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A series of ditopic ligands has been synthesized in which terminab#gridyl (bpy) groups are connected

via an ethynylene group through different sites on the pyridine ring. These terminals have been capped with
[Ru(bpy)]?t and [Os(bpyj]>" metallo-fragments to form photoactive heterodiads. In each case, quantitative
intramolecular triplet energy transfer takes place along the molecular axis from the Ru-based terminal to its
Os-based counterpart. Energy transfer, which is believed to involve through-bond electron exchange, is
extremely fast and only slightly dependent on the geometry of the bridging ditopic ligand. Evaluation of
vibronic overlap integrals, using Dexter-type formulism, or factors for the Fra@dndon weighted density

of states, using Meyer’s approach, allows estimation of the matrix elements for electron exchange. The two
methods give comparable results, and it appears that electronic coupling within the triplet manifold is both
modest and insensitive to the site at which the bridge is connected to the metal complexes. There exists a
shallow relationship between the rate of electron exchange and the energy gap between triplets localized on
donor and bridge, suggesting that this latter species participates in the energy-transfer process as a virtual
state. Triplet energy transfer can also be considered in terms of a simultaneous two-electron, two-site exchange
involving both LUMOs and HOMOs of the bridging ligand, with electron transfer through the LUMO being
promoted by selective charge injection into the ditopic ligand under illumination. In this case, the products
of the atomic orbital coefficients that describe coupling into and out of the bridge at the triplet level control
the rate of energy transfer.

Triplet—triplet energy transfer, which might be important as via an organic framework. Very fast rates of intramolecular
a protective measure in natural photosynthetic organisms, triplet energy transfer have been reported for diads having the
provides a convenient route by which to transfer stored donor and acceptor units maintained in close proxitaitjand/
information at the molecular levélMany such molecular  or linked by a conjugated spacer moié®!® Under such
systems have been studied in recent yéal&especially those conditions, the most likely reaction pathwagvolves through-
cases where the donor and acceptor are transition metalbond electron exchange (i.e., Dexter-type energy transfer)
polypyridine complexel~16 with particular emphasis being although the intimate details of the mechanism have been
given to molecular diads having the reactive terminals connectedinvestigated only rarely.
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In earlier work we reported rapid intramolecular triplet energy
transfer from a ruthenium(ll) bis(2;8',2'-terpyridyl)-based
chromophore to a complementary osmium(ll) bis(®&/22"-
terpyridyl)-based acceptor through a connecting alkynylene
bridge1® We now extend this work to include the corresponding
2,2-bipyridyl-based mixed-metal complexes having a single
ethynylene group as the bridging unit. The advantage of these
latter ditopic ligands is that it is easy to vary the site at which
the ethynylene spacer is connected to the coordinated 2,2
bipyridine ligand!® This approach provides access to three
molecular heterodiads that retain similar thermodynamic proper-
ties but which differ with respect to the average distance (and ™= Ru; Ruy(p) M = Ru; Ruy(p)

M = Ru; Ruy(0) ‘0 4 M = Ru; Ruj(0)
M = Os; Os;(0) \ M = Os; Osy(0)

2PFg

the minimum number of bonds) between the metal centers. "% ®® " M = 05 Os:(p) I
Additionally, the ortho-bridged isomer suffers from steric _@_\N\
crowding around the cations that distorts the idealized octahedral 2PFy 4Py
geometry. The relevant reference compounds, both mono- and __ =,
binuclear, were studied previoudlyn order to better understand % M = Ru; Ruy(m) = Ru; Ruy(m)

¢ M = Os; Os;(m) Os; Osy(m)

the photophysical properties of these alkyne-substituted metal
complexes. It was established that, following excitation with Figure 1. Structures of the mono- and homodinuclear reference
visible light, an electron is promoted from a metal center to the compounds used in this work.

ditopic ligand, where it resides in an extendedorbital. This
situation holds for both Ruand O4 complexes and is likely

to continue for the mixed-metal hybrids studied here.

Within the context of designing advanced prototypes of
molecular-scale photoelectronic devited is necessary to
identify and understand the factors that control the rates of
energy transfer in these diads. This is the main rationale for the
present investigation, which seeks to clarify the effect of
connectivity on the rate of through-bond electron exchange. To
expose this structural parameter, it is important to compare =

: o pene : ortho
molecular diads exhibiting similar spectroscopic and thermo-
dynamic properties. Whereas the relevant spectroscopic proper- l
ties are easily evaluated in terms of Dexter the8igalculating
the thermodynamic properties is not so straightforward. Recent
work by Meyer and co-worker®, however, has introduced a
procedure based on emission spectral curve fitfintpat
facilitates estimation of the FranelCondon factor for electron
exchange. This procedure has been tested in severaP¢ases
and found to give a good representation of experimental findings
while Razi Naqvi and Ste#l have shown that a clear relation-
ship exists between this Franekondon factor and the overlap
integral calculated according to Dexter. These parameters, when
used with the experimental rates of intramolecular electron
exchange, allow independent estimation of the extent of
electronic communication along the molecular axis in our diads.
Such information is crucial for the design of improved and
extended molecular models. Somewhat surprisingly, we show
here that the site of attachment of the bridge has little influence
on the ability of the ditopic ligand to support through-bond
electron exchange. ‘\N

_|4+

4 PFg

=N N
Experimental Section

Materials. Reference compounds (Figure 1) were prepared Figure 2. Structures of the various heterodiads.
and purified as described earl@wyvhile synthesis of the various

ditopic ligands has been reported elsewHér&he heterobi- hexafluorophosphate salts. Analytical data are collected in Table
nuclear Ru-Os complexes (Figure 2) were prepared by selective 1 and fully support the assigned structures. In particular,
metalation of one end of the appropriate ditopic liginalith electrospray mass spectrometry (ES-MS) provides a powerful
1 equiv of cis-[Os(bpy)Cl,]?° (bpy refers to 2,2bipyridine) methodology by which to characterize the new dizd$he
followed by complexation of the vacant terminal witls-[Ru- spectra contain a series of pseudomolecular peaks corresponding

