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Supplementary Note 1: Data analysis and fit of XANES data

The analysis was performed in different steps, in order to disentangle the multiple
contributions of the coherent wavepacket dynamics from those of the population transfer into
different excited electronic states. As a starting point, we identified the time-zero in the recorded

temporal traces.

1. Determination of time-zero and temporal jitter removal

This section describes in detail how the time-zero and the instrumental response function
(IRF) were determined in the data used for the global fitting analysis in the main text and how the
temporal jitter contribution is removed a posteriori from the measured data using the so-called

timing tool, commonly used as a temporal diagnostics at X-ray free electron lasers (XFELs).

We scanned the relative time delay between optical pump and X-ray probe pulses and
recorded three temporal traces from -0.5 ps up to 1.725 ps at selected X-ray energies in the
XANES region of the Cu K-edge absorption spectrum. Two traces were measured at the rise of
the absorption edge region (at the transient maximum and at the inflection point of the edge, as
identified in the spectrum after 10 ps), and one at the pre-edge feature, reflecting the d-orbital
occupancy in the 15> 3d transition (Figure 2 of the main text). Supplementary Figure 1a shows

these early rising transient signals Al /1., (t) together with their first derivatives (Supplementary

Figure 1b), which were initially recorded in 67 fs steps and subsequently time-corrected via post-
sorting into 15 fs time bins. The peak positions for these three derivatives are found at the same
time delay, and this time value is initially defined as time-zero. This may turn out to be incorrect,
if the underlying dynamic processes would take much longer than the calculated IRF of ca. 69 fs
in full width at half maximum (FWHM) as listed in Supplementary Table 1. The corresponding

photoexcitation process promotes an electron from the S, ground state into the singlet Metal-to-



Ligand Charge Transfer manifold ('MLCT") via:
Sy +hv — '"MLCT" (1),
and this process should occur within the IRF time window (< 100 fs).

Therefore, the measured rise times should reflect the overall time resolution of the
experiment, which includes laser and X-ray pulse durations, the group velocity mismatch (GVM)
between both beams through the 50 um thick liquid jet, and the jitter correction precision (ref. 39
of the main text). Instead of fitting the rise times, here we fitted the first derivatives with

Gaussian curves and the FWHM values should reflect the IRF via

IRF(t-1,)= Aexp[—(t—1t,)* / 2w’]. In this equation, the FWHM value corresponds to

2/In(2)w, A is an amplitude factor, and #, is time-zero. The fitted transient signals yield the

black dashed curves in Supplementary Figure 1b and the fit parameters are listed in

Supplementary Table 1.
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Supplementary Figure 1. Evaluation of the time resolution and time-zero. (a) Transient

XANES signals recorded around time-zero. (b) First derivatives of these transient signals with



Gaussian fits (black dashed curves). Time-zero has been set at the maximum derivative value.

Supplementary Table 1. Results of the fitting procedure of the transient signals. The analysis

was performed at three X-ray energies in order to determine the rise time and time-zero for all

signals.
) ) Fitted
Nominal Jitter . .
. Fitted
Photon laser / x-ray = GVM/ correction Calculated Gaqssmn . e
Energy 1 fb iion/ IRF/fs® width time-zero
[eV] puise a s premsclon s (FWHM) / t, / fs
duration / fs fs s
84.2 15.8
8979.5 45/6 50 16 69 (6.0) (2.3)
77.7 6.2
8985.0 45/6 50 16 69 (4.2) (1.6)
69.9 4.3
8986.5 45/6 50 16 69 (6.5) (2.6)

* X-ray pulse duration given by an autocorrelation measurement, and laser pulse duration

measured with an autocorrelator before the experiment

® GVM estimated from the refractive index at 550 nm (n = 1.3)

¢ Jitter correction precision from ref. 39 of the main text

4 IRF was calculated via \45> + 6> + 50> +16°

The fitted Gaussian widths, corresponding to the rise times in the temporal traces, are
close to the calculated IRF of 69 fs. The slightly larger fit values (see Supplementary Table 1)
than the calculated IRF may be due to experimental uncertainties or due to the dynamic behavior
of the excited molecule slower than the overall time resolution. The latter effect would appear as
asymmetry for the first derivatives and one can observe such behaviors in Supplementary Figure
1. However, the symmetric Gaussian fits reproduce the derivatives extremely well, and deviations
only become apparent at times larger than the fitted FWHM values. This justifies our approach to

take the maximum of the derivatives to define the time-zero. At 8986.5 eV, the temporal trace



shows a Gaussian FWHM fit value nearly identical to the calculated IRF. Therefore, in the

following we use the IRF width of 69.9 fs to fit the subsequent kinetic evolution.
2. Determining the kinetic evolution in the picosecond regime

