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This study examines the photophysics of a series of transition-metal complexes that contain a (diimine)Re
(COX(py) chromophore covalently linked toans-stilbene via a semirigid amide spacer. In this series of
complexes moderately exothermic triptetiplet energy transfer from th&lz* charge-transfer excited state

of the diimine-Re chromophore téransstilbene is competitive with “normal” radiative and nonradiative
decay of the’dn* state. The rate constant for intramolecular energy trandger)(was determined as a
function of temperature from 190 to 290 K for three complexes in which the driving faxEe.{) varies

from ca.—29 to—38 kJ moll. The temperature-dependence data indicate that energy transfer is characterized
by a low activation energyE, <2 kJ mol?!) and a low-frequency factorA(~10° s™%). The results are
interpreted by a mechanism in which energy transfer fronPdhe state totransstilbene occurs at nearly

the optimal driving force (i.e.AEent &4, wherel is the reorganization energy). However, owing to the
moderate separation distance between the Re(l) centéraanssktilbene, the exchange coupling matrix element
(Vrr) is small, leading to lowA values.

Introduction a larger negative\S" (i.e., AH* remains constant irrespective
It has long been recognized theis-stilbene is an unusual of the donor triplet energy). Saltiel suggested that deviation of

acceptor of triplet excitation energy. Hammond and co-workers the €xperimental activation parameters from the behavior

first reported thatis-stilbene accepts excitation energy from Predicted by the Sandros equation is due to the fact that

triplet donors at rates significantly greater than predicted when NOnvertical energy transfer occurs footh stilbene isomers?

the donors have triplet energies less than the spectroscopic® Model was presented that suggested that nonvertical energy
energy of thecis-stilbene triple 4 This observation focis- transfer involves a transition state in which the stilbene acceptor

stilbene has been confirmed by more recent studies and has als@SSUmes a geometry that is twisted with respect to € C
been reported for other triplet acceptors that contain flexible POnd, thereby decreasing the energy demands on the triplet
z-electron system&:8 Unusually rapid endothermic energy donor. In more recent work, Gorman and CaIdV\_/eII propose
transfer to acceptors with flexible-systems has been termed that nonvertical energy transfer only occursde-stilbene:®
“nonvertical” energy transfeék* Nonvertical energy transfer is | ese authors further suggest that the role-sfIbond twisting
believed to involve the production of an excited-state acceptor In Nonvertical energy transfer is minimal and that the dominant
having a geometry that is different from that of the relaxed mode thz_at is active in the transition state for nonvertical energy
ground-state olefin. The geometrically distorted nonvertical transfer is phenytvinyl torsion:®

excited state lies at lower energy than the state produced by a Transition-metal complexes of the type (b}R&O)(L) feature
vertical (spectroscopic) transition and therefore is populated by 0ng-lived, low-energy excited states basedaod (Re)— 7*
triplet donors having insufficient energy to populate the vertical (NN) charge-transfer transition @ a diimine ligand such as
excited staté. Nonvertical energy transfer is believed to arise 2,2-bipyridine). By analogy to the lowestw charge-transfer
because the FranelCondon restrictions that hold for (vertical) ~ States in trisdiimine complexes of Ru(ll), the'dstate in the

spectroscopic transitions are relaxed owing to the comparatively diimine—Re(l) complexes has a large degree of triplet spin
long donor-acceptor interaction times that are involved in character and thus can be referred tédag. ™ Consistent with

energy transfer. the triplet spin assignment, excited-state (3jRE)(L) com-

Saltiel and co-workers examined the temperature dependencé’/exes serve as triplet-energy donors. Thus, early work by
of the rate of endothermic intermolecular energy transfer from Wrighton and co-workers demonstrated bimolecular diffusion-

low-energy triplet donors tais- and transstilbene®? They controlled energy transfer from a series of (DJRO)CI
found that for both isomers endothermic energy transfer is COmplexes to several organic triplet acceptors includiags-
characterized by a relatively low activation enthalpy) and stilbene!>10

a large negative activation entropx%).1° Moreover, when More recently, our group employed the (b)O)(L)

activation parameters for energy transfer to the stilbene isomerschromophore to investigate the kinetics of intramolecular energy
are compared for two low-energy triplet donors, the energy and electron transféf.2° These studies take advantage of the
deficit for the lower-energy donor is not reflected by an increase fact that the energy and reduction potential of te* state

