectroscop§26and X-ray crystallograph3#27-3 The norbornene 8.95 420 5.0x 10

duced anion radical TCNEhas been thoroughly examined ~ 2'&-4-timethyl- 2-pentene 8.83 438 4.2 10
re ghly 2,5-dimethyl-2-hexene 8.65 466 4.9x 101t

in terms of its spectral featurésstructure’2 and spin-density

distribution32 On the other hand, kinetic studies on photoin- __*In dichloromethane solution at 2&. ® Spectral maximum of the
Y CT absorption band of the 1:1 complex of TCNE with the olefin donor
duced electron transfer within the electron doracceptor identified in column 1¢ Rate constants for electron transfer following

complexes of TCNE are rather limité#h:-** As a result, the  the CT excitation of the olefin/TCNE complex at 375 or 400 nm,
effect of the compact size of TCNE on the electron-transfer dinterpolated value from the Mulliken correlat®nin Figure 1A.

behavior in radical-ion pairs has not been explicitly addressed. ® Reference 46d.Reference 46b.
The strongest effects of smattsystems on electron-transfer

rates are expected when the TCNE acceptor is combined with@ Néw time-resolved pumiprobe spectrometer (as described
the smallestr-donor, namely, an olefin. herein) based on a self-mode-locked Ti:sapphire oscillator. The

In solution, various types of olefins readily form EDA laser system generated 250-fs high-energy pulses, cp_ntinuously
complexes with tetracyanoethylefi€??i.e. tunable between 720 and 920 nm, at low repetition rate.
Complete, well-resolved transient spectra, over a wavelength
range from 360 to 900 nm, could be recorded in a single shot.

Kepa

/
C=C_ ,TCNE

y N @

\c—c/ + TCNE
7/ N Results

) ) ] ] o I. Formation of Olefin Complexes with Tetracyanoeth-
Accordingly in this study, we will show that photoexcitation yjene. When a colorless solution (0.02 M) of tetracyanoethylene
of these EDA complexes leads directly to the charge-transfer i, gichloromethane and neatans2-hexene were mixed, a
on pairr, I.e. bright yellow color developed immediately. WWis spectros-

copy revealed that the yellow color was caused by a new

absorption band in a wavelength range where neither the olefin
@ nor TCNE absorbed. The new absorption band with a maximum
at 420 nm was ascribed to the charge-transfer trangifiarising
from the formation of the electron doneacceptor (EDA)

CT ion pairs are expected to collapse extremely fast by electron(lzorgplei( bet\lfveetr_nransz-he_xerg)e t\?vnd TCI'NrI?tI acccl)lrdlng ;[jo deqk
transfer from the TCNE anion radical to the olefin cation radical, = >'Mi'ar colorations, varying between sligntly yellow and dar

In order to monitor this ultrafast ion-pair collapse on the aglflfgg's(‘;\:g[;gisairggg V\ilrlltrjl'g:)kl]grlolglnngse. d'l;rhoemm?%;n:]?noffotrhe
femtosecond and early picosecond time scale, we constructe ) T ’ -
yp 3,3-dimethyl-1-butene to 540 nm for 2,3-dimethyl-2-butene. The
(19) Peover, M. ETrans. Faraday Soc1966 62 3535. plot of the charge-transfer energiEst = hdicr versusthe
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\C_C/
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in analogy to the corresponding aromatic compleX¥e3hese
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Figure 1. Mulliken correlation of the charge-transfer energi&s+f
of various TCNE complexes in dichloromethanersusionization
potentials (IP) of (A) olefins and (B) arenes.

TCNE~ reported previousl§* In all cases, the transient

absorption band decayed completely to the baseline on the early

picosecond time scale following first-order kinetics. The
lifetime of r = 2 £+ 0.4 ps corresponded to a decay rate constant
of (4.6 & 0.9) x 10 s71 (see inset to Figure 2). A single
(nonvariant) rate constant for first-order decay was sufficient
to describe the kinetic behavior of all of the olefins in Table 1.
It is singularly noteworthy that this rate constant did not depend
on either the alkyl substitution or the donor strength of the olefin.
b. TCNE and Arene Donors. For comparison, the aromatic
complexes with TCNE in dichloromethane were also excited

with the 250-fs laser pulse at either 375 or 400 nm. The collapse

of the charge-transfer ion pair was monitored by following the
first-order decay of the TCNE anion radical as described for

Hubig et al.

Table 2. EDA Complexes of Tetracyanoethylene with Various
Arenes

arene donor IP (eV) Act® (nm) ket® (s7Y)
cyanobenzene 9.1 e 9.6 x 10°
m-cyanotoluene 9.34 e 9.0x 10
benzene 9.238 388 1.4x 10
fluorobenzene 9.20 365 3.4x 101
chlorobenzene 9.10 390 2.1x 10
toluene 8.82 414 1.0x 104
ethylbenzene 8.76 412 8.5x 10w
allylbenzene 8.76 412 1.2x 104
styrene 8.43 397/480 2.0x 10"
biphenyl 8.2% 400/500 1.9x 101
indene 8.1% 420/540 6.0 x 101

2In dichloromethane at 25C.° Spectral maximum of the CT
absorption band of the 1:1 complex of TCNE with the arene donor
identified in column 1 (in dichloromethan€)Rate constants for
electron transfer following CT excitation of the arene/TCNE complex
at 375 or 400 nmd Reference 47& Absorption tail observed.Ref-
erence 47hb¢ Reference 484 Reference 508.Interpolated value from
the Mulliken correlatioft shown in Figure 1Bi Two CT absorption
bands observed.Reference 46b.
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Figure 2. Transient absorption spectrum obtained at (from top to
bottom) 2, 3, 4, and 5 ps following the 385-nm excitation of the TCNE
complex oftrans-2-hexene in dichloromethane with the 250-fs laser
pulse. Inset: Spectral decay monitored at 470 nm. The smooth line
shows the fit to first-order kinetics.
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Figure 3. Transient absorption spectrum obtained at (from top to
bottom) 1, 2, 4, and 6 ps following the 400-nm excitation of the TCNE
complex of styrene in dichloromethane. Inset: Spectral decay monitored
at 620 nm. The smooth line shows the fit to first-order kinetics.

the olefin complexes. In three cases (i.e., indene, styrene, and
biphenyl), the transient absorption spectrum also showed amental Section). In all three cases, the transient spectra were

distinct absorption band of the arene cation radical (i.e"f,IN
STY**, and BIP")31 in addition to the TCNE absorption
band, as illustrated in Figure 3. The*i\ STY**, and BIP*

analyzed as the sum of the absorption spectra of the radical
cation and TCNE and the negative absorbance (bleach) of
the charge-transfer band of the ground-state EDA complex. The

absorption bands did not reveal any spectral distortions asquantitative comparison of the absorption bands in the transient
compared to the spectra published elsewhere (see the Experispectra established a 1:1 stoichiometry for the formation of the
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arene cation radicals and the tetracyanoethylene anion radicalTable 3. Charge-Transfer Complexes of Olefins with Various
[See the Experimental Section for the details of this analysis.] Acceptors

