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The photophysical properties are reported for a series of binuclear ruthenium(ll) b&(2,2erpyridine)
complexes built around a geometrically constrained, biphenyl-based bridge. The luminescence quantum yield
and lifetime increase progressively with decreasing temperature, but the derived rate constant for nonradiative
decay of the lowest-energy triplet state depends on the length of a tethering strap attached aptsitid s

of the biphenyl unit. Since the length of the strap determines the dihedral angle for the cen@didbd,

the rate of nonradiative decay shows a pronounced dependence on angle. The minimum rate of nonradiative
decay occurs when the dihedral angle i§,90t there is a maximum in the rate when the dihedral angle is
about 458. This effect does not appear to be related to the extent of electron delocalization at the triplet level
but can be explained in terms of variable coupling with a low-frequency vibrational mode associated with the
strapped biphenyl unit.

Introduction Previously, we reportéd that the photophysical properties

of a set of binuclear ruthenium(ll) bis(2;@,2"-terpyridine)
complexes were dependent on the conformation of the bridging
unit. The only obvious structural change among these complexes
concerns the variation in dihedral angle for the centralCC
bond of the biphenyl-based connector. At first sight, this
observation raises the possibility that the degree of electron
delocalization at the triplet level might be set by the conforma-
(}ion of the biphenyl linkef2 This, in turn, would introduce an
angle dependence for the rate of nonradiative decay of the
lowest-energy triplet state. This series of compounds has been
expanded from four to eleven, and a full investigation of their
photophysical properties has been completed. It is confirmed
that the lifetime of the emitting triplet state depends on the

enerav triolet state couples to at least two hiaher-ener eXCitedcentral dihedral angle of the bridging biphenyl unit, with a clear
gy rip P 9 9y maximum in the rate constant when the dihedral angle is held

states’ In certain cases, the situation is further exacerbated by around 45. This effect is believed to arise from increased
the appearance of hot emission from thermally accessible upper- . : o
lying excited state8. coupling of a low-frequency vibrational mode.

~ Where the lowest-energy excited triplet state is of metal-to- gxperimental Section

ligand, charge-transfer (MLCT) character, there exists the o . .
possibility to delocalize the promoted electron over part of an 1 he synthesi$and char'actenzgt!on of the various binuclear
extendedz-conjugated ligand. This effect, which has been ~ 'uthenium(ll) bis(2,26',2"-terpyridine) complexes will be
reported for numerous systerfscan be explained within the reportgd in full elsewhere. The molecular formulag and ab-
energy-gap law in terms of a decreased nuclear displacementPreviations used for these compounds are shown in Chart 1
In principle, the concept of extended electron delocalization while the ability of the crown ethers to bind adventitious cations
could be exploited to design luminophores with prolonged triplet 1as been described for simpler molecular analogtiselimi-
lifetimes, a highly desirable feature for chemical sensors. Nary photophyilcal data were provided before for some members
Systematic examination of the effect of incremental degrees of ©f the series! and their electrochemical properties were
electron delocalization, however, is rendered difficult by the described as part of an investigation into the behavior of the
nonavailability of suitable probe molecules. This restriction, corresponding mixed-valence Compouﬁaﬁetalls regarding
together with the onset of thermally activated decay routes, the synthesis oR3 (Chart 2) are provided as part of the

means that the electron delocalization effect is still not properly SUPPOrting Information. Butyronitrile was purchased from
understood. Aldrich and redistilled from Cakll A sample was freshly

distilled immediately before use. Samples of the cation=£M
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The rates of decay of the lowest-energy, excited triplet states
of many transition metal complexes are controlled by the
Englman-Jortner energy-gap lah? Within the framework of
this theory, the rate of decay can be considered in terms of the
amount of electronic energy to be dissipdtadd the nature of
the dissipating vibrational modeA key element in this model
is the vibrationat-electronic coupling matrix element that
describes the extent of interaction between the excited state an
high vibrational levels of the ground state. Detailed analysis of
kinetic data in terms of the energy-gap law has been made for
numerous compounglbut is often complicated by the presence
of thermally activated process&his is particularly evident
for ruthenium(ll) poly(pyridine) complexes where the lowest-
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CHART 2. Structural Formulas for the Reference Figure 1. Absorption and emission spectral profiles recorded¥g¢
Compounds Used Herein in deoxygenated butyronitrile at 2.