in AH* as predicted by the Sandros equa#b#but rather by can be “tuned” by varying the electronic demand of the diimine
ligand, which serves as the acceptor for the dharge-transfer
 Dedicated to Professor Jack Saltiel on the occasion of his 60th birthday. transition. In the course of this work we have examined the
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driving-force dependence of photoinduced electron transfer in E/kd-mol"
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utility of the 3dz* excited state in exploring correlations between substituted pyridine liganttans-N-(4-aminomethylpyridyl)-4-
the thermodynamics and kinetics of energy and electron transfer.Stilbene carboxamides) according to a literature procedure.
An interest in the stilbene energy-transfer problem, coupled The complexes were purified by column chromatography on
with our experience with intramolecular energy and electron Silica gel. The'H NMR and'*C NMR spectra ofl-ts—4-ts
transfer in the (b)R€CO)(L) system, led us to synthesize and are in accord with their structures. Sample purity was further
examine the photophysical properties of the series of complexesestablished by elemental analysid-ts. Anal. Calcd for
1-ts—4-ts. This series of covalently linked Restilbene com- ~ Ca2H24FsNeOsPRe: C, 43.29; H, 2.72; N, 9.46. Found: C,
plexes was designed to allow investigation of the driving-force 40.67; H, 2.54; N, 8.682-ts. Anal. Calcd for GsHz6FsN4O4-
dependence of energy transfer from tfr* state of the PRe: C, 46.10; H, 2.96; N, 6.33. Found: C, 45.69; H, 3.09;

diimine—Re(l) chromophore tdransstilbene, that is, N, 6.06. 3-ts. Anal. Calcd for GeHaoFsN4sOsPRe: C, 47.32;
H, 3.31; N, 6.13. Found: C, 47.59; H, 3.41; N, 6.0%-ts.

K . . :
3ol _ , Ent Anal. Calcd for GgHz4FsN4OsPRe: C, 48.46; H, 3.64; N, 5.95.
(b)Re!(CO(py)*—(transstilbene) 2 - Found: C, 48.05; H, 4.03; N, 6.18.
(b)RE(CO),(py)—>(trans-stilbene)* (1) Photochemistry and Photophysics.The samples used for
steady-state experiments were degassed by bubbling with Ar

wherekgr and AEg,r are, respectively, the rate constant and for 20-30 min. Samples used for variable-temperature emis-
driving force for energy transfer. We believed that it would be Sion-lifetime experiments were freezpump-thaw-degassed
possible to obtain additional information concerning the mech- four times and sealed in Pyrex tubes under high vacuum.
anism of triplet-energy transfer teansstilbene by examining ~ Corrected steady-state emission spectra were recorded on a
the temperature dependencekgfr as a function of the energy ~ SPEXF-112 quorom_eter. Emission Ilfepmes were determ[ned
of the 3dz* state of (b)R{COX(L). Re—stilbene complexes by t_|me-cc_)rrelated single-photon co_untlng on a commercially
1-ts—4-ts have an advantage over the bimolecular systems available instrument (PRA) that relies on an-filed spark
studied previously because the donor and acceptor are covalentiflischarge as the excitation source. Excitation and emission

linked, which alleviates the need to correct for the kinetics of Wavelengths were selected by using band-pass filters (excitation,
diffusion. Schott UG-11; emission, 550- or 600-nm interference filter).

The present manuscript describes a photochemical andLlfetlmes were calculated by USIng the DECAN deconvolution

photophysical investigation df-ts—4-ts. The results of this ~ Software on a 486 P&. Low-temperature lifetimes were
investigation indicate that when the energy of #le* state of obtained by cooling the samples in an Oxford Instruments DN-
the diimine-Re chromophore exceeds ca. 209 kJ-#adh- 1704 optipal cryostat. The acetonitrile and butyronitrile solvents
tramolecular energy transfer twansstilbene occurs. The  Wwere distilled prior to use.
temperature dependence of the rate of intramolecular energy Steady-state photochemical experiments were carried out by
transfer was determined from 190 to 290 K, and the results using the 366-nm output from a 75-W high-pressure Hg arc
indicate that energy transfer is characterized by a low activation lamp that is housed in an elliptical reflector housing (PTI, ALH-
energy E2) and a low frequency factorA]. The results are ~ 1000). The photolysis beam was passed through a grating
interpreted by a mechanism in which energy transfer from the monochromator and focused ora 1 cmx 1 cm quartz cell
3dx* state totrans-stilbene occurs at nearly the optimal driving  that contained 3 mL of the sample solution and a magnetic
force (i.e., AEg,r ~ 1). However, owing to the moderate stirrer. Samples were exposed to light for a short period of
separation distance between the Re(l) centettamd-stilbene, ~ time, and then the UVvisible absorption spectrum was
the exchange coupling matrix element is smaft), which measured on an HP 8450A diode-array spectrophotometer.
gives rise to the lowA value.

