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ABSTRACT: Organic diradicals are uncommon species that have been intensely studied for their unique properties and po-
tential applicability in a diverse range of innovative fields. While there is a growing class of stable and well characterized
organic diradicals, there has been recent focus on how diradical character can be controlled or modulated with external
stimuli. Here we demonstrate that a diiron complex bridged by the doubly oxidized ligand tetrathiafulvalene-2,3,6,7-
tetrathiolate (TTFtt?-) undergoes a thermally induced Fe-centered spin-crossover which yields significant diradical charac-
ter on TTFtt?~. UV-vis-Near-IR, Mossbauer, NMR, and EPR spectroscopies with magnetometry, crystallography, and ad-
vanced theoretical treatments suggest that this diradical character arises from a shrinking TTFtt?~ m-manifold from the
Fe(II)-centered spin-crossover. The TTFtt?~ centered diradical is predicted to have a singlet ground state by theory and var-
iable temperature EPR. This unusual phenomenon demonstrates that inorganic spin transitions can be used to modulate
organic diradical character.

Introduction are attractive targets due their redox-activity and electron-

Organic diradicals feature two unpaired electrons which
can populate either triplet or open-shell singlet ground
states.! These unusual species have attracted attention
both for their fundamental properties and for applications
in organic semiconductors, non-linear optics, singlet fis-
sion, and spintronics.2345 Significant progress has been
made in generating stable species and in understanding
their ground states and electronic structures.®””> Tuning
or switching diradical character with external stimuli,
however, remains challenging.1011.12131415 Thijs advance is
crucial for responsive properties as would be required in
spintronics or optical applications.

Spin-crossover is a well-known phenomenon in inorgan-
ic chemistry, particularly in six-coordinate Fe(II) complex-
es.!®1718 The ability to switch between high- (S = 2) and
low-spin (S = 0) states with light (i.e. the LIESST effect)
192021 or heat makes spin-crossover complexes attractive
targets for applications in memory, displays, sensors, and,
most relevantly, switches.?? Combining spin-crossover
phenomena with appropriate organic ligands is therefore a
compelling strategy for generating switchable diradicals.
Merging radical containing ligands with transition metal
centers has been an area of active study.232425 While sev-
eral metal containing organic diradicals have been report-
ed in recent years, these examples are largely limited to
transient intermediates or pairs of monoradical lig-
ands.26:27.28.29.30.31 The viability of spin-crossover modulated
diradical character remains untested.

In targeting radical ligands, the archetypal organic elec-
tronic material tetrathiafulvalene (TTF) and its derivatives

ic properties.3233 Recently, we have synthesized multiple
tetrathiafulvalene-2,3,6,7-tetrathiolate (TTFtt™; n = 4, 3,
and 2) complexes.3* While TTF-based diradicals have not
been previously reported, we hypothesized that a com-
pressed ™ manifold in oxidized TTFtt?- ligands combined
with variable 1 interactions between low- and high-spin Fe
centers might enable switchable diradical behavior.
Herein, we report the compounds (FeTPA):TTFtt (1)

(TPA = tris(2-pyridylmethyl)amine) and
[(FeTPA).TTFtt][BArfs]. (2) (BArfs+ = tetrakis[3,5-
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Chart 1. A. Synthesized dinuclear compounds of TTFttr-
and mononuclear dmit" analogues that serve as half-unit
models. B. Possible redox and spin isomers of TTFtt*- lig-
ands discussed in the text.



A 2-HT 2T A(from HT)
Fe-S1 2.368(3) 2.239(2) -0.129(4)
Fe-S2 2479(3) 2.289(2) -0.190(4)

X Fe-N1 2.138(8) 1.958(6) —0.180(10)
Fe-N2 2.168(7) 1.979(6) -0.189(9)
Fe-N3 2.160(9) 1.976(6) —-0.184(11)
Fe-N4 2261(8) 2.017(6) —-0.244(11)
C3-C3' 1.408(18) 1.353(15) -0.05(2)
C3-S3 1.701(11) 1.757(8) +0.056(14)
C3-S4 1.690(10) 1.719(8) +0.029(13)

Figure 1. Molecular structure for 2 collected at 100 K by SXRD (2-LT). H atoms, counterions, and solvent molecules are omitted
for clarity and ellipsoids are shown at 50%. Selected bond length parameters for 2 at 293 K (2-HT) and 100 K (2-LT).

bis(trifluoromethyl)phenyl]borate) as well as their mono-
meric analogues Fe(TPA)(dmit) 3) and
[Fe(TPA)(dmit)][BArF4] (4) (dmit = 1,3-dithiole-2-thione-
4,5-dithiolate, Chart 1A). Compound 2 represents the first
thoroughly characterized example of TTFtt" ligands coor-
dinated to Fe ions. Compound 2 exhibits spin-crossover
induced switching of TTFtt?"-based diradical character and
is thus an unusual example showing how inorganic spin
transitions can be used to change organic diradical charac-
ter.

Results and Discussion
Synthesis and Structural Parameters

Complex 1 was synthesized via reaction with the depro-
tected proligand 2,3,6,7-tetrakis(2-
cyanoethylthio)tetrathiafulvalene  (TTFtt(C2H4CN)4) in
good yield. Complex 1 was insoluble in all solvents we in-
vestigated which precluded detailed characterization but is
pure as indicated by combustion analysis and behaves as a
suitable synthon for subsequent chemistry. Complex 1 can
be doubly oxidized with [CpzFe][BArF4] to form 2 which is
more soluble, enabling common solution characterization
including 'H NMR and cyclic voltammetry measurements
(Figure S1-S2). Oxidation from 1 to 2 could be ligand-
centered (TTFtt*—>TTFtt?"), metal-centered (2 Fe(ll)—2
Fe(III)), or some intermediate case, but the data acquired
for 2 supports a TTFtt?- structure arising from ligand-
centered oxidation (Chart 1B, see below).

