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Abstract

The intersystem crossing dynamics of two bis-meridional iron(ll) complexes are studied by
femtosecond transient M-edge X-ray near edge absorption spectroscopy (XANES) with a tabletop
high-harmonic extreme ultraviolet (XUV) spectrometer. Visible-light photoexcitation of
Fe(tpy)2(BF4)2 (where tpy = terpyridine) creates a metal-to-ligand charge transfer (MCLT) state
that decays in 170 fs to a metal-centered triplet state (*MC), followed by 38 fs decay by intersystem
crossing to a metal-centered quintet (*MC). Coherent oscillations on the ®°MC surface are observed
as a modulation in the XANES spectrum with a frequency of 103 cm™ and a spectral shape that is
characteristic of the symmetric Fe-N stretch. These dynamics and spectra are similar to those
previously observed for Fe(phen)s?* (phen = phenanthroline). In contrast, transient spectroscopy
of Fe[(4-CFs)2bpca]. (bpca= bis(2-pyridylcarbonyl)amide) reveals a lower-frequency 42 cm™
coherent oscillation. Ligand field multiplet calculations combined with ab initio ligand field
theory identify this oscillation as a ligand bending mode, highlighting the ligand field sensitivity
of M-edge XANES. The activation of different vibrational modes in Fe(tpy)2(BF4)2 and Fe[(4-
CF3)2bpca]. is explained by mapping their excited-state potential energy surfaces using density
functional theory. In the latter complex, the nuclear trajectory follows initial expansion along the
Fe-Naxial coordinate until reaching the 3MC/°MC seam. After intersystem crossing, the quintet
state is significantly displaced along the coordinate corresponding to the ligand rocking mode,
which therefore dominates the subsequent trajectory.

Introduction

The ability to convert light into electrical and chemical energy is a promising solution to deal
with increasing global energy needs. Accomplishing this goal with molecular photosensitizers
requires long-lived excited states, on the order of hundreds of nanoseconds for solution-phase
bimolecular photochemistry. Many systems that meet this requirement are based upon second-
and third-row transition metals such as Ru'" and Ir'"",*? but these elements are not abundant enough
to be used for wide-scale light harvesting applications. For this reason, recent efforts have focused
on creating first-row transition metal complexes with long-lived excited states.>* Of first-row
transition metals, isoelectronic d® complexes such as Fe(bpy)s?* might be expected to have
properties similar to those of Ru(bpy)s?*, but unfortunately the lifetime of its MLCT state is ~100
fs vs. hundreds of nanoseconds for Ru(bpy)s®*.>® The short lifetimes of Fe'' complexes arise from
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the greater radial contraction of the d orbitals (vs. the valence s and p orbitals), thereby causing
the d orbitals to overlap less with ligand bonding orbitals and reducing the ligand field strength.’
The reduced ligand field strength lowers the energy of the high-spin metal-centered (MC) excited
states, so that they cross the MLCT state near the Franck-Condon region of the potential energy
surface. The MLCT state therefore relaxes onto the MC surface on a femtosecond timescale,
driving a structural distortion due to population of antibonding eq orbitals.®

One common approach to increasing the MLCT lifetimes of Fe'' chromophores is to raise the
energies of the MC states by employing strongly o-donating / m-accepting ligands.®! Using this
method, MLCT lifetimes of up to 528 ps have been reported.'° Other methods include using steric
effects to produce high-spin Fe' species with *"MLCT excited states,*? and tuning ligand orbital
energies to increase the ligand character of the highest-occupied molecular orbitals (leading to
increased covalency and/or HOMO inversion).’*1® One less-commonly employed strategy — to
displace or deform the excited state potential energy surface and thereby change the intersection
points between the MLCT and >°MC states — has been used to increase the lifetimes of Fe!' and
Cr'"" excited states by ~10-fold.*"*8 In both cases, the ligand cage was modified sterically in such
a way to inhibit nuclear motion along the reaction coordinate associated with conversion to the
MC states. We recently showed that restricting expansion along the Fe-ligand symmetric stretch
coordinate using a macrocyclic ligand resulted in a reasonably long MLCT lifetime of 1.25 ns.°

