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[Ru(bpy)2dppz]?" Light-Switch Mechanism in Protic Solvents as Studied through
Temperature-Dependent Lifetime Measurements

Matthew K. Brennaman, Thomas J. Meyer, and John M. Papanikolas*

The Venable and Kenan Laboratories, Department of Chemistryedsity of North Carolina at Chapel Hill,
Chapel Hill, North Carolina 27599

Receied: May 12, 2004; In Final Form: July 16, 2004

I. Introduction

The polypyridyl Ru(ll) compound [Ru(bpydppzF" (Figure

Temperature-dependent excited-state lifetime measurements have been performed on four different Ru(ll)-
based dppz compounds in protic and aprotic solvents. This work supports the existence of a dynamic equilibrium
between two MLCT states associated with the dppz ligand: one is a bright state with a ligand orbital similar
in size to that associated with tRBILCT state of [Ru(bpyj]?", and the other is a dark phz-like state. Our
results are consistent with a light-switch mechanism involving a competition between energetic factors that
favor the dark (phz) state and entropic factors that favor the bright (bpy) state. This paper explores the
photophysics of these light-switch compounds through a systematic variation of the equilibrium energetics.
This is accomplished by (1) varying the dielectric strength of the solvent and (2) making chemical substitutions
on the dppz ligand. Observations obtained from all four compounds in six different solvents can be explained
using this equilibrium model.
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1) has been identified as a luminescent probe of many aprotic
environmentg; 3 including polymer films, micelles, and DNA.
In aqueous solution, [Ru(bpydppzE" is essentially nonemis-
sive; however, in the presence of DNA, the molecule intercalates
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between adjacent base pairs in the double helix and becomes Py dp’;ZZ ppz
brightly luminescent® This behavior, called the “light-switch” L ligand fragments )
effect, is the basis for use of this compound as a probe of - ~
nonpolar microenvironments. As it turns out, DNA is not the | d
only environment in which [Ru(bpylppzf" emits, and lumi- 2 N P | ppz
nescent excited states are observed in many protic and aprotic -Na l AN Ny
solvents. Because of their useful applications and unique R“ g _
photophysical properties, dppz-containing molecules have been N r N
studied in a range of solvents with the goal of understanding X
the origin of their emissiof?-1°

The light-switch mechanism has been attributed to the [Ru(bpy),dppz]2*
presence of two metal-to-ligand charge-transfer (MLCT) states p \ / N
on the dppz ligand: a bright (luminescent) state associated with | o
the bipyridine (bpy) fragment and a dark (nonluminescent) state W P dppx
localized largely on the phenazine (phz) portiéiccording N | A Ny CH3
to this model, the bright state is lowest in energy for aprotic e RU

. . . . . . N , "'N/ N/
solvents resulting in an emissive excited state. Protic solvents, | P | CHs
on the other hand, hydrogen bond to the phz nitrogens, lower X
the energy of the dark state below that of the bright state, and
shut off the luminescence. Although this environment-induced L [Ru(bpy),dppx]?* )

state reversal has been suggested as the basis for the light-switch

property, direct confirmation has been elusive. Figure 1. Chemical structures of light-switch complexes [Ru-

Our research effort concurs with the existence of two states (PPY)»dppzF* and [Ru(bpyjdppxF* and ligand fragments discussed

associated with the dppz ligand: a dark phenazine-based statd” the text.

and a luminescent [Ru(bpg¥*-like SMLCT state. However,
our data are inconsistent with the state reversal description of
the light-switch behavior. Instead, the results of temperature

dependence measurements show that, in [RugdppeF', the

dark state is always lowest in energy and the light-switch
behavior is the result of a dynamic equilibrium between an
enthalpically favored dark state and an entropically favored
E-mail: Dright state’”:18 A diagram depicting these states is presented
in Figure 2. Lifetime data obtained at high temperatures indicate
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Figure 2. Energy level diagrams depicting the excited states of [Ru-