tional bands to obtain a proper fit to the emission specfrum.
The full-width at half-maximum (fwhm) of the Gaussian
components provides a measure of the reorganization energy
that accompanies deactivation of the triplet state, but the
experimental value is instrumentally broadened at high tem-
perature. As such, the fwhm was measured over a wide
temperature range and used to derive the corrected reorganiza-
tion energy for each compound. An illustration of this analytical
protocol is provided as part of the Supporting Information. The
derived parameters were used to reconstitute the full emission
spectrum, as described in the text, in order to obtain a value for
the Huang-Rhys factor®

Results and Discussion

General Spectroscopic FeaturesThe absorption spectrum
mass spectrometry confirmed cation binding under these condi-recorded for each member of the series contains several easily
tions. Absorption spectra were recorded with a Hitachi U3310 recognizable features (Figure 1). Thus, the capping terpy ligands
spectrophotometer, and emission spectra were recorded with gbsorb around 290 nm while the ditopic bridging ligand displays
Jobin-Yvon Fluorolog tau-3 spectrofluorimeter. Emission spectra pronounced absorption between 300 and 400 nm. The [nomi-
were corrected for spectral imperfections by reference to a nally] spin-allowed MLCT transition is centered at about 500
standard lamp. Spectra were recorded for dilute samples,nm, with the [nominally] spin-forbidden MLCT transition
absorbance less than 0.15 at 500 nm, after deoxygenation andgtretching toward 620 nm. The nature of the tethering strap has
sealing into optical cells. Luminescence quantum yields were no effect on the position or intensity of these absorption bands.
measured by reference to osmium(ll) bis(B22"-terpyri- Weak emission can be observed around 675 nm (Figure 1), in
dine)16 Temperature dependence studies were made with aneach case, in deoxygenated butyronitrile at room temperature.
Oxford Instruments Optistat DN cryostat. Time-resolved emis- The corrected excitation spectrum matches with the absorption
sion spectra were recorded by time-correlated, single-photonspectrum over the entire visible and near-UV regions, and the
counting methods following excitation at 490 nm with a laser emission intensity is decreased slightly upon aeration of the
diode (fwhm = 90 ps). Transient absorption spectra were Solution. For each compound, the emission quantum yield
recorded with an Applied Photophysics LNS-60 laser flash (®Luwm) is of the order of about 0.0005 while the excited-state
spectrometer (fwhre 4 ns;A = 532 nm). The monitoring beam  lifetime (zLuwm) is about 20 ns. Decay of the luminescence signal
was provided with a pulsed xenon arc lamp and detected with followed first-order kinetics. The same lifetime was obtained
a PMT after passage through a high radiance monochromator.by laser flash photolysis methodology after excitation at 532
At least 25 individual laser shots were averaged for kinetic nm. As above, the nature of the strap has no significant effect
measurements. on the photophysical properties recorded at room temperature.

