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Nitroprussides of divalent transition metals form a family of microporous molecular materials. Their properties

in this sense depend on the transition metal cation involved and also on the preparative method, which determine
their crystal structures. The stable phases of this family of materials belong to one of the following crystal
structures: orthorhombidPfimg (Mn?*, Fe*, Cl?t, Zn?*, and Cd"), cubic Fm3m) (Co*" and N#'), and
orthorhombic Amn2) (Ci?"). These materials are stable up to above 1G0while their dehydration takes

place around 100C. On dehydrationAmn® copper complex changes into a tetragomém(r) phase. The
microporous nature of these materials is discussed according to their crystal structure and correlating structural
and adsorption data. The accessibility to the pore system was evaluated through adsorption@dfiand

N». Pores of both orthorhombic and cubic structures are accessiblga@htl CQ in experiments carried

out at 23 and OC, respectively; however, they are inaccessible i@iN-196 °C. This behavior is discussed

as related to the large polarizing power of the nitrosyl (NO) ligand which distorts the local environment of
the iron atom and reduces the effective window cross section. The small pores of tetragonal copper nitroprusside
were inaccessible to the adsorbates used.

1. Introduction and adsorption data. In this contribution, the microporous nature
of Mn2*, F&, Co?t, Ni2t, Cl#T, Zn?*, and Cd" nitroprussides

is discussed from their crystal structure argDHN,, and CQ
adsorption isotherms. That information is complemented with
thermal and spectroscopic data.

The studied materials are salts of the pentacyanonitrosylfer-
rate(Il) anion, [Fe(CNJNOJ2-, and of appropriate cations. Since
only the N atoms of the CN ligands are able to link to the
involved cation, in a tridimensional structure the NO ligand
always remains unlinked at the O end. This leads to materials
with a system of channels appropriate for small molecule
separatiort. The octahedral coordination sphere of the cationis  The studied materials were obtained mixing 0.01 M aqueous
commonly completed with coordinated water molecules. The solutions of sodium nitroprusside and of a soluble salt of the
microporous framework is usually filled with zeolitic waters above-mentioned cations (¥ih F&+, Co?*, Ni?t, Cl?*, Zn?™,
which are hydrogen-bonded to the coordinated éne#f.both and Cd"). The formed precipitates were then isolated by
coordinated and zeolitic waters are removed, the available filtration, followed by successive washing to obtain a filtrate
volume of these pores is significantly increased. The formation free of the starting anions and cations. The reagents used were
of an additional system of bigger and interconnected pores analytical grade from Sigma and Merck. The resulting solids
depends on the crystal structure adopted by the complex saltwere air-dried and then stored in a desiccator over silica for
and it is related to the occurrence of structural vacancies of bothaging. The nature and chemical composition of the obtained
the complex anion and the cation (discussed below). samples were established from infrared (IR) spectra, energy-

Nitroprussides are emerging as novel materials with promising dispersed X-ray spectroscopy (EDS), X-ray diffraction (XRD),
applications in molecular communication and for storage thermogravimetry (TG), and Misbauer data. The materials
information device$%-12 Their microporous nature opens the obtained in this manner were studied as fresh samples (air-dried
possibility of controlling the electronic structure and their at room temperature for a week) and after aging for five years.
physical properties through exchangeable species, e.g., filling IR spectra were collected using an FT-IR spectrophotometer
their pores with appropriate molecular species, as has been(model Equinox 55 from Bruker) and samples diluted in KBr

