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ABSTRACT: Two new isostructural two-dimensional (2D) coordination polymers exhi-
biting spin crossover (SCO) behavior of formulation [Fe(4,4’-bipy),(NCX),]-4CHCl;
(4,4’ -bipy = 4,4 -bipyridine; X = S [1-4CHCl, ], Se [2+-4CHCL;]) have been synthesized
and characterized, and both undergo cooperative spin transitions (ST). For 1-4CHCl;
the ST takes place in two steps with critical temperatures of Tcldmm =143.1K,T czd"w“ =
912K, T ;" =150.7K,and T,"" = 112.2 K. 2 - 4CHCl; displays half ST characterized by
T2 = 161.7 K and T.* = 168.3 K. The average enthalpy and entropy variations and
cooperativity parameters associated with the ST have been estimated to be AH,™ =
5.18kJmol ", AS;*=35JK "mol ',and ', = 2.8 kf mol " and AH,™ = 3.55kJ mol "/,
AS,™=35JK "'mol ', and ", = 2.6 k] mol ' for 1-4CHCl;, and AH* = 6.25 k] mol ',
AS™=381JK "mol ', and " =3.2kJ mol ' for 2:4CHCl;. At T > [T.; (1-4CHCl;); o
T. (2-4CHCl;)], both compounds are in the space group P2/c while at T < [T,
(1-4CHCL); T. (2-4CHCIl;)] they change to the C2/c space group and display an

ordered checkerboard-like arrangement of iron(II) sites where the high- and low-spin states coexist at 50%.

B INTRODUCTION

Interest is currently growing in the field of six-coordinated
iron(II) compounds that show spin-crossover (SCO) properties.
They switch between the high-spin (HS) state t,,*e,” (S=2) and
the low-spin tzgéego (S = 0) (LS) state in a reversible and
controllable way in response to external stimuli (usually tem-
perature, pressure, and/or light). Because of the antibonding
nature of the e, orbitals, their population-depopulation provoke
drastic structural changes at the coordination sphere of iron(II).
In the solid state these structural changes may be transmitted
cooperatively from one site to another by elastic interactions. In
the case of strong coupling between the SCO sites, the magnetic,
optical, and dielectric properties of the material change abruptly
and, in the most interesting cases, this abrupt change is accompanied
by thermo- and/or piezo-hysteretic behavior conferring upon
the material a bistable nature, which could ultimately be used for
the construction of sensory and memory devices."”

Extended one-, two-, and three-dimensional (1D, 2D, 3D)
spin crossover coordination polymers (SCO-CPs) have become
one important source of SCO compounds. Since the first
reported examples of SCO-CPs, belonging to the two related
series of 1D triazole-based complexes [Fe(Htrz),(trz)](BE,)>
and [Fe(4-Rtrz),](Anion),," an important variety of 1D, 2D, and
3D SCO-CPs derived from triazoles,’ tetrazoles,” pyridine-like
bridging ligands,7 and anionic bridges such as cyanometallates,8
dicyanamide,” or polynitriles'® have been reported. Within these
SCO-CPs, 2D compounds which may be generically formulated
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{Fe(L),(NCX),} - nSolv have been important in the search for
new SCO-CPs, as they display a variety of SCO behaviors,
interesting network structures and properties. Typically such
coordination networks contain iron(II) centers surrounded by
six N-donor ligands in an octahedral configuration, with mono-
dentate pseudohalide ligands in the two axial positions and bis-
monodentate pyridine-like bridging ligands (L) in the four
equatorial positions, which allows the coordination network to
form a (4,4) grid. Such a grid contains square windows whose
size depends on the length of L. For small-medium L lengths the
crystal packing is made up of a simple parallel stacking of the grids
as described for the archetypal compound {Fe(btr),(NCX),}
x=5s" Se;'? btr = 4,4’ -bis-1,2,4-triazole). However, for large
enough bridging ligands the network may be doubly or triply
interpenetrated; networks of this kind include {Fe(bpb),-
(NCS),} (bpb = 1,4-bis(pyridyl)butadiyne),"* {Fe(tvp),(NCS),}
(tvp = 1,2-bis(pyridyl)ethene),"* {Fe (bpbd),(NCS),} (bpbd =
2,3-bis(4'-pyridyl)-2,3-butanediol) ' and {[Fe(azpy),(NCS),}
(azpy = 4,4'-azopyridine)."”'® In many cases these networks
clathrate solvent molecules, which have a profound effect on their
SCO behavior. This can be in the form of switching the SCO
activity on and off—{Fe(btr),(NCX),} shows no SCO, whereas
{Fe(btr),(NCS),} - H,O shows complete crossover''—or it can
modify the transition: the network {Fe (bpbd),(NCS),} -2Solv
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shows a thermal hysteresis for ethanol and methanol guests, but
not for acetone, acetonitrile or 1-propanol.*®

In contrast to the 2D SCO-CPs mentioned above, no SCO has
been observed for the closely related 2D-CPs {Fe(4,4’-bipy),-
(NCS),} - nSolv where 4,4'-bipy is the well-known bis-monoden-
tate building block 4,4’ -bipyridine and Solv represents a variety of
solvents including nitromethane, nitrobenzene, acetone, metha-
nol, toluene, trichloroethene, carbon disulfide, or diethyl ether
(n=1-3)." Like for the other members of the {Fe(L),(NCX),} -
nSolv series, self-assembly of Fe(II), NCS™ and 4,4'-bipy pro-
duces similar 2D (4,4) grids which stack in a paralle] fashion
without interpenetration. At 100 K, the crystal structure of all
eight of these solvates contained the iron(II) atoms in a high-spin
configuration, and magnetic susceptibility measurements on the
nitrobenzene and toluene solvates showed no SCO in the
temperature range 300—S5 K. The lack of SCO in these solvates
can be considered somewhat surprising given the similarity
between 4,4-bipy and the other bis-monodentate ligands
mentioned above.

