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The population and structural dynamics of IrCle* is
studied in acetonitrile and aqueous solutions in
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comparison to isoelectronic IrBreg® using ultrafast
broadband, dispersed transient absorption, with
both octahedra excited with 85 fs pulses at four
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different wavelenths, encompassing the first seven
tg-based electronic states. Ligand-to-metal charge
transfer (LMCT) 420- or 490-nm excitation of IrCle*
into Uu'(?Ta2u) + Eu"(?T2u) states, superimposed due to
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Ham effect, or U.'(*Tis), respectively, leads to

symmetry lowering due to Jahn-Teller effect in these excited states with the subsequent 100-fs decay into Ug'(?T1g). This first
LMCT state is formed vibrationally coherent in the 104 cm™ tag (scissor) or 243 cm™ eg (out-of-phase-stretch) Jahn-Teller
modes for the respective excitation wavelength. Direct excitation into Ug'(?T1¢) at 600 nm and the intraconfigurational lowest
excited Ug'(2Tyg) state at 1900 nm helped to establish that Ug'(*T1¢) decays via back electron transfer into Ug'(2Tzg) (time
constants, 3.55 ps in acetonitrile and 0.9 ps in water), and the decay of Ug'(?Tz) into the ground state is the rate-limiting
relaxation step. The relaxation cascade of IrBre? is similar with short-lived (< 100 fs) higher LMCT states, but the vibrational
coherence is only observed in the Jahn-Teller t2g mode. Faster back electron transfer for IrBrs? is explained by the energy
gap law. The intraconfigurational Ug'(?T2g) states, which are ~5100 cm™ above the ground state for both complexes, have a
sub-nanosecond lifetime largely independent of the ligand nature (~350 ps, acetonitrile).

1. Introduction

Excited electronic states in transition metal compounds have
found ubiquitous use in modern science and technology.12 The
low-spin, heavy transition metal compounds drawn from Os and
Ir in the Os3* and Ir** oxidation states (the 5d series) uniquely
have a manifold of excited states that starts at energies as low
as a fraction of eV and the different nature of which can be
linked to specific applications. These compounds have attracted
attention in up-conversion and photocatalysis3-8 as well as
physics (magnetism and high-temperature superconductivity)
of strongly correlated materials,%10 where they serve as building
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blocks. The above phenomena are governed by the compound’s
excited-state electronic structure, where two effects are
central: Jahn-Teller (JT) coupling of the electronic and nuclear
motion!1-13 and spin-orbit coupling (SOC) that entangles the
orbital and spin angular momenta of electrons.# Strong SOC
effectively reduces the orbital degeneracy, leading to novel
quantum materials with unique metal-insulator transitions and
magnetic properties.?10 In the JT effect, a non-linear molecule
in an orbitally degenerate electronic state spontaneously
distorts enabling energy and charge localization, which may be
utilized in light-powered molecular machines. Mixing of spin,
electronic, and nuclear degrees of freedom leads to competing
SOC and JT interactions!®> and rather complex spin-vibronic
dynamics.1617

Excited states of Ir(IV) hexahalides have been extensively
interpreted starting from pioneering studies of solution
spectral®1?® followed by high-resolution optical and magnetic
circular dichroism (MCD) work in solids.20-33 |rClg2 is the most
industrially important precursor iridium compound.34 Ultrafast
excited-state dynamics of a low-spin 5d° IrClg2- complex and its
comparison to isoelectronic IrBrg?- is the focus of the present
study. Both complexes in the condensed phases, on symmetry
ground, retain octahedral (On) symmetry in the electronic
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ground state?1.27.35-41 (Kramers twofold degeneracy!?), and are
isoelectronic to predominantly On perovskite iridates.21042 |n
the Oy ligand-field (LF), five d-orbitals of Ir(1V) are split into three
t2g and two eg type orbitals. Metal SOC causes further splitting
of ty¢ into doubly degenerate ug'(tog) and a higher eg''(t2g) metal
orbitals separated by 3/2Cw,434> where Cu is the metal spin-
orbit parameter (~3600 cm-! for iridium?222845-49). The ug'(tag)
and eg"(tag) metal orbitals primarily contribute to ug'(tzg) and
eg''(t2g) molecular orbitals, a picture which is also supported by
the relativistic calculations.46-4° The upper (singly-occupied) spin
component is the destination for the visible ligand-to-metal
charge-transfer (LMCT) and short-wave-infrared
intraconfigurational (that is within the t,z multiplet) transitions.
The LF eg orbital is not involved as it is at higher energies (10Dg
~ 3.3 eV). Studies of IrClg?- and similar ions in low-temperature
rigid media gave evidence for excited-state JT effects through
the anomalies in the stationary spectra,20.22.31,50551 jn addition to
SOC effects. IrClg?- and IrBrg? are also isoelectronic to low-spin
Fe(CN)g3-, which is a model for studies of solution-phase LMCT
excitations>2:53 for which few systematic ultrafast spectroscopic
investigations exist, in contrast to MLCT. In Fe(CN)e3, the Cv
parameter and, therefore, the tyg splitting is much smaller.4554
Studies of Ir(1V) hexahalides can enhance our understanding of
LMCT reactions with large relativistic effects.

Upon irradiation in the gas phase, IrClg2 and IrBrg2 fragment
into polyatomic and atomic halide anions.55-58 Femtosecond
time-resolved photoelectron spectroscopy work>® suggested
that IrBre excited into the third LMCT state (760 nm)
undergoes rapid cascade relaxation into the hot ground state,
where a delayed unimolecular fragmentation (a 79 ps time
constant) takes place. Such photochemistry is not expected in
solution where the solvent rapidly dissipates solute’s excess
vibrational energy. Early solution studies showed that UV
irradiation of both hexahaloiridates form photoaquated
products.®961 |rClg2 and IrBrg2- are substitution inert upon visible
irradiation (in particular, in the 420-495 nm range for the
chloride in water),%%-62 in contrast to analogous d® complexes
(PtCle and PtBre?z ©3). Recent ultrafast transient absorption
studies also reported no photosubstitution upon excitation as
high as the 6t" LMCT state for IrBrg2- (525 nm®4) and IrClg2- (400-
420 nmb556)_ |n the last case, ground-state IrClg? recovered with
a time constant of 18 ps in aqueous solutions and ~30 ps in
methanol and ethanol, but neither the role of the intermediate
excited states nor the solvent in the radiationless relaxation
mechanism was the
intraconfigurational state of IrBrg2, an unexpectedly slow decay
in acetonitrile and chloroform (~350 ps time constants®4¢8) and
a much faster decay in aqueous solutions due to energy transfer
involving the OH group were reported.®* The 100-fs LMCT
lifetimes and vibrational coherences observed for IrBrg
indicate the importance of excited-state JT effect in driving the
relaxation dynamics.®4 This conclusion is in contrast to the
recent femtosecond 2D electronic spectroscopy study of IrBre
, where the LMCT decay was suggested to be driven by SOC
alone.3>

In this work, broadband, dispersed transient absorption
spectra were measured following 85-fs excitation of IrClgZ into

clear.6>-67  For short-wave-infrared
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excited states of various types (one intraconfigurational and
three LMCT)
radiationless relaxation mechanism and provide an accurate

in water and acetonitrile. We portray the

assessment of the role of the first seven excited states. The
relaxation dynamics is compared to that of isoelectronic, low-
spin d> IrBrg?. The findings can serve as a platform for wider
discussion of heavy transition metal compounds where spin-
orbit interactions are comparable to or larger than vibronic
interactions. The results emphasize the importance of
symmetry-induced JT intersections as a driving force for the
ultrafast relaxation dynamics even in molecular systems with
very significant spin-orbit interactions.