(bpy)xdppzF™ and [Ru(bpyj]?*. The bright state described in the text

is denoted by B, and both OH and CN refer to the dark state. The dark
state for protic solvents is represented by OH, whereas CN correspond
to the dark state in aprotic solvents. All three are MLCT states

associated with the dppz ligand. The bright state, B, is entropically
favored and is populated at high temperatures. The dark state is
enthalpically favored and is therefore populated at low temperatures.
In this schemelkg is the relaxation rate from the bright state, &ads

the relaxation rate from the dark state.

that the bright state is an MLCT state in which the photoexcited
electron is located on the bpy fragment of the dppz ligand.

S
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of ~0.2 nJ/pulse. The repetition rate of the 76-MHz pulse train
is reduced using an acoustooptic modulator such that the time
between excitation pulses is at least 5 times the natural lifetime
of the sample (usually between 5 and &8). Emission is
collected at 90 with respect to excitation, passed through a
0.25-m monochromator and is directed onto a microchannel
plate photomultiplier tube (MCPPMT). The details regarding
the TCSPC electronics are described elsewhei®The instru-
ment response is measured to be approximately 80 ps, fwhm.

Emission measurements were performed at a series of
temperatures. Control over the sample temperature was achieved
in one of two ways. Below 273 K, the temperature was
maintained using a liquid-nitrogen-cooled cryostat (Janis 6NDT)
with feedback controlling electronics that kept temperatures
within £0.1 K of the desired temperature. Above 273 K, a
circulating water bath was used. The [Ru(bpypzF', [Ru-
(dppzy)?t, [Ru(bpykdppxFt, and [Ru(dppxg]>t complexes
were synthesized per previous methods by our laborafgry.
The (Pk™) salt of each complex was used for nitrile solvents,
whereas the (C)) salt was used for the alcohols.

I1l. Results and Discussion

This part of the paper is divided into four sections. In section

Measurements performed in different solvents provide an o we present steady-state spectroscopic data on [Ru¢pzl™
indication as to the nature of the dark state. They suggest thatj, ethanol (EtOH) at and below 298 K. Section B examines the

it has a greater degree of charge-transfer character than the brighfg

mperature dependence of the luminescence lifetime in fluid

state. On this basis, we assign it to an MLCT state in which the goytion. These experiments reveal the presence of a tempera-
electron is Iocah.z'ed' more on the phz portion of the dppz ligand. ture-dependent equilibrium between a bright state (B) and a dark
Thus, the equilibrium corresponds to the transfer of the giate (D). Both the high-temperature transients and the steady-
photoexcited electron between the inner and outer portions of g4 spectra at room temperature and in the low-temperature
the dppz ligand. Qualitatively speakipg_, our model describes glass show that the bright state in [Ru(bgippzE" is photo-
the [Ru(bpy)dppzF" complex as consisting of a [Ru(bpl"™  physically similar to théMLCT state in [Ru(bpyj2*. Section
core and a phz charge-acceptor. _ C extends the temperature dependence studies to other alcohol
This paper expands upon our previous work in two ways. solvents and reveals that the luminescence properties correlate
We examine the luminescent properties of [Ru(bgpzF* with the solvent polarity, suggesting that the dark state has
in a series of linear alcohols. As observed in nitrile solvents, sjgnificant charge-transfer character. Finally, section D examines
the photophysics in alcohols also appears to be governed by ane chemically modified compound [Ru(bpstppxP+, demon-

excited-state equilibrium. Experiments performed in a range of strating that the equilibrium energetics can be tuned through
solvents (protic and aprotic) suggest that several properties:hemical substitution.

connected with the dark state correlate with the degree of solvent
polarity. In particular, increasing the solvent polarity preferen-
tially stabilizes the dark-state energy and increases the rate o
nonradiative relaxation, the latter being consistent with observa-
:fgzé?vi?ﬁ 3?;:\2 gtrrﬁ):gt?::g(t:r? :tlgrljge%?&l;p%or:;egﬁocnomgtion that correspond to the electron being Io_callzed separate_ly on
the bpy and phz fragments of the dppz ligand and the third is

