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ABSTRACT: The photoinduced structural change of a proto-
type metal complex, [Cu(dmphen),]* (dmphen = 2,9-dimethyl-
1,10-phenanthroline), was studied by ultrafast spectroscopy with
time resolution as high as 30 fs. Time-resolved absorption mea-
sured with direct S; excitation clearly showed spectral changes
attributable to the D,, (perpendicular) — D, (flattened) struc-
tural change occurrin§ in the metal-to-ligand charge transfer
singlet excited state ('MLCT) and the subsequent S; — T,
intersystem crossing. It was confirmed that the two processes
occur with time constants of ~0.8 ps (structural change) and

Coherent nuclear motion

D D2
. of ’ q. D,
“.. a femtosecond transient < " g;f

— ¢

770 fs

Delay Time

~10 ps (intersystem crossing), and their time scales are clearly well-separated. A distinct oscillation of the transient absorption signal
was observed in the femtosecond region, which arises from the coherent nuclear motion of the perpendicular S; state that was
directly generated by photoexcitation. This demonstrated that the perpendicular S, state has a well-defined vibrational structure and
can vibrate within its subpicosecond lifetime. In other words, the S; state stays undistorted in a short period, and the coherent
nuclear motion is maintained in this state. Time-dependent density functional theory (TDDFT) calculations gave consistent results,
indicating a very flat feature and even a local minimum at the perpendicular structure on the S; potential energy surface. The
vibrational assignments of the S; nuclear wavepacket motion were made on the basis of the TDDFT calculation. It was concluded
that photoexcitation induces a; vibrations containing the Cu—ligand bond length change and a b; vibration attributed to the ligand-
twisting motion that has the same symmetry as the flattening distortion. Ultrafast spectroscopy and complementary quantum
chemical calculation provided an overall picture and new understanding of the photoinduced structural change of the prototypical

metal complex.

B INTRODUCTION

Transition metal complexes have unique electronic and mag-
netic properties’ and play important roles in various biological
systems and applications. Especially, photochemistry of transi-
tion metal complexes attracts much interest in the field of solar
energy conversion and optoelectronic devices.” In spite of its impor-
tance, however, the primary photochemical process of the metal
complexes has not been well clarified so far because the excited-state
dynamics of the metal complex is very fast and complicated, com-
pared with that of ordinary organic compounds. It is only recently
that advanced ultrafast spectroscopy in the optical and X-ray regions
started disclosing the ultrafast processes of the metal complexes that
occur in the femtosecond time region.* > One of the key photo-
chemical properties of metal complexes is the structural change
induced by photoexcitation. As is well-known, the structure of the
transition metal complexes directly reflects the configuration of d
electrons, so that the excitation of the d electron often induces a
substantial structural change. Because such a photoinduced structural
change is an essential component of photophysics and photochem-
istry of metal complexes, the relevant knowledge of the dynamics
and mechanism is indispensable to understand the properties of
metal complexes."*~'® Furthermore, it is of fundamental importance
to elucidate how the initial nuclear motion is correlated to the large
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structural change occurring afterward, since the relationship between
the coherent nuclear motion and reaction is a central issue in the
study of ultrafast photochemical reactions.””*° Although the ex-
cited-state nuclear wavepacket motion of several metal complexes has
been observed very recently,”'~** we do not have proper knowledge
of its identification and relevance to the overall relaxation process of
the metal complex.
Bis(2,9-dimethyl-1,10-phenanthroline)copper(I) ([Cu-
(dmphen), ] * dmphen = 2,9-dimethyl-1,10-phenanthroline) is
known as a prototypical metal complex that undergoes a large
photoinduced structural change.zs_28 The electronic ground (Sp)
state of [Cu(dmphen),] ™ has a D, structure where the two planar
dimethylphenanthroline ligands are perpendicularly attached to the
central copper ion, whereas the “relaxed” lowest excited state has a
D, structure in which the dihedral angle (dha) between the two
ligands is “flattened” to 65—75° (Figure 1). This structural difference
between the ground and excited states is sometimes explained in
relation to the structural difference between tetrahedral Cu(I) com-
plexes and square planar Cu(II) complexes, because a d electron of
the central copper ion is transferred to the ligands with metal-to-ligand
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Figure 1. Photoinduced flattening distortion of [Cu(dmphen),]" in
the MLCT excited state.

charge transfer (MLCT) excitation and the central copper is formally
oxidized from Cu(I) to Cu(II). The structural change induced by the
MLCT excitation has been supported by quantum chemical
calculations®~** and a recent time-resolved X-ray experiment for
the *MLCT state.®