The spectral observation of cation radical and anion radical olefin donor acceptdr  AG (eV) ker® (s79)
allowed us to analyze the kinetics of the ion-pair collapse by ™5 3_gimethyl-2-butene PMDA 212 3.1x 10
using the first-order decay traces of both ion-pair partners. Both TCNB —2.28 1.2x 101
transients decayed to the spectral baseline at identical rates. On _ TCPA —2.43 1.2x 101
the basis of these results, we conclude that in all cases (e.g., 2,5-dimethyl-2-hexene TCNE —-151 4.9x 10"

PMDA —2.30 1.9x 10t

olefin/TCNE and arene/TCNE complexes), the observed decay
of the TCNE~ absorption corresponded to electron transfer from
the TCNE~ anion radical to the donor cation radical, i.e. aIn dichloromehtane solution at 28C. ° PMDA = pyromellitic
dianhydride, TCNB= tetracyanobenzene, TCRAtetrachlorophthalic
anhydride, TCNE= tetracyanoethylené.Free-energy change calcu-
lated from the difference between the oxidation potential of the olefin
donor and the reduction potential of the acceptor; talihFCNE) =
+0.24 V1® E°(PMDA) = —0.55 V48 E°(TCNB) = —0.71 V3™
. ) E°(TCPA)= —0.86 V& E°(2,3-dimethyl-2-butene¥ +1.57 V3*and
and it resulted in the complete recovery of the ground-state EDA E°(2,5-dimethyl-2-hexene} +1.75 V (interpolated from a plot of
complex3® olefin oxidation potentialsersusionization potentials). [All potentials
The first-order rate constants in Table 2 show tkat for are giverversusSCE.] ¢ Rate constants for electron transfer following
arene/TCNE charge-transfer ion pairs varied nearly 2 orders of CT €xcitation of the complexes at 375 or 400 nm.
magnitude upon proceeding from cyanobenzene to indene. Thusiraple 4. Arene Complexes with Tetracyanobenzeae
this trend was in strong contrast to the nonvariant electron- Methylviologer?

transfer behavior of olefins.

TCNB —2.46 4.5x 10%

é—'c/ e,
-
C—C_, TCNE

\ /
/C—C\ , TCNE] (4)

X . . arene donor IP (eV) acceptor kgt (s™)
c. Olefins and Aromatic Acceptors. In order to obtain a 5
general perspective of the ET kinetics of olefin complexes, we t‘f‘?gﬁe 3'24 mx ?'(7) . igo
examined a series of analogous EDA complexes with three other gur)c/ene 8.05 MV 2.4 % 101
electron acceptors, namely, pyromellitic dianhydride (PMDA),  pentamethylbenzene 792 MV 3.2 x 10U
tetracyanobenzene (TCNB), and tetrachlorophthalic anhydride p-xylene 8.44 TCNB 9.3x 108
(TCPA). It should be noted that these aromatic acceptors durene 8.05 TCNB 2.0x 10°
differed from tetracyanoethylene in size as well as acceptor hexamethylbenzene 785  TCNB 57x 10
. . biphenyl 8.27 TCNB 2.0x 1¢®
strength. Following the laser excitation at 400 nm, the spectral 2,6-dimethylnaphthalene 798 TCNB 2 1% 10°
decay of the reduced acceptors was monitored at 665 nm for anthracene 7.43 TCNB 7.9% 1P
PMDA*~, at 470 nm for TCNB", and at 440 nm for TCPA.3d 9-methylanthracene 7.25 TCNB 1.2x 100
The electron-transfer rate constants in Table 3 varied over 1 9,10-dimethylanthracene 711  TCNB 1.5x 10
order of magnitude depending on the driving foreeo, for a|n dichloromethane at 2%C. ® In acetonitrile.c MV = methylvi-
each donoracceptor combination. ologen, TCNB= 1,2,4,5-tetracyanobenzeriegRate constants of electron

For a more general analysis of the driving-force dependence transfer following the CT excitation of the complex at 375 or 400 nm.
of electron-transfer rate constants in charge-transfer ion pairs® Reference 48d.Reference 461 Reference 21d: Reference 50a.

(see the Discussion), several series of other complexes with o . . .
benzenes, naphthalenes, and anthracenes as donors and tetr@cceptor combinations listed in Table 4 were either taken from

cyanobenzene and methylviologen as acceptors were includecEarlier work® or measured for this study with standard pump

in this study. The electron-transfer rate constants for the denor Probe techniques using either the picosecond (Nd:YAG) or the
femtosecond (Ti:sapphire) time-resolved spectrometer (see the

(35) (a) An alternative pathway for the collapse of the [okefiTCNE] Experimental Section).

ion pair would be formation of a biradical by bond formation between the
cation and anion. This reaction would lead to the formation of cyclobutane
photoproducts and would be characterized by incomplete recovery of the
ground-state EDA complex. In the case of the biphenyl/TCNE complex, ‘L - - -
we observed the complete recovery of the bleach of the CT absorption band The .strlklng result of this study is the observat.lon of
at the same rate as the concomitant decay of the absorption bands of biphenynonvariant electron-transfer rate constankst)( following
cation radical and TCNE anion radical. In the case of the olefin/TCNE photoexcitation of various olefin complexes of TCNE, as listed

complexes, the direct monitoring of the bleach and recovery of the CT in Table 1. Figure 4 illustrates the correlation ofdsy versus
absorption bands was not possible because of the spectral overlap of thes?h lect ' t fer driving f luated by the ionizati
bands with the absorption band of TCNE(See Table 1 and Figure 2.) € electron-transier ariving force, as evaluated by the ionization

Thus, photoproduct studies on the steady-state time scale were carried oupotential of the olefin. Over a driving-force range of about 1
to probe the possible involvement of biradical intermediates. No photo- eV, the data points (triangles in Figure 4) are randomly scattered

conversion of the olefin norbornene or 2-hexene was observed even after _ 1el
prolonged (20 h) 366-nm photolysis of the corresponding TCNE complexes about the average rate constankef = (4.6+ 0.9) x 10t's

in dichloromethane. Photochemical quantum vyields of less than 0.03 for (horizontal line). In contrast, the fitted line of the corresponding
the photoconversion of the olefins were estimated on the basis of the error data on arene/TCNE complexes (full circles in Figure 4) shows

limits (+5%) of the GC analysis. Since the sin§¥biradicals formed by ; i ~
collapse of the ion pairs are expected to undergo efficient ring closure to a negative slope of 2.75 ev. Similarly, the electron-transfer

cyclobutanes®®<we conclude that biradical formation is at most a minor ~ Faté constants Obta.ine.q from 0|?ﬁn complexe§ With aromatic
pathway in the decay of the olefin/TCNE ion pairs in Table 1. However, acceptors varied significantly with the ET driving force as

there are indications that biradical intermediates may be formed by collapse qemonstrated in Table 3. Thus. the remarkable effect of
of the contact ion pair in the triplet manifod<(b) Erickson, J. A.; Kahn, . : ! .
S. D. Tetrahedron1993 49, 9699. (c) Eckert, G.; Goez, M. Am. Chem nonvariant electron-transfer rates over quite a large range of

Soc.1994 116, 11999. (d) The high (‘optimized”) rate constants for electron ~ driving force is restricted to the olefin/TCNE charge-transfer
transfer in eq 4 suggest that the CT ion pairs [ofefiTCNE "] remain in complexes, which represent the unique combination of the

the singlet manifold throughout the decay process to the spectral baseline. .