(bpy)Clz]-2H,0.26 The alternative procedure of prior complex- to successive loss of BF anions, while the isotopic pattern
ation with cis[Ru(bpy)xCl;]-2H,O gave significantly lower measured at low accelerating voltage provides further confirma-
yields and risked introduction of trace amounts of luminescent tion of the assigned structure.

impurities in the final sample. All complexes were purified as ~ The mono-osmium(ll) complexes were prepared by heating
their chloride salts before isolation as the corresponding under reflux an Ar-purged solution ofs-[Os(bpy)}Cl;] (0.089
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TABLE 1: Selected Analytical Data for the Various Heterodiads

ES-M& elemental composition
diad isolated yield (%) found calculated calculated found
ortho 65 1741.4 1741.4 [M- PR]* C42.02 41.89
798.1 798.2 [M— 2PR]?" H 2.89 2.67
483.8 483.8 [M— 3PR]3" N 8.91 8.69
326.6 326.6 [M— 4PF6}"

meta 55 1685.3 1685.3 [M- PR C 40.69 40.47
769.9 770.2 [M— 2PR)?* H2.53 2.38
464.7 465.1 [M— 3PR]3" N 9.18 9.01
312.1 312.6 [M— 4PR]*"

para 56 1685.3 1685.3 [M- PR ™" C 40.69 40.36
770.0 770.2 [M— 2PR)?" H2.53 2.28
465.0 465.1 [M— 3PR]3" N 9.18 8.84
3125 312.6 [M— 4PR]*"

a Pseudomolecular peak obtained with an acceleration voltage of 20 V.

mmol) and the ditopic ligand (0.089 mmol) in ethanol (20 mL) microscope objective lens at 9t excitation and isolated from
until reaction was complete {24 days). After cooling to room  any scattered laser light with nonemissive glass cutoff filters.
temperature, the solvent was removed under vacuum and theThe emergent luminescence was focused onto the entrance slit
residue was dissolved in GBI,. The resultant solution was  of a Spex high-radiance monochromator and thereby passed to
passed down a short column of alumina, using;CllICHs- a fast-response photomultiplier tube operated at 900 V. The
OH = 9/1 as eluant, to afford partial purification of the product. output signal was transferred to a Tektronix SCD1000 transient
The required mono-osmium(ll) complex was subsequently recorder and subsequently to a microcomputer for storage and
isolated by flash chromatography on silica usingsCN/H,O analysis. Approximately 500 individual laser shots, collected
= 85/15 as eluant and was recrystallized fromzCHN/toluene at 10 Hz, were averaged for kinetic measurements. The temporal
by slow evaporation. resolution of this instrument, being determined by the rise time
The purified mono-osmium(ll) complex (0.067 mmol) was of the photomultiplier tube, was ca. 2 ns. Emission lifetimes
dissolved in Ar-purged ethanol (10 mL) and treated v measured with this setup were reproducible to withih0%.
[Ru(bpykCl,]-2H,0 (0.067 mmol). The solution was heated to  All kinetic measurements were made with samples previously
reflux overnight before removal of the solvent under vacuum. deoxygenated by purging with argon and the absorbance of each
The residue was dissolved in GEN and chromatographed on  solution was adjusted to be ca. 0.08 at 532 nm. Data analysis
alumina, eluting with CHCN/H,O 5/1 containing trace quanti- ~ was made by a nonlinear, least-squares iterative fitting routine
ties of saturated aqueous MNEI. The organic solvent was that utilized a modified LevenbergMarquardt global minimiza-
evaporated under vacuum and a solution of4RK (10 equiv) tion procedure, after deconvolution of the instrument response
in water was added dropwise so as to precipitate the complex.function?®
The resultant solid was isolated, washed with water, and dried  Transient differential absorption spectra were recorded after
under vacuum. Analytically pure samples were obtained by slow excitation of the sample in deoxygenated acetonitrile with a 30-
diffusion of diethyl ether into an acetone solution of the pslaser pulse at 532 nm. Where appropriate the excitation pulse
complex. was Raman shifted with perdeuterated cyclohexane to produce
Methods. Absorption spectra were recorded at ambient excitation wavelengths of 598 or 465 nm. The monitoring beam
temperature with a Kontron Instruments Uvikon 930 spectro- was provided by a pulsed, high-intensity Xe arc lamp passed
photometer. Luminescence spectra were recorded in deoxygenthrough the sample at 9@ the excitation pulse. Spectra were
ated acetonitrile at 20C with a Perkin-Elmer LS50 spectro- compiled point-by-point, with five individual records being
fluorometer equipped with a cooled R928 photomultiplier tube. collected at each wavelength, using a Spex high-radiance
The emission spectra were corrected for imperfections of the monochromator operated with 2 nm slits. Kinetic measurements
instrument by reference to a standard lamp. Only a small were made at fixed wavelength, with 300 individual laser shots
correction factor was required for wavelengths between 550 andbeing averaged for each decay profile. The time resolution of
800 nm, but this factor became progressively more important this setup was restricted to ca. 3 ns but was improved to ca. 50
between 800 and 900 nm. Emission maxima were reproducible ps by replacing the Xe monitoring beam with a pulse of white
to within £5 nm. Quantum yields were calculated relative to light generated by focusing residual laser light into a mixture
ruthenium(ll) and osmium(ll) tris(2;2ipyridyl) complexes in of D,O/H,0. The excitation pulse was delayed with respect to
acetonitrile?® using dilute solutions after deoxygenation by that of the continuum with a computer-controlled optical delay
purging with argon. Luminescence quantum yields were taken stage and the two pulses were directed almost collinearly through
as the average of three separate determinations and werehe sample cell. The continuum pulse was split 50/50 before
reproducible to withint=8% but, because of the low emission the sample cell so as to provide sample and reference beams.
probability for the osmium(ll)-based chromophores, these After passing through the sample, these beams were collected
derived quantum yields should be regarded as being approximatepy fiber optics and analyzed with an image-intensified, Princeton
(i.e., £25%). dual-diode array spectrograph. The spectrometer was operated
Emission lifetimes were measured following excitation of the at 10 Hz, with 100 individual laser shots being averaged at each
sample with a 30-ps laser pulse at 532 nm as delivered by adelay time. Baseline corrections were applied and emission was
frequency-doubled, mode-locked Nd:YAG laser. The laser subtracted from the resultant spectra by recording control signals
intensity was attenuated to 5 mJ per pulse, and incident pulseswithout the excitation or continuum pulses. Differential absorp-
were defocused onto an adjustable pinhole positioned in front tion spectra were corrected for distortions by reference to the
of the sample cuvette. Luminescence was collected with a optical Kerr effect obtained from GS
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Flash photolysis studies were also made with an Ar-ion 150000