Because the structural change of [ Cu(dmphen),] Tis triggered by
MLCT photoexcitation, real-time observation of the relevant dy-
namics is possible with the use of ultrafast spectroscopy.*** > So far,
several groups have studied the ultrafast dynamics of this comglex
using time-resolved absorption and emission spectroscopy.”*"****
Although there was an initial controversy on the interpretation of the
observed dynamics,**' we recently clarified the overall relaxation
processes after S, <— S photoexcitation using femtosecond time-
resolved emission spectroscopy.” It was revealed that the initially
populated S, state is relaxed mainly to the S; state retaining the
perpendicular structure with ~45 fs, and the D,; — D, structural
change (the flattening distortion) occurs in the S state with ~660 fs.
The intersystem crossing from the S, state to the T| state takes place
after the structural change with a time constant of ~7.4 ps. This time-
resolved emission study not only clarified the kinetics of the
relaxation processes but also shed new light on the mechanism of
the structural change. Unexpectedly, the fluorescence spectral change
accompanying the structural change exhibited an isoemissive point,
indicating that the “well-defined” perpendicular S, state appears for a
short finite period before the structural change. This finding does not
accord with the structural change due to the ordinary (pseudo-)
Jahn—Teller effect, because in such a case, the distortion is induced
by the spontaneous structural instability at the perpendicular struc-
ture. ¥ In this sense, the femtosecond time-resolved emission
study indicated that the mechanism of the structural change of the
metal complex is not as simple as had been believed.

In this paper, we report an ultrafast transient absorption study
of [Cu(dmphen),] ™ in solution, which provides detailed informa-
tion about the potential energy surface, related ultrafast dynamics,
and vibrational structure of S; [Cu(dmphen),] ™. The experiment
was carried out with time resolution as high as 30 fs, which allowed us
not only to examine ultrafast relaxation dynamics but also to observe
coherent nuclear wavepacket motion in the '"MLCT state. Real-time
observation of the excited-state nuclear motion provides crucial
information about the S; potential energy surface that governs the
structural change.*' Ultrafast spectroscopy with complementary
quantum chemical calculations successfully clarified the overall
picture of the ultrafast structural change of the prototype metal
complex, including its initial coherent nuclear dynamics.

B EXPERIMENTAL SECTION

Materials. [Cu(dmphen),]PF4 was prepared by the method re-
ported in the literature.*” The purity of the sample was checked by
elemental analysis and absorption spectra. Dichloromethane (Wako,

HPLC-grade) was used as received. A fresh sample solution was
prepared for each time-resolved measurement. Absorption spectra of
the sample were measured before and after the measurements, and no
noticeable change was recognized.

Steady-State Measurements. Steady-state absorption spectra
were recorded on a commercial spectrometer (U-3310, Hitachi).

Two-Color Pump—Probe Measurements with 30 fs Time
Resolution. The experimental setup for two-color pump—probe
measurements with 30-fs time resolution was previously described in
detail."” Briefly, the light source was two home-built noncollinear optical
parametric amplifiers (NOPAs) that were driven by the output of a Ti:
sapphire regenerative amplifier (Legend Elite, Coherent, 800 nm, 1 kHz,
1 mJ, 80 fs)."” The output of the first NOPA was used as the pump pulse
(540 nm, 17 fs). The output of the second NOPA (650 nm, 16 fs) was
divided into two, and they were used as the probe and reference pulses for
monitoring the time-resolved absorption signals. The pump and probe pulses
were focused into a 200-um-thick flow cell of the sample solution. The
intensities of the probe and reference pulses were detected by photodiodes,
and the signals were processed on a shot-to-shot basis to evaluate the pump-
induced absorbance change. The pump polarization was rotated by a half-
wave plate to achieve the magic-angle condition. The time resolution of the
measurement was 30 fs (full width at half-maximum, fwhm), which was
determined by cross-correlation measurements of the pump and probe
pulses with a $0-um-thick BBO (f5-barium borate) crystal.

Measurements of Transient Absorption Spectra with 200
fs Time Resolution. Time-resolved absorption spectra were mea-
sured with 200-fs time resolution. The light source of the apparatus was a
Ti:sapphire regenerative amplifier (Legend, Coherent, 800 nm, 1 kHz).
The amplified pulse was converted to a near-infrared pulse (1760 nm)
with an optical parametric amplifier (TOPAS, Quantronix), and it was
sum-frequency mixed with the fundamental pulse (800 nm) to generate
a 550-nm pulse. This 550-nm pulse was used as the pump pulse for
photoexcitation of the sample. A white-light continuum was generated
by focusing a small fraction of the 800-nm pulse into a sapphire plate,
and it was used as the probe and reference pulses. The sample solution
was circulated through a 50-um-thick jet nozzle. Probe and reference
spectra of each five laser shots were measured with a spectrograph
(500is/sm, Chromex) and a charge-coupled device (CCD; TEA/CCD-
1024-EM/1 UV, Princeton instruments) that was read out at 100 Hz
repetition rate. The effect of the chirp of the white-light probe on the
time-resolved spectra was corrected on the basis of the OKE (optical
Kerr effect) data of a thin glass plate, which were measured with the same
experimental configuration.*