2. Experimental
2.1 Materials

Deionized water (Nanopure) and anhydrous acetonitrile (HPLC
> 99.9%, Sigma-Aldrich), which was prepared according to
standard methods, were used as solvents. KIrCle and K,IrBrg
(Surepure Chemetals) were used to prepare aqueous solutions.
To be soluble in acetonitrile potassium cations were substituted
by tetrabutylammonium cations (tBusNCl and tBusNBr were
used, Sigma-Aldrich). The substitution reaction was carried out
in aqueous solutions where KiIrCls and K;IrBrg are soluble,
whereas (tBusN)2IrClg and (tBusN)alrBrs are not. Precipitate was
washed with cooled ethanol (HPLC = 99.9%) to eliminate traces
of water and then dried under vacuum. All chemicals were used
as received.

2.2 Methods

Near-IR (800-2900 nm, only in CH3CN) and UV-vis absorption
spectra of solutions were measured in Infrasil and Spectrosil
quartz cells using a PerkinElImer LAMBDA 750 and a Varian Cary
50 Bio spectrophotometer, respectively. In the transient
absorption set-up used,?9.70 the 50% part of the output of a Ti:Sa
amplified laser system (800 nm, 85 fs, 0.9 mJ pulsel, and 1 kHz)
was split and sent to a TOPAS optical parametric amplifier to
generate 420, 490, 600 nm (7 w pulse-t) and 1900 nm (11
pulse 1) excitation pulses, which were then chopped at 500 Hz.
The excitation light was sent through a Berek compensator to
set the polarization plane to the magic angle (54.7°) with
respect to that of the probe light, and focused onto the sample
(solution in a 2-mm pathlength spinning cell). For 420- and 490-
nm excitation, the IrClg2- concentration was 0.9 mM in H,O and
0.5 mM in CH3CN. For 1900- and 600-nm excitation, 1.7 mM
solutions were used. The same concentration of IrBrg2- was used
for 602-nm excitation. The remaining 50% portion of the
amplified output was attenuated and focused onto a 4-mm
thick CaF, window to generate a broadband (340-780 nm) white
light continuum, which was then split into a probe and a
reference beam. The reference beam bypassed the sample and
the probe beam was made to overlap the excitation beam at the
sample position at a 6°- angle, with the excitation and probe
beam diameters being 200 and 60 um. Afterwards, the probe
and reference beams were dispersed by a spectrograph, and
the corresponding light was recorded in a 274 nm window using

This journal is © The Royal Society of Chemistry 20xx
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two diode arrays read out at 1 kHz for derivation of transient
absorption (AA) signals. The dependence of the AA signals with
excitation energy was linear and passed through the origin. The
excitation pulse energies used are specified in the text.

All AA data were corrected for group-velocity dispersion in
the probe light with a 25-fs accuracy using the solvent cross-
phase modulation and stimulated Raman scattering signals
centered at a time zero.7172 Using these signals, the width of the
cross-correlation function (CCF) between the excitation and
probe pulses is evaluated to be 100 fs (fwhm, Gaussian shaped).
The neat solvent AA signals persisted for the initial ~100 fs, but
were smaller than the corresponding AA signals measured for
IrClg?- and IrBrg? solutions under the same excitation conditions.
The cell front window had only a minor contribution to these
signals. This allowed accurate subtraction of the solvent signals
from the solution signals (after proper scaling of the former to
account for solute absorption at the excitation wavelength). To
describe the dynamics, global fit analysis was carried out where
recorded AA kinetic traces, excluding the initial 75 fs, were
simultaneously fitted to a sum of exponents }; a]-(l)e‘t/fi,
where Tj is the j-time constant and aj(4) is the decay-associated
difference spectrum evolving with 1. From the aj(1) spectra,
assuming the consecutive relaxation mechanisms, the
evolution-associated difference spectra (g(A) or EADS, see p.
9773) were reconstructed. The g(A) rises with a 1.1 time
constant. The global fit assumes that line shapes do not change
with time, which can affect t; values on a time scale of
vibrational relaxation, typically several picoseconds in solution.
Multiexponential fits with CCF deconvolution were also
performed at several representative probe wavelengths. Fit
residuals R(A, t) were analyzed using fast Fourier transform
(FFT).

3. Results
3.1 Steady-state absorption spectra

In the visible region (> 350 nm), IrClg? in acetonitrile has two
strong absorption bands peaking at 437 and 492 nm (&= 3110
and 3400 M- cm'1, respectively) and a weaker 586-nm band (&
= 230 M1 cml), Fig. 1. Also, there is another, much weaker
1900-nm band (& ~ 65 M1 cm), which is the lowest-energy
absorption transition of IrClgZ- as well as IrBre2-, Fig. S1 of ESI.
The absorption spectra in aqueous solutions are similar, but
they are broadened and somewhat blue-shifted, consistent
with the previous studies.>874 The shift is ~730 cm-1 for 437-nm
band of IrClg2- (~600 cm-1, 535-nm band of IrBrg2- 64), but much
less for other visible bands. Greater stabilization of the ground
in comparison to the LMCT states in a more polar solvent
explains the shift direction.5® Both complexes exhibit significant
thermal and photostability in acetonitrile. Special care including
usage of fresh solutions and limited exposure times was taken
for aqueous solutions in which hexahaloiridates are less stable
in dark.75.76

3.2 Spectral assignments and the electronic structure of IrClg?-.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Molecular decadic extinction coefficient (&) spectra of IrCle>
in acetonitrile and water. The inset shows the near-IR absorption band
of IrCle¢* in acetonitrile due to the Eg" — Ug' intraconfigurational
transition. Electronic transitions of the complex are numbered 1-8 for
spectral assignments, see Table 1.

We assigned the absorption bands of IrClg? in solution based on
previous spectroscopic studies of IrClg2 in low- and room-
temperature solids. Table 1 summarizes the assignments made
for IrBrg? 4 and IrClg2. Metal SOC splits the 2Tyg(t2g%) term into
the ground Eg"'(2T,) and first excited Ug'(2Tyg) states, Fig. 2. The
lowest energy Eg" — Ug' transition is intraconfigurational,
corresponding to electron promotion from the ug' to the eg"
within the tyz manifold. As seen in Fig. 1 and Fig. S1 of ESI, the
Eg" — Ug' transition energy in solution agrees with that in room-
temperature solids?® (~5000 cm-t). The E;" — Ug' transition is
La-Porte forbidden,’” but the prohibition is partially lifted
through vibronic coupling to odd parity vibrational modes (ta,,
t14).2>26 All other IrClg2 transitions above 350 nm (above 500
nm, IrBre?) are due to electron transfer to the eg'"(ty) orbital
from various ligand orbitals, in order of decreasing energy:  tyg,
(Tt + o) t1y, and & tay (7 tog lies lower?278 than m tyy). SOC splits

IrClg? IrBrg?
2T ,
A e E:‘N ]%ﬁu
2T, —FE,) 3.3
— UE’ ](;*;)ﬁa
2Tlg e ———— Ey -3
- U:' ]ﬁu
&
@
f=
i
2ng ’— Uy’ 2T29 Uy
Ey" Ey"
Zero Non-zero Zero Non-zero

spin-orbit coupling spin-orbit coupling

Fig. 2. Energy level diagram of ground-state IrCle> and IrBre*
accounting for SOC as modeled by Schatz,?? taking into account spin-
orbit coupling. Lande spin-orbit coupling parameters: &ir = 3600 cm"
L &ci = 587 cm?, and &gr = 2457 cm™.2° Energies of T-levels in the
absence of spin-orbit coupling are shown only as the guidance.
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Table 1 Electronic transitions and their assignments for IrCle? (A >
350 nm) and IrBre> (A > 500 nm) in acetonitrile.?) The transition
numbering corresponds to Fig. 1.» Electronic configurations of the
ground and excited states are given in Griffith notation.'*

