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The dynamics of relaxation following photoinduced metal-to-metal charge-transfer (MMCT) processes of
the trinuclear mixed-valence complexes [(NRY'—CN—PtV(NH3),—NC—RU'(CN)s]*~ and [(NC)Fe'—
CN—PtV(NH3),—NC—Fe'(CN)s]*~ were investigated with femtosecond purgorobe spectroscopy. Relaxation
dynamics following photoinduced M(Ih~ Pt(IV) MMCT varied with solvent and the identity of the M(ll)
centers. The back-electron-transfer (BET) time scale of [{R@)—CN—PtY(NHs),—NC—RU'(CN)s]*~ ranged

from 476+ 23 fs in water to 1116 288 fs in a water/DMSO mixture with mole fraction DMSO of 0.1. The

time scale of vibrational relaxation in the ground state ranged from 1.5 to 2.7 ps. Electron-transfer and ground-
state vibrational relaxation dynamics of [(NE€E' —CN—PtV(NH3),—NC—Fe'(CN)s]*~ were convolved, with
relaxation to ground and product electronic states occurring within 3.5 ps. The electron-transfer dynamics of
both complexes are significantly slower than the solvation dynamics of water or DMSO. The solvent dependence
of the BET time scale of [[NGRU'—=CN—PtV(NHz);—NC—RU'(CN)s]*~ is attributed to solvent-induced
movement of the ground-state potential energy surface and the resulting changes in the driving force for
BET. These effects enable systematic control over both the quantum yield of photodissociation and the dynamics

of relaxation following photoinduced MMCT.

Introduction E12(M") correspond to shifts of the M(HPt(IV)—M(Il)
. . (ground electronic state) potential energy surface. Our lab has

Transition metal mixed-valence complexes have played an sydied the MMCT processes of Fe@pt(IV)—Fe(ll) in water/
important role in the development and experimental verification pyMsoO mixed solvent systenfs015 A linear dependence of
of electron-transfer theory:8 In addition, the photoinduced EvaFe') on mole fraction DMSOpmso) was observed, with
electron-transfer processes occurring in mixed-valence com-g, (Fdill shifting negatively with increasingswso. The Fe(ll)
plexes have .potential for application in energy conversipn and — py(]v) MMCT energy decreased linearly with increasing
photocatalys[s. Our laboratory has extensively characterized thexomso, whereas the quantum yield of the two-electron-transfer
trinuclear mixed-valence complexes [(NBW'—CN—PtV- photodissociative process increased exponentially. These changes
(NHz3)4—NC—RU'(CN)s]*~ and [(NC}Fe' —CN—Pt"(NH3)s— are consistent with a linear dependence of the FeRH{IV)—
NC—Fe!(CN)s]*~ (herein referred to as Ru(H)Pt(IV)—Ru(ll) Fe(ll) potential energy ogpmso. Thus, the solvent dependence
and Fe(I)-Pt(IV)—Fe(ll), respectively).*? These complexes  of Ey,(M'"!) allows for control over the activation barrier and
undergo photoinduced M(I~ Pt(IV) metal-to-metal charge-  driving force of forward- and back-electron-transfer processes
transfer (MMCT), generating the one-electron-transfer inter- following photoinduced M(ll)— Pt(IV) MMCT.
mediate M(I11)—Pt(l11)—M(Il). Decay of the intermediate occurs This manuscript describes femtosecond pampmbe experi-
either through back electron transfer to yield the M{IBt(1V)— ments on Ru(IF-Pt(IV)—Ru(ll) and Fe(ll}-Pt(IV)—Fe(ll).
M(Il) starting material or through thermal MMCT from the 56 _color and two-color pumgprobe data are presented. We
remaining M(ll) center to the Pi(lll) center to yield 2 equiv of a6 studied the effects of solvent-induced movement of
M(CN)e>” and 1 equiv of P{NH3)4*". The photodissociation  stential energy surfaces on the relaxation dynamics following

quantum yields of Ru(Ib-Pt(IV)—Ru(ll) and Fe(ll)-Pt(IV)— photoinduced MMCT and the role of a photoinduced charge
Fe(ll) are 0.001 and 0.02, respectivéfi. The two-electron-  yansfer rapidly followed by a thermal electron transfer as a
transfer photodissociative chemistry of the M{tR(IV)—M(ll) model of photoinduced multielectron-transfer processes.

complexes is unigue among mixed-valence complexes reported
to date, rendering the trinuclear complexes as interesting model
of photoinduced multiple-electron-transfer systems.

