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ABSTRACT: A heteroleptic spin-crossover (SCO) complex,
[Fe(tpma)(xnap-bim)](ClO,), (1; tpma = tris(2-pyridylmethyl)-
amine, xnap-bim = 8,15-dihydrodiimidazo[1,2-a:2’,1'-c]naphtho-
[2,3-f][1,4]diazocine), has been obtained by reacting a Fe(Il)
precursor salt with tetradentate tpma and bidentate xnap-bim
ligands. Depending on crystallization conditions, two different
solvates have been obtained, 1-2.25py-0.5H,O and 1-py. The
former readily loses the interstitial solvent to produce either a
powder sample of 1 upon filtration or crystals of 1 if the solvent
loss is slowed by placing the crystals of 1-2.25py-0.5H,0 in diethyl
ether. In contrast, 1-py exhibits higher stability toward solvent loss.
The crystal packing of both solvates and of the solvent-free
structure features double columns of [Fe(tpma)(xnap-bim)]**
cations formed by efficient 7—7 interactions between the pyridyl groups of tpma ligands, as well as by stacks supported by 7—x
interactions between interdigitated naphthalene fragments of xnap-bim ligands. While both solvates show a gradual SCO between
the high-spin (HS) and low-spin (LS) states of the Fe(II) ion, solvent-free complex 1 exhibits an abrupt spin transition centered at
127 K, with a narrow 2 K thermal hysteresis. Complex 1 also shows a light-induced excited spin state trapping effect, manifested as
LS — HS conversion upon irradiation with white light at 5 K. The metastable HS state relaxes to the ground LS state when heated
above 65 K.
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B INTRODUCTION based on 2,2-biimidazole (bim; Scheme 1).>° While the
original complex, [Fe"(tpma)(bim)](ClO,),, showed a grad-
ual SCO centered at T, ~190 K, its derivative, [Fe" (tpma)-
(xbim)](ClO,), (xbim = 1,1"-(a,a -0-xylyl)-2,2' -biimidazole),
showed an abrupt and hysteretic spin transition at T}, | = 196
K and Ty = 203 K in the cooling and warming regimes,
respectively. The change in the character of SCO was
attributed to the addition of the o-xylyl functionality that
afforded the formation of a columnar structure, in which the
SCO cations, [Fe'(tpma)(xbim)]**, were efficiently coupled
through 7—r and o—n interactions. The stronger cooperativity
of SCO in the xbim-containing complex also led to a much
more durable kinetically trapped HS state induced by light
irradiation of the LS complex at low temperatures (this light-
induced excited spin state trapping is known as the LIESST
effect™). Consequently, [Fe'(tpma)(xbim)](CIO,), was used

Transition metal complexes that exhibit switching between
high-spin (HS) and low-spin (LS) electronic configurations,
generally known as spin crossover (SCO), are of interest for
the design of stimuli-responsive materials and devices."” The
drastic differences between structural, optical, magnetic, and
dielectric properties of the HS and LS states allow the use of
temperature, pressure, or irradiation to achieve the switching
behavior.” Especially appealing are SCO materials that exhibit
hysteretic spin-state switching since they offer a range of the
parameter space in which the HS and LS states can co-exist
and, thus, interconvert due to the action of one of the
aforementioned external stimuli.*™"* The emergence of the
hysteretic behavior relies on cooperativity, which has been
shown to originate from strong vibronic coupling between the
metal centers that undergo the SCO."*™'” Such coupling can
be enhanced by providing efficient covalent,”"® coordina-
tion,"""** hydrogen-bonding**** and z—r stacking®® > Received:  May 3, 2022
interactions between coordination spheres of nearest-neighbor Published: July 11, 2022
SCO metal ions.

A few years ago, our group reported the synthesis of
heteroleptic SCO complexes [Fe(tpma)(L,)](ClO,),, where
tpma = tris(2-pyridylmethyl)amine and L, = a bidentate ligand
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Scheme 1. Ligands Used for the Synthesis of Heteroleptic
SCO Complexes
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as a precursor to prepare an SCO semiconducting material by
co-crystallization of the SCO cation with fractionally charged
TCNQ®" anions (0 < & < 1). [Fe''(tpma)(xbim)]-
(TCNQ),;(ClO,)-DMF showed a more gradual SCO,
without hysteresis, but the LIESST effect was still observed
in the hybrid material. >

