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Picosecond dynamics of Re polypyridine3MLCT excited states of [Re(Etpy)(Ceiimb)[" and [Re(Cl)-
(CO)(bpy)] were investigated by time-resolved BVis, resonance Raman, and IR spectroscopy. Raman
bands due to NN intraligand vibrations of the excited molecules increase with time during the firs2Q5

ps after excitation. The time constant of#62 ps was estimated for the increase of areas of excited-state
Raman bands of [Re(Etpy)(C&Jimb)[". The growth of Raman bands is accompanied by an increase of the
near-UV transient absorption band at 375 nm, which correspondsd &ansition of the dmb- ligand of

the SMLCT excited state [REEtpy)(COx(dmlz~)]". These effects are attributed to structural reorganization
during vibrational cooling, during which the electronic dipole moment and/or vibrational overlap integrals
increase. IR bands due to CO stretching vibrations and some of the Raman bands undergo dynamical upward
shift and narrowing, that occur with time constants between 1 and 11 ps, manifesting cooling of anharmonically
coupled low-frequency vibrational modes. These observations demonstrate that relaxation dyn#&vhi€sTof
excited states of metal-polypyridine complexes extend into the picosecond time domain. It follows that many
important ultrafast photochemical processes of metal polypyridine complexes, such as electron injection into
semiconductors, actually occur from unequilibrated, vibrationally excited states.

Introduction which starts with femtosecond electron injection from a metal
to ligand charge transfer (MLCT) excited state of a polypyridine
complex>~1 Intramolecular photochemical reduction or oxida-
tion of the axial ligand L is another important class of ultrafast
photochemical reactions pertinent especially to'(R¢CO)s-
(NN)]™ (NN = polypyridine) complexe%12-18 These reactions
result in either formation of a charge-separated BtatkH16.17.1922

or fragmentatio#23-25 of the ligand L. Understanding and
utilizing such ultrafast reactions require to understand the early
t University of London. relaxation processes of MLCT excited states of M(polypyridine)
# CCLRC Rutherford Appleton Laboratory. chromophores, since they can affect and/or compete with the

Polypyridine complexes of édmetals (Rtl, Od', R€) are
important photosensitizers* of energy- and electron-transfer
reactions with possible applications in light energy conversion
and as components of molecular electronic or photonic devices.
Many of the processes involved are ultrafast, occurring on a
femtosecone picosecond time scale. An important example is
photosensitization of semiconductor electrodes in solar cells,
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productive electron- or energy-transfer reactions. The rate and 800 T T y T T T T T
mechanism of localization of the excited electron is the most
important question for Ru(ll) or Os(ll) complexes of the type
[M(NN)3]2" or [M(NN).L]?". Recent studies have shown that 600 4 i
this is a convoluted process of electron-density redistribution,
intersystem crossing, and intramolecular vibrational energy
redistribution that is essentially completed in the firs300 fs
after excitatior’.26-28 However, slower relaxation steps and
electron hopping between polypyridine ligands can extend into
the picosecond time domaff:33 Electron localization is not

an issue for [Re(L)(CQJNN)]™*, which contains only a single
Re(NN) chromophoré33438 Morever, they are photostable
with respect to ligand dissociation. These compounds are thus
well amenable to investigations of structural changes and early 04
relaxation dynamics that follow the large electron-density
redistribution caused by optical Re NN MLCT excitation.

Herein, we have concentrated on a cationic complex [Re- _.
! _ ! ST Figure 1. Preresonance Raman spectrum of [Re(Etpy)Gimb)]+
(Etpy)(CO}(dmb)]" (dmb= 4,4-dimethyl-2,2-bipyridine, Etpy in CH;CN measured with 400 nm laser pulse-@ ps) excitation.