Intersystem crossing to the triplet manifold is too slow to comiSetevith smallestn_—donors Wlt_h avery compac_t ar]d powerfucceptor.
this fast collapse and would also generate long-livetiQqus) triplet radical- I. Radical-lon Pairs from CT Excitation s ET Quench-
ion pairs?® which are not observed. (e) Orbach, N.; Ottolenghi, M. Inref ing. The radical-ion pairs generateth charge-transfer excita-
73, p 75. (f) Ottolenghi, MAcc. Chem. Red.973 6, 153 and references
therein. (36) Hubig, S. M.; Kochi, J. KJ. Phys. Chem1995 99, 17578.

Discussion
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F_igure 4. Free-energy correlation c_:f e_Iect_ron-transf_er rate:k;(frl)lin Figure 5. Free-energy correlation of electron-transfer rateskgy)
dichloromethane at 25C versusthe ionization potential of olefinx) versusthe ionization potentials of benzene (BENZ) and arene (ARENE)
and arene@®) donors. donors (as indicated) from Tables 2 and 4.

tion of the EDA complexes according to eq 2 are to be compared In accord with these previous observations, we examined
with the radical-ion pairs derived by the more conventional various types of EDA complexes, with regardfevalues, as
process involving the quenching of a photoexcited accepfor, A shown in Chart 1. The results in Chart 1 are illustrated in

e.g. Figures 4 and 5, and they confirm the general applicability of
eq 6. The olefin/TCNE complexes represent the sole example
K N with a S-value of zerd© Interestingly, the donors consisting
C=C_ +A* —| C—C_ ,A—} (5)
Chart 1. Variation in the-Parameter for Various EDA
Complexes, As Evaluated from the Energy-Gap Law in Eq 6
where A represents cyanoarenes, quinones, TCNE, &f¢. EDA complex solvent B eV
a. CT Excitation. Photoe_xcnatlc_m of the EDA complexes (@) [benzenes, TCNEB] ciel, 29
generates charge-transfer ion pairs that collapse by electron ) [larger aromatics, TCNB] CiTl, 36
transfer from the anion to the cation radical. As a result, the (c) [benzenes, methylviologen] GEN 2.0
ground-state EDA complex is completely restored (ed’4). (d) [benzenes, TCNE] Ci€l, 2.8
has been shown for various combinations of electron donors (€) [olefins, TCNE] CHCl, 0.0
and acceptofs13that the ET rates in charge-transfer ion pairs ) o ) _ ) _
do not follow the bell-shaped correlation of kar versusthe of an aromatic and an olefinie-system, either in conjugation

driving force AGo, as predicted by Marcus theo.Instead, a  (€:0-, Styrene or indene) or separated (e.g., allylbenzene), showed
simple linear energy-gap law relatingkar andAGo has been  ET rate constants that varied with the driving force in the same

proposed by Mataga and As#his3 i.e. way as those observed for the simple arene donors. [Note that
' the data points for styrene, indene, and allylbenzene fit well on
In key = o — BIAG,| (6) the arene/TCNE correlation in Figure 4.]

b. ET Quenching. Radical-ion pairs generated by ET
qguenching of excited acceptors (eq 5) show a very different
driving-force dependence of the electron-transfer rates. In this
case, plots of lodket versusAGy show a characteristic (bell-
shaped) curvature that can best be fitted using the correlation
in eq 7, as originally formulated for nonadiabatic electron
transfer? This free-energy relationship is based osemclas-
sical model that considers various rate-controlling parameters
including the electron exchange matrix elemefit ljetween
electron donor and acceptor, the solvent reorganization energy
d(/‘Ls), the internal reorganization energy)(and the electron-

where the driving force\Gy' is calculated from the difference

between the oxidation potential of the electron donor and the

reduction potential of the acceptor, corrected for solvation

energy and Coulombic work terrd%. The slopesf) have been

determined in various homogenedd? and heterogeno@s3?

environments-with the compelling result that similgi-values

(2 =3 eV are obtained for all charge-transfer ion pairs. For

instance, for the EDA complexes of arene donors with various

acid anhydrides as acceptorg-aalue of 2.8 eV was reported

to be independent of the solvent (acetonitrile, ethyl acetate, an

3

acetone}- (40) (a) The slight slope of the linear i & 0.2) is negligible compared

to the error limits £20%) of the kinetic measurements. (b) In the case of
(37) (a) It is commonly accepté®<that the thorough analysis of the benzene/TCNB complexes (see entry a in Chart 1), the data were

comparative behavior of ion pairs generatéa charge-transfer excitation operationally fitted to a straight line, although some curvature in the data

anduia electron-transfer quenching is essential for a complete understanding points was apparent (see Figure 5).

of electron-transfer dynamics. (b) Ojima, S.; Miyasaka, H.; Matagal. N. (41) (a) Equation 7 is a variation of the original quadratic Marcus

Phys. Chem199Q 94, 4147, 5834, 7534. (c) See also refs13B. (d) Note equatiod® taking into account less curved correlations in the highly

that the ion-pair separation processes described in ref 37b do not pertain toexergonic regio®¢ (b) Note that the value ditself depends oi; and

the excited TCNE complexes, since the ion-pair collapse in eq 4 occurs the mean vibrational energy) of the donor and the acceptor involved in
with unit efficiency on the picosecond time scale. No absorption of the the electron-transfer process. (c) A variety of symbols for the electron

separatedons was observed (see the Experimental Section). exchange matrix element, such ¥d8 Hag,3* J,X7 B,%2 etc., have been
(38) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265. introduced, each indicative of a particular theoretical perspective. Accord-
(39) (a) Miyasaka, H.; Kotani, S.; ltaya, A. Phys. Chem1995 99, ingly, we choosef as an unbiased (operational) designation to avoid

5757. (b) Hubig, S. MJ. Phys. Chem1992 96, 2903. confinement to a particular theoretical viewpoint.
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Figure 6. Bell-shaped free-energy relationship of electron-transfer rates
(log ket) from quenching studies of various arene donors with (excited)
9,10-dicyanoanthracene in acetonitrile from ref 5. The data points
represent our electron-transfer rates obtained from the CT excitation
of TCNE complexes of arene donors as listed in Table 2.
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Figure 7. Flattened (bell-shaped) free-energy relationship of electron-
transfer rates (lo§et) from quenching studies of various olefin donors
with (excited) 9,10-dicyanoanthracene in acetonitrile from ref 6. The
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The ET rate constants of olefin complexes in Table 1 are
even more difficult to reconcile with the bell-shaped free-energy
relationship described by eq 7. Thus, Figure 7 illustrates a
comparison of our data on olefin/TCNE charge-transfer ion pairs
with the DCA quenching data involving olefid3as previously
measured by Haselbach and co-workeiEhe bell-shaped curve
is simulated using eq 7 with the fitting parameters obtained from
ET quenchindg. The mild curvature of the simulation in the
region—1.5 eV> AGy > —2.5 eV, as compared to the much
stronger curved simulation in Figure 6, is achieved by choosing
a relatively high reorganization energy€ 4, + 1s= 2.1 eV)
and a vibrational energy(= 0.484 eV) which is 3 times as
high as the one commonly used for aromatic dofofhe high
A value was obtained by a substantial increase in the internal
reorganization energyl{= 1.1 eV)® Accompanying the bell-
shaped curve in Figure 7 are our data obtained from CT
excitation of olefin/TCNE complexes.

