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1. Correlation table for the symmetry groups of [Fe(terpy),]*"

Table S1: Correspondence between the notation of the relevant electronic states for the point
group symmetries used in the paper.

Oy, point group Dy point group Cs point group

YA, A, TA(1)
A, LA(2)
T, s B(])
'B(2)
SA, SA(1)

3 3
Tlg 3 B(l)
5By SA(2)

3 3
T2g 3 B(3>
E(Q) 3B(4>
°By °A(1)
5T28; SR 5B(1>
°B(2)
SR 5Bl 5A(2)
g 5A2 5A(3)

2. XAFS data quality

The unprecedented quality of our time-resolved X-ray absorption data is demonstrated
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Figure S1: Transient XAS spectrum of [Fe(terpy)sz]®™ (i.e. laser excited — ground state).

in Fig. S1. The data was collected during 5 hours, in a repetitive 1 bunch laser ON / 4
bunch laser OFF pattern. This means that only 1 hour was effectively used to record
laser-excited data, accumulating 7 x 10% counts. The data has been summed up and

normalized without any smoothing.

3. Lifetime fitting

In the Fe 1s XAS, as seen in Fig. S1, the 7125 eV feature shows the largest variation
at the spin transition. The time evolution of the photoexcited sample was measured
by recording the intensity of this feature. For each time delay setting, the acquisition
alternated between measuring the signal with and without the laser excitation. These
are shown in Fig. S2. The data have been corrected to eliminate artefacts emerging

from the laser phase shifter and the corrected ratio has been fitted with Eq. S1.

Figure 3 of the paper displays the time evolution of the intensity of this signal feature,
which corresponds to the formation and decay of the HS state. The width of the rise
centered at At = 0 corresponds to the X-ray probe pulse width (/80 ps), while the
later exponential decay is governed by the lifetime of the HS state. This time evolution

is fitted by an expression of the form
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Figure S2: Time evolution of the intensity of the 7125 eV feature of the
[Fe(terpy)q]*t XANES spectrum with and without laser excitation as a function of the
time delay between the laser and the X-ray pulses.

o0 1 2 /952
I(At) =1(t —ty) = 70/ e V2T H(t —ty —y)e /Ty 4 O (S1)

—co O\ 2T
derived from a Gaussian broadening of an exponential decay starting at At = 0. 7
stands for the lifetime of the HS state, ¢y is the time of the laser excitation, and H is

the heaviside step function, and C' is the background.

Table S2: Parameters for fitting Eq. S1 to the delay-dependent 7125 eV XANES intensity.

T 2.612 £0.006 ns
o | 0.0323* £0.0004 ns
ty | —0.0075 4 0.0003 ns
Yo 0.4157 £ 0.0004

C 0.0009 £ 0.0004
* FWHM: 76.2 + 0.9 ps

A large correlation was only observed between the lifetime and the background: correl(r, C') =

—0.82.

4. EXAFS data reduction and fitting



This section describes the details of the EXAFS data reduction and subsequent fitting

procedure for both LS and HS spectra, which are shown in Fig. 4 of the paper.

As explained in the Theoretical Methods section of the paper, Density Functional
Theory (DFT) has been applied to obtain the molecular structures of both the LS
YA, ground state (Fig. S3A) and two possible lowest energy HS states, namely 5B,
(Fig. S3B) and °E (Fig. S3C) quintets. (We have used Mercury CSD 2.0 software! for

plotting the DF T-optimized structures shown in Figs. S3 and S4.)

Note that the 5E undergoes a Jahn-Teller distortion, and its symmetry lowers to Cs.
In this point group the correct notation for °E would be °B, but we keep the higher

symmetry notation (°E) in order to avoid confusion with the state Bs.

Figure S3: The atomic structures of the 'A; (A), and °B, (B) and °E (C) metal-centered
states of aqueous [Fe(terpy)s|*T complex as predicted by DFT.

Due to the steric constraints imposed by terpyridine ligands, the N atoms of pyridine
rings cannot be accommodated in ideal octahedral positions around the Fe atom, which
results in a distorted geometry for the LS 'A; ground state with two different types
of coordinating nitrogen atoms: 4 N atoms lie in the equatorial plane (N¢y) and the
remaining 2 N atoms (N,y) are on the molecular axis (Fig. S4A). The axial bond
lengths R(Fe-N,,) are about 0.1 A shorter than the equatorials (R(Fe-N,,)), thus the
molecule is axially compressed. For the °E quintet state, DFT calculations predict a

fairly similar bond elongation for both axial and equatorial directions, preserving the



LS axial compression. On the contrary, for the °B,y quintet state the bond elongation
in the axial direction is expected to be 0.05 A larger than in equatorial direction? thus
the Fe-N bond lengths become almost uniform, as can be seen in Fig. S4B.