Contrast t  recent theoretical caloulation that the dark sats i 07 ved. igand-centeretizr state. n protic slverts, both
the 3zr* and MLCT states have been observed in the[Re-

. ] . 19 . :
a ligand-centered#hr* state!® We also examine a complex with (dppz)(COX(C)] complex!® The state ordering in that complex

) . . ) N

a chemically rr_u_)dlﬂed dppz ligand, L€ [Ru(b@gm)px]z_ ' depends on the rigidity of the solvent, with the emisSM&CT

where the addition of electron-donating methyl substituents . . . . . :
state being lowest in fluid solutions and ther* state being

destabilizes ther* orbit{als and_pu_she_s the p_hz state higher in lowest in low-temperature glasses. The origin of this emission
energy. The effect of this substitution is clear in the experimental behavior is easily explained. In rig.id environments (e.g., a 77
data. This eqwhpnum description of th(_a light-switch mephanlsm K glass), the solvent is frozén in a configuration app.r(;priate
accounts for a wide range of observations across multiple dppz-for the ground electronic state, and fher* state is lowest in

containing Ru(ll) compounds in a series of solvents with energy. The state ordering is reversed in fluid solution, where
differing chemical character and polarity. the solvent reorganizes to stabilize #\NLCT state below the
Sz state. Our observations indicate that, unlike{Re(dppz)-
(COX(Cl)], the luminescence in [Ru(bpyppzft originates

The time-resolved emission experiments were conducted by from an MLCT state, both in fluid solution and in the low-
time-correlated single photon counting (TCSPC). Briefly, the temperature glass.
846-nm output from a mode-locked Ti:sapphire oscillator  The basis for this conclusion comes from the steady-state
(Spectra Physics Tsunami) is frequency doubled in a BBO emission properties, which are remarkably similar for [Ru-
crystal to produce-1-ps pulses at 423 nm with a pulse energy (bpy)]?" and [Ru(bpylddppzF', especially given the significant

A. [Ru(bpy).dppz]?" Steady-State Spectroscopylhere are

fat least three low-lying electronic states in [Ru(bpppzf*
that have been postulated to play a role in determining its
excited-state photophysical properties. Two @k.CT states

Il. Experimental Description
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Figure 3. Steady-state emission spectra of [Ru(kgdgpzft (—) in

ethanol (EtOH) are shown for 77, 220, 250, and 298 K. A spectrum of *®eee®e . B
[Ru(bpy)]?" (— — —) in EtOH at 77 K is also displayed for comparison. L [Ru(bpy)s* .

Intensity (arb. units)
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differences in the chemical structures of the two complexes.
Displayed in Figure 3 are emission spectra of [Ru(bgypzF*

and [Ru(bpyj]?t in EtOH. [Ru(bpy}]?" and [Ru(bpy)dppzF*
exhibit emission spectra with similar shapes and positions at
both 77 and 298 K. At 298 K, they have broad, structureless
emission bands that peak at 610 nm, consistent with the asser-
tion that both compounds afMLCT emitters at room tem-
perature. At 77 K, both emission bands are blue shifted to 580
nm, show vibronic structure, and exhibit similar luminescence
lifetimes (5.1 and 4.8s for [Ru(bpy}]?* and [Ru(bpyidppzF",
respectively). These observations indicate that the emission at

. I Figure 4. (A) Decay in luminescence intensity at 610 nm for [Ru-
* 3 *
.77 K does not originate from &uz* state, fqr T EMISSIon (bpy)dppzF* in EtOH at three different temperatures. Excitation was
in dppz complexes occurs near 540 nm with a lifetime on the 5453 hm_'(B) Compilation of luminescence lifetimes as a function of
order of tens of microseconds. Instead, our data indicate thattemperature for [Ru(bpylppzE* (O) and [Ru(bpyl]?* (®) in EtOH.