pumped Ti-sapphire laser (Tsunami, Spectra Physics) operated
at 820 nm (fwhm= 300 fs, 82 MHz, 450 mW). The output
beam was split into two parts with approximately 80% and 20%
of the total intensity, respectively. The frequency of the most
intense beam was doubled with a 0.8 mm BBO crystal to
produce pulses at 410 nm for use as the excitation source. The
weaker beam was depolarized and focuseo &l cmcuvette
filled with water to produce a white light continuum for use as
the analyzing pulse. The continuum was split into two equal
beams before reaching the delay stage so as to provide a
reference beam by which to normalize the transient absorption
spectrum. This reference beam arrived at the sample cell ca. 1 560
ns before the excitation and analyzing beams; with the latter Wavelength / nm
two pulses passing almost collinearly through the sample. Figure 3. (A) Absorption spectra recorded for (a) thetaheterodiad
Detection and data analysis were made as mentioned above. and (b) an equimolar mixture of Rin) and Osg(m) with extinction

Curve fitting of corrected emission spectra followed the coefficients being corrected appropriately. (B) Comparison of absorption
procedure introduced by Meyer and co-workErSBriefly, spectra rec_orded for (a) Rm) anc_i _(b) Qs(m) in acetonitrile. In each
luminescence spectra recorded for the various reference comCase, the inset shows an amplification of the far-red region of the

; . . spectrum.

pounds were corrected for spectral distortions of the instrument,
reduced so as to display¥/vs v whereL is the luminescence  lecular triplet energy transfer from the “Ru-bpy” fragment to
intensity at wavenumber, and normalized® Each spectrum  the appended “Os-bpy” terminal. On the basis of earlier
was decomposed into three Gaussian-shaped bands of equal halwork,**8we expect energy transfer to occur by way of through-
width, which gave a good representation of the complete bond electron exchange and the main purpose of this study is
spectrum, using the commercially available PEAKFIT program. to evaluate how structural changes to the bridging unit affect
The peaks were resolved using the second differential methodthe degree of electronic coupling along the molecular axis. First,
with the Gaussian amplitude being set at 4%. From the itis necessary to demonstrate that intramolecular energy transfer
individual Gaussian components it was possible to identify (i) does indeed take place in these systems, and this can be done
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the energy difference between 0,0 vibronic levels in the triplet
and ground states ([ (ii) the average half-width at half-
maximum (Avy) for the series of bands, and (iii) the average
energy spacing between individual vibronic ban@is), These

most conveniently by examination of absorption and emission
spectra recorded for the diads and for relevant reference
compounds. For convenience, we refer to the ditopic ligands
used to assemble these diads as beirtho, metg or para

parameters were used to reconstruct the entire emission spectruraccording to the site at which the ethynylene bridge is attached

with MATHCAD V6, and the computed spectrum was com-

with respect to the coordinated N atom (Figure 2). Similar

pared to the experimental spectrum using the statistical analysisoehavior was noted for each isomer, and we outline the observed

program SCIENTIST. The computed spectrum was then ad-
justed until the optimum match with the experimental spectrum
was reached. Initially, the values of Bnd Avy, were fixed,
allowing refinement ofiw and estimation of the electron-
vibrational coupling constar& Later, global refinement allowed

Eo to change but kephvy» constant at the value obtained from

spectral characteristics by reference to thetaisomer, this
being the most useful building block for construction of linear
molecular arrayg!

The absorption spectrum recorded for tmetaisomer in
acetonitrile solution is shown in Figure 3A and shows several
regions of interest. There is an intensgr* absorption band

the Gaussian analysis. To estimate the reorganization energycentered around 290 nm, which is due to ligand-centered

accompanying deactivation of the triplet stat&®y;, was

transitions localized on the unsubstituted yridyl ligands.

measured over a modest temperature range. Dexter overlaph series of weaker, but still intense, absorption bands can be

integrals were calculatéd? over the range 55& 4 < 900 nm
for reduced absorption and emission spectra.

