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Two rigid bischromophoric systems featuring identical donor and acceptor moieties have been studied in
order to directly determine the relative importance of through-space and through-bond mechanisms for electron-
transfer reactions. The two molecular systems studied have the unique feature that the through-bond distance
between any pair of atoms in the two molecules is held constant while the spatial distance between the donor
and acceptor is changed. Time-resolved laser measurements reveal that back-electron-transfer dynamics
following photoexcitation of the ground-state charge-transfer absorption band are the same in the two systems.
The results provide direct evidence for the through-bond mechanism of electron transfer in bridged organic
donor-acceptor systems.
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Electron-transfer reactions are ubiquitous in nature, playing S -, T
a central role in biological and chemical processes. A consider- 360 pm | E_h ) 470 pm ~L
able effort has focused on understanding how the distance and - *-;ﬁ "'","i,__
orientation between donors and acceptors affects the electron- i o ‘\-..,
transfer raté:=18 In recent years, studies of covalently linked g )
donor-acceptor systems provided important information on the Stacked Unstacked

distance-dependent nature of electron-transfer reactions. A majorFigure 1. Two cyclophane systems studied:is referred to in the
goal of those studies was to determine the mechanism for thetext as the stacked system aht$ referred to as the unstacked system.
electron-transfer process. Two commonly discussed electronghe do'?Jor and acceptor ghr(é“ps are 1’4'?'methoxybenze“e and 7,7-
transfer mechanisms are the “through bond” and “through space” 'cyanobenzoquinone methide, respectively

mechanism. In the former, the electron tunnels along the the Franck-Condon weighted density of states. Because the
covalent bonds of the molecule and the distance between theygjue of \V depends on the spatial overlap of the molecular
donor and acceptor is given by the sum of the distances of the grpjtals associated with the donor and acceptor moieties, it is
covalent bonds linking the two moieties. In the through-space gepgitive to distance and is commonly modeled by
mechanism, the electron tunnels through the surrounding

medium and the distance between the donor and acceptor is V2 = [V, 2 exppron) )
approximated by the spatial separation between the two species. 0 DA

Th(_aoretlcal formalism exists for eat_:h model, an_d each predlctswherev0 is a constantrpa is the distance between the donor
a different dependence of the reaction rate on distance. To date, acceptor, anfl is a constant. Experimental studies imply
the appllcaplllty ofa partu;ular mechanism has solgly relied on that § is on the order of 2.8 Al for through-space electron
the comparison of experimental data to that predicted by the ;.. <a#9d and is on the order of 1.1 & for through-bond

theoretical models. Specifically, for nonadiabatic electron- octron transfet:20 Thus, evidence in support of a particular

tran?;‘er reactions, the rate constant is generally described by, qe) js tied to the observed valuefnd its interpretation.
eq’t

In this paper, we present electron-transfer data for two bridged
cyclophane systentd The structures of the two bridged systems
ker = (47°/h)|V|’FC (1) are shown in Figure 1. Each system contains the same
substituted benzene moieties that serve as the donor (1,4-
whereV is the electronic coupling matrix element and FC is dimethoxybenzene) and acceptor (7,7-dicyanobenzoquinone
methide). The donor and acceptor are rigidly positioned relative
* Author to whom to direct correspondence. to one another by alkyl linkers. Taken together, these two
"Magellan Laboratories, Inc., 140 Southcenter Ct., Suite 900, Morrisville, cyclophane structures have the unique feature that the through-
NC’: 2D7e?)21?fment of Chemistry, Florida A&M University, Tallahassee, FL bond dls.tanc.e between any pair of atoms is held Constam while
32307. the spatial distance between the donor and acceptor is changed.
8 Department of Chemistry, College of Charleston, Charleston, SC 29424. In general, the relative importance of the through-bond and
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250 300 350 400 450 500 550 600 650 Figure 3. Degenerate pump/probe dynamics at 480 nm recorded
Wavelength (nm) following excitation of the charge-transfer band of the stackgand

unstackedZ) donor-acceptor system in acetonitrile solution at room

h temperature. The recovery of the ground-state absorption as a function

(= — —) unstacked), 1,4-dimethoxybenzene ((---) donor), and 7,7- ¢ go|ay time between the pump and probe pulses reflects the back-

d|cyanobenzqu|nqne methide j(() accep_tor) in _agetonltrll_e. The . electron-transfer dynamics. The same dynamics are observed for the

cyclophanes exhibit an absorption band in the visible region that is two cyclophanes; the absorption recovery can be described by a single-

not present in the spectrum of either the do_nor or acceptor molecule. exponential funciion with a time constant of #22 ps. The kinetics