The time evolutions of the transient signals Al / I,;(¢) in Figure 2 of the main text were

fitted with a sequential first-order kinetic model described as:

To T T>
S, +hv — '"MLCT - MLCT —*MLCT —S, @),

where MLCT is another charge transfer state whose population is transferred from the 'MLCT"
state within 1 ps. "MLCT is the long-lived triplet state which has been intensively studied in
previous reports. T,, T,, and T, are time constants. The decay of the 'MLCT state in
acetonitrile was reported in ref. 12 of the main text and we fixed the slow time constant of 7, to

1.6 ns guided by this previous report.

To determine 7,, we analyzed a longer temporal trace up to 20 ps measured at 8986.5 eV
where the largest transient change was observed (see Supplementary Figure 2). We focused on
the picosecond population kinetics without taking into account the femtosecond regime. In other
words, the dynamics of 'MLCT" state was excluded from the fitting model because this
component decays within the first 1 ps (Figure 2 of the main text) and the lifetime is short
compared to the 20 ps time range. This allows us to reduce the fitting parameters and to
determine 7, unambiguously. The simplified kinetic model is described as:

MLCTZ; 3MLCTZ;S0 3).

To
So+hv —| 'MLCT —




The time-dependent populations for MLCT and *MLCT states are given by:

[MLCT]=[MLCT], -exp[-(t—1,) /7] 4),

T,

[’MLCT]=[MLCT),- {exp[-(t-t,)/ T.]-exp[-(t—1,)/ T.]} (5),

T] _Tz

where [ MLCT], is the initial population of the MLCT state. To fit the experimental data, we
convoluted these populations with the IRF. The resultant fitting components, I,,c; and Lyer ,

are given by:

Lcr = Avier -expl-(t-t,) /. ]- H(t-1t,) ® IRF(t - t,) 6),

L& {exp[-(t-t,)/ T ]—exp[-(t-1t,) /T, 1} - H(t —1,) ® IRF (¢t -1,)
T, -1,

I smMLer = amrer

(N,

where A,.cr and A,y are the amplitudes, H(f—1,) is the Heaviside function, & is the
convolution operator. The global fitting analysis gave the time constant of 7, of 6.38+0.03 ps and

the obtained parameters are listed in Supplementary Table 2.
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Supplementary Figure 2. The transient signal measured at 8986.5 eV (green) in the
picosecond time regime. The interval bin width of the data is 30 fs. The gray solid and dot lines
represent the global fitting result and exponential functions used in the fitting analysis,

respectively.

Supplementary Table 2. The obtained fitting parameters in the picosecond time regime.

IRF width
Photon Energy [eV] T,/ ps 7, /ns (FWHM) ty/ ps Ayer Asyier
[£5]
29865 6.38 1.6 69.9 0.055 -0.181 -0.143
) (0.03) (Fixed) (Fixed)  (0.002) (0.01) (0.001)
3. Determining the kinetic evolution in the femtosecond regime

With the kinetic model of the Supplementary Equation 2, we fitted the temporal traces in

Figure 2. The time-dependent populations are given by:

['MLCT 1=['"MLCT ], -exp[-(t—t,)/ To] (®),

T

[MLCT]=['MLCT ), - {exp[-(t-t,)/ T, ]-exp[-(t-1t,)/ T, ]}

0 1



),

T, .
(To =T )T - T.)(T0 — T)

[’MLCT]=['MLCT"), -
{t.(z,. - T,)exp[-(t-t,)/ T, |- T.(T, - T,)exp[-(t - t,) / T. | + T.(T, — T ) exp[-(t - 1,) / T, ]}

(10),

where ['MLCT '], is the initial population of the 'MLCT" state. The fitting components, ;¢ ,

IMLCT and I3MLCT , are given by:

Lyer=Ayerexp[—(t=1t,)/T,]- H(t—t,) ® IRF(t - t,) (11),
Lyer = Asuer - T {exp[-(t-t,)/ T, ]—exp[-(t-t,) /T, ]} H(t—-1,) ® IRF(t-1,)
T,—T,
(12),
1 smLer = amrer L&

(T -7 - T.)(T, - T2) '
{t,(t. - To)exp(—(t—1t,)/T,) - 7. (T, - T.)exp[-(t = t,) / T. ]+ T. (T, — T )exp[-(t - 1)) / T, ]}

H(t-1,)® IRF(t-1,)

(13),

where Ayiere, Auer, and Asyer are the amplitudes. In the global fitting analysis, the time
constant of 7, was fixed as 6.38 ps from Supplementary Table 2. The previous study, ref. 16 of
the main text, reported the time constant of 0.92 ps for the pseudo Jahn-Teller (PJT) distortion. If
we fix the time constant of T, as 0.92 ps, the resultant fitting curve does not reproduce the

experimental observable (see Supplementary Figure 3). This suggests that the femtosecond

kinetic evolution corresponds to the different dynamics from the PJT distortion. Instead of using



the fixed time constant, we fitted the data with the free parameter of 7, and determined it to be

16949 fs for Figure 2b. For Figure 2c¢,d, the same time constants in Figure 2b were used to fit the

data. The obtained parameters are listed in Supplementary Table 3.
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Supplementary Figure 3. The global fitting result in the femtosecond time regime when 7,,

T,,and T, are fixed as 0.92 ps, 6.38 ps, and 1.6 ns, respectively. The blue line is data

measured at 8979.5 eV. The gray solid and dot lines represent the global fitting result and

exponential functions used in the fitting analysis, respectively.

Supplementary Table 3. The obtained fitting parameters in the femtosecond time regime.

IRF
Photon width
EF:\I}%Y T,/ fs T,/ ps 7,/ ns (FWHM) t,/ fs AMLCT* AMLCT A3MLCT
/ fs
8979 5 169 6.38 1.6 69.9 1.17 0.058 0.150 0.066
: ) (Fixed) (Fixed)  (Fixed) (2.44) (0.004) (0.001) (0.007)
8985.0 169 6.38 1.6 69.9 7.51 -0.156 -0.190 -0.129
0 (Fixed)  (Fixed)  (Fixed)  (Fixed) (0.88) (0.002) (0.001) (0.003)
8986.5 169 6.38 1.6 69.9 5.11 -0.152 -0.199 -0.182
’ (Fixed) (Fixed) (Fixed) (Fixed) (1.24) (0.003) (0.001) (0.004)
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Supplementary Note 2: The residual of the global fitting analysis and its FT at 8986.5 eV

We presented the extracted wavepacket signals at 8979.5 eV and 8985.0 eV in Figure 3.

The result obtained at 8986.5 eV is shown in Supplementary Figure 4, which is evidence of the

lack of wavepacket signals.
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Supplementary Figure 4. Time-dependent FT analysis. (a) The residual of the global fitting

analysis at 8986.5 eV. (b) The time-dependent Fourier transform map of (a).

Supplementary Note 3: Time-dependent FT maps

We confirmed that the window size applied for time-dependent FT analysis does not

affect the main observables as shown in Supplementary Figure 5.
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Supplementary Figure 5. Time-dependent FT maps. Each map is obtained by sliding (a-b) 0.8

ps, (c-d) 1 ps, and (e-f) 1.2 ps Hann windows.

In time-dependent FT maps, the noise contribution becomes dominant in a high
frequency region (> 400 cm™), because the detection of such fast oscillatory signals is limited due
to the time resolution (69.9 fs) of the experiment. The intensity in the high frequency region was
below 2.5 x 10 (see Supplementary Figure 6) that was set as the boundary level between the
signal and the noise. The FT 165-195 cm™ and 269-287 cm™' bands in Figure 3¢ have intensities

of ~5 x 10, which is statistically higher than the value of 2.5 x 10™*. Therefore they were treated

as distinct oscillatory signals.
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Supplementary Figure 6. Time-dependent FT maps. The frequency range is extended above
1000 cm™. The Hann window size is 1 ps. (a) and (b) correspond to the probe energies of 8979.5

eV and 8985.0 eV, respectively.