(A) (B)

Equatorial Nitrogen
atoms N, (total: 4)

Axial Nitrogen
atoms N, (total: 2)

Figure S4: The effect of geometrical constraints, due to the nature of tridentate terpyridine,
is shown for 'A; (A) and B, / °E geometries (B). The red and blue circles in (A) mark the
positions of equatorial and axial N atoms, respectively. The red arrows in (B) indicate the
structural distortion of Fe-ligand bonds (bond expansion) in the two possible quintet states.

Using structural models for ground and both possible excited states (ES), EXAFS
spectra have been simulated and fitted using FEFF?3 and IFEFFIT* codes, respec-
tively. The calculations of scattering amplitudes and phases were carried out using
the FEFFS&.20 code. The atomic potentials were calculated self-consistently within the
muffin-tin approximation and the Hedin-Lundqvist self-energy model was chosen as an

exchange correlation potential for both the fine structure and the atomic background.

The experimental EXAFS spectrum of the ground state (GS) was reduced using the
Athena program (part of IFEFFIT package). The data reduction consisted of normal-
ization and removal of the atomic background i using a cubic spline function. Once
reduced, the GS EXAFS spectrum was fitted with the Artemis software (also part

of IFEFFIT) using the scattering amplitudes and phases calculated by FEFF8.20 for



YA, geometry (Fig. S3A). All fits were performed in R-space using k? weighting and
the results are summarized in Table S3. We have used identical k£ ranges for Fourier
transforms of both LS and HS spectra (2.5-10.5 A=) and identical R ranges (1-3.8
A) for both fits presented in Fig. 4 of the paper. This resulted in the same number
of statistically independent data points N; = (2AkAR) /7, where Ak and AR are the
ranges in k- and R-space, respectively. The fit evaluation was done using a standard
statistical x? function and the confidence limits for fit parameters were estimated using
the error estimation method described in Refs 5,6. One should note that the number
of degrees of freedom v = N; — P, where P is the maximum number of parameters used
in the fit, was different for LS and HS fits and the corresponding values are reported
in Table S3.

Table S3: EXAFS fit results for the LS and photoexcited HS states of [Fe(terpy)z)*" in
solution.

LS (Ay) HS
R(Fe-N,y) 1.874(4) A 2.08(2) A
R(Fe-Ng,) 1.969(4) A 2.20(1) A
S2 0.78(4) 0.78(4)
o?(R(Fe-N)) 2.6(7) x 107 A2 2.6(7) x 103 A2
Ey —5.8(4) eV —4.0(7) eV
N; 14 14
v 6 9
x> 165 315
Reduced x? 28 35
R-factor 0.1 % 1.1 %

We have optimized the change in Fe-N bond lengths for axial (Fe-N,y) and equatorial
(Fe-N¢y) N atoms by one value, next to the change in second-shell Fe-C bond distances
and the change in additional further lying single and multiple scattering shells of C

atoms (not shown in the table).

We have constrained the changes in Fe-N bond lengths for two AR values: one for the
axial (Fe-N,x) and one for the equatorial (Fe-Ng,) bonds, while using one parameter

for the change in second-shell Fe-C bond distances and the one for the change in

7



additional further lying single and multiple scattering shells of C atoms (not shown in

the table).

For each coordination shell we have obtained a Debye-Waller (DW) factor and we have
used a global value of the energy threshold (Ep) and amplitude reduction factor (S3) for
all scattering contribution of the GS spectrum, which results in a maximum number of
fit parameters P = 8. The fit was done by optimizing all variables simultaneously. The
results for the GS spectrum show a very good agreement with the geometry of the LS
LA, state with only small corrections to the Fe-N,, and Fe-N eq bond lengths. We have
not observed any significant parameter correlations for multi-shell fitting. Therefore
we concluded that the DFT-predicted atomic structure of the singlet LS state provides

a good structural model of the GS [Fe(terpy)z)*™ complex.
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Figure S5: Square residuals between the experimental excited state EXAFS data and °E
and °By model geometries of the HS quintet state as a function of Fe-N,, (left) and Fe-
Neq (right) bond distances. All other EXAFS fit parameters were fixed during the analysis.
The dotted vertical lines indicate the predicted axial and equatorial Fe—N bond lengths as
obtained by DFT.

