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Abstract: In copper(l) complex [Cu(dmphen),]* (dmphen = 2,9-dimethyl-1,10-phenanthroline), a “flattening”
structural change is induced with *MLCT excitation, which is a prototype of the structural change
accompanied with Cu(l)/Cu(ll) conversion in copper complexes. Femtosecond and picosecond emission
dynamics of this complex were investigated in solution at room temperature with optically allowed S, < Sg
photoexcitation. Time-resolved emission was measured in the whole visible region, and the lifetimes, intrinsic
emission spectra, and radiative lifetimes of the transients were obtained by quantitative analysis. It was
concluded that the initially populated S, state is relaxed with a time constant of 45 fs to generate the S;
state retaining the perpendicular structure, and the D,y — D structural change (the change of the dihedral
angle between the two ligand planes) occurs in the S; state with a time constant of 660 fs. The intersystem
crossing from the S; state to the T, state takes place after this structural distortion with a time constant of
7.4 ps. Importantly, the temporal spectral evolution relevant to the structural change clearly exhibited an
isoemissive point around 675 nm. This manifests that there exists a shallow potential minimum at the
perpendicular geometry on the S; surface, and the S; state stays undistorted for a finite period as long as
660 fs before the structural distortion. This situation is not expected for the structural change induced by
the ordinary (pseudo-)Jahn—Teller effect, because the distortion should be induced by the spontaneous
structural instability at the perpendicular structure. This result sheds new light on the present understanding
on the structural change occurring in the metal complexes.

Introduction change in the excited state, although it often determines the
photochemical properties of metal compleXes.

Copper(l) complex [Cu(dmphes} (dmphen= 2,9-dimethyl-
1,10-phenanthroline) is a well-known prototypical metal com-
plex that attracts much attentid#r.’4 This complex exhibits
strong absorption around 460 nm due to the metal-to-ligand
charge transfer (MLCT) transition, and the photoexcitation gives
rise to long-lived emission in the 76@00 nm region. Owing
to these spectral properties, this complex is considered to be a
promising candidate for the photocatalyst and photosensitizer
in solar energy conversion and is claimed to have the potential
to replace the well-known, but relatively expensive, metal
complex [Ru(bipyridingj]?*.12-16 The most intriguing property
of the [Cu(dmphen]™ complex is that it undergoes photoin-

Transition metal complexes usually show faster and more
complicated excited-state dynamics than ordinary organic
compounds because of their characteristic electronic properties
i.e., strong spirorbit coupling and high density of statés.
Elucidation of ultrafast electronic-state dynamics is very
important for understanding this class of molecules, because it
is responsible for a variety of fundamental phenomena including
energy/electron transfers, magnetic properties, and structural
changes in the excited state. However, it is very recently that
ultrafast spectroscopy has been applied to the investigation of
the ultrafast processes of metal complek&sThe electron/
energy transfer, intersystem crossing, and electron localization
process in porphyrins and ruthenium complexes have been

studied so far. Nevertheless, little is known about the structural (9) Kano, H.; Saito, T.; Kobayashi, . Phys Chem. 2002, 106, 3445.
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Figure 1. Photoinduced flattening distortion of [Cu(dmphgm)

duced structural chandgé13141726 With MLCT excitation, the

Teller effect!11317|n the crystal field theory, the energies of
the d orbitals of the central copper are separated into four groups
at theDyy geometry, i.e., degenerateg, @nd d, and nonde-
generated g, de2-2, and @, in the order of the energy. (The
definition of the axis is shown in Figure 1.) With MLCT
excitation, one electron is transferred from the Cu(AP)(do

the ligands and the electronic state of the resultant Cu(f)) (d

is degenerated, and hence the structural change occurs to lower
the molecular symmetry (the first-order Jatireller effect). This
simple explanation, however, is not relevant because the
electronic state of the MLCT state is actually not degenerated
when the molecular orbital of the whole molecule is considered.
In fact, McMillin and co-workers pointed out that the photo-

central metal is formally oxidized from Cu(l) to Cu(ll), and a induced structural change of [Cu(dmphgth)should be con-
structural change is induced as expected from the structuralsidered in terms of the pseudo Jatireller effect (the second-
difference between Cu(l) complexes (tetrahedral-like) and Cu- order JahrTeller effect)?° The Jahr-Teller distortion itself

(I) complexes (square-planar-like) in the ground state. The is one of the most fundamental issues in metal complexes and
dihedral angle between the two ligands becomes smaller with has been intensively studied from both experimental and
this “flattening” motion and the molecular symmetry of [Cu- theoretical side&*3” However, the mechanism of photoinduced
(dmphen)]* is reduced fronDyy to Dy, although the complex  structural change of metal complexes has not been fully
cannot reach the square planar structure because of the methylinderstood.

groups at the 2 and 9 positions of the ligands (Figure 1). Such  So far, several groups have applied time-resolved spectros-
a structural change occurs not only with MLCT transition of copy to the [Cu(dmphep)t complex to clarify the excited-
[Cu(dmphen)] " but also in photochemical and electrochemical  state dynamics, but their conclusions contradict each Btkeis
electronic conversion of Cu(l)/Cu(ll) in general. Actually, itis Chen et al. carried out femtosecond transient absorption
suggested that this kind of structural distortion affects the measurements and claimed that the structural change takes place
electron-transfer rate of Cu complex@s?® Furthermore, the  in the time scale 1820 ps. Nozaki and co-workers performed
structural change of the metal complexes has been attractingpicosecond time-resolved fluorescence measurements and as-
much interest in relation to numbers of applications such as signed the dynamics having a similar time constant (13 ps) to
molecular switches and artificial mastfs33 Therefore, elu-  the intersystem crossing from tH&ILCT to 3MLCT state. This
cidation of the dynamics and mechanism of the structural ChangeControversy implies that it is crucial to make unambiguous
of copper complexes is very important not only for fundamental assignments of the transient species and distinguish the dynamics
understanding but also for potential application of this series of the structural change from the other relaxation processes, in
of metal complexes. In this sense, the [Cu(dmpfjergomplex order to have a clear discussion about the photoinduced
provides a model system where we can directly investigate the structural distortion of the [Cu(dmpheii} complex.