In order to reconcile the opposed trends in both Figures 6
and 7, let us consider various approaches to linearize the free-
energy relationship by (a) the manipulationipfindo in eq 7,

(b) the assignment of unique valuesigfto each of the donors
in Figure 7, or (c) the generation of a new free-energy
relationship and variation of.

Approach a. The bell-shaped free-energy relationship typi-
cally illustrated in Figure 6 can be altered to the flattened curve
in Figure 7 by increasing the variable paramefgndo in eq
7. The flatness of the simulated curve in Figure 7 suggests
that, by further manipulation ofl; and o, a quastlinear
correlation may be obtained that approximates our data on olefin/
TCNE complexes.

Approach b. An alternative approach for a linear simulation
as observed in CT excitation experiménts has been recently
suggested for contact ion pairs on the basis of the electron-
transfer model of eq 7, combined with a continuous change of
As accompanying the change in the driving fork€,.16 Thus,
in the case of benzene/TCNB complexes, a linear correlation
between lodker andAGy could be simulated under the condition

data points represent our electron-transfer rates obtained from the cTthat ais-shift of 250 meV accompanied th&Go, change of

excitation of TCNE complexes of olefin donors as listed in Table 1.

vibration coupling constar4! The nonadiabatic formulation
for electron transfer is given as

ker = (47)E”y (e °S/j)(4mAsks) 2 x
|
(io + AG, + A9?
4T

ex

(7)

whereS= i/ and the summatiorj)is carried out over all of
the vibrational modes of the donor and acceptor. Notably, eq

600 meV from hexamethylbenzene to xyle®.Such a shift

in As may also explain our linear data on olefin/TCNE
complexes displayed in Figure 7. In this case, however, the
solvent reorganization energy must be shifted by as much as 1
eV to simulate a nonvariant electron-transfer rate over the
observed range of driving force in Figure#3p.

Approach c. The conventional Marcus equati§rcan be
modified in a way that the variation of the electron exchange
matrix element§) between the donor and the acceptor controls
the shape of the simulated curve substantially. Thus, by varying
& between 0 and 0.3 eV, Tachiya and Murata were able to fit

7 has served as the basis for several successful treatments of (42) Our attempts to excite tetracyanoethylene (with the 266-nm output

electron-transfer quenching dét#.

Il. New Trends in Electron-Transfer Rates of Radical-
lon Pairs. The use of the nonadiabatic electron-transfer
formulation (eq 7) allows the generation of bell-shaped curves
with various widths and symmetries, as shown in Figures 6 and

7. The flatness and symmetry of these curves are particularly ,,

dependent on the paramet@sando.® To generate the bell-
shaped (logkeT versusAGo) correlation in Figure 6, we used
the fitting parameters that were obtained from quenching
experiments of excited dicyanoanthracene (D€Ajth various
benzene derivatives.lt is evident that our data, obtained from
CT excitation of arene/TCNE complexes (full circles), do not
fit on the simulated curve derived from eq 7. Rather, they
follow the separate linear correlation described by eq 6.

of a Q-switched Nd:YAG laser) and to study the subsequent electron-transfer
guenching of the excited TCNE* with olefin donors were uniformly
unsuccessful. No transient absorption (of TCNE*, TCNBr of any other
species) was observed. The lifetime of the photoexcited TCNE was evidently
too short 100 ps) to be diffusionally quenched by donors even when
they were present at high (ca. 1 M) concentrations.

(43) (a) This remarkable shift ifs was experimentally justified on the

sis of a careful analysis of CT absorption and emission 4tg). In
nonpolar solvents (e.g., dichloromethane) pertinent to this study, such a
large change in the solvent reorganization energy is difficult to justify in
view of the limited values ofls which pertain to nonpolar solvent$(c)
However, changes ibh by as much as 1 eV (upon change of the substitution
on the double bond) may be possible for olefinic donors, owing to their
small size. These changes may be separately evaluated by a detailed analysis
of the charge-transfer absorption bands according to the Hush iiédel.
We thank a reviewer for this helpful suggestion. (d) Hush, NP&g.
Inorg. Chem1967, 8, 391. (e) Benniston, A. C.; Harriman, 8. Am. Chem.
Soc.1994 116 11531.
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both the bell-shaped ET quenching and the linear CT excitation by a conventional two-electron bond as described by valence-
data with the same equatién. bond theory. However, the introduction of molecular orbitals
All three theoretical approaches to simulate the linear or allows for a description of bondidfy between the donor
quasilinear correlations of lodkgr versusAGy are based on  (HOMO) and the acceptor (LUMO) within the charge-transfer
modifications of the original outer-sphere electron-transfer ion pair to a degree that justifies the consideration of an inner-
model. Such alterations of the fitting parameters necessarily sphere electron transfer. Such a description may be contrasted
raise questions about the chemical significance of these ma-with the more conventional outer-sphere mechanism as follows.
nipulations. For instance, how can a high internal reorganization ~ Outer-sphereelectron transfer occurs between minimally
energy and an extraordinary vibrational energy, as in approachinteracting electron donors and acceptors, and it is successfully
a, be explained in terms of electronic and structural properties treated by the various formulations of Marcus the®¥$p.56In
of the radical-ion pair from the olefin complex? What chemical the outer-sphere model, the electron is transferred nonadiabati-
criterion can be invoked in approach b to justify a 1-eV shiftin cally by tunneling from the potential energy surface of the donor
either 4; or As for charge-transfer ion pairs involving olefin  to that of the acceptd¥. As we have seen in Figures 6 and 7
donors#*¢  Furthermore, what chemical meaning can be (see curved simulations), electron transfer in ion pairs generated
attached to the manipulation &fin approach c? by ET quenching represents a notably successful application
To address these questions, let us consider the above methodsf the outer-sphere approach.
to simulate linear oguasifinear correlations of loder versus Inner-sphereelectron transfer, on the other hand, proceeds
AG as representing attempts to integrate inner-sphere processefom strongly coupled donors and acceptors. In this mechanism,
into a purely outer-sphere electron-transfer model. For example,electron transfer occurs adiabatically by an avoided crossing
the attempt to fit inner-sphere electron-transfer processes to arof donor and acceptor potential energy surfées theory
outer-sphere model in approaches a and b will yield values of for the inner-sphere (adiabatic) electron transfer is presently in
A=A + Asthat are both large and substrate-dependent, owinga stage of active developméiit. Significant inner-sphere
to the extensive changes in structure, electronic configuration, components in electron-transfer processes have been revealed

and solvation that attend the formation of the denacceptor
“bonded” transition state. The alternative approach c of
increasing the value of the electron exchange matdirectly
invokes bonding within the radical-ion pair in eq*4.Thus,
all three approaches implicitly invoke bonding (orbital overlap)
of the donor and acceptor in the charge-transfer ion pair.