PM3 RHF-SCF MO calculations for they&nd T, levels of
the ditopic ligands were made with the MOPAC93 program
package. For the configuration interaction calculations of the
T, state, the two highest occupied (HOMO and HOMO-1) and
two lowest unoccupied (LUMO and LUM®L) orbitals were
taken into consideration. Ab initio MO calculations for the triplet

resolved in the UV region between 300 and 380 nm that are
associated wittr,77* transitions localized on the ditopic ligand.
The region between 400 and 540 nm contains contributions from
numerous metal-to-ligand, charge-transfer (MLCT) transitions
associated with each metal center, but it is not possible to resolve
individual bands. At longer wavelengths, the spectrum shows
the expected spin-forbidden singlet-to-triplet MLCT transitions
for each metal centé? Comparison of absorption spectra

states were made on the protonated ditopic ligands at the ClS/recorded for the corresponding binuclear reference compounds,

3-21G level, while all other MO calculations were made for
the free ligands after energy minimization of the structure using
the AMBER force field. Estimates of the bond order of the
nominally single and triple bonds in the bridge were made for
energy-minimized structures of theradical anions of each
ditopic ligand by comparing calculated bond lengths with the
idealized structural parameters listed by Pauffh&eduction
potentials were taken from earlier wotk.

Results and Discussion
Absorption and Emission Spectra. The three molecular

Ru(m) and Og(m), shows that the “Os-bpy” fragment can be
selectively excited at > 560 nm, but there is no wavelength

at which the “Ru-bpy” fragment is the predominant chro-
mophore (Figure 3B). An interesting feature of this latter
comparison concerns the prominence of the* transitions
localized on the ditopic ligand, and it appears that these bands
are both red-shifted and less intense for(Rv than for Og-

(m). We interpret this effect to mean that electronic coupling is
more significant in Ry(m) since the excited-state manifold is
knowr??33to possess more charge-transfer character than that
of Os(m). The absorption spectrum of theetaheterodiad

heterodiads investigated here are expected to display intramo-closely matches that of an equimolar mixture of (g and
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Figure 5. Comparison of absorption (solid line) and excitation (joined

circles) spectra recorded for theetaheterodiad. The emission

wavelength was 800 nm. The inset shows the normalized difference

: (»), expressed as percentage, between the two spectra across the most
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Time / ns for A reflects the different slit widths used to record the two spectra.

Figure 4. (A) Luminescence spectra recorded for (a) tmeta
heterodiad and (b) an optically matched equimolar (gaviy mixture

of Rui(m) and Osg(m) with excitation at an isosbestic point (470 nm).
Small variations in the total concentration of the mixture indicate that
bimolecular quenching is negligible under these conditions. Curve (c) “Ru-bpy” “Os-bpy”

shows the expected contribution made to the spectrum of the mixture b d

by Os(m). (B)pTime-resoIved emission decay pr?)file recorded for the complex Aw/MMP_ Puow® 7S Aww/nm? P’ wr/ng

Log (intensity)

TABLE 2: Photophysical Properties Recorded for the
Reference Compounds and for the Various Heterodiads in
Deoxygenated Acetonitrile at 20°C

metaheterodiad at 800 nm following laser excitation at 465 nm. The Ru(0) 612 0.0002 2.2
signal corresponds to a first-order process having a lifetime of 45 Ruy(m) 668 0.0470 1430
ns. Rui(p) 670  0.0390 1170
0s,(0) 755  0.0050 58

. (0] 790 0.0041 40
Os(m) across th_e entire spectral range, except where the oigg;) 785 00036 47
spectrum is dominated by,7* transitions localized on the ortho né 0.006 760 0.0042 38
ditopic ligand (Figure 3A). These latter transitions are better meta nd 0.004 800 0.0042 45
resolved, more intense, and slightly blue shifted for nineta para nd 0.017 800 0.0040 37

heterodiad, suggesting that the terminals are less strongly a|uminescence maximurs5 nm.® Luminescence quantum yield,
coupled to the bridge than in Rm). Consequently, it seems  +10%.¢Emission lifetime,£5%. ¢ +25%.¢nd = not detectable.
likely that the mononuclear complexesRua) and Og(m) might
serve as more appropriate reference compounds for photophysithe ortho and para isomers, with the relevant photophysical
cal investigations. properties being compiled in Table 2. Note that the ortho-
lllumination of themetaheterodiad at any wavelength gives substituted reference compound used to model the “Ru-bpy”
rise to emission from the “Os-bpy” fragment without obvious fragment possesses an unusually short triplet lifetime. This is
contamination by luminescence from the “Ru-bpy” chromophore attributed to slight structural distortion around the metal center
(Figure 4). Luminescence from the “Os-bpy” unit, which is thatincreases interaction between the MLCT triplet and a higher-
centered around 800 nm, clearly resembles that of the referenceenergy metal-centered state that is strongly coupled to the ground
compound Ogm) but any contribution from the “Ru-bpy”  state. At 77 K, the triplet lifetime recorded for Ka) is
fragment cannot be resolved from the baseline. On the basis ofcomparable to those measured for the other reference com-
the spectral properties of Rm), we would expect to see pounds.
emission from the “Ru-bpy” unit in the region around 650 nm Luminescence from the mononuclear reference compounds

but, relative to an optically matched, equimolar (cau!d) used to model the “Ru-bpy” fragment of the various heterodiads
mixture of reference compounds where bimolecular interactions is easily detected and the photophysical properties are collected
are negligible, this emission is quenched$§9%. Furthermore, in Table 2. No such emission could be resolved for the

the corrected excitation spectrum agrees well with the absorptionheterodiads where, in particular, it was not possible to determine
spectrum recorded over the entire spectral range (Figure 5),the triplet lifetime of the “Ru-bpy” fragment by time-resolved
especially the MLCT region, clearly indicating that photons emission spectroscopy. These findings are fully consistent with
absorbed by the “Ru-bpy” chromophore are channeled to the quantitative triplet energy transfer along the molecular axis in
appended “Os-bpy” unit. These findings strongly support the each heterodiad occurring on the subnanosecond time range.
idea of quantitative intramolecular energy transfer from the “Ru-  Laser Flash Photolysis StudiesExcitation of themeta

bpy” fragment to the ethynylene-linked “Os-bpy” unit, followed heterodiad with a 30-ps laser pulse at 598 nm, where the “Os-
by radiative and nonradiative decay of the triplet state localized ppy” fragment absorbs ca. 97% of incident photons, gives a

on the latter unit. transient differential absorption spectrum characteristic of the
The emission maximumi(ym) and quantum yieldA(um) triplet state of the “Os-bpy” terminal (Figure 6A). This species
remain similar to those measured fori(s) (Table 2) while, decayed via first-order kinetics with a lifetimer(= 42 + 5

regardless of excitation wavelength, emission from the “Os- ns) comparable to that measured by luminescence spectroscopy.
bpy” fragment was found to decay via monoexponential kinetics. Similar behavior was noted for tletho andparaisomers and