Quantum Chemical Calculations. The quantum chemical cal-
culations for the ground and excited states of [Cu(dmphen)z]Jr were
carried out with density functional theory (DFT) and the time-dependent
density functional theory (TDDFT), respectively, using the Becke three-
parameter/Lee—Yang—Parr (B3LYP) functional. The basis sets used were
STO-3G (H atom), double-{ basis set** (C and N atoms), and cc-pVDZ-PP
basis set* put on the effective core potential (ECP10MDF) (Cu atom).*
The program used was Turbomole, a program package for ab initio
electronic structure calculations.”’” The computations were performed at
Research Center for Computational Science, Okazaki, Japan. In the
calculation of potential curves along the dihedral angle of the two ligands
(dha), the nitrogen atoms in the ligands were kept in the plane for which
dha was defined, and all other degrees of freedom were optimized while D,
symmetry was kept. The structures at the global and local potential minima
of the potential energy surfaces were optimized, including dha, in the D,
symmetry. The self-consistent field (SCF) energy convergence criterion of
the present calculation was set at 2.7 X 10~ eV for dha = 90.0° & 1.0° in
the S, state and 2.7 x 10> eV for the other points. At the local and global
potential minima, normal-mode analysis was performed. In both the S; and
Sy states, the perpendicular structures with D, symmetry (dha = 90°) have
no imaginary frequency, assuring that they are the true local/global minima.
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Figure 2. (a) Steady-state absorption spectrum of [Cu(dmphen),] ™ in
dichloromethane. (b, c¢) Time-resolved absorption spectra of
[Cu(dmphen),]™ in dichloromethane in the delay time range of (b)
0.1-0.5 ps and (c) 0.5—100 ps. (Pump 550 nm; 7 x 10> mol-dm>.)
(d) Spectra of the pump and probe pulses used for two-color pump—
probe measurements. (c-1, c-2) Expanded views of panel ¢ to clearly
show the isosbestic points.

The flattened S, structure within D, symmetry (dha = 68°) has four
imaginary frequencies, which correspond to the rotations of the four methyl
groups. The true global minimum in the S, state has C, symmetry, in which
the four methyl groups are slightly rotated from the D, structure. Details
about the optimized structures are given in the Supporting Information.

B RESULTS AND DISCUSSION

Steady-State and Femtosecond Time-Resolved Absorp-
tion Spectra. Figure 2a depicts the absorption spectrum of
[Cu(dmphen),] ™ in the visible region, which exhibits two bands
around ~460 and ~550 nm. Both the bands are assigned to
MLCT transitions,”***~° and we call the intense higher-energy
transition (~460 nm) the S, “— S, transition and the weak lower-
energy transition (~550 nm) the S; ~— S, transition hereafter. In
the perpendicular ground state of [Cu(dmphen),]" at the D,,
geometry, the highest occupied molecular orbitals (HOMO) are
essentially degenerate d,.. and d,, orbitals that have E symmetry,
and the lowest unoccupied molecular orbitals (LUMO) are 7*
orbitals of the two ligands, which also have E symmetry.**>°

(See Figure 1 for the definition of the coordinate system.) In the
MLCT configuration, one electron is transferred from HOMO
to LUMO, and four nondegenerate electronic states are gener-
ated from the direct product of E® E = A, @ B, ® A; @ B;.
Among them, only the B, state is optically allowed at the D,
geometry, and the S, state showing an intense absorption band is
assigned to the B, state. The S; state is assignable to the optically
forbidden A, state that gains transition intensity by the effect of
nuclear displacement. In the framework of the vibronic state of a
D,; molecule, the A, ~— A; (ground-state) transition gains
transition intensity by b; vibrations through vibronic coupling
with the optically allowed B, <— A, transitions (A, ® b; = B,).
From the viewpoint of the static/dynamic flattening distortion,
the very shallow S, potential curve along the relevant nuclear
displacement (b; symmetry) gives rise to a substantial contribu-
tion from the distorted D, structure, which induces sizable
oscillator strength by changing the optically forbidden A, state
at D, to an optically allowed B; state of the distorted D,
geometry.”' Experimentally, the assignment of the S; state was
made on the basis of the facts that the S; <— S, transition shows
the same Z-polarization as the S, <= Sy transition at 77 K and that
the copper complexes, having more distorted structure, exhibit
more intense S; — S, transitions.*® Recent TDDFT calculations
also supported this assignment.**~**

Before performing two-color pump—probe measurements
with 30-fs time resolution, we carried out spectral measurements of
time-resolved absorption using white light continuum as the probe.
The time resolution is moderate (~200 fs), but we can clarify the
overall spectral change of transient absorption with this experiment.
Although time-resolved absorption spectra of [Cu(dmphen),]™
measured with S, <— Sy excitation have already been reported,s’
the relaxation process of the S, state made the observation compli-
cated and made it difficult to distinguish the dynamics of the
structural change from the internal conversion and intersystem
crossing. This problem led to erroneous interpretations in previous
works (vide infra). In this work, in contrast, we excited the complex
directly to the S; state, which made the spectral change simple and
the interpretation straightforward.