To explore how the extension of the aromatic pendant on
the N-alkylated bim derivative might affect the crystal packing
and SCO behavior of the heteroleptic Fe(II) complex, we set
out to alkylate the bim unit with 2,3-dimethylenenaphthalene
to obtain a new ligand, 8,15-dihydrodiimidazo[1,2-a:2",1'-
c]naphtho[2,3-f][1,4]diazocine (xnap-bim in Scheme 1). The
conjecture was that the extended z-system of the peripheral
naphthalene fragment of xnap-bim, as compared to xbim,
might lead to a more robust crystal packing. Thus, it is of
interest to examine how this change in the ligand structure
impacts both the crystal structure of the complex and the
nature of the spin transition, i.e., its abruptness and thermal
hysteresis. Herein, we present the synthesis and detailed
investigation of structural and magnetic properties of the
heteroleptic complex, [Fe(tpma)(xnap-bim)](ClO,), (1). We
demonstrate the strong dependence of the SCO behavior on
the presence of an interstitial solvent, as well as the robust
nature of crystal packing. Remarkably, the material retains its
crystallinity even after the loss of interstitial solvent that causes
a 24% decrease in the lattice volume. The preservation of the
long-range crystalline order and the closer proximity of the
cationic Fe(II) complexes in the desolvated structure lead to a
cooperative and abrupt spin transition centered around 127 K,
as well as to a LIESST effect with an HS — LS relaxation
temperature of 65 K.

B MATERIALS AND METHODS

Synthesis. All reactions were performed in an inert atmosphere
using standard Schlenk techniques. Reagents were purchased from
Millipore Sigma, except for 2,3-dimethylnaphthalene (Alfa Aesar). All
reagents were used as received. Sodium hydride was obtained as a
60% suspension in mineral oil, and the oil was washed off with
hexanes (3 X 20 mL) to afford solid NaH that was used in the
reaction. Literature procedures were used to prepare tpma,'“ bim,**
and 2,3-bis(bromomethyl)naphthalene.’® Anhydrous commercial
solvents were additionally purified by passing through a double-
stage drying/purification system (Pure Process Technology, Nashua,
NH, USA). Elemental analyses were carried out by Atlantic Microlab,
Inc. (Norcross, GA, USA).

8,15-Dihydrodiimidazo[1,2-a:2",1"-cInaphtho[2,3-f1[1,4]-
diazocine (xnap-bim). To a solution of NaH (65.2 mg, 2.72 mmol)
in anhydrous DMF (4 mL), cooled in an ice bath, was added via
cannula a solution of bim (192 mg, 1.43 mmol) in anhydrous DMF (4
mL). The mixture was stirred for 30 min followed by addition of a
solution of 2,3-bis(bromomethyl)naphthalene (415 mg, 1.30 mmol)
in anhydrous DMF (4 mL). The color quickly changed to yellow. The
reaction mixture was allowed to warm to room temperature (r.t.), and
stirring was continued for another 12 h. The solvent was removed on
the Schlenk line under vacuum. The crude product was washed with
distilled water (100 mL), extracted with chloroform (3 X 20 mL), and
dried with MgSO,. The solvent was removed by rotary evaporation to
yield a bright-yellow powder (348 mg, 85%). HR-MS (ESI): Calcd.
(Found) for H(xnap-bim)™ = (C,sH sN,)": 287.1296 (287.1300). 'H
NMR (CDCL), 8, ppm: 7.85 (m, 2H), 7.76 (s, 2H), 7.56 (m, 2H),
7.26 (s, 2H), 7.16 (s, 2H), 5.06 (s, 4H).

[Fe(tpma)(xnap-bim)](ClO,), (1). A mixture of [Fe(H,0),]-
(Cl0y); (90.7 mg, 0.250 mmol) and tpma (72.6 mg, 0.250 mmol) in
anhydrous pyridine (S mL) was stirred for 10 min to yield a dark-
green solution. A solution of xnap-bim (71.6 mg, 0.250 mmel) in
anhydrous pyridine (5 mL) was added, and the green suspension was
stirred for an additional 4 h, until a wine-red solution was obtained.
The solution was concentrated to half a volume under reduced
pressure and filtered under an inert atmosphere. The filtrate was
layered with toluene and left undisturbed. Needle-shaped red crystals
of 1.2.25py-0.5H,0, with the lengths of several millimeters, were
collected after 2 days. When filtered and dried under suction, the
crystals yielded a yellow powder of desolvated complex 1 in 41.8%
(87.1 mg) yield. Elem. Anal.: Calcd. (Found) for FeCl,0,C34N:H,,
(1), %: C, 52.00 (51.90), H, 3.88 (3.92), N 13.48 (13.23).

[Fe(tpma)(xnap-bim)](ClO4)*pyridine (1+py). If the aforemen-
tioned procedure to obtain 1.2.5py-0.5H,0 was continued with the
crystallization tube left undisturbed for 5—7 days, then dark-red block-
shaped crystals of 1-py could be harvested from the bottom of the
tube. A bulk sample of 1-py could be obtained by mechanical
separation of its distinctly shaped crystals from the filtered product
mixture under an optical microscope. The crystals of this solvate were
sufhiciently stable and did not lose crystallinity even after being
exposed to air for several days. Elem. Anal: Calcd. (Found) for
FeCLOLC,NoH;- (1-py): C, 52.56 (52.79), H, 3.94 (3.97), N, 1328
(13.28).