Data analysis was made as described béefbfihe reduced In all cases, the emitting species could be assigned to the lowest-
emission spectra were deconvoluted into the minimum number energy MLCT triplet state by reference to earlier work with
of Gaussian-shaped components, of common half-width, neededrelated compound®.The observedb yw andzum values are
to give a good representation of the full spectrtifnilhis within the range expected for ethynylated Ru-terpy derivafives.
procedure was repeated across the entire temperature rangeSuitable reference compounds include the parent comBi) (
According to this analysis, the position in wavenumbers®m @ phenylethyne derivativeR@), and the corresponding bi-
of the highest-energy Gaussian compondhy, is taken to  phenylethyne derivativeR3), as shown in Chart 2.
represent the energy gap between 0,0 vibrational levels in the Derivation of the Nonradiative Rate Constant.lIt is well-
ground and excited states while the spacing between Gaussiarknown that the photophysical properties of Ru-terpy derivatives
peaks refers to the vibrational mode coupled to nonradiative depend markedly on temperature due to the presence of
decay of the excited triplet state. Even in fluid solution, it was thermally activated decay channéBor each derivative studied
necessary to include both medium- and low-frequency vibra- here, both®, y andz_ym increased progressively upon cooling
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8 . TABLE 1. Parameters Derived from the
1.0x10° . Temperature-Dependent Photophysical Studies Carried Out
3 in Deoxygenated Butyronitrile and the Dihedral Angles
- . Y Computed for Energy-Minimized Geometries
g 800 g angle/ ki kel Enl ke/ =
2 " compound deg 10*s! 10°st kJmof! 10%s?! kJmol?
— 5 .
5 &0x10 T c1 37 165  10.2 7.0 32 220
3 2503 0.004 0,005 0,006 0007 Cc2 55 210 16.0 7.2 3.5 22.9
uEJ 4.0x10° 1/Temperature (K) C3 67 140 13.9 7.0 2.9 22.0
C4 94 5 10.9 7.2 3.0 22.3
CE4 122 165 16.6 7.1 3.7 23.0
2.0x10° CE5 125 170 6.4 7.0 3.6 22.8
CES5/LIt 6 6.5 7.3 3.6 22.7
CE5/Nat 83 2 8.3 6.9 35 22.9
CES/K™ 113 10 6.4 7.2 3.6 22.2
600 650 700 750 800 CE6 130 210 6.4 6.5 37 230
Wavelength (nm) CE6/Nat 58 11 9.6 6.8 3.6 22.6
+
Figure 2. Effect of temperature (300 to 90 K) on the emission spectral EEGIK N6: 67 26f' gg 208"5 2253‘,1'
profile recorded folICEG6 in butyronitrile. N.B. The intensity increases R2 NA 3 5'0 10'0 160 32'0
progressively with decreasing temperature. The inset shows a plot of R3 NA 2 5.1 9.3 125 285

the experimental data to eq 1.

the solution (Figure 2). There was no obvious change in the triplets depends on the geometry of the bridging bipheny! unit.
emission spectral profile and no shift in the emission maximum Furthermore, the reorganization energy for formation of the MC
until the glass transition temperature was approached. FurtherState is probably dominated by nuclear changes around the metal
cooling was accompanied by a 10 nm blue shift and a general cation and is unll_kely to show much sensitivity toward the
narrowing of the emission bard.The rate constant for ~ 9eometry of the biphenyl group. o
nonradiative decayk(r) of the emitting triplet state was found Within the precision of our data analysis, andk, likewise

to follow a modified Arrhenius-type expression of the form émain essentially independent of strap length. Here, the

given as eq 1 (Figure 2J.Here, the lowest-energy triplet decays ~activation energyEa corresponds to the barrier that must be
crossed in order to populate the upper-lying MLCT triplet from

11—y Ea Eg the lowest-energy MLCT triplet state. It is considered that these
Knr = T ko 1 Ky €X “RT + kg exp — RT two MLCT triplets differ by the amount of spirorbit coupling,
LUM with the upper state possessing somewhat more singlet char-
@) acter?® Since the energy of the lowest-lying MLCT triplet is
independent of strap length, it follows that the geometry of the
bridge has no significant effect on the energy gap between these
two triplet states. BotlEa andka remain comparable to values
derived for the various reference compounds (Table 1).

with an activationless rate constdgtat low temperature but is
coupled to two upper-lying triplet states. The first of these upper
triplets, which is believed to be of MLCT charactéis reached
by passing over a small barrieE{). This state decaysk{) ; )
somewhat faster than the lowest-energy triplet. There is an N marked contrast, the derived values vary over a wide

additional triplet state, believed to be of metal-centered char- f@Nge, spanning from 2.8 10* to 2.1 x 10° s* (Table 1).
acter?> which can be reached by crossing a more substantial This variation, which is well outside experimental error, cannot

barrier Es). This latter state decays rapidlgs] to re-form the be assigned to changes in the amount of energy to be dissipated.

ground state and is responsible for the poor emission yield found !t is interesting to note that those compounds having a cation
at ambient temperatufé.The same analysis was carried out bound at the crown ether derived strap exhibit particularly low

for each of the compounds, and the derived parameters arekO values that are insensitive to the nature of the bound cation
compiled in Table 1. ’ or strap length. The variation ik found for the strapped

First, it should be stressed that 5 parameters have to peCompounds has little impact on the triplet lifetimes recorded at
extracted from each set of data; attempts to fit the data to a@Mbient temperature because of the competing activated pro-

