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ABSTRACT: The rational design of multifunctional
materials with properties that can be selectively controlled
at the molecular level is key to the development and
application of nanoscale devices. In this study, molecular
dynamics simulations using ligand-field molecular mechan-
ics are performed to elucidate, for the first time, the
molecular mechanisms responsible for the variation of the
spin-crossover properties of the {Fe(pz)[Pt(CN),]}
metal—organic framework upon water adsorption. The
simulations demonstrate a direct relationship between the
water loading adsorbed in the pores and the variation of
the spin-crossover transition temperature, with the high-
spin state of the material becoming gradually more
stabilized as the number of adsorbed water molecules
increases. The decrease of the spin-crossover temperature
of {Fe(pz)[Pt(CN),]} upon water adsorption predicted
by the simulations is in agreement with the available
experimental data and is traced back to the elongation of
the bonds between the Fe(II) atoms and the organic
linkers induced by interactions of the adsorbed water
molecules with the framework.

he ability to control the physical and chemical properties of

molecular assemblies at the nanoscale through the
application of external stimuli is critical for the development of
multifunctional materials, such as molecular switches, memory
devices, and chemical sensors. By combining high porosity, large
surface area, guest selectivity, and structural flexibility, metal—
organic frameworks (MOFs) provide a promising platform for
developing such stimuli-responsive materials." MOFs are three-
dimensional networks constructed by connecting metal ions or
clusters (referred to as secondary building units or SBUs) with
multidentate ligands.” Due to their intrinsic chemical diversity
and porosity, MOFs have recently emerged as promising
materials for several technological applications, including gas
storage,” carbon capture,* hydrocarbon separation,” catalysis,’
electrical,” and proton® conductivity.

The incorporation of SBUs containing open-shell transition
metals results in MOFs that exhibit spin-crossover (SCO)
behavior.”~'* In these MOFs, the crystal field generated by the
ligands removes the degeneracy of the metal d-based orbitals and,
consequently, multiple spin states become available to each metal
atom. If the energy gap (AE) between the nonbonding and
antibonding sets of d-based orbitals is large compared to the
pairing energy, the ground state of each open-shell transition
metal corresponds to the low-spin (LS) state, while the high-spin
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(HS) state becomes the ground state if AE is small compared to
the pairing energy. SCO may then occur in response to external
perturbations (e.g., temperature or pressure changes and light
irradiation)."

Since SCO transitions are accompanied by distinct changes in
the physical properties of the framework (e.g., color, magnetism,
and pore size), the synthesis of spin-crossover MOFs represents
a major step toward the development of nanomaterials that can
transform external stimuli into information signals. An example
of this behavior is provided by the family of Hoffmann-type
{Fe(pz)[M(CN),]} MOFs (pz = pyrazine, and M = Ni, Pd, Pt).”
These materials display cooperative thermal- and light-induced
SCO with transition temperatures (T)/,,) close to room
temperature. Of particular interest is the {Fe(pz)[Pt(CN),]}
MOF that exhibits bidirectional chemo-switching between LS
and HS states upon adsorption of different guest molecules.''
Specifically, while the SCO transition for the empty framework is
centered at 295 K with a hysteresis of 24 K (T /5, gown = 285 Kand
Ty /2, up = 309 K), the adsorption of protic solvents (e.g,, alcohols
and water) and bulky molecules (e.g, benzene and pyridine)
stabilizes the HS state, shifting T, to lower values. In contrast,
CS, molecules adsorbed in the MOF pores stabilize the LS state.
No effect on the SCO transition is observed upon adsorption of
small molecules such as CO, and N,. Importantly, the
{Fe(pz)[Pt(CN),]} MOF exhibits “memory effects”, retaining
a given spin state upon guest desorption.11

In this study, hybrid Monte Carlo/molecular dynamics (MC/
MD) simulations combined with ligand field molecular
mechanics (LEMM)'® are used to elucidate the molecular
mechanisms responsible for the variation of the SCO properties
of {Fe(pz)[Pt(CN),]} upon water adsorption. Within
LFMM,'"™" conventional molecular mechanics energy ex-
pressions are supplemented with an additional term that
effectively represents the ligand field stabilization energy arising
from the splitting and different electron occupation of the metal
d-based orbitals. The variation of T/, for {Fe(pz)[Pt(CN),]} is
investigated by performing a series of MC/MD simulations at
different temperatures (from T = 100 K to T = 600 K) and
different water loadings (from N,, = 1 to N,, = S water molecules
per unit cell).'® Specific details about the simulation protocol and
the calculation of T,,, are described in the Supporting
Information.