The electronic properties of the M(HPt(IV)—M(Il) com- Materials and Basic Instrumentation. K4Ru(CN):3H,0O
plexes are accurately characterized by a three parabola freevas purchased from Pressure Chemical Ce-e{CN}) was
energy diagran}191214 Three potential energy surfaces are purchased from Fisher Scientific. Ce(g£and Pt(NH)4(NOs),
required to describe the available electronic configurations: were purchased from Aldrich. Reagents were used without
M(I1) —Pt(IV)—M(I1), M(IIT) —=Pt(l11) —M(Il), and M(IIN)/Pt(I1)/ further purification. Amberlite IR-120 sodium exchange column
M(11). The M(Il) — Pt(IV) MMCT energy depends linearly  resin was purchased from Aldrich. Bio-Gel P-2 size exclusion
on the M reduction potential Eyp(M"11)).910 Shifts of column resin was purchased from Bio-Rad. UV/visible absorp-

S'Experimental Section

10.1021/jp0363038 CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/23/2004



3262 J. Phys. Chem. A, Vol. 108, No. 16, 2004

tion spectra were obtained with a Hewlett-Packard HP8453
diode array spectrophotometer.

Synthesis Naj[(NC)sRu' —CN—PtV(NHz)4,—NC—RU'(CN)s]
was synthesized by adaptation of the method of Pfennig and
Bocarsly? An aqueous solution of Ru(CN)-3H,O (3.90
mmol, 46 mL) was oxidized to RU(CN)s*~ by addition of
aqueous Ce(S£y. The reaction mixture was filtered by gravity
and then run through an Amberlite IR-120 sodium exchange
column charged with 1.0 M NaCl solution to remove*Cand
Cée*". To the RU'(CN)s*>~ solution was added aqueous Pt@H
(NOs), (3.53 mmol, 46 mL). The reaction mixture was stirred
at room temperature under subdued lighting for 90 min, then
concentrated and run through an Amberlite IR-120 sodium
exchange column charged with 1.0 M NaCl solution to remove
excess Pt(Ng4*" and then run through a Bio-Gel P-2 size
exclusion column. The product was collected in fractions, which
were analyzed by UV/visible absorption spectroscopy. Pure
fractions were combined and air-dried, yielding the desired
product.

Nay[(NC)sFe' —CN—PtV(NH3),—NC—Fé!(CN)s] was syn-
thesized by adaptation of the method of Zhou et Afjueous
solutions of KgFe(CN) (1.20 mmol, 5.0 mL) and Pt(N&l-
(NOs), (0.520 mmol, 5.0 mL) were combined at room temper-
ature under subdued lighting. The resulting deep red solution
was run through an Amberlite IR-120 sodium exchange column
charged with 1.0 M NaCl solution, then through a Bio-Gel P-2
size exclusion column. The product was collected in fractions,
which were analyzed for Fe(CN) impurity by cyclic volta-
mmetry. Pure fractions were combined and air-dried, yielding
the desired product.

Pump—Probe SpectroscopyPulses at 400 nm were gener-
ated by frequency doubling the 800 nm output of a regenera-
tively amplified Ti:sapphire oscillator (Spectra-Physics). In one-
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Figure 1. UVl/visible absorption spectra of 0.1 mM RupPt(IV)—
Ru(ll) in water/DMSO solvent mixtures witpomso = 0, 0.0275, 0.06,
0.1, 0.15, 0.2025, 0.275. Cuvette path lengti.0 cm. Inset: plot of
MMCT absorption maximumymay) VS ¥omso and fit to a straight line
(R? = 0.996).

Results

Solvent-Dependent MMCT Energy of Ru(Il)—Pt(IV) —
Ru(ll). Ground-state UV/visible absorption spectra of Rufll)
Pt(IV)—Ru(ll) were obtained in water/DMSO mixtures of
varying composition (Figure 1). The energy of the MMCT band
maximum decreases linearly with increasingsso (Figure 1
inset), whereas the absorption bandwidth remains the same. The
linear red shift of the MMCT band withypuso is consistent
with a linear shift of the Ru(Ih-Pt(IV)—Ru(ll) potential energy

color pump-probe experiments, the 400 nm beam was attenuatedsurface to higher energy, as previously observed with Fe(ll)

and split into pump (400 nm, 143, ~150 fs, 1 kHz) and probe
(400 nm, <10 nJ,~150 fs, 1 kHz) beams. The probe beam
was aligned through a high-precision translation stage with 0.2
fs resolution (Physik Instrumente C8440), acting as a variable