The quintet EXAFS spectrum was reconstructed from the transient difference spec-
trum and the LS spectrum using a relation described in Ref. 7 and the excited HS
state fraction derived from XES measurements (see main text for details). In order

to minimize the number of systematic errors introduced by data normalization and



reduction procedures, we have used the GS g function to normalize and remove the
background from the ES spectrum using a Matlab code. Fitting of the ES EXAFS
spectrum was carried out similarly to the GS case, and we have fixed DW factors and
SZ in order to minimize the free parameter space in the fitting procedure. The Ej pa-
rameter was constrained in the fit to vary in a limited range, as it is strongly correlated
with Fe-N bond distance changes. Fits using both °B, and °E atomic coordinates as
initial parameters were performed in R-space, with the same k*-weighting as for the
GS spectrum and using the same number of statistically independent data points, i.e.
N; = 14. As mentioned earlier, only the energy shift £y and the changes in bond
lengths, for Fe-N,, and Fe-N¢, separately, as well as small corrections to the second
shell Fe-C distances and to all longer scattering paths, were optimized, which resulted
in P = 5. The summary of the most relevant fit results including statistical parameters

used in the estimation of the fit errors is presented in Table S3.

We have performed fitting using both °By and °E input geometries independently as
initial guesses. The fit results converged to an identical HS state model, which was very
close to the DFT-predicted °E structure. Therefore we conclude that the measured
ES EXAFS spectrum resembles closely the °E geometry of the aqueous [Fe(terpy)q]*"
obtained by DFT, independent of the initial structural model used for FEFFS8 simu-
lations and with only minor changes in the relevant Fe-N,y, Fe-Ng, bond distances
and for higher coordination shells. The observed red-shift of AE, = —1.8 ¢V is also in
agreement with what has been observed earlier for similar spin-transition complexes,

which reflects the expansion of the Fe-ligand bonds.%?

Since the structural differences between °B, and E geometries are very subtle, only
due to the very high quality of our EXAFS data and a precise reconstruction of the
HS EXAFS spectrum (using a very accurate measure of the photoexcited HS fraction
derived from XES spectrum) was it possible to distinguish both models with statis-

tically relevant accuracy. As mentioned earlier, standard y? tests were also used to



evaluate and compare the statistical goodness of the EXAFS fits as a function of the
most relevant structural parameters, namely Fe-N,, and Fe-N,, bond distances. Here,
we have varied the Fe-N,, bond lengths in small steps of 0.02 A and the Fe-Ngq bond
lengths in steps of 0.01 A and let the rest of the molecular structure relax with DFT.
With fixed values for all remaining fit parameters (including £y, and DW factors), we
calculated the corresponding reduced x? = x?/v residual using the experimental and
the calculated EXAFS spectrum of both °By and °E models. These results are shown
in Fig. S5. As can be seen in the figure, in both cases a minimum y? value is reached;
however, it always leads to significantly smaller values for the °E starting geometry,
as compared to By. For comparison, we have plotted the DFT-optimized values for
Fe-N,x and Fe-Ngy, which are represented by vertical lines in Figs. S5A and S5B,
respectively. We observe a consistent result by comparing the DFT-calculated Fe-N
bond distances with the best-fit value, as the °E geometry is closest for both axial and

equatorial N positions to the minimum x? positions obtained in our analysis.

5. Diagrams of Kohn-Sham spin-unrestricted molecular orbitals
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Figure S6: A molecular orbital diagram of the quintet states of [Fe(terpy)s]**, a more detailed
version of Fig. 8 in the main text. « orbital symbols are left, 5 are right of the orbital energy
levels; those containing relevant 3d-contribution are noted in parenthesis). Both the highly
symmetric (Dyq), and Jahn-Teller distorted (Cy) states are shown for the °E (similarly to
Fig. 8.)
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Figure S7: Energy diagram of the DFT-calculated molecular orbitals with Fe p-orbital con-
tributions of [Fe(terpy)s]?t for the two quintet states; blue and yellow denotes a (spin-up)
and f (spin-down) orbitals, respectively. The apparent similarity for the struture and den-
sity of the unoccupied state levels in the two states suggest that their absorption spectra
must be very similar.
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