emission in [Ru(bpydppzF' is from a3MLCT state that is The solid line through the [Ru(bpyppzF+ data is the result of a fit
photophysically similar to the [Ru(bpy¥* 3MLCT state, even  to the equilibrium model described in the text.
in the low-temperature glass, and that ther* state does not
play a significant role. manifold. Observation of a shift of the emission band in [Ru-
As the temperature is decreased from room temperature, the(bpy)dppzP™ might suggest that, like [Ru(bpyf¥*, the bright
intensity of the [Ru(bpydppzP* emission band drops and State is composed of a set of low-lying triplet states. This would
continues to do so as long as the solvent remains fluid. This be another indicator of its photophysical similarity with the [Ru-
drop in emission intensity is the result of an excited-state (bpy)]?" MLCT state. We note, however, that this explanation
equilibrium between tw8MLCT states: an entropically favored ~ cannot account for the substantially larger shifts{46 nm)
bright state (B) localized on the bpy-fragment of the dppz ligand recently reporte¥ for [Ru(phen)dppzP*™ in more viscous
and an enthalpically favoredark state (D) localized primarily solvents (e.g., glycerol), thereby suggesting that (at least in some
on the phz fragment. As the temperature is lowered, the entropiccases) multiple factors could contribute to the spectral shift. The
contribution to the free energy is diminished, and as a observations made in partially frozen environments notwith-
consequence, the population shifts from the bright state into standing, the steady-state emission spectra observed in fluid
the enthalpically favored dark state, and the emission intensity Solvents suggest that the luminescent state in [Rugbppef+
drops. Upon further cooling to 77 K, [Ru(bpdppzf* becomes is photophysically similar to that in [Ru(bpy¥'.
brightly luminescent. This reemergence of the emission stems B. Temperature Dependence of the Luminescence Life-
from the rigid environment. In a 77 K glass, the solvent time. The presence of an excited-state equilibrium between two
surrounding [Ru(bpyippzFt is frozen in a configuration MLCT states is evident from the temperature dependence of
appropriate for the ground electronic state and is unable to the emission. The luminescence decay for [Ru(bgypzF+ in
reorganize structurally to solvate the charge-transfer state. INnEtOH is displayed at three different temperatures in Figure 4A.
the absence of this energetic stabilization, the bright state, with Just as was observed in the nitriles, the [Ru(bgpepzP*
its smaller excited-state dipole, is energetically favored. Becauseemission decay obeys a single exponential; the fast component
of these rigidity effects, we have chosen to focus on temperaturespresent in the data originates from a solvent impurity. The
for which the solvent is clearly a fluid. longest decay time is observed at the intermediate temperature
In fluid solution, there is no significant change in the band (300 K), and at both higher and lower temperatures, the excited-
shape of the emission spectrum with decreasing temperaturestate lifetime decreases.
however, there does appear to be a slight red skt iim) in We have made similar measurements at a series of temper-
the emission maximum at lower temperatures. Red shifts of this atures, and the resulting lifetimes are displayed in Figure 4B.
magnitude have been observed in the emission spectra of [Ru-The experiments discussed in this section focus on the photo-
(bpy)]?™ upon sample cooling for temperatures above the physics in the absence of rigid media effects, and thus, they
glass-fluid transitior?? and are attributed to the redistribution are conducted at temperatures for which the solvent is afhuid.
of population among the low-lying MLCT states in the triplet Cooling the sample from 330 to 300 K increases the emission
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lifetime, as expected for most Ru(ll) complexes. However, just 0.8

as in nitrile solventd! an unexpected rollover in the excited- [Ru(bpy),dppz]* o A
state lifetime is observed at 300 K, and by 180 K, the lifetime /9 ?

of [Ru(bpyydppzP+ shortens to 40 ns. Although the details 06 proH  F \

differ, this general form of temperature dependence has been o “Q

observed in all solvents (alcohols and nitriles) studied to date.
Onfelt et all* observed a similar trend in the temperature
dependence of the [Ru(phetppzF* lifetimes in glycerol. Their
data however also showed a time-dependent shift of the emission
spectrum to the red that is not apparent in our dafmssibly

due to the faster solvent reorganization time for EtOH compared
to glycerol. To describe the origin of the temperature-dependent
behavior in [Ru(bpy)dppzF", we must first understand the
effect of temperature on [Ru(bp§j™.