Pt(IV)—Fe(ll).1°

One-Color Pump—Probe Data. One-color pump-probe
data (400 nm pump, 400 nm probe) were acquired for Ru(ll)
Pt(IV)—Ru(ll) in water, Ru(ll)-Pt(IV)—Ru(ll) in water/DMSO

path length delay line. The pump and probe beams were focusedsolvent mixtures, and Fe(HPt(IV)—Fe(ll) in water. Repre-

(f = 100 mm) into the flowing sample (0.25 mL/s & 1 cm
cuvette) at an angle o’6The pump beam was chopped (90
150 Hz), and the oscillatory component of the probe signal was
measured with lock-in technique. In two-color pufmrobe
experiments, pump pulses (400 nmyd 100 fs, 1 kHz) were
generated as described above. Probe pulses (532<AmmJ,

25 fs, 1 kHz) were generated using a noncollinear optical
parametric amplification (NOPA) process, following the method
of Riedle and co-worker$1° A portion of the 800 nm
regenerative amplifier output was split into two components.
The weak component{10 xJ) was used to generate a white
light continuum (WLC) h a 2 mmsapphire plate. The strong
component (68Q:J) was frequency doubled to 400 nm (190
uJ). The WLC was focused iata 2 mmpj-BBO crystal, and
the 400 nm pulses (attenuated+®0 xJ) were focused to a
point 20 mm in front of the3-BBO crystal. NOPA produced
pulses from 630 nm (13J) to 515 nm (J) with ~25 fs pulse
width. Tunability of the amplified wavelength and minimization
of pulse width was achieved by varying the angle and temporal

sentative data are shown in Figure 2. The data are plotted as
the normalized negative absorbance chanrg&X) vs time ().
Positive values on the vertical axis correspond to a decreased
absorbance or bleach, whereas negative values on the vertical
axis correspond to an increased absorbance. The system response
(Figure 2a) is well approximated by a Gaussian intensity profile
and is assigned as a cross-phase modulation-induced Zfifdct.

In the data for Ru(lly-Pt(IV)—Ru(ll) in water (Figure 2b),
two signals are present at very short delay times: the cross-
phase modulation-induced artifact and an absorptive signal. The
absorptive signal is tentatively assigned to an excited-state
absorption process originating from the vibrationally excited
one-electron charge-transfer excited state, Ru{PIIl)—
Ru(Il)*. It is not unreasonable that the excited state undergoes
absorption at 400 nm, because RufiBt(IV)—Ru(ll) absorbs
strongly at 200 nm. Sequential 400 nm absorptions are energeti-
cally equivalent to a single 200 nm absorption. The absorptive
signal is more clearly visible in data with perpendicular pump
and probe polarizations, as discussed below.

delay between the 400 nm pump and the WLC seed, and by Within 600 fs, the excited-state absorption decays to a bleach.
rotating theS-BBO crystal. Two-color pumpprobe experiments  The transition from an absorptive signal to a bleach signifies
employed the setup and detection mechanisms described abovehat the decrease of absorbance from depletion of the ground-
For most one-color and two-color experiments, pump and probe state outweighs the increase of absorbance from the excited-
polarizations were parallel. For some experiments, the probestate absorption process. Vibrational relaxation within the
polarization was rotated 9Qvith a half-wave plate. Ru(l1)—Pt(lI)—=Ru(ll)* electronic excited state necessarily
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Figure 2. One-color pump-probe data (400 nm) with parallel pump and probe polarizations: (a) cross-phase modulation-induced artifactual
signal with water in sample cuvette; (b) RuPt(IV)—Ru(ll), xomso = 0; (c) Ru(Il)=Pt(1V)—Ru(ll), yomso = 0.1; (d) Ru(ll}-Pt(IV)—Ru(ll),

xomso = 0.175; (e) Ru(1)-Pt(IV)—Ru(ll), yomso = 0.2; (f) Fe(Il)—Pt(IV)—Fe(ll), xomso = 0 (inset shows same data on longer time scale). In each
plot, the dashed line correspondsta&A = 0. Superimposed on the system response data is a Gaussian fit. Superimposed on thet{()b-

M(Il) data are fits to eq 1 (b, c) or 2 (d, e, f).