The crystallization process can be accelerated by quickly mixing the
pyridine solution of 1 with toluene and leaving the mixture
undisturbed. This procedure results in higher yield of 1-2.5py-
0.5H,0, the crystals of which can be collected after 1 day, but if the
mixture is left undisturbed for longer times, then crystals of 1-py still
appear as a byproduct.

Magnetic Measurements. Magnetic properties were measured
on polycrysta]line samples using a magnetic property measurement
system (MPMS-XL, Quantum Design) equipped with a super-
conducting quantum interference device (SQUID). Direct-current
(DC) magnetic susceptibility was measured in an applied field of
1000 Oe in the 5—400 K temperature range, at a cooling/warming
rate of 1 or 2 K/min. The data were corrected for temperature-
independent paramagnetism (TIP), due to the contribution from the
excited states of the d° Fe(II) ion, for diamagnetic contribution from a
sample holder, and for the intrinsic diamagnetism using tabulated
constants.**

Photomagnetic measurements were performed on the MPMS-XL
using a homemade fiberoptic sample holder described elsewhere.®> A
Quartzline tungsten halogen lamp (400—2200 nm) delivering
nominally ~20 mW/cm® to the sample provided the broadband
“white” light. The sample was cooled to 5 K at 1 K/min while
acquiring data in an applied magnetic field of 1000 QOe. Once the
desired temperature was reached, the sample was irradiated while the
increase in the magnetic signal from the sample was monitored to
evaluate the completeness of the LS — HS photoconversion (Figure
§3). After 7 h, the time-dependent magnetization signal was close to
saturation, at which point the irradiation was discontinued, and the
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Scheme 2. Two-Step Synthesis of xnap-bim (NBS = N-Bromosuccinimide; bim = 2,2"-Biimidazole; DMF = N,N-

Dimethyformamide)
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Table 1. Fe—N Bond Lengths and N—Fe—N Bond Angles in the Structures of Complex 1
compound 1-2.25py-0.5H,0 L-py 1
temperature 100 K 230K 100 K 230 K 25 K 90K 205 K
d(Fe—N)yormpe A” 1.996(4) 2.148(4) 1.997(1) 2.003(1) 2.053(2) 2.007(3) 2.191(5)
2.001(4) 2.117(4)
Zgy(N—Fe—N), deg” 77.70(2) 111.4(1) 69.67(6) 71.02(6) 84.24(8) 70.6(1) 118.2(2)
72.90(2) 107.5(2)
(N—Fe—N) 0 tim, deg™’ 79.54(2) 7.04(2) 80.02(6) 79.76(6) 78.58(9) 79.70(1) 75.53(2)
78.71(2) 75.95(1)
Fe'l spin state™* LS ~75% HS LS LS ~30% HS LS HS
LS ~60% HS
volume per fu., A® 1144.65(5) 1190.5(1) 974.18(5) 096.63(8) 1018.6(1) 865.60(3) 912.80(5)

“Two entrles for the crystal structure of 1.2.25py-0.5H,0 correspond to the metric parameters calculated for two symmetry-independent Fe
centers. "The chelating angle formed by the N-donor atoms of the bidentate xnap-bim ligands. “The percentage of the HS state was determined by
using the metric parameters of the structures deemed to be fully LS or HS as terminal points.

DC magnetic susceptibility was measured as the sample was heated to
300 K at a rate of 0.3 K/min.

Powder X-ray Diffraction (PXRD). High-resolution PXRD
measurements on a powder sample of 1 were performed at 295 and
100 K on beamline 11-BM-B (/. = 0414582 A) of the Advanced
Photon Source (APS) facility at Argonne National Laboratory. The
unit cell parameters were refined with HighScore Plus software.*®