Figure 2b and 2c show time-resolved absorption spectra
obtained with S; <— S excitation at 550 nm. Immediately after
photoexcitation, an intense transient absorption peaked at
580 nm appeared with a broader and weaker tail extending to
the wavelength region longer than 700 nm. A small intensity
increase as well as a small red shift of the absorption maximum
(580 — 585 nm) was observed in the subpicosecond time region
(Figure 2b). Then, a new transient absorption band peaking
around 565 nm appeared in accordance with the decay of the
585-nm band in the early picosecond time region up to 20 ps
(Figure 2c). The 565-nm transient also exhibits additional peaks
at 525, 660, and 725 nm. Note that clear isosbestic points were
observed at 572 and 643 nm during this spectral change in the
picosecond region (Figure 2, panels c-1 and c-2). The transient
absorption spectra did not show any further change after 50 ps
within the measured time range up to 100 ps.

We carried out global fitting analysis using multiexponential
functions and found that the observed spectral changes were well
reproduced with three components having time constants of 920
fs, 9.8 ps, and a very long one that could not be determined within
the delay time range measured. In our previous time-resolved
emission study,” we clarified the following dynamics occurring
after S, excitation, on the basis of quantitative analysis on the
spectra, lifetimes, and radiative lifetimes (oscillator strength) of
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where the superscripts denote the structure of each excited state
(ie, perp = perpendicular structure; flattened = flattened
structure) and the number in parentheses is the lifetime of each
transient. Because the complex is directly excited to the S, state
in the present experiment, we observe the dynamics starting
from the perpendicular S state (S,7°F). Therefore, the 920-fs
and 9.8-ps dynamics observed in the transient absorption are
straightforwardly attributed to decays of the perpendicular S,
state (S,PP — §,ened) and flattened S, state (S,™*"d —
T, ™) respectively. The longest time constant is assignable
to the lifetime of the flattened T state (41 ns).” It is noteworthy
that the transient absorption change corresponding to the
flattening distortion is small, although a very distinct change
has been observed in the time-resolved fluorescence spectra.”
The transient absorption spectra showed only a small intensity
increase and a small red shift of the absorption maximum with the
flattening distortion.

The lifetime of the perpendicular S state (~920 fs) evaluated
by the present transient absorption measurements is somewhat
longer than that determined by our 7previous fluorescence up-
conversion experiments (~660 fs).” There are two possible
reasons for this deviation. First, the present transient absorption
experiment was carried out with S; excitation, whereas the
previous femtosecond fluorescence experiment was performed
with S, excitation. This difference in initial photoexcitation
causes a difference in the vibrational excess energy of the S;
state generated, which may cause some change in the time
constant of the structural change. Second, as already mentioned,
the spectral change of the transient absorption due to the
structural change is small, compared to that observed in the
time-resolved fluorescence. Therefore, the time constant evalu-
ated from the small transient absorption change may have a larger
error. In spite of this deviation, however, it is safe to say that the
lifetime of the perpendicular S; state is 700—900 fs.

In recent papers of Chen and co-workers,**” it was claimed
that the flattering distortion occurs with a time constant of ~100
fs on the basis of time-resolved fluorescence and absorption data
obtained with S, excitation. In addition, they claimed that the
faster S; — T intersystem crossing takes place at different
structures while the flattening distortion is proceeding, in addi-
tion to the slow intersystem crossing occurring in the flattened S;
state after distortion. Our transient absorption spectra measured
with direct S, excitation clearly showed that the time constant of
the structural change is 700—900 fs, as we concluded in our
previous femtosecond fluorescence study.” Our results also
indicate that faster S; — T intersystem crossing does not occur,
or is negligible, while the structural change proceeds, at least in
dichloromethane. In fact, in the time region when the structural
change proceeds (~ 1 ps), any feature assignable to the T state
does not appear, which denies formation of the T state in this
time range. In addition, the spectral change in the later time
(2—50 ps; Figure 2, panels c-1 and c-2) exhibits clear isosbestic
points, demonstrating that this process is the conversion from a
well-defined single precursor (the flattened S;) to the product

0.0 4= Dellay Time / ps -

0 1 2 3
Delay Time / ps

Figure 3. Time-resolved absorption signals of [Cu(dmphen),]™ in
dichloromethane. Pump 540 nm; probe 630 nm; 2.5 x 10~ > mol-dm .
(Inset) Oscillatory component of the time-resolved absorption signal (red
line). Dashed lines are exponential fits drawn with a time constant of 770 fs.