leads to a significant blue shift of the excited-state absorption, valence complexes betaine-30 atedt-butylbetaine, and the
as the vertical transition to a higher lying electronic state occurs dinuclear transition metal mixed-valence complexs[{jtRu'" -
at higher energy. A strong blue shift of the excited-state NC—RU'(CN)s]~.25-31 The absorptive signals were only ob-
absorption is consistent with the disappearance of the absorptiveserved with probe wavelengths to the red of the ground-state
signal at 400 nm. We therefore propose that the time scale forabsorption maxima, consistent with our findirfgs3! Barbara
evolution of the signal to the bleach maximum corresponds to and co-workers assigned the absorptive signals to red-shifted
the time scale of vibrational relaxation in the electronic excited charge-transfer bands from vibrationally excited levels of the
state. Accordingly, we assign the bleach maximum to the ground electronic state§3!
vibrationally relaxed, one-electron charge-transfer intermediate  For Ru(ll)—Pt(IV)—Ru(ll) in water, the absorptive signal
Ru(1I) =Pt —Ru(ll). decays to a long-lived bleach & 100 ps), which is assigned
The bleach corresponding to Ru(HPt(I1l)—Ru(ll) decays to depletion of the Ru(Ib-Pt(IV)—Ru(ll) ground state through
to an absorptive signal. The evolution of the bleach to the formation of the two-electron-transfer product Ru(lll)/Pt(11)/
absorptive signal is consistent with the population of vibra- Ru(lll) by FET. This assignment is justified by the absence of
tionally excited states in the ground electronic state following a long-lived bleach for the dinuclear complex jt#jsRu''-NC—
back electron transfer. The Ru(Hy Pt(IV) MMCT transition RU'(CN)s]~. The absorptive signal of [(#)sRu'"-NC—Ru'-
from vibrationally excited states in the ground electronic state (CN)s]~ decays to the baseline absorbance within 10 ps,
must be red-shifted relative to the MMCT transition from lower- completing the dynamics following photoinduced charge
lying vibrational states, due to the decreased energy of vertical transfer?’-3° The main difference between the trinuclear and
excitation. Because the 400 nm probe pulse is slightly to the dinuclear complexes is the existence of the third potential energy
red of the ground-state MMCT band maximum of aqueous Ru- surface in the trinuclear complex, and therefore the second
>IN —=Pt(IV)—Ru(ll), a dynamic red shift of the MMCT band available decay pathway from the one-electron-transfer inter-
should cause an increase of absorbance at 400 nm, consistenhediate, Ru(lI)-Pt(Il)=Ru(ll). The M(I1)—Pt(IV)—M(II)
with the observed absorptive signal. We therefore correlate the complexes are uniqgue among mixed-valence complexes in this
time scale for evolution of the data from the bleach to the regard. In the data for Ru(h)Pt(IV)—Ru(ll), the time scale
absorption with the time scale of electron transfer from the for the evolution of the absorptive signal to the long-lived bleach
vibrationally relaxed one-electron-transfer intermediate, Ruflll)  corresponds to the time scales of vibrational relaxation in the
Pt(lII)—Ru(ll), to vibrationally excited levels in the ground ground and product electronic states.
electronic state, Ru(ItyPt(IV)—Ru(ll). We note that the decay The one-color pumpprobe data for Ru(lh-Pt(IV)—Ru(ll)
of Ru(Il)—Pt(Il)—Ru(ll) can occur either through back electron in water/DMSO mixtures withypuso < 0.1 (Figure 2c) exhibit
transfer (BET) to yield Ru(lh-Pt(IV)—Ru(ll) or through similar features to the data for aqueous Ru{PX(IV)—Ru(ll).
“forward electron transfer” (FET) to yield the two-electron- The one-color data for Ru(HPt(IV)—Ru(ll) in water/DMSO
transfer product Ru(l11)/Pt(11)/Ru(lll). On the basis of the two-  mixtures withypuso > 0.1 (Figure 2d,e) and for Fe(HPt(1V)—
electron-transfer quantum yield of 0.001, the decay of the bleach Fe(ll) in water (Figure 2f) exhibit no absorptive signal following
must correspond primarily to BET. Separation of BET and FET decay from the one-electron-transfer intermediate. In the Ru(ll)
dynamics will be discussed below. Pt(IV)—Ru(ll) mixed-solvent case, at sufficiently higiymso
Our assignment of the absorptive signal ~a1500 fs to the ground-state MMCT absorption maximum approaches 400
MMCT from the vibrationally excited ground electronic state nm. Thus, a dynamic red shift of the MMCT band upon
is not without precedence. Barbara and co-workers have reportedoopulation of vibrationally excited levels in the ground electronic
similar absorptive signals following decay of the excited-state state following BET must cause a negligible increase in the
bleach in pump-probe experiments on the organic mixed- absorbance at 400 nm. For aqueous Fe@1V)—Fe(ll) the
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(a (b) transfer dynamics with vibrational relaxation dynamics. It has
C been well documented that the appearance of an absorption or
a bleach following the initial excited-state bleach depends on
| the relative energies of the ground-state absorption maximum
J D A+E and the probe beaf 3!
A The data for aqueous FepPt(1V)—Fe(ll) evolves to a long-
Y ' lived bleach £ > 100 ps) corresponding to formation of the
two-electron charge-transfer product (Figure 2f, inset). The
2000 4000 6000 0 2000 4000 6000 magnitude of the long-lived bleach in the data for Fefll)
t(fs) t®) Pt(IV)—Fe(ll) is significantly greater than the magnitude of the
corresponding bleach for Ru(tPt(IV)—Ru(ll). This trend is
consistent with the greater photodissociation quantum yield of
Fe(I)—Pt(IV)—Fe(ll). Our interpretation of the one-color
pump-probe data for Ru(lh-Pt(IV)—Ru(ll) and Fe(ll}
Pt(IV)—Fe(ll) is summarized in Figure 3.