Compound 2 was structurally characterized via single-
crystal X-ray diffraction (SXRD) at 293 K (2-HT; Figure S3)
and 100 K (2-LT; Figure 1). In both structures TTFtt?- is
bridged between two TPA-capped Fe centers with two
outer-sphere BArfs~ counter anions. The most striking dif-
ference between these temperatures is markedly longer Fe
bond lengths in 2-HT. The Fe-Nyyridine and Fe—Namine bond
lengths in 2-LT are 1.958(6)-1.979(6) and 2.017(6) A
(Figure 1), respectively. These values are consistent with
Fe-N bonds in other low-spin complexes with a Fe-TPA
moiety.1617 In 2-HT, these bonds are 0.18-0.19 and
0.244(11) A longer than their counterparts at 100 K, re-
spectively, and are consistent with high-spin Fe-TPA com-
plexes. The shorter Fe bonds at lower temperature indi-
cate that 2 exhibits a temperature dependent spin-
crossover as observed in related compounds.1621

In addition to the geometric changes at Fe, the central
C3-C3' bond and the central C-S bonds (C3-S3 and C3-54)
in the TTF core of 2 show temperature dependent differ-
ences of ~0.04 A (Figure 1) suggesting some electronic
structure change on this ligand as well. These bonds are
markers for the oxidation state of TTFttr-, where similar
increases in the C3-C3’ bond length and decreases in the
C3-S3/4 bond lengths of ~0.02 A are correlated to the
change from TTFtt3— to TTFtt?-, potentially suggesting that
the geometric changes at Fe and the TTFtt"- ligand are due
to a charge transfer induced spin transition (Table
§1).343536 Theory and experiment, however, suggest that
these changes instead arise from increased diradical char-
acter on TTFtt?~ upon cooling from 2-HT to 2-LT leading to
differential population of C-C and C-S m orbitals (see be-
low). In sum, the structural data on 2 support an Fe cen-
tered spin transition with additional electronic structure
changes of the TTFtt?- ligand.

The mononuclear compounds 3 and 4 were also synthe-
sized as half-unit analogues to 1 and 2, respectively, using
the related dmit?- ligand in place of TTFtt*-. The structure
of 3 was determined by SXRD (Figure S4), and the Fe-N
bonds fall within in the range commonly observed for
high-spin Fe(II). While the data quality for 4 was poor,
connectivity could be determined by SXRD (Figure S5) and
confirms the assigned structure.

Mdssbauer Spectroscopy

The neutral compound 1 exhibits two Fe signals over the
temperature range from 250 K to 80 K (Figure S6-S9).
Both signals are characteristic of TPA ligated 6-coordinate
HS Fe(II) with isomer shifts (§) of 0.968(2) mm/s and
1.084(2) mm/s and quadrupole splitting (AEq) values of
3.588(5) mm/s and 2.773(1) mm/s at 80 K. The percent
composition of these two signals varies batch-to-batch,
and therefore likely represents different packing morphol-
ogies of 1 leading to subtle differences at the Fe sites.

At 250 K, the 57Fe Mossbauer spectrum of solid 2 shows
a high-spin Fe(II) species comprising 46(5)% of the sample
with an isomer shift (8) of 0.880(9) mm/s and quadrupole
splitting (AEQ) of 3.22(2) mm/s (Figure 2A, green).17:37.38.39
The remaining sample has a broad, poorly resolved signal
(blue) potentially composed of multiple sites with an § of
0.23(2) mm/s and AEq of 0.81(2) mm/s which we assign as
low-spin Fe(II) sites. These parameters are outside of the



typical ranges for both low-spin Fe(II) (6: 0.36-0.52 mm/s;
AEq: 0.23-0.52 mm/s) and low-spin Fe(III) (6: 0.20-0.28
mm/s; AEq: 1.5-1.7 mm/s) reported for TPA ligated 6-
coordinate complexes, but are similar to other low-spin
Fe(II) species.*0

Upon cooling, the proportion of low-spin Fe(II) in 2 in-
creases while the signal for high-spin Fe(Il) decreases as
expected for spin-crossover. At 80 K (Figure 2B), the low-
spin species (blue) has an § of 0.314(1) mm/s and AEq of
0.490(3) mm/s, and constitutes 74(1)% of the sample,
while the high-spin species (green; 6: 0.9(1), AEq: 2.87(2))
mm/s) comprises 19(1)%. A small amount (<10%) of an
unidentified Fe species is present (purple; &: 0.39(2)
mm/s, AEq: 1.26(4) mm/s). This site may either corre-
spond to some high-spin Fe(IlI) impurity or another low-
spin Fe(Il) species, potentially from different solid state
packing of 2. EPR features indicative of Fe(III) are absent
in 2 (see below) suggesting that this small signal does arise
from an Fe(II) site in another form of 2. This is supported
by the fact that spectra of frozen solutions of 2 in PEG-
2000 are better fit to only two sites (Figure S10-S11).