The derived triplet lifetime1r), as measured in deoxygenated confirms the above conclusion that the triplet state localized
acetonitrile, also remains closely comparable to that recordedon the “Os-bpy” fragment remains relatively long-lived in the
for the reference compound (Table 2), such that there is no heterodiads. Laser excitation of these various heterodiads with
indication that the triplet state of the “Os-bpy” terminal is a 30-ps laser pulse at 465 nm, where the “Ru-bpy” fragment
qguenched in the heterodiads. The same behavior was found forabsorbs ca. 50% of incident photons, also gave the differential
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Figure 7. Transient differential absorption spectra recorded for (A) (C) 430 nm following excitation of thenetaheterodiad with a 0.3-ps

Ru(m) and (B) Os(m) after excitation with a 30-ps laser pulse at 532 laser pulse at 410 nm. The solid line drawn through the data points
nm. The spectra were recorded 10 ns after excitation. corresponds to a first-order kinetic process with a lifetime of 4 ps.

absorption spectrum attributable to the “Os-bpy” fragment, even (Figure 9A). The transient absorbance signal observed over the
at the shortest delay times (Figure 6B). Indeed, the transient600—700 nm region is well described in terms of the following
spectral records contained no indication for intermediate popula- expression
tion of the triplet state localized on the “Ru-bpy” fragment,
despite the fact that the two chromophores absorb equally at A(t) = Alexp(—kpt) — exp(—kgt)] (1)
this wavelength. Although differential spectra recorded for the
reference compounds (Figure 7) lack distinctive features, they whereks andkp, respectively, correspond to the first-order rate
are sufficiently different in the far red region for us to conclude constants for formation and decay of the “Ru-bpy” triplet state.
that intramolecular triplet energy transfer must be complete Deactivation of the triplet state is attributed to intramolecular
within 50 ps. triplet energy transfer from the “Ru-bpy” fragment to the
Excitation of the heterodiads with a much shorter laser pulse corresponding “Os-bpy” unit and, since the triplet lifetime of
(fwhm = 0.3 ps) at 410 nm, where the two chromophores the appropriate reference compound is cas lthe rate constant
possess comparable extinction coefficients, gave rise to a richerfor energy transferker = kp) can be derived by averaging
spectral pattern (Figure 8). The spectral records show that thekinetic traces collected over the 66800 nm region (Table 3).
triplet state localized on the “Os-bpy” fragment is the only Comparable behavior was found for theho andparaisomers
transient species present at delay times longer than ca. 20 ps&nd the deriveder values remain similar (Table 3), although
but an additional species is present on shorter time scales, whichthat found for thepara isomer is distinctly smaller than the
is most likely the triplet state of the “Ru-bipy” fragment. No others.
other “intermediates” are apparent in the spectral records. Over the 406-600 nm range, the differential absorption
Kinetic analysis is easiest at wavelengths longer than ca. 600spectral changes were consistent with initial formation of a
nm, where absorbance due to the triplet state of the “Ru-bpy” mixture of triplet states associated with the two chromophores
fragment provides the dominant signal. Here, appearance of thefollowed by rapid energy transfer to the “Os-bpy” fragment
signal follows the temporal profile of the excitation pulse while (Figure 8). Kinetic measurements made within this spectral
the prepulse baseline is essentially restored within 20 ps or sowindow confirmed that the triplet state of the “Ru-bpy”
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TABLE 3: Rate Constants and Calculated Spectroscopic
Properties Related to Intramolecular Electron Exchange in
the Various Heterodiads in Deoxygenated Acetonitrile at 20
°C

property ortho meta para
Jp/1074 cmp 2.9 2.0 2.3
FC/10*cmP 2.3 1.9 1.6
Arlcmic 3500 3200 3100
—AG°/cm1d 4400 2320 1950
ket/100s 1€ 17 25 6
Hpa/cm2f 22 32 18
VDA/cm‘lg 25 33 17

2 Dexter overlap integral calculated from eq210%.° Franck-
Condon factor calculated according to eqt3,0%. ¢ Total reorganiza-
tion energy accompanying electron exchang®00 cni*. ¢ Energy gap
between first-excited triplet states localized on donor and acceptor,
+100 cntl. ¢Rate constant for intramolecular electron exchange,
+20%. f Matrix element for electron exchange calculated according to
Dexter theory;+20%. 9 Matrix element for electron exchange calculated
according to nonadiabatic electron transfer theer20%.

chromophore has a lifetime of @ 1) ps for themetaheterodiad

while the signal due to the triplet state of the “Os-bpy” fragment
did not decay on the picosecond time scale (Figure 9B,C). No
wavelength could be found at which appearance of the “Os-
bpy” triplet could be properly resolved and, in each case, the
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The rate constant for electron exchange can also be expressed
in terms of a nonadiabatic electron-transfer process using the
formulism introduced by Marcd$ and first applied to triplet
energy transfer by Scandola and colleagii#smore complete
expression has been proposed by Meyer and co-wdfkansl
subsequently tested by Schmehl ef al.