IrClg?- IrBrg?-
N v, cnrt 7, cnrt Assignments € Type

(4, nm) (4, nm)

' (iggg) éﬁi; By (Tog) > Ug (PToy) d-d

2 1(22@)5 15132?)1 Eg”(Zng) — Ug'(leg)

* 20325 1(323? By'(*Tzg) > U/ CTw)

) o 1(322? By'(Tog) > Uy ()

5 " | ey | FTSECTY | et o

° G0 | BT ECT)

T ey | e | ECToUER)

° 1(222)2 By (*Tg) > Uy/(*T2y)

3 Because absorption spectra of IrCle? and IrBrs? in acetonitrile and
water are similar, but the bands are narrower in acetonitrile, we base
our spectral assignments on the spectra in acetonitrile. ® See Fig. S1,
ESI for the steady-state absorption spectrum of IrBreg? 9 X=Cl or Br9
Observed at 18650 cm™ (536 nm) in doped crystals, ref. [22] ©
Assignments for IrBre® follows ref. [64].

the ligand orbitals as shown in Fig. 2, with the splittings
proportional to a ligand spin-orbit constant; Cgr = 2457 cmt and
Ca =587 cm1.20 Consequently, the Tig, Ty, and Ty, terms split
into U' and E'(E") LMCT states. The less intense and broad 586-
nm Ug'(2T1g) band corresponds to a parity-forbidden transition
originating from the t1g. This band in doped crystals?2:31 shows a
small contribution from the Eg'(2Tig) component (doubly
forbidden based on the parity and total momentum in the j-j
coupling scheme).3! Two strong bands at 23000 and 19000 cm-
1 can be unambiguously assigned?2:31 to the allowed transition
to E,"(2Tay) + UJ'(2Ta,) states, where the Ham effect is

present,5951 and U,'(2T1y), respectively. In doped crystals, these
transitions exhibit the 19500- and 20800-22800 cm-! fine
structure attributed to mixing between the U,' and E,'
components of 2Ty, and the orbitally-forbidden transition into
E.'(?T1u), respectively.?2 Because of considerably larger Cg:, the
ligand spin-orbit splittings are observable more readily in the
spectrum of IrBrg2 than IrClg2,,2° Table 1 and Fig. S1 in ESI.

3.3 Ultrafast transient absorption

Following 1900-nm excitation of IrCle into Ug'(?Tz) in
acetonitrile, the 100-fs AA spectrum shows dual-band ground-
state bleach of IrClg and induced absorption with 654, 542
(intense) and ~600 nm (weaker) bands, Fig. 3a. The 542 and 654
nm AA bands, when shifted by the 1900-nm photon energy
(which also is the energy gap between U;' and E;'"), match the
positions of the steady-state 492- and 437-nm absorption
bands, Fig. S2 of ESI. Therefore, the 100-fs induced absorption
is assigned to excited-state absorption (ESA) from the initial,
Franck-Condon (FC) Ug'(2Tg) state. The AA spectra slowly decay
with the isosbestic point at 512 nm and no change in the
spectral shape within 2 ns. No AA signals are observed after 2
ns, manifesting that all Ug'(2T¢) population completely returned
back into the GS. Upon 600-nm excitation into Ug'(2T1g), the
initial (0 fs) AA spectrum shows the 436- and 488-nm ground
state bleach, a broad ~550-700-nm induced absorption, and
induced absorption below 400 nm, Fig. 3b. These signals
continue to grow within the first 100 fs as the excitation pulse
continues to populate the FC state, Fig. 3b and Fig. S3 of ESI.
From 100 fs to 1 ps, the broad ~550-700-nm feature undergoes
a minor reshaping (decay on the red side and rise on the blue
side) forming a broad band with a flat 550-650 nm maximum.
From 1 to ~10 ps, the AA signals below 400 nm decay, and the
550-650-nm band evolves (isosbestic point, 689 nm) into three
pronounced 545-, ~600- and 654-nm bands. Based on the 1900-
nm excitation experiment, these bands manifest the population
of the Ug'(2Ty) state. After 10 ps, the AA spectra decay
identically to the 1900-nm excitation case. Excitation at 490 nm
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Fig. 3. Transient absorption spectra of IrCle? in acetonitrile excited at 1900 nm (a), 600 nm (b), 490 nm (c), and 420 nm (d). Delay times
between the excitation and probe pulses are given in the legends. The AA spectra measured at short, intermediate, and long delay times
are shown from top to bottom. The 0 and 100 fs AA spectra, from which solvent contribution was subtracted (Supporting Information),
show small residual solvent oscillatory signals from 675 to 760 nm due to cross-phase modulation, impulsive stimulated Raman scattering
(ISRS), and stimulated Raman emission on the Stokes side for 490 nm excitation (an inverted 580 nm spike at 0 fs due to the Raman-
active C-H stretching mode at 2942 cm™).
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into Uy'(2T1y) leads (0 fs) to a narrow 625-nm AA band, Fig. 3c
and Fig. S3 of ESI. A rise of induced absorption between 530 and
590 nm, and above 650 nm, continues up to 200 fs and is
accompanied by a very small change in the bleach signals. The
AA spectrum at 200 fs resembles that observed 100 fs following
600-nm excitation. After 500 fs, the AA spectra for these two
excitations become quantitatively identical. Upon 420-nm
excitation into U,'(2T2u) + Eu"'(2T2u), the 670-nm AA band initially
emerges, which within the first 100 fs develops into a broader
feature resembling the 550-700-nm AA signals observed at 100-
200 fs after 490-nm excitation, Fig. 3d and Fig. S3 of ESI. Starting
from 200 fs, transient absorption changes for 420 and 490 nm
excitation are practically identical: formation and complete
decay of three characteristic 542, ~600, 654 nm bands
(isosbestic point, 689 nm) is followed by the complete bleach
recovery (isosbestic point, 512 nm).

In aqueous solutions, the 200 fs AA spectrum following 1900
nm excitation shows ground state bleach (485 and ~415 nm
peaks) and three pronounced induced absorption bands (~650,
600, and 532 nm), Fig. 4a, which are similar to those observed
upon 1900-nm excitation of IrCleZ in acetonitrile. Therefore,
these AA bands can be likewise assigned to ESA from the FC
Ug'(2Tog) state. The decay of transient absorption occurs with no
spectral change (isosbestic point, 511 nm) similar to
acetonitrile, but much faster (within 100 ps). The 600-nm
excitation leads to a broad 600-650-nm AA band, which builds
up during the pulse and, therefore, can be attributed to ESA
from the FC Ug'(?T4g) state, Fig. 4b and Fig. S4 of ESI. This band,
between 0.5 and 1 ps, decays yielding the same 651, 602, and
532 nm bands as the ones observed upon 1900 nm excitation,
and which decay similarly. There are only minor changes in the
ground-state bleach signals prior to ~2 ps. Following 490-nm
excitation into U,'(2T1y), Fig. 4c and Fig. S4 of ESI, the initial (O
fs) ~610 nm AA band is replaced at 100 fs by a broad AA band
extending from ~530 to 770 nm, which looks alike the 600-650
nm AA band observed immediately after 600 nm excitation. This

600
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indicates that at 100 fs the excited population has reached the
Ug'(?T1g) state. Between 500 fs and 1 ps, the ~532, 602, and 651
nm bands develop (isosbestic point, 694 nm), suggesting the
population of Ug'(2Tog). At longer times, transient absorption
decays in the same manner as for 1900 and 600 nm excitation.
Upon 420 nm excitation, the initial AA band in the red is at ~670
nm, but starting from 200 fs the AA spectra are similar and
evolve likewise to the case of 490-nm excitation (isosbestic
points at 694 and 511 nm, complete ground-state bleach
recovery), Fig. 4d and Fig. S4 of ESI. The kinetic AA kinetic traces
are shown in Fig. 5 and Fig. S5,6 of ESI.