dynamics of the structural distortion in real time, because the | this paper, we report our femto- and picoseocnd time-

structural distortion is triggered by photoexcitation. It is (agolved emission study of [Cu(dmphg)in dichloromethané®
noteworthy that a recent transient XAFS study by Chen et al. Tjme_resolved emission spectroscopy is advantageous over time-
directly confirmed that the structure is certainly flattened in the esolved absorption spectroscopy, because it monitors the optical
MLCT state of [Cu(dmphen)*.** transition between the excited state in question and the ground
The driving force of the photoinduced structural change of state so that it can provide not only the lifetime but also other
[Cu(dmphenj] * is sometimes explained in terms of the Jahn  important quantities including radiative lifetimes, emission
spectra, and energy levels of the transients. These quantities
are crucial for assignment of the transients and dynamics
observed. We measured time-resolved emission signals in a wide
wavelength region over the whole visible region and made
unambiguous assignments of the observed excited-state dynam-
ics, including the ultrafast structural distortion. The present study
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clearly indicates that a short-lived precursor state appears in
the S potential before the structural distortion. This is not
expected for the structural change induced by the ordinary
(pseudo-) JahnTeller effect and, hence, requests the revision
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of the present understanding of the photoinduced structural
change that occurs in the MLCT state of the metal complexes.

Experimental Section

Sample.[Cu(dmphem)]PFs was prepared by the method reported
in the literature’! The purity of the sample was checked by the
elemental analysis and absorption. Dichloromethane (Wako, HPLC
grade), acetonitrile (Wako, HPLC grade), and butyronitrile (Wako, first
grade) were used without further purification. We prepared a fresh
sample solution for each time-resolved measurement. The concentrations
of the samples are 0.01 mol dfnfor the dichloromethane solution 0.0 : " ! . T
and 0.005 mol dm® for the acetonitrile and butyronitrile solutions. 300 400 500 600 700 800
The stability of the sample was checked by comparing absorption
spectra before and after the measurements.

Measurements.Steady-state absorption and emission spectra were H . T
recorded by commercial spectrometers (U-3310, Hitachi and FluoroLog
3, Spex).

Picosecond time-resolved emission measurements were carried out
using a streak camera system (C4334, Hamamatsu). To generate
excitation pulses at 550 nm or 420 nm, we used a Ti:sapphire
regenerative amplifier (Spitfire, Spectra-Physics) seeded by a Ti:
sapphire femtosecond mode-locked laser (Tsunami, Spectra-Physics).
The amplified pulse was converted to a near-infrared pulse (1760 nm)
in an optical parametric amplifier (TOPAS, Quantronix), and it was
sum-frequency-mixed with the fundamental pulse (800 nm) to generate
the 550-nm pulse. To obtain excitation pulses at 420 nm, the output of _J

e/10'cm™'M”

wu - JaquIny uojoud / Aysusiul uaissiug

I

Wavelength / nm

Emission Intensity / a.u

I -2 ] 2 4 6
Delay Time / ns :

—— Ex. W.L. = 550 nm
—— Ex. W.L. =420 nm

Emission Intensity / a.u.

the optical parametric amplifier (1680 nm) was frequency-quadrupled
by using twof-BaB;O, crystals. The sample solution was contained T T T T T
in a cell with a thickness of 1 mm, and the emission was collected 0 20 40 60 80
through a polarizer with the backscattering geometry. The polarization Delay Time / ns

of the excitation and detection was set at the magic angle. Time-resolved _.

. L igure 2. (A) Absorption, steady-state, and time-resolved emission spectra
traces were measured in sweep ranges of 1 and 100 ns with instrument f [Cu(dmpheng]+ in dichloromethane at room temperature. Blue line:

response times (fwhm) of 20 ps and 1 ns, respectively. All measure- apsorption spectrum. Black line: the steady-state emission spectrum. Green

ments were performed at room temperature (299 K). dots: the time-resolved emission spectrum int@05 to 0.05 ns region
Quinine h 1 N H;:SO; aqueous solution and 4-dimethylamine-4 after removing a Roman signal of the solvent. Red dots: the time-resolved

nitrostilbene ino-dichlorobenzene were used references for correction €Mission spectrum in the-2L00 ns region. Excitation wavelength was 420

) R nm, and the sample concentration was<110-2 mol dm 3. (B) Time-
of the wavelength-dependent instrumental sensitivity in the steady-stateresolved emission signals of [Cu(dmphg)in dichloromethane observed

and time-resolved emission measureméhts. with excitation wavelength at 420 nm48xcitation; blue) and 550 nm (S

The experimental setup for the femtosecond fluorescence up- excitation; orange). These traces were obtained by the signal integration of
conversion measurement is essentially the same as that describedhe data measured by a streak camera in the wavelength region from 650
previously*® The light source was a mode-locked Ti:sapphire laser t0 800 nm. The sample concentration was 1.0~ mol dn,
(Coherent, MIRA) that produced a 1400-mW pulse train at 840 nm
with a typical pulse duration of 105 fs. This fundamental pulse was Results and Discussion
converted to the second harmonic pulse at 420 nm by ugiBaB,O, . . . .
crystal (0.2 mm thickness). The generated second harr??;nic pulse was Emlss!on Dynamlc§ Observed in .Plcoseconc.i Measure'
focused into a thin-film-like jet stream of the sample solution for MeNts.Figure 2A depicts the absorption and emission spectra
photoexcitation. The residual fundamental pulse after the second Of [Cu(dmphery]™ in dichloromethane. The molecule shows
harmonic generation was used as a gate pulse for the up-conversiorabsorption bands in the visible region due to théLCT
process. The fluorescence from the sample was collected and focusedransitions (the blue curve). A strong band around 460 nm is
into a3-BaB,O4 mixing crystal with use of an aluminum-coated elliptic  assigned to the,;S— S transition, whereas a weak band around
mirror. A cutoff filter was placed between the mirror and the mixing 550 nm is attributed to the ;S— S transition which is
crystal to block the excitation Iight_. The_fluorescence was _up-conv_er_ted recognized as a tail of the 460 nm bardé44 With the S
by type-l sum-frequency ge_neratlon with the gate pulse in the miXing oy citation (420 nm), the [Cu(dmphel) complex exhibits
qystal. The up-cpnverted signal was separated from otherhghts by ansteady-state emission in the 78800 nm region (the black
iris, band-pass filters, and a monochromator (HR-320, Jobin Yvon), . L. .

