OPEN ACCESS
10P Publishing

P  Letters

Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 37 (2025) 10LTO1 (5pp)

Letter

https://doi.org/10.1088/1361-648X/ada338

Chiral effects at the metal center in
Fe(lll) spin crossover coordination salts

M Zaid Zaz' @, Wai Kiat Chin'

, Gauthami Viswan'

, Arjun Subedi'®, Esha Mishra'>®,

Kayleigh A McElveen®®, Binny Tamang’, David Shapiro*®, Alpha T N’Diaye*®,

Rebecca Y Lai’® and Peter A Dowben'*

! Department of Physics and Astronomy, Jorgensen Hall, University of Nebraska-Lincoln, Lincoln, NE

68588-0299, United States of America

2 Department of Physics, Berry College, 2277 Martha Berry Hwy. NW., Mount Berry, GA 30149, United

States of America

3 Department of Chemistry, Hamilton Hall, University of Nebraska-Lincoln, Lincoln, NE 68588-0304,

United States of America

4 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States of

America

E-mail: pdowben@unl.edu
Received 9 October 2024, revised 6 December 2024

Accepted for publication 24 December 2024
Published 6 January 2025

Abstract

®

CrossMark

Evidence of chirality was observed at the Fe metal center in Fe(III) spin crossover coordination
salts [Fe(gsal),][Ni(dmit),] and [Fe(gsal);](TCNQ), from x-ray absorption (XAS) spectroscopy
at the Fe 2p3/, core threshold. Based on the circularly polarized XAS data, the x-ray natural
circular dichroism for [Fe(gsal),][Ni(dmit),] and [Fe(gsal);](TCNQ), is far stronger than seen
for [Fe(gsal),]Cl suggesting this natural circular dichroism signature is a ligand effect rather
than a result of just a loss of octahedral symmetry on the Fe core. The larger the chiral effects in
the Fe 2p core to bound XAS, the greater the perturbation of the Fe 2ps/; to 2p;,, spin—orbit

splitting seen in the XAS spectra.

Supplementary material for this article is available online
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1. Introduction

Chiral behavior has been observed in several spin cros-
sover molecular complexes [1-18] and is generally expected.

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms

BV of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

Chirality in spin crossover systems is often a result of the loss
of inversion symmetry, due to the presence of asymmetric
ligands. Chirality can also arise due to distorted octahedral
coordination resulting from bulky functional groups attached
to the ligands or due to the presence of bulky counterions
[10, 14, 19-21] or, in principle, the result of the molecu-
lar packing. Yet demonstrations of chirality in visible [1-
10] and infra-red [8] spectra do little to address the effect
of chirality on the metal center weighted molecular orbit-
als. So, while chirality is common, we ask here whether the
chirality from molecular packing and ligand choice influence
the octahedrally coordinated iron. X-ray circular dichroism

© 2025 The Author(s). Published by IOP Publishing Ltd
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(XCD) or x-ray natural circular dichroism (XNCD) has been
observed for both metal centered molecular complexes [22],
and organic systems, typically containing a somewhat larger
Z atom, like Cl in chlorophenylethanol or chlorohexahelicene
[23]. This XCD or XNCD is distinct from x-ray magnetic
circular dichroism (XMCD), as a magnetic moment is not
required for XCD/XNCD, just the loss of inversion symmetry

[24].

In this paper, we present evidence of chirality
in Fe(Ill) spin crossover coordination salts, namely
[Fe(gsal);][Ni(dmit), ], [Fe(gsal);[(TCNQ), where,
(gsalH = N-(8-quinolylsalicylaldimine), (dmit,— = 1,3-
dithiol-2-thione-4,5-dithiolato) and (TCNQ = 7,7,8,8-

tetracyanoquinodimethane) from spatially resolved x-
ray absorption (XAS) spectroscopy, using circularly
polarized x-rays. These chiral salts are similar to spin
crossover chiral salt complexes that feature large con-
ductance, where [Felll(gsal);][Ni(dmit)],];.CH3;CN.H,O
has a resistance less than 1 ohm-cm [25], as
does  [Fe(II)(3-OMe-sal,trien)][Ni(dmit),] [26] and
[Fe(III)(sal,trien) |(TCNQ),-CH3OH [27], while [Fe(sal,trien]
[Ni(dmit),]; has a resistance less than 3 Ohm-cm [28], all
when in the high spin state at elevated temperatures. These
low resistivities are atypical of spin crossover complexes that
have no counter ion [29-31], although a counter ion like
TCNQ does not ensure this exceptional conductivity [31-34].