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
was performed on a Rigaku-Oxford Diffraction Synergy-S diffrac-
tometer equipped with a HyPix detector and monochromated Cu-Kor
and Mo-Ka radiation sources. In a typical experiment, a single crystal
was suspended in Parabar oil (Hampton Research) and mounted on a
cryoloop that was cooled to the desired temperature in a N; cold
stream. The data set was recorded as @-scans at 05° step width and
integrated with the CrysAlis software package.”’ An empirical
absorption correction was applied based on spherical harmonics as
implemented in the SCALE3 ABSPACK e\]gn::ritl’m‘n.“S The space
group was determined with CrysAlis, and the crystal structure solution
and refinement were carried out with SHELX"” using the interface
provided by Olex2.*” The final refinement was performed with
anisotropic atomic displacement parameters for all non-hydrogen
atoms, except for some atoms of highly disordered anions or solvent
molecules, which, in such cases, were refined isotropically. Full details
of crystal structure refinements and the final structural parameters
have been deposited with the Cambridge Crystallographic Data
Centre (CCDC). The registry numbers and a brief summary of data
collection and refinement parameters are provided in Table S1.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of xnap-bim was conducted in
two steps from commercially available 2,3-dimethylnaphtha-
lene, which was subjected to benzylic bromination to afford
2,3-bis(bromomethyl)naphthalene that was subsequently used
for N-alkylation of bim to produce xnap-bim in 78% total yield
(Scheme 2).

The heteroleptic complex [Fe(tpma)(xnap-bim)](ClO,),]
(1) was synthesized by reacting [Fe(H,0)s](ClO.,), with
tpma in the 1:1 ratio in pyridine (py) followed by addition of 1
equiv of xnap-bim. A dark-green suspension became a wine-red
solution after stirring for 4 h, and then, crystallization was

11351

induced by layering toluene on top of the pyridine solution.
Long red needle-shaped crystals of 1-2.25py-0.5H,0 appeared
near the interface between the solvents after 1 day. Upon
removal from the mother liquid, 1-2.25py-0.5H,0 rapidly lost
the solvent and converted to a solvent-free yellow powder of 1,
as indicated by thermogravimetric analysis (TGA) shown in
Figure Sla. However, if the crystallization tube was left
undisturbed for 5—7 days, then darker block-shaped crystals of
1-py appeared in the bottom of the tube. After removal from
the mother liquid, these crystals remained stable and did not
lose the interstitial solvent for a prolonged period of time,
preserving crystallinity even after 1—2 months. TGA
performed on these crystals showed that the sample loses
~6.5% of its mass by 154 °C (Figure S1b), which corresponds
to a 0.73 pyridine molecule, in a reasonably good agreement
with the composition of the solvate established by elemental
analysis and X-ray crystallography.

From these observations, we posit that the less stable 1-
2.25py-0.5H,0 is a kinetic product while the more stable 1-py
is a thermodynamic product. A pure sample of 1-2.25py-
0.5H,0 could be harvested from the crystallization solution
after an initial 1-2 days. On the other hand, crystals of 1-py,
due to their slower formation, always co-existed with crystals of
1-2.25py-0.5H,0, even when the crystallization tube was left
undisturbed for several months. Therefore, a pure sample of 1-
py was obtained by mechanically isolating its distinct block-like
crystals from the mixture of products after filtration.

When crystals of 1-2.25py-0.5H,0 were quickly transferred
from pyridine to diethyl ether, they converted to desolvated
yellow crystals of 1 within 1 h. The crystals of 1 and 1-py, as
well as the powder of 1 obtained by filtration of 1-2.25py-
0.5H,O in air, are air-stable, but for longer storage, it is
recommended to keep them in a desiccator.

Crystal Structures. The crystal structure determination for
1-2.25py-0.5H,0, 1-py, and 1 was performed at various
temperatures to monitor the influence of possible spin-state
changes on structural parameters (Table 1). Each crystal

https://doi.org/10.1021/acs.inorgchem.2c01490
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Figure 2. Fragment of the crystal packing of 1-py showing the [Fe(tpma)(xnap-bim)]** cations arranged in a double column. The 7—x and o—n
interactions are indicated with black and gray arrows, respectively. See the text for details.

structure contains a mononuclear cationic complex [Fe(tpma)-
(xnap-bim)]* (Figure 1) and accompanying ClO,” counter
ions, with interstitial solvent molecules also present in the
structures of 1-2.25py-0.5H,0 and 1-py. The Fe ion resides in
a distorted octahedral environment of the tetradentate tpma
and bidentate xnap-bim ligands. The extent of distortion (Zg)
was quantified by summing the absolute values of deviations of
the 12 cis-(N—Fe—N) angles from an ideal value of 90°. 1t is
well established that the HS state typically exhibits longer Fe—
ligand bond lengths and larger values of Xy, than those of the
LS state.*""*