Luminescence Lifetime (us)

1.00
The temperature-dependent excited-state lifetimes of [Ru- [Ru(dppz)s]2* B

(bpy)]?" in EtOH are shown for comparison in Figure 4B. The e

lifetime of [Ru(bpy}]?" increases as the sample is cooled over 0.75 |

the entire temperature range studied here. This temperature PrOH ¢ ®

dependence is well understood and arises from two different \

sourceg> 33 One is metal-centered dd states situated 3000 050 8 R

3500 cn1t above theMLCT manifold. These states provide a -0’ PR

rapid nonradiative decay pathway to the ground state when A ‘&o

thermally populated and, therefore, are involved primarily at 0251 EtOH“,"G ° L

elevated temperatures. At low temperatures, where the dd states e_g'“ MeOH .—"?‘ﬂ

are thermally inaccessible, the observed lifetime is influenced 0.00 g ao-o o oo S0

by population redistribution among the manifold of low-energy ' 200 250 300 350

SMLCT states. As temperature decreases, the population shifts

toward the lowest-enerdLCT, which has the highest degree

of(;r.lp;k.aé cparalcte(rjantd the slo(\j/vesl,t.radlanve reI?;](atlon r?tz. 'I:[h|ts EtOH. and MeOH for (A) [Ru(bpyippzE" and (B) [Ru(dppzy?".

redistribution leads 1o a gradual Increase in the excited-stalepg g4 jine drawn through the EtOH data is from eqs 1 and 2; the

lifetime as the temperature is decreased. Therefore, at both highgashed lines are included merely to guide the eye.

and low temperatures, the lifetime of [Ru(bglf) increases as o

the temperature is decreased. These observations are typical dfinetic scheme accounts for the general features of the data.

a large number of polypyridyl Ru(ll) compoungfs32.34.35 This will provide a framework from which we can predict how
At high temperatures, the emission lifetimes of [Ru- alterations of different system properties affect the observed

(bpy)dppzE" are nearly identical to those of [Ru(bgld'; signals. _ o

however, at temperatures below 300 K, these lifetimes decrease, !f the bright and dark states are in constant equilibrium, then
whereas those for [Ru(bpy}* increase. [This rollover in the. observed lifetime (kf,9 can be written as a popglatlon-
lifetimes is also observed in nitriles (i.e., aprotic solvents), Weighted average of the decay rates of the two excited states
although the maximum lifetime in that case is observed at a _

slightly lower temperature.] We attribute this lifetime rollover Kons = Pl + koM + pokp @
behavior to an excited-state equilibrium between a bright state

EE) andtatlovv_er_ﬁnetr@t/ (;a_rk ;Fate (Dz)' A diagram representing dark states, respectively, akglandkp are their relaxation rates
ese states Is rllustrated in Figure 2. back to the ground state. The rate constant for deactivation via

The high-temperature data provide insight into the physical the dd state i&q. The relative populations can be expressed in
nature of the bright state (B). In particular, the similarity in the terms of the B= D equilibrium constant

lifetimes observed at high temperatures for these two compounds

suggests that the bright state in [Ru(bplgpzf™ and the ©p AG° AH° — TAS

3MLCT state in [Ru(bpy)]>* are photophysically similar. Keg="-= F(_ KT ) - exp(— KT @

Although the simplest interpretation of this statement puts the

bright state on one of the two bpy ligands in the [Ru- \whereAH® andAS’ are the enthalpy and entropy changes for