(the flattened T,). Consequently, there was no indication of
various T states that are generated at different structures and
undergo structural changes afterward. The present femtosecond
time-resolved absorption data strongly confirmed that the time
scales of the flattening distortion and the intersystem crossing are well
separated in this complex, as concluded in our previous work. We
note that the direct S; excitation realized in the present work is
essential to obtain the clear conclusion about the ultrafast dynamics
of [Cu(dmphen),]™ based on femtosecond time-resolved absorp-
tion data. In the case of S, photoexcitation, a minor but substantial
intersystem crossing occurs directly from the (perpendicular) S, state
immediately after photoexcitation,” and hence the S, excitation
generates a mixture of singlet and triplet states even before the
structural change. This made the observed spectral change compli-
cated and made it very difficult to unambiguously interpret the
transient absorption data, which we think caused confusion in the
previous works.****>** It may be worth mentioning that the solvent
used in our studies (dichloromethane) is different from that used in
the works of Chen and co-workers. Although it is known that some
solvents, such as acetonitrile, coordinate to the flattened excited state
whereas dichloromethane does not, the ultrafast process occurring in
a few picoseconds is not affected because coordination is a rather
slow process. Because the steady-state absorption spectra indicate
that the ground-state structure, from which the ultrafast process starts
with photoexcitation, is essentially the same in these solvents,”® the
conclusion obtained in the present experiments is also valid for the
ultrafast dynamics in other solvents.

Observation of Nuclear Wavepacket Motion by Ultrafast
Pump—Probe Measurements. On the basis of the spectral
information obtained by the femtosecond time-resolved absorp-
tion measurements, we carried out two-color pump—probe
measurements with 30-fs time resolution. The spectra of the
pump and probe pulses are shown in Figure 2d. The center
wavelength of the pump pulse was tuned to 540 nm to excite the
molecule directly to the S; state. The probe was set around
650 nm, where the transient absorption appears but the ground-
state absorption is absent, to selectively observe the initial S;
dynamics by monitoring the transient absorption of the S; state.
Figure 3 depicts the time-resolved trace obtained by the
pump—probe measurement. As seen in this figure, the transient
absorption appeared instantaneously at the time origin, and then
the intensity increase was observed in the subpicosecond time
region. This rise was well-fitted with an exponential function with
a time constant of 770 fs. This component corresponds to the
920-fs dynamics observed in the spectral measurement, which

7731 dx.doi.org/10.1021/ja108645x |J. Am. Chem. Soc. 2011, 133, 77287736



Journal of the American Chemical Society

(@ &

FT power

(b)
0 200 400 1600 800

Wavenumber / cm’

Figure 4. Low-frequency vibrational spectra of [Cu(dmphen),] " in the
perpendicular S; state. (a) Fourier transform power spectrum of the
oscillatory components (filled with gray). (b) Frequencies of the normal
modes calculated by TDDFT (red, a, symmetry; blue, b, symmetry).

was assigned to the flattening distortion in the S, state. The probe
tuned to 650 nm can detect the absorbance change in the
600—700 nm region because of its broad spectral bandwidth.
The most characteristic feature of the pump—probe signal is a
clear oscillation that starts at the time origin and lasts for a few
picoseconds. This oscillatory component was extracted by use of the
exponential function that was best-fitted to the slow population
component (inset of Figure 3). The damping time of the oscillation
was essentially the same as the time constant of the structural change
(~770 fs). It implies that the oscillation arises from the coherent
nuclear motion of the S, state before the structural change (S,7*T)
and that the coherence is damped as the structural change occurs. In
other words, the lifetime of the vibrational coherence is determined
by the population lifetime of the perpendicular S, state. This observa-
tion demonstrated that the perpendicular S; state generated by
photoexcitation has a well-defined vibrational structure and can
vibrate within its lifetime shorter than 1 ps. The S; state stays
undistorted in a short period before the structural change.

Figure 4 depicts the power spectrum of the Fourier transform
(FT spectrum) of the oscillation observed in the pump—probe
measurement. A number of vibrational modes contribute to the
oscillation, and the most prominent contribution arises from the 125-
cm™ ! vibration. This FT spectrum represents the vibrational spec-
trum of the perpendicular S, state (S,”*?), which transiently appears
in the subpicosecond region after S; <— Sy photoexcitation.

Theoretical Calculation of Potential Energy Surfaces. We
calculated the energies of the S; and Sy states by DFT/TDDFT
to associate the observation of ultrafast spectroscopy with
relevant potential energy surfaces. Because the potential energy
surface of [Cu(dmphen),]™ has 165 [= (3 x 57) — 6] dimen-
sions, we focused on the potential curves along the dihedral
angle. The S, potential curve calculated by DFT is shown with a
red solid line in Figure S. This curve was obtained by calculating
the Sy energy at each dihedral angle with optimization of other
structural parameters in the Sy state. The S; energy at each
structure on this Sy potential curve was also calculated by
TDDFT and is depicted with a red dashed line in the figure.
The energy difference between the red solid line and red dashed
line represents the S; <— S, transition energy at each Sy structure.
In a similar manner, the S; potential curve along the dihedral
angle was calculated by TDDFT, and it is drawn with a blue solid
line in Figure S. This curve was obtained by calculating the S;
energy at each dihedral angle by optimizing the other structural
parameters in the S; state under the restriction of D, symmetry.