Modifying the intersystem crossing (ISC) reaction coordinate from the typical isotropic
expansion of iron-ligand bonds is an additional strategy that has been used to tune the excited-state
properties of Fe!' chromophores. This concept has been previously used to extend the MC state
lifetime in Fe'" polypyridyl complexes, the prototypical example being the increased *MC lifetime
of Fe(tpy)2?" compared to that of Fe(bpy)s>*.2° By using a bis-meridional coordination geometry,
an additional ligand bending coordinate is involved in ISC, typically described in terms of a change
in the N-N-N angle defined by the three nitrogen atoms within a single ligand. This symmetric in-
plane bending mode (which has been called a rocking motion but which is perhaps better described
as a pinching motion with respect to the metal center) has been previously identified in
computational studies as an important mode during ultrafast 1SC.?

Further modifications of the bis-meridional framework can make the ISC reaction coordinate
depart further from the fully symmetric stretch and lead to new, interesting dynamics. Previous
studies of the ultrafast dynamics of the 2,6-bis(2-carboxypyridyl)pyridine complex Fe(dcpp)2*
showed that de-excitation back to the ground state was ~20x slower than in Fe(tpy).2*.2? X-ray
scattering experiments showed that the Fe-Nax bond lengths in Fe(dcpp)2?* increased by only +0.09
A in the SMC state in comparison to a more typical +0.23 A expansion of the Fe-Neq bonds, likely
arising from an increased flexibility of the ligand rocking during low-spin (LS) to high-spin (HS)
conversion.?® Although the increase in the ground state recovery rate was not attributable to
relaxation from a *MC state (and instead, from a MC state with a near zero activation energy
barrier), discovery of an anisotropic bond expansion of the ligand cage gives prospective methods
for tuning excited state behavior.
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With this strategy in mind, we herein used ultrafast M-edge X-ray absorption near edge structure
(XANES) to probe how changes along the ligand rocking coordinate in bis-meridional iron(Il)
complexes can lead to changes in the photoinduced spin crossover (SCO) dynamics on the
femtosecond timescale. We have previously shown that M-edge XANES is sensitive to changes
in oxidation state, spin-state, and the ligand coordination environment, making it a powerful tool
to observe electronic states involved in ultrafast SCO along with vibrational coherences which
modify Fe-ligand bonds.?*?® This technique coupled with computational methods shows that the
ISC reaction coordinate can be modified to near-directly with the ligand rocking coordinate, and
can be experimentally observed by changes in the spectral component of observed vibrational
coherences.

Experimental

Sample preparation and M-edge XANES. The synthesis and characterization of Fe[(4-
CFs).bpca]. are described in the Supporting Information. Films of Fe[(4-CFs)2bpca]. were
deposited by thermal evaporation at 10° Torr and above 200 °C onto 50 nm SisN4 membranes.
Films of Fe(tpy)2(BFa4)2 were produced by spin coating a concentrated solution of Fe(tpy)2(BFa)2
in MeCN on a ~200 nm thick film of polyvinyl chloride (PVC).?® The approximate thickness of
each film was 100 nm. A description of the transient M2 3-edge XANES spectrometer and data
processing can be found elsewhere.?® The spectrometer resolution during the experiment was
roughly 0.3 eV measured by fitting atomic transitions of Xe* and Kr*. Excitation pulses of ~2 pJ
centered at 525 or 575 nm were used for Fe[(4-CFs):bpca]. and Fe(tpy)2?*, respectively,
corresponding to a pump fluence of ~1.5 mJ/cm?.

DFT Calculations. All density-functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were carried out using QCHEM (v5.0.2).2” DFT and TDDFT calculations employed
the B3LYP* functional?® (a variant of the traditional B3LYP functional?®®* incorporating 20% of
exact exchange, vs. 15% in the original formulation) and used the resolution-of-identity (RI)
approximation for the Coulomb and Hartree-Fock exchange integrals (RIJK). The def2-TZVvP31:32
basis set of Ahlrichs and Weigend was used throughout. An SCF convergence criterion of 1.0x107’
a.u. was used in all calculations; convergence criteria of 1.0x10°® and 3.0x107° a.u. were used for
the energy change and RMS gradient, respectively, in all geometry optimizations. The proper
convergence of all geometry optimizations to real minima was verified by vibrational frequency
inspection.