curve). This broad emission has been assigned to the phospho-

and then it was detected by a photon-counting photomultiplier with a R
counter (SR-400, Stanford Research Systems). The fluorescence wasescence from théMLCT state, which is generated by the

detected at the magic angle by rotating the excitation polarization with Intersystem crossing from thtMLCT state. (Although this
respect to the gate polarization. The time resolution was evaluated as€mission has a contribution of the delayed fluorescéhees

~200 fs by the up-conversion measurement for the Raman signal from call it just phosphorescence in this paper for simplicity.)

the solvent. We first examined the emission dynamics of [Cu(dmpkien)

in the pico- and nanosecond time region using a streak camera

(41) McMillin, D. R.; Buckner, M. T.; Tae Ahn, Blnorg. Chem.1976 16,

(42) Lip[iert, E.; Nagele, W.; Seibold-Blankenstein, I.; Staiger, W.; Voss, W. (44) Parker, W. L.; Crosby, G. Al. Phys. Chem1989 93, 5692.
Z. Anal. Chem1959 170. (45) Kirchhoff, J. R.; Gamache, R. E. J.; Blaskie, M. W.; Delpaggio, A. A.;
(43) Takeuchi, S.; Tahara, T. Phys. Chem. A997 101, 3052. Lengel, R. K.; McMillin, D. R.Inorg. Chem.1983 22, 2380.
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Figure 3. Time-resolved emission signals of [Cu(dmphgh)in dichlo-
romethane measured at various wavelengths by the up-conversion method
(420 nm excitation; 1x 1072 mol dm3). The temporal profile Raman
scattering of dichloromethane is also given to show the instrumental response
function.

Emission Intensity / a.u.

with S, excitation (420 nm). Figure 2B shows a time-resolved
emission trace obtained by signal integration over the-650
800 nm region (blue line). The initial spikelike component could
not be time-resolved in the streak camera measurement, but the
second slow component clearly exhibited a single-exponential
decay with a time constant of 41 ns. The phosphorescence

* 00000000

Emission Intensity / a.u.
—
o
L

lifetime of this metal complex has been reported to be 90 ns 0 . . :
(degassed condition) and 55 ns (air saturated condittamjch 500 550 600 650 700
agree well with the lifetime observed. Therefore, the slow Wavelength / nm

S&Tg'?'nz?attgva; il:g?u:ﬁg tgmtirs]ziopnhossppehc?:sacec?fc?h(ferogo\}\l;]eFigure 4. Time-resolved emission spectra of [Cu(dmphEn)n dichlo-
: ) romethane in the time region 6-0.3 ps (A), 0.3-1.0 ps (B), and 1.6

component (integration over the-200 ns region; the red curve  10.0 ps (C) (420 nm excitation; & 102 mol dnr3).
in Figure 2A) accords with the steady-state spectrum, which
assures this assignment. Chen et al. showed that the structuravhich is followed by a much slower decaying component having
of the 3MLCT state that appears in the nanosecond time region a time constant of; = 7.4 ps. The phosphorescence emission
is already distorted from the perpendicular geometry by the from the3MLCT state (41 ns lifetime) was not recognized in
transient XAFS spectroscopgy.Thus, the slow emission is  this up-conversion measurement because of its very weak time-
attributed to the phosphorescence from thN.CT state after resolved intensity, although it is dominant in the (time-
the structural distortion. The emission spectrum corresponding integrated) steady-state emission spectrum.
to the spikelike feature (integration over th®.05 to 0.05 ns To reconstruct time-resolved emission spectra from the time-
time region; the green curve in Figure 2A) shows two resolved traces observed, we corrected the wavelength-depend-
characteristic peaks around 500 and 720 nm, and it is quite ent up-conversion efficiency in the following way. We used a
different from the steady-state emission spectrum. This indicatespicosecond time-resolved emission spectrum as a reference,
that the ultrafast emission dynamics exists in the femtosecondwhich was obtained by integration of the streak camera data
and/or early picosecond time region, including the dynamics over the—0.05-0.05 ns time region (the green curve in Figure
relevant to the structural distortion. 2A). This reference spectrum does not contain IWECT

Emission Dynamics Observed in Femtosecond Measure-  phosphorescence in a practical sense but includes only the short-
ments. Femtosecond time-resolved emission signals of [Cu- lived emission components that contribute to the up-conversion
(dmphen)]* in dichloromethane were measured in the wave- signal. We normalized the intensity of the up-conversion signal
length region 475725 nm by the up-conversion method with  so that its relevant time-integrated value is proportional to the
the same 420-nm excitation. As shown in Figure 3, the temporal reference intensity at each wavelength. The reconstructed time-
behavior of the signals varies significantly depending on the resolved emission spectra are shown in Figure 4. These spectra
observation wavelength. In the short wavelength region (500 clearly exhibit characteristic spectral change, corresponding to
nm), there appears an ultrafast component that decays with athe three decay components. These three components are
time constant as short ag = 45 fs. As the observation  obviously ascribed to the emissions from singlet states because
wavelength becomes longer (600 nm), the signal shows a slowerthe phosphorescence is much weaker. Immediately after pho-
decay with a time constant of, = 660 fs. In the longest toexcitation, a very strong emission band appears around 500
wavelength region (700 nm), the signal shows a rising feature, nm and decays rapidly, which corresponds to the 45-fs decay