(bpy)xdppzF™ complex, this is not the case. If it were, then the B—= D process.

qualitatively different photophysical behavior would be expected  The similarity between the [Ru(bpgppzP™ and [Ru-

for [Ru(bpykdppzF* than for [Ru(dppz)>*, which has no bpy  (bpy)]2+ photophysics indicates that, at high temperatures, there

ligands and hence cannot support such an equilibrium. Thejs a complete shift in the excited-state population toward the

lifetimes measured for the [Ru(dpg®" complex also exhibit higher-energy bright state, i.eps > pp. This leads to a

this rollover behavior at low temperatures (Figure 5B), sug- definitive assignment regarding the relative entropies of the two

gesting that the bright state is confined to the bpy fragment of states. A complete shift in population cannot occun® is

the dppz ligand and is not just simply localized on one of the positive because the population in the dark state would then

two ancillary bpy ligands. always be larger than the population in the bright state @e.,
We have modeled [Ru(bpdppzE' using the kinetic scheme > pg); therefore AS® must be negative. A more ordered solvent

depicted in Figure 2. Our goal is not to extract exact values for configuration surrounding the dark-state charge distribution is

the various rate constantthere are too many unknowns, and consistent with the solvent interacting with a larger dipole. Thus,

the model is too simptebut rather to demonstrate that this whereas the dark state is enthalpically preferred (and favored

Temperature (K)
Figure 5. Excited-state lifetimes as a function of temperature in PrOH,

wherepg and pp are the relative populations in the bright and
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at low temperatures), the bright state is entropically favored (and 330
dominant at high temperatures).
The temperature dependence in the lifetimes of [Ru- 315 | MeOH
(bpy)dppzE" is the result of a competition between enthalpic
(AH°) and entropic £ TAS’) contributions to the total free 300 b EtOH CH,.CN
energy. At low temperatures, the population is shifted toward %
the dark state, and relaxation back to the ground state is rapid. = PrOH
As the temperature is increased, the entropic contribution begins 285 |- FIORS C
to dominate, the population shifts toward the higher-energy PrcN
bright state, and the photophysics shifts to mimic that of [Ru- 270
(bpy)]?*. BuCN
We have used eqgs 1 and 2 to model our data numerically. In 255 L L . L L L
this analysis, the relaxation ratds, andkp, are approximated 18 21 24 27 30 33 36 39
to be temperature-independent, dgagis written using the usual Dielectric Strength (debye)
Arrhenius type expression, that lgg(T) = A exp(—AEqd/KT). Figure 6. Temperature of maximum emission lifetim@ ) of
The values forA and AEq4q were obtained from [Ru(bpy]?™ [Ru(bpykdppzF+ as a function of solvent dielectric streng#).(Both

data to be 5.1x 10'2 s~ and 3200 cm?, respectively; both the alcohol and nitrile series are included. The correlation of dielectric
agree well with values measured by other grotf8.31.3436 strength withTnax suggests that the dark state has charge-separated

The solid line in Figure 5 corresponds to the lifetimes calculated character, notzz
using eqgs 1 and 2 witihH® = —2380 cntl, AS* = —9.92
cm YK, ks = (1740 ns)?!, andkp = (40 ns)L. A nonlinear
least-squares fit of the luminescence data is not possible becaus
of a high correlation among several of the parameters. This

correlation arises partially because of the limited temperature however, we estimate using egs 1 and 2 that the maximum

range over which the measurements can be performed with thewould appear at about 350 K. The similar temperature depen-

sample remaining as a fluid. Nevertheless, the kinetic SChemedence seen between [Ru(b@sz* and [Ru(dppzj>* sup-

r_eproduces the general form of the temperature-dependentports the notion that the excited-state population is shared

lifetimes. ~ between fragments of dppz and not between separate ligands.
The dark state appears to share some common features Witheor g given solventTmax for [Ru(dppz}]?* is shifted to a lower

the charge-separated state observed in Ru(ll)-acceptor systemgemperature compared Taax for [Ru(bpydppzF*. The origin