= 4-ethylpyridine) and investigated its early excited-state |nterfering emission was rejected using 4 ps optical Kerr gate.
dynamics by picosecond time-resolved Raman3jTahd IR

absorption (TRIR) spectroscopy, which reveal the time-depend-tempted using pumping and probing at 400 nm, both pulses
ent structural changes of the dmb and Re(C@pieties,  having the same energy of8 1J. Strong emission prevented
respectively. Unexpectedly, we have observed a delayed ap-ys from measuring the ground-state preresonance Raman
pearance of Raman bands in the®[dpectra. Interpretation of spectrum of [Re(Etpy)(CQjdmb)]" by a conventional Raman
this effect is aided by time-resolved UWis absorption  gspectrometer using cw lasers. Instead, this spectrum was
spectroscopy, whose femtpicosecond dynamics was, for the  gptained using the Kerr-gate FRistrument with the pump-
first time, investigated in the near-UV spectral region. For peam blocked. The ground-state Raman scattering is then
comparison, we have carried out similar experiments on the generated by the probe beam while interfering emission is
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analogous complex [Re(CI)(Cedppy)]. removed by the Kerr gate.
) _ Time-resolved UV-vis absorption spectra were measured
Experimental Section using the experimental setup available at the Institute of

Molecular Chemistry, University of Amsterdam, that is de-
[Re(Etpy)(CO)(dmb)]PF and [Re(Etpy)(CQ)bpy)]PF were . .
synthesized and characterized as described previdtigly. scribed in ref 47. A~130 fs, 395 nm pump pulse was generated

Literature procedur@4 were followed to prepare [Re(Cl)- by frequency doubling of the Ti:sapphire laser output. White-

i light continuum probe pulses in the near UV spectral region
CO)x(bpy)], [Re(Cl)(CO)(phen)], and [Re(CI)(CQfPr-DAB)]. -
(Solu)ii(or?g)]fo[r sée():grosg(cl)opic zieasuEem(en)t(s wQere prep)g\red inere generated by focusing the 800 nm fundamental on a
acetonitrile (Aldrich, spectrophotometric grade). rotating Bak, plate. .
Time-resolved visible, IR, Kerr-gate resonance Raman, and All Raman spectra were meas_ured from sample solutions
Kerr-gate emission used the equipment and procedures describegowec.]I as a 50(um diameter open Jet. A 0.5 mm flow-through
rastering Cafcell was used to obtain TRIR spectra. The pump

i i i 4,41-46 i
g‘ngetzll(plz?r\:'oef)lﬁt 400 anshfsl’itr:] thf?esir:r?ée_(sjglll:éllzr& Wf:lzesand infrared probe beams are focused to less than:200
pump ’ g freq Y P diameter A 2 mm fused silica cell was used to measure TR

from a Ti:sapphire laser 0200 fs duration (fwhm) in the case h

- : . UV —vis spectra.
of time-resolved IR absorption spectroscopy, while pulses of
1-2 ps duration were used for Raman and emission studies.
TRIR spectra were probed with IR-Q00 fs) pulses obtained
by difference-frequency generation. IR probe pulses cover a Electronic Absorption, Resonance Raman, and Emission
spectral range 156200 cnt! wide. Kerr-gate TRspectra were Spectra. [Re(Etpy)(CO)}(dmb)[" shows broad absorption at
measured using-42 ps, 400 nm pump pulses and probed at ~339 nm (5700 M! cm™?) in CH;CN, which shifts to 344
400 nm using frequency-doubled Ti:sapphire laser pulses. Inand 354 nm in MeOH and CICGIEH.CI, respectively. This
some experiments, we used pump or probe pulses at 350 nnsmall solvatochromism suggests a Redmb character of the
which were generated by mixing the 622 nm OPA output with transition responsible. This assignment is confirmed by the
the 800 nm Ti:sapphire fundamental. The pump and probe pulsepreresonance Raman spectrum of [Re(Etpy)@@Db)[" mea-
energies of 4.4 and 5.6J, respectively, were used. (A larger sured using 400 nm excitation, Figure 1, which shows resonance-
probe than pump pulse energy was needed because of thenhanced Raman bands corresponding to vibrations of the dmb
weakness of the excited-state signal.) The laser beams werdigand*® the in-phase A1) »(CO) vibration, and coupled
focused to an area of-a150um diameter. The Kerr gate was  skeletal stretching and deformation modes. This resonance
opened for ca. 4 ps coincidentally with the probe pulse, using Raman pattern manifests displacements of skeletal, CO and
a fraction of the 800 nm output of the Ti:sapphire laser. In this intra-dmb normal modes upon MLCT excitation. It is indica-
way, all the long-lived emission is removed from the Raman tive*® of a localized Re~dmb MLCT character of the resonant
signal. TR spectra were corrected for the Raman signal due to transition.
the solvent and the ground state by subtracting the spectra Time-resolved Kerr-gate emission spectra of [Re(Etpy)O)
obtained at negative time delays-30, —20 ps) and by (dmb)Jt in CH3CN show a broad band which shifts from ca.
subtracting any weak residual emission that passed through the530 to 540 nm between 10 and 40 ps after excitation, due to
Kerr gate. Measurements of antistokes3Tépectra was at-  relaxation processes. No changes in emission intensity were seen