J. AM. CHEM. SOC. = VOL. 129, NO. 16, 2007 5251
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component (Figure 4A). This 500-nm band corresponds to the 45 fs ) 660 fs ) 7.4 ps
emission peak around 500 nm in the picosecond time-resolved g, Perp » S PP ' N flattened
spectrum shown in Figure 2. Because this band appears 2 ! !
simultaneously with photoexcitation and exhibits a mirror image 1-¢  structural

of the S absorption band, it is assignable to the fluorescence 1-¢ Distortion

from the initially populated Sstate. As the Sfluorescence
decays, the time-resolved emission exhibits a broad spectrum
extending from 550 to 750 nm, which is in the longer
wavelength region than the; @&bsorption. This fluorescence
appears in accordance with the decay of thet&te, so that it

Tlperp > Tl flattened

where¢; and ¢, denote the quantum yield of thePSP —
S,PeP internal conversion and that of thePSP — S,flattened

. : structural relaxation, respectively. This scheme includes the
is naturally attributed to the fluorescence from thestate that initially populated $P°" state, the lowest excited singlet and

is generated by the internal conversion from thetate. In the triplet states before (&, T,% and after (glatened Tfatteneq

following subpicosecond region, the short-wavelength side of he structural change. We included thé“Pstate in the scheme
the broad spectrum becomes weak, whereas the long-wavelength

e . . . although this transient was not directly observed in the time-
side rises, with a common time constantref= 660 fs. This L . .
. : o : resolved emission measurements. It is because the intersystem
spectral evolution shows a clear isoemissive point at 675 nm,

RN . . . . ’crossing of metal complexes often takes place in the subpico-
indicating that it is ascribed to the conversion from one emissive . . .
. . X - second time scale, and hence it could be a competing process
transient to another. This spectral change finally results in the . ) . .
. e . ) .~ for the internal conversion and structural distortférSolving
third emission band around 725 nm, which decays with the time a set of rate equations with an initial condition that only the
constantrs = 7.4 ps. The spectrum and the lifetime of this 7.4- d y

. . o . photoexcited &°P state is populated @t = 0, we obtained
ps emission agree well with those of the emission observed in analytical expressions for the time-dependent populaticAeS
a previous picosecond fluorescence study by Nozaki and co- P P Pop

workers, who assigned it to the fluorescence from thetste (U], etc.) of each state (see Supporting Information for details).

) g . Because the observed up-conversion signal is the sum of the
after the structural distortiod” The excited molecule should contribution from the three excited singlet states {8 SPe
hold the initial perpendicular conformation immediately after 9 '

flattened | i
photoexcitation, and therefore, the spectral evolution occurring and § 3. it can be written as,
with a time constant of 660 fs is attributable to the structural

— per, per
distortion from the perpendicular form 87 to the “flattened” 1(t.) = ,()IS,™ O] + a,()[S," O] +

form (Syflateneq taking place in the Sstate. (The experiments ay(A)[S;,"™ " W)] (1a)
on the solvent viscosity dependence was fully consistent with _
this assignmentVide infra) The emission spectrum of the = Arexp(—kit) + A, exp(-kt) + A; exp(—kyt) (1b)

S,flattenedstate corresponds to the 720-nm band in the picosecond
time-resolved spectrum in the early delay time. The spectrum
of the Sflatened state is slightly but significantly blue-shifted
compared with the phosphorescence spectrum observed in th
later delay time. Because the spectral evolution from gfgieged
fluorescenceAmax = 720 nm) to the phosphorescendgdx =

where aj(1) represents the intrinsic fluorescence transition
probability of each excited state. Tlagl)'s are related to the
@mplitudes of exponential components’g) that are directly
determined by the fitting analysis of the data,

750 nm) has been observed in the streak camera measurement, Q) = At At Ag (22)

it can be concluded that the8tenedstate is relaxed to thé _ 1

MLCT state (Ttened by intersystem crossing. 2(4) T, kll(kl ~ kA T (K~ kg)Ad] (2b)
The reconstructed femtosecond time-resolved emission spec-

tra, in combination with the picosecond data, directly showed a(d) = 1 [(k, — ka)(k, — kAl  (20)

that the following emissive excited states appear in the cascaded b1 ¢y kit ko

relaxation process after, @xcitation of [Cu(dmphen)': )
wherek; = 1/t; is the decay rate constants that were already

structural determined experimentally. We determinedAhealues at every
Soperplv, szperpE, Slperpm Slflattenedic, T flatened_. wavelength by the fitting analysis of the up-conversion data.

The values ofy, ¢1° a2, andes- ¢ as, which are obtained by
egs 2a-c, are plotted against the wavelength in Figure 5. The
a spectrum represents the intrinsic emission spectrum of each
excited state. The integration of tagspectrum (in the frequency
domain) gives the number of emitted photons within the unit
time® so that it is proportional to the radiative rate constant
(ki). From the integration of the three spectra in Figure 5, we
obtained the ratio for the radiative rate constants S S,Pe™,

and Sflatenedstates ak1:(d1 * Ko):(d1 * @2 * ka) = 32:1.2:1.0.
Note that thep factors appear here, because the relaxation path
to T1P®'Pis taken into account in the scheme.