Polarization Dependence of One-Color PumpProbe
Signal. One-color pump-probe data with perpendicular pump
and probe polarizations were acquired for Ru¢Pt(IV)—Ru(Il)
and Fe(ll-Pt(IV)—Fe(ll) in water (Figure 4). The system
response signal at the zero of time is greatly diminished,
consistent with its assignment as a cross-phase modulation-
induced artifact. In the data for Ru#Pt(IV)—Ru(ll), a strong

- - — absorptive signal is observed at short delay times. This excited-
Antisymmetric nuclear coordinate state absorption was largely obscured by the artifactual signal
Figure 3. Interpretation of one-color pumprobe data for Ru(IF- in the data with parallel pump and probe polarizations. The
Pt(IV)—Ru(ll) in water (a) and in a water/DMSO mixture Wiffwso absorptive signal decays to the bleach corresponding to the
= 0.2 (b). Att<0, the Ru(ll}-Pt(IV)—Ru(ll) ground state (A) is  Ru(lll)—Pt(Ill)—Ru(ll)* excited state. The bleach is diminished,
populated. Pump absorption creates population in the vibrationally §,,e to the orientation of the transition dipole along #hexis

excited electronic excited state, Ru(Hpt(lll)—Ru(lll)* (B), from o
which an excited-state absorption occurs (convolved with the artifactual of the molecule. In the data for Fe(HPY(IV)—Fe(ll), the decay

signal). The excited state decays to the one-electron-transfer stateOf the absorptive signal to the bleach, corresponding to
Ru(I—Pt(ll)—Ru(lll) (C), corresponding to a bleach. Decay through Vibrational relaxation in the Fe(IHPt(lll)—Fe(ll)* excited
BET or FET yields Ru(ll}-Pt(IV)—Ru(Il) (A) or Ru(ll)/Pt(I1)/Ru(lII) state, was fit to single-exponential kinetics with a rise time of

(). Vibrational relaxation in the ground electronic state (D) corresponds 141 4 7 fs. Data at subsequent delay times exhibited minimal
to either an absorptive signal (as in a) or a bleach (as in b), depe”dingpolarization dependence.

on the relative energies of the ground-state MMCT maximum and the
probe beam. 9 9 Two-Color Pump—Probe Data. Two-color pump-probe

data (400 nm pump, 532 nm probe) were acquired for Ru(ll)
ground-state absorption maximum is to the red of the probe Pt(IV)—Ru(ll) in water, Ru(ll)-Pt(IV)—Ru(ll) in water/DMSO
wavelength, so the dynamic red shift of the MMCT band mixtures, and Fe(lh-Pt(IV)—Fe(ll) in water. Representative
following BET must cause a decrease in the absorbance at 400data are shown in Figure 5. In each data set, a cross-phase
nm. Therefore, in both cases the decay of the excited-state bleacimodulation-induced artifact is present at the zero of time. In
directly to a long-lived bleach is consistent with our expectations all Ru(ll)—Pt(IV)—Ru(ll) data (Figure 5b-€), a bleach arises
based on the relative wavelengths of the probe and the ground-directly from the artifact, indicating that excited-state absorption
state MMCT maxima. In these data, the time scale for decay of is insignificant at 532 nm. In the Fe(thPt(IV)—Fe(ll) data
the excited-state bleach represents a convolution of electron-(Figure 5f), the rise time of the bleach is slower, suggesting
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Figure 4. One-color pump-probe data (400 nm) with perpendicular pump and probe polarizations: (a) RR{(IY)—Ru(ll); (b) Fe(ll)—Pt-
(IV) —Fe(ll). In each plot, the dashed line corresponds-#®A = 0.
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Figure 5. Two-color pump-probe data (400 nm pump, 532 nm probe) with parallel pump and probe polarizations: (a) cross-phase modulation-
induced artifactual signal with water in sample cuvette; (b) Ruf)IV)—Ru(ll), xomso = 0; (c) Ru(l)—Pt(IV)—Ru(ll), ¥omso = 0.025; (d)
Ru(1)—Pt(IV)—Ru(ll), xomso = 0.05; () Ru(Il}-Pt(IV)—Ru(ll), xomso = 0.175; (f) Fe(ll}-Pt(IV)—Fe(ll), xomso = 0. In each plot, the dashed
line corresponds te-AA = 0. Superimposed on the artifactual signal is a Gaussian fit. Superimposed on the Ri(INj)—M(Il) data are fits to
eq 2.