3-state model, thereby eliminating the upper-lying MLCT state, ¢€SSes. Our analysis requires thgis independent of temper-

were unsatisfactory. Our analysis indicates a common set ofatlgge, but this might be an approximation. Indeed, Meyer et
parameters for interaction between the lowest-energy MLCT al3% have shown that the rate of decay of MLCT triplet states

triplet and the upper-lying metal-centered (MC) state. Thgs, ~ Should show a weak dependence on temperature due primarily
falls within a fairly narrow range and can be attributed to (© variations in entropy associated with frequency changes in
formation of the MC triplet since decay of this excited state is solvent librations. Our analytical protocol would not detect such

an internal conversion process involving aditransition and ~ Minor changes in rate.

is likely to be very fas® Formation of the MC state involves

charge transfer from the* orbital localized on the ditopic ko = Kinp T Koep Sif(2¢) (2)
ligand to an gorbital on the Rl center?” The activation barrier,

Eg, associated with this process can be considered in terms of These derivedk, values can now be considered in terms of
Marcus theors® to depend on the magnitude of the thermody- the geometry of the biphenyl-based bridge, as computed earlier
namic driving force and the reorganization energy accompanying from molecular mechanics and molecular dynamics simula-
charge transfer. The fact that bokh and Eg are essentially  tions143! The only obvious change among the various com-
independent of strap length can be taken as evidence that neithepounds is the structural distortion around the central biphenyl
the driving force nor the reorganization energy is much affected unit as imposed by the strap. The simplest way to represent
by the dihedral angle around the connector. Indeed, there is nothis geometrical change is via the dihedral angig for the
reason to suppose that the energy gap between MC and MLCTconnecting G-C bond, which varies from 37to 130 (Table
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250 TABLE 2. Parameters Extracted from the Curve Fitting
- Analysis and the Total Strain Energies for the
200 Biphenyl-Based Connectors as Computed from AM1
Calculations for the Optimized Geometries
‘v 150 Eoo hovw!  hw/ Estran/
"2 compound /cmt cm? cml Sy S kJ mol?
\o 100 C1l 14820 1390 738 0.13 0.36 2.2
v Cc2 14810 1387 713 0.14 0.32 9.7
50 C3 14815 1400 818 0.11 0.34 2.6
ca 14820 1380 830 0.14 0.36 1.9
0 PR I I S SR BRI CE4 14870 1367 720 0.12 0.38 4.6
25 45 65 85 105 125 145 CE5 14850 1390 828 0.15 041 4.2
. 0 CE5/Lit 14870 1388 800 0.10 0.37 14.5
Dihedral angle / CE5/Na® 14850 1382 726 010 035 4.2
Figure 3. Effect of dihedral angle on the derived rate constant for ~CES/K™ 14860 1350 800 010 0.38 5.1
nonradiative decay of the lowest-energy excited triplet state. The solid CE6 14825 1400 780 0.11 032 2.6
line is a nonlinear, least-squares fit to eq 2. CEG/Na® 14825 1386 800 0.08 035 6.7
CE6/K* 14840 1380 830 0.09 0.36 7.7

1). With the exception of the complexes possessing bound coupled to nonradiative decay, as indicated by eq 3. This
cations, there is a reasonably good correlation betvkgamd analysis holds true over the full temperature range where the
this dihedral angle (Figure 3). The correlation corresponds solvent remains fluid.

roughly to the form given as eq 2 whekgp (=8.7 x 10*s™1)

refers to the angle-independent rate constant for nonradiative 7 7 | [Eyo — Nyhwy, — N ho \3[ S S
decay andkpep (=2.3 x 1P s71) is the analogous angle- 1(¥) = ZZ —|l—

dependent rate constant. The ratio of these rate conskagtsé ( YT Eoo !N

kino = 26) indicates that the conformation of the biphenyl unit v — Ego + Nyhwy, + n hw, 2

can make a significant contribution to the overall decay rate. exd =4 In (3)
The maximurkpep Value is observed when the two phenylene Avy,

rings tend toward a mutual angle of 45The cation-bound
complexes show but a very weak angle dependence which, Infitting the experimental data to eq§y) is the normalized
within the precision of our data analysis, can be considered asemission intensity at wavenumber, ny and n_ are the
being negligible. vibrational quantum numbers for the averaged mediumfh