3.4 Coherent Modulations

Short-time AA kinetic traces of IrClg?-, Fig. 6 and Fig. S7-11 and
Table S1 of ESI, show damped coherent modulations. In
aqueous solutions upon Ug'(?Tyg) excitation, they can be
assigned to solute impulsive stimulated Raman scattering (ISRS)
because the modulation frequencies (156 and 287 cm-1, FFT) are
close to the Raman 1s(tog) = 160 cm™ and 1(eg) = 293 cm-?
modes of IrClg2- (agueous hydrochloric acid solution??), Fig. S7a
of ESI. For 490- and 420-nm excitation into U,'(2T1,) and Uy'(2T2u)
+ Ey''(2T2u), respectively, Fig. S8 and S9 of ESI, in addition to the
ISRS-induced modulations at 156 and 295 cm?, the modulations
also occur at frequencies of 243 and 104 cm?, which are quite
different from ws(ty) and vy(eg) and other Raman mode of
IrClg (vi(aig) = 345 cm1 41). They are pronounced from ~510 to
770 nm, displaying about three-four periods and occurring out-
of-phase in the blue and red wings of this spectral region, Fig.
S8 and S9 of ESI and Fig. 6. In acetonitrile, 156-164 and 295 cm-
1 modulations due to impulsive stimulated Raman scattering of
IrCle2 were observed (Fig. S7, S9, and S10 of ESI for 600, 420,
490-nm excitation, respectively; the Raman-active tyz and eg

modes of IrCle2 in acetonitrile have frequencies of 161 and 290
m-1 40),

3.5 IrBre?, E,"(2T2y) excitation
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Fig. 4. Transient absorption spectra of IrCle? in aqueous solutions following excitation at 1900 nm (a), 600 nm (b), 490 nm (c), and 420
nm (d). Delay times between the excitation and probe pulses are given in the legends. The AA spectra measured at short, intermediate, and
long delay times are shown from top to bottom. The 0 and 100 fs AA spectra, from which solvent contribution was subtracted (Supporting
Information) show some residual solvent oscillatory signals from 675 to 760 nm due to cross-phase modulation, ISRS, and stimulated
Raman emission on the Stokes side of the 490 nm excitation (an inverted 600 nm spike at O fs due to the Raman-active O-H stretching

mode at 3450 cm?).
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Fig. 5. Representative transient absorption kinetic traces (symbols) of
aqueous IrCle> following excitation at 600 nm (a), and 420 nm (b).
The probe wavelengths (nm) are shown beside each Kinetic trace.
Multiexponential fits resulting from the global analysis described in
the text are shown as solid red lines. Two-dimensional plots of
transient absorption as a function of the time delay for 600-, 490, and
420-nm excitation can be found in Fig. S6 of ESI.
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Fig. 6. Transient absorption kinetic traces (blue) at the probe
wavelength 525 nm (a) and 720 nm (b), their fits (red) with CCF
deconvolution (80 and 100 fs CCF fwhm, respectively; black) and
the residual oscillatory components (green) following 420 nm
excitation of aqueous IrCle>. The horizontal bar represents the period
of the 104 cm™* FFT mode (insets). The 525 and 720 nm oscillations
are approximately out-of-phase with the apparent beat irregularity
caused by the superposition of a 156 and 288 cm™ ISRS-induced
ground state wavepacket motion (insets; compare with Raman
frequencies, 160 and 290 cm™ 2°4%) and an oscillatory signal coming
from water, see also Fig. S9 of ESI for further data. The oscillations
are in the Ug'(?T1g) state that is decaying; however, in the 525 nm
region absorption from the product state that is being formed
predominates, so that the overall signal build up is observed.

AA spectra of IrBreZ-
following excitation into Ug'(2T2), Ug'(2T1g),
U.'(?T2y) states were reported previously.4

UUI(ZTIU)I
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in acetonitrile and aqueous solutions

Herein, we
measured AA spectra following 602-nm excitation of IrBrg? into
Ey"(2T2u) for comparison with excitation of IrClg2 into Ey"(2T2y) +

U.'(2T2u). We found that the relaxation mechanism of IrBrg2-
agrees with the one previously®* suggested. U,'(2T,.) states
were reported previously.® Namely, the 100-fs ~560- and 640-
nm AA bands in acetonitrile (or, the 640-nm AA band in aqueous
solutions, Fig. 7) are similar to U,'(2T1,) ESA bands,®* which
suggests that U,'(2T1y) is populated from the FC E,"(2T,,) state
within 100 fs. As manifested by rise (300-500 fs) of the 480-nm
band due to Ug'(?T1g) ESA,% the U,'(2T1u) population decays into
Ug'(?T1g). Hot complexes in Ug'(*T1g) undergo thermalization,
which is seen as narrowing and sub-1 ps shift of the 480-nm
band, and populate Ug'(2T2g) on a picosecond timescale. This is
demonstrated by the build-up of the characteristic 420- and
740-nm bands corresponding to Ug'(Tag) ESA.6468 Ug'(2Tog)
decays completely recovering the ground state population
within 2 ns in acetonitrile and 100 ps in water. The 104-121 cm-
1 oscillations observed are similar in frequency to those
previously assigned to the JT-active t,g mode,®* but are weaker
(practically, slightly above the noise level), Fig. S12 of ESI. The
208 cm! (both in acetonitrile and aqueous solutions) and 173
cm! (observed in aqueous solution, Fig. S13 and Table S1 of ESI)
FFT band are due to vibrational wavepacket motion induced by
impulsive stimulated Raman scattering in ground-state IrBrg2.

3.6 Global fits

The AA data for IrClg? excited into Ug'(2T2g), Ug'(?T1g), Uu'(2T1u),
and E,"(2T2y) + U,'(2T24) can be satisfactorily reproduced using
one (&4), three (&2.4), four (€1.4), and again, four EADS (Fig. 8),
respectively, where the resulting time constants (71.4) are
summarized in Table 2. Representative fits are shown in Fig. 5
and Fig. S5,6 of ESI. Within a given solvent, all £, and 1, are found
to be comparable and all 3 and 13 as well as all €4 and 1, are
found to be identical, supporting the consecutive relaxation
mechanism (thereafter, tj are given on average for different FC
states in a given solvent). Moreover, the g4 spectrain CH3CN and
H,O resemble each other. As 1900-nm excitation only populates
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Fig. 7. Transient absorption spectra of IrBre? in acetonitrile (a) and
water (b) following excitation at 602 nm into the E."(T2u) state. The
AA spectra measured at short, intermediate, and long delay times
(given in the legends) are shown from top to bottom. In (b), the 685-
770 nm region in the short-time 100 and 200 fs AA spectra shows
strong ISRS signals from water. A small 602 nm feature in the long-
time AA spectra (b) is due to the scattered excitation light; transient
absorption (a and b) at long times decays to zero.
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Fig. 8. Evolution-associated difference spectra (&j) extracted from the
global fit of the AA spectra of IrCle?" acetonitrile (left) and water
(right). Excitation at 420, 490, 600, and 1900 nm (top to bottom).