The complex 1-2.25py-0.5H,O crystallizes in the triclinic
space group P1. The asymmetric unit (as.u.) contains two
[Fe(tpma)(xnap-bim)]** cations, four ClO,~ anions, four and
a half molecules of pyridine, and one molecule of water. The
average Fe—N bond length at 100 K is typical of values
observed for the LS Fe" ion*' and well comparable to the

values reported for the parent complexes, [Fe(tpma)(bim)]-
(ClO,), and [Fe(tpma)(xbim)](ClO,), (2.022 A for both).”
At 230 K, however, the Fe—N bonds become notably longer
and the angular distortion of the coordination environment
increases substantially (Table 1), indicating a partial
conversion to the HS state. One of the symmetry-independent
Fe sites shows a slightly larger change toward the HS state than
the other site. The comparison to the bond lengths observed in
the LS and HS states of 1 (see below) suggests that, at 230 K,
the fraction of the HS state in the crystal of 1-2.25py-0.5H,0 is
~75% for the Fe(1) site and ~60% for the Fe(2) site, giving an
average HS fraction of 67.5%. The crystal structure
determination at room temperature (rt.) was not possible
due to the rapid loss of interstitial solvent that led to the
deterioration of crystals of 1-2.25py-0.5H,0.

The higher stability of 1-py allowed crystal structure
determination at 100, 230, and 295 K. At all temperatures,

https:/doi.org/10.1021/acs.inorgchem.2c01490
Inorg. Chem. 2022, 61, 11349-11358
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Figure 3. Side (a) and top (b) views of one double column in the crystal structure of 1-2.25py-0.5H,0. The naphthalene fragments of two adjacent
tetrads are emphasized with different colors. The interplanar distances between naphthalenes are also shown. For clarity, surrounding solvent
molecules and anions are omitted in panel (a), and the H atoms are omitted in panel (b). Color scheme: Fe = orange, Cl = green, O = red, N =

blue, C = gray.

Figure 4. Top view of the packing of double columns in the crystal structures of 1-2.25py-0.5H,0 (a), 1-py (b), and 1 (c). The black lines indicate
the shortest intercolumnar distances between Fe centers. These distances are listed in Table 2.

the complex crystallizes in the monoclinic space group P2,/c,
with the a.s.u. containing one [Fe(tpma)(xnap-bim)]** cation,
two ClO,” anions, and one pyridine molecule. At the lowest
temperature, the Fe—N bond lengths and the Xy, parameter
(Table 1) are comparable to those observed for 1-2.25py-
0.5H,0 at 100 K, indicating the LS state of the Fe' ion. While
these parameters remain nearly the same at 230 K, they
obviously increase at 295 K, signifying a partial conversion to
the HS state. From these metric parameters, we estimate that
1-py contains ~30% of the HS state at 295 K. Even at this
temperature, the Fe—N bond lengths and the angular
distortion observed in the structure of 1-py are smaller than
those observed in the structure of 1-2.25py-0.5H,0 at 230 K.
These observations suggest that the SCO temperature of 1-py
is higher than that of 1-2.25py-0.5H,0, i.e,, the relative stability
of the LS state in 1-py is increased.

The crystal structure of the desolvated complex 1 was
determined at 90 and 295 K. The complex crystallizes in the
triclinic space group PI at both temperatures. The as.u.
contains a single [Fe(tpma)(xnap-bim)]** cation and two
ClO,” anions. The metric parameters clearly reveal the
existence of the Fe" ion in the fully LS state at 90 K and the
fully HS state at 295 K (Table 1). Indeed, the room-

temperature structure of 1 shows an average Fe—N bond
length of 2.191(5), which is comparable to the value observed
in the HS structure of [Fe(tpma)(xbim)](ClO,), (2.184 A at
210 K), although the slightly shorter Fe—N bond lengths in the
latter can be explained by the lower crystal structure
determination temperature.”

Despite the differences in the as.u. content and the space
group symmetry, the crystal packing of all three complexes
reveals a common feature. The [Fe(tpma)(xnap-bim)]**
cations pack into a double column held together by efficient
7—n interactions between the pyridyl groups of the tpma
ligands of adjacent complexes. This packing is also supported
by n—r interdigitation of the pendant naphthalene function-
alities of the xnap-bim ligands and weaker 6—a contacts
between the H atoms of the naphthalene fragments and
imidazole rings of the xnap-bim ligands (Figure 2). A similar
crystal packing motif was observed in the crystal structure of
[Fe(tpma) (xbim)](CIO, ),.*