CASSCF + NEVPT2 Calculations. All complete active space self-consistent field (CASSCF)
and N-electron valence 2"-order perturbation theory (NEVPT2) calculations were carried out
using ORCA (v4.2.1).333% As recommended by Pierloot and Vancoillie,* the largest CASSCF
active space comprised ten electrons distributed over twelve orbitals: five of A symmetry (d,z_,,
and 2d,2_,2; 0,2 and o ,2; 2d,2), three of B. symmetry (o, and o*,; 2d,, ), and two of each
B2 (d., and 2d,;), and Bs (d,,, and 2d,,,) symmetry. State-averaging was carried out over the four
lowest-energy singlet MC states (one of each A, B, B2, and Bz symmetry), the six lowest-energy
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triplet MC states (two of each B1, B2, and Bz symmetry), and the three lowest-energy quintet MC
states (one of each B1, B2, and Bz symmetry) with equal weighting being given to all states. These
calculations are denoted SA13-CASSCF(10,12) hereafter. A minimal truncated CASSCF active
space comprising six electrons distributed over five orbitals — two of A symmetry (d,2_,2 and
0" ,2) and one of each Bi1 (c7y,), B2 (dy;), and Bs (d,,) symmetry — was also constructed by
omission of the two lowest-energy occupied orbitals (both of A symmetry) and the additional
“double” shell of five d orbitals. The same state-averaging scheme was used. These calculations
are denoted SA13-CASSCF(6,5) hereafter. All calculations used the RI approximation for the
Coulomb and Hartree-Fock exchange integrals (RIJK). The def2-TZVP3132 pasis set of Ahlrichs
and Weigend was used throughout. Calculations were carried out using B3LYP*/def2-TZVP
geometries. An SCF convergence criterion of 1.0x1077 a.u. was used in all calculations. See
Supporting Information for more details.

Ab Initio Ligand Field Theory Calculations

All ab initio ligand field theory (AILFT) calculations were carried out using ORCA (v4.1.0).3%
% The SA13-CASSCF(6,5) calculations were used as the basis for the AILFT. Two coordinates
were considered; an Fe-N stretching coordinate connecting the optimized singlet (*A) and quintet
(°B2) geometries, and a ligand rocking coordinate obtained from DFT vibrational frequency
analysis at the °B, minimum-energy geometry. Three points were interpolated in each direction
from the minimum-energy geometry along each coordinate (yielding seven points in total). At each
point, ligand field one-electron eigenfunctions were calculated by AILFT to determine the ligand
field parameters 10Dq, Ds, and Dt; ligand field parameters between the sampled points were
approximated via fitting each parameter with a quadratic function.

Ligand Field Multiplet Simulations

Simulations of Fe M-edge XAS spectra were carried out using ligand field multiplet (LFM)
theory using CTM4XAS.3" LFM theory models the X-ray absorption site in terms of a parametric
Hamiltonian containing atomic terms and a molecular crystal field term. The atomic terms include
electron-electron repulsion and exchange terms under the Hartree-Fock approximation using
tabulated Slater integrals that can be scaled to account for electron delocalization. The molecular
crystal field term is purely electrostatic, and crystal field strengths are assumed to be equivalent in
the electronic ground state and the core-hole state. Using LFM theory, correlation diagrams were
constructed by simulating the Fe M-edge XAS spectra along the N-N-N rocking coordinate in steps
of 0.5° and along the Fe-Nax (symmetric) stretching coordinate in steps of 0.01 A. Heatmaps were
generated via linear interpolation onto a finer grid (0.05 °; 0.001 A spacing) and broadened with a
two-dimensional Gaussian filter with o of 5 points along both axes (step size 10 meV, 0.1° / 0.005
A for the axes). Simulated Fe M-edge XAS spectra shown alongside the correlation diagrams
display intrinsic lifetime broadening and a Fano lineshape (q = 3.5) to account for electronically-
excited states decaying through a super Coster-Kronig Auger pathway.
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Results

Our study focuses on the dynamics of two
bis-meridional Fe" complexes (Figure 1):