Results

Experimental Section Figure 1 illustrates théldz* emission spectra (intensity

Synthesis. Model complexed-m—4-m were available from normalized) forl-ts—4-ts, and Table 1 lists the emission-band
a previous study. Théransstilbene-substituted complexes maxima and onset energies. Model compledes—4-m,
1-ts—4-tswere prepared from the corresponding (b)Re(3D) which do not contain thérans-stilbene chromophore, feature
complexes (b= 2,2-bipyrazine, 2,2bipyridine, 5,5-dimethyl- emission spectra that are identical in energy and band shape
2,2-bipyridine and 4,45,5-tetramethyl-2,2bipyridine) and the with those of the correspondirigans-stilbene analogues. Figure
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TABLE 1: Photophysical Properties of Re-Stilbene Complexe3

complex Ema/cmt (kJ mol?) Eonsefcm™1? (kJ mol?) Eg.+/kJ molte AE/kJ molt Ten/NS Kopds ™t Nobs
1-ts 14900 (178) 17 900 (214) 192 17 0 28.4 <10° 0
1-m 28.0
2-ts 17 065 (204) 20 700 (247) 22217 —29 191 6.0x 10° 0.11
2-m 216
3-ts 17 760 (210) 20900 (250) 226 17 —-33 363 1.6x 10° 0.58
3-m 860
4-ts 18 100 (216) 21 400 (256) 23017 —38 615 6.4x 10° 0.39
4-m 1015

a All data for 70%n-BuCN/CHCN solvent at 290 K Eqnsettaken as point on high-energy side of band wHere 0.1 oy © Eqr+ is average of
Emax and Egnset

SCHEME 1 ———— ———————
ol kenr I3 Kip I3
*bRe'-—(t-S) ——= (b)Re-3(t-S)* ——= (b)Re"--3(p)*
1-2 K.gnT 1-3 1-4
Kas
-hv, -A
+hv
kf + knr
(b)Re-(t-S) (b)Re"—(c-S)
11 1-5
1 reveals that the energy 8fix* decreases along the series
4-ts > 3-ts > 2-ts> 1-ts. The trend in energy reflects the
effect of the substituents on the* (LUMO) energy of the
diimine ligand, which serves as the acceptor for the charge- oo 1
transfer transition. 0'3 H
-U. | n it

Lifetimes for theSdz* emission at room temperatureef)
were determined fot-ts—4-tsand1-m—4-m (Table 1). In all
cases the emission decays were single exponential (i.e., first- . . ) .
order kinetics). For the model complexes, the lifetimes reflect Figure 2. (a) UV-visible absorption o2-tsin CHCN solution. (b)

. . . L . UV —visible difference absorption spectrAAbs = A, — Ao of a
the “natural” decay rate oflr* via radiative and nonradiative solution of2-tsin CH3;CN as a function of photolysis timé (& 366

pathways K andk,, Scheme 1). Itis clear thatm decreases  nm: 2 4,10, and 20 min). (c) Uisible difference absorption spectra
along the seried-m > 3-m > 2-m > 1-m. The variation in (AAbs = A, — A—g) of a solution of free-ligand in CHsCN as a

Tem implies that the nonradiative-decay rate constagt) ( function of photolysis timeX = 313 nm; 2, 4, 10, and 20 min).
increases as the energy3dfr* decreased? This effect, termed

the “energy-gap law”, has been documented for a wide variety radiative and nonradiative decay of thier* state in the latter
of df transition-metal polypyridine complexes, including those complex. Nonetheless, the fact that, is the same forl-ts