Ug'(2T2g), Ta is the lifetime of this excited state, and also, the
ground-state recovery time constant. The Ug'(2Tyg) lifetime is
much shorter in H,O than CH3CN: 19.3 vs. 370 ps. The first
process following Ug'(2T1g) excitation (12, €2 = €3) is attributed
to vibrational relaxation because the &, resembles the
subsequent €3, but it is broader and red-shifted (above 600 nm).
Therefore, all e, and &3 correspond to ESA from hot and
thermalized Ug'(2Tyg), respectively. In CH3CN and H,0, 1, ~600
and 200 fs, respectively, showing some variation with the
excitation wavelength. Solute intramolecular vibrational energy
redistribution (IVR) and solute-solvent vibrational energy
transfer (VET) typically manifest themselves through narrowing
and blue shift of solute absorption. IVR in polyatomic molecules
takes place within a few hundred fs.7® VET is sensitive to the
magnitude of interactions,
occurring on a sub-picosecond time scale for ions in polar
solvents.8081 Therefore, both IVR and VET may contribute to 1,.
A blue shift of ESA might also be caused by polar solvation.82
However, a dominant part of solvation response in water and
acetonitrile takes place much faster (~ 60 fs83) than the 1,
observed. Thermalized Ug'(2T1g) decays into Ug'(2T2) (€3 = €4, T3
=3.55 ps in CH3sCN and 0.9 ps in H,0). The complex excited into
U.'(®T1u) undergoes internal conversion (t1 ~ 100 fs, &1 = &2)
populating hot Ug'(2T1g). From Ey"(2T2u) + Uy'(2Tau), IrClg? also
populates hot Ug'(2T1g) with 11 ~ 100 fs. The details of this
relaxation process remain unresolved and the 1; in this case
should be viewed as a time scale, rather than a single time
constant.

solute-solvent electrostatic

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9. Evolution-associated difference spectra (gj) extracted from the
global fit of the AA spectra of IrBre?-. Left: acetonitrile solutions,
excitation at 602, 760, 870, and 2000 nm (top to bottom). Right:
aqueous solutions, excitation at 602 nm, 745, 880 and 1880 nm (top
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Table 2. Time constants determined from global fit analysis of
transient absorption spectra of IrCls> in CHsCN and H20.

solvert 5 (99 Franck-Condon Excited State
: UyCTo)? [U/CT) " [ U/CT 9 [ U/CTo) +ESCT) D

7 - - 0.13+0.03 0.11+0.08

7 - 0.62+0.03 0.74+0.08 0.51+0.04
CH3CN 73 - 3.440.2 3.5£0.3 3.8£0.3

7 382+11 366+3 361+12 36943

7 - - 0.08:+0.02 0.08+0.02

7 - 0.07+0.01 0.20+0.01 0.22+0.02
H,O 73 0.77+0.06 0.98+0.05 0.93+0.17

7 23.5+2.5 17.7+0.1 17.940.1 18.0+0.1

4 1900 nm, ® 600 nm, @ 490 nm, 9 420 nm excitation wavelengths;
j=1,2, 3, and 4 components describe the decay processes &1 — &2, &2
— &3, €3 — &4, and e4 — ground state, respectively, see Fig. 8. Errors
bars given are those of the global fits of the kinetic data.

We also carried out global analysis of AA data for IrBrg2
measured previously (Ug'(2T2), Ug'(3T1g), and  U,'(2T1y)
excitation)® and in this work (E,"(?T2u) excitation), which
required one, three, four, and four sets of EADS, respectively,
Fig. 9. The resulting time constants (t1.4, Table 3) are found to
be similar to those obtained from multiexponential fits of AA
kinetic traces in the previous work,%* and therefore they are
interpreted in the same manner. In the E,"(2T.,) case, we
simplified the global fit description and approximated the decay
of E,"(2T2y) and the subsequent decay of U,'(2T1) using a single
71 (~100fs). The subsequent €;.4 and T2.4 turned out to be similar
to the &,.4 and 1,4 values obtained for excitation into Ug'(2T1g)
and U,'(2T1g).
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Table 3. Time constants determined from global fit analysis of

transient absorption spectra of IrBre> in various solvents.
solvent “ (ps) " Franck-Condon Excited State
! UyCTog® [ U/CTig ¥ | U/CTW) O | ES(CT)?
7 - - 0.088+0.030 | 0.12+0.07
7 - 0.23t0.06 | 0.41£0.07 | 0.41+0.09
75 - 2.48+025 | 2.78+0.05 | 2.6+0.2
CHZCN® 7 3231 356+19 343+4 3254259
o - - 0.101+0.016 | 0.06+0.03
7 - 0.18+0.05 | 0.34+0.03 | 0.30+0.15
H,0 75 - 0.53+0.15 | 0.66+0.34 | 0.7+0.2
7 20.8+0.8 20.6+0.5 215406 | 21.9+0.1

2 2000 nm (CH3CN) and 1880 nm (H20), ® 870 nm (CHsCN) and 880
nm (H20), © 760 nm (CHsCN) and 745 nm (H20), ¥ 602 nm (CHsCN
and H.0) excitation wavelengths, ® anhydrous acetonitrile, except
2E,"(Ty) excitation where acetonitrile was used as received, ? j =1,
2, 3, and 4 components describe the decay processes e1 — &2, &2 — &3,
&3 — &, and es— ground state, respectively, see Fig. 9. Errors bars
given are those of the global fits of the kinetic data.

In all these cases the red-shifted and broader &,, in comparison
with the &3, suggests that the 1, describes vibrational relaxation
of hot Ug'(2T1g). Thermalized Ug'(2T1g) (€3) decays with 73 into
Ug'(2T2g) (g4), which decays with 14 into the ground state.

4. Discussion

The low-lying excited states of IrCleZ are all LMCT, with the
exception of the lowest Ug'(?Tyg) state, which s
intraconfigurational, Table 1. The energy gap of 23800 cm-!
between the ground state and the highest LMCT state
investigated in this work spans several excited states, which are
(in the order of decreasing energy) U.'(2T2u) + Eu"(2T2u), Eu'(3T1u),
Uu'(2T1u), Eg'(2Tag), Ug'(2T1g), and Ug'(2T2g), Fig. 10. We observed
that IrCle? excited into any of these states, except from E,'(2T1y)
and Eg'(?T1g), which are electric dipole forbidden from the
Eg"(2T2g) ground state, undergoes cascade radiationless
relaxation back into the ground state. Higher LMCT U,'(2T1y) and
Uy'(2T2y) + E,"(2T2y) states decay leading to Ug'(2T1g), populated
at ~100 fs. This lowest LMCT state decays (lifetime, 3.55 ps in
CH3CN and a 0.9 ps in H,0) as the Ug'(2Tg) intraconfigurational
state builds up, giving rise to an isosbestic point. No ground
state repopulation occurs in this relaxation cascade because the
bleach recovery is only observed on a picosecond timescale
when the lowest-excited Ug'(2T,g) state begins to decay into the
ground state (a 370 ps lifetime in CH3CN and a 19.3 ps lifetime
in H,0, a rate-limiting step of the entire cascade).