This broad absorption bandr{ax = ~A450 nm) is assigned as a charge ¢ ejactron transfer are independent of temperature and the excitation/

transfer between the do_nor and acceptor. The arrows indicate the tWOprobe wavelength. The time constant for the electron-transfer reaction

wavelengths used in this study. is indistinguishable from that found in GDN, methanol, and
chloroform solutions.

through-space mechanisms for electron transfer can be gained

directly from the experimental data on these molecules, without peen normalized to have the same intensity so that they can

Figure 2. Absorption spectra of the stacked cyclophane9 gtacked,

the need to do a detailed theoretical analysis. easily be compared. The extinction coefficients of the two bands
. . are markedly different for the two cyclophanes. In chloroform
Experimental Section solution, the extinction coefficient of the charge-transfer band

for the stacked and unstacked cyclophane is 3860 and 6025 M
cmL, respectively. This difference in extinction coefficients
indicates that the electronic coupling between the neutral and
charge-transfer states is greatest for the unstacked configuration.
In the present study, the charge-transfer band is excited by
an ultrashort laser pulse and the dynamics of the back-electron
transfer to reform the ground-state molecule are monitored. The
time resolution of the experimental apparatus is on the order of

The electron-transfer dynamics were measured by performing
femtosecond pumpprobe absorption experiments. The experi-
mental apparatus consists of a regeneratively amplified titanium:
sapphire laser system (Spectra Physics, 1 kHz repetition rate).
The output pulses from this device are 80 fs in duration and 1
mJ in energy and have a center wavelength of 800 nm. This
laser beam pumps an optical parametric amplifier (OPA, Spectra

Physics), which can be tuned throughout the visible and UV L g
region of the optical spectrum. The OPA output was split into 100 fs. To a good approximation, the driving force for the back-

two beams using a glass plate; pump beam (95%), probe bearr{electron-transfer reaction can be estimated by the onset of the
(5%). The two beams then tréveled different patryls and were charge-transfer band. In acetonitrile solution, the onset occurs

recombined on the sample. The path length of one arm was &t around 1.8 eV. Such a large reaction exothermicity is
controlled using a computer-controlled delay stage. After characteristic of the Marcus inverted region. Electron-transfer

traversing the sample, the intensity of the probe beam was reactions in the inverted region are generally modeled in terms
measured by photodiode; the diode output was directed to aOf quantum mechanical tunneling, and so we expect that egs 1

lock-in amplifier, which was referenced to a mechanical chopper and 2 are applicable to these molecular sy§tems. It is glso
located in the path of the pump beam. generally the case that electron-transfer reactions that fall into

The electron-transfer reaction dynamics were examined in the Marcus inverted region show a weak, if any, dependence

acetonitrile, deuterated acetonitrile, methanol, and chloroform on temperaturé® Consistent with this prediction, the observed

solutions. The concentration of the cyclophanes was on the orderdynamICS are unaffected by the solution temperature over the

of 10> M; no evidence of bimolecular complexes was range from 277 to 298 K. .
manifested in the absorption spectrum. The dynamics were Figure 3 plots the dynamics observed for 480 nm degenerate

recorded using excitation/probe wavelengths of 480 and 515 pump/probe experiments on.the two qyclophaneg In room
nm. The temperature of the water-jacketed sample cell was l€mperature acetonitrile solutions. Identical dynamics are ob-

s o served for the two molecules. For each molecule studied, a
controlled to within=0.1°C. bleach is observed &t = 0 (when the pump and probe pulses
are coincident on the sample), reflecting a loss in ground-state
population that accompanies formation of the ion pair. With