If the ligand bond changes between 2-HT and 2-LT rep-
resented reduction from TTFtt?- to radical TTFtt3— a con-
comitant, presumably Fe-based, oxidation must be occur-
ring. In this case one would either expect: (i) two fully lo-
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Figure 2. A. 57Fe Mdssbauer data for solid 2 collected at 250 K.

B. 57Fe Mossbauer data for 2 collected at 80 K. The data is in

black, the red line is the overall fit and the blue, green, and

purple lines show the fits to the three Fe sites, as outlined in

the text.

'
H

calized, unequal Fe centers (i.e. Fe(Il) and Fe(III)) or (ii)
two mixed-valent Fe(II/III) centers. The low-temperature
Mossbauer data only shows a single major Fe feature elim-
inating possibility (i). The absence of an inter-valence
charge transfer band in the low-temperature electronic
spectra of 2 (see below) alternatively eliminates possibility
(ii). This suggests that 2 is predominantly Fe(II) with a
TTFtt?- ligand at all temperatures and any resonance
structures invoking Fe(III) with a TTFtt3- ligand are minor
contributors. Therefore, the changes in C-C and C-S bond
lengths between 2-HT and 2-LT arise from a different type
of change in the electronic structure of TTFtt?.

Complex 3 has a straightforward Mdssbauer spectrum at
both 250 K and 80 K, which features a single signal charac-
teristic of a HS Fe(II) (Figure S12-513). The Mdssbauer
spectrum of 4 has a signal with a 6 of 0.282 to 0.338 mm/s
and AEq of 1.32 to 1.40 mm/s between 250 K and 80 K,
respectively (Figure S14-515). These data indicate that 4
is best thought of as a low-spin Fe(Il) center bound to a
dmit- radical, and corroborate similar low-spin Fe(II) fea-
turesin 2.

Magnetometry
The magnetic properties of 1 suggest two magnetically
isolated high-spin Fe(II) (S = 2) centers (Figure S16), but
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Figure 3. A. Temperature dependent magnetic susceptibility
of 2 in the solid state, collected under an applied field of 0.1 T.
B. Temperature dependent magnetic susceptibility of 2 in
95% 2-chlorobutane/5% CsDs obtained via the Evans method.



differ drastically upon oxidation to 2 (Figure 3A). The xT of
2 is near the spin-only value of 6 cm3K/mol at 300 K, but
decreases sharply between ~200-150 K. This behavior is
completely reversible upon warming (Figure S17). These
data indicate two primary regions: high-temperature with
high ¥T and low-temperature with low xT, separated by
spin-crossover. From the molecular structures and Moss-
bauer data in the high- and low-temperature regions, the
Fe centers show clear indications of undergoing spin-
crossover from high- to low-spin, consistent with the ob-
served decrease in yT. However, a low-temperature yT = 0
would be expected for low-spin Fe(II) (S = 0) centers,
which is not observed.

One possible explanation is that 2 undergoes incomplete
spin-crossover as has been previously observed in related
systems.214! Indeed, the magnetic behavior of 2 shows high
sensitivity to batch effects, which is commonly observed in
spin-crossover compounds.*?*3 However, no sample of 2
shows a yT approaching zero. Instead, xT is near the values
expected for a diradical triplet (S =1, YT ~ 1 cm®K/mol) or
a diradical system with weak coupling (2 S = %, xT ~ 0.75
cm®K/mol). Fitting the magnetic data to the Boltzmann
equation gives a AH = 1030 cm™ and T1,2 = 185 K (Figure
$18).44

Solution phase variable temperature ?2H NMR Evans
method measurements of 2 were performed to determine
the xT of 2-LT in the absence of possible incomplete spin-
crossover due to packing effects in the solid state. These
data (Figure 3B) show a significant drop upon cooling and
a plateau at yT = 1.7(1) cm3K/mol at 160 K. Importantly,
the electronic spectrum of 2 under the same conditions
(see below) shows that spin-crossover is complete by
~170 K. This indicates that the yT at 160 K arises from 2-
LT, which therefore cannot be diamagnetic. The above
mentioned Mdssbauer data rule out any major resonance
contribution from Fe(IIl) with a TTFtt3— ligand which sug-
gests that the nonzero T across the low temperature re-
gion must arise from unpaired spin density on TTFtt?.

Fitting the solution phase magnetic data to the Boltzmann
equation gives AH = 1400 cm™ and Ti/2 = 260 K (Figure
$19).

The neutral compound 3 exhibits magnetic behavior as
expected for a HS Fe(Il) (S = 2) center (Figure S20) and
cooling to 1.8 K does not yield any notable features which
would contradict a simple assignment of a HS Fe(Il) and a
diamagnetic dmit?- ligand. Monocationic 4 has a T near
the expected value for a S = % species (yTso = 0.375
cm3K/mol; Figure S21). The room temperature solution
moment of 4 was also measured by Evans method as
2.1(1) wus (0.5 cm3K/mol; Figure S22) and supports the
assignment of the species as S = %2 overall.