Supplementary Note 4: Decay of the oscillatory signal at 8985.0 eV

The residual after the global fitting at 8985.0 eV (Figure 3b of the main text) is
dominated by a single vibrational mode, whose amplitude decreases monotonically. In order to

determine the decay time constant, we fitted this residual S via

S=A;-exp[-(t-t,)/T,] - cos[2x(t-t,) /T, +p]- H(t-t,)®IRF(t—t,) (14),

where 7,, T,, and @, are the decay time constant, the oscillatory period, and the oscillatory phase,

respectively. Supplementary Figure 7 shows the resultant fitting curve and the obtained

parameters are listed in Supplementary Table 4.
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Supplementary Figure 7. The oscillatory residual signal and the fitted curve, shown as red

and gray solid lines. Gray dot lines correspond to the exponential decay lines.

Supplementary Table 4. The obtained fitting parameters.

IRF width (FWHM)

Photon Energy
V] T/fs  T./fs te to/ fs ¢ A
8985.0 543 296 (4) 69.9 (Fixed) 7.25 -0.82 0.0091

(82) (7.1) (0.26) (0.001)

Supplementary Note 5: Comparison between calculated and measured transient spectra
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Supplementary Figure 8. A comparison of the experimental after 10 ps (black) and

calculated after 0.5 ps (red) transient signals of Cu K-edge of [Cu(dmphen),].
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We compared the measured and calculated transient spectra in Supplementary Figure 8.
The calculated transient spectrum was obtained by cutting Figure 4b along the energy axis at 0.5
ps. The delay time of the measured transient spectrum corresponds to 10 ps. In spite of the
difference in delay times, the spectral features of the calculated transient spectrum show a good

agreement with those of the measured one.

Supplementary Note 6: Boundary between the linear and non-linear excitation regime

We found that the boundary between the linear and non-linear excitation regime is at
~150 mJem™ as shown in Supplementary Figure 9. On the basis of this measurement, we used the

optical fluence of 142 mJem™ during the experiment.
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Supplementary Figure 9. The transient signal intensities plotted as a function of the optical
power, measured at 8987.0 eV and at 10 ps after the optical laser irradiation. The gray dot
line corresponds to the linear fitting using the data between 26 mJem™ and 163 mJem™. The

arrow indicates the optical fluence of 142 mJem™, mostly used in the experiment.
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Supplementary Note 7: The intrinsic limitation of the global fitting analysis

In Supplementary Note 1, the sequential first-order kinetic model was used to fit temporal
traces. We selected this model because it is one of the simplest models, which is consistent with
achievements in previous studies (refs 11-12, 15-16 of the main text) and can explain the
measured temporal trace up to 20 ps. In addition, the exponential kinetic model has been widely
used as the robust description to disentangle ovelapping contributions from transient electronic
and structural changes in ultrafast optical spectroscopy (Supplementary Reference 1). In
principle, it is also possible to employ other kinetic models to fit temporal traces. This indicates
that there is an intrinsic limitation about what model to be selected for the global fitting analysis.
However, this uncertainty will not collapse our main findings as far as the fitting curve is smooth
and the curve shape resembles the background arising from the electronic changes. To

demonstrate this, we fitted temporal traces with a simple exponential rise function given by

AL/, (t)=4, '{l—exp[—(t— tO)/rs]}-H(t—to)@) IRF(t-1,) (15),

where 7; is the rise time. The result is shown in Supplementary Figure 10 and Supplementary
Table 5. This simple function cannot reproduce experimental observables and leaves offsets in
residuals. However, the effect of these offsets mostly appears in a low frequency region (<100
cm™) of time-dependent FT maps. As a result, we can clearly find three bands at 8979.5 eV and

single band at 8985.0 eV.
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Supplementary Figure 10. The global fitting analysis with a different kinetic model. (a)

Temporal traces and fitting curves by the single exponential rise function. (b) Residuals after the

fitting. (c,d) Time-dependent FT maps.

Supplementary Table 5. The obtained fitting parameters.

Photon Energy [eV] T,/ fs IRF width (FWHM) / fs to/ fs 4
105 . 31.9 0.1382
8979.5 4) 69.9 (Fixed) (3.0) (0.0004)
34 . 16.7 -0.1810
8985.0 2) 69.9 (Fixed) (2.2) (0.0003)
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