2. Experimental Section

observed in hexacyanides using ionic exchalige. pressed disks. Parallel spectra were obtained from Nujol mulls
While hexacyanometalates have received certain attention asn order to discard a possible mechano-chemical reaction of the
a prototype of microporous molecular materigl4;18 the analyte with the KBr matri¥! To obtain IR spectra of

information available on pentacyanonitrosylferrates in this sense dehydrated samples a homemade glass cell with @attlows

is very limited?! The crystal structure of nitroprussides has been was used. EDS spectra were recorded with a Norand analytical
resolved in the past decade1920This allows an evaluation  unit coupled to a scanning electron microscope (JEOL model
of their behavior as microporous materials correlating structural 35M). XRD patterns were run with Cud<radiation using a
HZG4 diffractometer (from Jena). Some XRD patterns were
* Corresponding author. Tel+(537) 878 8956 to 878 8959, ext: 552.  also recorded using synchrotron radiation witk= 1.7477 A

E'Tai#ivg‘r’g;;gﬁﬁg\gﬁg'“h-CU- (at LNLS, Sao Paulo, Brazil). TG data were obtained using a
* Institute of Materials Research, UNAM. TA instrument (modt_—zl 10_52) operated in the high-resolution
8 National Center for Scientific Research. mode and under a dried nitrogen flow." B&bauer spectra were
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TABLE 1: Crystal Cell Parameters (a, b and c) and Space Group (SG) of the Studied Material (transition metal
nitroprussides)

sample a A b, A c, A SG ref

Mn[Fe(CN)NOJ-2H,0 14.322(7) 10.689(3) 7.671(2) Pnma 8
Fe[Fe(CN}NOJ-2H,0 13.9864(19) 10.4768(12) 7.4372(9) Pnma 19, 20
Fe[Fe(CN}NO]-5H,0 10.330(2) Fm3m 19, 20
Co[Fe(CN}NOJ-5H,0 10.257(1) Fm3m 5
Ni[Fe(CN)NO]-4H,0 10.168(1) Fm3m 19,20
Cu[Fe(CN}NOJ-2H,0 7.1947(3) 6.9840(3) 10.3519(3) Amng 20
Cu[Fe(CN}NO] 7.1179(1) 10.9308(2) 14mm 20
Zn[Fe(CN)NOJ-2H,0 14.322(7) 10.689(3) 7.671(2) Pnma 9
Cd[Fe(CN}NO]-;H20 14.322(7) 10.689(3) 7.671(2) Pnma 9

collected at room temperature on pressed disk samples in a This family of materials shows a pronounced polymorphic
constant acceleration spectrometer (MS 1101 from Mostech) charactef->2° Slowly grown crystals of M#ir, F&+, and Cd"
operated in the transmission mode and usifCa/Rh source. nitroprussides result in monoclini®2,/n) trinydrates, which
Mdssbauer spectra of dehydrated samples were recorded usingreserve that structure while remaining within the mother
a glass cell similar to that used for IR spectroscopy but in this liqueur341°For Zr?™ the obtained crystals are hexagonal (R3)

case with Mylar windows. trinydrates2 When these trihydrates, both monoclinic and
The N, adsorption isotherms were collected-#t96 °C using hexagonal, are air-dried they lose a water molecule to form

Micromeritic equipment (model ASAP 2001). The adsorption orthorhombic Pnm3 dihydrates'® which are the stable phases

of CO, was obtained by the volumetric method af®© in a for these four cations. With the exception of the ferrous salt,

Pyrex glass equipment consisting of sample holder, deadthe same orthorhombid®(mg dihydrates are obtained when
volume, dose volume, and a manoméfeéwater vapor adsorp-  the samples are prepared using the precipitation méthod.
tion isotherms were recorded at 23 in homemade equipment  Ferrous nitroprusside, when it is obtained as a precipitate, results
in which water is provided by evaporation from a calibrated in a cubic Fm3m) pentahydrate, which on prolonged aging
capillary and the pressure is measured by an oil manometer.changess into the stable orthorhombic pHa$&For C&#* and

All the samples used in the adsorption experiments were Ni2* and for F&" as non-aged precipitate, a cubieng3m)

previously evacuated fa4 h at 80°C. phase is always observed with up to five water molecules per
The adsorption data were evaluated according to the formula unit>!9For Ci#* three different phases can be obtained.
Dubinin—Astakhov (DA) modef? Slowly grown crystals are orthorhombi®ifma stable dihy-
drates while precipitated samples also result in an orthorhombic
Ny = Ny eXP{ —[(RT/Ey) In(Pr_l)]”} dihydrate but with a different crystal structure (space group