Variable Temperature UV-Vis-NIR Spectroscopy

The combined SXRD, Mdssbauer, and magnetic meas-
urements suggest that the Fe(II) centers in 2 undergo spin-
crossover to a low-spin state upon cooling with an addi-
tional change on the TTFtt?- fragment that gives rise to
unpaired electrons. The distinct electronic structure de-
pendent changes in the absorption spectra of TTFtt* lig-
ands prompted us to collect variable temperature UV-Vis-
Near-IR (UV-Vis-NIR) spectra of 2 (Figure 4).34%5 As ex-
pected for a species with a diamagnetic TTFtt?- core, 2
shows an intense feature at 1074 nm in the NIR region.
Upon cooling, the 1074 nm peak decreases in intensity
while a broad feature at 1615 nm and sharper features at
325 and 396 nm increase. This spectroscopic behavior is
fully reversible upon warming. Fitting the normalized in-
tensity of the NIR feature at 1074 nm to the Boltzmann
equation gives a AH = 1500 cm~' and T1/2 = 265 K, in good
agreement with solution magnetic data (Figure S23). Im-
portantly, the spectra of 3, 4 and [(dppeNi)2TTFtt][BArF4]z,
which is well described as a closed shell singlet, do not
show similar changes with temperature, supporting fun-
damentally different properties in 2 at low temperature
(Figure S24-526).

Radical TTFtt>— cores have a lower energy NIR feature
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Figure 4. Variable temperature electronic spectra of 2 in the UV-visible (left) and visible-NIR (right) regions collected in 2-
chlorobutane at 50 uM. The grey box (right) covers the strong NIR absorbances due to solvent. Inset at right shows the normal-
ized maximum absorbance (left-axis) of the NIR features near 1100 nm (red) and 1600 nm (blue) versus temperature, along with
the T values (black, right-axis) of 2 obtained via Evans method in 95% 2-chlorobutane/5% CeDe.
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Figure 5. A. X-band EPR spectrum of 2 at 15 Kin DCM at 5 mM
with a power of 1.99 mW and frequency of 9.633 GHz. The
inset shows the half-field signal centered around 1680 G in-
creased in intensity by a factor of 25. Red lines indicate simu-
lations with the parameters shown. Experimental data is
shown in black. B. Variable temperature change in intensity of
the half-field signal of 2 by EPR. Collected in DCM at 5 mM.
Baselines have been normalized by shifting to overlap. Inset:
Peak-to-peak intensity times temperature of the half-field
signal versus temperature.

than diamagnetic TTFtt?- cores.344546 Additionally, the new
high energy features (325 and 396 nm) of 2 at low tem-
perature are similar to those reported for radical TTFtt3~
complexes attributed to m—m* transitions.3> However,
these features in 2 at low temperature cannot be due to
reduction of the TTFtt?~ ligand to TTFtt3— as there is no
significant oxidation of Fe upon cooling. We therefore used
time-dependent density functional theory (TD-DFT) to
better understand the observed features in the UV-Vis-NIR
spectra.

Ground states for 2-HT (S = 4) and for two potential
forms of 2-LT (diradical triplet, S = 1, with spin density
localized on TTFtt?>- and closed shell singlet, S§ = 0) were
calculated using the corresponding SXRD structures. Simi-
lar calculations were carried out for
[(dppeNi).TTFtt][BArf4]2 as a comparison and calibration
standard (Figure S27). The NIR transitions were well pre-
dicted from TD-DFT as TTFtt*>- m-based transitions (Figure

§$28-S30). Importantly, the calculated spectrum of the S =1
diradical closely matches the low-temperature NIR feature
in 2-LT (Figure S31). The prominent NIR transition of 2 at
293 K also closely matches the calculated features of spe-
cies with closed-shell forms of TTFtt?, specifically 2-HT (S
= 4, with ~90% of spin density localized on the FeTPA
fragments), the calculated closed-shell S = 0 state of 2-LT,
and the known singlet [(dppeNi)2TTFtt][BArfs]2.34 This
analysis explains the observed UV-vis-NIR features in 2
and suggests that the TTFtt> ligand gains substantial
diradical character upon Fe centered spin-crossover.

The electronic spectrum of 3 in DCM was collected at
room temperature and features two absorbances at 310
and 498 nm (Figure S32), assignable to dmit transi-
tions.*#”48 In the visible region, 4 has a strong peak at 417
nm with a shoulder near 370 nm (Figure S32). As this ab-
sorbance is between the typical range of a Fe(I[)>TPA
metal-to-ligand charge transfer and the previously report-
ed m—m* transition of the dmit?- ligand, it is not straight-
forward to assign based on the room temperature spec-
trum alone.*>¢2 A broad band centered near 1050 nm is
present in 4, and notably absent in 3. A broad absorbance
in this range has been observed to appear when oxidizing a
dmit?- containing complex to the radical dmit- species.505!
Upon cooling to 193 K, the high energy visible features in-
crease in intensity, although to a lesser degree than was
observed in 2.

EPR Spectroscopy

The above data on 2 suggests that Fe spin-crossover
mediates increased diradical character on the TTFtt?- lig-
and so we employed EPR spectroscopy to directly probe
this proposed diradical character. The EPR spectrum of 2
at 15 K in DCM displays an intense signal near g = 2, con-
sistent with a |Ams| = 1 transition of an organic S=%orS=
1 species (Figure 5A). Importantly, a much lower intensity
feature around g = 4 is observed, characteristic of the |Ams|
= 2 feature of organic diradical species.1¢10 Using the rela-
tive intensity of the |Ams| = 2 and 1 signals, the distance
between the radicals can be estimated.! In 2 this value is
around 3.3-4.6 A which is similar to the centroid-to-
centroid distance between the two 5-membered rings in
TTF (~4.1 A). The observed signals for 2 are distinct from
possible impurities,*? are reproducible over several sam-
ples (Figure S33-S34), and are reasonably well simulated
as a diradical (Figure 54, red line). The intensity (I) of the
|Ams| = 2 signal of 2 between 26-15 K implies a singlet (i.e.
antiferromagnetically coupled diradical) ground-state
wherein a decrease in IT upon cooling is expected as the
EPR active triplet state is depopulated in favor of the EPR
silent singlet state (Figure 5B).! Overall, these data support
that 2-LT has significant diradical character. The EPR
spectrum of 4 shows a nearly isotropic signal near g = 2,
confirming the organic radical character of this species and
supporting a low-spin assignment for the Fe center (Figure
S35).