Results
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Figure 2. Difference TRIR spectra of [Re(Etpy)(C&€JImb)J* in
CHsCN. Spectra measured at 1, 2, 3, 6, 11, and 100 ps after 400 nm
~200 fs laser pulse excitation are shown. Spectra evolve in the
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“instantaneous shift” that is completed within the instrument
time resolution €1 ps) and following picosecond upward shift,
whereby they(CO) bands move to higher wavenumbers while
their bandwidths decrease. Band-narrowing seems to be the
largest for the middle A2) band. These dynamical effects can
best be analyzed for the highes(Z) band. Its maximum shifts

by +11.44 0.8 cnt! with a biexponential dynamics: 138

0.2 ps (74%) and 11.6t 2.1 ps (26%$° The bandwidth
decreases exponentially by ca. 24% with a time constant of 9.8
+ 1.8 ps. In principle, picosecond positive band shifts originate
in vibrational relaxation and solvation, while narrowing reflects
vibrational relaxation only3 Dynamical solvation effects will

not contribute in CHCN, whose relaxation time (260 £8)is
faster than the experimental time-resolution. Hence, both band
_shift and narrowing observed herein are expected to reflect only
'the vibrational relaxation. Indeed, the band-narrowing and band-

directions of the arrows. Negative peaks correspond to depleted Shift dynamics are identical, within the experimental accuracy.
ground-state population. Positive bands are due to the photogenerated he same behavior was observed for [Re(Cl)(&@¥ —R2-

transient. Experimental points are ca. 4 ¢énmapart. Raman band
assignment®50-53 2040 (0.37) A(1) »(CO); 1626 cm* (0.14)v(CCve)/
v»(CC)/v(CN); 1557 cm? (0.42); v(CC)(CN)/O(CCH); 1493 cm?

(1); 6(CCH)W(CC)(CC)/v(CN); 1435 cn* (0.13) 6(CCH)Wm(CC)/
»(CN); 1323 cm? (0.38) 9(CCH)W(CC)y; 1275 cn1? (0.35);»(CC)/
»(CN); 1204 cn? (0.14);6(CCH); 1035 cm* (0.68); 6(CCH)W(CC)/
0(CCC); 490 cm?® (0.46); v(ReN)»(ReC)bH(NReN). (Numbers in
parentheses are relative band intensities with respect to the 1493 cm
band, ir= inter-ring.)

at longer time delays up to 1 ns, in agreement with the long
SMLCT excited-state lifetime (51@- 20 in 1,2-dichloroethane,

ref 54). An identical band is seen in the steady-state emission

spectrun®®

Time-Resolved IR SpectroscopyShown in Figure 2 is the
picosecond TRIR spectrum of [Re(Etpy)(G@mb)}" in CHs-
CN. Spectra measured at long time delays after excitati@®(

ps) correspond well to the excited-state spectrum that was

obtained on a~100 ns time scale using the step-scan FTIR
technique®® The ground- and excited-statg/CO) spectral
patterns are quite different. The ground-state spectrum shows
sharp band due to the’'@) in-phaser(CO) vibration at 2034
cm~!and a broad band at 1930 chdue to an unresolved out-
of-phase A(2) and asymmetric A vibrations. This spectral
pattern is characteristic of a pseu@g;local symmetry of the
Re(CO} fragment, which reflects similar bonding properties
of the dmb and Etpy ligands toward Re. In contrast, the excited-
state spectrum shows thre¢CO) bands. The A and A(2)
bands are well separated at 1970 and 2013cnespectively.
The A(1) vibration occurs at 2068 cmi. (The peak wavenum-

a

bpy)] (R = COOH, COOEt) in fast-relaxing DMF or at ZgO
surfaces, where solvation is abséht.