Energy / eV
o
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Energy / eV

2.1670{
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Figure S. Results of DFT/TDDFT calculations for Sy and S states of
[Cu(dmphen),] ™. (a) Potential energy curves of S; and S states as a
function of dihedral angle. Circles and squares are the calculated points,
and the lines are fits with polynomials. Red circles and squares show
energies of the Sy and S, states, respectively, at the structures optimized
for the S, state. Blue circles and squares show Sy and S; energies at the
structures optimized for the S; state. The calculation was made at each
fixed dha, and geometry optimization was performed for other structural
parameters. At the local minima indicated by the cross markers, the
optimization including dha was carried out. (b) S, potential energy curve
around dha = 90° (optimized for the S state).

Table 1. Comparison of Calculated and Experimental S;—S,
Transition Energies of [Cu(dmphen),]"

S;—So transition energy (eV)

structure transition calculation experiment
perpendicular S1—S, 2.24 (555 nm) 2.25%(550 nm)
perpendicular S1— S, 2.11 (589 nm) 2.07" (600 nm)
flattened S — Sy 1.85 (672 nm) 1.72° (720 nm)

“Transition energies were obtained from the peak position in the
absorption spectrum. © Transition energies were obtained from the peak
position in time-resolved fluorescence spectra reported in ref 7.

The Sy energy at each structure on this S; potential curve was also
calculated, and it is drawn with a blue dashed line. The energy
difference between the blue solid line and blue dashed line
represents S; — Sy transition energy at each S; structure. The
global minima of the Sp and S, potential energy surfaces appear at
dha = 90° and dha = 68° (and 112°) on the Sy and S, potential
curves, respectively, which is consistent with the results of other
groups.®*** (We note that the true global minimum of the S,
potential ($,%""*%) was found at a structure of C, symmetry
which is very close to the D, flattened structure; see Supporting
Information)

In Table 1, the transition energies calculated from the obtained S;
and Sy potential curves are compared with the experimental values.
The S; “— Sy transition energy at the perpendicular S structure (ie.,
energy difference between solid and dashed red lines at dha = 90°)
was calculated at 2.24 eV, which agrees very well with the §; < S,
transition energy obtained from the absorption spectrum (2.25 V).
The S; — S, transition energies (ie., energy difference between
solid and dashed blue lines) at dha = 90° and 68° were 2.11 and 1.85
eV, respectively, and they are also in fairly good agreement with the
transition energies of the S; — Sy fluorescence before and after
structural change (2.07 and 1.72 eV) 7 These agreements assure that
the present computation well reproduces the potential energy

surfaces of [ Cu(dmphen),] ™.
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The global minimum of the calculated Sy potential energy
surface is located at dha = 90° which is consistent with the
perpendicular structure of the S state. The global minimum of
the calculated S; potential energy surface is located at dha = 68°
(112°), which rationalizes ultrafast structural change occurring in
the S; state after photoexcitation. Moreover, as seen in the
expanded view of the S; potential surface (Figure Sb), the
DFT/TDDEFT calculation showed that the potential around
the perpendicular structure (dha = 90°) is very flat and even
exhibits a shallow local minimum. The calculated depth of the
minimum is much larger than the SCF energy convergence
criterion of the present calculation (2.7 x 10~ ° eV), assuring that
the minimum is not an artifact of the calculation. The existence of
this local minimum was also confirmed by normal-mode analysis
(vide infra). This feature of the calculated S; potential curve
accords with the result of ultrafast spectroscopy, which indicates
that the perpendicular S; state appears before the flattening
distortion.

A further discussion on the S; potential energy surface (e.g.,
a quantitative discussion on the depth of the local minimum at
the perpendicular structure) is beyond the level of the present
calculation. Nevertheless, it is crucially important that the DFT/
TDDFT calculation indicated a very flat feature of the potential
curve and even a local minimum at the perpendicular structure
because it is not expected in the standard picture of (pseudo-)
Jahn—Teller effect, which has been accepted as the mechanism of
the photoinduced structural change of the metal complex. The
result of the quantum chemical calculation confirms that the
realistic mechanism of the photoinduced structural change is not
so simple as was believed before our work.

