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Abstract

We have studied the structural dynamics of photoexcited [Co(terpy)s]?t in aqueous solution
with ultrafast X-ray Diffuse Scattering experiments conducted at the Linac Coherent Light Source.
Through direct comparisons with DFT calculations our analysis shows that the photoexcitation
event leads to elongation of the Co-N bonds, followed by coherent Co-N bond length oscillations
arising from impulsive excitation of a vibrational mode dominated by the symmetrical stretch of
all the six Co-N bonds. This mode has a period of 0.33 ps and decays on a sub-picosecond time
scale. We find that the equilibrium bond-elongated structure of the HS state is established on a

single-ps time scale and that this state has a lifetime of ~7 ps.



Several Co(II)-compounds are known to transition between their low spin (LS) and high
spin (HS) electronic states [1-3]. Such transitions can be induced by temperature increase,
excitation by light or high magnetic fields [4] and are accompanied by distinct changes
in magnetic and structural properties that may be exploited in the design of display and
memory devices [5, 6] and in single-molecule spintronic applications [7]. The realization of
exploitable spin-state transitions (SST) in Co(II)-compounds is more challenging than in
the corresponding Fe(II) complexes, which have been investigated in great detail during the
last decades [8-14]. These challenges stem from the partial occupation of the antibonding
e, orbitals in the ground state, which leads to smaller structural changes arising from the
SST phenomenon; the corresponding smaller energy barriers between the potential surfaces
of the HS and LS Co(II) states result in faster dynamics [1] as well as a high sensitivity to
the crystalline environment or to the solvent properties [2]. The key structural parameters
for the SST are the Co-N bond lengths [8], but the time scales and the dynamics of the LS-
HS transitions have remained unclear for Co-compounds. Time-resolved X-ray scattering
can be used to monitor such structural changes and dynamics, if the time resolution of the
experiment is sufficiently high. X-ray Free Electron Lasers (XFEL) provide ultra-short (~30
fs) X-ray pulses and high flux allowing the nuclear dynamics following photoexcitation to be
recorded at the required femtosecond time scales [15, 16]. Here we report, for the first time,
direct measurements of the excited state structure and the ultrafast structural dynamics of

a solvated Co(II)-complex upon photoinduced SST.

Fig. 1 shows the molecular structure of [Co(terpy)s]*™ (terpy = 2,27:6’, 2”-terpyridine).
In this six-coordinated complex, the d” Co center can be either a LS doublet state or a HS
quartet state [2, 17]. In solid-state samples, the relative populations of both spin states
depend strongly on the temperature and on the crystalline environment [18-20]. In crys-
tallographic studies the compound was observed to be compressed in the LS state (short
axial and long equatorial Co-N bonds) due mostly to the geometrical constraints of the co-
ordinating tridentate ligands, and may also exhibit asymmetry, with one ligand being closer
to the Co-center than the other due to a pseudo Jahn-Teller effect [19, 21]. Upon LS —
HS transition in solid-state samples, the axial bond length has been observed to increase
by up to 0.21 A and the equatorial by 0.07 A, depending on the anion and the degree of
hybridization [22]. As reported by Vargas et al. [21], density functional theory (DFT) cal-

culations in the gas-phase also predict an anisotropic increase of the Co-N bonds upon the
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Figure 1. Schematic representation of the structure of [Co(terpy)s]?t. The LS — HS transition
can be induced by photoexcitation with a 530 nm laser pulse and is characterized by an anisotropic
expansion of the metal-ligand bonds. Axial and equatorial Co-N bonds are highlighted in different

colors.

LS — HS spin change (an increase of 0.16 A and 0.05 A for the axial and the equatorial
bonds, respectively). A few studies on the properties of [Co(terpy)s]** in solution also ex-
ist [2, 3, 17, 23]. Kremer et al. [17] report that solvated [Co(terpy)s]** is predominantly
LS at room temperature and Enachescu et al. demonstrated that photoexcitation in the
visible range populates the metal to ligand charge transfer (MLCT) state from which the
HS state is populated [3]. Very little information is available regarding the excited state
decay pathways and the HS — LS relaxation time is currently only known to be less than
2 ns [23].