Time-Resolved Raman Spectroscopy and UWvis Ab-
sorption. Nanosecond transient Raman spectra®iiL.CT
excited states of [Re(Etpy)(Cé&ibpy)]", [Re(Cl)(CO}(bpy)],
and RU or Od' polypyridine complexes usually show reason-
ably intense peaks due to the dmbr bpy~ chromophore when
excited by high-intensity nanosecond UV laser, usually at 354.7
or 368.9 nn%50.61.62|n contrast, we have observed only very
weak Raman signals for [Re(Etpy)(CG0Imb)]" and [Re(Cl)-
(CO)s(bpy)] in the picosecond time domain, regardless of the
Raman probe wavelength, 400 or 350 nm. This difference in
transient Raman band intensities upon pico- and nanosecond
excitation is due to the much larger figure of merit possessed
by a nanosecond system stemming from substantially higher
available pump and probe pulse energies. No picosecond Raman
signal was observed for [Re(Cl)(C&phen)], [Re(CI)(COy
(‘Pr-DAB)], and [Re(Etpy)(CQY'Pr-DAB)]*, due to the lack
of any strong excited-state absorption in the near-UV spectral
region, which we have demonstrated independently by time-
resolved U\~vis absorption spectroscopy.

Figure 3 shows the picosecond time-resolved resonance
Raman (TR) spectrum of [Re(Etpy)(CQidmb)[™ measured at
selected time delays after 400 nm excitation. Thé 3ctrum
obtained at 100 ps shows most of the bands obséhedhe
nanosecond transient resonance Raman spectrum WfitheT
excited state of [Ru(dmE|f*. This observation supports the
assignment of the TRbands of [Re(Etpy)(CQjdmb)f" to

bers were measured at time delays of 100 ps and longer. TheVibrations of the dmty ligand present in the Re- dmb*MLCT

assignment is based on ref 55)

The large positive shifts of all(CO) bands upon excitation
(+34 cnt! for the A(1) band, ca+50 cnt? on the average)
testify to the Re— dmb MLCT character of the excited state.
It is caused by a decrease of Re CO & back-donation and
increase of OC~ Re o donation?® The magnitude of this shift
is comparable to those found for typical MLCT excited states
in analogous complexes [Re(Cl)(C),4-bipyridine)] and
[Re(Cl)(COx(bpy)], 54 and 55 cmt, respectivelys57 It is,
however, smaller than that fouttdfor [Re(Etpy)(CO)(4,4-
(COOEt)-bpy)]* (63 cnT?), indicating that the Re/bpy charge

excited state. However, the overall intensity pattern of the
excited-state Raman spectra of the Ru and Re complex is
somewhat different. Notably, the most intense band in thé TR
spectrum of [Re(Etpy)(CQ)mb)]" is that at~1500 cnt?!
(probably a closely spaced doublet), while only a weak doublet
at 1492-1507 cnt! occurs in the [Ru(dmRg)?* spectrum. The
intense doublet band at 1552571 cnt! of [Ru(dmb}]?* is
manifested only as a weak shoulder~at567 cnt?! for [Re-
(Etpy)(COX(dmb)J*. These differences are caused by different
Raman probe wavelengths (400 nm vs. 369.9 nm for Ru) and
by differences in the chromophore structure.

separation is larger if the bpy ligand bears electron-accepting All the TR® bands show an unusual rise dynamics, Figures 3
substituents. The band shape of all IR bands investigated hereirand 4. They are barely apparent at 1 ps but rise in prominence
is Lorentzian, as expecté8The integrated IR band areas are over the next ca. 20 ps. This is in contrast to the ground-state

time-independent ower the whole time-range investigated.
It can be seen from Figure 2 that the shift€O) IR bands
from their ground-state positions consists of two parts: an

resonance Raman signal “bleaches” that undergo substantially
faster onset determined only by the pump and probe cross
correlation ¢3 ps). To analyze the rise dynamics, the3TR
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occur for all bands in the TRspectra, regardless of the relative
polarization of the pump and probe laser beams; parallel or
perpendicular. It was also observed in the spectra measured
using combinations of pump and probe wavelengths of 400 and
350 nm or 350 and 400 nm. Quantitative analysis of the rise
dynamics was prevented by weakness of Raman signals in these

spectra.
I | The dynamical upward shift of TRbands is caused by
20 cooling of anharmonically coupled low-frequency vibrations,
as was discussed above for #iRCO) bands. Band-narrowing
15 originates in faster collisional dephasing when the molecule and

