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The transition metal complexes [Ru(drgBy and [Ru(dpby]?", where dmb is 4,4dimethyl-2,2-bipyridine

and dpb is 4,4diphenyl-2,2-bipyridine, have

been studied by femtosecond visible electronic absorption

spectroscopy. Spectroelectrochemical measurements in conjunction with nanosecond time-resolved absorption
spectroscopy allow for the assignment of various features in the excited-state differential absorption spectra
as both ligand-based* — z* and ligand-to-metal charge transfer (LMCT) in nature. A unique absorptive
feature centered at 530 nm in [Ru(dpky]?" was identified as an optical marker for the thermalized (and
hence fully intraligand delocalized) excited state. Single wavelength and full spectrum transient absorption
data were obtained on both molecules in4CN solution at room temperature following metal-to-ligand

charge transfer (MLCT) excitation at 400 nm

. Data on [Ru(dijdb)at 532 nm, a region of net excited-state

absorption, revealed biphasic decay kineticd20 fs and 5 ps) attributed to a combination'dfLCT —

SMLCT intersystem crossing and vibrational

cooling dynamics. Dynamics for [Rufdph)nder identical

conditions revealed biphasic rise times in the region of the ligand-based z* absorption atpope = 532
nm. Although the origin of the fast component Q00 fs) is not yet clear, the ca. 2 ps rise is assigned to
rotation of the peripheral aryl ring and thus corresponds to the time scale for intraligand electron delocalization.

Introduction

Metal polypyridyl complexes, particularly those of ruthenium
and osmium, have long served as convenient templates for th
study of the photoinduced properties of transition metal
complexes. Whereas considerable efforts have been made to
understand such systems with regard to their photoreactivity
on nanosecond to microsecond time scales, relatively little is
known about the dynamics associated with the formation of
these long-lived excited states. The metal-to-ligand charge
transfer (MLCT) transition that initiates much of the excited-
state processes exhibited by these compounds can be writte
as follows

[M" (L)% M" (L) (L )2

where photon absorption formally oxidizes the metal center and
reduces the ligand. Thus, properties of the ligand which affect

We have previously reported details of the static and
nanosecond time scale photophysical properties of these com-

e|oounds in CHCN at room temperaturelt was observed that

the [Ru(dpbj]?* complex has a substantially smaller rate of
nonradiative®MLCT — 1A; relaxation followingMLCT «

1A; absorption than what is seen for [Ru(drjB). Using a
combination of synthetic and spectroscopic metiodse
demonstrated that the drop in nonradiative deday for [Ru-
(dpb)]?" was linked to a decrease in excited-state geometric
distortion relative to the ground state because of extensive

r§onjugation between the bipyridyl fragment and the aryl

substituents in the excited state. Theoretical studies of model
ligand systems further supported the assignment of a fully
conjugated reduced ligand in the excited statesimilar effect
has been described in the context of other' Rand Cu
systems' 8 and we refer to it as intraligand electron delocal-
ization.

In the initial discussion of the long-lived excited-state

the acceptor orbitals can strongly influence the overall energeticsproperties of these systems, we also reported a crystal structure

of the MLCT transition itself as well as subsequent dynamics
of excited-state relaxation. It is in this context that we have
studied the ultrafast visible absorption dynamics of two MLCT
ions [Ru(dmby]?™ and [Ru(dpbj]?t in CH3CN, where dmb is
4,4-dimethyl-2,2-bipyridine and dpb is 4;4diphenyl-2,2-
bipyridine.
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of a bis-heteroleptic complex containing the dpb ligand [Ru-
(dmb)(dpb)P*. This structure revealed that the phenyl/pyridyl
ring systems of the dpb ligand were not coplanar in the ground
state but rather showed a?2@v) dihedral angle. An ab initio
geometry optimization of the neutral 4-phenylpyridine as a
model for the ground-state structure of dpb supports this,
suggesting an even larger dihedral anglédct 44.6° (MP2/
6-31G(d)) between the phenyl and pyridyl ringsThese
observations suggest that the evolution of fie.CT Franck—
Condon state to the long-liveLCT state includes rotational
dynamics of the phenyl substituents in the [Ru(dpb)
complex. In this report, we present visible femtosecond transient
absorption data that allow us to observe in real time the evolution
of electronic features accompanying ring rotation and thus
electron delocalization in this system.
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Experimental Section acquired using a spectrometer based on a regeneratively
amplified Ti:sapphire laser system. Samples were photoexcited