Aware of the influence that subtle structural changes have on
the electronic configuration of Fe(Il) complexes exhibiting
ligand field strengths close to the HS-LS state crossing point,
we have pursued the search for new solvates of {Fe(4,4'-bipy),-
(NCS),}. Here we report the synthesis of the chloroform solvate
of the system {Fe(4,4'-bipy),(NCX),} 4CHCl; with X = S
(1-4CHCI;) or Se (2-4CHCl,). Variable temperature magnetic
susceptibility, calorimetric measurements, and X-ray structural
determinations confirm the occurrence of cooperative spin
crossover behavior for both compounds.

B RESULTS

Magnetic and Calorimetric Studies. The magnetic proper-
ties of 1-4CHCI; and 2-4CHCI; are shown in Figure 1 in the
form of T vs T plots, where )y is the molar magnetic suscep-
tibility and T is the temperature. Given the extreme lability of the
CHCl; molecules, wet single crystals of 1-4CHCI; were transferred
directly from the mother liquor into a sealed Teflon sample holder.
The actual sample mass was evaluated from the resulting dry
unsolvated compound 1. The estimated mass in different experi-
ments was typically in the range 130—150 mg. 1-4CHCl; was
quickly cooled down to 50 K (black diamonds in Figure 1a). At this
temperature ¥, T was about 1.62 cm® K mol ™', and is practically
constant on warming to 123 K (1.75 cm® Kmol ). This value of
«mT is consistent with the presence of a 50:50 mixture of iron(II)
ions in the HS and in the LS state and corresponds to trapping of
50% of the iron(II) ions in the HS state because of slow kinetics
(see below). Between 125 and 131 K the ;T value undergoes a
sudden rise to 2.21 cm® K mol " followed by a small decrease,
which can probably be ascribed to the occurrence of a crystal-
lographic phase transition. The small decrease in T would
represent relaxation of the system from the thermally trapped
phase to the thermodynamically stable phase characterized by a
smaller )T value at higher temperatures. In the temperature
interval 156—200 K, ¥\ T is about 3.40 cm® Kmol indicating
that the LS centers have been thermally promoted to the HS
state. Then a cooling-warming cycle was performed on the same
sample in the temperature range 200—S50 K (open circles).
Interestingly, 1+-4CHCI; displays a complete two-step coopera-
tive ST characterized by the critical temperatures T, *"" = 143.1 K,
T,%"" =912 K, T.,"? = 150.7 K, and T, = 112.2 K. The two
steps are separated by a plateau (T = 1.70 cm® K mol ')
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Figure 1. Magnetic behavior of 1-4CHCl; (a) and 2-4CHCl; (b).
Black solid lines are to guide the eyes, while the red solid line
corresponds to the simulation of the spin transition (see text).

that is about 34 and 24 K wide for the cooling and warming
modes, respectively. Hysteresis loops of approximately 7.6
and 21 K width characterize the high- and low-temperature
STs, respectively. The same results were observed in subse-
quent cycles. The magnetic behavior of the same sample in the
desolvated state corresponds to that of an iron(II) ion in the
HS state over the whole range of temperatures (see Support-
ing Information).

The CHCI; molecules were less labile in the compound
2+-4CHCI; and, consequently, comparable magnetic behaviors
were observed for wet and freshly prepared dry samples (kept at
ca. 250 K). T is equal to 3.75 cm® K mol " at 200 K indicating
that the compound is in the HS state at this temperature. This
value remains constant after cooling down to 167 K after which
2+4CHCI; undergoes a cooperative half ST, T dropping to
attain a value of 1.87 cm® K mol™* at 140 K, and remaining
essentially constant down to 50 K (open circles, Figure 1b).
Below this temperature )T slightly decreases, most probably
because of zero-field splitting of the remaining HS iron(II) ions.
In the warming mode, the T values around the SCO region do
not match those observed for the cooling mode, creating a
hysteresis loop 6.6 K wide, characterized by T.%*" = 161.7 K
and T."P = 168.3 K.

Differential scanning calorimetry (DSC) studies were per-
formed in the temperature interval 300—120 K for CHCl;-wet
single crystals of 1-4CHCI; and for dry samples of compound
2-4CHCI; in sealed aluminum pans. The actual sample mass of
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Figure 2. Calorimetric measurements for 1-4CHCl; and 2-4CHClI; in
the cooling (open diamonds) and warming (closed diamonds) modes.

1-4CHCI; was evaluated from the resulting dry unsolvated
compound 1, being typically in the range 25—35 mg. Because
the lowest temperature limit of the calorimeter was 120 K the
low-temperature step of 1-4CHCI; could not be monitored.

Anomalous variation of the molar specific heat, AC,,, versus T
for the cooling and warming modes is displayed in Figure 2. The
critical temperatures deduced from this experiment, T 4" =
145.6 and 160.4 K and T."" = 149.6 and 166.8 K for 1-4CHCl;
and 2 - 4CHClj, respectively, agree quite well with those deduced
from magnetism for the first step of 1-4CHCl; and for
2-4CHCI;. The shoulders observed for the high-temperature
step in 1-4CHCIl; (cooling and heating modes) may reflect
changes in cooperativity related to subtle structural modifications
occurring during the spin state change and have also been detected
from the derivative of yyT vs T (see Supporting Information,
Figure S1). The enthalpy (AH) and entropy (AS) variations
associated with each mode are, respectively, 4.5 kJ mol '
and 31.0 J K" mol ' (cooling mode) and 5.9 kJ mol " and
354J K "mol " (heating mode) for 1-4CHCl; and 5.8 kJ mol "
and 36.1 J K" mol ' (cooling mode) and 6.7 k] mol ' and
40.2J K" mol ™! (warming mode) for 2-4CHCl,.