its immediate surroundings are vibrationally excited. Its obser-
10 vation also testifies to the vibrational relaxation of #\LCT
I ] excited state. On the other hand, the rise dynamics of the excited-
7 state Raman bands is a very unusual effect which needs to be
examined in more detail.
5 Measurement of antistokes ¥Bpectra of théMLCT excited
state was attempted using both pumping and probing at 400
MWM nm at time delays of 1, 5, and 10 ps. The spectra do not show
any excited-state bands. However, the presence of weak solvent
M and ground-state bands at low frequencies (up to ca. 95¢)cm
indicate that that absence of excited-state bands is not an
experimental artifact. It can thus be concluded that excitation
Wavenumber / cm’” gf high-frequ.ency, dmb-localized vibrationa! modes ip the
. . . MLCT state is decayed already at ps after its population.
Figure 3. Picosecond time-resolved resonance Raman spectra of [Re- .
(Etpy)(COX(dmb)J* in CH:CN measured at 1, 2, 5, 7, 10, 15, 20, and _TR° spectra of [Re(Cl)(CQJbpy)] show characteristic bands
100 ps after excitation with 400 nm~2 ps laser pulses and probed Of the bpy~ chromophore which rise in intensity during the
with delayed 400 nm, 42 ps laser pulses. The long-lived emission first 20 ps; see Figure 5. The strong band at 1286%camd the
was rejected usina 4 pskerr gate. The ground-state Raman bands of eaker band at 1553 cthare especially diagnostic for the Re
g‘: nﬁg'n“t; ;::I Spoall‘é‘;mg""tirgjgmi‘:efﬁ Qolsesga,?;ffggfep:tme‘;.r;,dﬁﬁfﬁ* bpy 3MLCT excited state, which can be formulated as'[Re
delays (from—5 to +5 ps) was also subtracted (this signal was (CI)(COk(bpy ). These bands are well-separated frqm inter-
separately measured in a pump-only experiment). fering ground-state and solvent bands. They are prominent also
in the nanosecond transient resonance Raman spectra of both
spectra were fitted to a sum of Lorentzian peaks to give time- [Re(CI)(COX(bpy)] and [Ru(bpyj]?* and were attributed to
dependent integrated areas, positions and widths of individual mixedv(CC) andv(CN) vibrations of the bpy ligand8.50.5261.62
Raman peaks. The band areas increase exponentially, with timeThe vibration responsible for the 1286 chpeak contains an
constant estimated as 6 ps, while the bandwidths decrease at #mportant contribution from the bpy inter-ring CC stretcli?
similar time scale; see Figure 4. Simultaneously, the 1497 and The TR band positions of [Re(Cl)(C@bpy)] do not show any
1325 cntl peaks show exponential upward shifts-b§5 + 4 systematic dynamical shifts above the experimental uncertainty.
cm~1, with time-constants estimated as 204 and 9+ 4 ps, Time-resolved UV-vis absorption spectra of [Re(Etpy)(GO)

respectively. No reliable time dependences were obtained for (dmb)J* show an intense, sharp band at 375 nm, followed by a
positions of the other TRbands. The growth and narrowing weaker band at 455 nm, see Figure 6. The same bands occur in
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Figure 4. Raman dynamics observed in the *T$pectra of [Re(Etpy)(CQ)dmb)}" in CH:CN after excitation with 400 nm,-42 ps laser pulses
and probed with delayed 400 nms-2 ps laser pulses. The long-lived emission was rejectedyusih psKerr gate. Left: time-dependent width
(fwhm) of the 1497 cm! band. Fitted to a single-exponential decay4l ps. Right: time-dependent area of the 1195 timand. Fitted to a
single-exponential rise; & 2 ps.
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Figure 5. Picosecond time-resolved resonance Raman spectra of [Re-
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Figure 6. Difference time-resolved U¥vis absorption spectra of [Re-
(Etpy)(COX}(dmb)Jt in CH3CN. Spectra measured at 2.5, 3, 5 10, 15,
and 40 ps after excitation with a 390 nm, ca. 130 fs laser pulse are
shown in the direction of the arrows. The white-light continuum was
optimized for the near-UV and the violet-blue regions of the spectrum.
The sharp dip at 390 nm is caused by stray laser pump light. Inset:
absorbancetime profiles measured at selected probe wavelengths.

the time-resolved spectra of [Re(CI)(GMpy)] at 378 and 475
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increase in intensity. This growth is more prominent for the
375/378 nm band whose maximum intensity increases by ca.
25% during the first~15 ps. It should be noted that the
absorbance at the wavelength corresponding to the half-
maximum of the 375/378 nm absorption band increases as well.
On the other hand, the absorbance is essentially time-
independent in the flat region between the 375/378 and 455/
475 nm bands.