The Jahn—Teller distortion is discussed on the basis of the
following expansion of the potential curve of the relevant
electronic state with respect to a nuclear coordinate:*® *°

oH
1/J>Q

9Q

E(Q) = E; + <1/)1

2

(i)

azﬁ n aQ 1 ,

+ <¢1 30> Y1 >+ E,IW Q" (1)
=E +AQ+AQ (2)

where H and 9, denote the Hamiltonian and wave function of
the molecule in the S, state. In the case of the 'MLCT state of
[Cu(dmphen),]™, the second term (which is the origin of the
first-order Jahn—Teller effect) vanishes for non-totally sym-
metric vibrations because the S; state has the nondegenerate
A, symmetry. The structural stability of the perpendicular S,
state is discussed for the quadratic Q> terms, which determine the
curvature of the potential curve at the Q = 0 geometry. The sign
of the curvature is determined by the relative magnitude of the
two terms in the quadratic Q” term. If the balance of the two
terms makes the f, value negative (f, < 0), the potential curve
exhibits a parabolic feature opening downward, giving rise to
structural instability at the Q = 0 geometry (pseudo-Jahn—Teller
effect or second-order Jahn—Teller effect). On the other hand,
when the f, value is greater than zero (f, > 0), the potential curve
has a parabolic feature opening upward and a local minimum

appears in the potential curve at the Q = 0 geometry. The present
DFET/TDDFT calculation carried out a realistic evaluation of the
f> value at the perpendicular geometry and showed that the f,
value is actually not negative. The potential energy surface is very
flat and it has a parabolic form opening a little upward at the
perpendicular structure. Thus, the S, state stays undistorted for a
short time as observed in the ultrafast pump—probe experiment.
The calculated potential energy curves strongly support the new
picture of photoinduced structural change of [Cu(dmphen),]".”

It is worth noting that it is not adequate to simply correlate the
calculated low potential barrier in the S; state to the observed
lifetime of the perpendicular S state, in a traditional sense based
on transition-state theory. In transition-state theory, it is assumed
that the reactant is thermally equilibrated and is in equilibrium
with the transition state. Then, the reaction rate is connected to
the energy barrier of the reaction (i.e., the energy difference
between the reactant and transition state). In this picture, we can
say that the molecule stays on the reactant side “statistically” for a
certain period before the reaction. On the other hand, in
extremely fast reactions, the excited state generated by photo-
excitation (i.e, the reactant) is highly unequilibrated and its
dynamics needs be treated directly with the trajectories of the
nuclear wavepacket on the excited-state potential energy surface.
In this view, it is natural to think that it takes a finite time for
molecule to escape from the region where the excited state is
initially generated, even if the potential is very flat and the energy
barrier is low. Because the nuclear wavepacket can oscillate along
the coordinates perpendicular to the reaction coordinate, we may
say that the molecule “dynamically” stays on the reactant side in
this case. Because the structural change of [Cu(dmphen),]
proceeds in the S state with a femtosecond time scale, it should
be categorized to the latter case, or at least it has some character
of the latter category. Because this is an essential issue for proper
understanding of ultrafast chemical reactions, it is highly desir-
able to compare the observed dynamics with a molecular
dynamics simulation on the S; potential energy surface, although
it is beyond the scope of the present study.

Assignment of Coherent Nuclear Wavepacket Motion in
the S; State. To clarify the initial nuclear dynamics of the
photoinduced structural change, we performed a normal coordi-
nate analysis of the perpendicular S, state calculated by TDDFT.
We first focused on the totally symmetric vibrations (a, ) because,
in usual cases, the nuclear wavepacket motions due to a; vibra-
tions appear in the ultrafast pump—probe measurements through
the Franck—Condon mechanism.'”~'?*"%373% The frequenc1es of
totally symmetric vibrations calculated in the 0—800 cm ™' region
are shown with red bars in Figure 4 and are compared with the FT
spectrum of the oscillation observed in the pump—probe measure-
ment. As is readily seen, most of the observed coherent motion is
assignable to the al mode: The vibrations observed at 125, 191, 412,
438,and 704 cm ™' are a551gnable to the calculated frequencies of 99,
193, 410, 440, and 707 cm respectlvely A common character of
the assigned a; modes is that they contain substantial change of the
Cu—N bond lengths. As an example, the vibrational mode assigned
to the most intense 125-cm™ ' band is depicted in Figure 6a. (See
Figure S1 in Supporting Information for the other modes.) This
125-cm™ ' vibration is the “breathing” mode of the complex, which is
induced by the symmetric stretching of the Cu—N bond. The
appearance of these a; modes is readily rationalized by the structural
change induced by photoexcitation. In fact, the substantial short-
ening of the Cu—N bonds is expected with MLCT excitation
because HOMO of the S state has some antibonding character for
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(@) 99 cm-1 (a4)

Figure 6. Vibrational modes of the perpendicular S; state of
[Cu(dmphen),] " calculated at (a) 99 and (b) 282 cm ™. The displace-
ment vector of each atom is depicted by red arrows.

the Cu—N bonds.*" In addition, the electrostatic attraction between
the ligands and metal center increases in the MLCT excited state,
which also contributes to the shortening of the Cu—N bonds.
This shortening of the Cu—N bonds is supported by computa-
tion and experiment. The present DET/TDDFT calculated the
Cu—N bond length in the perpendicular S; state to be shorter
than that of the Sy state by 0.011 A. It has been reported that the
vibrational modes having the Cu—N stretch motion appear in
the resonance Raman spectrum of [Cu(dmphen)2]+, which
also indicates that the Cu—N bond length is changed upon
Si— S excitation.>® As the Cu—N bond length is substantially
changed with S; <= S excitation, it is natural that the coherent
nuclear motion containing the Cu—N stretch motion is induced
in the S; state with photoexcitation.