2. Experimental

The Fe(Ill) coordination complex, [Fe(gsal);]Cl where
(gsalH = N-(8-quinolyl)salicylaldimine), was synthesized in
accordance with a protocol reported elsewhere [35]. The pro-
cedure for the synthesis of [Fe(qgsal);](TCNQ), followed the
procedure for the synthesis of [Fe(gsal),]Cl, followed by a pro-
cess detailed elsewhere [27, 34]. [Fe(gsal),][Ni(dmit),] was
also synthesized according to a protocol reported earlier [36].
The Fe to Ni ratio for [Fe(gsal), ][Ni(dmit),] was confirmed by
x-ray diffraction and energy dispersive analysis of emitted x-
rays (EDAX). While the Fe to Niratio is 1:1 from EDAX, con-
sistent the molecular stoichiometry of [Fe(gsal),][Ni(dmit),],
x-ray photoemission (XPS) studies, from the Fe and Ni 2p
core levels, indicate that the Fe to Ni ratio is 1:2. This sug-
gests that the surface terminates in Ni(dmit),, as discussed
elsewhere [37]. Consistent with a Ni(dmit), surface termina-
tion, the surface has a strong surface to bulk core level shift
in the Ni 2p core level XPS spectra, resulting from final state
effects [37].

The magnetometry measurements of the DC magnetic sus-
ceptibility times temperature were carried out in DynaCool
SQUID magnetometer from Quantum Design at the Nebraska
Center for Materials and Nanoscience. Magnetometry meas-
urements (figure 1) performed on [Fe(gsal); ] X, X = Ni(dmit),,
Cl, or (TCNQ),, match well with what is reported in the
literature on [Fe(gsal);]Cl [35] and [Fe(gsal),][Ni(dmit);]
[25, 36]. The magnetometry of [Fe(gsal);](TCNQ), reveals
a gradual spin transition with increasing temperature much
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Figure 1. The product of molar magnetic susceptibility and
temperature of: (a) [Fe(gsal)2]Cl, (b) [Fe(gsal)>][Ni(dmit).], (c)
[Fe(gsal)2](TCNQ),, plotted against temperature.

like [Fe(qgsal),][Ni(dmit),] and indicates that at room temper-
ature, these three Fe(IIl) complexes are in the high spin state
or nearly so.

Spatially resolved XAS spectroscopy experiments, using
left and right circularly polarized light, were performed on
the COSMIC beamline (Beamline 7.0.1.2) at the Advanced
light source in Lawrence Berkeley National Laboratories. The
incident beam was tuned to the Fe L3 edge (Fe 2p3;) at
707 eV, using a small spot size (50 nm) to be able to per-
form the XAS, with circularly polarized x-rays in the transmis-
sion mode, on a single [Fe(qgsal),]X chiral crystallite domain,
X = Ni(dmit),, CI, or (TCNQ),. This resembles the spa-
tially resolved element-specific XNCD studies of multiferroic
crystals [38]. The relative local Ni and Fe moments were
investigated with XAS and XMCD spectroscopies at beam-
line 6.3.1 (Advanced Light Source, Berkeley, CA), using total
electron yield and circularly polarized x-rays with an estim-
ated degree of polarization of 0.66. The XMCD spectra were
obtained with an applied field of 1.8 T. The inverse photoe-
mission (IPES) experiments were acquired in the isochro-
matic mode with a commercial high resolution electron gun
(Kimball Physics) combined with channeltron-based photon
detector (OmniVac).

3. X-ray natural circular dichroism

Figure 2 shows the XAS spectra at the Fe L2 (2p;;) and
L3 (2psz) edges, for single chiral domains of [Fe(gsal);]X,
X = Ni(dmit),, Cl, and (TCNQ),, obtained using right and
left circularly polarized x-ray radiation in the absence of any
applied external field. For [Fe(gsal),]J(TCNQ),, right circu-
larly polarized x-rays excite the Fe 2p3, core electrons to
populate both the unoccupied #,, and e, states, resulting in
two distinct peaks at the Fe L3 (2p3») edge, while as for
left circularly polarized x-rays core excitation favors the pop-
ulation of the unoccupied #,, states at lower photon ener-
gies. This indicates the existence of x-ray circular polarization
dependent selection rules. Similar XNCD behavior is observed
for [Fe(gsal);][Ni(dmit),], though a little less dramatic. For
[Fe(gsal),]Cl, however, we see that the XAS spectra for both
right and left circularly polarized x-rays are similar, although
still not identical.
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Figure 2. The Fe L2 (2p12) and L3 (2p3/2) edge x-ray absorption
spectra of (a) [Fe(gsal)2]J(TCNQ),, (b) [Fe(qsal)2][Ni(dmit),], (c)
[Fe(gsal)2]Cl, obtained using right circularly polarized (black) and
left circularly polarized (red) x-ray radiation.