Computational Results

Advanced theoretical techniques were utilized to predict
and understand the electronic character of the TTFtt?- lig-
and. Calculations were performed on 2-LT using experi-



A. B3LYP Triplet Spin Density

B. DFT Spin Density
pFe, pFe, pTTFtt
HT 3.69 3.87 0.25
LT 0.13 0.13 1.73
C. Singlet  Triplet
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Figure 6. A. Spin density obtained for the triplet state of 2-LT
in DFT with the B3LYP functional and a 6-311G* basis set as
implemented in g16/a.01. B. Spin density obtained for the
triplet state of 2-LT and 2-HT in DFT with the B3LYP func-
tional and a 6-311G* basis set as implemented in g16/a.01.
The values for “Fe” includes all density on the FeTPA frag-
ment. C. Partially occupied frontier NOs and their correspond-
ing NON of 2-LT from a diradical state [18,20] V2RDM calcu-
lation with a 6-31G basis set. D. Dominant resonance struc-
tures for 2-HT and 2-LT with qualitative frontier orbital dia-
grams.

mental geometries obtained via SXRD. DFT calculations

with the B3LYP functional®? and a 6-311G* basis set>? as
implemented in g16/a.01,5* yielded a triplet ground state
with a singlet-triplet gap of AE(S-T) = 409 cm-'. The ob-
tained spin density of the triplet state (Figure 6A,B) shows
the vast majority of the unpaired electron density is local-
ized on the linker with pFe = 0.135 on each FeTPA frag-
ment, and pTTFtt = 1.730.

Given the fact that DFT is not expected to accurately de-
scribe the complex electronic structure of open-shell sin-
glet states we turned towards advanced theoretical tech-
niques to validate the B3LYP results. Variational 2-electron
reduced density matrix (V2ZRDM) calculations®55657 were
run in Maple 2019 Quantum Chemistry Package (QCP)58
with a [18,20] active space and a 6-31G basis set, covering
the entire spin manifold of singlet, triplet, quintet, septet,
and nonet states. The results predict the ground state of 2-
LT to be a singlet (AE(S-T) = -373 cm™!) with strongly
correlated, diradical character and frontier natural occupa-
tion numbers (NON) of Az61 = 1.28 and Az2 = 0.72 (Figure
6C, Table S3). Inspection of the frontier NOs reveals the
diradical to be localized almost exclusively on the TTFtt?-
linker with negligible involvement of the Fe d-orbitals, in
good agreement with the triplet result from DFT. Hartree
Fock MO coefficients reveal similar distributions. Further
calculations were performed to verify that these results
were not an artifact of the choice of basis set or orbitals
(see SI, Table S2).

Additional calculations were performed on the S = 4
ground state of 2-HT (Figure S36). In 2-HT weakening of
the interaction between the Fe d-orbitals and the ligand
orbitals raises the metal-based orbitals to yield eight singly
occupied, Fe-based, frontier NOs. These results show a
significant reduction in diradical character in the organic
TTFtt?- linker in 2-HT, as compared to 2-LT. The unpaired
electron density previously localized on the TTFtt?- m sys-
tem in 2-LT (pTTFtt = 1.730) is instead in Fe-based NOs in
2-HT, with pTTFtt = 0.25.

The computational analysis clearly supports the assign-
ment of a TTFtt?-based, strongly correlated diradical with
open shell singlet and triplet states close in energy in 2-LT.
The temperature driven Fe-based spin transition gives rise
to enhanced diradical character on the TTFtt2- core, that is
an increase in the occupancy of the higher-lying NO262 at
the expense of decreased occupancy in the lower-lying
NO261. The DFT calculations suggest that this arises from
the shrinking of the energy gap between the NO261 and
NO262 in 2-LT (19.59 kcal/mol), as compared to the anal-
ogous orbitals (NO254 and NO 268, respectively) in 2-HT
(26.01 kcal/mol).

The spin-crossover from 2-HT to 2-LT gives rise to en-
hanced diradical character on the TTFtt? core. This spin
transfer moves electron density from a C-C bonding and
C-S antibonding orbital (NO 262 in 2-LT, NO 268 in 2-HT)
to a C-C antibonding and C-S bonding orbital (NO 261 in
2-LT, NO 254 in 2-HT, Figure 6D). These changes in orbital
populations correlate with the observed variations in bond
lengths (Figure 1) and suggest that there should be bond
length changes of similar trend, but of potentially larger
magnitude when TTFtt?>~ undergoes a spin transition as
compared to an electron transfer. This is indeed the case
when comparing the larger bond length changes of 2 ver-



sus those between [(dppeNi)2TTFtt][BArfs]2 and
[(dppeNi).TTFtt][BArF4] (Table S1).34 Finally, as illustrated
above with TD-DFT calculations, this orbital picture also
supports the observed spectroscopic changes in 2. Taken
together, all the computational analysis is consistent with
the experimental data supporting that an Fe-based spin
transition shrinks the gap between TTFtt?-based orbitals
thereby increasing organic diradical character.