In the present work, we utilized X-ray Diffuse Scattering (XDS) laser pump/X-ray
probe experiments to study the formation, structure and decay of the HS state of aqueous
[Co(terpy)s]?*. The measurements were conducted at the X-ray Pump-Probe (XPP) instru-
ment at the Linac Coherent Light Source (LCLS) XFEL facility [16]. A 20 mM aqueous
solution of [Co(terpy)s]** was pumped trough a nozzle producing a 100 pm liquid sheet
flowing in the vertical direction at a flow rate sufficient to fully replace the sample between
successive pump/probe events. The photocycle was initiated by 70 wJ laser pulses at 530
nm and with 70 fs pulse width (FWHM), focused onto a 150 um diameter spot. The 8.3
keV X-ray probe pulses overlapped with the pump laser at the sample position. The time
delay t between the laser and the X-ray pulses was determined for every pump-probe event
with ~10 fs resolution using the XPP timing-tool [24]. The scattered X-rays were detected

by a CSPAD detector [25] 70 mm after the sample, covering scattering vectors Q up to 3.5
AL
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Figure 2. a: Measured difference scattering signal (AS) of photoexcited [Co(terpy)z]?t in water.
b: Residuals obtained by subtracting the model (ASyodel) from the experimental data. c-d: Fit
of the 1D difference scattering curves at 300 fs and 2 ps. Panel ¢ shows the modelled difference
signal (magenta line) overlaid over the experimental data (black points), and panel d shows the
contributions to the model from the structural changes (solute and cage, blue line) and from the

bulk solvent (red line).

Following detector corrections [26], the scattering signal was scaled to the liquid unit
cell reflecting the stoichiometry of the sample [27], yielding the acquired signal in electron
units per solute molecule (e.u./molec.). Individual 2D difference scattering patterns were
obtained by subtracting images where the pump laser was dropped before the sample from
those where the pump laser had interacted with the sample. The patterns were then time-
sorted and averaged in ~23 fs wide bins. Finally, 1D isotropic and anisotropic difference
scattering signals were extracted [28]. Fig. 2(a) shows the measured isotropic difference
signals AS(Q, t) in a 2D representation.

AS(Q,t) can be considered as arising from three contributions [29]: the structural changes
in the solute molecules (ASgoute), the local changes in geometry and rearrangements of the
solvent molecules in close proximity to the solute (AScage ), and the temperature and density
changes in the bulk solvent following energy deposition (ASgvent)-

ASgoute(Q) can be directly calculated from putative structural models of the molecule
through the Debye-equation (Eq. S2 in the Supplemental Material (SM) [30]). As a starting

point for the present analysis the difference scattering signal expected upon the photoexci-



Table 1. Structural parameters of the DFT-calculated LS and HS structures of [Co(terpy)s]?*
obtained in the present study. dcoo-Naxial @nd dco-Nequatorial are averages over the two axial and
the four equatorial metal-ligand bond distances, respectively, and n = m. The change of

each parameter upon the LS — HS spin transition is also reported and compared with the values

obtained from the measured data.

LS HS DFT Measured
dco-Naxial (A) 1.902 2.058 Adco-Naxial (A) 0.16 0.13
dCo-Nequatorial (A) 2.08 2.16 Ado-Nequatorial (A) 0.08 0.06
n 0.91 0.95

tation was calculated from the LS and HS DFT-optimized geometries of [Co(terpy)a|*":

ASsolute((g) = SHS(Q) - SLS(Q)7 (1)

The DFT calculations were carried out as detailed in the SM [30] and Table I reports the
key DFT-calculated structural parameters. Upon the LS — HS transition the Co-N bonds
expand ~0.16 A and ~0.08 A along the axial and the equatorial directions, respectively,
in good agreement with the earlier study by Vargas et al. [21]. In the LS state the ratio n
between the axial and the equatorial Co-N distances is on average 0.91 (0.88/0.92 for either
of the two ligands, with the difference due to the Jahn Teller effect), while in the HS state
7 increases to 0.95 (for both ligands).

The cage contribution AS.,..(Q) to the simulated signal was calculated from the Radial
Distribution Functions (RDFs) of the solute-solvent atom pairs [42] determined through
classical molecular dynamics (MD) simulations [30]. The contribution from changes in the
solute structure and solvation cage are related 1:1 and can therefore be combined under the

term structure, ASg, (Q), such that:

ASstr.((;z) - ASsolute((;z) + Ascage(Q)- (2)

Finally, the bulk-solvent term ASg,yent(Q) has been shown to be very well described by a

, which can be measured
T

linear combination of solvent difference signals, % and %ﬁ?)

p

in separate experiments [43, 44]:

95(Q)
oT

\ + a5

AS((‘-Q;E)solvemt = AT(t) ’ (3)
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where AT and Ap are the changes in temperature and density, respectively. Such solvent
differentials for XDS experiments are archived for a range of solvents [44, 45] and used in
the present study. In contrast to earlier experiments on Fe SST compounds [29] we observe
no density change above our detection limit of 0.05 kg/m? (Fig. S1(b) [30]) and this term
was excluded from the analysis.