The absorption spectrum of both linked systems is character-increasing delay time between the pump and probe laser pulse,
ized by a band in the visible region of the spectrutp.f ~ the absorption signal recovers as a result of relaxation of the
450 nm), Figure 2. This band is not present in solutions of the system back to its ground state. The recovery of the absorption
isolated donor and acceptor. This band has been previouslysignal is well described by a single-exponential function with a
assigned as a charge-transfer transition in which an electron istime constant of 12 2 ps. Within experimental error, the same
transferred from the dimethoxybenzene to the dicyanobenzo-time constant is observed for the absorption recovery in
quinone methide. The charge-transfer absorption bands havemethanol and chloroform solutions.

Results and Discussion
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In principle, two processes contribute to the recovery of the (the value characteristic of through-space electron tranfér),
absorption signal, back-electron transfer and the subsequentq 2 then predicts th#|2, the square of the electronic coupling
vibrational relaxation within the ground electronic state of the matrix element for the unstacked molecule, is smaller than that
molecule. Before we analyze these data in terms of models forfor the stacked molecule by a factor of 0.06. On the basis of
electron transfer, it is important to determine the relative similar charge-transfer bands for the two cyclophanes, the
contribution of electron transfer and vibrational relaxation to Franck-Condon weighted density of states should be similar
the observed signals. This is most easily done by focusing on for the two molecules. Using these values in eq 1 predicts that
how vibrational relaxation can be uniquely manifested in the the electron-transfer rate constants for the two cyclophanes
observed transient signals. To specifically assess the importancevould differ by over an order of magnitude. Such a difference
of vibrational relaxation to the observed absorption recovery, in rate constants would be easily resolved by the experimental
two separate experiments were performed. approach used.

First, the transient absorption dynamics were examined using In a recent study, the electron-transfer dynamics between
an excitation and probe wavelength of 515 nm. This correspondschromophores attached to an oligoproline backbone reached the
to a reduction in the energy deposited in the molecule by 1400 same conclusion from an analogous set of observatfols.
cm~1 when compared to excitation at 480 nm. This energy that study, the distance between the chromophores was altered
difference is small compared to the total energy deposited by affecting the nature of the helical chain that links them. In
(~20 000 cm?) and may not affect the observed dynamics the particular case reported, the through-bond distance remained
However, by probing the dynamics at 515 nm, different Franck ~ fixed while the through-space distance changed from 1850 to
Condon transitions would be excited during a vibrational 1150 pm. The electron-transfer dynamics were unaffected by
relaxation process than those accessed by 480 nm light. Thisthe change in the through-space distance, supporting the
should be manifested by different dynamics at the two wave- conclusion that the reaction occurs by a through-bond mecha-
lengths. Specifically, with increasing probe wavelengths, faster hism. The through-space distances in the cyclophanes studied
recoveries are expected if the dynamics reflect vibrational herein are considerably smaller25% of that of the oligo-
cooling?? Identical dynamics are observed at the two probe Proline molecule), and at these shorter distances, through-space
wavelengths, from which we conclude that the absorption and through-bond processes could occur with similar rates. Our
dynamics are not controlled by vibrational relaxation. experimental results for these cyclophanes show that the

Second, the dynamics were measured inCB, methanol, through-bond mechanism can remain the dominant reaction

and chloroform solution. Because vibrational relaxation is Pathway at short doneracceptor distances as well.
critically dependent on the ability of the solute to transfer energy
to the modes of the surrounding solvent, the dynamics of this
process are sensitive to the frequencies of the librational and
vibrational modes of the solvent molecufésThis range of
solvents has great variation in the frequencies of normal
vibrational modes, and so different rates of vibrational relaxation
are expected. In addition, different spectral densities for the low-
frequency modes of these solvents are revealed by nonlineal
Raman spectroscopy.Therefore, if the absorption dynamics
were controlled by librational or vibrational relaxation processes, References and Notes

we would expect to observe different kinetics in these solutions.