General. All reagents and materials frpm commercial sources at 400 nm {120 fs) and probed with a white-light continuum
were used as received unless otherwise noted. Solvents were

purchased from Fisher. The ligands'4j#methyl-2,2-bipyridine generated from 890 nm "th n §apph|re. )
(dmb) and 4,4diphenyl-2,2-bipyridine (dpb) were purchased A commercial Ti:sapphire _oscnlator (Coherent: Mira 900)
from Aldrich Chemical Co. The metal complexes [Ru(dgip) ~ Pumped by a sealed tube Ar:ion laser (Coherent: Innova 316P)
(PRy), and [Ru(dphy|(PFs), were prepared according to previ- Provided ~500 mW at 76 MHz as the seed for a Nd:YLF
ously published procedur@sStatic absorption spectra were Pumped Ti:sapphire regenerative amplifier (Positive Light:
collected using a Hewlett-Packard HP8452A diode array spec- Spitfire). This system produces900.J pulses of-90 fs light
trophotometer. Nanosecond difference absorption spectra wereat 800 nm at a repetition rate of 1 kHz. The output is split 90/
collected with~10 ns time resolution using an optical para- 10 with the larger portion being used to generate the frequency
metric oscillator-based spectrometer, the details of which are doubled 400 nm pump~120 fs) and the smaller portion used
given elsewherg. to generate the white light continuum probe in the single
UV —Vis Spectroelectrochemistry.Spectroelectrochemical ~ filament regime by focusing~2 xJ into a 1 mmplate of
measurements were made within a home-built optical cell (basedsapphire. The 400 nm pump is passed through an optical
on a previously published desRnfitted with a vitreous carbon ~ chopper, directed on a computer controlled translation stage
working electrode, a platinum counter electrode, and a Ag/ (Aerotech: 3.3 fs/step time resolution), and softly focused (
AgNO; reference electrode. Measurements were taker? 180 mm) into a 1 mmpath length flow cell containing the sample
from the light source with the optical cell mounted within the in solution with an optical density 6f0.4 at 400 nm. The pump
HP spectrophotometer such that the light beam passes througtpolarization is horizontal and-4 uJ are used to excite the
an ~3 mm diameter hole in the working electrode. Solutions sample. The sample is flowed using a peristaltic pump to remove
of the metal complexes were prepared in 0.1 M TBAPF a thermal lensing effect due to the pump laser; however, no
acetonitrile with an optical density e¥1.4 (1 cm path length)  photoproducts are observed. The 800 nm light used to generate
at 460 and 480 nm for [Ru(dm§¥"™ and [Ru(dpbj]?t, the white light continuum is polarized at 54.With respect to
respectively. Samples were prepared and placed within thethe pump to remove anisotropy effects. Off-axis parabolic
optical cell in an argon filled drybox using thoroughly dried mirrors are used to collimate and focus the white light into the
and degassed acetonitrile. Measurements were taken outside theample at an acute angle-%°) with respect to the pump.
drybox so a positive pressure of dry nitrogen was maintained Reflective surfaces are used to minimize the temporal chirp in
within the cell* the white light spectrum: we observe an approximate 3-fold
Oxidative Spectra of [Ru(dmg)?* and [Ru(dpbj]?*. With reduction in chirp €300 fs between 480 and 650 nm) using
the working electrode at 0 V, a blank of the spectrophotometer reflective surfaces rather than lenses.
was made with the light tr_aveling Fhroug_h the_ cell, working Single wavelength kinetics measurements are made by
electrode, and.sample solution. In this conflgurat!on,the grouqd- passing the probe through a 10 nm band-pass filter of the
state absorption spectrum becomes a baseline from whichg o 5riate wavelength positioned after the sample and then

cha_n_ges can b_e observed. The electrode was then placed at g, o amplified Si photodiode (Thor labs). A reference beam
positive potential 106200 mV beyond thé;,, values for the of 800 nm light (not chopped) is directed onto a matched