In particular, itis interesting to note that relaxation to the ground of this difference is unclear, but it could be a difference in the

state from the dark state is significantly faster than it is from packing of the solvent around the two chromophores.

the bright state. This might seem counterintuitive given that, in * The temperature of the maximum lifetiniB.,) is displayed

the dark state, the photoexcited electron is farther away from a5 5 function of the solvent dielectric strength for [Ru-

the metal center than it is in the bright state. However, it is (bpy)dppzE* in both the nitriles and alcohols in Figure 6. There
consistent with the back-electron-transfer times observed injs 3 clear correlation betweehay and the solvent dielectric
a number of Ru(ll)-based charge-separated states. Photoexcizonstant within each individual solvent series. The increase in
tation of Ru(ll) compounds with ligand bound acceptors can T, . with increasing solvent polarity is consistent with a greater
lead to the formation of a charge-separated state, i.e [Ru stabilization of the dark state in more polar solvents. If the
(L)3**+(Ae)]?*. The back electron-transfer times for a number  charge distribution in the dark state is located primarily on the
of dyads of this type have been measured to be in the phz portion of the ligand (as was stated in section B), then it
subnanoseconcegime, which are far faster than the electron  j|| have a greater dipole moment than the bright state. Dark-
hole recombination times observed from thdLCT excited state stabilization could increa3gax in two ways. When the
state of [Ru(LY]** (~1us)"~% Schanze and co-workéPhiave  gark state is stabilized relative to the bright state, the larger
pOStu|ated that this fast back electron transfer is facilitated by energy gap (i_e_, more negatim-io) pushes the temperature
a rapid triplet — singlet spin conversion process in the gat which the entropic term overcomes the enthalpic term to a
[Ru* (L)a++(Ae)"]** charge-separated state. Regardless of the pigher value. Stabilization of the dark state would also decrease
mechanism, the presence of a fast back electron transfer appearg,e energy gap between it and the ground state. On the basis of
to be a typical feature of the charge-separated systems. Athe energy gap law, one would then expect that this should
relaxation ratelp) that is higher than that SMLCT state decay  increasethe rate of nonradiative decay from the dark stéi, (
but lower than that of back electron transfer in Ru(ll)-acceptor which, in turn, would shifffmaxto higher temperatures. We do,
systems suggests that the dark state of [Ru@oippzf* can in fact, observe largetp values in the more polar solvents. As
be viewed as an intermediate point along a continuum that seen in Figure 5, the lifetime at low temperature, which provides
bridges states that are truly molecular in nature (e.gVIleCT a direct measure ofkg)~%, decreases from MeOH to PrOH.
state) on one end and fully charge-separated (e.g.” [RU Thus, the correlation oTmax andkp with the solvent polarity
(L)s**+(A)7]*") on the other. indicates that there is a greater degree of charge separation in
C. Solvent Tuning of the Equilibrium Energetics. We have the dark state, suggesting that the dark state has charge-separated
examined the temperature dependence of the emission lifetimesharacter and is not a ligand-centered* state.
for [Ru(bpyydppzF+ and [Ru(dppz)?" in both linear alcohols The alcohol and nitrile series separate into two groups, with
and linear nitriles’ Displayed in Figure 5 are the luminescence the nitriles having their maximum lifetimes at lower tempera-
lifetimes for [Ru(bpy)dppzF+ and [Ru(dppz)?" in 1-propanol tures. The difference between the two series most likely stems
(PrOH), EtOH, and methanol (MeOH). For both complexes, from the ability of the alcohols to hydrogen bond to phz
the temperature corresponding to the maximum lifetimgy nitrogens, which would further stabilize the dark state more than
continuously shifts toward higher temperatures as the solventelectrostatic solvation alone.