Amn®).2° This last orthorhombic phase remains stable for at

wheren,g represents the amount adsorbed at a relative pressurd@ast five years of aging, and on heating it undergoes a reversible
Pr, np is the limiting amount filling the micropore&, is the transformation to an anhydrous tetragoriah{n) phase’’ On
characteristic energy is the heterogeneity parametgis the prolonged aging in humid air or after immersion in water, thls_
universal gas constant, afidis the Kelvin temperature. The ~ anhydrous phase returns to its parent structure (orthorhombic
model was fitted to experimental isotherms using a Levenberg Amn2 dihydrate). The orthorhombi®(mg dihydrate must be
Marquardt minimization routin® The starting values of the the most stable phase of copper nitroprusside since it is obtained
parameters to be fitted and the fitting region were estimated by through a slow diffusion proce$dn Table 1 are collected the
plotting the experimental isotherm in DubirifRadushkevich  cell parameters of the studied materials.
coordinatesr{ = 2 in the above DA model). The pore volume All the stable phases of the studied family of materials belong
estimation from HO and CQ isotherms was carried out, to one of the following crystal structures: orthorhomktnng
multiplying the respective, value by the molar volume inthe  (Mn?*, Fe&*, Cw?t, Zr?*t, and Cd™), cubic Fm3m) (Co?*" and
liquid phase (18.06 mL/mol for 0 and 42.9 mL/mol for Ni2"), and orthorhombicAmn®) dihydrate (for C&"). In all
C0O,%%). The potential &) involved in the adsorption process these structures the iron atom is coordinated to five C atoms of
was calculated 327 A = E{[In(1/6)]*M}, where 0 is the CN ligands and to the N atom of the NO group. The resulting
fractional adsorption, andk; and n are derived fitting the octahedron, [Fe(CNINO], is distorted due to the large electron
experimental isotherms by the DA model. withdrawing effect f-back-bonding) of the nitrosyl group (NO)
Mossbauer spectra were fitted using a least-squares minimi-with respect to the cyanide ligand. The NO group has a low-
zation algorithm and pseudo-Lorentzian line shape (implementedenergys*-antibonding orbital which is partially populated by
in the MossWinn prograff) in order to obtain the values of  the bq electrons from the iron atom strengthening the-€m¢

isomer shift §), quadrupole splittingX4), line width ('), and bond. This causes the angle-Re—Ceq (Ceq represents equato-
relative area/ in %). The values ob are reported relative to  rial carbons) to be greater than the ideal value of. 9the
sodium nitroprusside. average N-Fe—Ccq angle in the studied family of complexes

The structural information used in the present study has beenis 95.7. All the structural differences observed in the studied
previously derivedl®® from XRD powder patterns using the nitroprussides are related to the manner in which the ligands
Rietveld method implemented in thaullProf progran?® (CN and HO) are coordinating the outer metal.

In the orthorhombicRnm3g phases the cation is coordinated
by five CN ligands at the N end plus a water molecule. The

On the Crystal Structure of the Studied Nitroprussides. second water molecule has a zeolitic character and is linked to
This report includes a brief discussion on those structural the coordinated one through a hydrogen bond. Due to the
features of transition metal nitroprussides relevant to under- different bond properties of the CN ligand and the water
standing their behavior as microporous materials. molecule, the resulting octahedron, [M(NE}O], is distorted.

3. Results and Discussion
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formed by the intersection of two perpendicular channels. In
the [100] direction there is a prism-shaped channel with
rectangular cross section, which has a line of NO groups at the
center of the largest rectangle side (Figure 2). The second
channel is perpendicular to the first one and has a prismatic
shape with square cross section (Figure 2).