Based on our results, the Eg"(2Tyg) — Ug'(?Tog)
intraconfigurational transition in room-temperature liquids can
be placed either at 5100 cm! (the maximum of the Eg" — Uy’
band, Fig. 1) or 5227 cm (given by the best match between the
positions of the 437- and 492-nm steady-state transitions in
comparison to the 544- and 654-nm Ug'(2T2g) ESA bands, Fig. S2
of ESI). The high-resolution low-temperature spectroscopic
studies reported the origins of the Eg'" — Ug' transition at 5144
and 5142(7) cm.2526 One can state that within 100 cm-! the
splitting of the Ug" and Eg" 2T, states is the same for these
different environments. It was challenging to locate E,'(2T1u) in

8 | J. Name., 2012, 00, 1-3

previous work because absorption from the ground state into
this state is forbidden. However, from Ug'(2Tg) it is allowed. The
602-nm (acetonitrile) ESA band is the only possible assignment
for the Ug'(2T2g) — Eu'(2T1u) transition because it is intense and
located between the 544 and 654 nm AA bands corresponding
to ESA from Ug'(2Tyg) into Uy'(2Tau) + Eu"(2T2u) and Uy'(2T1d). We
thus locate E,'(2T1y) at 21710 cm? (5100 + 107/602) above the
ground state. The resonance Raman study of IrClg?- in solid films
(15 K) located the Eg"(2T2g) — Eu'(?T1u) transition at 21186 cm-?,
which is close.3¢

The 104- and 243-cm oscillation frequencies observed for
aqueous IrClg?- following excitation into the U,'(2T2y) + Ey"'(2T2u)
and U,'(?T1y) states are very different from the frequency of a1
vibration, which typically appears in ultrafast pump-probe
measurements, 8485 as well as that of other two Raman-active
modes of ground-state IrClg?- (345 cm- a1g, 293 cm eg, and 160
cm ! tyg 41). The oscillations exhibit a ~m shift and, therefore,
should be assigned to vibrational coherence.36-88 They become
damped as Ug'(2T1g) decays, and therefore, should occur in
Ug'(2T1g). Uy'(2T1u) and Uy'(2Tau) + Eu"'(2T2y) populate Ug'(2T1g) on
a 100 fs timescale. Population relaxation on this timescale is
usually a result of a conical intersection (Cl) between the
involved potential energy surfaces (PESs).8°

IrClg> IrBrg?
0T \\
E/CT2) @)
E/CTw)
ey
E,CT
3 (T1g) @ _E/CTy)
Uy (2Tyg) E(°T2)

Ey(°Tyy)

t w(?m'fg‘

Uy (Tg)

Uy'(*Tog) \/ Uy (T,) \/
()] 5)
Eg”(ZTZQ) Egn(zT?u)

O, o,
Spin-orbit and Jahn-Teller couplings Spin-orbit and Jahn-Teller couplings

Energy

@

Fig. 10. Cascade radiationless relaxation pathways (1-5) following
excitation of On IrCle?” and IrBrs? into Uy' states destabilized by the
JT effect. IrBre> excited into any higher LMCT states (Eu"(*T1u) Was
not studied) undergoes sub-100 fs internal conversion (1) into
Uu'(®T1), which decays (2) into vibrationally coherent Ug'(2T1g) (time
constant, ~90 fs). In IrCle*, lifetimes of Uu'(*Tau) + Eu"(*Tzu)
(superimposed due to Ham effect) and U.'(3T1u) are also ~100 fs, and
Ug'(?T1g) is formed vibrationally coherent, but no definite conclusion
can be made regarding the intermediacy of U.'(*Tiy). IrCle?> and
IrBre> undergo vibrational relaxation in Ug'(3T1g) (process 3, sub-700
fs), picosecond decay into Ug'(3T2g) via back electron transfer (4), and
much slower internal conversion from Ug'(?T2g) into the ground
Eg"(®T2g) state (5). Time constants of pathways (3-5) are solvent
dependent, Table 2 and Table 3.
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In d> Oh hexahalides, orbital T terms are split by spin-orbit
interaction into U' and E’(or, E") electronic states, where the
degenerate U' states correspond to symmetry-determined JT-
type ClI.2091 |n these U' states, JT effect is possible. The previous
work on IrClgz in low-temperature host lattices223150,51
provided considerable evidence for the Ham effect (which is
quenching of SOC by a dynamic JT effect®2), which manifestation
is a small (5-6 cm1) splitting of the U,' and E,'"" 2T,, components,
rather than the expected splitting of 3/4&¢ ~ 440 cm1,3150 so
that ~420 nm band is practically due to the U,'(2T2u) + Eu"(2T2u)
states. The Ham effect may also be present in 2T;,.31 Other
authors questioned the relevance of the Ham effect and
invoked low-symmetry static distortion of the lattice as an
explanation.33 There is no observable JT effect in Ug'(?Tyg),25:26:36
which PES is nested and nearly identical relative to the ground
state PES, and also, Ug'(2T1g).3! Since the antisymmetric products
of U' yield A1g + Eg + T2g,22 the JT coupling within the vibrational
manifold of U’ states is possible for triply degenerate bending
(tzg), doubly degenerate out-of-phase stretching (eg), and totally
symmetric stretching (aig) modes, which are also Raman-
active,363840 see Fig. S14 of ESI for schematic representation of
the corresponding nuclear motion. The initial acceleration of a
wavepacket launched by the impulsive excitation should occur
along the nuclear displacements corresponding to the Raman-
active modes as they have the steepest slopes in the FC
region.?3 Distortions along t,; and ez remove the initial
degeneracy of U,' states with the horizontal displacement and
energetic stabilization of the resulting (diabatic) surfaces, which
may lead to electronic curve crossing and ~100 fs population
transfer into a lower state (provided that the crossing region
from the resulting surface is accessible). Product vibrational
coherence may result from curve crossing itself for a strong
coupling,®495 or be transferred from the FC state. In the
aftermath, wavepackets in Raman- JT-active modes move
within the product potential well, modulating product
absorption. Our observation of the 243-cm! oscillations upon
U.'(?T1u) excitation are consistent with the JT coupling of this
state with the e mode, and based on weak ~120 cm FFT
signals, Fig. S8 of ESI, with some coupling to the t,; mode (ty
and eg frequencies are always below and above 200 cm in Oy
hexahalidess?). The 104 cm oscillations observed upon 420-nm
excitation are consistent with JT coupling of U,'(2T2u) + Eu"(2T2u)
with ty; proposed in high resolution MCD and spectroscopic
studies of Cs,ZrClg lattices.2231,5051

Next, we compare the relaxation dynamics studied through
seven low-lying excited-states for IrClg? and isoelectronic IrBrg2-
. Both complexes have O, geometry, a ground electronic state
of Eg"(2Ty¢) symmetry and the same nature of the
intraconfigurational and LMCT excited states all originating
from electron promotion into the same eg"(t;g) predominantly
metal orbital considered to be non-bonding (heavy metals)18.96
in ligand field theory. There are several differences between
IrClgZ and IrBrg2. Different LF (tyz and eg) splitting of the 5d
orbitals is not relevant to the current work because the eg"(t2)
orbital is much lower than the e; orbital. Replacement of
bromide ligands with chlorides shifts the LMCT band
barycenters by ~5000 cm-! to higher energies because of the

This journal is © The Royal Society of Chemistry 20xx
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different reducing strength of these ligands.224° SOC constants
are functions of the forth power of an atom’s effective nuclear
charge and, therefore, much higher for the bromide than
chloride ligands (Cgr = 2457 cmt > {¢ = 587 cm! 20). The SOC
effects are manifested through a smaller ligand spin-orbit
splitting in the chloride spectrum and the different ordering of
the LMCT states (E,'(2T1u) and Eg'(2T1g) are pushed up to higher
energy in the bromide), Fig. 2. Besides, large SOC (or, JT effect)
can quench JT effect (or, SOC).15.20.22,50,51