From visual inspection of the measured difference signal in Fig. 2(a), we qualitatively
observe a very fast rise of a negative feature at low-Q (Q<1 A~!) which gradually decays
over the course of several picoseconds. Such a low-(Q) feature is characteristic of an increase
in the solute size. On the few ps time scale, a distinct signal around Q = 2 A~! grows in.
This feature is identified as the characteristic difference signal arising from a temperature
increase of the aqueous solvent. In the low-Q region, oscillatory features as a function
of time can be observed and indicate structural dynamics along the main coordinate of the
structural changes, in the present case the Co-N bond lengths (dcon). The latter is therefore

introduced as a time-dependent parameter in Eq. 1:

Sus(Q, t) = Sus(Q, dcon(t)). (4)

Specifically, dco-Naxial Of the HS structure was allowed to vary £ 0.1 A from the value reported
in Table I while the ratio n, through which dco-Nequatorial can be calculated and included in
the structural modelling, was kept fixed to 0.95 in the analysis. Thus all six Co-N bond
length changes are parametrized through the single structural parameter dco Naxial-

Based on the considerations outlined above, the full model applied to fit and interpret

the measured difference signal is thus:

05(Q)
7T, @

AS0del(Q,t) = a(t)ASy, (Q, t) + AT(t)

where «(t) describes the time-dependent excitation fraction of the solute, which in the
context of the present analysis is assumed to be described by an exponential decay starting
at tg, i.e. the arrival time of the laser pump. The time resolution of the experiment is
included by convolution with the (Gaussian) Instrument Response Function (IRF) to yield

the following expression for «(t):
a(t) = IRF(oge, t) ® H(t — to)Ae—%l (6)

where o is the width of the IRF, A and 7 are the amplitude and the lifetime of the

exponential function representing, respectively, the initial excitation fraction and the lifetime
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of the bond-elongated excited state, and H is the Heaviside step function centered at to (as
detailed in Eq. S3 [30]). We note that assuming the excited state population to be given by
the integral of a Gaussian envelope of the excitation pulse is an approximation, in particular
given the high intensity of the optical excitation, as discussed in further detail below. oRrp
and ty were determined from the transient solvent contribution to the anisotropic part of
the difference scattering signal (Fig. S4 [30]) from which we find orp=0.05 ps £ 0.03 ps.
Furthermore, we estimated the lifetime of the HS state from a single set of measurements
out to 20 ps. The analysis of this dataset is presented in the SM and yields 7 = 6.8 ps +
0.8 ps ( Fig. S8(a) [30]), allowing us to constrain this parameter in Eq. 6.

From these considerations, the number of free parameters in the model described by
Eq. 5 are reduced to three: A, dconaxian and AT. The model was fitted to the acquired
difference signal AS(Q) for all time delays simultaneously within a standard x? (Eq. S6 [30])
minimization framework [46]. Good fits were observed for all time delays and Fig. 2(b)
shows the residuals after subtracting the model from the measured data. Fig. 2(c and d)
shows examples of the fitting results at two time delays, 300 fs and 2 ps.

From the kinetics part of the fit of our model to the acquired data, the initial excitation
fraction A was found to be 34 % + 2 %. Regarding the difference signal arising from solvent
heating, the analysis of AT(t) is discussed in detail in the SM (Fig. S3 and S8(b) [30])
but briefly, it is found to be well described by a broadened double exponential dominated
(> 90%) by a response with a grow-in time constant of 4.0 ps + 0.6 ps. A total solvent
temperature increase AT = 0.8 K is found, which is 0.4 K more than the amount of energy
expected to be released through non-radiative decay processes after single-photon excitation
of the solute. As detailed in the SM [30], this extra heat can be ascribed to multi-photon
absorption due to the relatively high excitation laser intensity and short pulse length. Direct
comparison with data taken at three times lower laser power ( Fig. S10 [30]) shows that the
multi-photon absorption has no discernible impact on the structural response of the solute
molecules.

Turning to the key results of the present study, Fig. 3 shows the best-fit result for the
changes in dgo Naxial from the ground to the excited state as a function of time (black data
points). Following excitation, the axial Co-N bond increases by Adco Naxial = 0.14 A and
exhibits oscillations. On the 1 ps time scale, the axial Co-N bond length of the excited-state

ensemble decreases by ~0.01 A and then remains constant over the ~7 ps lifetime of the
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Figure 3. Time evolution of the Co-N bond lengths (black circles) upon photoexcitation, smoothed
with 4-point (~ 100 fs) moving average filter. The insert shows a time-resolved Fourier transform
of the oscillatory part of the difference scattering signal (Fig. 2(a) and Fig. S6 [30]), indicating
sequential activation of two vibrational modes. The red line shows a heuristic fit, incorporating
sequential activation of first a 77 ~0.33 ps mode and then a Tb ~0.23 ps mode identified as,

respectively, breathing- and pincer-like by direct comparison with our DFT calculations.