The crystal structure of cubic nitroprussides can be resolved
in the space groupm3m, typical of Prussian blue analogue¥.
However, since the nitroprusside anion kassymmetry where
the axial NO ligand remains unbridged while in hexacyanide
the symmetry isOy, the analogy only concerns the average
structure. In cubic nitroprussides, both inner and outer metals
have 3/4 occupancy with three formula units per cell. This means
that in the structure, cavities are formed by vacancies of both
metals. A vacancy of the inner metal and its environment of
ligands leads to a cavity with a diameter of ca. 8 A. In this
cubic array of [Fe(CNNOY] blocks, the vacancy of the outer
metal is related to the existence of unbridged NO ligands at the
O end. In theFm3m structure, six molecular blocks [Fe-
(CN)sNO] are arranged in such a way that their six unbridged
NO groups are oriented toward the center of a cube forming a
second cavity (the nitrosyl bound cage) with a diameter of ca
5 A (Figure 3). The first cavity (the water bound cage) is usually
filled with removable water molecules, coordinated and unco-
ordinated (zeolitic), up to 15 molecules per unit cell. The nitrosyl
bound cage is free of water, suggesting that the NO group

Figure 1. View along theZ-axis of the framework of orthorhombic
(Pnm3a nitroprussides, M[Fe(CNINO].xH,O (M = Mn, Fe, Cu, Zn,
Cd) illustrating the system of channels. Indicated is the unit cell of
this structure.

On average, for the orthorhombic phases, the angl@Hv—

Neq (Neq represents equatorial nitrogen) is 85.8ince in the
orthorhombic structure the distorted octahedra, [Fe(QR)

and M(NC)}(H20), are piled up maintaining antiparallel their
NO and HO ligands, the resulting structure appears as a system :
of rippled sheets linked by CN ligands (Figure 1). In this beha.t.ves as a hydrophobic center. ) )

framework there is a 3-dimensional channel system formed by ~Mossbauer and IR spectroscopies also provide structural
the intersection of three different channels, two of them are in information on the studied materials.”§&bauer parameters (
the [100] direction and have a prismatic shape with distorted @hdA) of iron in the structural unit [Fe(CNINO] are practically
trapezoidal and rectangular cross sections (Figure 1). In theindependent of the outer metal and of the crystal structure
following, these channels will be called “trapezoidal” and @dopted by a given composition (Table 2). The strongly bonded
“rectangular’, respectively. Coordinated water molecules are CN and NO ligands effectively shield the iron atom from
located within the trapezoidal channels, leaving a relatively small changes in the outer environment. Due to that strong interaction,
empty space close to the NO groups. In the monoclinic phase,the_"on atom adopts a low spin electrom(_: configuration, as can
that space is occupied by a second hydrogen-bonded watefb€ inferred from the value a5.3°3! The nitrosyl group has a
molecule3419Trapezoidal and rectangular channels are parallel l0w-energysz*-antibonding orbital at its N end which abstracts
and interconnected by lateral windows to form a large transversal €lectrons from the iron,gdand g orbitals creating a pronounced
cavity delimited by two walls of NO ligands. Once the charge asymmetry around the iron atom which is observed as
coordinated water molecules are adsorbed, large cavities remairt 1arge quadrupole splitting value-1.80-1.95 mm/s) (Table
between NO ligands to accommodate the uncoordinated water2)- This strongz-back-bonding of the NO group leads to a
molecules (Figure 1). These cavities are interconnected throughsignificant reduction of the 3d electron shielding effect on the

relatively large windows to form sinusoidal channels.
In the orthorhombic Amn®) structure, the copper atom is

coordinated to four equatorial cyanides and two nonequivalent 2)

axial water molecules, [Cu(NGH-0),]. The copper atom
environment shows certain tetragonal distortion due to the-Jahn
Teller effect. This is observed in its bond angle with the
equatorial CN ligands, N—Cu—N'¢q Which is 172.29 Since
the axial cyanide ligand of [Fe(CANO], which remains
unlinked at N end, and the water molecules in [Cu(B)O);]

s-electron density at the iron nucleus, which explains the
extremely low values of isomer shift in nitroprussides (Table