The enthalpy, AH, and entropy, AS, parameters associated
with the two-step ST observed for 1-4CHCI; and 2-4CHCI,
have also been estimated by applying the regular solutions model

assuming each step is like two independent events:*’

In[(1 = Yus)/ (Vusi — fus)] = AH;
+ (1 + fug — 2Vus)/RT — AS/R
(1)

where fizsi = (i) o/ [(nDusi — ((mT)vsi] is the residual
HS molar fraction, ()nT )yt is the T value at low temperature
[10S K = T < 135 K for the ST i = 1 occurring in the interval
160—105 and 40 K < T = 90 K for the ST i = 2 occurring in the
interval 130—50 K], vy is the HS molar fraction expressed as
follows:

Yasi = [0 T mi — O Dl /[T s — Qo T
(2)

(%mT)mi is the experimental yyT value, and (ymT)Ls and
(xmT)us; correspond to the expected values for the fully
populated LS and HS states. Given that the plateau between
the two transitions is practically at 50% of conversion and that the
transition is complete, it is sensible to consider fi5; =0 (i =1, 2).
Simulation of the experimental data was then performed with
(¢mT)wsi = 340 and 1.70 cm® K mol ' and (yT)ygi= 1.70 and
0cm®Kmol *fori=1and?2, respectively. The best simulation of
the experimental data for 1-4CHCI; gives AH, = 5.18 kJ mol !,
AS; =35] K " mol ™!, and T'; = 2.8 kJ mol " for the high-
temperature transition and AH, = 3.55 kJ mol ™!, AS, =
35JK "mol ', and I, = 2.6 k] mol " for the low-temperature
transition (see the red line in Figure 1a). The best simulation of
the experimental data for 2-4CHCI, gives AH, = 6.5 k] mol ",
AS,=40.0] K 'mol !, and T, =33 kJ mol . Itis worth noting
that the experimental average values AH;*"® = 5.2 k] mol " and
AS; ™ =332 J K ' mol ! for 1-4CHCl; and AH,*"*® =
6.2 kJ mol " and AS;*® = 38.1 J K" mol ™' for 2-4CHCl,
agree satisfactorily with those obtained from simulation with
eq 1. Differences between simulated and experimental curves are
within the level of error expected for the applied model.

These thermodynamic parameters appear reasonable when
compared with those previously reported for other iron(Il) spin
crossover compounds.”’ For example, the closely related 2D
SCO polymer [Fe(btr),(NCS),] -H,O displays a complete coop-
erative ST, with critical temperatures T.*** = 121 K and T.*f =
145 K, with AH = 100 kf mol ', AS=76 JK ' mol ', and T =
4.7 IJ mol "> Note that the thermodynamic parameters
estimated for 1+-4CHCI; correspond to half-ST and should be
multiplied by 2 to get comparable values.

Crystal Structures. Crystals of 1-4CHCI; were exceedingly
prone to solvent loss. Selected crystals picked up from the
mother liquor were soaked in inert oil (NParatone) and mounted
immediately on a goniometer at 120 K, in the center of the
plateau where equal numbers of HS and LS species are present
(according to the magnetic data). This allowed the crystal
structure to be recorded at this temperature, but despite many
attempts, we could not solve the crystal structure in the HS state
because of the crystals deteriorating in less than 1 h at 190 K.
However, we were able to obtain the cell parameters, which
indicate a change of space group from monoclinic C2/c at 120 K
to monoclinic P2/cat 190 K (a = 11.607(2) A, b= 11. 560(2) A,
¢ =16.057(4) A, B = 103.73(2)°). The fully LS state was not
reached because our cryostat cannot reach temperatures below
90 K. The crystal structure of 2+-4CHCI; was solved at both
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Table 1. Crystal Data for 1-4CHCI;, and 2-4CHCl;

1-4CHCI, 2.4CHCl,

120 K 100 K 200 K
empirical formula Cs,H40N1,S,4ClyyFe, Cs,H,4oN1,Se,ClyFe, C,6H,oNgSe,Cl;,Fe
Mr 1923.70 2111.30 1055.66
crystal system monoclinic monoclinic monoclinic
space group C2/c C2/c P2/c
a (A) 22.6810(8) 22.693(2) 11.499(5)

b (A) 22.6170(6) 22.608(2) 11.505(4)
¢ (A) 17.2920(7) 17.291(2) 17.854(5)
B (deg) 117.757(5) 116.933(2) 117.94(2)
V(A% 7849.7(5) 7908.9(12) 2086.7(13)
V4 4 4 2

D, (mgecm ?) 1.628 1.773 1.680
F(000) 3840 4128 1032

# (Mo—K,) (mm™") 1.337 3.062 2.902
crystal size (mm) 0.10 x 0.04 x 0.04 0.10 x 0.10 x 0.05 0.10 x 0.10 x 0.05
total reflections 9281 6853 2164

no. of reflections [I > 20(I)] 4667 5613 1908

R, [T >20(D)]" 0.0558 0.0444 0.0530

wR [I > 20(D)]* 0.1023 0.0980 0.1353

S 0.918 1.050 1.048

“Ry = 3||Fy| — |E||/Z|Fo|; wR = [Ew(F,> — E2)*/Sw(E,>)*]" % w = 1/[s*(F,>) + (mP)* + nP] where P = (F,> + 2E.2)/3; m = 0.0620 (1), 0.0594
(2, 100 K), and 0.0950 (2, 200 K); n = 0.0000 (1), 16.6439 (2, 100 K), and 4.3759 (2, 200 K).

100 and 200 K. Table 1 contains crystallographic data for both
compounds.