However, within experimental error, identical dynamics are (1) Gray, H. B.; Winkler, J. RAnnu. Re. Biochem.199§ 65, 537
observed in all solutions studied, supporting the conclusion that and references within.

the observed absorption recovery relfects the electron-transfer _ (2) Mines, G. A.; Ramirez, B. E.; Gray, H. B.; Winkler, J. Rdv.
Kinetics Chem. Ser1998 254, 51.

) ) o (3) Bobrowski, K.; Poznanski, J.; Holcman, J.; Wierzchowski, K. L.
Having established that the data presented in Figure 3 reflectAdy. Chem. Ser1998 254, 131.

the back-electron-transfer reaction, we can now assess the (4) See:Chem. Re. 1992 92 (3) and references within.

ve i - - (5) Tan, Q.; Kuciauskas, D.; Lin, S.; Stone, S.; Moore, A. L.; Moore,
][elatlr\]/e |mp_or_t§1nce (t)f thrOIfh btortlddand tlljrougzﬂ s;zﬁce pa;}thgva;(;sr A Gust. D.J. Phys. Chem. B997 101 5214.
(_)I‘ ese rgid systems. . S state e_ar ler, e rougn- on_ (6) Di Bilio, A. J.; Dennison, C.; Gray, H. B.; Ramirez, B. E.; Sykes,
distance between any pair of atoms is essentially constant ina. G.: Winkler, J. R.J. Am. Chem. Sod.998 120, 7551.
the two structures while the center-to-center through-space  (7) Skov, L. K.; Pascher, T.; Winkler, J. R.; Gray, H.B.Am. Chem.
distance increases by 110 pm or 25%. The observation of S0c.1998 120, 1102. . o .
identical dynamics allows us to conclude that the reaction Che(ri) gi'(')’l‘elz'gcé';('é)'aizclher' T Lee, S. C.; Winkler, J. R.; Gray, H. B.
dynamics are independent of the orientation of the donor and ~(g) vonemoto, E. H.; Saupe, G. B.; Schmehl, R. H.; Hubrig, S. M.;
acceptor chromophores exhibited by these two cyclophanes. ThiRiley, R. L.; Iverson, B. L.; Mallouk, T. EJ. Am. Chem. S0d.994 116,

result provides compelling evidence in support of the through- 47?166) (@) Miller, 3. R Beitz, . V. Hudd ~ B Am. Chom. S
H a iller, J. R.; Beitz, J. V.; Hu eston, R. m. em. SocC.
bond mechanism of eleciron transfer. _ 1084 106 5057. (b) Miller, J. RSciencel975 189, 221. (c) Closs, G. L..
It is important to establish that the expected difference in Johnson, M. D.; Miller, J. R.; Piotrowiak, B. Am. Chem. Sod989 111,
rate that would accompany the change in the spatial distance3751. , .
between the donor and acceptor could be resolved by the, (LD (@) Conkiin, K. T.; McLendon, GJ. Am. Chem. Sod.988 110,
L . 3345. (b) McLendon, GAcc. Chem. Redsl988 21, 160. (c) Helms, A,;
measurements performed. Ab initio calculations (SPARTAN25 Hgiler, D.: McLendon, GJ. Am. Chem. Sod.991, 113 4325.
with a 6- 31G* basis set) reveal that the center-to-center distance (12) (a) Schmidt, J. A.; Mcintosh, A. R.; Weedon, A. C.; Bolton, J. R.;
between the donor and acceptor aromatic rings is 360 and 470connolly, J-bS-; Hur_lely, J-E-: WaSI}%Ievr\]lskl, M. R-ém- Chem. Sod.988
pm for the stacked and unstacked cyclophanes, respectively.qulvll,ﬁ?r']s(el)( Vgas'v\? e '\éhs%‘]gogsgosné ?iq '7’251"9ec' WA Kersey,
Because both cyclophanes have the same donor and acceptor, (13) (a) Heitele, H.. Michel-Beyerle, M. Bl. Am. Chem. Sod985

we will assume a constant value \¢§. If we setf = 2.8 A1 107, 8286. (b) Finckh, P.; Heitele, H.; Michel-Beyerle, M. Ehem. Phys.