We found that the chloride and the bromide species follow
a similar tier cascade relaxation mechanism. The LMCT states
derived from T,,, the highest-energy orbital parentage studied,
are all short-lived (<100 fs); Uy'(2T2u) + Ey"(2T2u) for IrClg? and
Uu'(2T24)% and E,'(2T,u) for IrBre2, and populate (~100 fs) the
lowest-energy LMCT Ug'(2T1g) state. In this process in IrBrgZ,
U.'(2T1u) acts as an intermediate (U,'(2T24)84 and E,"(2T2y), this
work). In IrClgZ, the intermediacy of U,'(2T1y) is unresolved.
Following vibrational relaxation in Ug'(2Tyg), the thermalized
IrCle> and IrBrg> decay into Ug'(Tig), and subsequently,
Ug'(?T2g). These two decay processes resemble each other in the
chloride and the bromide, occurring with solvent-dependent
time constants ranging from several hundred femtoseconds to
a few picoseconds and from several tens to several hundreds of
picoseconds, respectively, Table 2 and 3.

For IrClg2- and IrBrg?;, we found no vibrational coherence
following excitation into Ug'(?Ty), in agreement with the
previous studies in cold host crystals, which reported no
observable JT effect in this state,2526:36 and also, following
excitation into Ug'(2T1g). For IrClgZ excited into U'(2T1d), the
vibrational coherence manifests the JT coupling of this state to
eg. The JT effect in U,'(2T1,) was previously suspected.3! For
U,'(2Tu) + E "(2Tau) excitation, the vibrational coherence
observed suggests vibronic mixing that involves t,g and no eg JT
activity, consistent with what was proposed for these excited
states on the basis of the large JT and Ham effect.205051 For
IrBrg?, the cold crystal studies concluded that a large ligand SOC
quenched the Ham effect. 31,5051 There is the JT coupling to tg
and eg modes in the U,'(2Ty,) state and the JT effect in the
Uu'(2To) state is weak.21.2250 |n agreement, in the ultrafast
transient absorption study®* vibrational coherence (observed in
Ug'(2T1g) as for IrClgZ) was more pronounced upon excitation
into Uy'(2T1u) than Uy'(2Tau); the frequency (104 cm in
acetonitrile and 125 cm in aqueous solution) closely agreed
with that of the t,g mode (~97 cmt in the ground state20.37,39.41),
This agreement implies that the shape of the Ug'(2T1g) potential
along this nuclear displacement is close to that of the ground
state. Overall, these results suggest that the JT models
developed for IrClg2- and IrBreZ- in cold host crystals20.5051 hold
to a large degree when these ions are surrounded by polar
solvent at room temperature.

These JT interactions cause ultrafast (100-fs) population
dynamics in Ty, and Ty, states of IrBreg2 and IrClg2-, which are at
the top of the LMCT manifold of the excited states studied. They
all correspond to electron promotion into the same non-
bonding e;"(tyg) orbital. As a consequence, at the O, geometry
of the ground state, the ground state, LMCT, and
intraconfigurational Ug'(2T,)25:263¢ potentials are all nested and

J. Name., 2013, 00,1-3 | 9
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weakly coupled. There is no JT effect in Ug'(?T1g) and Ug'(2Tag)
and, in addition, these excited states are energetically isolated,
and therefore, long-lived for both IrBrg2- and IrClgZ. Excitation
into E" and E' states could not be investigated for IrClg2". For
IrBreg2 promoted into E,'(2T2u) (solvent: acetonitrile and water,
this work, and chloroform, previous work®) and Eg'(?Tyg)
(chloroform solvent, previous work®*), the ty; and eg Raman
displacements cause the population to traverse the region of
strong coupling between these PESs, which remain nested at Oy,
(E" and E' states being the Kramers doublets1215 are stable
against the JT distortion), and the lower PES of formerly U,'(2T1u)
that underwent JT distortion along t,; and eg, with sub-100 fs
population transfer to the latter surface. Following excitation
into the U,' components of Ty, and T,y (both IrBrgZ and IrClgZ)
initial nuclear displacements along the Raman-active t,g and eg
modes now cause JT distortions of the initial PES, causing the
population to traverse the region of strong coupling with a
lower PES with sub-100 fs population transfer to the latter. We
found this to be another U' PES, whereas population of E" and
E' states is not observed in these experiments. For IrBrgZ,
specifically, it is the population transfer from U,'(2T,.) into
Uy'(2T1u) and from Uy'(2T1) into Ug'(2Tig). For IrCle?, Ug'(2Tyg) is
populated from U,'(2T1y) as well as U,'(2T2y) + E"(2T2u) (in the
last case, the intermediacy of U,'(2T1u) is unresolved). For both
IrClg and IrBrg*, the ~100 fs ESA spectra from Ug'(?Tyg)
populated either from higher states or by the direct excitation
from the Oy ground state resemble each other. This possibly
indicates that JT distortions acquired in the course of
radiationless relaxation are reverted back in the first excited
LMCT state, which is consistent with the complex geometry
close to Oy and no reported JT activity in this state.

The Laporte forbidden Eg"(2T2g) — Ug'(2T1g) optical transition
borrows intensity from mixing with odd parity modes. The
spectral resemblance of the Ug'(2T1¢) ESA mentioned above may
possibly suggest that in a course of radiationless relaxation from
higher LMCT into Ug'(2T1g) vibrational energy is predominantly
deposited into the same odd-parity modes. We note that
vibrational relaxation in Ug'(2T1g) IrBrg? is more pronounced and
much less solvent dependent with that in Ug'(2T1g) IrCle?- (cf. the
T, entries in Table 2 and 3; 0.25 ps was reported for vibrational
relaxation of IrBrg2- in CHCl3 64). This may indicate a larger
relative contribution of IVR than IET in the bromide, because IET
is expected to be much more sensitive to electrostatic
interactions between solute and solvent and thus much slower
in less polar environment.

The radiationless decay Ug'(2T1g) = Ug'(2T2g) represents back
electron transfer. The corresponding time constants from global
fits (r3) are 0.9 and 0.65 ps in water and 3.55 and 2.6 ps in
acetonitrile, respectively, for IrClg2- and IrBrg?. For the same
process in IrBrg2,, multiexponential fits of representative AA
kinetic traces in the previous work yielded 2.8 ps®* (i.e.
comparable), and 3 ps (in chloroform) time constants. Several
picosecond lifetimes suggest that this process corresponds to
the intermediate coupling limit of the gap law (a small
displacement of the minima of the upper and lower surfaces).9”
In this case, the rate constant of radiationless decay between
two states is k oc exp (-AE/hw)p(w), where AE/hwis the number
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of quanta of the accepting vibrational mode with the energy ho
required to bridge the electronic energy gap AE, and p(w) is the
density of states. The energy gap between the Ug'(Ty) and
Ug'(Tog) states is ~11600 cmt in IrCleg? (~6500 cm-tin IrBrg?). The
complex may be assumed to relax into Ug'(2Ty) by involving the
least number of vibrational quanta consistent with energy
conservation.?® The Ug'(2T2g) potential is nearly identical with
that of the ground state in IrClgZ and IrBrg2-, where the highest
energy vibrations (aig) are 3454% and 2123° cm'?, so the AE/hw
values (33 and 31, respectively), are identical. Under the
assumption that that the density of states scales with the
highest-frequency vibrational mode involved in the relaxation,
the ratio of the rate constant of radiationless decay for IrClg?-
and IrBrg2- is within 20% of the ratio of the 75 observed (~1.36 in
acetonitrile and ~1.42 in water, Table 2 and 3). Therefore, the
back electron transfer rate constants can be explained by the
energy gap law.