reversible 3-/2+ gouples for the respective moleciesid .the amplified photodiode. The signal and reference are passed
percent cgange n currentfwas mgnl'g)r;:‘ij. Tze potentials thatthrough a differential amplifier and then into a digital lock-in
}Ner(;usde bwglel—9;5/r2VN or [EU(bmha] Ian I+1100'dm\'/ amplifier (Stanford Research: SR810) synchronized to the
or [Ru(dpb)]*" vs Ag/AGNGs. For both molecules, oxidative chopper frequency of~500 Hz. To increase the dynamic

bulk electrolysis was completely reversible. Spectra acquired . . .
at early times (e.g., 5 min) are qualitatively equivalent to those reserve, .the reference bgam IS modulated with a variable negtral
N density filter to null the differential voltage seen by the lock-in

taken at later times (e.g., 40 min) with the spectral features at negative time&! In this way, the lock-in automatically records
growing in intensity as the bulk electrolysis approaches comple- gative - Y, - Y
a change in transmittance as excited-state absorption or bleach

tion. Spectra reported herein correspond to 40 min of electrolysis . duced by th lse. At the ti h
for [Ru(dmb}]2* and 20 min for [Ru(dpl)?*. transitions are produced by the pump pulse. At the time these

Reductie Spectra of [Ru(dmg)?* and [Ru(dpb)]?*. Fol- measurements were made, we were unable to accurately measure

lowing a blank of the spectrophotometerh V at theworking the intensity of the prqbe light in the absence of the puﬂfw)_(
electrode, reductive spectra were collected with the working necessary for calcgllatlon of trueA values because of saturation
electrode placed at a potential between the first and secondOf the lock-in amplifier. However, the fu.II spectra data reported
reversible reductive wavésThe potentials that were used were 0O represent accuraikA values. The kinetics data presented
—1875 mV for [Ru(dmby|2* and—1600 mV for [Ru(dphy]2* are an average of six scans where a s!ngle scan c.orresponds to
vs Ag/AgNOs. Unfortunately, while cyclic voltametry of these intensity data colle.cted at each of'the time points V|S|teq by the
two molecules shows reversible electrochemistry for the ligand franslation stage in a forward direction averaged with data
reduction, side products of unknown composition are eventually collected at the same time points in the reverse direction. The
formed over the course of bulk electrolysis. Portions of the 10ck-in time constant was set at 300 ms.
spectrum where isosbestic behavior exists in the initial stages To collect full spectrum data, the white light probe is coupled
of reduction (e.g.~480 nm for [Ru(dpky]?") are therefore into a spectrograph (Spex 270M) and dispersed horizontally
monitored, with the loss of isosbestic behavior taken as an (wavelength) on a Princeton Instruments thermoelectrically
indication of side product formation. The data presented cooled CCD with a pixel dimension of 512 512. For a given
corresponds to absorption spectra taken while isosbestic pointgime position, data is collected for 1 s. Prior to a given sdan,
persisted (9 min for [Ru(dmEglf+ and 10 min for [Ru(dpk]?*.) is determined at the first negative time point by averaging 10
Femtosecond Visible Difference Absorption Kinetics and shots (one second each). This is used for all subsequent times
Full Spectra. Femtosecond electronic absorption data were sampled in a scan for the calculation&A. For [Ru(dpb}]?*
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Figure 1. (A) Normalized visible absorption spectrum for [Ru(dnjb) Figure 2. (A) Normalized visible absorption spectrum for [Ru(dgb)
(PF)2 in acetonitrile at room temperature. (B) Change in absorbance (PFs); in acetonitrile at room temperature. (B) Change in absorbance
for [Ru(dmb}](PFs)2 in 0.1 M TBAPFR/acetonitrile following oxidation for [Ru(dpb}](PFs)z in 0.1 M TBAPR/acetonitrile following oxidation

at +975 mV (vs Ag/AgNQ) for 40 min. (C) Change in absorbance at+1100 mV (vs Ag/AgNQ) for 20 min. (C) Change in absorbance
for [Ru(dmb}](PFs)z in 0.1 M TBAPFR/acetonitrile following reduction for [Ru(dpb}](PFs)2 in 0.1 M TBAPR/acetonitrile following reduction

at —1875 mV (vs Ag/AgNQ) for 9 min. (D) Nanosecond difference at —1600 mV (vs Ag/AgNQ) for 10 min. (D) Nanosecond difference
absorption spectrum for [Ru(dmfi(PFs). in acetonitrile. absorption spectrum for [Ru(dpf(PFs). in acetonitrile.

