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Femtosecond Dynamics of Excited-State 
Evolution in [Ru(bpy),I2+ 

Niels H. Damrauer, Giulio Cerullo,* Alvin Yeh, 
Thomas R. Boussie, Charles V. Shank, James K. McCusker? 

Time-resolved absorption spectroscopy on the femtosecond time scale has been used 
to monitor the earliest events associated with excited-state relaxation in tris-(2,2'-bi- 
pyridine)ruthenium(lI). The data reveal dynamics associated with the temporal evolution 
of the Franck-Condon state to the lowest energy excited state of this molecule. The 
process is essentially complete in -300 femtoseconds after the initial excitation. This 
result is discussed with regard to reformulating long-held notions about excited-state 
relaxation, as well as its implication for the importance of non-equilibrium excited-state 
processes in understanding and designing molecular-based electron transfer, artificial 
photosynthetic, and photovoltaic assemblies in which compounds of this class are 
currently playing a key role. 

M a n y  of the photochemical and photo- 
physical properties of molecules depend 
upon the kinetics of excited-state processes 
that occur after the absorption of a photon. 
Therefore, it is important to understand 
how excited states behave as a fu~lction of 
time. The conventional view of this tem- 
poral evolution holds that photoreactivity 
is largely dictated by the characteristics of 
the lo~vest energy excited state of a mole- 
cule. Thus, higher energy excited states are 
presumed to convert to this lowest energy 
state and in so donlg are removed from any 
functional role in photochemical and pho- 
tophysical transformations. Femtosecond 
time-resolved spectroscopy (1 ) has resulted 
in experimelltal observations that call into 
question the validity of this model; striking 
examples include the 200-is cis-to-mans 
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isomerizatioll of rhodopsin (Z), rapid pho- 
todissociation of C O  from myog1ohi11-CO 
( 3 ) ,  and ultrafast electron injection into 
dye-sensitized se~niconductor electrodes 
(4). These cases among others reveal a pat- 
tern of photoreactivity arising from non- 
thermalized excited states in which struc- 
tural rearrangement and electron transfer 
can kinetically compete with processes such 
as intramolecular vibrational relaxation 
(IVR), internal conversion (IC),  and inter- 
system crossing (ISC). 

The inference that nonequilibrated ex- 
cited states can play a chemically signifi- 
cant role in photoinduced transformatio~ls 
could have important consequences in a 
variety of areas ranging from design princi- 
ples for electron-transfer assemblies and 
photochemical energy storage devices to 
the formulation of new theoretical models 
for molecular-based energy conversion and 
excited-state relaxation dynamics. Al- 
though much of the work in the ultrafast 
dynamics community has concentrated on 
either small molecules or biological systems, 
our research focuses on transition metal 
compounds (5, 6).  Considerable effort is 
being expended in many laboratories to in- 
corporate such complexes into schemes for 
artificial photosynthesis (7), photocatalysis 

(8), and the development of molecular- 
based photo\~oltaic and onto-electronic de- 
vices (9). I11 addition, the importance of 
ISC and IC processes in the photoinduced 
properties of metal-co~~taining complexes 
makes such systems of interest for ultrafast 
dynamical studies of their excited-state be- 
havior (1C). We have obtained results that 
are not consistent with conventional mod- 
els for descrihing photoinduced dynamics in 
transition metal complexes, suggesting the 
need to reevaluate currently accepted views 
of their excited-state behavior. 

Tris-(2,2'-hipyr1di11e)r~1the11i~11n(II), or 
[Ru(bpy),12-, 

is re~resentative of a class of molecules that 
has played a central role in the develop- 
ment of inorganic photophysics in addition 
to providing the underpinning for the last 
two decades of research on transition met- 
al-based photosensitization, charge separa- 
tion, and photoinduced electron transfer 
chem~stry (1 1).  We have therefore chosen 
it as a prototype for our study of the ultrafast 
dynamics of metal complexes. The strong 
visible ahsor~t ion characteristic of this mol- 
ecule (Fig. l )  can be described as a metal- 
to-ligand charge transfer ('L4LCT +- 'Al) ,  
in which an electron located in a metal- 
based d-orbital is transferred to a T;': orbital 
of one of the bpy ligands (hv, photon ener- 
gy) (12). The excited-state species that is 
eventually 