lll. Inner-Sphere and Outer-Sphere Mechanisms for
Electron Transfer. The existence of a significant bonding
interaction between donor and acceptor within the contact ion
pair implies that electron transfer must proceed by an inner-
sphere mechanism. The term “inner-sphere” was originally

previously for reactions between various organometal donors
and TCNES® and for the bromination and mercuration reactions
of olefins>* The excitation of EDA complexes, in particular,
generates donors and acceptors which undergo electron transfer
by way of the inner-sphere mechani8tThree effects signal

the involvement of pronounced inner-sphere processes, namely,
(i) electron-transfer rates that are faster than predicted on the
basis of the outer-sphere modéP? (ii) a driving-force depen-
dence that deviates significantly from that predicted by Marcus
theory?153:54and (iii) pronounced steric effects on the electron-
transfer rate8? The first two criteria are clearly demonstrated

applied to electron transfer between inorganic redox centersin the electron-transfer behavior of charge-transfer ion pairs

connected by a bridging ligarf§. Its meaning has been

derived from olefin/TCNE complexes (see Figure 7). The steric

extended to encompass electron transfer between (inorganic oeffect in charge-transfer ion pairs may be recognized in this
organic) donors and acceptors that are strongly coupled due tostudy by the different electron-transfer behavior of olefins as

the mutual interpenetration of their coordination sphéte¥.

compared to that of arenes (see Figure 4). We believe that the

The coordinatively saturated character of organic compoundsunique driving-force dependence observed with olefins can be
has hampered the consideration of inner-sphere mechanismsittributed to the compact size and characteristic orientation of
since the donor and the acceptor molecules cannot be joinedtheir z-orbitals as compared to the more delocalized aromatic

(44) The electron exchange matrix elemeéf,is analogous to the
“Coulombic” integral, which expresses the bonding overlap beween donor
and acceptor in the radical-ion pair. See: Eyring, H.; Walter, J.; Kimball,
G. E. Quantum ChemistpyWiley: New York, 1948; p 149.

(45) (a) Taube, H.; Gould, E. SAcc. Chem. Resl969 2, 321. (b)
Cannon, R. DElectron Transfer Reaction8utterworths: London, 1980.
(c) Henderson, R. AThe Mechanisms of Reactions at Transition Metal
Sites Oxford University Press: New York, 1993; pp 46 f.

(46) (a) Nelson, D. J.; Cooper, P. J.; Soundararajan]. Am. Chem.
So0c.1989 111, 1414. (b) Weast, R. C., E€RC Handbook of Chemistry
and PhysicsCRC Press: Boca Raton, FL, 1989.

(47) (a) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T.
Energetics of Gaseous lank Phys. Chem. Ref. Dai977 6 (Suppl. 1).

(b) Palmer, M. H.; Moyes, W.; Speirs, M. Mol. Struct.198Q 62, 165.

(48) (a) Howell, J. O.; Goncalves, J. M.; Amatore, C.; Klasinc, L.;
Wightman, R. M.; Kochi, J. KJ. Am. Chem. Sod 984 106, 3968. (b)
Bard, A. J., Lund, H., EdsEncyclopedia of Electrochemistry of the
Elements, Organic SectipMarcel Dekker: New York, 1978; Vol. 12, p
263.

(49) Fleischmann, M.; Pletcher, Oetrahedron Lett1968 60, 6255.

(50) (a) Masnovi, J. M.; Seddon, E. A.; Kochi, J. ®an. J. Chem1984
62, 2552. (b) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; lwata,
S. Handbook of Hel Photoelectron Spectra of Fundamental Organic
Molecules Halsted Press: New York, 1981.

(51) Kochi, J. K.Angew. Chem., Int. Ed. Engl988 27, 1227.

(52) (a) Eberson, L.; Shaik, S. $. Am. Chem. Sod.990 112 4484.

(b) See also ref 59.

(53) Fukuzumi, S.; Wong, C. L.; Kochi, J. K. Am. Chem. S0d.98Q
102, 2928.

(54) Fukuzumi, S.; Kochi, J. KBull. Chem. Soc. Jpri983 56, 969.

m-systems. Thus, the highly localized charge and spin-density
distribution in the olefin cation radical and the TCNE anion
radical points to the possibility of “bond” formation. Chart 2
illustrates how the olefin cation radical and tetracyanoethylene
anion radical can be intimately juxtaposed for optimum inner-
sphere interaction. Despite this intimacy, the ion-radical
components retain their integrity, as demonstrated by the
unshifted/undistorted transient spectra of TCNB Figures 2

and 3 that are identical (including the vibrational fine structure)

(55) (a)Van Duyne, R. P.; Fischer, S.Ghem. Phys1974 5, 183. (b)
Ulstrup, J.; Jortner, 1. Chem. Physl975 63, 4358.

(56) Miller, J. R.; Beitz, J. V.; Huddleston, R. K.. Am. Chem. Soc.
1984 106 5057.

(57) Bolton, J. R.; Archer, M. D. IrElectron Transfer in Inorganic,
Organic, and Biological SystemBolton, J. R., Mataga, N., McLendon,
G., Eds.; American Chemical Society: Washington, DC, 1991; p 7.

(58) (a) Lindenberg, K.; Cortes, E.; Pearlstein, R. M.Phys. Chem.
1994 98, 7395. (b) Stuchebrukhov, A. A.; Song, X. Chem. Physl994
101, 9354. (c) Dakhnovskii, Y. L.; Doolen, R.; Simon, J. D.Chem. Phys.
1994 101, 6640. (d) Zharikov, A. A.; Frantsuzov, P. &hem. Phys. Lett.
1994 220, 319. (e) Liu, Y.-P.; Newton, M. DJ. Phys. Chem1995 99,
12382.

(59) (a) Inner-sphere effects have been definitively established for the
excited arene/ nitrosonilti¥ and arene/bromine atéfi complexes. (b)
Bockman, T. M.; Karpinski, Z. J.; Sankararaman, S.; Kochi, JJKAm.
Chem. Soc1992 114, 1970. (c) Homann, A. Jarzeba, W.; Barbara, P. F.
J. Phys. Chem1995 99, 2006.
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Chart 2. Charge-Transfer Model of the Contact lon Pair
Depicting the Mutual Interpenetration of the Coordination
Spheres of the Olefin Cation and the Tetracyanoethylene
Anion According to the Inner-Sphere Formulation

to previously reported spectra of TCNERN its various isolated
forms3! Indeed,ab initio calculations confirm the incipient
bonding in the related ethylene cation-radical compfexn

this context, the consideration of inner-sphere components in
electron-transfer reactions with olefins will support the generally
accepted concept that the crucial step in ET-sensitizeé®]2
cycloadditions (e.g., styrene dimerization) is thbond forma-

tion between the olefinic cation radical and the parent oféfin.
Moreover, the polar mechanism as generally suggested for
electrophilic additions of olefins with TCNEEmay be closely
related to inner-sphere electron transfer, since both mechanism
invoke partial bonding in the transition state.