Quantitative Analysis and Emission Spectra of Each
Transient. The time-resolved emission data showed that the
three emissive excited singlet statesPEB SPep, Sflatteneq
participate in the relaxation process of [Cu(dmpkEn)in
addition to the long-lived ffattened This assignment was firmly
confirmed by the quantitative analysis of the fluorescence up-
conversion data described below, which provided radiative rate
constants (oscillator strengths) of transient spetés36.47

We carried out the analysis of the femtosecond fluorescence
data based on the following relaxation scheme,

(48) In this study, the calibration was performed so that the intensities of the
(46) Takeuchi, S.; Tahara, Them. Phys. Lettl997, 277, 340. spectra were represented in the unit of photon number/nm. Therefore,
(47) Takeuchi, S.; Tahara, T. Phys. Chem. A998 102 7740. was also given in the unit of photon number/nm.
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The evaluated radiative rate constant of the#'8state k1)
is in very good agreement with the value obtained by the
integration of the $band in the absorption spectrum (3«6
107 s71), which assures the assignment. Concerning {fféeged
and SPe'P states, we need to evaluate the relaxation quantum
yields,¢1 andg,, to obtain the absolute radiative rate constants.

The ¢, value, the quantum yield of thefSP— S;PePinternal
conversion, can be directly evaluated by the comparison of time-
resolved emission data obtained with thg”®8 and SPerP

T T T T T excitation. The nanosecond emission signals obtained with the
300 400 500 600 700 800 900 SPEP (420 nm, blue curve) and 8" (550 nm, red curve)

Wavelength / nm excitations are compared in Figure 2B, in which the intensity

Figure 5. Fluorescence spectra of the three components observed in the!S normalized for the long-lived phosphorescence intensity due

up-conversion experiments of [Cu(dmphgh)in dichloromethane. Blue  to Tyfatned Clearly, the amplitude of the spikelike feature due
curve: the 45-fs componendy). Green curve: the 660-fs componeat ( to the SPe'Pand Sflatenedemissions becomes smaller when the
* @) Red curve: the 7.4 ps componegt ( ¢; - &). The absorption — complex s initially photoexcited to the, %™ state. (Note that
spectrum is also shown for comparison. Solid curves represent the fits to . .

the fluorescence spectra using single or multipeak Gaussian line shapethe signals do not contain anyg"SPfluorescence because they
functions. were obtained by the signal integration in the 6800 nm

Absolute Radiative Rate ConstantsThe absolute radiative ~ region.) It means that, in the case ofeXcitation, a significant
rate constants can be obtained from the above ratio, by relatingPortion of Tyatenedis generated not from the, 8 — S,fatened
the ratio to the apparent radiative rate constant of phosphores-— T1"**"*dpathway but through thefeP— T,"atenedpathway
cence at room temperature which was evaluated as 2183 that is “dark” in the emission spectroscopy. In other words, the
s 14549 We determined the intensity ratio between the phos- S"°P — TiP®Pintersystem crossing process is not negligible,
phorescence and the other fluorescence components from thé-€., ¢1 < 1. To evaluate¢; values, we used analytical
time-resolved emission data taken by the streak camera withexpressions for the temporal behavior of the emission intensity,
S, photoexcitation (Figure 2B, blue line), where the emissions 1(t4) = a(@)[SPRY)] + a()[SPPRY)] + az(A)[TPRY)] +
from the Spem, Syfiattened g Tyflatened states contribute to the  as(A)[S1"™™{t)] + ay(A)[T1"""qt)] = As exp(—kut) + Ao exp-
signal. (Note that the 8*Pfluorescence is out of the detection (—kat) + Az exp(—kat) + Az exp(—kst) + As exp(-kat), as well
wavelength region and thePPPemission should be negligibly ~ as the relation between the coefficieatsand the amplitudes
weak because of its short lifetime and small radiative rate Ai(1/kz is the lifetime of T°°%). With reasonable approximations
constant.) The long-lived component seen in the nanosecond(d1, 8, @ > &, az; ki > kp, ky > ks > ki), we obtained the
region is due to the phosphorescence, whereas the spikelikefollowing simple expression that relates tie value to the
feature around the time origin arises from theeBand Sflatened amplitude ratio of\’s that are obtained with the;S™and SPe™
fluorescence. We represented the temporal behavior of the€Xcitation (see Supporting Information for details):
emission a$(t) = c(ay [SiPeRt)] + ag[Syfatteneqt)] + au[T ,flatened
o0, Where( )the (coéfficig(n)t]saz aLd ag vje)ge ob[t:\ined by $1= (AdA) s2exd (Aol Ad)s1exc= (Az/A4)32ex!(A2/A4)51exE 2)
integrating theay(1) andag(4) in the 656-800 nm region and
as is the phosphorescence transition probability. The lifetimes practically, it means that thg; value can be determined from
of the three transients were fixedat= 660 fs,7s = 7.4 ps,  the relative intensity of the spikelike feature observed wifli's
and 72 = 41 ns. We convoluted this function with the  and gpepexcitation. We determined thg values by the fitting

instrumental response of the streak camera measurement angnalysis of the nanosecond time-resolved traces shown in Figure
fitted it to the time-resolved data in Figure 2B to evaluate the 2B and evaluated thé; value asp; = 0.7.

parametersy andc. From this analysis, the relative radiative The ¢, value, the quantum yield of the; 8™ — S,flattened

rate constants of the,; 8", S"ateneq and T"2*n*dstates were  structural relaxation, could not be determined directly from the
determined asg - k2):(¢1 * ¢2 * kia):(kra) = 1.2:1.0:0.002E°- experimental data. Nevertheless, we considered this value close
(See Supporting Information for details of the procedure to to ynity (p, ~ 1) because the lifetime of the,B™ state
obtain the absolute oscillator strengths using phosphorescencgjgnificantly changed with the change of the solvent viscosity.
intensity as a reference.) Since we know the absolute value ofrigyre 6 shows femtosecond time-resolved emission signals of
the apparent radiative decay rate of phosphorescence at roonjcy(dmphen)]* measured in two solvents having different
temperatureks = 2.3 x 10° s7), the radiative rate constants  yjscosities, acetonitrile{= 0.36 mPas) and butyronitrile) =