that excited-state absorption at 532 nm occurs at very short delayand Ru(ll1)/Pt(11)/Ru(lll) occurs with the same rate, with a rate
times. As in the one-color data, the bleach is assigned to theconstanker = kser + keer. Vibrational relaxation in the ground
decrease of ground-state MMCT absorption due to population electronic state should occur with first-order kinetics. The one-
of the vibrationally relaxed one-electron-transfer intermediate color data for Ru(ll)-Pt(IV)—Ru(ll) with ypmso < 0.1 were
M) —Pt(lI)—M(Il). For all samples this bleach decays accurately modeled by the biexponential decay function
directly to a long-lived bleach, which is assigned to product

formation. Although the probe beam is to the red of the ground- AA(t) = AA, + Ce " + C e it (1)
state MMCT maxima of all samples, no absorptive signal

corresponding to MMCT from vibrationally excited states in \hereAA(t) is the time-dependent absorbance differerol,

the ground electronic state is observed. We interpret the lacks the absorbance difference of the long-lived blea&hand

of absorptive signal to narrowing of the MMCT absorption band C, are preexponential weighting factotss the delay timeker
from vibrationally excited levels in the ground electronic state. s the electron-transfer rate constaker(= keet + keer), and
Because of the displacement of the vibrationally excited ground- i . is the vibrational relaxation rate constant. The one-color
state wave packet along the nuclear coordinate axis, vertical yata for Fe(l1y-Pt(IV)—Fe(ll) and Ru(I}-Pt(IV)—Ru(ll) with
ex0|tat|.on shoulq populate a'decreased number of V|bratt|orl1alxDMSO > 0.1 and all two-color data obeyed pseudo-first-order
states in the excited electronic state. The lack of an absorptivekinetics. These data were accurately modeled by the single-
signal in the two-color data suggests that the decrease ofaynonential function

absorbance at 532 nm from narrowing of the MMCT band is

greater than the increase of absorbance at 532 nm from red- _ —Kobd

shifting of the MMCT band. The MMCT band should blue shift AAD = Akt Ce )

and broaden upon vibrational relaxation in the ground state, herekqp, must correspond to a convolution ke, keer, and
giving rise to increased absorbance at 532 nm. Thus, theV€€KobsMUSL COITESP VOIUTiON KHer, Keer,
kvr. Kinetic modeling results are summarized in Table 1.

observed bleach decay contains components from both electron- The dynamics of relaxation following photoinduced MMCT

transfer dynamics and vibrational relaxation dynamics. are solvent dependent. The one-color data for Rui(IV)—
Ru(ll) with ypmso < 0.1 are the most useful in interpreting this
effect, as these data allowed for deconvolutiokgfandkyr.
Extracting electron-transfer rate constants from ptipobe In the following discussion of solvent-dependent relaxation
data can be nontrivial, because in certain cases vibrationaldynamics, we focus primarily on these data. Inspection of Table
relaxation dynamics obscure electron-transfer dynamics. How- 1 reveals thaket decreases with increasinguso, whereakyr
ever, electron-transfer rate constants are readily determined fromis relatively independent of solvent. The decreasé&ggfwith
the one-color data for Ru(H)Pt(IV)—Ru(ll) with ypmso < 0.1. increasing ypvso could arise from either changes in the
The presence of the absorptive signal following the excited- dynamics of solvent reorganization or solvent-induced shifts of
state bleach in these data enables straightforward deconvolutiorthe Ru(ll)—Pt(IV)—Ru(ll) ground-state potential energy surface.
of electron-transfer dynamics and ground-state vibrational The solvent response to intramolecular electron transfer in
relaxation dynamics. The one-electron-transfer intermediate the solute generally consists of multiple components, corre-
Ru(ll—Pt(lI)—Ru(ll) decays through the parallel pathways sponding to inertial (uncoupled translational and rotational)
of BET or FET (Figure 3). Therefore, a branching first-order motion of individual solvent molecules on time scales ranging
kinetic model should accurately fit the decay of the observed from tens to hundreds of femtoseconds, and coupled diffusional
bleach. In this model, the formation of RuHPt(IV)—Ru(ll) motion on time scales ranging from several picoseconds to