Partial bonding between donors and acceptors was originally
proposed by Mulliken to account for the varying stability of
ground-state EDA complexé&&. For neutral species, van der
Waals forces play a dominant role and charge-transfer interac-
tions are usually minor contributors to the stability of the
complex8? In other instances, hydrogen bonding or Coulombic
forces predominat®® In some cases, such as the EDA
complexes of nitrosonium (N© with aromatic donof¥ or the
EDA complexes of carbon tetrabromide with amine dortérs,
stronger Quasicovalent) bonds are invokéfl. For olefins,
o-bonds are postulated for the inner-sphere complexes with
silver(l) which accept electrons from the bonding 2frbital
of the olefin®” Moreover, strong back-donation in complexes
of TCNE with transition metals such ag%TCNE)Cr(CO}
confirms the capability of olefins to carry out inner-sphere
electron exchange through bond formatfén.

The incursion of inner-sphere (adiabatic) electron transfer
reflects an increase in the electronic coupliglietween donor

(60) Lewis, F. D. InPhotoinduced Electron TransfeFox, M. A.,
Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Parp@ and references
therein.

(61) Kim, T.; Sarker, H.; Bauld, N. LJ. Chem. Soc., Perkin Trans. 2
1995 577.

(62) Foster, ROrganic Charge -Transfer Complexescademic Press:
New York, 1969.

(63) Denisov, G. S.; Bureiko, S. F.; Golubev, N. S.; Tokhadze, K. G. In
Molecular Interactions Ratajczak, H., Orville-Thomas, W. J., Redshaw,
M., Eds.; Wiley: New York, 1981; Vol. 2, p 107.

(64) Kim, E. K.; Kochi, J. K.J. Am. Chem. S0d.99], 113 4962. See
also ref 59.

(65) (a) Blackstock, S. C.; Lorand, J. P.; Kochi, J. X.Org. Chem.
1987 52, 1451. (b) Blackstock, S. C.; Kochi, J. B. Am. Chem. So0¢987,

109, 2484.

(66) The consideration afuasicovalent bonds is based on the observa-
tion of close donoracceptor distances as revealed by X-ray crystallography
of CT crystals®*65In addition, red-shifted IR (stretch) frequencies in the
EDA complexes as compared to the single components indicate bond
formation between the donor and acceptor moiéties.

(67) Beverwijk, C. D.; van der Kerk, G. M. J.; Leusink, A. J.; Noltes, J.
G.; Organomet. Chem. Re197Q A5, 215.

(68) Kaim, W.; Olbrich-Deussner, B.; Roth, Drganometallics1991,

10, 410.
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and acceptor. Although the consequences of electron transfer
in the strong coupling limit have not yet been placed on a sound
theoretical basis, it is possible that electron transfer within a
strongly interacting doneracceptor (B-A) pair may become
independent of the thermodynamic driving fof€eFor the
inner-sphere (adiabatic) situation, it is important to realize that
the conventional parametetsandas will not have the meaning
that is assigned to them in the nonadiabatic electron-transfer
model’® Thus, one signal which would indicate that the inner-
sphere process is operating would be values; @ind s that

are unusually large or are not consistent with conventional
nonadiabatic calculatiorfd.

Electronic coupling in inner-sphere ion pairs implies charge
delocalization between the cationic and anionic moieties. Thus,
mixing between [D, A] and [BF, A*~] states occurs in the ion-
pair state, as suggested for the electronic ground state of EDA
complexes? In addition, locally excited configurations, such
as [D*, A] or [D, A*], will also contribute if their energies are
close to those of the ion pair [D, A*~]. The resulting entity,
described by a three-state mod&is an exciplex® Exciplexes
have been established by emission and absorption spectroscopy
as intermediates in various ET quenching experiments involving
singlet* and triplet® excited states, and the close relationship
between exciplexes and excited charge-transfer complexes has
been explicitly address€é’¢ Moreover, the bonding interaction
between donors and acceptors within the exciplex, i.e., a
combination of van der Waals forces, hydrogen bonding,

SC:oulombic interactions, etc., is of the same nature as that within

the EDA complexed? Accordingly, the inner-sphere model is

particularly applicable to electron transfer within the exciplex,
and exciplexes thus represent a special case of inner-sphere ion
pairs.

Summary and Conclusions

By considering the variety of inner-sphere electron-transfer
reactions reported for olefins, we can now understand the non-
Marcus ET behavior of charge-transfer ion pairs from olefin/
TCNE complexes. The nonvariant electron-transfer rate ob-
served here is the extreme case of the lineakiggersusAGy

(69) Yoshihara, K; Tominaga, K.; Nagasawa,Bull. Chem. Soc. Jpn
95 68, 696.

(70) Rauhut, G.; Clark, TJ. Am. Chem. S0d.993 115 9127.

(71) For example, the reorganization enefgy A; + As derived from
the spectral analysi¥ of the charge-transfer bands of the olefin/TCNE
complexes was approximately 1 eV. This valueliadoes not agree with
the value ofl; + As = 2.1 eV obtained from electron-transfer rate consténts.

(72) (a) Gould, I. R.; Young, R. H.; Mueller, L. J.; Farid,5Am. Chem.
Soc.1994 116 8176. (b) Gould, I. R.; Young, R. H.; Mueller, L. J.;
Albrecht, A. C.;Farid, SJ. Am. Chem. S0d.994 116, 8188.

(73) Gordon, M., Ware, W. R., Ed$he ExciplexAcademic: New York,
1975.

(74) (a) Mataga, N.; Okada, T.; Yamamoto, Bull. Chem. Soc. Jpn
1966 39, 2562. (b) Knibbe, H.; Rehm, D.; Weller, Ber. Bunsen-Ges.
Phys. Chem1968 72, 257. (c) Itoh, M.; Furuya, S.-l.; Okamoto, Bull.
Chem. Soc. Jpri977, 50, 2509. (d) Weller, AZ. Phys. Chem N. FL982
133 93. (e) Kuzmin, M. G.Pure Appl. Chem.1993 65, 1653. (f)
Chakraborthy, T.; Sun, S.; Lim, E. G. Am. Chem. S04994 116, 10050.

(75) (a) Kobashi, H.; Funabashi, M.-A. Kondo, T.; Morita, T.; Okada,
T.; Mataga, N.Bull. Chem. Soc. Jpnl984 57, 3557. (b) Levin, P. P;
Kuzmin, V. A. Russ. Chem. Re1987 56, 307. (c) Jones, G., Il; Mouli,

N. J. Phys. Chem1988 92, 7174. (d) Levin, P. P.; Raghavan, P. K. N.
Chem. Phys. Lett199], 182 663. (e) Tahara, T.; Hamaguchi, H.-Q.
Phys. Chem1992 96, 8252.

(76) In the case of the charge-transfer excitation of EDA complexes of
olefins with TCNE, the role of locally excited states is unclear, since the
first excited singlet states of both the donor and acceptor are high-energy
states, which are unlikely to mix with the [olefin TCNE~] ion-pair state.
There is no evidence for exciplex formation in the transient absorption
spectra of the ion pairs, since only the undistorted 450-nm band of TCNE
is observed.