[~u"(bpy)~]"" . [~u ' " (b~-  ) ( h P y ) 2 ] ' ~  

formed (a ,ivlLCT state) is \yell known to 
engage in both oxidative and reductive 
chemistry (1 1).  This capability, coupled 
with its relatively long lifetime in fluid so- 
lution ( T  - 1 ps),  near unity quantum yield 
of formation (13), the high visible absorp- 
tive cross section of the ground state, and 
the overall photochemical stability of this 
molecule and its derivatives makes them 
amenable to a wide variety of applications 
(14, IS). W e  have used fe~ntosecond ab- 
sorption spectroscopy to time resolve the 
formation of the 'MLCT state in 
[ R ~ l ( b p y ) ~ ] ~ '  (16) and have observed the 
initial e~~olu t ion  of the Franck-Condon 
state. 

The laser system used has been described 
in detail elsewhere 1 1  7. 18). Excited-state 
difference spectra at various time delays At 
(Fig. 2 )  show that spectral changes in the 
450- to 490-nm range are quite dramatic: A 
bleach begins to evolve at h = 470 nm near 



At = 0 fs and grows substantially in intensity 
by At = 50 fs along with what appears to be 
a weak excited-state absorption at higher 
energy. The transient exhibits both a marked 
blue shift and changes in its spectral profile 
in all of the early time data until At - 300 fs, 
after which most of this spectral shifting 
appears to have ceased. Single-wavelength 
kinetics traces, which were obtained by pass- 
ing the probe beam through a monochroma- 
tor after the sample, likewise show the 
growth of a bleach signal in the 450- to 
490-nm region for the first 200 to 300 fs as 
well as a very weak excited-state absorption 
for A > 500 nm. These changes at early 
times are complete at all wavelengths for 
At > 300 fs, consistent with the spectral 
traces illustrated in Fig. 2. Given that the 
lifetime of the 3MLCT state under these 
experimental conditions is on the order of 1 
p, the most critical aspect of the femtosec- 
ond difference spectra with regard to the 
formation of the 3MLCT state is the point at 
which the spectra stop changing. The data 
show that this occurs by -300 fs after the 
initial excitation: There is no evidence of 
any additional significant changes in the 
absorptive properties of the molecule in the 
spectra collected from At = 300 fs to 5 ps. 

We verified that the spectrum estab- 
lished by At = 300 fs corresponds to that of 
the 3MLCT state by obtaining nanosecond 
time-resolved data. The details of the laser 
spectrometer used to collect these data will 
be published elsewhere (19). The excited- 
state-ground-state absorption difference 
spectrum for [ R u ( ~ ~ ~ ) ~ ] ~ +  in CH3CN ob- 
tained from this experiment is illustrated in 
Fig. 3A. Excited-state-ground-state isos- 
bestic points (that is, the change in absor- 
bance AA = 0) present at 400 and 500 nm 
and the strong bleach in the 400- to 500-nm 
range are characteristic of the thermalized 
3MLCT state (20). An overlay of the differ- 
ence spectra collected at At = 500 fs and 5 
ps with the nanosecond data collected on 
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Fig. 1. Electronic absorption spectrum of 
[Ru(bpy)J(PF& in CH,CN solution at 298 K. 

[ R u ( ~ ~ ~ ) ~ ] ~ +  in the region from 440 to 520 
nm (Fig. 3B) shows that the three spectra are 
essentially superimposable within the noise 
level of the femtosecond data; the mismatch 
in the spectra at A < 450 nm is likely 
because of the decreased sienal-to-noise ratio " 
in this region for the femtosecond data (see 
caption to Fig. 2). The comparison in Fig. 3B 
in conjunction with the data presented in 
Fig. 2 provides strong evidence that the ex- 
cited state probed on the nanosecond time 
scale and at At > 300 fs are the same. 
Unfortunately, the weak nature of the excit- 
ed-state absorption for A > 500 nm makes it 
difficult to observe the isosbestic cleanly in 