It should also be emphasized that there is a 90-fold increaseand low (hw.) frequency acceptor modedys, is the half-
in ko betweenC2, where the dihedral angle is 55and the width of individual vibronic bands, anHy is the energy gap
corresponding Ru-terpy complex lacking the strap. Indégd, for the 0,0 transition. The quantiti& andS are the Huang
values of 6.5x 10* st and 3.2x 10* s71, respectively, have  Rhys factors for medium- and low-frequency modes, respec-
been reported for ruthenium(ll) bis-terpR1)?* and for the tively. The half-width depends on temperature, but most of the
mononuclear complex functionalized with a single phenyl- other parameters could be averaged over the entire temperature
ethynylene group at the'<osition R2).1°9 For these two range (Table 2). The best fits to the experimental data result in
reference compounds, the changekgrreflects the amount of an averageddy of 1385 cnt?, which would correspond to a
increased electron delocalization at the triplet leveRar There combination of GC and G=N stretching modes, and an
is a further decrease ik, and a corresponding increase in averaged & of 780 cnt. However, both frequencies tend to
electron delocalization, for the extended reference compoundincrease with increasing temperature (see Supporting Informa-
R3. Interestingly, the derived value f&p, which reflects the tion); the variation in wy is modest, but o, shows a strong

rate at 0, is somewhat higher than thg value found forR3 temperature effect; e.g. f@4, hw, varies from ca. 535 cnd

(ko = 2.3 x 10*s71) (Table 1), where the biphenyl unit is free  at 90 K to 1020 cm?® at 290 K. The temperature effect arises
to rotate. As will be suggested later, the increasgiund for because there is a range of related vibrational frequencies
the strapped derivatives might be a consequence of a coupledassociated with each mode rather than a single frequency as
low-frequency vibrational mode. suggested by our analysis. With increasing temperature, the

Emission Spectral Curve Fitting. Procedures now exist by ~ Boltzmann distribution moves steadily toward the higher-energy
which to analyze the emission spectrum in such a way as to mean value. As such, the low-frequency mode is more sensitive
extract useful information about the vibrational modes that to changes in temperatutelt is interesting to note that whereas
promote nonradiative decay of the excited stafEhis analysis the low-frequency vibrational mode was absent from emission
was carried out for the compounds under consideration herespectra recorded for bofR124 andR2,1%9 an averageddy of
and over the full temperature range. The first step involves 860 cnt?! had to be included for emission spectra recorded for
deconvolution of the reduced emission spectrum into the R3. This behavior suggests thabhis associated in some way
minimum number of Gaussian-shaped components of equal half-with the biphenyl connector.
width (see Supporting InformatioA}:*® This analysis gives It is well established that the photophysical properties of
crude estimates for the energy g&pdj between 0,0 vibrational  certain ruthenium(ll) poly(pyridine) complexes are sensitive to
levels in excited and ground states and for the averagedthe nature of the surrounding solvéft-or CE6, however, it
magnitude of vibrational modes coupled to the decay process.was found that the size ofch was unaffected by changes in
Next, the entire emission spectrum is reconstituted using refinedsolvent polarity. There was more effect on the medium-
parameters and allowing for the relevant Huaihys factors, frequency mode, which increased systematically, albeit slightly,
Sv andS_.1? It was found that the emission spectrum could be with increasing solvent dielectric constant. This latter effect can
reproduced satisfactorily on the basis of a medium-frequency be attributed to the fact that changes in thee@ and G=N
(hwy) and a low-frequency ¢h.) vibrational mode being stretching vibrations arise because of the difference in the
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0.50 — localization, however, is modest and does not account for the
apparent angle dependence observed here. Instead, a more
.'.....M plausible explanation of the observed effects involves a con-
tribution to the total nonradiative processes by torsional motions
) around the linking biphenyl unit, despite the remoteness of this
group from the metal center. This possibility seems consistent
*° with the observation that the enhancemeriiis curtailed upon
030 binding a cation to the crown ether for baftie5 andCE6 since
o it is well-known that the resultant complex is considerably more
r 00009400°000° rigid than the free ligan& Molecular dynamics simulations
N T T have confirmed that, in addition to rotation of the phenylene
50 100 150 200 250 300 rings, there is considerable fluctuation of the strap at ambient
temperaturé?
Temperature / K Taking account of both low- and medium-frequency vibra-
Figure 4. Effect of temperature on the derivedl factor, obtained tional modes, the variation & among the compounds can be
from fitting the emission spectrum @4 in deoxygenated butyronitrile. considered in terms of the Englmadortner energy-gap law
as outlined in eq 5. Here, the electronic states are mixed by

Sp
( ]

charge-transfer character between ground and triplet sfates.