4. X-ray magnetic circular dichroism

Figure 3 shows that there is a small XMCD signal (4%) at
the Fe 2p core edges, for [Fe(gsal);][Ni(dmit),], undera 1.8 T
applied magnetic field. This XMCD signal is most evident at
the Fe 2ps;, core edge, indicative that the Fe spin moment
dominates. The Fe moment from the Fe(gsal), moiety is anti-
parallel with the moment from the Ni(dmit), moiety, as the
XMCD response is opposite in sign with respect to the applied
magnetic field. This contrast between the XMCD at the Fe
2psp, (figure 3) and at the Ni 2p3, core (figure 4) make a com-
pelling case for antiferromagnetic alignment of Fe and Ni in
[Fe(gsal),][Ni(dmit),].

It is significant that the [Fe(gsal), ][Ni(dmit), ] XMCD spec-
tra of figure 3 do not resemble the XNCD of figure 2. So, not
only is the Ni of [Fe(gsal),][Ni(dmit),] antiferromagnetically
coupled to the Fe metal center, but the Fe 2ps, x-ray chiral
dichroism signal of [Fe(gsal),]Ni(dmit),], results from differ-
ent selection rules than Fe 2p3;, XMCD.
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Figure 3. (a) The Fe L2 (2py/2) and L3 (2p3/2) x-ray absorption
spectra for [Fe(gsal),][Ni(dmit),;] in a 1.8 T applied magnetic field
parallel to the sample normal (red), anti-parallel to the sample
normal (blue), (b) the XMCD spectrum is extracted from the
magnetic field dependent x-ray absorption spectra, seen in (a).
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Figure 4. The Ni L2 (2p1/2) and L3 (2p3/2) x-ray absoption spectra
for [Fe(gsal);][Ni(dmit);] in a 1.8 T applied magnetic field parallel
to the sample normal (red), anti-parallel o the sample normal (blue).
Overlaid upon the x-ray abosprtion spectra is the inverse
photoemission spectru for [Fe(gsal),][Ni(dmit), ], plotted in green,
indicating the unoccupied density of states above the Fermi level
(chemical potential) Er, as indicated by the scale bar at the top.

Because the largest differences seen with oppositely
applied magnetic field in the XAS, occur at photon energies
well above Ni 2ps, (figure 4), the origin of the Ni 2p3, XMCD
signal cannot simply be the Ni metal center by itself. Because
IPES is very surface sensitive and because the surface of the
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[Fe(gsal);][Ni(dmit),] thin film terminates in Ni(dmit), [37],
as determined by XPS, the IPES is representative mostly of
the 1,3-dithiol-2-thione-4,5-dithiolato ligand (dmit) unoccu-
pied density of states. This unoccupied ligand (dmit) dens-
ity of states overlaps the region where the XMCD signal is
the greatest, at photon energies well above the Ni 2ps/; core
threshold. Thus, a substantial fraction of the moment on the
Ni(dmit), moiety appears to reside on the ligand itself and
implies that antiferromagnetic coupling between the Ni and
Fe is mediated by the ligand.