27

ker = FVDAZFC

FC

1 2 SHIEH
Ep— ZOZD exp(=Sp) exp(=Sy)| — || —| exp(-AGY)
(AG® + A; + mhwg, + nhw,)?
4 ks T

AG* = ( 3)

Here,Vpa is the matrix element for electron exchange (nomi-
nally, Vpa Hpa but we prefer to separate these terms
according to their origin)it is the total reorganization energy
accompanying electron exchanggjs the Boltzmann constant,
and T is the absolute temperature. The ter®s and S,
respectively, refer to the electron-vibrational coupling constants

transient spectral records were dominated by fast decay of thefor donor and acceptor whilewp andfiwa, respectively, are

triplet state localized on the “Ru-bpy” fragment. Averaging

averaged medium-frequency vibronic modes coupled to the

decay rates collected over the entire spectral range confirmedMLCT transition. The indicesnandn are vibrational quantum
theker values collected in Table 3. These values are extremely humbers for donor and acceptor species, and in carrying out
high, indicating the absence of any significant barriers to the summation, we have restricted these valugate n = 7
intramolecular electron exchange, and are similar to values Since higher numbers had no effect on the calculated Franck

reported earlier for related heterodi&dd%18There is a 4-fold
decrease in the rate of electron exchange forphe isomer
relative to themetaanalogue, while energy transfer in tbeho
isomer is only slightly less efficient than that in thmeeta
derivative.

Spectral Curve Fitting. The rate constant for through-bond

Condon factor (FC). The final term in the expressiaG°,
refers to the energy gap between the first-excited triplet states
localized on donor and acceptor species. According to the
treatment provided by Meyer and co-worké?she various
terms needed to calculate these FranClondon factors can be
obtained from luminescence spectra recorded under appropriate

electron exchange can be related to the Dexter overlap integralconditions for donor and acceptor species.

(Jp) between the normalized emission spectrum of the donor
and the absorption spectrum of the accepfar.

27
ket = WHDAZJD

JLE) e(v) dv
3. =
L) dv [ ) v

Here, L) refers to the normalized reduced emission spectrum
of the relevant mononuclear reference compound for the “Ru-
bpy” fragment, expressed in terms of wavenumbgr @nde-

(v) is the reduced spectral distribution of the molar extinction
coefficient of the corresponding reference compound for the
“Os-bpy” fragment. The ternHpa is the matrix element for

)

electron exchange between the triplet excited states of the

terminal metal complexes. Evaluation of the overlap integral is
straightforward, and the derived values are collected in Table
3. The values differ only slightly between the various isomers
and follow the ordeprtho > para > meta On the assumption

that the measured rate constants refer exclusively to Dexter-

Thus, the reduced emission spectrifmgs displayed in
wavenumbers, of each reference compound was decomposed
into three Gaussian-shaped components of equal half-width
(Avyy), since initial testing showed this to be sufficient to obtain
a reliable and reproducible spectral analysis (Figure 10). The
peak maximumKEy) of the highest-energy Gaussian component
is taken to represent the energy difference between 0,0 vibronic
levels in the triplet and ground states while the averaged energy
spacing between adjacent Gaussian componént$ s at-
tributed to the averaged medium-frequency vibrational mode.
The derived parameters are collected in Table 4 and were used
to reconstruct the reduced luminescence spectrum according to

L(v) =

5 [[Eo— ho\3fs
Zbl T (;) exp—41In

where the summation was restrictedXo= 5. Iteration was
continued until good agreement was reached between observed
and calculated spectra, keepifgy» at a constant value (Figure
10). This procedure allowed refinement&fandhw, although

v — By + xhow)\?
— || ¥

Vir

type electron exchange, it now becomes possible to estimatethe final values remained within 5% of the initial estimates,

the matrix elements (Table 3). Again, there is only slight

variation among the isomers but the order is changeteta

> ortho > para. The size of these matrix elements is similar to

that found for electron exchange in other mixed-metal diads
and related complex€g.10.16.17b

and permitted estimation of the electron-vibrational coupling
constants . The final computed values for these various
parameters are collected in Table 4. The reorganization energy
(A) for each couple, assumed to contain contributions from both
nuclear and solvent terms, was estimated from the temperature
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16 tion are quite small (Table 4), especially for the “Os-bpy”
A fragments where the triplet state possesses less charge-transfer
character, while the averaged medium-frequency modes are in
the range expected for=8C, C=C, and G=N stretching modes.
The electron-vibrational coupling constants vary considerably
among the compounds but remain within the range normally
found for luminescent transition metal polypyridine com-
plexes?10.20.2528The calculated FranekCondon factors are in
excellent agreement with the Dexter-type overlap integrals
B (Table 3).
Electronic Communication along the Molecular Axis.The
fact that there exists good agreement between Dexter-type
overlap integralsJp) and Franck-Condon weighted densities
of state (FC) is a clear indication that intramolecular triplet
o L ‘ energy transfer occurs predominantly via electron exchange. The
11000 12000 13000 14000 15000 derived matrix elements for electron exchange are modest and
Wavenumber / cm-] comparable to those estimated for other triplet energy-transfer
Figure 10. lllustration of the emission spectral curve fitting procedure Processes, both bimolecifiand |ntramqlecula??vle’”bThls
used to derive the parameters listed in Table 4. Corrected emission!S SUTprising because the ethynylene bridge might be expected
spectra (noisy curves) are shown for (a)@®1) and (b) Os(m) with to provide an excellent conduit for electron and hole transfer
each full spectrum being decomposed into three Gaussian bands ofbetween the terminal metal complexXé$3A second unexpected
constant half-width. The_ recalculated spectrum is shown as a solid line aspect of this work is that the matrix element for electron
that overlays the experimental spectrum. exchange is not much affected by the structure of the ditopic

emission
o
T

I i ] N ) |

0 1 ! T
11500 12500 13500 14500 15500 16500 17500
Wavenumber / cm-!