Nevertheless, the variation in the interstitial solvent content
also results in some notable differences in the crystal packing.
The stacking of the cations in the double columns appears to
be the least regular in the crystal structure of 1-2.25py-0.5H, 0.
The cations form centrosymmetric tetrads (Figure 3), within

https://doi.org/10.1021/acs.inorgchem.2c01490
Inorg. Chem. 2022, 61, 1134911358
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Table 2. Representative Fer~Fe Distances in the Structures of Complex 1

compound 1-2.25py-0.5H,0 1-py 1
temperature 100 K 230 K 100 K 230 K 295 K 90 K 295 K
d(Fe-Fe), A
along the column 9.0954(9) 9.1064(9) 9.1146(6) 9.1637(7) 9.2127(8) 8.8915(7) 9.050(1)
8.8077(9) 8.9981(9)
across the column (along the naphthalene units) 14.717(1) 14.809(1) 14.9198(9)  14.990(1) 15.071(1) 14.4385(8)  14.439(2)
15.672(1) 15.917(1)
between columns (shortest distances, as shown in 9.5137(9)  10.199(1) 9.3842(8) 9.4973(9) 9.700(1) 9.2941(7) 9.431(2)
Figure 4) 12.214(1) 12.618(1) 9.6970(6) 9.7819(6) 9.8028(6) 9.6657(7)  10.096(1)
13.008(1) 13.108(1) 13.9266(8)  14.0384(9)  14.187(1) 10.1115(7)  10.477(1)
184
Calculated at 295 K
164
14+
Experimental at 295 K
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5. Powder X-ray diffraction patterns of 1 recorded at 295 and 100 K in comparison to the patterns of the HS and LS phase calculated form

the crystal structures determined at 295 and 90 K. The gray vertical bands are used to highlight some peaks showing distinct shifts between the HS

and LS patterns.

which the interplanar distances between the naphthalene
fragments are 3.50, 3.18, and 3.50 A (at 100 K). The distance
between the naphthalene planes of the adjacent tetrads is 3.16
A. The shorter interplanar distances in the middle of the tetrad
and between the tetrads are due to the slippage of the
naphthalene planes in the direction perpendicular to the stack
propagation and along the shorter side of the naphthalene
moieties. Indeed, the naphthalene centroid-to-centroid dis-
tances are 3.79, 5.00, and 3.79 A within the tetrad and 6.38 A
between the tetrads. Such relatively irregular packing of the
SCO cations in 1-2.25py-0.5H,0 can be explained by the
presence of a large amount of interstitial solvent. Although the
solvent molecules and perchlorate anions are situated mainly
between the double columns of cations, the extensive van der
Waals interactions with the cations, while weak, contribute to
the partial disruption of the double column (Figure 3b).

11354

The crystal packing of 1-py appears to be more regular. The
interplanar distances between naphthalene fragments in 1-py
exhibit alternating values of 3.37 and 3.41 A, while the
centroid- to-centroid distances alternate between 4.05 and 5.34
A. The larger centroid-to-centroid distance is caused by a
larger offset of molecules along the longer axis of the
naphthalene fragment. In the solvent-free structure of 1, the
crystal packing is also more regular than that of 1.2.25py-
0.5H,0. In comparison to the crystal structure of 1-py, the
double columns in the structure of 1 show slightly larger but
more similar interplanar distances between naphthalene units,
alternating between 3.45 and 3.46 A. On the other hand, the
centroid-to-centroid distances became more dissimilar, alter-
nating between 3.80 and 5.49 A,

While the large amount of interstitial solvent in the structure
of 1-2.25py-0.5H,0 causes larger separation between the

https://doi.org/10.1021/acs.inorgchem 2c01490
Inorg. Chem. 2022, 61, 11349-11358
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Table 3. Unit Cell Parameters

of 1 Determined by Single-Crystal and Powder X-ray Diffraction

X-ray method single crystal powder
temperature 90 K 295K 100 K 205 K
unit cell
a, A 8.8015(3) 0.0494(3) 8.80(6) 0.04(4)
b, A 9.2941(3) 9.4568(5) 9.28(7) 9.46(4)
o A 21.2228(8) 21.6041(8) 21.2(1) 21.58(9)
a, deg 06.866(3) 82.788(4) 96.86(5) 82.67(4)
f, deg 06.406(3) 84.436(3) 96.392(9) 84.571(8)
¥, deg 90.771(3) 80.221(4) 90.89(1) 80.301(7)
v, A? 1729.7(1) 1825.6(1) 1729(19) 1823(13)
(a) - —1 ® () **
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Figure 6. Temperature-dependent yT curves demonstrating (a) an abrupt spin transition with a 2 K thermal hysteresis in a sample of 1 obtained by
filtration and drying of 1-2.25py-0.5H,0, (b) a gradual SCO in a freshly filtered sample of 1-py followed by a more pronounced mixture of the
gradual SCO and abrupt spin transition after heating the sample to 400 K in the magnetometer chamber, and (c) the LIESST effect achieved by
cooling the sample of 1 to 5 K and irradiating it with white light, after which the sample was heated to room temperature. In all cases, the heating
and cooling rates were 1 K/min, with the exception of the LIESST state in panel (c), which was studied in the warming mode at 0.3 K/min.