Acknowledgment. The femtosecond laser system was
purchased by Duke University. We thank the MFEL program,
administered by the Office of Naval Research, and a faculty
| recruitment grant from the North Carolina Biotechnology Center
for partial support of this work. The authors thank Amanda
Harris, Alan Long, and Prof. Steve Baldwin for invaluable
rassistance in the synthesis of dicyanobenzoquinone methide.



Through-Bond Electron Transfer J. Phys. Chem. A, Vol. 103, No. 15, 1999743

1989 138 1. (c) Heitele, H.; Poellinger, F.; Weeren, S.; Michel-Beyerle,
M. E. Chem. Phys. Lettl99Q 168 598.

(14) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, P.
L. Nature 1992 355 796.

(15) Swallen, S. F.; Weidemaier, K.; Tavernier, H. L.; Fayer, MJD.
Phys. Chem1996 100, 8106.

(16) Winkler, K.; Baranski, A. S.; Fawcett, W. B. Chem. SocFaraday

J. P.; Meyer T. JJ. Phys. Chem1995 99, 51. (f) Chen, P.; Mecklenbur,
S. L.; Meyer, T. JJ. Phys. Chem1993 97, 13126.

(20) (a) Bjerrum, M. J.; Casimiro, D. R.; Chang, I. J.; Di Bilio, A. J.;
Gray, H. B.; Hill, M. G.; Langen, R.; Mines, G. A,; Skov, L. S.; Winkler,
J. R.; Wuttke, D. SJ. Bioenerg. Biomembf995 27, 295. (b) Langen, R;
Chang, I. J.; Germanas, J. P.; Richards, J. H.; Winkler, J. R.; Gray, H. B.
Sciencel995 268 1733. (c) Langen, R.; Colon, J. L.; Casimiro, D. R;

Trans.1996 92 (20), 3899.

(17) (a) Kulinowski, K.; Gould, I. R.; Myers, A. Bl. Phys. Chenml995
99, 9017. (b) Kimura, Y.; Takebayashi, Y.; Hirota, Bl. Chem. Physl99§
108 1483. (c) Hayashi, M.; Yang, T.-S.; Mebel, A.; Lin, S. Bl. Phys.
Chem. A1997, 101, 4156. (d) Wynne, K.; Calli, G.; Hochstrasser, R. M.
Chem. Phys1994 100, 4797.

(18) de Rege, P. J. F.; Williams, S. A.; Therien, M.Stiencel995
269, 1409.

(19) (a) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd986 811,
265. (b) Kestner, N. R.; Jortner, J.; Logan,JJ.Phys. Chem1974 78,
2148. (c) Brunschwig, B. S.; Logan, J.; Newton, M.; SutinJNAm. Chem.
So0c.198Q 102 5798. (d) Gamow, GZ. Phys.1928 58, 204. (e) Calude,

Karpishin, T. B.; Winkler, J. R.; Gray, H. BIBIC 1996 1, 221.

(21) Staab, H. A.; Dohling, A.; Krieger, Oetrahedron Lett1991, 32
(20), 2215.

(22) Harris, A. L.; Berg, M.; Harris, C. BJ. Chem. Phys1986 84,
788.

(23) (a) Hamm, P.; Lim, M.; Hochstrasser, R. 81.Chem. Phys1997,
107, 10523. (b) Owrutsky, J. L.; Raftery, D.; Hochstrasser, R.Ain.
Rev. Phys. Chem1994 45, 519.

(24) Castner, E. W.; Maroncelli, Ml. Mol. Liquids1998 77, 1.

(25) SPARTANVersion 3.0; Wavefunction, Inc.: Irvine, CA.

(26) Slate, C. A,; Striplin, D. R.; Moss, J. A.; Chen, P.; Ericson, B. W_;
Meyer, T. J.J. Am. Chem. S0d.998 120, 4885.