At low temperatures, the structures of both 1:4CHCI; and
2+4CHClI; are in the monoclinic C2/c space group with similar
crystal parameters indicating they are strictly isostructural, at
least in the intermediate mixed spin-state phase. In this phase,
[120 K (1-4CHCIl;) and 100 K (2-4CHCIl;)], there are two
crystallographically distinct iron(II) sites, Fel and Fe2, lying on a
2-fold axis running along the [010] direction, creating pseudo-
octahedral [FeNg] centers. Figure 3 depicts both coordination
sites individually, together with the corresponding atom number-
ing within the asymmetric unit. Table 2 contains representative
bond angles and distances. The four equatorial positions are
occupied by the 4,4'-bipyridine ligands, while the axial positions
are occupied by the thiocyanate anions. The Fe—N., bond
lengths, in the range 1.982—2.003 A for Fel and 2.208—2.258 A
for Fe2, are slightly larger than the Fe—N,, bond lengths:
1.938(4) A (1-4CHCI,) and 1.938(5) A (2-4CHCI,) for Fel
and 2.094(4) A (1-4CHCl;) and 2.104(S) A (2-4CHCI;) for
Fe2. The bond lengths found for the Fel and Fe2 sites for both
compounds are typical of iron(II) in the LS and HS states,
respectively, in agreement with the magnetic data. Consistent
with this observation, the N—Fel—N bond angles differ insig-
nificantly from those expected for a regular octahedron, but the
differences are more marked for N—Fe2—N. The NCS™ and
NCSe™ groups are practically linear and are tilted by 6.6°
(1-4CHCl;) [7.2° (2-4CHCl3)] and 15.3° (1:-4CHCI;)
[12.1° (2:4CHCI;)] for Fel and Fe2, respectively, with respect
to the (SC)N—Fe—N(CS) axis.

The 4,4'-bipyridine ligands bridge the iron sites, defining an
almost square grid (Figure 4). The average Fe- - - - Fe distance
through the 4,4'-bipyridine is 11.3 A ( 1-4CHCl;) [11.4 A
(2:4CHCl;)], while the shortest Fe- - - - Fe separation between

adjacent layers is 9.637(2) A ( 1-4CHCl;) [9.616(2) A
(2-4CHCI;)] and 9.630(2) A ( 1-4CHCI;) [9.606(2) A
(2+4CHCl,) ], which correspond to Fel - - - -Fel and Fe2- - - - Fe2
distances, respectively. The separation between two consecutive
layers (Figures S and 6), measured from the average plane
defined by the iron atoms, is 7.651 A ( 1-4CHCl;) and 7.708 A
( 2-4CHCIL). The pyridine rings of the 4,4'-bipyridine ligands
are not coplanar, the angle between the pyridine rings containing
the atoms N1 and NS, N2 and N6, and N3 and N7 being 53.48°,
59.14°, and 38.49° for 1-4CHCI; and 55.82°, 59.14°, and 38.49°
A for 2-4CHCI,, respectively. The pyridine moieties coordi-
nated to Fel are tilted in a propeller fashion defining angles in the
range 35—42° with respect to the two perpendicular planes
defined by N(3)—N(4)—N(2)—N(4) and N(1)—N(4)—
N(1)—N(4). These angles are more irregularly distributed
around the Fe2 site; the pyridine ring containing the atom N7
defines an angle of 2.98° ( 1-4CHCl;) [6.74° ( 2-4CHCl3)],
while the opposite pyridine N6 forms an angle of 78.94°
( 1-4CHCIy) [72.64° ( 2-4CHCl;)] and the “NS” pyridines
deviates 20.17° ( 1-4CHCl;) [10.32° ( 2-4CHCL3)].

In this intermediate mixed spin-state phase, both derivatives
display a large number of significant intermolecular contacts
(smaller than the sum of the van der Waals distances) involving
guest- - -guest and host- - - guest moieties (Table 3). It should
be noted that despite the isostructural nature of both com-
pounds the number and distribution of these contacts is not
exactly the same.

At 200 K the crystals of 2 - 4CHClIj; are in the monoclinic space
group P2/c. At this temperature there is only one unique iron(II)
site, lying on the 2-fold axis running parallel to b, which also
contains the N3—Fe—N2 bonds (see Figure 7 and Table 2). The
Fe—N,q bond distances are in the range 2.182(10)-2.250(10) A
and the Fe—N,, distances are 2.133(8) A, which is consistent
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a)

Figure 3. Fragment of the structure of 1-4CHCI; (120 K) showing the
atom numbering of asymmetric units of sites Fel (a) and Fe(2) (b).
Same atom numbering applies for 2:4CHCl; (100 K) since both
compounds are isostructural.

with the iron(II) ion being in the HS state. The NCSe ™ group
is practically linear and is tilted 11.6° with respect to the
N4—Fe—N4 axis.

The average Fel- - - -Fel distance through 4,4'-bipyridine is
11.502(2) A while the shortest Fel- « - - Fel separation between
adjacent layers is 9.630(2) A. The separation between two
consecutive layers, measured from the average plane defined by
the iron atoms, is 7.886 A. The angle defined by the two pyridine
rings of each 4,4’-bipy ligand is 50.72° for the 4,4’-bipy contain-
ing the N(1) atom and 41.42° for the 4,4'-bipy containing the
N(2) and N(3) atoms. The pyridine moieties coordinated to Fel
are tilted in a propeller fashion, defining angles in the range
7.99—49.41° with respect to the planes defined by the atoms
N(2)—N(4)—N(3)—N(4) and N(1)—N(4)—N(1)—N(4). The
orientation of the pyridine rings is one of the most noticeable
differences between the high-and low-spin structures. At both