emission
s
fnt w f=3

w

TABLE 4: Parameters Extracted from Fitting the Emission ligand, despite the realization that the average metwital
Spectra Recorded for the Mononuclear Reference separation varies among the complexes and that stereochemical
Compounds in Deoxygenated Acetonitrile at 20C distortion is expected for thertho-heterodiad. This relative
cmpd  §  Edemlt  Aemic  Awfem ¢ Awyfem ie insensitivity might arise from a fortuitous balancing of the
factors that controVpa (or Hpa) or from some kind of masking
Eﬂll(% 8:22 ig 888 iggg iigg 35?8 effect, as is often observed in bimolecular reacti@rGertainly,
Ru(p) 056 15050 1850 1490 2120 there are higher-energy triplet states localized on donor,
Os(0) 0.80 13100 1250 1310 1690 acceptor, and bridge that could participate in the overall
Os(m) 055 13400 1240 1350 1900 exchange mechanism. Of the two methods used to estimate the
Os(p) 0.58 13900 1150 1360 1620

size of the matrix element, the Dexter approach is the more
Rw@) 052 14625 1800 1490 2030 convenient and the most direct. It can be used in the present
2 Electron-vibrational coupling constant0.02.° Energy difference system because there is reasonably strong absorption by the Os-
between (0,0) vibronic; Ieyels in the exciteq triplet_and grou_nd states, pased acceptor over the relevant spectral range, but it is
4100 cnT?. ¢ Reorganization energy associated with formation of the important to establish agreement with the Meyer approach since

lowest-energy excited triplet state:50 cm . ° Averaged medium- the latter can be used in cases where the acceptor is transparent
frequency vibrational mode coupled to the MLCT stat20 cnt?. P P )

e Half-width of the Gaussian components derived by fitting the emission  Inframolecular electron exchange between donor (D) and

spectrum to a series of Gaussian-shaped bah88,cnt™. acceptor (A) can be considered to involve virtual population of
a triplet state localized on the bridge (S):

dependence<20 < T < 50 °C) of the averaged half-width of

the Gaussian components according to *(D) ~~S~~A — D~~(S)*~~A — D~~S~~(A)*
(AV1/2)2 As such, the magnitude of the matrix element for electron
A= 16T In2) exchange will depend on the energy gap between triplet states
Bkg T In(2) localized on donor and bridge. The triplet energies of the
A =Ap+ Ay (5) bridging ligands are unknown but they are expected to be similar

to that of 1,2-diphenylacetylen&f = 21 840 cn1%)3” and above
Wh||e the free energy Change accompanying electron exchangéhat Of the dOﬂOI’. To estimate these Values, a set Of m0|eCU|ar-

was calculated as follows: orbital calculations was made at the CIS/3-21G level for the
energy-minimized conformations of the protonated ditopic
—AG° = (Eg +Ap) — (Eé +2,) (6) ligands?® These calculations indicate that the triplet energy of

the bridging ditopic ligand decreases in the orgdara (Er =
The derived parameters are collected in Table 3 and were usec?0 400 cnt) > ortho (Er = 19400 cm!) > meta (Er =
to calculate the FranekCondon factors (FC) for electron 17 500 cm?) so that the energy gap between donor and bridge
exchange in the various heterodiads. In turn, these latter valuediplets (AErs) follows the ordemeta~ ortho < para (Table
were used to estimate the matrix elements for electron exchanged)- SinceVpa is expected to depend inversely on this energy
(Vba). gap, the above ordering gives a qualitative account of the

The spectroscopic parameters extracted from these fitsexperimentaker values. According to superexchange thetry,

indicate that intramolecular electron exchange is exoergic in )
each case and, since the total reorganization energy is compa- v, =-%& )
rable to the energy gap{~ —AG°), reaction is likely to occur DA AE;g
near the apex of a Marcus rate vs driving force profile.
Individual reorganization energies associated with triplet forma- wherea represents the product of atomic orbital coefficients
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TABLE 5: Parameters Associated with Electronic Coupling In principle, the extent of electronic coupling between the

along the Molecular Axis in the Various Heterodiads or metal centers can be estimated from analysis of intervalence

Ru-Based Reference Compounds charge-transfer (IVCT) absorption spectra measured for the

property ortho meta para mixed-valence complexé8Such analysis depends critically on

AErg/cm-1a 650 540 3400 accurate knowledge of the distance separating the metal centers,
a/cmtb 120 130 240 but this term is hopelessly ambiguous in the complexes studied
ELumo/eVe —0.914 —1.092 —1.075 here. Consequently, although IVCT absorption bands can be
EZE%VQVS SCE _i'gg _14-2026 _1425‘3 seen in the near-im_‘rared region, with p«_eaks aroun(_j 1400 nm, it
NBO(lD)f 139 147 1.45 ha_s not been possible to extract mea_mlngful coupling terms by
Ngo(2)? 2.64 2.58 259 fitting the bands to a Gaussian profile. Instead, we note that
Eromo/eV! —9.050 —8.911 —9.405 reduction potentials for oxidation of the metal center in the
Eox/V vs SCE 1.42 1.40 1.38 mononuclear Ru(ll)-based reference compounds remain com-

a Energy gap between triplet states localized on the bridging ditopic p_aral:_)Ie _for the_ three isomers while the HOMO of thara
ligand and the Ru(ll)-based donak10%. " Product of atomic orbital  ditopic ligand lies at a lower energy that those of the other
coefficients describing electronic coupling in to and out of the bridge isomers. This means that the energy gap for hole transfer in the
at the triplet level£20%. © Calculated energy of the bridging LUMO,  paraisomer much exceeds those for trtho andmetadiads,
+0.002 eV.9 Reduction potential measured for addition of the first thereby reflecting the trend iAErs values. On this basis, we

electron to the corresponding mononuclear Ru(ll)-based reference . L . -
compound.£15 mV. ¢ Disproportionation constant for the one-electron _ SH/MIS€ that it is the energetics of hole transfer that influence

reduced binuclear Ru(ll)-based reference compougd)%. Bond the extent of electronic coupling in these diads. It also follows
order calculated for the [nominally] single bond in the bridging that the enhanced electronic coupling implied for thera
ethynylene group for the-radical anion of the bridging ligane;0.01. isomer operates for hole transfer not for electron transfer.