L | i | ' "
200 250 300 350 400 450
Wavelength/ nm

based on Re(1j3-25 Interestingly, therenm values fortrans- and1-m provides evidence that the stilboene chromophore does
stilbene-substituted complex@sts—4-ts are smaller than for not influencek; andk,, for the 3dz* state.
the corresponding model complexes; howevgg,is the same Evidence supporting the occurrence of energy transfer from

within experimental error fot-mand1-ts. Thisresultindicates  the 3dz* state to transstilbene is provided by steady-state
that for 2-ts—4-ts an additional excited-state decay pathway photochemical experiments carried out bas—3-ts and the
operates, and as outlined below, we believe that the acceleratedree ligandtrans-N-(4-aminomethylpyridyl)-4-stilbene carboxa-
emission decay is due to intramolecular energy transfer (eq 1). mide ).26 Figure 2a illustrates the absorption spectrur-ts.
Under the assumption that the stilbene chromophore does notThijs spectrum is dominated by ther* absorption of therans-
affect k. and k,, for the 3dz* state, the energy-transfer rate stilbene chromophore which héasnax ~320 nm. The d*

constant Kopg and the efficiency of energy transfefog can absorption of the bpyRe chromophore appears as a “tail”
be calculated by the following equations: extending from 350 nm into the visible region. Figure 2b
illustrates difference absorption spectra of a solutiorRa$
Kops = Ltis = Lty Mops= 1 — (T d7) 2 obtained following photolysis into thead absorption band at

366 nm. Photolysis bleaches thgr* absorption of therans
where s and 7, are the emission lifetimes of corresponding stilbene chromophore and induces a small increase in absorption
model andtransstilbene complexes. Values &f,s and 7ops in the 206-300-nm region. Similar absorption changes are
for the trans-stilbene complexes are collected in Table 1. The observed when free-ligarlis photolyzed at 313 nm (Figure
experimental data suggest that at room temperature the rate oc). The spectral changes observed concomitant with photolysis
energy transfer i2-ts, 3-ts, and4-tsis approximately constant  of 2-tsand5 are consistent with the occurrence of tran<is
(kobs 1P s71). However, because thilz* state is longer- photoisomerization of the stilbene chromophdtelt is sig-
lived in 3-ts and4-ts, the efficiency of energy transfendyd is nificant that photoisomerization occursarts even though 366-
larger for these complexes. The emission lifetime is ap- nm light is absorbed exclusively by the bpRe chromophore.
proximately the same fol-m and 1-ts, which implies that This observation provides compelling evidence tfdat* —
intramolecular energy transfer is too slow to compete with 3z,7* intramolecular energy transfer occurs (eq 1).
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with decay of the’dz* state by normal pathways. We now
consider the various aspects of the photophysics ofrdres
stilbene complexes to obtain quantitative information concerning
the mechanism of intramolecular energy transfer.

Energetics of Energy Transfer. One objective of the present
study is to examine the relationship between the driving force
and the dynamics of intramolecular energy transfer from the
3dn* state to thedr,m* state oftransstilbene. To determine
the driving force for this process, one may apply the relationship

ABgnr=E s~ By (3)

whereE;_sis the triplet energy of thezans-stilbene chromophore
andEg,+ is the energy of thédz* state in complexed-ts—4-

ts. Phosphorescence spectroscopy indicates that the triplet
energies ofransstilbene andrans4-acetylstilbene are 205 and
180 kJ mot?, respectively?®2° Unfortunately 3z, m* phospho-
rescence from the stilbene chromophore was not observed at
77 K from the metal complexek-ts—4-ts or from free-ligand

5 in the presence of ethyl iodide. However, the triplet energy
of trans4-acetylstilbene likely provides a close approximation
for Ei—s in the Re-stilbene complexes, and therefokg, s =

180 kJ mot? is used in the calculations &Egqt.

Figure 3. Plots of logks) vs inverseT for 2-m—4-m and 2-ts—4-ts Despite the fact that emission is clearly observed from the
(whereks = 1/rer). Symbols mark experimental data. Lines through  3dz* state of the diimine-Re(l) chromophore ir-ts—4-ts, it

data for2-m—4-m and2-ts—4-ts were calculated by using egs 4 and 5 difficult to pinpoint the energy of the relaxeliz* state

5, respectively. because the emission band is broad and structureless. A variety
of approaches have been used to determine the thermally
averaged energies of the relaxed*dtate in transition-metal
complexes Eq4,+), including estimates based on the difference
between S— T absorption- and emission-band maxiffia,
Franck-Condon band-shape analysis (i.e., emission spectral
fitting),2*2%and pulsed photocalorimet?y. Each approach has

it merits and disadvantages; however, perusal of the (extensive)
literature data suggests that a very good approximatioB{gr

is obtained by taking the average of the emission band onset
and the emission band energy. Table 1 lists energies for the
emission maxima, emission onset and valueBgf for 1-ts—

4-ts estimated by averaging the band-onset and maximum
energies. Using these values aBds in eq 3 leads to the
estimates forAEg,t that are also compiled in Table 1. Note
that energy transfer is moderately exothermicZas—4-ts and

is approximately thermoneutral fdrts.