(with the ¢ factors) of the other excited singlet states were (59 mpas§! As shown in Figure 6A, a remarkable difference
evaluated ak1 = 3.6 x 10's™ ¢1- ke =1.3x 10°s7h and  \as observed for the decay of the emission at 600 nm, to which
$1°¢2 ks =11x 10°s™™ the fluorescence from the, B state mainly contributes. The
fitting analysis showed that the lifetime of thePSP state

(49) The apparent radiative rate constant of phosphorescence depends on the o .
temperature because of the change of the relative contribution from delayed Changed from 340 fs (acetonitrile) to 500 fs (butyronitrile) as
fluorescence. We obtained the value of 2.3L0° s™! using the emission the solvent viscosity was increased. This Iarge solvent depen-
yield (¢em) and lifetime ¢) at room temperature, which were reported in - L ’ R K
ref 45, with the equatiotpenit = k. dence indicated that the lifetime of thgPSP state is predomi-

(50) Here, the whole emission yields were evaluated from the data in the i i i
wavelength region 650800 nm. Ratios of the area intensity in the 650 nantly determined by arelaxation process whose rate is Iargely
800 nm region to that of whole region were evaluate® &b fora;, 37 %
for a,, 75 % foras, and 65 % foras. See Figure S2 in the Supporting (51) Adam, W.; Diedering, M.; Trofimov, A. VPhys. Chem. Chem. Phy)02
Information. 4, 1036.
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fluorescence intensity reported by Kirchhoff et & € 2 x
107 s71).45 Their estimation is correct in principle, but it contains
a very large error. As for thé; value evaluated from the
Arrhenius plots for example, we note that this value heavily
depends on the estimation of the energy difference between
Gflattened gng Tflattened (AE), Actually, the error of AE was
reported as 20%AE = (1.84 0.4) x 10 cm™1) in the original
paper of Kirchhoff et al*> which gives ak value from 1.5x
10° s1to 3.2 x 10° s™L. The quantum yield of the ;%ttened
T T T T T T state that is calculated from this range of khealues are 0.0

00 05 10 ‘1‘5 20 25 30 0.6. Considering other possible experimental errors, e.g., the

Delay Time / ps error in the estimations of emission yields and lifetimes, our
value (0.7) can be within the range of their error. Therefore, it
is reasonable to consider that thgvalue is close to unity at
the moment, although the arguments given above are more or
less semiquantitative. Hereafter, we regardghealue as unity,
keeping it in our mind that it may contain a relatively large
error.

Using the quantum vyields af; = 0.7 and¢, = 1, we can
finally obtain all the absolute radiative rate constants of the
SPeP, SPeP, and Sflatenedstates agk; = 3.6 x 107 s%, kp =

T T T T T T —1 o —1

0 : 0 15 20 25 30 1.8 x 1(_)6 s, andks = 1.6 x 1(° s These values are

Delay Time / ps summarized in Table 1, along with other photochemical

) i N . guantities of all the excited states observed.
Figure 6. Time-resolved emission signals of [Cu(dmphgh)n acetonitrile ) ] )
(blue line) and butyronitrile (red line) at 600 nm (A) and 675 nm (B) (420 On the basis of the transient absorption data, Chen et al.
nm excitation; 5x 1073 mol dn3). argued that the intersystem crossing takes place with a time

_ _ ) ~constant of 506700 fs and then the structural change occurs

affected by the solvent viscosity. Thus, the major relaxation \yiih a time constant of 1620 ps in the T state!! The present
phathway of trlwehS’efp state Is not t::e mrt]ers;r/]stem cr]?shsmg ?”t study clearly denies their arguments. The transient that appears
L,g St“f?”ga change. V\/tg ”OET ¢ .a';lt ec angeﬂ(]) the solvent i 3 time constant of 660 fs from the™Pstate (which was

Id not Induce any noticeable Infiuénce on the emission assigned to the;&ttenedstate in this study) has a large radiative
dynamics at 675 nm in the early picosecond time region (Figure bl hat of thees
6B), which manifests that the dynamics of thgla@ned rate constant comparable to that of th#®8 state. It means

' that the relaxation of the;®™state proceeds on the Sotential

T,flattened jntersystem crossing is not affected by the solvent » o o
. . . . o P
viscosity. These data on the viscosity dependence indicates that urface. In addition, the I|fet|m¢ of thq_FB' .state 'S S|gn.|f|cantly.
affected by the solvent viscosity, which is fully consistent with

the intersystem crossing of thgPSP state is slow compared

with its structural change. This seems reasonable because thihat the relaxation is the structural change. Furthermore, the
intersystem crossing of the8tenedjs also slow (1/7.4< 1012 relaxation process proceeding with a time constant of 7.4 ps

s1). In fact, if we assume the intersystem crossing rate of the (Which was assigned to,8ened— T,flateneq is accompanied

A: 600nm

—+— in Acetonitrile
—o— in Butyronitrile

Emission Intensity / a.u.

B: 675nm

—+— in Acetonitrile
—o— in Butyronitrile

Emission Intensity / a.u.

SiPe™ state to be the same as that of théGnedstate, thep, with the generation of the transient that has a much smaller
value is calculated as 0.92. It may be also noteworthy that the radiative rate constant. Thus, this process is definitely attributed
apparent radiative rate constants of th&#8(¢; + k) and SFat to the intersystem crossing. In this sense, the present study agrees

(41 * ¢2 - ki3) States are very similar. Because it is unlikely that with the argument of Nozaki and co-workers who claimed that
the radiative rate of the,Bttenedstate k) is much larger than  the intersystem crossing of [Cu(dmphg)takes place in a
that of the $P¢'Pstate k;2), this also suggests that tlie value time scale as long as 10 pslt is noteworthy that the time
is close to unity?? constants of the intersystem crossing of the metal complexes