Table 2. Selected Bond Lengths [A] and Angles [deg] for

1 4CHC13, and 2- 4CHC13

1-4CHCl, 2-4CHCly

120 K 100 K 200 K
Fe(1)—N(1) 2.000(3) 2.003(4) 2.225(6)
Fe(1)—N(2) 1.988(5) 1.986(7) 2.182(10)
Fe(1)—N(3) 1.998(5) 1.982(7) 2.250(10)
Fe(1)—N(4) 1.952(4) 1.938(5) 2.133(8)
Fe(2)—N(5) 2.258(3) 2.247(5)
Fe(2)—N(6) 2.243(5) 2.233(7)
Fe(2)—N(7) 2.218(5) 2.208(7)
Fe(2)—N(8) 2.094(4) 2.104(S)
N(1)—Fe(1)—N(2) 89.71(9) 90.0(2) 90.1(2)
N(1)—Fe(1)—N(3) 90.29(9) 90.0(2) 89.9(2)
N(1)—Fe(1)—N(4) 90.14(13) 90.6(2) 91.0(3)
N(2)—Fe(1)—N(3) 180.000(1) 180.000(1) 180.000(2)
N(2)—Fe(1)—N(4) 89.70(10) 90.0(2) 88.1(2)
N(3)—Fe(1)—N(4) 90.30(10) 90.0(2) 91.9(2)
N(5)—Fe(2)—N(6) 91.84(9) 91.8(2)
N(5)—Fe(2)—N(7) 88.16(9) 88.2(2)
N(5)—Fe(2)—N(8) 90.11(13) 90.5(2)
N(6)—Fe(2)—N(7) 180.000(1) 179.997(1)
N(6)—Fe(2)—N(8) 87.00(10) 87.7(2)
N(7)—Fe(2)—N(8) 93.00(10) 92.3(2)

Figure 4. Fragment of a layer of 1-4CHCl;.

high and low temperatures, the HS iron atoms have one of their
four coordinated pyridine ligands almost perfectly eclipsed with
the SCN—Fe—NCS axis, whereas the LS centers have all four
pyridine ligands canted so that a staggered arrangement is
achieved. This implies a significant rotation of one of the pyridine
rings upon changing spin state. In this HS phase the number of
significant intermolecular contacts is less than 50% of those
observed in the intermediate mixed spin-state phase (Table 3).

W DISCUSSION

The 4,4'-bipy building block has been used as an ancillary
bridging ligand for the synthesis of a number of iron(II) SCO
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Figure 5. Perspective view of the crystal packing view along [100] for
1-4CHClI;. Solvent molecules have been removed for clarity.

Figure 6. Perspective view of the crystal packing along [100] including
the CHCl; molecules for 1:-4CHCl;.

compounds ranging from discrete binuclear”** species to
1D*7?® and 3D* coordination polymers. In contrast, when
4,4'-bipy in combination with NCS™ are the only coordinating
species, the resulting 2D CP [Fe(4,4'-bipy),(NCS),] (1)*° show
magnetic properties characteristic of the HS state suggesting that
the 4,4'-bipy ligand induces relatively weak ligand field. On the basis
of the crystal structure of the isostructural Ni derivative,*" strong
intermolecular interactions between the pyridine rings belonging
to consecutive layers take place in both unsolvated compounds
(C++++C in the range 3.45—3.70 A). This could be the cause
of the large distortion observed in the coordination octahedron,
Y = 39.4° and hence of the stabilization of the HS state in the
Fe(II) derivative. The parameter ¥ is the sum of the deviation
from 90° of the 12 N—Fe—N angles of the [FeNg] core [X(|¢-
90])] 2 a simplified form of the so-called bond angle variance
parameter (07).3%°

Inclusion of solvents in 1 to afford 1-nS [#S = 2(trichloro-
ethene), 2(toluene), 2(nitrobenzene), 2(diethylether), 4(acetone),
3(methanol)] does not affect the essential structure of the 2D
network. However, remarkable differences in the interlayer spacing
and in the relative angles defined between the pyridine rings were

observed for these solvates (Table 4)."” In addition, a concomi-
tant substantial drop of the ¥ parameter to values in the range
7—21° takes place for the 1-nS solvates (Table 4). Nevertheless,
this reduction of ¥ is not enough to destabilize the HS state. This
behavior strongly contrasts with the cooperative ST properties
observed for the chloroform solvate 1-4CHCI; and its isostructural
selenocyanate homologue 2-4CHCI;. For the latter compounds,
the interlayer spacing necessary to accommodate the four molecules
of CHCls, about 7.7 A, is about 9% larger than in 1 - 4acetone,'® and
about 70% larger than that of the unsolvated [Fe(4,4'-bipy),-
(NCS),] (4458 A) deduced from its isostructural Ni compound.®

On the basis of the average Fe—N bond distance, {(dg. ), and
Y parameters displayed in Table 4, it is difficult to find evidence
that might help us to understand the marked difference between
the magnetic behaviors of 1-sS and the title compounds. The
average (dg. n) = 2.191 £ 0.012 A found for the 1-nS series is
essentially identical to that found for the HS Fe sites in the
CHClI; solvates. Although ¥ varies rather widely (7.20°—20.84°)
in the 1-n8S series, these values are comparable to those found at
the middle of the plateau for Fe(2) in 1-4CHCI; and 2-4CHCl;
and that found for the HS iron(1II) site at 200 K for 2+-4CHCl;.
Interestingly, when 2-4CHCI; moves from the HS phase (Fe,
Tus = 10.0°, T = 200 K) to the intermediate mixed spin-state
phase, where the Fe(1l) ions are regularly distributed in LS and
HS sites, the ¥ value splits accordingly into two distinct values
showing a decrease and an increase of about 7—8° for the LS site
(Fel, Y1 = 3.8°, T = 100 K) and HS site (Fe2, Yy = 17.9°, T =
100 K), respectively. The additional increase of about 55% observed
for Yyis could be the cause of the stabilization of the Fe2 HS site and
observation of the intermediate phase. This should also be applic-
able for the 1-4CHCI; derivative.