The lack of a significant solvent effect omh implies that the B
low-frequency vibration is not associated with a charge-transfer ko= M0 o Su g vEud(tw) o
process. +/hoyAE
haw, (Avy)?
S =§cot —)=S)[2n('l‘)+1] _ [yt 1\A2Yy
2T, b ““\hoy, | 16In2
n(T) = |ex ho, -1 N 4) ) hw,
P 2k T Avy, =[S (hw )" cot ﬂ + 2kg Tyl (8 In 2)
As a consequence of the variation inwh there is a
progressive increase B with increasing temperature (Figure y=1In Eoo _
4). A similar effect has been reported for the vibrational Suhoy,

progression seen in the emission spectra of certain jpoly(
phenylene vinylene) polyme?8.Here, S increases with in- 5 T
creasing temperature due to a decrease in the conjugation length Bo=Cw 2 (%)
caused by thermal disruption of extended planar geometries.
For the complexes under investigation, the effect of temperature coupling to averaged vibrations that promote breakdown of the
on S might also be explained in terms of thermal disorder orthogonality of adiabatic BornOppenheimer states. The term
around the biphenyl linker affecting the degree of electron [y refers to the vibrationally induced electronic coupling
phonon coupling’ Thus,S_ can be related to the averaged low- parameter, wher€ is the coupling matrix element and is
frequency vibrational mode by way of eq 4, whedgis the the angular frequency of the promoting mode(s). The solvent
coupling constanttad K andny(T) is the thermal occupation  reorganization energyo is small. Under these conditions, the
number of phonon states. With increasing temperature, thereapparent angle dependence found for nonradiative decay of these
will be increasing population of the upper-lying phonon states binuclear complexes stems from variationginSincek, relates
as thermal motion becomes more important. This effect will be to the low-temperature regime, the geometry of the bridging
modest forSy but could be significant fof .38 biphenyl unit will approach that of the lowest-energy conforma-
Role of the Bridging Biphenyl Unit. It should be noted that  tion where the dihedral angle is set by the length of the tether.
the strap length has no obvious effect on the derlgd/alues Usually, the low-frequency mode has little effectkyand the
and, as such, we can conclude that neither the triplet energyrate is set by factors related to the medium-frequency vibrational
nor the conjugation length are affected significantly by changes mode, but this is not the case for these strapped derivatives. In
in the length of the tether. Likewise, the absence of important principle, all the parameters can be derived from emission
polarity effects tends to rule out intramolecular charge-transfer spectral curve fitting, except fgh. It is also clear thaky should
effects as being primarily responsible for the variationgon depend somewhat on temperatéfte.
There are no obvious indications that the degree of electron The results lead to two important findings. Fir8¢,depends
delocalization at the triplet level is related to the length of the on the geometry of the appended biphenyl moiety. It should be
strap. This latter situation would require leakage of electronic emphasized, however, that the strap distorts the biphenyl group
charge across the biphenyl group and would be affected by and that the central dihedral angle is only one indicator of this
changes in the dihedral angle. In this case, the relevant anglestructural disruption. In addition, there are modest changes in
would relate to ther-radical anion of the ditopic ligand, rather  the shape of the biphenyl group as shown by Figure 5. A better
than the ground state as considered here. It should be notedndicator of the total structural distortion imposed by the strap
that ko for the corresponding derivative lacking the dialkoxy might be obtained from the overall strain ener@gdran) as
strap,R3, is somewhat lower than for the compound having a computed by comparing the heat of formation of the strapped
single phenylene ringR2 (Table 1). This is consistent with  bridge with that of a biphenyl derivative having the same torsion
electron delocalization extending over the second phenyl ring angle but free from structural distortion. There is no obvious
in the biphenyl group, provided the two rings can adopt a relationship betweerky and Estrain, as calculated for the
coplanar arrangement. The effect of extendedlectron de- corresponding ground-state structures (Table 2). This finding
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