(77) (@) Anner, O.; Haas, YJ. Am. Chem. Sod988 110, 1416. (b)
Forster, T. In ref 73, p 1. (c) Mataga, N. In ref 73, p 113.
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l-<""3\ Continuum Cell - cavity and then through a pulse stretcher unit (Photonics Industries)
\\\B\ Diode Array utilizing a holographic grating to chirp the pulse by a factor of about
~— L1

=1 Monochromator 2000. _ The chirped_ pulse was seeded _into the fo_Ided cavity of a_Ti:
'\[ Sample sapphire regenerative amplifier (Photonics Industries, TRA-50) which
» was pumped by a Q-switched Nd:YAG laser (Continuum, Surelite-1)
Ti:sapphire with a 10-Hz repetition rate and a pump energy of about 10 mJ/pulse.
A 4 Oscillator The regenerative-amplifier pulses were dumped employing a Pockels
A2 N cell (Medox Electro-Optics) operating in a double-pass configuration.
L Argon lon Laser The Pockels cell was switched twice with a controlled delay of a few
= ‘d — — q tens of nanpseconds which gllowed 97>.<act tmmg of .the entry of.the
S L seed pulse into the regenerative-amplifier cavity relative to the exit of
i dumped amplified pulses out of the cavity. In general, the seed pulse
\ stayed in the cavity for less than 10 round trips (ca. 90 ns) before being
dumped. The wavelength of the regenerative amplifier was tuned with
a wavelength selector. Energies of the dumped pulses varied between
Figure 8. General layout of the femtosecond Ti:sapphire laser system. 1 and 2 mJ depending on the wavelength. The laser pulses leaving
the regenerative amplifier were fed into a multipass Ti:sapphire
correlations with mild slopes that are commonly observed with amplifier (Photonics Industries) which was pumped by the same
other charge-transfer ion pairs involving aromatic molecules. Q-switched Nd:YAG laser that pumped the regenerative amplifier. The
It demonstrates that inner-sphere processes in charge-transfepump energy (up to 120 mJ/pulse) was adjusted using a combination
ion pairs are most pronounced with olefin donors. Thus, we of a Glan laser beam-splitting polarizer and a half-wave plate. The
believe that electron-transfer studies with olefin charge-transfer Ti:sapphire pulses passed through the amplifier crystal four times,
ion pairs will be the proving ground to test new electron-transfer réaching energies of up to 20 mJ after the fourth pass. This highly
theories that explicitly consider the continuum of inner-sphere @mplified pulse was then directed through a beam expander and
and outer-sphere proces§ésin addition, the nonvariance of ~ compressed using a holographic grating. The pulse width of the
electron-transfer rates in olefin complexes serves to highlight COmPressed pulse was measured to be about 200 fs (fwhm). Depending

the importance of steric effects in electron-transfer reacfigis on the Ti:sapphire laser wavelength and the pump energy applied,
We are currently examining such effects of steric “crowdingi” energies as high as 11 mJ could be obtained for the compressed pulses,

ithin | ! ted either by ch ¢ f itati which corresponded to peak powers of about 55 GW. The compressed
within 1on pairs generated € _er yc a_rge- ranster excitation amplified laser pulses were first directed through a second-harmonic
or by electron-transfer quenching experimefis.

generator (Photonics Industries) equipped with an uncoated LBO crystal
of 3-mm thickness (Castech-Phoenix). About 30% of the light was
converted into the second harmonic frequency and separated from the
Materials. Norbornene, 3,3-dimethyl-1-butene, 1-hexene, 2,3- residual fundamental Wavelengt_h by a dichroic mirror. Bandwidths
dimethyl-1-butene, 2-hexene, 2,4,4-trimethyl-2-pentene, and 2,5-dim- (fwhm) of about 3 nm were obtained. The frequency-doubled pulses,
ethyl-2-hexene from Aldrich or Wiley Chemicals were used as received. which were used as excitation (“pump”) light, traversed a variable (up
The arenes listed in Table 2 were available from a previous sfudy. to 4 ns) delay stage (Velmex) before being directed onto the sample
Tetracyanoethylene (Aldrich) was further purified by sublimation cuvette. The fundamental laser pulses were focussed onto a 1-cm quartz
vacua Dichloromethane (Fisher) was repeatedly stirred with fresh cuvette containing a 1:1 mixture of water and@to generate
aliquots of sulfuric acid (25% by volume) until the acid layer remained femtosecond supercontinuum puehat covered a wide wavelength
clear. The solvent was separated, and then washed sequentially withyange from below 350 to above 800 nm. The white light pulses were
Watel’, aqueOUS biCarbOnate, Water, and aqueOUS SOdium Chloride. Afterconimated to a narrow beam by means Of two |enses in a te'escope_
drying over calcium chloride, the dichloromethane was refluxed over |ie configuration and split into two directions utilizing a neutral-density
P,0s for 2 h, and distilled under a flow of argon. Acetonitrile (Fisher)  fiiter a5 a semitransparent mirror. The reflected beam was picked up
was sf‘tllrreddover(}fl\/rl]n(o)fcl)r 24 h,land then rzl‘_lu?(l:a%fcf)r 1h. r;l'he f}ond by fiber optics and used as the reference light. The transmitted portion
was filtered, and the clear solvent was distilled from phosphorous ¢y, heam was directed through the sample cuvette overlapping with
pentoxide under a flow of argon. The distillate was finally refluxed the frequency-doubled excitation beam in order to probe the excited
over calcium hydride fo 6 h and then distilled under an argon . : ; . . )
i - 8 species. This probe light was picked up by a second optical fiber.
atmosphere. Each purified solvent was stored in a Schlenk flask fitted . : .
with a Teflon stopcock. Both the reference and the sample optical fibers were fed _|nto a_f_lat-
Instrumentation. The UV—vis absorption spectra were recorded geldl sdpe:j:trograph ((;nstrumen'tas S A, HR|320) to which E%an]iznsme‘j
on a Hewlett-Packard 8450A diode-array spectrometer using a custom-duai-diode array detector (Princeton Instruments, -512) was
attached. Thus, with each single laser pulse, two spectra (excited

made quartz cuvette fitted with a side arm and Teflon stopcock. . -
The time-resolved (femtosecond) spectrometer was constructed insample and reference) were recorded simultaneously and a transient

conjunction with Photonics Industries, and the basic layout is shown aPsorption spectrum of the excited species could be computed on the
in Figure 8. The heart of the system was a Ti:sapphire oscillator basis of LambertBeer's law: A(Z) = log{Io(2)/I(1)}, whereA(Z) is
(Photonics Industries, TFO-100) which was pumped by an argon ion the transient absorbance at the wavelerigéind|o(1) andl(4) are the
laser (Coherent, Innova-310). The design of the triple-folded cavity intensities at the wavelengthof the reference light and the sample
was based on the self-focusing and self-mode-locking properties of thelight, respectively. In a typical experiment, 100 spectra were averaged
Ti:sapphire crystal, which allowed the generation of 114-fs pulses and passed to a personal comput&ra Princeton Instruments interface,
(“true” pulse width corrected for hyperbolic secant pulse shape) with for data storage, display, and analysis. The overall time response of
a repetition rate of about 79 MHz. Using two sets of optics, mode- the pump-probe experiment was determined to be about 700 fs, as
locked pulses with a tuning range from below 720 to 920 nm and determined by monitoring the rise of 1,4-diphenylbutadiene and 1,8-
energies of about 5 nJ/pulse were obtained by applying pump energiesdiphenyloctatetraene singlet states for 375- and 400-nm excitation,
of about 6 W, and harvesting mostly the 488- and 514-nm argon ion respectively®
laser lines. Typically, bandwidths (fwhm) of about 7 nm were obtained.
The nanojoule Ti:sapphire oscillator pulses were first directed through  (79) Hubig, S. M.; Rodgers, M. A. J. IHandbook of Organic
an isolator (Optics For Research) to prevent feedback into the oscillator PhotochemistryScaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989;
Vol. I, p 315.