Conclusions

We have synthesized and characterized a family of novel
Fe-thiolate compounds with intriguing electronic struc-
tures. Theory suggests that 2 shows temperature depend-
ent Fe-based spin-crossover which decreases orbital ener-
gy separations on the TTFtt?- core generating significant
diradical character. This is corroborated by SXRD data il-
lustrating Fe-based spin-crossover alongside distinctive
TTFtt?- bond changes. Mdssbauer spectroscopy confirms a
spin transition at Fe and the assigned Fe(II) oxidation state
while variable temperature electronic spectra and magnet-
ic susceptibility support the proposed change from a
closed shell TTFtt?- to a diradical. Finally, the EPR data of 2
reveal signals diagnostic of organic diradicals.

Organic diradicals, as seen in 2 at low temperature, are
relatively rare in general and are unknown in the well-
studied TTF moiety. The reversible modulation of spin
between this unusual organic diradical and the Fe centers
in 2 represents a fundamentally new form of spin transi-
tion and opens the possibility to switch organic diradicals
via stimulation of metal-based spin-crossover.

Experimental
General Synthetic Procedures

Syntheses and general handling were carried out in a ni-
trogen-filled MBraun glovebox unless otherwise noted.
TTFtt-C2H4CN, Fe(TPA)(OTf)2(MeCN)z, dmit-(COPh) and
[Fc][BArFfs] were prepared according to literature proce-
dures.59606162 Elemental analyses were performed by
Midwest Microlabs. Electrochemical measurements were
made on an Epsilon BAS potentiostat. THF and Et20 were
dried and degassed in a Pure Process Technologies solvent
system, stirred over NaK amalgam for >24 hours, filtered
through alumina, and stored over 4 A molecular sieves.
Methanol was dried with sodium hydroxide overnight,
distilled, transferred into the glovebox and stored over 4 A
molecular sieves. 2-Chlorobutane was degassed by the
freeze, pump, thaw method and stored over 4 A molecular
sieves. All other solvents were dried and degassed in a
Pure Process Technologies solvent system, filtered through
activated alumina, and stored over 4 A molecular sieves.
Solvents were tested for Oz and H20 with a standard solu-
tion of sodium benzophenone ketyl radical. All other rea-
gents were used as purchased without further purification.

Complex Syntheses

(FeTPA):TTFtt (1). TTFtt(C:H«CN)+ (0.054 g, 0.099
mmol) was stirred with sodium tert-butoxide (0.076 g,
0.791 mmol) in THF (6 mL) overnight. The solid material
was collected, washed with THF (4 mL x 3), and dried un-
der vacuum to yield a pink powder. The pink solid was

then stirred with Fe(TPA)(OTf)2(MeCN)2 (0.152 g, 0.209
mmol) in THF (6 mL) for 2 days. The resulting brick red
solid was collected, washed with THF (4 mL x 3), and dried
under vacuum (0.102 g, 100%). Elemental analysis: ex-
pected for Cs2HssFe2:NsSs: % C, 49.41; H, 3.56; N, 10.98.
Found: % C, 49.78; H, 3.77; N, 10.88.

[(FeTPA):TTFtt][BArf4]. (2). [Fc][BArfs] (0.102 g, 0.097
mmol) was dissolved in DCM (12 mL) and added in 4 por-
tions to (FeTPA).TTFtt (0.065 g, 0.064 mmol) and stirred
for 5 minutes after each addition. The mixture was filtered
through Celite and the filtrate was layered with petroleum
ether. After cooling at —38 °C for several days, dark brown
crystalline solid formed and was washed with petroleum
ether and dried under vacuum (0.081 g, 60%). Crystals
suitable for X-ray diffraction were similarly grown from
DCM and petroleum ether. 'H NMR (400 MHz, 25 °C,
CD:Clz) 6 = 57.5, 56.1, 7.7, 7.5, —4.8. Elemental analysis:
expected for CiosHsoB2F4sFe2NsSs: % C, 46.34; H, 2.20; N,
4.08. Found: % C, 46.54; H, 2.26; N, 4.02. EPR (DCM): gx =
2.083, gy = 2.041, g. = 2.047, D = 0.028 cm~. UV-vis-NIR at
20 °C, 2-chlorobutane (e, M-1 cm~1): 1025 nm (8 x10%), 280
nm (3 x104), 300 nm (2 x10%); (=100 °C, 2-chlorobutane):
1615 nm (4 x104), 325 nm (3 x10%), 396 nm (2 x10*).

Fe(TPA)(dmit)-0.5CHzCIz (3). The deprotection and meta-
lation procedure was adapted from similar procedures
previously reported in the literature.®3 dmit-(COPh) (0.080
g, 0.196 mmol) was stirred with sodium methoxide (0.022
g, 0.407 mmol) in methanol (6 mL) for 1 hour, then
Fe(TPA)(OTf)2(MeCN)2 (0.152 g, 0.209 mmol) was added
and stirred overnight. Complex 3 was collected, washed
with DCM (4 mL x 3), and dried under vacuum to yield a
bright red solid (0.070 g, 61%). Crystals suitable for X-ray
diffraction were grown from DCM and petroleum ether. 'H
NMR (400 MHz, 25 °C, CDCl3) 6§ = 81.1, 59.9, 59.8, 35.7,
-2.99. Elemental analysis: expected for C215H21ClIFeN4Ss: %
C, 44.14; H, 3.27; N, 9.58. Found: % C, 44.65; H, 3.22; N,
9.01.UV-vis-NIR (20 °C, DCM): 310 nm, 498 nm.