polarity is increased. For [Ru(bpgppzE", Tmaxincreases from
PrOH (280 K) to EtOH (300 K). A rollover does not appear in
the MeOH data probably because the solvent boils before the
shift in excited-state population to the bright state occurs;
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Figure 7. (A) Compilation of luminescence lifetimes as a function of Temperature (K)

+ 2+ i
temperature for [Ru(bpylippxF* (O) and [Ru(bpyj|*" (@) in EtOH. Figure 8. Excited-state lifetimes as a function of temperature in PrOH,

(B) Luminescence lifetimes as a function of temperature for [Ru- EtOH, and MeOH for (A) [Ru(b " ot
. g : pyHppxF* and (B) [Ru(dppxjl**.

(bpy)dppxF* (O) and [Ru(bpyj|*" (@) in butyronitrile (BUCN). The 10 jashed lines are included to guide the eye.

dashed lines are included to guide the eye.

they behave quite differently. Figure 7B shows the temperature-
dependent emission lifetimes of [Ru(bpyppxF+ and [Ru-
(bpy)s]?t in butyronitrile. Unlike in alcohols, [Ru(bpyippxF™
does not show the rollover at low temperature. The monotonic

D. Altering the Equilibrium Energetics via Chemical
Modification. We performed similar experiments on a complex
(Figure 1) with a chemically modified dppz ligand, [Ru-

bpyxdppxF*. Figure 7A shows the temperature-dependent
I(ifgt)i/r);ezpo]fz [Ru(%py)dppx]z+ in EtOH. Bgtween 2760 and temperature dependence for [Ru(lbalgpxP ™ suggests that the

330 K, [Ru(bpy)]?* and [Ru(bpy)dppxP* exhibit similar excited-state population remains in the bright state throughqut
luminescence. The shared photophysical behavior at highth's temperature range. Perhaps the absence of a roIIove_r arises
temperatures suggests that the same excited-state dynamic@ecause the energy gap has been decreased such that it can be
are responsible for the observed emission in both molec- OV€rcome even at very low temperatures. It is also possible
ules. This also indicates that the additional methyl groups that the methyl groups have raised the energy of the phz state
do not affect the energy of the bpy state dramatically. The higher than that of the bpy statg. Inverting the state order would
decrease in lifetime below 270 K for [Ru(bpdppxB" is make the bright state _en_thalplcal_ly favored. As a result, t_he
evidence that the same general photophysical model can be use@©Pulation would remain in the bright state, and photophysics
to describe both the substituted and unsubstituted moleculesSimilar to that of [Ru(bpyj?* would be observed at all
However, there are some minor differences. The maximum t€mperatures.
lifetime for [Ru(bpyxdppXxF" occurs at a colder temperature
than that of [Ru(bpydppzF*, which is indicative of a smaller V. Conclusions
energy gap between bright and dark states. Because the bright- ) ) )
state energy remains the same upon addition of the methyl The temperature-dependent light-switch behavior observed
groups, the energy gap must become smaller by raising thein Ru(ll)-dppz complexes results from a dynamic equilibrium
energy of the dark state. This is consistent with the expectation Petween two MLCT states associated with the dppz ligand. One
that the electron-donating substituents would raise the energyiS @ bright state with a ligand orbital similar in size to that
of the zzzr* orbital on the phz portion of the dppx ligand. associated with th#MLCT state of [Ru(bpy]>*, and the other
The luminescence lifetimes for both the [Ru(bgippxR+ moiety is a dark phz-like state. The light-switch mechanism
and [Ru(dppx)]2* complexes in the other alcohols (MeOH and ~ Stems from a competition between energetic factors that favor
PrOH) exhibit the same general trends as their unsubstitutedthe dark (phz) state and entropic factors that favor the bright
analogues (Figure 8). Once again, this points to an excited- (Ppy) state.
state equilibrium involving a bright state localized on the bpy
fragment of the dppx ligand and not on one of the ancillary  Acknowledgment. Funding for this project was provided
bpy ligands. by the National Science Foundation (CHE-0301266) and Los
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