FsC CF,
The first molecule is Fe(tpy)?*, a |\ NJ\A@/
prototypical bis-meridional Fe'' complex | //NN\J\/ Z
. : N
that has been the subject of many N \|
FsC

experimental and theoretical investiga-
tions.#2021.38:39 The second molecule is
iron(ll)  bis[4-(trifluoromethyl)-2-pyridyl-
carbonyl)amide (Fe[(CFz)2bpca].), which is
very similar to Fe(tpy).?* except that the
central pyridine ring has been replaced with
an amide group. This modification
significantly increases the flexibility of the
ligand along the internal rocking
coordinate, and several differences in the Figure 1: Schematic and optimized structure of Fe(tpy).2*
photophysics and excited state structures | (A,B)and Fe[(CFs):bpcala (C,D)

arise from this difference.

Compared to the geometry of the excited *MC state of Fe(tpy)2?*, in which the Fe-Nax and Fe-
Neq distances are distinctly different (Table 1), the DFT-optimized *MC geometry of
Fe[(CFs).bpca]2 is much more nearly octahedral: the Fe-Nax and Fe-Neq bond distances are equal
within 0.02 A, and the N-N-N angle is distorted by only 8.5° from the ideal Oy value of 90°. In
contrast, in the ®°MC geometry the Fe-N bond lengths and N-N-N angle of the two complexes are
similar: in both compounds the Fe-Nax distance is about 0.09 A shorter than the Fe-Neq distance.
Thus, along the *MC to SMC SCO reaction coordinate, the Fe-N distances in Fe(tpy)2?* increase
isotropically by about 0.23 A, but the Fe-N bond lengths for Fe[(4-CFs).bpcal. expand
anisotropically by 0.15 A for Fe-Nax vs. 0.22 A for Fe-Neq. The ISC reaction coordinate is also
attended by a larger change of the N-N-N angle in Fe[(4-CFs).bpca]. compared to Fe(tpy)2?* (+7.8°
vs +5.4°). One would therefore expect a larger excitation of the ligand rocking mode in
Fe[(CFs)2bpca]e.

Table 1: Calculated Fe-N bond lengths of Fe(tpy)2>*- and Fe[(CF3)2bpca]2 in their optimized
singlet and quintet geometries

Fe(tpy)22* Fe[(CFs)2bpcalz
A1 SE A1 B2
rFe—Nax 1.91 2.16 1.97 2.12
r'Fe—Negq 2.02 2.24 1.99 2.21
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Transient M-edge XANES of Fe(tpy)22*:

The femtosecond dynamics of Fe(tpy).?* were measured by exciting with a 35 fs pulse centered
at 575 nm and probing with a 15 fs broadband XUV probe. An overview of the transient M-edge
response for Fe(tpy)2%* is shown in the heatmap in Figure 2A, and the data are interpreted in light
of a previous femtosecond M-edge XANES study of Fe(phen)s?*.%> During the first 50 fs there is
a weak, broad absorption from 53.5-62.0 eV, indicating initial population of an MLCT excited
state. Within the first 100 fs, a small feature arises at 66 eV which is delayed from to, then decays
within 200 fs. This feature was previously identified as a fingerprint for a *MC intermediate state.
25 Within this same timescale, a bleach appears above 65 eV along with two strong positive
features at 55.5 and 57.2 eV, signaling conversion to the SMC state (Figure 2B). Over the next 500
fs, coherent oscillations of the positive features are observed with a period of ~325 fs.

The frequency and spectrum of the oscillations observed on the quintet surface provide a
fingerprint for the nuclear motion in the first coordination shell of the Fe atom. . The spectra were
fit to a three-state **MLCT — *MC — °MC kinetic model with a damped oscillation on the >MC
state. The resulting component spectra are shown in Figure 2D;the derived time constants for the
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Figure 2: A) Contour plot of transient M-edge XANES spectra of Fe(tpy).?*. B) Selected transient spectra at
selected times. C) Experimental kinetic slices at selected energies (open symbols) with reconstructed kinetic
traces from the global fit (solid lines). D) Component spectra from the MLCT - 3MC - MC + damped oscillation
global fit.
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three states and the damped oscillation are Tmict = 106 + 10 fs, Tamc = 38 £ 10 s, Tosc = 324 + 12
fs, and tdamp = 315 % 15 fs. Overall, the resulting component spectra are similar to those seen for
Fe(phen)s?*, for which we previously measured tmict = 170 £ 9 5, Tamc = 39 + 6 fs, Tosc = 249 +
9 fs, and tdgamp = 630 = 330 fs. As will be discussed below, the shape of the oscillation spectrum
(in this case two peaks at 54.6 and 57.1 eV that start negative when the wavepacket is launched)
is a fingerprint of the specific vibrational mode that is activated by ISC.