ultraviole#6-1° as well as somewhat weaker net absorptions
further to the red. In [Ru(dphk]?*, this absorption has a

Because of the temporal chirp of the white light, two-photon subs_tantially larger OSC"'at‘_’F strength _than the broad and
absorption (TPA) cross-correlation measurements were maderelatlvely featureless transition seen in the [Ru(cg)

at each of the wavelengths where single wavelength kinetics spectrum. .
were collected in order to determine the zero tirap 4s well The excited-state difference spectra of charge-transfer com-

as an instrument response function (IRF) for the measurement.pIexes are com_pli_cated by the simulta_nt_aous presence of transi-
The sample used consisted of 1-methylnaphthaféfdissolved tions charagterlgtlc of the formally oxidized metal center and
in acetonitrile (-1:4 by volume) and placedia 1 mmstatic |f[s surroundllng ligands as well as those of the form{ally reduced
optical cell. placed in the The experiment is then run in the I|g_and SPpecies. We have_used spectroellectro_chemlstry to deter-
single wavelength kinetics mode. Two scans were adequate toMine absorptlo_n properties of both the 'Roxidized species .
accurately determind,, and the measured IRFs were ap- aslwell as.the singly reduced metal cqmplexes (where the rad]cal
proximately Gaussian in profitéwith ~220 fs fwhm. anion resides on one of the three ligands) in order to assign
features of the excited-state difference spectrum of the long-
lived 3MLCT state?° While we do not expect quantitative
agreement, it has been shown by a number of workers that
Nanosecond Excited-State Absorption and Spectroelec- qualitative features can be readily identifi€e! Figure 1A
trochemistry. We have previously used nanosecond transient shows a normalized absorption spectrum for [Ru(djgb)and
absorption spectra as a tool for the interpretation of ultrafast Figure 1B shows the change in absorbance following electro-
dynamics of transition metal complexes, as they reflect excited- chemical oxidation. The negative feature which peaks4#0
state features once early-time evolution is completéhe nm corresponds with the loss of the ground-state MLCT
nanosecond absorption difference spectra for [Ru(gffiband transition. Also seen is a broad absorptive transition peaked at
[Ru(dpb}]?* in CH3CN at room temperature are shown in the ~640 nm. On the basis of its energetic proximity to the emission
two bottom panels (panel D) of Figures 1 and 2, respectively. band in this complex, as well as previous reports in the
The negative (bleach) features occur in the spectral region of literature'622this transition is assigned as ligand-to-metal charge
the respective ground-state MLCT transitions and therefore transfer (LMCT) in nature arising from transitions between
largely represent a loss of ground-state absorption. For bothneutral ligand orbitals and the formally oxidized metal center.
molecules, an excited-state absorption is seen in the nearFigure 1C shows the analogous change in absorbance following

and [Ru(dmbj]?t the data presented represents a software
average of 10 scans and 20 scans, respectively.

Results and Discussion



Excited-State Differential Absorption J. Phys. Chem. A, Vol. 103, No. 42, 1999143

partial reduction of the original solution. Absorptive transitions o Hﬂ T ;
are observed in the visible500 nm) and in the near-UV( % 480nm
380 nm), both of which are assignedsas< s* transitions of T

the reduced ligand. Using these data, we ascribe the transient
absorption observed in the mid-visible to the dnghromophore

of

the 3MLCT excited state and assign it as a ligand-localized
* < g* transition. Absorptions further to the red (not shown

in the nanosecond difference spectfrout observed in the
femtosecond difference spectra (vide infra)) are assigned as a
convolution of LMCT transition(s) and the low energy shoulder
of the reduced ligand* — z* absorption. ! ! [