columns (Figure 4a), in the crystal structure of 1-py, the
columns are arranged closer to each other (Figure 4b). The
densification of the crystal packing can be also seen from the
smaller volume per formula unit (fu.) in the structure of 1-py
as compared to the volume per fu. in the structure of 1-2.25py-
0.SH,0 (Table 1). Furthermore, in 1-2.25py-0.5H,0, the
solvent molecules are arranged rather loosely in the space
between the double columns, which might explain the easy loss
of interstitial solvent by this material upon filtration. In
contrast, the crystal packing of 1-py reveals that the pyridine
molecules are situated between layers of double columns
(Figure 4b), and in addition, the perchlorate anions appear to
prevent an easy escape of the solvent molecules from the
structure. As a result, the solvate remains stable when exposed
to air at r.t,, and heating to higher temperatures is required for
desolvation (Figure S1b).

The crystal packing of 1 (Figure 4c) is also more regular
than that of 1-2.25py-0.SH,O. The interplanar distances
between the naphthalene fragments are 3.45 and 3.46 A,
while the centroid-to-centroid distances are 3.80 and 5.49 A,
resembling more the corresponding distances observed in the
structure of 1-py rather than in the structure of 1-2.25py-
0.5H,0. Due to the complete loss of interstitial solvent, the
volumes per fu. in the crystal structure of 1 are smaller by 24.4
and 11.1% than the volumes per fu. in 1-2.25py-0.5H,0 and 1-
py, respectively.

The crystal structure of 1-py exhibits slightly different
topology of the double-column packing as compared to the
crystal structures of 1-2.25py-0.5H,0 and 1 (see Figure 4), but
the latter two structures can be compared more directly. Table
2 summarizes the shortest Fe---Fe distances along the column

(separated by the interaction between the tpma ligands),
across the column (separated by the naphthalene fragments),
and between the columns (as defined by black triangles in
Figure 4). Due to the more compact structure, the Fe---Fe
distances between the columns in 1 are notably shorter than
those in 1-2.25py-0.5H,0. The shortest inter-columnar Fe---Fe
distances decrease with the decreasing solvent content in the
structure.

A comparison of the crystal packings in Figure 4 clearly
reveals that there is a straightforward pathway from the crystal
structure of 1-2.25py-0.5H,0 to that of 1 through desolvation,
but a conversion from 1-py to 1 will require a much more
substantial displacement of the crystal packing. To explore the
desolvation of 1-2.25py-0.5H,0 in greater detail, we performed
synchrotron high-resolution powder X-ray diffraction (PXRD)
on a sample of 1 obtained after filtration of 1-2.25py-0.5H,0 in
air. The PXRD patterns collected at 295 and 100 K (Figure 5)
revealed sharp peaks, confirming that the sample preserves its
crystallinity. A clear shift of the 100 K pattern to the higher
diffraction angles relative to the 295 K pattern is in agreement
with the decrease in the unit cell volume associated with the
HS — LS transition. Indeed, the patterns were successfully
indexed with the calculated PXRD pattern of 1, giving the unit
cell parameters in good agreement with those established from
the single-crystal X-ray diffraction (Table 3).

The collapse of the structure upon solvent loss appears to be
irreversible. Attempts to re-solvate a sample of 1 by exposing it
to pyridine or methanol, or even by immersing crystals in the
solvent, did not affect the color of the crystal or the unit cell
volume. Apparently, the efficient intermolecular interactions
achieved in the desolvated structure contribute to its stability.

httpsy//doi.org/10.1021/acs.inorgchem.2c01490
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Magnetic and Photomagnetic Properties. Magnetic
measurements were performed on polycrystalline samples 1-py
and 1. The desolvated yellow powder of 1, which was obtained
after filtering crystals of 1-2.25py-0.5H,0, showed a 4T value
of 3.17 emu-K/mol at 300 K. This value is consistent with the
spin-only ¥T = 3.00 emu-K/mol expected for the HS Fe" ion
(S = 2). The slightly higher experimental T value is explained
by orbital contribution to the magnetic moment.*> Upon
cooling at a rate of 1 K/min, the sample showed an abrupt
decrease in yT, indicative of a cooperative spin transition
(Figure 6a). The transition temperature (T,,,), at which the
fractions of HS and LS states are equal, was found equal to 126
K upon cooling and 128 K upon warming, thus revealing a 2 K
thermal hysteresis. The width of the hysteresis remained the
same when the temperature was changed at a rate of 2 K/min.
A residual low-temperature yT value of ~0.2 emu-K/mol can
be explained by a minor fraction of the HS state that might
remain on the surface or other defects present in the sample.