The decay of the intraconfigurational Ug'(2T>,) state is a rate-
limiting step in the entire excited-state relaxation dynamics for
both IrClez and IrBrg (t4 = 370 9 ps and 337 6 ps,
respectively). The apparent energy gap between the
nested2526:36  Ug'(2T,g) excited and Eg'(2Ty) ground state
potentials is the same (~5100 cm) in both complexes and
predominantly determined by the metal SOC.224° Radiationless
relaxation Ug'(2T2g) — Eg"(2T2) is then governed by electronic
(SOC) factors predominantly determined by the Ir** metal
center, and largely independent of the ligand nature. There is a
somewhat larger CT character in the t,; molecular orbitals in
IrBrg2  according to the relativistic scattered wave calculations,*®
which might account for a somewhat faster decay time of the
bromide. One would then expect solvent polarity effect on the
Ug'(2Tog) lifetime, which however, is in contrast to what is
observed; the Ug'(2T2g) lifetime is practically insensitive of the
solvent polarity (346 + 55 ps in chloroform®4). A significant
shortening of the Ug'(2Tyg) lifetime of IrClg?- in water is likely to
be due to the same energy transfer mechanism proposed for
IrBrg2- that involves OH stretching and bending vibrations,® as
the bromide and the chloride have the same nature of the
Ug'(2Tog) state and the same energy gap separating Ug'(2Tog) from
the ground state, and show the same size of the effect (1, =21.2
+0.61 ps vs. 19.3 +2.8 ps, Table 2 and 3).

Lastly, the lack of photosubstitution observed for both IrCleg2-
and IrBrgZ- excited up to the T,, LMCT term in acetonitrile and
aqueous solutions is consistent with previous studies.35:60-62,64-67
This term and lower LMCT states all result from electron
promotion into the molecular orbital, which predominantly is a
tog 5d metal orbital.#? In addition to a well-known consideration
that a ty¢ 5d orbital is fairly inert towards ligand loss (in contrast
to an eg type orbital),®399 the current work shows that negligible
photochemistry of these complexes upon such excitation is also
determined by their dynamics. Sub-100 fs relaxation through
LMCT states leads to the lowest LMCT state with a few
picosecond lifetime; any photochemistry should occur faster in
order to be able to compete. The lowest LMCT state decays into
the lowest-excited intraconfigurational state situated at energy
too low for a photochemical change. It is also instructive to
compare IrClg2- and IrBrg2 to 5d® O, complexes. There, the three
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tyg orbitals are fully occupied. Therefore, all LF (the
configuration tyg°egt) and LMCT low-energy excited states must
result from electron promotion into an eg orbital, which has
antibonding character with respect to metal-ligand sigma
bonds. A reaction characteristic of either of these excited states
is loss of a coordinated ligand. PtBregz 100 and PtClgZ 7 in
aqueous solutions serve as examples.

5. Conclusions

Ultrafast radiationless relaxation dynamics is studied in
acetonitrile and aqueous solutions of IrClg2, which s
isoelectronic to low-spin 3d> compounds, following selective
excitation of the complex into low-energy intraconfigurational
and three LMCT states spanning the 1900-420 nm energy range.
The dynamics is compared to that of isoelectronic IrBrg2-; the
excited states in these two octahedra similarly arise from
electron promotion into a single vacancy in the eg" upper orbital
within the LF-induced tzg manifold of the d-shell. Both excited
complexes relax via a similar relaxation cascade in which higher
(Ud'(2T2y), Eu"'(2T2u)) and lower (Uy'(2T1y)) LMCT states populate
in ~100 fs the first LMCT Ug'(2T1g) state. Vibrationally coherence
in Ug'(?T1g) suggests that the initial excited-state dynamics is
triggered by Jahn-Teller effect. The Ug'(?Ty) state of IrClg?,
which was unidentified by the previous studies,®567 and that of
IrBreZ, also missed in the previous work, 35 subsequently decay
into the lowest excited Ug'(2Tyg) intraconfigurational state via
back electron transfer, which can be characterized by solvent-
dependent lifetimes of 3.55 ps (IrClg?) and 2.6 ps (IrBre?) in
acetonitrile and 0.9 ps (IrClg2’) and 0.65 ps (IrBrg?’) in water,
where the difference between the chloride and the bromide is
explainable by the energy gap law. The Ug'(2Ty) state, which is
5100 cm-! above the electronic ground Eg'"(2T2g) state in both
complexes determined by the Ir4* metal center SOC, decays
(acetonitrile) into the Eg"(2T,g) with a lifetime of 370 £ 9 ps for
IrClg2- and 337 £ 16 ps for IrBrgZ, i.e., largely independent of the
ligand nature. This observation is of special interest in view of
IrClg2 and IrBrg2- being isoelectronic to IrFgZ,
isoelectronic  with comparable chemical and physical
characteristics to the IrO¢8 ion, a building block of oxido-iridate
materials.#2 The decay of Ug'(2T2) occurs faster (time constant,
~19 ps) in aqueous solutions due to energy transfer to solvent.

Overall, the results of the current work are important for
understanding ultrafast excited-state and charge-transfer (in
particular, LMCT) dynamics of high-symmetry complexes of
heavier transition metals with significant
as the underlying solvent effects.
Elucidation of the detail of excited-state JT dynamics has been
achieved so far in a handful of coordination compounds,84:85,100-
105 and now in IrClg?- and IrBrg2- d° heavy metal complexes. Our
results suggest that it is the excited-state Jahn-Teller effect that
drives the ultrafast (<100 fs) relaxation dynamics in d° heavy
transition metal complexes, rather than spin-orbit effects,
which nevertheless are very large in these molecules. We
propose that a motion in LMCT excited states along Raman-
active modes (aig, ez and tyg) causes a series of conical
intersections due to Jahn-Teller distortions in the U, LMCT

which is

relativistic
contributions as well
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states where these Raman modes are also Jahn-Teller active.
For IrClg?, the coherent vibrational wavepackets detected
suggest that the structural change that facilitates motion
through conical intersections is a eg bending upon excitation
into the U,'(%T1u) state and a ty¢ torsion upon excitation into the
UJ'(2T2u) + Ey”(2Tyy) state. Following photoexcitation into the
UJ(2T1) and U,'(2T2u) states, a tog torsional motion facilitates
the dynamics through the Jahn-Teller conical intersections for
IrBrgZ, driving the initial ~100 fs decay.®* For IrBreZ, a series of
conical intersections, which are born off and connected by a
torsional motion, is essentially the mechanism recently
proposed,3> but in contrast with ref. [35] the motion through
this series of conical intersections is initiated by excited-state
Jahn-Teller effect instead of spin-orbit coupling driven, and the
Ug'(?T2) intraconfigurational lowest excited state is not
connected to any of the LMCT states by accessible conical
intersections. Spin-orbit interactions are important as they
separate the states vertically, defining the zero-point energy
difference between spin-orbit states, but they do not cause
electronic curve crossing. On the other hand, Jahn-Teller effect
in the excited state leads to a spontaneous (on the time scale of
motion along Raman and Jahn-Teller active vibrational modes)
symmetry breaking, causing the displacement of the excited
state potential and its crossing with other potentials. This, in its
turn, triggers the energy and/or charge migration, which may
be utilized in molecule-based light-harvesting devices.
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