Excited-State Model and Kinetics of Energy Transfer. An
important question that must be addressed concerns the relation-
ship of the “observed” rate of intramolecular quenching (i.e.,
kobs from eq 2) to the rate of intramolecular energy transfer
(Ken). To address this point, it is necessary to consider all
excited states that may be involved in the photophysitsaok
stilbene complexe®-ts—4-ts. In Scheme 11-2 represents the
3dn* excited state of the diimineRe chromophorel-3 is the
trans-stilbene triplet,1-4 is the twisted stilbene triplet, arid5
is the ground-state complex containirgis-stilbene. This
scheme, which is based in part on extensive photochemical and
photophysical studies of the stilberfe¥;3235 has several
features that are important to our model. (1) Energy transfer
from the 3dn* state directly affords thdransstilbene triplet
(1-2— 1-3, rate= kear). (2) In principle (see below), energy
transfer may be reversibld3 — 1-2, rate= k_gn7). (3) The

The available experimental data provide strong evidence thattranstriplet (1-3) exists in equilibrium with the twisted triplet
in 2-ts—4-ts excitation of the metalcomplex-baseddz* (1-4); this equilibrium is established rapidly and favors the
excited state leads to intramolecular energy transfer toréms- twisted triplet Ky ~10)3* (4) The primary channel for decay
stilbene chromophore as shown in eq 1. Intramolecular energyis via the twisted tripletX-4); flash-photolysis studies of a wide
transfer does not occur in bipyrazine compless; in this case variety of substituted stilbenes indicate that the triplet lifetime
the rate of energy transfer is too low to effectively compete is ~60 ns kgs= 1.7 x 107 s71).34

Further evidence linking the emission-lifetime quenching in
the trans-stilbene complexes to intramolecular energy transfer
comes from a comparison of the relative efficiency for photo-
isomerization inl-ts—3-ts. Thus, photolysis o2-tsat 366 nm
([2-ts] =2 x 1073 M, Ip, 1 x 108 ein s71) induces a decrease
in the absorption at 320 nm at an initial ratelof= 0.00048
s 1. The same experiment carried out 8¢ts leads tok =
0.0016 s. By contrast, photolysis oi-ts for an extended
period leads only to a small decrease in the absorption at 320
nm. Interestingly, photoisomerization occurs at an initial rate
that is approximately 3.3 times faster fits than for2-ts. This
difference is qualitatively in accord with the emission-lifetime
data, which suggest that intramolecular energy transfer is 5 times
more efficient in3-ts than in 2-ts. Moreover, the fact that
photolysis ofl-ts does not effect photoisomerization is consis-
tent with the equivalence akn, in this complex and.-m and
demonstrates that energy transfer is very inefficient-is.

To provide detailed information concerning the temperature
dependence of the energy-transfer rate, emission lifetimes of
2-m—4-m and 2-ts—4-ts were determined as a function of
temperature from 190 to 290 K in a butyronitrtacetonitrile
solvent mixture (7:3 v/v). For all of the complexes over the
entire temperature range the emission decays were first-order
Figure 3 illustrates plots of the experimental data (askipgs
1/T, whereky = 1ltem and T is absolute temperature). Over
the entire temperature range the decay rate3-4-ts are
greater than those of the corresponding model compleXes (
m—4-m), which suggests that energy transfer occurs for all of
the complexes over the 19290 K range.

Discussion
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TABLE 2: Parameters from Emission Lifetime to use an expression that accommodates decayveiactivated
Temperature Dependence channels, that is, eq 5,
complex ko/s™t Al/st EdkImolt  Adst E2/kJI molt N )
om  36x10 56x 106 4.2 K(T) =k, + Ay exp{ —E;/(RT)} + A, exp{ —E/(RT)} (5)
2-ts  3.6x 10° 5.6x 10° 4.2 1.4x 10° 2.1 )
3m 9.0x 1CF 3.3x 10° 6.3 whereA, Eit andA,, EZ2 are, respectively, the frequency factors
3ts 9.0x 10° 3.3x 1¢° 6.3 3.7x 10° 2.1 and activation energies for the first and second activated decay
4-m 59x 10 42x 10° 5.9 channel$949 When eq 5 was used to fit the emission-decay
4ts  5.9x10° 42x 10 5.9 9.0x 10° 0.8 data for thetransstilbene complexes2{ts—4-ts), k,, A; and
2 Emission lifetimes obtained in 70%-BuCN/CHCN over tem- Ea! were fixed at the values determined by fitting the decays of
peratures ranging from 19@90 K. the corresponding model complexes. Nonlinear regression was