[Fe(TPA)(dmit)][BArfsy] (4). Fe(TPA)(dmit)-0.5CH2Cl2
(0.054 g, 0.092 mmol) was stirred with [Fc][BArFf4] (0.102
g, 0.097 mmol) in DCM (4 mL) for 10 minutes before filter-
ing through Celite. The filtrate was layered with petroleum
ether and cooled to -38 °C for several days which yielded
green-brown crystals. The solids were washed with petro-
leum ether and dried under vacuum (0.112 g, 87%). Crys-
tals which diffracted poorly were similarly grown from
DCM and petroleum ether. 'H NMR (400 MHz, 25 °C,
CD2Clz) 6 = 16.9, 9.1, 7.7, 7.5. Elemental analysis: expected
for C47H32BFsFeN4Ss: % C, 45.29; H, 2.15; N, 3.99. Found: %
C,45.33; H, 2.32; N, 3.81. EPR - gx = 2.056, gy = 2.071, g =
2.082, ogx = 0.034, ogy = 0.000, 0y, = 0.105, o8 = 25.994 G.
UV-vis-NIR at 20 °C, DCM (e, M1 cm™1): 417 nm (2 x103),
1050 nm (6 x103).

Characterization and Analysis Methods

Magnetometry. Magnetic measurements were carried
out on a Quantum Design MPMS3 performed on bulk pow-
der samples in polycarbonate capsules. The powder sam-
ples were suspended in an eicosane matrix to prevent
movement and protect the sample from incidental air ex-
posure. Frozen solution samples in PEG-2000 were pre-
pared by dissolving 2 and PEG-2000 in DCM, then remov-



ing DCM under reduced pressure. Diamagnetic corrections
for the capsule and eicosane were made by measuring
temperature vs. moment in triplicate for each to determine
a moment per gram correction. The diamagnetic correction
for PEG-2000 was made by measuring sample versus mo-
ment to determine a moment per gram correction. Pascal’s
constants were used to correct for the diamagnetic contri-
bution from the complexes.®*

Single Crystal X-Ray Diffraction (SXRD). The diffraction
data for 2-LT and 2-HT were measured at 100 K and 298
K, respectively, on a Bruker D8 VENTURE diffractometer
equipped with a microfocus Mo-target X-ray tube (A =
0.71073 A) and PHOTON 100 CMOS detector. The diffrac-
tion data for 3 was measured at 100 K on a Bruker D8
fixed-chi with PILATUS1M (CdTe) pixel array detector
(synchrotron radiation, A = 0.41328 A (30 KeV)) at the
Chem-MatCARS 15-1D-B beam-line at the Advanced Photon
Source (Argonne National Laboratory). Data reduction and
integration were performed with the Bruker APEX3 soft-
ware package (Bruker AXS, version 2015.5-2, 201565). Data
were scaled and corrected for absorption effects using the
multi-scan procedure as implemented in SADABS (Bruker
AXS, version 2014/54%¢). The structures were solved by
SHELXT (Version 2014/55%7) and refined by a full-matrix
least-squares procedure using OLEX26 (XL refinement
program version 2018/17%). We have only been able to
obtain a poor quality structure of 4 which verifies its con-
nectivity.

X-Ray Powder Diffraction (XRPD) Diffraction patterns
were collected on a SAXSLAB Ganesha diffractometer with
a Cu K-a source (A = 1.54 A) in wide angle X-ray scattering
(WAXS) transmission mode. The samples were contained
in a ~1 mm diameter borosilicate capillary tube. A correc-
tion was made to subtract the broad peak from the capil-
lary around 16-25° (20) from the baseline.

UV-vis-NIR. Variable temperature UV-vis-NIR measure-
ments were performed on a Shimadzu UV-3600 Plus dual
beam spectrophotometer with a Unisoku CoolSpeK 203-B
cryostat. UV-vis region spectra were collected on Thermo
Scientific Evolution 300 spectrometer with the VISIONpro
software suite. Samples were stirred during cooling and
during measurements colder than room temperature.
Background spectra of the cuvette and solvent were col-
lected at maximum and minimum temperatures within the
range to account for temperature dependence of the back-
ground.

Cyclic Voltammetry. Electrochemical measurements
were performed using a BAS Epsilon potentiostat and ana-
lyzed using BAS Epsilon software version 1.40.67NT. Cyclic
voltammetry measurements were made using a glassy
carbon working electrode, platinum wire counter elec-
trode, and silver wire pseudo-reference electrode, and
referenced to internal Fc/Fc*.

EPR Spectroscopy. EPR spectra were recorded on a
Bruker Elexsys E500 spectrometer equipped with an Ox-
ford ESR 900 X-band cryostat and a Bruker Cold-Edge
Stinger. Simulation of EPR spectra was performed using a
least-squares fitting method with the SpinCount program.

Méssbauer Spectroscopy. Zero-field iron-57 Mdssbauer
spectra were with a constant acceleration spectrometer

and a rhodium embedded cobalt-57 source. Prior to meas-
urements, the spectrometer was calibrated at 295 K with
a-iron foil. Samples were prepared in a N2-filled glovebox
where powdered samples were placed in a polyethylene
cup and frozen in liquid nitrogen prior to handling in air.
All spectra were analyzed using the WMOSS Mossbauer
Spectral Analysis Software.®?

FT-IR Spectroscopy. Powder samples for FT-IR were
formed into pellets in a potassium bromide matrix. Spectra
were acquired in absorbance mode on a Bruker Tensor II
with background subtractions used to account for air. A
linear baseline correction was applied.