A similar analysis can be carried out for [Ru(dg]B). Figure
2A shows a normalized absorption spectrum of the compound
in CH3CN, with Figure 2B and C illustrating the oxidative and
reductive spectroelectrochemical data, respectively. Similar to
[Ru(dmb)]?*, oxidation results in a bleach of the ground-state
MLCT absorption along with the formation of a broad low-
energy LMCT absorptio§-22centered at 640 nm. In this case,
however, the transition is substantially more intense than what
is seen for [Ru(dmB)?+.22:24 Upon reduction, two transitions
are observed: one in the near-U¥ @00 nm) and one in the 0
mid-visible (~ 525 nm), the latter being in good agreement with 650nm
the previously reported spectrum of the reduced free ligand.
Comparison of these data with the nanosecond difference
spectrum (Figure 2D) reveals some obvious correlations. In
particular, the strong visible absorption at 532 nm inteCT
difference spectrum is assigned ag*a<— xz* transition(s) of
dpb~. Band(s) further to the red, observed in the femtosecond
difference absorption spectra (vide infra), are assigned as Iy
primarily LMCT in nature with some contribution from the low- r
energy shoulder of thea* — z* transition(s) of dpb. The 0 b
oscillator strength of the absorption at 532 nm is significantly
larger than what is observed for the dmthromophore: this
presumably reflects the larger transition dipole associated with Time (ps)
the extendedr system of the planar dpbspecies:® We Figure 3. Normalized pump-probe difference absorption kinetics
therefore view the-532 nm visible transient absorption in [Ru- measurements for [Ru(dmfi(PFs)- in acetonitrile resulting from 400
(dpbk]2Jr as a good spectroscopic tag for monitoring intraligand nm (’.\'120 fs) excitation. Probe wavelengths are indicated on the figure.
excited-state delocalization in this complex. Thus, we can expect JN€ inset foryone = 532 nm shows data acquired at longer delay times.
that a time-dependent increase in the intensity of this transition The solid line included fokyone = 532 nm is the fit of the data with

) i i . ) , a Gaussian instrument response function and a biexponential function
will reflect the time scale for ring rotation concomitant with \yith a constant offset at long times. See text for details.
the evolution of intraligand electron delocalization in the excited

state. obtained at 480 nm, we observe decay kinetics which are not
Femtosecond Electronic Absorption Spectroscopy of [Ru- complete untir-15 ps (see inset). Following deconvolution, the
(dmb)z]?*. The expected absence of large-amplitude structural kinetics can be fit with a double exponential decay function
dynamics in the excited-state evolution of ftMLCT state of (with a constant offset corresponding to the differential absorp-
[Ru(dmb}]?* makes this molecule a useful control for under- tion of the long-lived thermalize8MLCT state), consisting of
standing fast dynamics in [Ru(dpB. Figure 3 shows normal-  a fast componentr(= 120+ 40 fs) as well as a slower decay
ized kinetic traces measured at 480 nm (top), 532 nm (middle), (r = 5 £ 0.5 ps). It should be noted that femtosecond transient
and 650 nm (bottom) following~ 120 fs excitation of a absorption data previously collected on [Ru(ki¥) at Aprobe
CH5CN solution of [Ru(dmbjj?>* at 400 nm. These wavelengths = 510 nm following a 30 fs excitation pulse at 480 nm showed
represent three distinct regions of the excited-state spectrum.no dynamics after 200 . However, when pumping at 400
The 480 nm transient bleach does not reveal dynamics afternm with the present apparatus, slower decay dynamics analogous
the pulse-width limited rise. The intensity of the differential to those shown in Figure 3 for [Ru(dmp}" are also observed
absorption following the initial rise is observed to be constant for [Ru(bpy)]?" at 532 nm. We therefore believe that thé
out toAt = 40 ps and therefore reflects the change in absorbanceps component in the excited-state relaxation of [Ru(djfb)
measured in the nanosecond time-resolved experiment. Theseeflects vibrational cooling dynamics in tRLCT excited state.
results are consistent with our previous report on the excited- The fast decay component is difficult to interpret with eut20
state spectroscopy of [Ru(bpjdt,'® in which time evolution fs time resolution. However, on the basis of our previous shorter
in the redder portions of this bleach, i.e., 480 nm, was shown time scale measurements on [Ru(k{?¥), it is reasonable to
to be complete within the first 100 fs. Transient absorption data infer that these fast dynamics reflect contributions from*he
were collected at 532 nm (Figure 3, middle) to interrogate a MLCT — 3MLCT surface crossing which may include spectral
portion of the spectrum characteristic of the dnadfiromophore shifting and fast vibrational relaxation occurring on the time
formed by the charge-transfer transition. In contrast to the datascale of the excitation pulse.
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Figure 4. Pump-probe difference absorption spectra for [Ru(dsfb)
(PRs)2 in acetonitrile as a function of time following120 fs excitation
at 400 nm.