It is worth noting the significantly larger deviation from 180°
found for the Fe—N—CX angle in 1-nS (except for the acetone
solvate) with respect to the title compounds (Table 4). It is well-
known that this angle is sensitive to the spin state of Fe(I) and
tends to be closer to 180° in the LS state. Indeed, this angle is
about 8.7° and 4.4° larger for the LS site than for the HS site in
1-4CHCI; and 2-4CHCI;, respectively. Hence, it is sensible to
consider that this larger deviation from 180° involves some
additional stabilization of the HS state in 1-nS.

The occurrence or absence of SCO behavior has been recently
discussed in similar terms for other 2D SCO-CPs."*3** For
example, the complex [Fe(btre),(NCS),] (btre = 1,2-bis-
(1,2,4-triazol-4yl)ethane), closely related to the well-known
[Fe(btr),(NCS),] complex, is paramagnetic even at pressures as
high as 12 kbar showing marked destabilization of the LS state.
A comparative analysis of the Fe coordination centers of these
compounds showed that the btre derivative has ¥ and (dg._n)
values [21.2° and 2.186(3) A] larger than those observed for the
btr derivative [14.8° and 2.164(3) A]. Furthermore, the inter-
layer spacing for the btre derivative is the same as that of the btr
derivative in the LS state, which facilitates the occurrence of
strongr—sand S- - - - S interactions between consecutive layers
in the former and probably enhances stabilization of the HS state.*
Similarly, complete desolvatation of the doubly interpene-
trated 2D SCO porous compound [Fe(bped),(NCS),] -3EtOH
bped = (dI-1,2-bis(4'-pyridyl)-1,2-ethanediol) induces signif-
icant structural changes at the Fe center and stabilization of
the LS state. These changes include for the HS state decrease
of ¥ and {(dg._ ) from 15.6° to 2.0°, and from 2.183 A to 2.147 A,
respectively, as well as marked straightening of the Fe—NCS angle
from 168.5° to 180°.**
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Table 3. Host: - - Guest and Guest: *

- Guest Short Intermolecular Contacts (A)

1-4CHCl; (T =120 K)*

S(1)--C(25)' = 3.571(5) C(15)--CI(6)" = 3.630(4)
S(2)--C(28)" = 3.542(6) C(23)--Cl(6) = 3.590(5)
S(2)--CI(3)" = 3.518(2) CI(3)--C(9)" = 3.584(5)
S(1)--Cl(6) = 3.533(4) CI(3)--C(18)" = 3.592(4)

C(14)-C(16)™ = 3.604(5)
C(3)--CI(5) = 3.562
C(4)--CI(5) = 3.579(5)

Cl(3)-C(24)" = 3.605(5)
CI(5)--Cl(1)" = 3.566(2)
CI(5)--CI(8) = 3.596(2)

Cl(7)--C(6)" = 3.561(5) CI(8)--C(19)* = 3.502(2)
Cl(7)--C(7)™'= 3.615(5) CI(8)--C(20)™ = 3.636(2)
CI(7)--C(8)"™ = 3.603(5) CI(9)--C(4)* = 3.450(5)
CI(7)--C(9)™ = 3.407(5) CI(9)--C(4)* = 3.450(5)

Cl(7) - - C(10)"'= 3.434(5)
CI(8)--C(18)™ = 3.391(4)
CI(8)--C(19)* = 3.502(2)

CI(10)- - C(2)"= 3.609(5)
CI(10) - - C(12)"= 3.599(6)
C(14).-CI(11) = 3.516(3)

2.4CHCl; (T =100 K)*

Se(1)--C(25)' = 3.666(3) Se(2)--C(28)" = 3.649(3)
Se(2)--C(28)" = 3.649(3) CI(3)--C(9)" = 3.606(2)
C(24)--CI(3)" = 3.631(2) Cl(4)--C(15)" = 3.580(3)
Se(1)--CI(6) = 3.590(2) Cl(4)--C(16)" = 3.502(3)
Se(1)-CI(10)™ = 3.368(3) CI(5)- - C(3)=3.643(3)
Se(2)- - Cl(3)"=3.686(2) Cl(6)-C(15)" = 3.653(3)
Se(2)-C(21)" = 3.542(2) Cl(6)--C(23) = 3.649(2)

Cl(7)--C(6)" = 3.533(3)
Cl(7)--C(7)" = 3.614(3)
Cl(7)--C(8)" = 3.639(3)
Cl(7)--C(9)"™ = 3.414(2)
CI(7)--C(10)""= 3.405(3)
CI(8)-C(18)"" = 3.447(2)
CI(8)--C(19) = 3.554(3)

CI(9)--C(4)* = 3.399(3)
CI(10)- - C(12)"" = 3.642(3)
Cl(4)--Cl(11)" = 3.360(2)
CI(5)--Cl(1)" = 3.541(2)
CI(12)- - CI(9)*= 3.402(3)

2.4CHCl, (T =200 K)*

Cl(1)--C(1)" = 3.639(2)
Cl(1)--C(2)" = 3.509(2)
Cl(2)--C(3)" = 3.494(2)

Cl(2)--C(4)" = 3.355(2)
Cl(2)--C(5)" = 3.482(2)
Cl(3)--C(12)"= 3.542(2)

Cl(4)- - C(12)"= 3.620(2)
CI(1')--Se" = 3.411(2)
Cl(2)- - CI(5)"'= 3.740(2)

Cl(2") - CI(5)"= 3.152(2)
Cl(3")--C(2)" = 3.661(2)
Se(1)--C(26)"= 3.741(2)