5. Discussion

The light circular polarization dependence of the XAS of
[Fe(gsal);J(TCNQ), and [Fe(gsal),][Ni(dmit),] (figures 2(a)
and (b)) can either be a result of XMCD or x-ray chiral
effects, i.e. XCD or XNCD [24]. As noted above, the x-ray
circular dichroism results, of figure 2, were obtained in the
absence of an applied magnetic field, and do not resemble
the XMCD of figure 3. In fact, the x-ray absorption spectra,
taken to create the XMCD spectrum, resembles the sum of
the XAS spectra taken as a function of both left and right cir-
cular polarization for [Fe(gsal);][Ni(dmit),] (figure 2(b)), as
seen in figure 5(a). The XAS, taken with right circularly polar-
ized light at the Fe 2ps/, core, summed over many, randomly
oriented, [Fe(gsal),][Ni(dmit),] crystallites (figure 5(b)) also
resembles the XAS spectra of figure 3, as is, in fact, expec-
ted. It is noteworthy that these chiral spin crossover thin films
possess multiple domains, that is to say that the circular polar-
ization dependence of the x-ray irradiation occurs, for both
left and right circularly polarized x-rays, becomes negligible
if a large number of domains are included. The XAS differ-
ences, as a function of incident x-ray circular polarization,
varies in spatially disjoint regions, indicating that chiral crys-
tallite domains of both molecular enantiomers exist.The XAS
dependence on light circular polarization, observed at the Fe
2ps;y core, seen in figure 2, is thus an x-ray chiral circular
dichroism effect implying loss of inversion symmetry, not an
XMCD signal resulting from a net magnetic moment [24].
The chiral texture affects the Fe weighted molecular orbit-
als. Chirality imparts spin—orbit coupling, due to the loss of
inversion symmetry. The strong chiral effects, that leads to
spin—orbit coupling, that now appears within the Fe 2ps;
envelope, appears to affect the Fe 2ps;, to 2py,» spin—orbit
splitting as the latter is diminished for [Fe(gsal),](TCNQ),
and [Fe(gsal),Ni(dmit), compared to [Fe(gsal);]Cl, as seen
in figure 2. The XAS Fe 2ps» to Fe 2p;» spin orbit
splitting is significantly smaller (approximately 0.6-2.4 eV)
for [Fe(gsal),]J(TCNQ), that for either [Fe(gsal),][Ni(dmit);]
(approximately 0.6 eV) or [Fe(gsal);]Cl (approximately
2.4 eV), as seen in figure 2. The Fe 2ps, to Fe 2p;,» spin
orbit splitting, seen in XAS for [Fe(gsal);]Cl (figure 2(c)),
is roughly 12.7 eV, close to the value expect for the Fe 2p
core (13 eV). The perturbation to the Fe 2p spin—orbit split-
ting, seen in XAS for [Fe(gsal),][(TCNQ), (figure 2(a)) and
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Figure 5. (a) The Fe L2 (2pi/2) and L3 (2p3,2) x-ray absorption
spectrum for [Fe(gsal);][Ni(dmit),] after summing x-ray absorption
spectra taken for both left and right circular polarized x-ray fluence,
for a single chiral crystallite, (b) The Fe L2 (2p1,2) and L3 (2p3/2)
x-ray absorption spectrum for a sum of multiple
[Fe(gsal)2][Ni(dmit),] randomly oriented crystallites.

to a much smaller extent for [Fe(gsal),][Ni(dmit),] is unlikely
to be an initial state effect. The initial state spin—orbit split-
ting of a core level should be dominated by the atomic spin—
orbit splitting, which should be insensitive to the ligand field.
The fact that the perturbations to the Fe 2p spin—orbit splitting
[Fe(qsal),J(TCNQ), (figure 2(a)) and [Fe(gsal),][Ni(dmit),]
are largest in the XAS final state where the chiral effects are
greatest is noteworthy, as loss of inversion symmetry does
impart spin-orbit coupling.

6. Conclusion

In summary, we have shown the presence of a strong chiral
texture in Fe(IIl) spin crossover coordination salts with
heavy counterions. The Fe core is sufficiently perturbed
within a single chiral domain crystallite to result in strong
chiral effects at the Fe 2ps;, core threshold in circularly
polarized light dependent XAS spectroscopy of the Fe(III)
spin crossover coordination salts [Fe(gsal);Ni(dmit),] and
[Fe(qsal);]J[(TCNQ), but not [Fe(gsal);]Cl. The absence of
significant chiral effects for [Fe(gsal),]Cl indicate that inver-
sion symmetry breaking the For metal center alone might not
be sufficient to observe chiral effects. In spite of the fact we
have measure here the chiral signal of the Fe metal center,
the bulky counterions are certainly implicated as contribut-
ing to the observed XNCD of the Fe metal center. X-ray
chiral effects observed for an individual crystallite domain
of [Fe(gsal);][Ni(dmit),] are distinct from x-ray magnetic
dichroism effects and thus constitute an x-ray natural circular
dichoism distinct from XMCD. Magnetic dichroism was also
observed and indicate that Fe center is antiferromagnetically
aligned with Ni in [Fe(gsal), ][Ni(dmit);].

Data availability statement

The raw data files for the data shown in this paper has been
made available in the supplementary materials.
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