NMR Spectroscopy. 'H and ?H spectra were recorded on
Bruker DRX 400 or 500 spectrometers. Chemical shifts of
TH NMR are reported in ppm units referenced to residual
solvent resonances. Variable temperature 2H NMR spectra
were collected in 95/5 w/w% of 2-chlorobutane/CsDs with
a capillary of 90/10 w/w% 2-chlorobutane/Ce¢Ds. The
temperature dependent change in density of both 2-
chlorobutane and CsD¢ was accounted for at each tempera-
ture point, to yield an accurate solution concentration.
Pascal’s constants were used to correct for the diamagnetic
contribution of the complex.

Fitting of Magnetic and NIR Data of 2 to a Boltzmann Dis-
tribution. The magnetic data and NIR spectroscopic data of
2 were fit to a Boltzmann distribution of the form:

pﬂ = eAH/kB(T—Tl/z)

Pt
Where pur and pur are the fractions of HT and LT forms of
2, respectively, AH is the energy difference between 2-HT
and 2-LT, ks is the Boltzmann constant, T is the tempera-
ture of the measurement, and T1,2 is the transition temper-
ature.

For the spectroscopic data, the fraction of 2-HT was es-
timated by assuming the fraction of 2-HT at 173 K is zero,
due to the lack of the characteristic NIR signal around
1100 nm. The fraction of 2-LT at 173 K is correspondingly
100%, and a linear relationship between intensity and
concentration of 2-LT was assumed in order to calculate
the fraction of each form at various temperatures.

TD-DFT Calculations. TD-DFT calculations were per-
formed with ORCA70717273 software suite using time-
dependent density functional theory (TD-DFT). The PBEO
functional was used with a basis set of def2-TZVPP on Fe
and def2-TZVP on all other atoms. Furthermore, an effec-
tive core potential of SDD was used on Fe. Starting coordi-
nates for all calculations were from crystal structures de-
termined by single crystal X-ray diffraction at 100 K or 293
K as indicated. Simulations of UV-vis spectra were gener-
ated using the orca_mapspc function with line broadening
of 2000 cm~1. Molecular orbitals were generated using the
orca_plot function and visualized in Avogadro with an iso
value of 0.3.

To calibrate the calculations, the electronic spectrum of
the previously reported3* reference complex
[(dppeNi)TTFtt][BArfs]. — which features a doubly oxi-
dized TTF core, as in 2 — was calculated by the same
methods using the reported crystal structure. Using the
experimental spectral data, a weighted calibration was
calculated using the shifts to the primary absorbances (i.e.



at 1039 and 516 nm). This calibration was then applied to
the calculated spectra of 2. The predicted spectra of both S
=0 2-LT and S = 4 2-HT match well to the spectra of 2 at
20 °C. Conversely, the low temperature spectrum of 2 only
matches well with the predicted spectrum of the S = 1 spin
state of the 2-LT structure. The are many predicted transi-
tions for the S = 4 state of 2-HT and their orbital composi-
tion is complicated and highly mixed. Nevertheless, the
predicted spectrum matches experiment well, and TTFtt
character is apparent in the NIR transitions. The predicted
transitions of the closed shell S = 0 state of 2-LT are much
simpler, match those in [(dppeNi).TTFtt][BArf4]2, and pro-
vide a clearer interpretation of the orbital composition.
While we don’t believe that the closed shell S = 0 state of 2-
LT is an accurate electronic structure description, it does
serve as a simpler model to understand the orbital contri-
butions of the NIR features of 2 at high temperature.

V2RDM and DFT Methods. Variational 2-electron reduced
density matrix (V2ZRDM) and DFT calculations were car-
ried out to elucidate the electronic structure of 2. The
V2RDM method allows large complete active space self-
consistent field (CASSCF) to be carried out with polynomi-
al O(r®) computational scaling, enabling calculations to be
carried out that remain out of reach of traditional wave
function based CASSCF methods which scale exponential-
ly.7* This is achieved by formulating the system energy as a
linear functional of the 2RDM:

E = Tr[2K 2D] (1)
where 2K is the 2-electron reduced Hamiltonian, and 2D is
the 2-RDM. Minimization of the energy is subject to a set of
constraints on the 2RDM that are termed N-
representability constraints and ensure that variationally
obtained 2RDM corresponds to a physically feasible sys-
tem.”s,76

D20 (2)
2Q20 3)
2G>0 (4)

This procedure is carried out using a semi-definite pro-
gram.5>%¢ The V2RDM method has been demonstrated to
recover the vast majority of the correlation energy in
strongly correlated systems and has recently been applied
to a range of transition metal systems to successfully ex-
plain their electronic structure.””7834 To ensure that the
obtained NO and spin state splitting picture of the LT form
of 2 is not an artifact of the choice of active space orbitals
and size or basis set further calculations on the singlet and
triplet state were carried out using a [16,14] active apace
and 6-31G basis sets and a [14,14] active space with a larg-
er 6-31G* basis set, each time forcing iron 3d orbitals into
the active space for the initial guess. The data are shown in
Table S1. While the [16,14] active space is not large
enough to account for the full correlation energy yielding a
significantly smaller singlet-triplet gap of AE(T-S) = 210
cm-1, the [14,14]/6-31G* calculation gives an almost iden-
tical gap to the larger [18,20] calculation with AE(T-S) =
379 cm In both cases the CASSCF routine rotates the NOs
with iron 3d contributions back into the core and virtual
orbitals, obtaining identical Nos as those obtained in the
[18,20] calculation.
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