We need to discuss the previous estimation by Nozaki and are often considered to be shorter than a picosecond in general,
co-workers, who estimated the yield of thgaened state as because of the very short intersystem crossing time reported
0.1 in the case of Sexcitation!” (This value corresponds t for several well-known metal complexes. For example, it was
x ¢2 = 0.7 in our estimation.) Their value was estimated from reported as 40 fs for [Ru(bipyriding$™ and less than 1 ps for
a comparison between the radiative rate constant determinedsome typical Cr(Ill) complexe53-58 In this sense, the inter-
by time-resolved fluorescence measuremekts=(2.2 x 10° system crossing of the;Sstate of [Cu(dmphen)" is slow.
s 1) and that obtained from the Arrhenius plot for the delayed However, it might be too early to consider that the 7.4-ps
(52) It has been pointed out that the oscillator strength of gff#e8*dstate can intersySte-.m _crossing Of-th-elgtate of [Cu(dmphea])+ 's

be larger thgn that of the 8" state because tghe relevant transition is “extraordinarily” slow. This time constant might just indicate a

optically forbidden at the perpendicular structuled] but becomes optically wide range of intersystem crossing times of metal complexes,
allowed at the flattened structur@) (ref 17). Therefore, in the quantitative . L . .
sense, thep, value may be somewhat less than unity. Nevertheless, the Which can be significantly changed by the change in the-spin

guantitative discussion based on the transition intensity is not straightfor- i i i i
ward, because the vibronic coupling betweenaBid $ states can also orbit COUp“ng and the energy gap between the smglet and trlplet

contribute to the intensity of;S— S transition significantly. statesl’” Our knowledge about ultrafast dynamics of metal

5254 J. AM. CHEM. SOC. = VOL. 129, NO. 16, 2007



Realistic Potential Curve of the Jahn—Teller Distortion ARTICLES

Table 1. Properties of Low-Lying Excited States of [Cu(dmphen),]* in Dichloromethane at Room Temperature

radiative rate constant /106 s~*

structure emitting state symmetry AMnm lifetime/ps (oscillator strength)?
Dog SyPerp B, 500 0.045 36(0.13) 36 (0.135)
S,Perp A, ~600 0.66 1.8(0.010) 3.0(0.016)
D2 G, flattened B1 720 7.4 1.8(0.012) 2.2, 20
T,flatteneq 4 g, flattenedg 770 4.1x 10¢ 0.0023

aRadiative rate constankj and oscillator strengttf)(in parentheses are related with each other by an equatien1.50+ k/vma?. Thek: values were
estimated by several method¥resent studysabsorption coefficient (ref 17¥emission quantum yield and lifetime (ref 1)emperature dependence of
steady-state emission spectrum (delayed fluorescence) (ref 45m@ratent value estimated from the emission quantum yield and the lifetimekysing
¢lv (ref 45).9 This emission has a partial contribution of the delayed fluorescence’®fsd (ref 45).

e(y)

e(do, dys) ,* A1, 'B1 (Sy, dark states) E i (@) fo>0
' 1
3 1 £ 1 ]
e ®e B2 (Sz) \'/
* ‘ mixed by a by (b)£=0
'A; (S,) J vibrational mode /_!\
Metal Ligand ' ()£ <0
Pseudo )
"MLCT configuration of Jahn-Teller A >
[Cu(dmphen)]" Distortion Q=0
Figure 7. Electronic configuration of th&MLCT state of [Cu(dmphen)*. Figure 8. A sketch of the potential energy surface for the three cases of
HOMO of [Cu(dmphery]* is characterized by,dand ¢ orbital of metal f > 0,f, = 0, andf; < 0.
center, and LUMO is characterized pytype orbital of the ligand. Because ] ) ] )
both are degenerated, the symmetry ML CT states isE @ E = A; + A, This structural distortion has been considered as a pseude Jahn
+ B+ B Teller effect in the literaturé®

a°A

3Q?

complexes s still limited, and more studies are necessary to | "€ Jahr-Teller distortion is discussed on the basis of the

have a common sense on the time scale of their ultrafastfouow'”g expansion of the potential curve of_ the relevant

processes. electronic state with respect to a nuclear coordifte”
Excited-State Dynamics and a Realistic Potential Curve

of “Pseudo Jahn-Teller” Distortion. The present time- R

resolved emission study provided unambiguous assignments of @} oH H} 1

the excited-state dynamics and transients observed in the femto-E(Q) =E + [ 5 Y@+ E 1 Y1

and picosecond time region after photoexcitation of [Cu- i

(dmphenj]*. The dynamics of the ultrafast structural distortion oH mz

(“flattening motion”) was successfully distinguished from the ¥n 873‘%

other relaxation process, and it is now clear that it occurs in Z— Q@ (5)

the § state with a time constant of 660 fs in dichloromethane. 173 E, — E,

On the basis of the results of experiments and analysis, we are =E+fQ+f,Q (6)

now able to discuss the mechanism of the structural distortion

that occurs on the ;otential surface of [Cu(dmphei]y. whereH andy; denote the Hamiltonian and wavefunction of
The electronic configuration of th#MLCT excited state of the molecule. When the electronic state is degenerated, the

[Cu(dmpheny]t is depicted in Figure 7. The d orbitals of the second term (thé; factor) can have a nonzero value, at least

central copper are separated into four groups, i.e., degeneratedor one nontotally symmetric coordina and hence gives a

dx; and g and nondegenerateg,dde-2, and @ in the order linear Q-dependence. It means that the potential curve has a

of energy, at the perpendiculByy geometry. Although all the  finite slope at the unperturbed structur® €& 0), and the

orbitals are occupied in Cu(l) ¥, MLCT excitation transfers structural distortion takes place along teoordinate, lowering

one electron to the ligands, and the electronic state of the the symmetry of the molecular structure. This is the (first-order)

resultant Cu(ll) (8) comes to have the degeneralesymmetry. Jahn-Teller effect. In the case of tht#MLCT state of [Cu-