In Figure 1, the value of yyT, with y\ being the molar
magnetic susceptibility of {Fe(pz)[Pt(CN),]}, calculated from
the MC/MD simulations indicate a progressive shift of the SCO
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Figure 1. Temperature dependence of yyT calculated from hybrid MC/
MD-LFMM simulations as a function of number of water molecules
(N,,) adsorbed per unit cell. The corresponding values of the spin-
crossover transition temperature (T /2) are shown in the inset.

transition to lower temperature as a function of water loading.
However, the sequential adsorption of water molecules in the
pores clearly has different effects on the SCO properties of the
MOF material. As shown in the inset of Figure 1, a distinct
change in the material response occurs at N,, = 2, with T},
decreasing significantly more rapidly at higher loadings.
Although up to 5 water molecules per unit cell can be adsorbed
in {Fe(pz)[Pt(CN),]},"" the SCO transition has been
experimentally characterized only for N,, = 2. However, two
different sets of experimental values have been reported (T} J2up =
240K and T 5 gown = 220 Kin ref 9, and T 5 4, = 280 K, T’y /3 down
= 260 K in ref 20). The value predicted by the MC/MD
simulations (277 K) is in excellent agreement with the latter
experiment.

The dependence of T/, on the number of water molecules
adsorbed in the MOF pores can be directly related to the
variation of the structural parameters of the framework. As
shown in Figure 2a,c, the average bond distance between the
Fe(II) atoms in the LS state and the N atoms of the pyrazine
linkers is significantly shorter than the corresponding value
calculated at high temperature, when the Fe(II) atoms are in the
HS state. In addition, independently of the amount of water
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Figure 2. Distributions of the bond lengths between the Fe(II) atoms
and the N atoms of the pyrazine linkers at temperatures below (a), close
to (b), and above (c) the spin-crossover transition temperature T,
calculated as a function of the number of water molecules (N,,) adsorbed
per unit cell.
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adsorbed in the pores, the distribution of the Fe—N bond
distances becomes broader as the temperature increases. This is
associated with the weakening of the Fe—N bonds in the HS state
as a result of the electrons occupying the antibonding d-based
orbitals. Of particular interest is the variation of the Fe—N bond
distance in the LS and HS states as a function of N,,. When the
Fe(II) atoms are in the LS state, the average Fe—N bond distance
increases by ~0.4 A from N, = 1 to N,, = 5. In contrast,
independently of the amount of water adsorbed in the pores, the
average Fe—N bond distance remains essentially constant when
the Fe(II) atoms are in the HS state. A similar trend is found for
the bond distances between the Fe(II) atoms and the N atoms of
the cyanide linkers (see Supporting Information). Importantly,
the MC/MD simulations correctly predict a larger elongation of
the axial Fe—N bonds than the corresponding equatorial bonds,
which is related to the Jahn—Teller distortion. The increased
distance between the LS Fe(II) atoms and the ligands leads to an
overall expansion of the framework, with a progressive
stabilization of the HS state. The elongation of Fe—N bonds in
the LS state directly correlates with the decrease of T/, as the
number of water molecules adsorbed in the pores increases. As
shown in Figure 2b, the Fe—N bond distance distributions
become bimodal as the temperature approaches T, providing
evidence for the simultaneous presence of Fe(I) atoms in both
LS and HS states within the framework.

Further insights into the physical mechanisms responsible for
the variation of T, upon water adsorption are derived from the
analysis of the spatial arrangements of the H,O molecules inside
the MOF pores (Figure 3a). The first water molecule adsorbed
per unit cell is located near the center of the pore, with the H
atoms being effectively aligned with the N atoms of the pyrazine
rings and the O atoms almost equidistant from the eight metal
atoms at the corners of the pore. As N,, increases, the water
molecules begin to fill the available volume, establishing a fully
connected hydrogen-bond network that propagates through the
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Figure 3. (a) Average positions of the water molecules inside the MOF
pores calculated as a function of N,,. Color scheme: C atoms in dark
gray, N atoms in blue, Fe(II) atoms in orange, and Pt(II) atoms in pink.
(b,d) Fe—O and (c,e) Pt—O radial distribution functions describing the
spatial correlations between the oxygen (O) atoms of the water
molecules and the metal atoms (Fe and Pt) when the Fe(II) atoms are in
the HS (b,c) and LS (d,e) states.
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pores. As found in other MOFs,*"** the confining environment

of the pores also has dramatic effects on the dynamical properties
of the adsorbed water molecules (see Supporting Information).