(78) (a) Gould, I. R.; Farid, SJ. Phys. Chem1993 97, 13067. (b) (80)%0Idbeck, R. A;; Twarowski, A. J.; Russell, E. L.; Rice, J. K.; Birge,
Rathore, R. Unpublished studies. R. R.; Switkes, E.; Kliger, D. SJ. Chem. Phys1982 77, 3319.
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The companion time-resolved (picosecond) spectrometer based onan experimental ratié\(445)/A(680) of 0.73, in excellent agreement
a mode-locked Nd:YAG laser (Quantel YG501-C, 25 ps) was described with the theoretical value of 0.71. For the indene/TCNE complex in
previouslys! dichloromethane, the experimental ra4i@70)/A(600) was determined
Photoexcitation of the EDA complexes of Tetracyanoethylene to be 1.6. On the basis efi; TCNE™) = 4300 M cm™1,312 g
with Olefin and Arene Donors. For the laser photolysis experiments, (IN*") = 2200 Mt cm 1,83 ¢4, EDA complex)= 640 Mt cm1,21¢
solutions of tetracyanoethylene (0.02 M) and 0.5 M olefin or 0.3 M and esod EDA complex) = 530 M~* cm™12i¢ a theoretical ratio of
arene in dichloromethane were prepared. These donor and accepto(4300-640)/(2206-530) = 2.2 was obtained for 1:1 cation/anion
concentrations were chosen to ensure strong charge-transfer absorptioformation. The validity of the theoretical ratio in this case is very
(0.5-1.0 absorbance unit) at the laser-irradiation wavelength. The sensitive to the extinction coefficient of the relatively weak*IN
absorption spectra of the solutions were measured in a 0.5-cm quartzabsorbance. Full agreement between the experimental and theoretical
cuvette both before and after the laser experiment. No significant ratios would be achieved if a value efo(IN*t) = 2800 M cm™
spectral changes due to the laser irradiation were observed. In a typicalwere used.
pump-probe experiment, 166800 shots were averaged at a repetition For the guantitative analysis of the transient spectra of the photo-
rate of 10 Hz to obtain a complete transient spectrum for each delay excited EDA complex of TCNE with styrene, the extinction coefficient
time. The delay line was moved in 500-fs steps between the acquisition of STY** was needed. All attempts to determine the extinction
of each spectrum. Prior to each measurement the two diode arrayscoefficient on the nanosecond time scale from electron-transfer quench-
were balanced by acquiring 18800 shots without laser excitation  ing experiments with photoexcited chlordnft*failed, probably because
and correcting for the difference in the spectral response of the diodes.of the very rapid reaction of the styrene radical cation with neutral
In all of the laser photolysis experiments, the transient absorbance styrene®®84 Thus, an alternative (picosecond) approach was chosen.
decayed on the picosecond time scale to a zero baseline, and no longThe transient spectrum obtained 30 ps following the photoexcitation
lived residual components were observed. In all cases, the kinetic dataof the EDA complex of styrene with 1,2,4,5-tetracyanobenzene (TCNB)
could be fitted to a single exponential decay, with a satisfactory in dichloromethane showed the absorption bands of TCBd STY+
regression coefficient, and thus no evidence for nonexponential decayat 470 and 600 nm, respectively. On the basisg§TCNB) of
was foundB3 11 600 Mt cm™,85 the quantitative comparison of the two absorption
Stoichiometry and Thermodynamics for the Charge-Transfer lon bands yielded an extinction coefficient of 4800 Mcm™ at Amon =
Pairs. In the case of the photoexcited styrene/TCNE, indene/TCNE, 600 nm for the styrene cation radical. Using this valuefaSTY*),
and biphenyl/TCNE complexes, the transient spectra were analyzed as,s TCNE") = 5700 M1 cm™1312 ¢;s( EDA complex)= 2170 M1
the sum of cation- and anion-radical absorptions and the bleaching cm~21¢ andesoo(EDA complex)= 150 Mt cm™1,21¢ a theoretical ratio
(negative absorption) of the ground-state EDA complex. The absorption of 0.76 was calculated for 1:1 formation of STYand TCNE~. This
bands of the radical cations with absorption maxima at 620, 570, and value was in excellent agreement with the experimental ratio of
690 nm for styrené indene?® and biphenyl?respectively, as wellas  absorbances(450)/A(600) = 0.68.
the absorption band of the tetracyanoethylene anion rétliaa¥50 For a comparison of CT excitation and ET quenching data (see
nm did not show any spectral distortion as compared with authentic Figures 6 and 7), values for the ET driving for&&, were estimated
spectra in the literature. In each case the experimental ratio of the for the CT ion pairs of TCNE with benzene and olefins. The driving
absorption maxima for TCNE and the aromatic cation radical was  force was calculated as the difference between the reduction potential
determined at 1 ps after excitation and compared with the theoretical of TCNE €S, = +0.24 V vs SCE9) and the oxidation potentials
ratio based on the extinction coefficients of TCNEhe cation radical, (E3y) of the donors. The latter were either taken from the litera-
and the CT absorption of the EDA complex. ture’854 or extracted by interpolation from plots &, versusioniza-
For the biphenyl/TCNE complex in dichloromethane, the experi- tion potential by the method of Fleischmann and Pletéher.
mental ratio of the transient absorbané€450)/A(690) was measured
to be 0.33. On the basis efs TCNE ") = 5700 M cm *,%12 ¢or- Acknowledgment. We thank the National Science Founda-
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assuming 1:1 cation/anion formation. The good agreement of the
experimental and theoretical ratios confirmed the 1:1 stoichiometry in JA9542420
the formation of biphenyl cation radical and TCNE anion radical. The

analogous analysis of the spectral bands recorded in acetonitrile yielded (84) Schepp, N. P. Johnston, L.JJ.Am. Chem. S0d994 116, 6895.
(85) The extinction coefficient of TCNB radical anion (in dichlo-

(81) Yabe, T.; Kochi, J. KJ. Am. Chem. S0d.992 114, 4491. romethane) was determined by the quantitative comparison of the absorption
(82) Brede, O.; David, F.; Steenken, B.Chem. Soc., Perkin Trans. 2 band of TCNB~ with that of the biphenyl cation radical in the picosecond
1995 23. transient spectra observed upon excitation of the EDA complex of TCNB
(83) Bokin, A. I.; Petruschenka, K. B.; Turchaninov, V. K.; Gorshkov, with biphenyl. For the extinction coefficient of biphenyl cation radical, see

A. G.; Nakhmanovich, A. S.; Domnina, E. B. Obsh. Khim. (Engl. Tran3l. ref 7a. For the photoexcitation of the biphenyl/TCNB complex in acetonitrile

1988 58, 905. see ref 37b.