A dramatically different magnetic behavior was observed for
the solvated sample 1-py. As the sample was cooled from 300
K and then warmed to 400 K (the first cycle in Figure 6b), a
gradual and reversible SCO was observed, with T}, = 314 K. A
minor anomaly observed as an abrupt spin transition at ~127
K suggests that this sample also contained a small amount of
the desolvated complex 1. As the sample was cooled from 400
K, the gradual SCO became less pronounced while the abrupt
spin transition at lower temperature increased substantially
(the second cycle in Figure 6b). This observation can be
explained by the solvent loss that leads to the partial
conversion of 1-py to 1 at higher temperatures within the
magnetometer chamber.

The difference in the magnetic behavior of 1-py and 1 can be
attributed to the loss of cooperativity caused by the presence of
the interstitial solvent in the former structure. The closer
distances between the SCO cations in the solvent-free
structure of 1 lead to the cooperative and abrupt spin
transition. On the other hand, the T, values for the two
samples differ by ~200 K, indicating a relatively higher stability
of the LS state in 1-py. Such an effect can emerge from the
larger distortion of the coordination environment of Fe" sites
in structure 1 due to intermolecular packing forces.*>** This
assumption could be probed by the analysis of the angular
distortion parameter, Xy, which equals to 69.67(6) and
70.6(1)° for the LS structures of 1-py and 1, respectively
(Table 2). The Fe" coordination in 1 appears to be slightly
more distorted, but the difference of ~1° is rather small, taking
into account that X, is a result of summation over 12 different
cis-N—Fe—N angles. Thus, more subtle factors can be at play
here, such as electron density redistribution due to the more
efficient intermolecular interactions in structure 1.

The abrupt spin transition observed for complex 1 also
suggests that this material might exhibit a light-induced excited
spin state trapping (LIESST) effect.” A thin layer of yellow
powder of 1 was irradiated with white light (~20 mW/cm?) in
a static magnetic field of 1000 Oe at 5 K, which led to the
increase in the observed magnetization. After 7 h, the
irradiation source was switched off and the magnetic
susceptibility was measured in the warming mode at 0.3 K/
min (the green curve in Figure 6¢c). A T value at § K increased
from 0.27 emu-K/mol before irradiation to 2.64 emu-K/mol
after irradiation. Upon heating from § K, the T increased to a
plateau of ~2.95 emu-K/mol at 25 K, suggesting a nearly
complete light-induced conversion to the HS state. (The

decrease in T below 25 K is explained by zero-field splitting
effects.) Heating above 50 K led to a rapid decrease in T due
to the relaxation of the metastable HS state to the ground LS
state. The fraction of the HS state at 25 K was estimated by
assuming that the sample is in the fully HS state at 200 K
(Figure 6c). Given that the yT value at 200 K is 3.32 emu-K/
mol, the fraction of the light-induced HS state is ~90%. The
characteristic temperature, T} gy, Was determined to be 65 K
from the minimum of the d(T)/dT curve in the region of the
thermally induced HS — LS relaxation.

It is interesting to compare the magnetic and photomagnetic
properties of 1 to those of the previously reported parent
complex, [Fe(tpma)()(bim):|(C104)2.26 Both exhibit abrupt
spin transitions with narrow thermal hysteresis. The T/, for
complex 1 is notably lower (126 K upon cooling and 128 K
upon warming) than the T,, for [Fe(tpma)(xbim)](ClO,),
(196 and 203 K, respectively). On the other hand, the T\
for 1 (65 K) is higher than the value reported for
[Fe(tpma)(xbim)](ClO,), (52 K). The increase in the Typr
value might be correlated with the decrease in T, for 1 as
both effects are in agreement with an increased stability of the
HS state relative to the LS state.''"*

B CONCLUSIONS

This work demonstrates the efficacy of the ligand set,
composed from tetradentate tpma and N-alkylated bidentate
bim, for the preparation of novel SCO complexes. Moreover,
the pendant aromatic functionality on the N-alkylated bim
promotes efficient columnar stacking of SCO cations,
supported by additional intermolecular 7—7 interactions
between pyridyl groups of tpma. Such crystal packing motif
appears to be remarkably robust with respect to the loss of
interstitial solvent as the structure sustains a 24% decrease in
lattice volume due to solvent loss, without the loss of
crystallinity. Moreover, even integrity of single crystals can
be preserved if the desolvation is carried out under controlled
conditions. While gradual SCO is observed for two different
solvated structures of [Fe(tpma)(xnap-bim)](ClO,),, the
densification of the structure caused by the complete solvent
loss results in a material that exhibits an abrupt spin transition.
It is of interest to extend this research to other derivatives of
bim with extended aromatic pendants, such as anthracene,
pyrene, perylene, etc. Such derivatization can lead not only to
crystal packings that promote abrupt and hysteretic spin
transitions but also to interesting photophysical behavior.
Efforts in this direction are currently under way, and their
results will be reported in due course.
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