Discussion

The ground-state preresonance Raman spectrum demonstrates
the Re— dmbMLCT character of the lowest allowed electronic
transition of [Re(Etpy)(CQJdmb)]". Time-resolved emission
and IR absorption spectra confirm tALCT character of the
lowest-lying relaxed excited state, i.Re' (Etpy)(CO}(dmb)]*.

In agreement with this formulation, excited-state Y¥s
absorption and resonance Raman spectra show features due to
the reduced dmtb ligand. Remarkably, excited-state Raman
bands grow-in with a~6 ps rise time. The 375 and 455 nm
dmbr~ absorption bands also increase in intensity during the
first 15—-20 ps. The rise in excited-state Raman and UV
absorption band intensities is paralleled by a shift@O) IR
bands and at least two of the dmtRaman bands to higher
wavenumbers, which occurs on a comparable or slightly longer
time scale, with time constants up to ca. 11 ps. All IR and
Raman bands narrow concomitantly. Dynamic changes in
excited-state IR and Raman band positions and widths can be
attributed”="3 to vibrational cooling of low-frequency intramo-
lecular, solute-solvent, and first solvation sphere vibrations that
are anharmonically coupled to the high-frequem¢¢O) and
dmbr~ modes. These low-frequency modes get highly excited
during the femtosecond intersystem crossing from'MieCT
state, that is optically populated at 25 000 ¢égrto theSMLCT
state, for which a 60 energy of 18 700 crm was determineé?
Hence, ca. 6300 cm excess energy has to be dissipated into
vibrational modes on a femtosecond time scale. Vibrational
relaxation (cooling) of the low-frequency modes then proceeds
on a picosecond time scale by energy transfer to the surrounding
solvent bati® The picosecond growth of excited-state®/dRd

UV —vis bands is not restricted to [Re(Etpy)(G®py)]", as it

was observed also for [Re(Cl)(CsHpy)].

While picosecond shifts and narrowing of Raman bands are
rather common in TRspectra of electronically excited organic
molecule$™72 the rise in Raman intensities is a very rare
phenomenon. As to our knowledge, it was, so far, described
only for Raman spectra of aromatic cation-radicals generated
by femtosecond 2-photon ionization in acetonitfiléNo such
effect was observed for the same species in ethyl acetate. Raman
bands were found to shift upwardl5 cnt?! in both solvents
with 13—17 ps time constants. The band-shift was explained

nm. Hereafter, these features will be discussed together for bothby vibrational cooling while the intensity rise was attributed to

complexes and denoted 375/378 and 455/475 nm, respectively

“‘thermal excitation of the neighboring sent molecules that

Transient absorption spectra of both complexes also show adisturbs the salation structure of the cation radical which

shoulder at~550 nm tailing to the red spectral region. All these
spectral features originate mz* transitions of the dmty or
bpy~ ligands?8.63-66 in accordance with the formulation of the
SMLCT excited states as [RéEtpy)(COj(dmir-)]* and
[RE'(CI)(CO)(bpy )], respectively. Time-resolved UWis
spectra of both [Re(Etpy)(C@mb)]t and [Re(CI)(CO)bpy)]
show a sharp, instrument-limited absorbance rise, followed by
further dynamical evolution during the first ca. 20 ps, which
depends on the probe wavelength, Figure 6. Absorption at
wavelengths of 550 nm and longer slightly decreases during

causes the change in thealue of its electronic transition
moment”%7 However, time-resolved visible absorption spectra
of the radical-cations were not presented. Moreover, it is not
clear why the Raman rise dynamics of these radical-cations is
so much solvent-dependent, while the vibrational cooling,
manifested by the dynamic shift in Raman band positions, is
not8”

Herein, we attribute the remarkable growth of excited-state
Raman and visible absorption bands to vibrational cooling of
low-frequency vibrations, which is clearly manifested by the

the first ca. 4 ps. In contrast, the 375/378 and 455/475 nm bandsdynamics inv(CO) IR and dmb- Raman band positions and
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widths. This conclusion is strongly supported by the fact that
all these effects occur on comparable time-scales.