Fig. 2. Femtosecond time-resolved 
excited-state-ground-state absorption 
difference spectra for [Ru(bpy)J(PFd, 
in CH3CN solution at 298 K (7  7). The 
probe pulse gave adequate intensity 
for probing in the 450- to 530-nm 
range; below 450 nm, the relative am- 
plitude of the signal dropped due to 
the vanishing intensity of the probe 
pulse in this region and the strong 
ground-state absorbance of the Sam- 
ple. The resulting poor signal-to-noise 
ratio resulted in some uncertainty in 
the baseline correction and hence the 
amplitude of the differential absorption 
in this portion of the spectrum. The 
orientation of the probe beam was set 
at the magic angle (-559 relative to 
the parallel pump beam to minimize 
polarization effects. Detection was ac- 
complished with an optical multichan- 
nel analyzer (OMA), and wavelength 
calibration was verified with a HeNe 
laser. The time delavs were effected 

the femtosecond transient spectra, but the 
single-wavelength traces verify its presence. 
This result provides additional support for 
our assignment, as we consider it extremely 
unlikely that additional states would have an 
isosbestic point coincident with the 'Al/ 
3MLCT isosbestic of [ R U ( ~ ~ ~ ) , ] ~ +  and show 
the same absorption profile. All of the kinet- 
ic and spectroscopic data are therefore con- 
sistent with the system being essentially es- 
tablished in the 3MLCT state in -300 fs, 
implying a half-life for the formation of this 
state on the order of 100 fs. 

The complex evolution of the spectra 
between At = 0 and 300 fs evident from the 

5- ofs 

440 450 460 470 480 490 500 510 520 530 
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with an optical delay line. The position of At = 0, defined as the maximum of the pump-probe cross 
correlation, was checked both before and after each full scan, and in no case was the drift over the couise 
of the experiment greater than -5 fs. The dotted line in each spectrum corresponds to AA = 0, and the 
inset numbers indicate probe beam delay times from At = 0. The data were smoothed with a gaussian 
smoothing function with a bandwidth of 2 nm; a somewhat broader filter was applied to the data between 
470 and 480 nm to compensate for an artifact associated with the OMA. 

Fig. 3. (A). Excited-state- 3 
ground-state absorption 5 
difference spectrum of B 
[Ru(bpy)J(PF,J, in CH3CN 1 
following nanosecond exci- 
tation at 475 nm. The spec- ' 
trum was obtained point- % 
by-point by plotting the am- 
plitude from a single-expo- P 
nential fit of the excited- 2 
state relaxation data as a 
function of probe wave- & - Diierence specbum (M) 

-0.06 length. The absorptive fea- 5 b 4 k  4io 440460 4io &I 5do 40 440 4 j0  460 4 0  5 k  51; 520 
ture in the ultraviolet (A,, 0 Wavelength (nm) 
= 370 nm) is due to ligand- 
based transitions of the bpy- chromophore. The bleach in the region from -400 to 500 nm is a 
superposition of absorptions associated with the 3MLCT state and loss of the strong ground state 
IMLCT + 'A, absorption. Extremely weak absorptive features for X > 500 nm are due either to bpy- 
transitions or LMCT transitions of the Ru"' excited-state chromophore. (B) Overlay of the spectrum of 
[Ru(bpy)J2+ obtained at At = 500 fs and 5 ps after femtosecond excitation with the absorption 
difference spectrum of the compound after nanosecond excitation. 
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data in Fic. 2 indicate that there are drnam- - 
ic processes occurring prior to the establish- 
ment of the long-lived excited state. T h e  
shift of the  transient tracks the  formation 
anil thermalization (2  1 ) of the  long-lived 
excited state. T h e  overall soectral evolution 
of the signal is somewhat difficult to inter- 
Dret in t e r m  of molecular dynamics because 
it represents a superposition of both ground- 
state depletion and excited-state absorption 
or absorptions. Although 1%-e anticipate that 
the ground-state bleach will be instanta- 
neous, excited-state features and hence the  
superposlt~on spectrum w ~ l l  exoll-e as the  
molecule relaxes. T h e  undulations that are 
apparent superimposed o n  the  bleach slgnal 
and a t  shorter wavelengths do  not  appear in 
the solvent hlank and therefore  nus st he due 
to  the  sample. A t  present, we are uncertain 
as to  the  origin of these features. In  terms of 
solvent contributions to the  overall relax- 
ation process, Fleming and co-xvorkers (22) 
among others (23) have descrilxd the ultra- 
fast molecular dynamics of CH,CN in detail 
and showeil that the  inertial contribution to  
the  soil-ent response of CH,CN occurs o n  
the  100-fs time scale. Therefore, given the  
time scale o n  which our spectra are cha~ lg -  
ing and that the charge-transfer transition 
results in the formation of a n  excited state 
with a large ilipole (24),  solvent itynamics 
are likely hal ing a profound influence o n  
the  intramolecular excited-state dynamics 
and, consequently, the spectral features at 
earlv times. In addition, IVR is undo~tbtedlv 
occurring concurrent ~ v i t h  solvent reorgani- 
zation and ISC and may be contrihut~ng to 
changes in  spectral profiles as \yell. 