(This is the reason some people considered the mechanism ofdmphen)]™, this linear term vanishes for nontotally symmetric

structural distortion as the Jahiteller effect!1131) From the vibrations because the,58P state has the nondegeneratéd

ligand side, MLCT excitation transfers one electron to the symmetry. The structural stability in this case is discussed for

LUMO that hasE symmetry'8-2044Therefore, from the view-  the quadrati€Q? terms, which determines the curvature of the

point of the molecular orbital of the whole molecule, HtL.CT potential curve at th® = 0 geometry. The sign of the curvature

state(s) can have symmetries deduced fior® E, which are is determined by the relative magnitude of the two terms in the

1A4, 1By, 1B,, and®A,. Among these four, only th&, state is quadraticQ? term. Among the two, the first term is positive,

optically allowed, and it has been assigned to thst&te that and the second term arising from the vibronic coupling is

exhibits a strong absorption band peaked at 460 nm. Tthe S expected to be negative. If the balance of the two terms makes

state is assigned to the optically forbidd&h, state which the f, value negativeff < 0), the potential curve exhibits a

appears in the absorption spectra with a small inteRsity. parabolic feature opening downward (Figure 8c). This bears

Therefore, the ultrafast structural distortion®LCT state is spontaneous structural instability and induces the structural

the problem of the potential energy surface of th€'8,) state. distortion (pseudo JahkfTeller effect or the second-order Jahn
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Teller effect)?>6 On the other hand, it is considered that the
. . . . . 82 45"5
structural distortion is not induced when thevalue is equal to S
or greater thgn zerdy(= 0), because a local minimum appears $=03 1 E(_}: 0.7
in the potential curve at th® = 0 geometry (Figure 8a,b). '
. . S 1660 fs' ~
In the present study, it was revealed that the®'Sstate is Y S
first generated on the ;Spotential and then undergoes the T 7.4 ps
structural distortion to form the ;&%ned state with the time LS A B I PO .
constantr, = 660 fs. As the time-resolved emission spectra S |F s
show (Figure 4B), the corresponding temporal change of the T T . s"."’- fr?.»‘
fluorescence spectra clearly exhibits an isosbestic point at 675 T
nm. This means that the,B™ state exhibits an inherent k=18 x10°s”
fluorescence spectrum and that the temporal change of the time- K =1.6x10°s”
resolved spectra can be understood by the decay of #i& S 3
fluorescence and the corresponding rise of thi&!Sedfluo-
rescence. In other words, we did not observe any gradual red = ¥ "/
shift of the fluorescence spectra during the structural distortion, :
which is expected for the Jotential curve whose parabolic Intersystem Crossing -
feature opens downward. It_|mpI|_es that the’*® state (the Internal Conversion = - - >
precursor of the structural distortion) is a bound state in the
local minimum on the Spotential and is separated from the Structure Change  -.-.»

Syflattened state by a very small energy barrier on the potential
enefrgy Sur.face' This situation is essgntlall_y different from the Figure 9. Scheme of the electronic relaxation and structural distortion of
ordinary picture of the JahriTeller distortion, because the |cydmpheny* in dichloromethane after.Sxcitation.

Jahn-Teller distortion is induced spontaneously by the instabil-

ity of the molecule at the unperturbed structure. The presentas 660 fs. The structural distortion of the [Cu(dmphEh)
ultrafast emission study indicates that thepBtential energy  complex takes place with this 660-fs time constant, giving rise
surface of [Cu(dmphes)" is rather flat but exhibits a parabolic  to the Sflatenedstate having a distorted structuiBs(symmetry).
feature opening a little upward at the perpendicular configuration The change of the fluorescence spectrum in the course of this

(Q = 0), which makes the8*Pstate a bound state and remain  stryctural distortion clearly shows an isoemissive point, indicating
undistorted in the finite |ifetimeg = 660 fs before the structural that there is a very small but finite potentia| barrier between

distortion. The excited-state structural dynamics of the Cu(l) the Sperrand Sflattenedstates, The dettenedsiate emits fluores-

complex cannot be determined simply by the potential feature cence around 720 nm, and it undergoes the intersystem crossing
atQ = 0, and in this sense, the mechanism of the structural to the Tflattenedstate with the 7.4-ps time constant. The¢eP

distortion is more complicated than that expected by the simple state, which is formed by the direct intersystem crossing from
discussion based on the Jafireller theory. Theoretical calcula-  the Srer state, is also converted to the sam@®nedstate by
tions for the shape of the excited-state potential energy surfacethe structural distortion in the triplet manifold. Thefdtened
are desirable to obtain a more profound insight into the dynamics state emits phosphorescence with the 41-ns lifetime in the-700
and mechanism of the structural distortion of the metal 800 nm region, which is predominant in the steady-state

complexes. emission spectrum.
We summarize the dynamics of the electronic relaxation and _
structural distortion of the [Cu(dmphel} complex in Figure Acknowledgment. We acknowledge sincere comments from

9, which has been revealed in the present study. With photo- Prof. E-. W. Castner, Jr. While we were preparing this
excitation at 420 nm, the initially populatedPSP state emits ~ manuscript, we heard from him that they observed essentially
strong fluorescence around 500 nm. It undergoes electronicthe same time-resolved emission data in their up-conversion
relaxation with a time constant as short as 45 fs and is convertedexperiments that were undertaken independently.
he SPe'P or T,PerP with ranching ratio of 7:3. Th

1o Zre SPeP or TyP¥P state with a branching ratio o 3. © Supporting Information Available: Full data of ultrafast
SiPePstate shows a broad fluorescence spectrum extending from =™ . : . .

emission time profile obtained by the up-conversion method

550 to 750 nm. Although this, &' state undergoes ultrafast and details of the analysis for femtosecond and picosecond time
structural change, its potential energy surface shows a parabolic Y P

form opening a little upward, at least, at the unperturbed resolved emission data.
structure. Accordingly, the;8™state stays undistorted, as long JA069300S
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