Interestingly, there was no a; mode assignable to the 290-cm ™
component that gives the second largest contribution to the nuclear
wavepacket motion observed. As already mentioned, the S; < S
transition gains its intensity through vibronic coupling with the S,
state that exhibits strong absorption around 460 nm. Because the S;
(A,) state is coupled with the S, (B,) states through the b, vibration,
the b; mode can be excited with the S; < S, excitation through
vibronic coupling. Using TDDFT, we evaluated the magnitude of the
S1—S, vibronic coupling induced by each b; mode and found that the
coupling is realized mainly by the 1,5 mode calculated at 282 cm ™'
(see Supporting Information). Therefore, we assigned the 290 cm ™'
band in the FT spectrum to the v,5 mode having b; symmetry. As
depicted in Figure 6b, the v,5 mode is ascribed to the twisting motion
of the ligands of the complex. This mode induces large displacements
of the ligand atoms that face the central copper, which efficiently
mixes the S; and S, states having different MLCT characters. It is
noteworthy that the flattening motion also has b; symmetry. (The
frequency of the flattening motion was calculated to be 18 cm ™" for
the perpendicular S, state.) Because the motions having the same
symmetry can be coupled with anharmonicity, we can expect an
efficient energy flow from the coherently excited ligand twisting
vibration to the flattening motion. In this sense, the coherent nuclear

1

Dy

if Q Dz
]

= flattening

intersystem

crossing

Figure 7. Schematic diagram of the mechanism of photoinduced
structural change of [Cu(dmphen),]™.

motion along the ligand twisting coordinate may promote the
flattening distortion of the perpendicular S; state.

Mechanism of Photoinduced Structural Change of [Cu-
(dmphen),]*. Ultrafast spectroscopy and complementary quan-
tum chemical calculation has disclosed the mechanism and dy-
namics of photoinduced structural change of [Cu(dmphen),] ™ as
sketched in Figure 7. The S, state has the perpendicular D,,
structure, so that the S; < S, photoexcitation initially generates
the perpendicular S, state. The S; potential energy surface around
the perpendicular structure is very flat and highly likely has a shallow
local minimum, so that the S, state retains the perpendicular
geometry for a short finite time. The distinct coherent nuclear
motion due to a; modes and a b; mode is induced in the S; state
with photoexcitation. The S; state leaves the perpendicular geome-
try with a time constant of ~800 fs, and it is relaxed to the flattened
structure with losing coherence of the nuclear motion. An efficient
energy flow may occur from the coherent ligand-twisting vibration
to the flattening motion through the anharmonic coupling. The
intersystem crossing takes place predominantly in the flattened S;
state with a time constant of ~10 ps. The long-lived flattened T}
state is generated, and the well-known red-shifted phosphorescence
is emitted.

The present work clarified the ultrafast dynamics of a proto-
typical metal complex [Cu(dmphen),]" with solid and clear
spectroscopic observations. It was shown that the structural
change and the intersystem crossing occur in the lowest 'MLCT
state with time constants of ~800 fs and ~10 ps, respectively,
and that the time scales of the two processes are well-separated.
Observation of the excited-state coherent nuclear motion, as well
as the result of TDDFT calculation, strongly indicated that the
S; state at the perpendicular geometry appears as a well-defined
precursor before the structural change. Because this conclusion
contradicts the picture based on the ordinary pseudo-Jahn—Teller
effect, the present results request essential change of the mechanism
accepted so far. In this sense, this work not only clarified the overall
ultrafast dynamics of the prototypical complex but also provided a
new paradigm for the photoinduced structural change of the metal
complex. We note that ultrafast spectroscopy is highly capable of
elucidating details of the photochemical process of metal
complexes, ™ 1071222245257760 \hich has not been well clar-
ified compared with the process of organic compounds. The solid
and deep understanding provided by ultrafast spectroscopy
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forms a firm basis to fully make use of metal complexes in a
variety of applications.

B ASSOCIATED CONTENT

© Supporting Information. 1t provides following materials:
tables for vibrational frequencies of [ Cu(dmphen),]*; figures for a,
and b, vibrational modes of [Cu(dmphen),]™; text for estimation
of vibronic coupling between S, (A,) and S, (B,) states; and details
of quantum chemical calculations for optimized structures at
local and global minima on S; and S, potential energy surfaces.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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