The rise of TR band intensities is closely connected with
the rise of the intensity of the resonant electronic transition,
which occurs at 375 and 378 nm for [Re(Etpy)(G@mMb)}
and [Re(CI)(COY(bpy)], respectively? This is azs* transition
of the NN~ ligand (NN= dmb, bpy), further denoted-12. Its
transition moment is expressed as

Ui = _e@ﬂrW}zDz | v,U 1)

Ny,v2

The (pre)resonance Raman intensity; of a TR band due
to an; — my vibrational transition in the electronic state = (
SMLCT) is described by the Albrecht A-term expression

| v, M, m, 0 |2

loamy Ot = @)

dmoV1imzy — Vo T 1T

Here, y12 m, my, and v, represent the electronic and
vibrational wave functions of the electronic states 1 and 2, that
is the 3MLCT and the higherzz*(NN*") state, respectively.
P1m2s 1S the energy (in cmt) and ue the electronic transition
moment —el@1|r|y.0 of the resonant electronic (vibronic)
transition 1— 2. 7 is the Raman probe wavenumbEy, stands

for the damping factor. In the present case, we assume that the

Raman enhancement originates predominantly imti§NN )
transition at 375/378 nm, that &y, 2,= 26667/26455 cmt.
The resonant electronic transition eneigy,», does not change
with time as was manifested by the constant position of the
375/378 nm absorption band, Figure 6.

Equations 1 and 2 show that ¥Bnd UV—vis band intensities
are interrelated through both the electronic transition moment
e and vibrational overlap integrals,| -] Vibrational cooling

amounts to structural reorganization, which may affect shapes

of the potential energy surfaces of thdLCT and/or the upper
qr* excited state. Vibrational overlap integrafs | v,0) om0
and/or the electronic transition momeny will then increase
alongside vibrational cooling. This will be manifested by growth
of both the 375/378 nm absorption band and resonantly
enhanced Raman bands due to*Nhtraligand vibrations.

This explanation relates well together the dynamical evolu-
tions of excited-state Raman and BVis band intensities with
those of the IR and Raman band positions and widths.

Liard et al.

dynamics. However, such an electronic relaxation of closely
spaced excited-states is expected to occur on a femtosecond
time scale, as was observed, e.g. for [Ru(Bgy) and its
analogueg®2’Moreover, no evidence for such process was seen
in ps TR spectra of a similar carbonyl complex[W(4-cyano-
pyridine)(CO}], which also possesses a low-lyifLCT
manifold’>

Conclusions

SMLCT excited states of [Re(Etpy)(Cefimb)]" and [Re-
(CI)(CO)(bpy)] are initially formed highly vibrationally excited
in low-frequency modes which are anharmonically coupled to
»(CO) and NN~ vibrations (NN = dmb, bpy). Vibrational
relaxation (cooling) occurs with time constants in the range
1-11 ps, driving the excited molecule toward its equilibrated
molecular and solvation structure. This is manifested by
picosecond upward shifts @fCO) IR and dmb- Raman bands
and by their narrowing. Remarkably, intensities of excited-state
aa*(NN*7) (pre)resonance Raman and YVis absorption
bands increase on the same time scale. The growth of the UV
vis absorption and resonance Raman bands are interrelated. It
is attributed to structural relaxation during vibrational cooling
which modifies the shapes of relevant potential energy surfaces,
increasing the electronic transition moment and/or vibrational
overlap.
It can be reasonably expected that the same type of vibrational
relaxation occurs in MLCT excited states of other complexes
containing M(polypyridine) or Mg-diimine) chromophores. The
observation that M~ polypyridineSMLCT excited states remain
vibrationally hot on a picosecond time scale implies that ultrafast
photochemical processes of metal polypyridine complexes
actually occur from unequilibrated, vibrationally hot states. This
applies, for example, to important processes of electron injection
into semiconductors, inter-ligand electron transfer, or intramo-
lecular charge separation.
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