9 Bond order calculated for the [nominally] triple bond in the bridging
ethynylene group for the-radical anion of the bridging ligand;0.01.

h Calculated energy of the bridging HOM@;0.002 eV." Reduction
potential measured for removal of an electron from the metal center of  Thjs study has confirmed that an ethynylene bridge facilitates
the corresponding mononuclear Ru(ll)-based reference compgiliad, rapid through-bond electron exchange between photoactive
my. terminals. The rates of intramolecular triplet energy transfer

describing coupling into and out of the bridge at the triplet level. reported here are comparable to those found for related
Evaluation of this expression indicates that electronic coupling, terpyridyl-based heterodiatfs® and for certain phenylene-
as measured in terms of theparameter (Table 5), increases in  bridged diad$®*™ 1t is also shown that the matrix elements
the order: ortho &~ meta< para It is also interesting to note ~ for electron exchange estimated by spectral analysis using
that the calculated energy gaps are very small footttieo and methodologies introduced by Dextrand by Meyel® are
metaisomers, with the triplet state of the bridge being able to remarkably similar and that both sets of values appear realistic
mix with that of the donor. Clearly, this situation is likely to ~ for triplet energy transfer. The Dexter method estimates spectral
promote rapid energy transfer along the molecular axis. Since overlap between emission from the donor and absorption by
the rate of energy transfer in thmra-heterodiad is not much  the acceptor and provides the more reliable approach. The
slower than that in the other isomers, we suppose that the muchadvantage of Meyer's method is that it uses only emission
|arger energy gap is offset by more effective orbital interaction. SpeCtra and will be invaluable in those cases where the aCCthOf
Through-bond triplet energy transfer can also be consideredis transparent over the wavelength range of interest. It is further
in terms of a simultaneous two-electron, two-site exchange shown that, within this limited series of isomeric heterodiads,
process involving electron transfer via the LUMO of the bridge the geometry of the bridging ditopic ligand has little effect on
and hole transfer through the bridging HOMQt has been the rate of energy transfer. This is a useful attribute with respect
demonstrated that the triplet excited states of the referenceto constructing molecular arrays of different shapes since it
compound® involve selective charge injection from metal suggests that longer molecules could be built by linking together
center to the alkyne-substituted bpy, where the electron is different ditopic ligands without introducing a serious bottleneck
delocalized over part of the ethynylene bridge. At the triplet into the system.
level, therefore, the promoted electron is directed toward the An interesting feature of this work is that the rate of through-
molecular axis and this situation must be favorable for electron bond electron exchange increases with decreasing energy gap
exchange. Furthermore, there is some suggestion that the exteripetween donor and bridge. This suggests that the rate of electron
of electronic coupling at the LUMO is comparable in the three exchange could be optimized by structural modification of the
isomers. Thus, the energy of the LUMO of the free ligand shows bridge and an obvious way to do this is to extend the length of
only a slight dependence on the site of attachment of the the central acetylenic function. Lowering the triplet energy in
ethynylene bridge, as does the one-electron reduction potentialthis way should partially offset the effect of increasing the
measured for the mononuclear ruthenium(ll) reference com- separation distance between donor and acceptor mofeties,
plexes (Table 5). The bond order for the first and central bonds leading to an unusually small attenuation factor for electron
in the ethynylene bridge, as calculated for the respective exchangé®$ In fact, it is not necessary for the triplet energy of
s-radical anions, is insensitive to the site at which the bridge is the bridge to exceed that of the donor. If the energy of the bridge
attached (Table 5) and indicates that each system adopts a partidriplet lies between those of the donor and acceptor, the bridge
cumulenic structure. There are also marked similarities in the will appear as a real, as opposed to a virtual, intermediate. From
size of the disproportionation constap) for the z-radical this respect, it is plausible to consider ditopic ligands having
anions formed from the Ru(ll) reference compoufigs up to four ethynylene groups as the central link&ge.
measured by cyclic voltammetry (Table 5). With respect to  An additional consequence of this work is that it permits some
electron transfer through the bridging LUMO, therefore, these predictions to be made regarding triplet energy migration
isomeric ditopic ligands are not expected to show disparate between the terminals of symmetrical “Ru-bpy” based homo-
behavior. diads. Thus, evaluation of eq 3 with the derived parameters listed

Concluding Remarks
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in Table 4 allows calculation of the FC factor for electron
exchange between the terminals in ) as being ca. 4.%&
1075 cm while, on the basis of egn. 2; has a value of ca. 3.6
x 1075 cm for this system. Assuming a value for the matrix
element for electron exchange \@ha = Hpa = 20 cn1?, the
rate constant for triplet energy transfer inJ) is expected to
be ca. 1.5x 1019s7L, Since the triplet lifetime of Ryfp) is 1.8

us, it is reasonable to suppose that an equilibrium distribution ¢

of triplet states would be established in which, shortly after
excitation, there is equal probability of finding the triplet on

Harriman et al.
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