Transient M-edge XANES of Fe[(CF3)2bpca]z:

An overview of the transient response of Fe[(CFz)2bpca]. after 525 nm excitation is shown in
Figure 3A. Due to fluctuations in the probe spectrum, which cause sharp artifacts to appear in the
transient data, the energy axis was binned into 0.5 eV segments (vs. the 0.1 eV binning used for
Fe(tpy)2>*. Owing to the broad linewidths of M-edge transitions, we considered this to be an
acceptable compromise. Overall, the dynamics are similar to those seen in Fe(tpy)2%*. Within the
first 50 fs, a weak excited-state absorption spanning from 54-65 eV is observed with a small bleach
at 59.0 eV. As with Fe(tpy)-%*, this transient spectrum is assigned to the 3MLCT state. Between 50
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Figure 4: A) Contour plot of transient M-edge XANES spectra of Fe[(CF3):bpcal.. B) Selected transient spectra at
selected times. C) Experimental kinetic slices at selected energies (open symbols) with reconstructed kinetic
traces from the global fit (solid lines). D) Component spectra from the MLCT = 3MC - >MC + damped oscillation
global fit.
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and 150 fs, the 3MC feature at 64.5 eV first grows in, and then decays away. In the first few
hundred femtoseconds, absorption features at 55.5 and 57.0 eV grow along with a broad bleach
centered at 68.0 eV. Select spectra are shown in Figure 3B to highlight the trends described above.
An oscillation is observed in the 54.5 eV and 64.5 eV traces, but with a much longer period than
in Fe(tpy)2** (Figure 3C).

This transient data set measured for Fe[(CFz)2bpca]. was also fit to the same three-state global
model with a damped oscillation used for Fe(tpy).?*. The resulting component spectra are shown
in Figure 3D, and the deduced time constants are tmLct = Tamc = 66 £ 1 f8, Tosc = 703 *+ 16 fs and
Tdamp = 321 + 80 fs. Unfortunately, this fitting algorithm fails to recover a 3MC spectrum that
matches the experimental slices in the 50-150 fs range, likely due to the similarity between the
lifetimes of the 3MLCT and 3MC states. As is discussed in detail in the Supporting Information,
a reasonable *MC spectrum similar to that of Fe(tpy)2>* and Fe(phen)s?* can be obtained by
imposing constraints on the fit.

The spectrum of the coherent oscillation seen for Fe[(CFz)2bpca]. consists of a main negative
feature at 55.0 eV, slight negative feature at 57.0 eV and a broad positive feature past 58 eV. The
oscillation period of 785 ps (42.5 cm™) is also much slower than seen in Fe(tpy)2?* and Fe(phen)s?*.
A simple normal mode analysis of Fe[(4-CFz)2bpca]. shows that there is a ligand rocking mode at
a similar frequency (46.0 cm™), which is expected to be a large component of the ISC reaction
coordinate owing to the greater lengthening the Fe-Neq bonds vs. the Fe-Nax bond. As shown in
the Supporting Information, the spectrum of the oscillation can also be identified by subtracting
the transient spectra averaged from 425-525 fs from the spectrum after 1 ps.
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Simulations of vibrational component spectra:

To obtain further insight into the origin of the oscillatory component spectrum observed for
Fe[(CFs)2bpca]z, we carried out AILFT calculations along two motions of the °B; state likely to
be excited by the ultrafast ISC process: the ligand rocking coordinate (obtained from DFT
vibrational frequency analysis at the °B, minimum-energy geometry), and an Fe-N breathing mode
(i.e., the stretching coordinate connecting the optimized singlet (*A) and quintet (°B2) geometries).
The calculated M-edge difference spectra for the °B, state along both nuclear coordinates are
shown in Figure 4. Expected oscillatory