) ) _ then used to fit the experimental temperature-dependence data
The important feature with respect to the present study is to py varying the remaining two parameter, (and E.2. The
relate the observed quenching rate of t#ie* state (L-2) (kobs results obtained from this analysis are listed in Table 2 and the
from eq 2) to the rate of energy transfée(). Although a  solid lines in Figure 3 were calculated using eq 5 with the
closed-form equation for the kinetics in Scheme 1 was not parameters listed in the table.

derived, a chemical-kinetics simulation program that relies on = By analyzing the temperature dependence of the emission

numerical integration was used to model Schen# This decay rates for2-ts and 4-ts according to eq 5 with the
Slml.,l|atl.0n demonstrated unequivocally that wheg>> kEn*T constraints outlined in the preceding paragraph, we attempt to
(which is the case foR-ts—4-ts), the decay rate of thédr separate the activation parameters for the two excited-state decay

state is equal té& + kar + kenr (i.€., the observed rate derived  channels available to theansstilbene complexes. Thus, we
from eq 2 is equal to the rate of energy trandfgir). Quite suggest that the first set of activation parametéssand ExY)
interestingly, even when energy transfer is endothermic (and corresponds to decay via the “normal” radiative and nonradiative
therefore energy transfer is reversible,enr > kent), the channels and the second set corresponds to intramolecular
simulation reveals that as long &g > keqt, the rate offdsz* energy transfer (i.eA, = Agnr and E2 = EE"T, where Agqt
decay is equivalent t + ku + kent. In summary, the kinetics  and EEnT are the frequency factor and activation energy for
simulation of Scheme 1 provides strong support for the energy transfer). Under the assumptions of this model, the A
assumption that i2-ts—4-ts, kent ~kops = 1/11s — L/t and E.2 values recovered fa@-ts—4-ts (Table 2) indicate that
Analysis of Temperature-Dependent Rate Data. The intramolecular energy transfer is nearly activationl€gg

temperature-_de.pendent lifetime da}a Were.subjected toa thor- 1 k3 mot) and is accompanied by a very low frequency factor
ough analysis in order to extract information concerning the (a, ~108 s71).

Arrhenius parameters for energy transfer. First, the lifetime data  pechanism of Energy Transfer in the Re-Stilbene

for the model complexes were analyzed to account for the complexes. The initial objective of this study was to examine
temperature dependence of the “normal” excited-state decayendothermic intramolecular energy transferttansstilbene.

channels K- andky, Scheme 1) by using eq 4, Thus, preliminary efforts were focused on a stilbene-substituted
N complex that has a low-energgn* excited state. Complex
ko(T) =k, + A exp{ —E, /(RT)} (4) 1-ts contains the 2!2vipyrazine acceptor ligand, which, because

of its low reduction potential, affords a low-ener§gl* excited
where ky(T) is the observed emission decay rate at each state!® We believed that this complex would afford the
temperatureky(T) = 1/ten(T)). This equation is based on a  opportunity to explore endothermic energy transfeitrems
model in which the total decay rate of tRéz* excited state stilbene. Unfortunately, the photophysical and photochemical
(k- + kar, Scheme 1) is comprised of a temperature-independentstudies indicate that i-ts nonradiative decay from th&lz*
componenk, and a temperature-dependent component that is state is too rapid to allow (thermoneutral) energy transfer to
characterized by frequency factor and activation enésggnd compete with excited-state decay.