Although the  details pertaining to the  
carliest time scale resnonse in this system 
are not  yet completely understood, the  
overall time scale for the  formation of the  
'hlLCT state has important implications for 
understanding the  photoinduced dynamics 
of these types of systems. T h e  first of these 
relates to  the  111odels n.hich have bee11 Je-  
veloped for describing excited-state relax- 
ation (5, 6 ) .  It is tacitly assumed that the  
fastest process occurring in the  course of 
excited-state relaxation is IVR, then IC,  
the11 finally ISC: the  rate constants for 
intramolecular relaxation are therefore or- 
dered as kI,,, >> icIc >> k,,,. This antici- 
pated trend is largely based upon the  spin- 
allo\ved nature of I C  versus the  spin-forbid- 
den ISC, as \?:ell as the  expectation that the  
surface-to-surface crossings characteristic of 
both I C  and ISC will be slower than single- 
surface processes such as IVR. T h e  net re- 
sult is a model that invokes a kind of relax- 
ation cascade through the  various excited 
electronic states of the  system, rvith the  
excitation rial-e packet sampling the  \ x i -  
ous potential energy surfaces that lie be- 
t\veen the  Franck-Condon state and the  

lowest enerov exclted state of the  molecule. &. , 
However, the rapid formation of the 

'LtLCT state after 'MLCT + 'A, excitation 
appears to necessitate motion of the nave 
packet a\yay from the  Franck-Condon region 
directly to a region of overlap between the 
initial 'hfLCT and final 'LlLCT states; the 
observeil time scale dictates that this likely 
occurs without significant ex-olution on the 
initial surface. W e  therefore suggest that the 
results of our femtosecond measurements on 
[ R ~ ( h p y ) ~ ] ' -  preclude the  possibility of 
there being any well-defined establishment - ,  

of the  nave packet o n  any potential energy 
surface other than the lowest energy 'hlLCT 
state in the course of excited-state relax- 
ation. Further support of this notion may 
come from the absence of l.ibrationa1 coher- 
ence in the single-\vavelength time traces, 
although this result may also be a conse- 
quence of the large number of modes in the 
molecule or that intramolecular relaxation 
occurs through coupling to high-frequency 
modes such that the oscillations are not tem- 
porally resolvable (25). T o  the extent that 
such processes as IVR, IC, and ISC can he 
distinguished from each other o n  these time 
scales (which may not be the case), our data 
suggest that all of these processes are occur- 
rlno In concert n ~ t h  each other and u l t h  
soll~ent reorganization as the system el-olves 
in time. V('e belie\-e that this represents a 
sionificant c h a n ~ e  in the  conventional mod- 

L. " 
el for excited-state relaxation, one in  which 
excited-state evolution is best described in 
terms of a direct transition from the initial 
surface to the final surface as opposed to a 
cascade through various well-defined vi- 
bronic levels of the system (26). Such inter- 
mediate energy leryels may be present, but 
the wave packet only becomes stationary in 
the  lo\vest energy vihronic state of the svs- ", 

tern in the course of excited-state relaxation. 
Our  results add to a growing body of 

evidence which shows that non-equilihrat- 
ed excited states are of fundamental irnpor- 
tance in the  relaxation dynamics of transi- 
t ion metal complexes. M e  believe the  de- 
tails of many photophysical processes and 
indeed the  identity and distribution of pho- 
toproducts are likely being determined in 
the  earliest moluents after photoexcitation 
(27) .  This leads to  a n  important final point 
concerning how one mioht use this infor- - - 
mation in the  design of molecular-based 
photolytic assemblies. T h e  idea that dy- 
namics other than intramolecular relax- 
ation can occur prior to excited-state ther- 
malization suggests that it might he possible 
to  access the  stored energy in the  absorptive 
state to carry out photoinduced transforma- 
tions. Such systems \vould have vastly im- 
proved efficiencies becamse intramolecular 
energy redistribution is largely respollsible 
for reducing the  q u a n t ~ u ~ n  yields of most 