Breathing

component spectra are also shown in this g £
figure, calculated by subtracting spectra at g:,: g:\v/
the two extremes of motion (compressed | “oo o e 1 Twl _ ——e— _ |
vs. expanded Fe-N distances). The ® ®
positions chosen for the difference spectra < < —
were both 0.5 eV higher in energy than the ‘g.s g‘*
minimum geometry. 3 B & B

Simulations for motion along the - -

breathing coordinate contains  two NN angle Fo N Distance (A)
negative features at 55 and 57 eV, as was
seen in Fe(tpy)2?* and Fe(phen)s**. A
simulation for motion along the ligand
rocking coordinate contains a negative
feature at 55 eV, a small positive feature at
56 eV, and a broad positive feature past 58 50 55 ) o5 70
eV. This rocking simulation is an Energy (eV)

excellent match for the eXperimental Figure 5: Top: Calculated energies of the quintet state along

illation mponent trum f | both rocking and breathing modes using SA-CASSCF(6,5)
osciilatio compone Spectru 0 (points) shown with a quadratic fit (line). Middle: Simulated

Fe[(CFs)2bpca]. In view of the match in | stick spectra along both modes using ligand field

: : parameters extracted from AILFT calculations. Bottom)
both the spectral fingerprint and the Simulated difference spectra along the rocking and

vibrational frequency, we conclude that | breathing coordinates compared to the experimental
h illati . hi | | modaulation of the quintet spectrum. The simulated spectra
the oscillations In this molecule | re calculated by taking a difference between compressed

correspond to motion along the ligand | and expanded points 0.5 eV higher in energy than the
. . . quintet minimum geometry.

rocking coordinate and not the breathing

coordinate.

—— Breathing Sm
—— Rocking Sim
— iment

AAbsorbance (AU)

https://doi.org/10.26434/chemrxiv-2024-7w8mr ORCID: https://orcid.org/0000-0001-7734-3130 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7w8mr
https://orcid.org/0000-0001-7734-3130
https://creativecommons.org/licenses/by-nc-nd/4.0/

Discussion

The different behavior of Fe[(CFs)zbpca] vs. Fe(tpy)2?* and Fe(phen)s?* is similar in some
respects to that seen in a study of photoinduced electron transfer in an iron perylene diimide
complex, in which there were two distinct vibrational signatures in the optical transient absorption
spectrum: a high-frequency mode specific to the reactant, and a low-frequency mode specific to
the product.*’ They concluded that the dynamics were consistent with the wavepacket on the
product surface originating from a structure displaced from the equilibrium geometry along the
low-frequency mode.

The qualitative difference in vibrational wavepacket dynamics between the two bis-meridional
complexes Fe(tpy)2(BF4)2 and Fe[(4-CF3)2bpca]2 reflects differences in the initial position and/or
momentum on the >MC surface where the wavepacket is launched. In Fe(tpy)2?*, the wavepacket
launched on the >MC surface has a signature and frequency consistent with a nearly symmetric
change in all Fe-N bond lengths, and
therefore suggests the nuclear trajectory of
the complex that produces the °MC state is
an isotropic expansion of metal-ligand
bonds. Contrastingly, the wavepacket
launched in Fe[(CFz)2bpcal. has a
frequency and signature consistent with
motion along the ligand rocking mode, and
therefore suggests the wavepacket is

o
mm

2.400
2675

launched at a position displaced primarily E% gggg
along this coordinate. Therefore, we | 82 ias ©
suspect the nuclear trajectory likely £ % E;EE of
involves an initial expansion along the Fe- E § §;§§

Nax bonds before reaching the quintet \\k s SRt g o5z
- 7.025

surface, followed by motion along the ao o S S S

R R -20 16 1.2 08 -04 00 04 08 12 1868 20

ligand rocking mode.