T(i=—at+l, ¥ —z+1/2); (ii = —x+3/2, —y+1/2, —z+1); (iii = x+1/2, —y+1/2, z+1/2); (iv = x, —y,2— 1/2); (v=—x+1, fy, —z+1); (vi= Xy, 2— 1);
(vil = x—1/2, —y+1/2,z—1/2); (vili = —x+3/2, y+1/2, —z+3/2); (ix = —x+1, y, —2+3/2); (x = —x+3/2, —y+1/2, —z42). " (i = —x+1, ¥, —z+1/2);
(il = —x +3/2, —y +1/2, —2z+1); (iii = x— 1/2, —y +1/2, z— 1/2); (iv = x +1/2, —y +1/2, 2 +1/2); (v = x, —y, z +1/2); (vi = —x+1, —y, —z+1);
(vii=—x+3/2,y+1/2, —z+3/2); (viii = —x+1,y, —z +3/2); (ix= —x +3/2, =y +1/2, —z+2); (x=x, —y+1,2— 1/2).“ (i=x, —y—1,2+1/2); (ii= —x, y,

—z—1/2); (ili = —x, y—1, —z—1/2); (iv= —x+1, =y, —z); (v=x—1,

—y—1, z—1/2); (vi= x,y—1, 2); (vii =—x, —y—1, —2z); (viii = —X, 9, —z—1/2).

Figure 7. Fragment of the structure of 2 - 4CHCl; (200 K) showing the
atom numbering of the asymmetric unit.

Compound 1-4CHCI; experiences a cooperative ST with two
well-separated steps, while 2-4CHCI; undergoes just a half ST.
The crystallographic analysis shows that, for both compounds,
the high-temperature step occurs concurrently with to a crystal-
lographic phase transition from the C2/c space group in the HS
phase to the P2/c space group in the intermediate phase where
the HS and LS sites coexist at 50% in an ordered checkerboard-like
arrangement. Presumably, the low-temperature step observed for
1-4CHCI; involves a re-entrant crystallographic phase transition

from the intermediate HS-LS (P2/c) phase to the LS (C2/c)
phase. Similar behavior has been recently reported for the 2D
coordination polymer {Fe(3-Chloropyridine),[Pd(CN),]}.*®
This compound undergoes a strong cooperative two-step SCO
characterized by 5—7 K wide hysteresis loops. The first step
induces a change from the orthorhombic (Pnc2) HS phase,
containing one Fe(II) site, to the orthorhombic (Pmna) phase
where the HS and LS sites are regularly distributed. The
second step induces recovery of the of the Pmna space group
characterized by one Fe(II) LS site. A second relevant example is
the doubly interpenetrated 2D porous SCO system [Fe( 6pe)z-
(NCS),] - 3(acetone), (bpe is 1,2-bis(4'-pyridyl)ethane). ** The
HS phase is characterized by two Fe(II) sites with distinct ¥ and
(dpe_ny values. In the first step only the site with a more regular
coordination environment (Fe2) changes to the LS state, gen-
erating a HS(Fel)-LS(Fe2) checkerboad-like arrangement. This
occurs without crystallographic phase transition. However, dur-
ing the second step when the Fel site changes to the LS state the
structure changes from the orthorhombic P2,2,2 to the tetragonal
P42, c space group. Interestingly, during the first step, the spin-
state change in site Fe2 induces a more regular coordination
environment in the Fel HS site contrary to that observed for the
title compound 2-4CHCl.

As expected, the average (T) value for the high-temperature
step is larger for 2+4CHCI; than for 1-4CHCl;, since it is an
experlmental fact that NCSe ™~ induces a stronger ligand field than
NCS ™. However, the difference (T)* —(T.)° =16.7 Kis much
smaller than observed for the series of mononuclear compounds
[Fe(L)Z(NCX)Z] where L is an a-diimine ligand, where
(T3 — (T is typically in the range 50—100 K. " For the
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Table 4. Average Fe—NCS, Fe—N(py), and Fe—N4 Bond
Lengths (A), Tilt Angle of the Fe—NCS (deg) Moiety,
Angular Distortion of the Fe—N¢ Bonds (deg) with Respect to
the Regular Octahedron, and Interlayer Spacing Calculated
from the Average Plane Defined by the Fe(II) Atoms (A) for
[Fe(4,4'-bipy),(NCS),] - nS; “ and 1-4CHCI; and 2-4CHCl,

Compound”

1.281 1.282 1.283 1-284 1-4S85 1.386

T/K 100 100 100 100 100 100

Fe—NCS  2.115(2)  2.106(4) 2.113(2)  2.114(2) 2.133(12) 2.125(2)
(drenpy) ) 2223(2)  2233(5) 2248(2)  2211(3) 2227(2) 2229(2)
(dpene) 2.187(2)  2.190(5) 2.203(2)  2.178(3) 2.196(2) 2.194(2)
Fe—N—CS 147.22(14) 157.6(4) 153.21(13) 146.9(2) 166.9(9) 156.8(2)

T 17.1 11.9 15.1 9.5 72 20.8
(d fe...re) 5.874 5590  6.190 6279  7.037 5423
Compound

1.4CHCl, 2.4CHCl,
T/K 120 200 100
site Fel Fe2 Fe Fel Fe2
Fe—NCX 1.952(4)  2.094(4)  2.133(8) 1.938(5)  2.104(5)
(drenpy) ) 1.996(5)  2.244(S)  2.221(10) 1.993(7)  2.234(7)
(drene) 1.982(5)  2.194(5)  2.191(9) 1.975(7)  2.190(5)
Fe—N—CS 173.4(3) 164.7(3) 168.4(7) 172.8(5) 167.9(5)
b 2.9 19.7 10.0 3.8 17.9
(d fe...¥e) 7.651 7.886 7.708

#S1: trichloroethene; S2: 2toluene; S3: nitrobenzene; S4: diethylether;
S5: acetone; S6: methanol. b Taken from ref 19.

related 2D coordination polymer [Fe(btr),(NCX),]-nS this
difference, 80 K ((T.)° = 134 K" and (T.)* = 214 K'?), is also
considerably larger than that found in the present work.