1, respectively*37:38 Table 2 contains the parameters ex-  The initial findings with1-ts led to the studies a@-ts—4-ts.
tracted from nonlinear regression analysis of the temperature-In this series, thedz* state is at a higher energy and
dependence data f@m—4-m, and the dashed lines in Figure intramolecular energy transfer toansstilbene is moderately
3 were calculated using eq 4 with these parameters. Theexothermic. Although energy transfer occurs at measurable rates

observed temperature dependence of the lifetime ofdhe in 2-ts—4-ts (Table 1), there is not a significant difference in
state in2-m—4-m is similar to that observed in other®d the driving force for energy transfeAEg,t) among this series.
transition-metat-polypyridine complexes when there et a The similarity in the driving force for energy transfer2ats—

3dd excited state that is thermally accessible from dtie* 4-ts is reflected by the fact that the energy-transfer rates (and

state3® In the present systems, the emission lifetime is weakly Arrhenius parameters) are the same within experimental error
temperature-dependent; decay is characterized by a smalifor the series. Because of the close spacingBfnrin 2-ts—
activation energy (ca. 4 kJ mdl for 2-m—4-m) and a low 4-ts, there is insufficient information to carry out a detailed
frequency factor. In the context of currently accepted models analysis of the correlation between the activation parameters

of the excited-state dynamic$ golypyridine complexes}37 for energy transfer and\Eg,r. Nonetheless, a great deal of
the temperature-dependence dataZen—4-m imply that the information is contained in the temperature-dependent rate data,
3dz* manifold consists of at least two emitting states that are and therefore, we turn our attention to analysis of this aspect of
separated by approximately 4 kJ mb(350 cnt?). the study.

The fact that the emission decay of model compleXes— Classical and quantum-mechanical theories indicate that

4-m is weakly temperature-dependent signals that decay of themoderately exothermic Dexter exchange energy transfer pro-
Sdn* state via “normal” pathways is weakly activated. There- cesses will be activationless (i.e., wheéxEg,r = A, Eq &
fore, to model the temperature dependence of the emission deca).124%44 The temperature dependence dataXds—4-ts are

rate for thetransstilbene complexe2-ts—4-ts, it is necessary  consistent with the theoretical predictierass mentioned above,
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for these complexes energy transfer is moderately exothermic 5.9 — T T T T T T 3
andkgn is nearly temperature-independent. However, despite 558 ]
the fact that energy transfer is activationlesis—4-ts, the ~ F
process remains comparatively slow. This points to the fact ST
that in2-ts—4-tsthe frequency factor for intramolecular energy - 56

o

transfer is low A, Table 2). To understand the origin of the 550 ]

low frequency factor, it is necessary to consider the theory of 3 1
energy transfer in more detail. S ]
In the quantum-mechanical approach, Dexter exchange energy 200 220 240 260 280
transfer is treated as a nonradiative decay process and the rate TI/K
is given by the Golden Rule expressi®it—44 Figure 4. Plots of logken7) VS T. Symbols mark experimental data

for 2-tswherekegnt was calculated by using temperature-dependgnt
27T\ ,2 data for2-m and2-ts in eq 2. Solid line is calculated by using eq 6
Kenr = h Vi FC(T,AEg) (6a) with parameters listed in text.

whereVrr is the exchange coupling matrix element and EC( eV (—29 kJ mot?), the fit shown in Figure 4 was established
AEgq7) is the Franck-Condon weighted density of states, which by adjustingVrt andls. An optimal fit was obtained witNrt
describe the dependence of the rate on temperature, driving= 0.2 cnm*andis=0.5eV. Although there is some correlation
force, and vibrational modes that are coupled to energy transfer.between these two parameters in determining thésfiirimarily

The Franck-Condon term is given explicitly by eq 6§43 influences the slope of the calculated line af4l is a “scaling”
factor that moves the calculated line parallel to the vertical
FC(T,AEgp) = axis.
The value ofls= 0.5 eV determined by this fitting procedure
A ()" (SH™ is somewhat larger than one would anticipate. The primary

X contribution tols is solvent polarization by thédz* state;
temperature-dependent luminescence studies suggest that the
contribution tols due to solvent polarization is0.25 eV4®
However, A5 also has a contribution from the stilbene chro-
mophore that may amount to 0.15 eV. In any case, the value
Vrr = 0.2 cnT! determined by the fitting procedure is likely
where S (SY) andhwp (hwa) are, respectively, the unitless accurate to within-50% and therefore provides a reasonable

displacement and frequency of the dominant high-frequency basis for comparison yvith values determined in other systems.
mode that is displaced during energy transfer in the donor  There are two possible reasons for the low apparent value of
(acceptor), ands s the sum of outer-sphere and low-frequency V7 in 2-ts. First, Vit may be small because of the relatively
inner-sphere reorganization energies for de-excitation (excita- 12r9e separation distance between the (diimine)Re donor and
tion) of the donor (acceptor). The summations in eq 6b are the transstilbene acceptdf: In the limit of weak donor
taken over ground-state vibrational levels of the acceptgr (  2cceptor couplingVrr is proportional to the product of two
and excited-state vibrational levels of the donay)(and the overlap integrals for electronic wave functllo.ns Iocallz_ed on the
other parameters have their usual meaning. energy donor and accept‘&r‘.”"‘gl Because it is proportional to