@32 Displacement
| Mass-Weighted Units

This hypothesis is supported by nature of | ,
- ] ] Figure 6: Top) Vector diagrams of the two key low-
the DFT(B3LYP*)-calculated intersection | frequency grokmd-state normal moclies of Fe[(CFs)2bpcalz,
w16 (46.0 cm™) and w32 (171.1 cm™), at the B3LYP*/def2-
seam for Fe[(CFg)szca]z between the TZVP level. Bottom) Two-dimensional potential energy
lowest *MC and °MC surfaces along the | surfaces of the lowest-lying triplet (B1/3Bs) and quintet

. . . (°B2) MC states along the w16 (46.0 cm™) and w32 (171.1
two vibrational modes most involved cm™) ground-state normal mode coordinates of

along the SCO reaction coordinate: the | Fel(CFs):bpcal.. Energies are plot relative to the IA-state
(ground-state) energy of the *A minimum-energy geometry

ligand rocking mode (w16) which changes | 3t zero displacement. The potential energy surface shown

Fe-Neq bond Iengths and abreathing mode is the highest-energy surface at that coordinate (e.g.

. a . . population can transfer from the higher-energy 3B1/3Bs

which primarily changes Fe-Nax bond | surfaces to the lower-energy 5B: surface along w16); the

black line demarks the intersection of the 3B1/°Bs and °B:2

lengths (®32). As expected from potential energy surfaces where the energetic ordering of
previously described differences in the | the surfacesinterchanges.
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MC and °*MC geometries, the primary nuclear displacement from the Frank-Condon region to the
SMC minimum energy geometry is along the ligand rocking mode (Figure 5). Of equal importance,
the minimum energy of the intersection seam compared to the *MC minimum geometry is
displaced almost solely along w16. Therefore, if arrival to the °MC state occurs close to the
minimum energy of the intersection seam, the observed vibrational wavepacket would propagate
primarily along o16.

Notably, the *MC lifetime of Fe[(CFs).bpca]: is 48 + 1 ns, which is an order of magnitude longer
than that of Fe(tpy)2?* (see Supporting Information). Although these two measurements were
carried out in different solvents (dichloromethane vs. acetonitrile), and *MC lifetimes can be
somewhat solvent-dependent,*! the increase in the >MC lifetime of Fe[(CFs)zbpca]. is too large to
be attributed to this effect. Instead, the lengthening is likely due primarily to a weakening of the
ligand field strength, which increases the energy barrier between *MC and MC states.*
Modifications of this ligand platform to reduce the ligand field strength even more, therefore, could
lead to further increases in the MC lifetime.*3

Conclusion

We have observed a substantial difference in the spin crossover photodynamics of bis-meridional
iron(1l) complexes upon modifying the ligand and its vibrational frequencies. The difference in
dynamics during photoinduced ISC arises from changes in the reaction coordinate from a
symmetric expansion of Fe-N bonds seen for Fe(tpy)2%* to an anisotropic expansion primarily
along Fe-Neq bond axes seen for Fe[(CFs).bpca]z. The results show that time-resolved femtosecond
M-edge XANES spectra provide two distinct signatures — the oscillation frequency observed in
the time domain as well as the modulation footprint observed in the energy domain. Changes in
the M-edge spectra caused by slight changes in coordination geometry, coupled with AILFT and
LFM simulations, provide a powerful technique to identify nuclear motion coupled with electron
dynamics. This combination of experiment and theory can be used to map out key reaction
coordinates during photophysical processes. This technique is complementary to other ultrafast
techniques such as X-ray solution scattering® and impulsive vibrational spectroscopy,* and is
reminiscent of nuclear resonant vibrational spectroscopy*® in that it selectively probes vibrational
modes involving the metal center.

For Fe[(CFs).bpca]z, the intersection region between the *MC and °MC states changes
significantly compared to Fe(tpy).?*, but further ligand modifications could also change the
intersection region between MLCT and MC states to enhance MLCT lifetimes. The ability to
change the reaction coordinate of spin-crossover by changing ligand vibrational modes could
provide a powerful tool alongside increasing ligand field strength to controlling the dynamics of
Fe' photosensitizers, and a powerful tool in general for controlling photophysical processes.
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Supplementary Material

Synthesis and characterization of Fe[(CFs3)2bpca]e., details on calculations, further investigation
of the 3MC spectrum, and fs/ns optical transient absorption spectroscopy.
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