The transient absorption kinetics collected at 650 nm (Figure 650nm
3, bottom), shows no time evolution after the pulse width limited
rise and a weak fast decay component. Again, fast decay
dynamics are difficult to interpret but are expected to echo
changes in the electronic structure duringl.CT — SMLCT
intersystem crossing process. The absence of slower decay
dynamics was initially surprising in comparison to the very
noticeable~5 ps decay at 532 nm. Presumably, this reflects x
differences in the nature of the excited-state transitions being }gf
probed® and/or an increase in the rate of vibrational cooling as 0 fg=x
the excited state(s) are probed further to the2fe€d Variable
wavelength excitation studies currently underway will help to
clarify these issues. ) ) ’ ) o

Full spectral data in the region 47610 nm are shown in Figure 5. Normalized pump-probe difference absorption kinetics

- easurements for [Ru(dpf(PFs). in acetonitrile resulting from 400
Figure 4 These measureme_nts were made to ensure that dec m (~120 fs) excitation. Probe wavelengths are indicated on the figure.
dynamics observed for the single wavelengths discussed abovere sqid line included forlgrone = 532 NM is the fit of the data with

were not a result of band shifting on these time scales. The a Gaussian instrument response function and a biexponential function
bleach at shorter wavelengths is observed to form rapidly with with a constant offset at long times. See text for details.
no indication of evolution after excitatic Qualitatively similar
decay dynamics are observed across the featureless transiertion), whereby the absorption band rises until reduced-ligand
absorption from~500-610 nm, confirming that there is no  delocalization is complete. We, therefore, ascribe the slow
significant spectral shifting influencing the kinetics described component to the large amplitude motion of the peripheral aryl
above. rings expected to accompany excited-state thermalization in this
Femtosecond Electronic Absorption Spectroscopy of [Ru-  system. It is important to note the rapie? ps thermalization
(dpb)s]?*. Figure 5 shows normalized traces collected at 480 of the ligand-localized (dpb) excited-state in [Ru(dphl"
nm (top), 532 nm (middle), and 650 nm (bottom) following compared to the slower-G ps) time scale for the analogous
excitation of a CHCN solution of [Ru(dpk]?™ at 400 nm. The excited state in [Ru(dmglf™. We interpret this as an indication
data collected at 480 nm show a rapid, pulse width limited that ring-rotation may be a facile means of dissipating excess
formation of the bleach. As was noted above for [Ru(d3h) vibrational energy. It is interesting to note, along these lines,
no subsequent dynamics are observed. The most striking featureghat the lifetime for the slow rise at 532 nm is the same to within
in the excited-state dynamics of this compound is revealed by experimental error as the slow decay observed at 650 nm (Figure
the data at 532 nm (Figure 5, middle). As discussed above, this5, bottom) The data at this wavelength reveal biphasic kinet-
spectral region is diagnostic of the highly delocalized reduced ics: a fast, instrument-limited decay component followed by a
ligand excited state for [Ru(dpf)j*. These data can be fit with  subtle, slower decay on the order of 2 ps. This slow decay is
a fast 200+ 50 fs component and a slower 20 0.5 ps tentatively assigned as vibrational cooling where the mechanism
component, both of which reflect absorption increases, evolving for this process may be coupled to the rotation of the aryl
to a constant background that corresponds to the thermalizedsubstituents. At present it is difficult to interpret the fast
SMLCT state. The kinetics in the immediate region of the 532 component, but may reflect a combinationthfLCT— SMLCT
nm band are the only data collected for these two moleculesintersystem crossing and partial rotation of the aryl substitu-
where an increase in excited-state oscillator strength is observedents?® Again, variable excitation wavelength studies and variable
This is consistent with our model for the dynamics of ring solvent studies currently underway should help to clarify these
rotation (and, correspondingly, intraligand electron delocaliza- issues.
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delocalization and nuclear motion in the excited state of this
system, these spectroscopic probes are paramount to directly
observing the change in the degree of electron delocalization
in real time. In addition, we have begun to identify the time
scales for vibrational relaxation dynamics in these complexes.
Additional studies of vibrational cooling dynamics, the physical
process(es) responsible for thd00—-300 fs transients that are
observed, as well as the influence of solvent and solvation
dynamics, are currently underway.
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