The lack of low-temperature ST for 2:4CHClI; is an un-
expected result. In principle, one should expect a second step
about 16.7 K higher than that found for 1-4CHClI,. Indeed, the
Fe(2) sites are virtually identical for both compounds. However,
despite their isostructural character, the number and distribution
of the short intermolecular contacts found for both derivatives
are different. Subtle packing effects may not only block the
second step in 2+4CHCI; but also be at the origin of the small
separation between the observed (T.)*® — (T.)° value in the
present case. Half SCO behavior involving crystallographic phase
transition has been reported for a small number of coordina-
tion polymers. For example, the 2D coordination polymer
{Fe(3-Fluoropyridine),[ (Au(CN),],} undergoes simultaneously a
cooperative half ST and crystallographic transition from the
monoclinic space group (P2,/c) (HS phase) to the triclinic
(P1) space group (HS-LS phase) at about 140 K. It is worth
noting that this compound displays complete two-step SCO at
pressures higher than 0.18 GPa.*” The 3D SCO system {Fe(5-
Bromopyrimidine),[(Au(CN),],} shows a strongly cooperative
half SCO centered at 158 K characterized by a hysteresis 18 K
wide and a structural change from the monoclinic C2¢ (HS
phase) to the monoclinic P2,/c (HS-LS phase).*®

Finally, it is worth noting that the strong cooperativity of the
ST shown by the title compounds strongly contrasts with the
poorly cooperative SCO behaviors typically observed for other
2D SCO-CP [Fe(L),(NCX),]-nS, where L are more flexible

ligands like, for example, bpe and 4,4'-azpy. The strongly
cooperative character of the ST is most likely due to the rigidness
of the 4,4'-bipy, which is comparable with that observed for the
[Fe(btr),(NCX),] -H,O system. In the latter compounds the
larger hysteresis width could be attributed to the combined effect
of smaller size and rigidity of the ligand btr.

Il CONCLUSION

We have demonstrated for the first time that the 2D coordina-
tion polymers [Fe(4,4'-bipy),(NCX),] (X = S, Se) undergo
cooperative SCO behavior when containing an appropriate
solvent, in this case 4 mol equiv of chloroform. These SCO
behaviors are rare examples of two-step (X = S) and half (X = Se)
ST with concomitant crystal phase transition. The intermediate
phase is characterized by the presence of an ordered checker-
board-like arrangement of LS and HS states. As in related
[Fe(L),(NCX),]*nS systems, the SCO dramatically depends
on the presence or absence of the solvent molecules. The
included CHCI; molecules are not firmly attached and are quite
labile, their loss giving a paramagnetic unsolvated species.

B EXPERIMENTAL SECTION

FeSO,-7H,0, potassium thiocyanate, potassium selenocyante, and
4,4/ -bipyridine were all purchased commercially and used as received.

Solvated crystals were grown by the following method, performed in
35 mL screw-top vials: 4,4"-bipy (0.32 g, 2 mmol) was dissolved in 15 mL
of chloroform and layered below a filtered 1Fe(I1):2NCX  solution
formed in an argon atmosphere from FeSO,-7H,0 (0.2585 g, 0.93
mmol) and KNCX (1.86 mmol) in 10 mL of methanol. The lower
solution was cooled by placing the vial in ice before layering, and a layer
of the top solvent (containing no solutes) was placed between the layers
before the top layer was added to prevent instant precipitation of
powder. After a few days this yielded orange crystals of solvated 1 or 2
at the interface between layers. The chemical composition of the crystals
was determined from single crystal X-ray diffraction analyses. Further-
more, the chloroform content was also estimated from the residual solid
1 or 2 after complete desolvation of 1-4CHCI; and 2+-4CHCl;. Yield
about 50%.

Crystallography. Single crystal X-ray data were collected on a
Bruker APEX diffractometer using Mo—K_, X-radiation. Apart from the
IS (120 K) structure of 1, the structures were all corrected for twinning
using the program CellNow, and corrected for absorption using
TwinAbs. Crystal structures were solved and refined against all F> values
using the SHELXTL suite of programs.’® Non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were placed in calculated
positions refined using idealized geometries (riding model) and assigned
fixed isotropic displacement parameters. Crystallographic details are
contained in Table 1.

Magnetic Measurements. Variable-temperature magnetic sus-
ceptibility measurements were carried out on microcrystalline samples
using a Quantum Design MPMS2 SQUID susceptometer equipped with
a 55 kG magnet operating at 1 T in the interval 1.8—300 K. The
susceptometer was calibrated with (NH,),Mn(SO,), - 12H,0. Experi-
mental susceptibilities were corrected for diamagnetism of the consti-
tuent atoms by the use of Pascal’s constants.

Calorimetric Measurements. Differential scanning calorimetry
(DSC) measurements were performed on dry samples of 2-4CHCl;
using a Mettler Toledo DSC 821e DSC calorimeter. Low temperatures
were obtained with an aluminum block which was attached to the sample
holder, refrigerated with a flow of liquid nitrogen, and stabilized at a
temperature of 110 K. The sample holder was kept in a drybox under a
flow of dry nitrogen gas to avoid water condensation. The measurements
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were carried out using around 25—35 mg of powdered and/or single
crystal samples sealed in aluminum pans with a mechanical crimp.
Temperature and heat flow calibrations were made with standard
samples of indium by using its melting (429.6 K, 28.45] g~ ) transition.
An overall accuracy of 0.2 K in the temperature and 2% in the heat
capacity is estimated. The uncertainty increases for the determination of
the anomalous enthalpy and entropy because of the subtraction of an
unknown baseline.

B ASSOCIATED CONTENT

© Ssupporting Information. CIF data for compounds
1-4CHCI; (120 K), 2-4CHCI; (100 and 200 K). Derivative
of the high-temperature ST of 1-4CHCI; and magnetic
properties of 1 and 2. This material is available free of charge
via the Internet at http://pubs.acs.org.
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