photochemical anil photophysical process- 
es. This may be what is occurring in many 
electron itonor-acceptor complexes, for ex- 
ample, evidenced by the  fact that the initial 
charge separation is generally too fast to he 
observed o n  the  picosecond time scale. W e  
suggest that the  nature of molecular systems 
at or near the  Franck-Condon state can 
play a n  important if not  dominant role in 
photoinduced dynamics, and therefore 
should be considered in  both the  analysis of 
~ ~ l ~ o t o p h y s i c a l  processes as well as the de- 
sign of photochemical asse~nblies that in- 
corporate transition metal complexes. 
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Effects sf Monomer Structure on 
Their Organization and Polymerization 

in a Smectie Liquid Crystal 
C. Allan Guymon, Erik N. Hoggan, Noel A. Clark, 

Thomas P. Rieker, David M. Walba, Christopher N. Bowman* 

Photopolymerizable diacrylate monomers dissolved in fluid-layer smectic A and smectic 
C liquid crystal (LC) hosts exhibited significant spatial segregation and orientation that 
depend strongly on monomer structure. Small, flexible monomers such as 1,6-hex- 
anediol diacrylate (HDDA) oriented parallel to the smectic layers and intercalated, where- 
as rod-shaped mesogen-like monomers such as 1,4-di-(4-(6-acryloyloxyhexyloxy)ben- 
zoyloxy)-2-methylbenzene (C6M) oriented normal to the smectic layers and collected 
within them. Such spatial segregation caused by the smectic layering dramatically 
enhanced photopolymerization rates; for HDDA, termination rates were reduced, where- 
as for C6M; both the termination and propagation rates were increased. These poly- 
merization precursor structures suggest novel materials-design parad~gms for gel LCs 
and nanophase-separated polymer systems. 

I n  ~lursuit of novel LC ohase behavior and 
properties, a number of polymer-LC compos- 
ites have been der~eloped. Some composites 
make use of LC polymers (1 ) ,   herea as others 
are formed by phase separation of the poly- 
mer and LC to produce LC droplets [poly- 
mer-dispersed LCs (PDLCs) ( 2 ,  3 )]. Anoth- 
er group of these composites that sho\v great 
promise is formed hy the polymerization ot  
nlononler solutes in an  LC solvent 14). 
These polymer-LC gel systenls can yield 
electro-opt~cally bistable chiral nelnatic de- 
vices [polymer-stabilized LCs (PSLCs) (S)] 
and ferroelectric LC gels [(PSFLCs) (6, 7)], 
~vh ich  combine fast electro-optic response 
(8) n i th  polymer-ind~ced mechanical stabili- 
zation (9).  Research to date on the formation 
and structure of polymer-LC gels has focused 
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'To w h o ~ n  correspordence s i o u a  be addressea. 

on the ~nacroscopic phase behavior and opti- 
cal properties of the resulting conlposites 
(10).  Little is knoiv11, honrever, about the 
roles that the monomer segregation and sub- 
sequent polymer~zation hehavior play on the 
ultimate pe~formance of the polymer-LC gel. 

M e  report results o n  the etfect of dlacry- 
late lnonolner structure o n  the spatial orga- 
nization of monomer-LC mixtures prior to  
Lmlymeri:atio~~ and thus the effect of mono- 
mer segregation and structure o n  polymer- 
ization kinet~cs.  This work was initially mo- 
tivated hy observations of a clramatically 
enhanced rate of pl~otopolymerization of LC 
acrylate monomers ( 1 1 ) alld decreased ter- 
rninatio~l rate (12) in LC phases, which 
suggests that the inherent order in LCs can 
significantly alter chemical reaction behav- 
ior and kinetics (13).  T h e  fluidlike environ- 
ment in LCS not only per~nits molecular 
motion, d i f f~~sion,  and chemical reaction, 
hut also 1s both spatially anisotropic (orien- 
tational ordered) and spatially inhomoge- 
neous (for example, layered). W e  find d ~ s -  
tinctive structure-dependent positional and 
orientational ordering of the  monomers in 
n.hich small flexible monomers intercalate 
hetnreen snlectic layers and mesogenic 
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