Discussion



3266 J. Phys. Chem. A, Vol. 108, No. 16, 2004 Watson et al.
TABLE 1. Kinetic Modeling Parameters for Pump —Probe -AG,,
Data of Ru(ll) —Pt(IV) —Ru(ll) and Fe(ll) —Pt(IV) —Fe(ll)? 148 150 152 154 156 158 160
n 1 n 1 n 1 " 1 n 1 " 1 " 1
(a) One-Color Data Modeled by Eq 1 1
Apump= 400 NM Aprobe= 400 NnM }
sample XDMSO TET (fS)b TVR (fS)b Clc Czc 2.0x10"
Ru(I)—Pt(IV)—Ru(ll) 0 476+ 23 1890+ 215 —0.80 0.20
0.0125 796+ 179 1395+ 410 -—0.61 0.39
0.025 836+ 142 16504+ 482 —0.65 0.35 Loxo™d
0.0375 861 275 1465+ 737 —0.62 0.38 o
0.05 988+ 196 2750+ 1328 —0.63 0.37 N
0.1 11104+ 288 2720+ 2130 —0.67 0.33 VE
(b) One-Color Data Modeled by Eq 2 - 1.2x10"
Zpump= 400 NMprope= 400 NM 1
sample Xomso Tobs (fS)°
Ru(I—Pt(IV)—Ru(ll) 0.175 956+ 16 -
0.2 1047+ 23 8.0x10
0.225 1335+ 39
Fe(I)—PtIv)—Fe(l) 0 3160+ 46 010 008 0.06 004 002 000
(c) Two-Color Data Modeled by Eq 2 Yipasso
Apump= 400 NM Aprobe= 532 NnmM
| top Figure 6. Plot of keer VS ypmso and —AG°ger for one-color pump-
sampie XDMSO Tobs (fS) probe data of Ru(IB-Pt(IV)—Ru(ll).
Ru(I)—Pt(IV)—Ru(ll) 0 980+ 19
0.025 1138+ 21 Instead, we focus on the effect that solvent-induced shifting
8-(1335 gi& gg of the Ru(Il-Pt(IV)—Ru(ll) potential energy surface exerts on
Fe(ll)—Pt(V)—Fe(l) 0 35904 87 ket. Separation okgr into kset andkeet is possible using the

following relationship betweeReer, ket, and¢, the photodis-
* Data that exhibit the absorptive signal following bleach decay were gocjation quantum yield of Ru(H)Pt(1V)—Ru(ll).
fit to the biexponential function (eq 1). Data that exhibit pseudo-first-

order bleach decay kinetics were fit to the single-exponential function Keet KeeT
(eq 2).°ter = 1hker, TvR = 1Kvr, Tobs = 1/Kobs ¢ Amplitudes are p=——"——=— (3)
normalized such thaCy| + |Cy| = 1. kBET + kFET kET

hundreds of picoseconds.3® The solvation dynamics of water ~ Using the measurekkr value of 2.10x 102+ 1.0 x 10 s?
consist of three components, with time scales of 50, 126, and and¢ value of 0.001 for Ru(IB-Pt(IV)—Ru(ll) in water! kegt
880 fs. The relative contributions of these components to the is calculated to be 2.1& 10 £ 1.0 x 10° s L. Therefore,
overall solvent response are approximately 50%, 20%, and kget is approximately equal tégr. As previously discussed,
35%33 The fast components have been attributed to inertial the linear dependence of ground-state MMCT energydiso
solvation, whereas the slowest component has been attributedndicates that the Ru(HPt(IV)—Ru(ll) potential energy surface
to diffusional solvation. The solvation dynamics of DMSO shifts linearly withypmso. The exponential dependence pf
consist of three components, with time scales of 214 fs, 2.3 ps, onypmso suggests that the Ru(IhPt(11l)—Ru(ll) and Ru(lll)/
and 10.7 ps, and relative amplitudes of 50%, 41%, and®©%. Pt(Il)/Ru(lll) potential energy surfaces are solvent indepentfent.
The fast component presumably corresponds to inertial solva- The activation barrier for FET, and therefdgg:r, should also
tion, whereas the slower, picosecond time scale componentsbe solvent independent. Thus for all solvent compositions tested,
correspond to diffusional solvent relaxation. Krer << ket ~ ket, and the measured dependencekaf on
Many examples have been reported in which the rate of ypuso is a result of solvent-dependekier. A plot of kget vs
intramolecular electron transfer is limited by the rate of inertial ypwmso is shown in Figure 6 for Ru(IhPt(IV)—Ru(ll) with