In the present study the Arrhenius equation was used to orbital overlap, V7 is strongly distance-dependent and decays

parametrize the temperature dependence of energy transfer, €xPonentially with increasing doneacceptor separatid:*
A second plausible reason for the sm¥iy is that energy

k= Aexp{—E/(RT)} ) transfer occurs by a nonvertical mechanism2its (and by
inference in3-ts and 4-ts as well). Saltiel and co-workers
whereA is the frequency factor an is the activation energy.  observed low frequency factdfdn their study of bimolecular
Comparison of eqs 6 and 7 reveals that the frequency factorendothermic energy transfer toansstilbene, which they
derived from an Arrhenius analysis is proportional to the attribute to poor FranckCondon overlap arising from the
exchange coupling matrix element in the quantum-mechanical requirement for twisting around the stilbene=C bond in the
expression (i.e.A = CVir2 where C is a proportionality ~ transition staté:1°
constant). Thus, the key to understanding the observation of At this point we compare th¥rr value for 2-ts to values

) i 1

ikBTeXp[_(SD+SA)} ; %_

wi! WJ-!

—(AEgyr + Ag+ Wihwp + Whao,)
ex (6b)
42K T

the low-frequency factor for energy transfer 2rs—4-ts lies determined for related systems in an effort to ascertain whether
in determining the origin of the low exchange coupling matrix poor donotacceptor coupling or nonvertical energy transfer
element. is responsible for the low frequency factor. First, as noted

By application of eq 6, the experimental temperature- above, Balzani and co-workers used eq 6 to model bimolecular
dependence data f@-ts was fitted to provide an estimate for ~ energy transfer from a series of aromatic triplet donorsise
Vrr. Figure 4 illustrates a plot comparing the experimekiat andtrans-stilbene and found that a value fr = 8 cn* was
data (markers) with rates calculated by using eq 6. In the required to fit the dat&® This value is significantly larger than
calculation, the parameters used for ttans-stilbene acceptor  that for 2-ts; however, electronic coupling is expected to be
(8* = 2 andhwa = 1300 cnTl) were set equal to those significantly larger in bimolecular systems because the donor
determined in a study by Balzani and co-workers who fitted and acceptor are unconstrained in the encounter complex and
the dependence ddznt on AEg,t for energy transfer from a  are able to come into proximity, thereby allowing good orbital
variety of donors tdrans-stilbene?® The parameters used for  overlap.
the bpy-Re chromophore® = 1 andhwp = 1300 cnT?) are Closs and co-workers examined the driving-force dependence
similar to those determined by emission spectral fitGhép of intramolecular energy transfer from benzophenone to a series
When these values are set to be constant/&Bg,r = —0.3 of triplet acceptors acrosscis-1,4-cyclohexyl spacéf. Through
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an analysis of the correlation kf,r with AEg,T, they estimated is nearly 2 times that for energy transfer. The large disparity
thatVrr = 0.3 cnT!in the 1,4-cyclohexyl-bridged system. An in the rates of energy and electron transfer in the two (very
important observation is that the value \éft for the cis-1,4- similar) systems underscores the fact that the electronic coupling
cyclohexyl spacer is smaller by more than 2 orders of magnitude factor for energy transfeir) decays much more strongly with
compared with the electronic coupling matrix element for distance than that for electron transfeg).

electron (or hole) transfer across the same spaégr=f 50

Cmil).SO’Sl Closs and Miller delineated the relationship between Acknow|edgment. We gratefu”y acknow|edge the National
Vrr and Ve and experimentally demonstrated théat decays  Science Foundation for support of this work (Grant No. CHE
more sharply with distance than,.*"#3>2 Thus, the fact that  94-01620). Megan Cooper and Osvaldo Sabina were participants
Vrr is dramatically lower thale for the 1,4-cyclohexyl spacer  in National Science Foundation Research Experiences for
is consistent with the fact thaty propagates better over long  undergraduates program (Grant No. CHE-9200344).
distance than/y1.4748
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