HS state. Thus, dco-Naxial @0d dco-Nequatorial @re found to be, respectively, 0.13 A and 0.06 A
longer in the HS state than in the LS state; distance changes which are slightly smaller than
the DFT predictions (Tab.I). The rise time of the solvent heating signal indicates that full

thermal equilibration with the surrounding solvent takes place in about 4 ps.

The inset of Fig. 3 shows a time-dependent Fourier transform (F) of the oscillatory
structural signal (OSS) contained in AS and calculated as detailed in the SM [30]. From
this, we observe two distinct components: one mode which appears within the time resolution
of our experiment and decays on a ~1 ps time scale, and one mode which grows in after 1 ps.
The red line in Fig. 3 illustrates the fit of a heuristic model to the data, assuming the bond
length dynamics following the initial lengthening to be described by a model ( Eq. S4 [30])
comprising of two sinusoidals, the first one being damped and driving the second, both
broadened by the IRF and superimposed on an exponentially decaying background and a

time constant of 0.7 ps £ 0.1 ps. From this fit, we find that the period 7T} of the main



oscillation is 0.33 ps + 0.03 ps and that the damping time is 0.4 ps £ 0.1 ps. On the same
time scale we observe the growing of the second oscillation with a period of 75 0.23 4+ 0.01
ps. In the framework of this analysis and by direct comparison with the DFT-calculated
vibrational modes of the HS state, we assign the first component to a breathing-like mode
(Movie S1 [30]) with synchronous stretching of all 6 Co-N bonds, whereas the second, weaker
component is assigned to arise from a pincer-like movement of the tridentate ligands (Movie
S2 [30]). The assignment of these modes is in good agreement with the recent work on related
Fe(II)-complexes [10, 47, 48], where the immediately excited stretching modes were quickly
damped as energy was dissipated into other degrees of freedom. Future experiments utilizing
higher X-ray energies to access a larger region of momentum-space should enable detailed
studies of the structural degrees of freedom (as recently demonstrated for [Fe(terpy)s]** on
synchrotron time scales (100 ps) [12, 49, 50]) involved in the structural relaxation of the
electronically excited state. Such studies may be fruitfully combined with ab-initio MD [51],
thus going beyond the classical-mechanics description of the combined DFT /MD simulations

used in the present analysis.

Returning to the solute dynamics, by assuming that the excited state potential is
well approximated by a harmonic potential and if the population of this state was near-
instantaneous, one would expect the ensemble mean of the Co-N bond length to reach
its maximum value one half-period (~0.17 ps) after excitation. From Fig. 3, we find this
point to be reached only after 0.25 ps. By Singular Value Decomposition of the structural
contribution to AS (Figs. S4 and S5 [30]), we find this observation of a delayed structural
transition to be model-independent and further find that the delayed onset is well described
by an exponential grow-in (7 = 0.06 ps £ 0.01 ps) of the signal with a 0.08 ps £+ 0.02
ps phase shift of the oscillations. These observations are consistent with the excited state
structural dynamics taking place on several potential surfaces: photoexcitation produces
a MLCT excited state, while bond elongation is believed to occur predominantly in the
metal-centered HS excited state. Referring back to the discussion of Eq. 6, we note that
this expression is only strictly applicable in a regime of linear response and that, therefore,
the ~100 fs delay in bond elongation can be considered only a coarse, structural, measure
of the timescale involved in the electronic processes of intersystem crossing and internal
conversion that eventually leads to formation of the HS state. This delay, while sufficiently

fast to launch the observed synchronous Co-N stretch mode, leads to significant broadening
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of the HS population in terms of the Co-N bond lengths. This in turn leads to the observed

phase shift and comparatively low amplitude of the observed oscillations.

These results demonstrate how time-resolved X-ray scattering with solution-state samples
can be utilized to accurately characterize femtoseconds structural dynamics as photoexcited
molecules traverse the potential energy landscape of the excited state(s). We believe the
results and methodology presented here to be broadly applicable, and we envision that this
type of experiments will have significant impact on our understanding of the fundamental
mechanisms at work in SST systems and in both natural and artificial photo-sensitizers
where the re-distribution of energy to different and strongly coupled internal degrees of

freedom (both electronic and structural) are of key importance.
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