solvation?8-30.36-38 The measured values &t for Ru(ll)—
Pt(IV)—Ru(ll) with ypuso = 0.1 are slower than the inertial
solvation rates of water (2 103 s™1) and DMSO (4.7x 102
s71).303334Thuys, it is unlikely that inertial solvation dynamics
are rate-limiting in the electron-transfer decay of Ru(Hl)
Pt(l1I)—Ru(ll). On the other hand, the measured valuegf
for aqueous Ru(IB-Pt(IV)—Ru(ll) is significantly faster than
the diffusional solvation rate of water (1.Xx 102 s,
suggesting that the relaxation dynamics following MMCT are
not governed by diffusional solvation. The ET dynamics of Ru-
(I —Pt(IV)—Ru(ll) slow with increasing;pmso. However, the
value ofker in the water/DMSO solvent mixtures is-40 times
faster than the diffusional solvation rate of DMSO. Two other
factors suggest that the decreasekgf in the water/DMSO

xomso =< 0.1. The ground-state absorption bandwidth of Ru(11)
Pt(IV)—Ru(ll) does not change witfouso, indicating that the
MMCT reorganization energy is solvent independent from 0
xomso < 0.275. Therefore, the observed linear dependence of
Ru(ll) — Pt(IV) MMCT energy ornypwmso (Figure 1) necessarily
implies a linear dependence K G°ge7|, the driving force for
back electron transfer, opbmso. |AG®ger| can be calculated

as a function ofypmso, on the basis of the previously reported
total reorganization energy of MMCT in aqueous solutiand

the measured dependence of the MMCT energysiiso. As
shown in Figure 6kget decreases with decreasiyG®getl,
corresponding to Marcus normal region behav#ei® Normal
region BET behavior implies non-nested ground- and excited-
state potential energy surfaces, which is consistent with the high

mixed solvents is inconsistent with diffusion-controlled ET MMCT energies, large absorption bandwidths, and large
dynamics: diffusional solvation accounts for less than half of reorganization energies of RupPt(IV)—Ru(ll) and Fe(ll)}-

the overall solvent response, and water comprises the vastPt(IV)—Fe(ll).24°

majority of the solvent for all solvent systems studied. On the  Further evidence for normal region BET behavior is provided
basis of the above arguments, we conclude that neither inertialby the two-color pumpprobe data for Ru(lh-Pt(IV)—Ru(ll)

nor diffusional solvation controls the electron-transfer dynamics. and the one-color data for Ru#Pt(IV)—Ru(ll) with ypmso
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> 0.1 (Table 1). In these datia,,scorresponds to a convolution
of electron-transfer dynamics and ground-state vibrational
relaxation dynamics. Intramolecular vibrational dynamics should
not vary significantly with minor changes in the solvation
sphere. Therefore, the observed steady decreagg,olvith
increasingypwmso for the Ru(Il}—Pt(IV)—Ru(ll) mixed-solvent
data must reflect changes in BET dynamics. G get]
decreases with increasinguso, ket decreases, corresponding
to normal region behavior. Similarly, we attribute the large
decrease okqps for aqueous Fe(IBPt(IV)—Fe(ll) relative to
aqueous Ru(Ih-Pt(IV)—Ru(ll) to the decrease i\G°get| for
Fe(ll) relative to Ru(ll).

Conclusions

Relaxation dynamics following M(Il)— Pt(IlV) MMCT
depend on solvent and the identity of the M(ll) center. One-
color pump-probe data for Ru(lh-Pt(IV)—Ru(ll) in water/
DMSO mixtures withypuso < 0.1 allowed for deconvolution
of BET and vibrational relaxation dynamics. BET time scales
ranged from 476t 23 s (ypmso = 0) to 11104 288 fs fpmso
= 0.1). Ground-state vibrational relaxation time scales of 1.5
to 2.7 ps correspond well with previously reported values in
mixed-valence complexég293041.42The measured BET rates
are significantly slower than the rates of inertial solvation of

water or DMSO. The solvent dependence of the BET rate has
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