More direct information on the water—framework interactions
can be extracted from the analysis of the radial distribution
functions (RDFs) describing the spatial correlations between the
oxygen atoms of the water molecules (O) and the Fe(II) and
Pt(II) atoms of the framework (Figure 3b—e). Minor differences
are found for the same RDFs calculated with the framework in
either the LS or the HS state, indicating that the pore expansion
has negligible impact on how water molecules interact with the
framework. Significant differences instead emerge when both
Fe—O and Pt—O RDFs are analyzed as a function of N,,. The
overall shape of the Pt—O RDFs is nearly independent of the
number of water molecules present in the pores, displaying a
pronounced peak at Rp,_o = 4.2 A and a series of lower peaks at
larger separations that result from the translational periodicity of
framework. In contrast, the Fe—O RDFs exhibit large variations
as N,, increases, with the appearance of a well-defined peak at
shorter distance (Rp._o ~ 4.0 A) when the average number of
water molecules per unit cell is larger than three. This specific
feature, indicative of the development of stronger interactions
between the water molecules and the Fe(II) atoms of the
framework, directly correlates with the elongation of Fe—N
bonds and, in turn, with the larger decrease of T, for N, > 2.
The analysis of the spatial distribution of H,O molecules inside
the {Fe(pz)[Pt(CN),]} pores, reported here for the first time,
thus provides direct insights into the variation of the SCO
properties in terms of the underlying water—framework
interactions.

The present MC/MD simulations also enable, for the first
time, the molecular-level characterization of the framework
dynamics upon SCO transition. In particular, the simulations
show that the SCO transition is accompanied by marked changes
in the rotational mobility of the pyrazine rings (Figure 4). The
different time scales associated with this rotational motion can be
determined from the time decay of the orientational correlation
function C,(t) defined in the Supporting Information. While the
pyrazine rings undergo only low-amplitude librations below T,
(Figure 4c), high rotational mobility is found at higher
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Figure 4. (a) Molecular model for the rotation of the pyrazine rings (by
the angle 6) within the framework. (b) Time dependence of cos(6) in
the HS state demonstrating the 4-fold jump motion. (c) Time
dependence of cos(f) in the LS state demonstrating the absence of
any rotational motion. (d) Time dependence of the function C,(¢) in the
LS and HS states at both low and high temperature demonstrating that
the increased rotational mobility of the pyrazine rings is a consequence
of the pore expansion in the HS state and is not simply due to thermal
activation.
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temperature, in agreement with quasielastic neutron scattering
and solid-state *H NMR measurements (Figure 4b).'* Since the
MC/MD simulations predict that the pyrazine rings rotate faster,
i.e, faster decay of C,(t), in the HS state than in the LS state at the
same temperature (Figure 4d), the increased framework
dynamics is not simply due to thermal activation but is directly
related to the pore expansion in the HS state, which effectively
provides the pyrazine rings with more room to undergo
rotations. Importantly, the MC/MD simulations clearly show
that the pyrazine rings do not undergo continuous rotations but
perform discrete jumps between four orientations that are
equally spaced by 90° in agreement with the experimental
observation of a 4-fold jump motion."” By filling the MOF pores,
the sequential adsorption of H,O molecules progressively
suppresses the ability of the pyrazine rings to perform complete
rotations (see Supporting Information). These results are in
agreement with the experimental observation of restricted
rotational motion of the }ljgrrazine rings when bulky molecules
are adsorbed in the pores. "'*

In summary, we have presented a systematic molecular-level
analysis of the spin-crossover behavior of {Fe(pz)[Pt(CN),]}
upon water adsorption through MC/MD simulations performed
using the LEMM approach. It is found that the decrease of T,
directly correlates with the spatial arrangements of the water
molecules inside the pores and the consequent deformation of
the framework. While the MOF unit cell at low water loadings
remains effectively unchanged compared to that of the
dehydrated material, the MC/MD simulations predict sub-
stantial structural modifications as the number of water
molecules adsorbed in the pores increases. The unit cell
progressively expands to accommodate additional water
molecules, resulting in a volume increase of ~3% when five
water molecules are adsorbed per unit cell. The analysis of the
structural and dynamical properties of the framework demon-
strates that this pore expansion results in a progressive
stabilization of the HS state, with a consequent decrease of T ,.
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