According to the Masbauer spectra of cubic ferrous nitro-
prusside, in the cubic structure there prevails a certain disorder
which favors theFm3m structure, on average. In Msbauer
spectra of the cubic phase, there appear three quadrupole
doublets (Figure 4) of high spin Fetf} which correspond to
three different structural sites for the outer metal in the cubic

adopt a parallel arrangement, the resulting structure appears astructure, in a relative population of 72:18:10 (Table 2).

a sequence of rippled layers (Figure 2a). Within the crystal these

According to the Masbauer parameterd énd A), the most

layers are kept together by the Van der Waals forces. The losspopulated site (72%) has a local composition similar to that

of the two coordinated water molecules on dehydration leads
to a structural transformation in order to increase the coordina-
tion number of the copper atom. Each layer shéf® relative

to a neighbor one, which allows the coordination of copper also
to the axial cyanide. This results in a pyramidal (with a square
base) coordination for the copper atom which is practically
located on the base,.gCu—C'eq= 178 2° (Figure 2b). The

NO group remains unlinked but only at ca. 2.9 A from the
copper atom. This anhydrous tetragondhngm) copper phase
has a 3-dimensional system of communicated small pores

found in the orthorhombic complex, [Fe(N{ERO]. The weakest
doublet (10%) has the smaller valuefofind consequently must
correspond to a highly symmetric structural site, tentatively
assigned to iron atoms coordinated to six CN ligands at the N
end, [Fe(NCy]. To the doublet of intermediate population (18%)
corresponds the highér value and a very asymmetric environ-
ment for iron, e.g., [Fe(NGJH.0),]. This assignment of
doublets to local environments is in agreement with the observed
positive correlation betweed and A (Table 2 and Figure 5).
The variation of isomer shift in high-spin iron complexes is
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Figure 2. Atomic packing for copper nitroprusside: (a) layered structure in orthorhordsia @) dihydrate; (b) anhydrous tetragon#diim)
phase illustrating the existence of a small channel around the NO group. The T&ller distortion of the copper atom environment can be
observed in both structures.

Figure 3. Pores (cages) in cubi€&n3m) nitroprussides, M[Fe(CNINO] (M = Fe, Co, Ni): (a) small cubic cage; (b) the nitrosyl bound cage; (c)
a large pore created by a vacancy of the [Fe@)] structural unit. In these cubic materials the largest pores are interconnected through the small
cubic ones.

mainly due to the degree of occupation of the 4s orbital of iron ~ Dehydration Process and Thermal Stability.Orthorhombic
from the ligands electrorf An increase in the s-electron density (Pnma nitroprussides have TG curves with the first weight loss
at the iron nucleus produces a decrease in the valbéloT he in the 40-100°C region (Figure 7a). Then the sample weight
CN ligand is a bettep-donor than the water molecule, and remains stable up to above 18Q, where the decomposition
consequently, the substitution of CN ligands by water molecules process begins with a weight loss corresponding to the evolution
in the iron coordination sphere not only reduces the symmetry of the NO and a CN ligands. The first weight loss, up to 100

of its environment increasingy but also the value a through °C, corresponds to the evolution of two water molecules per
a reduction in the 4s electron density at the iron nucleus. This formula unit. In this region, the TG curves show an intermediate
explains the observed positive correlation dfvs A, which inflection point, revealed by the corresponding derivative curve
supports the above-discussed assignment o$ddauer sub-  (Figure 7a). That inflection suggests that first the hydrogen-
spectra to structural sites for the iron atom. bonded water molecule (zeolitic) is evolved and then the tighter

IR spectra contain information regarding both the structural one (coordinated)(Figure 7a). This is effectively confirmed in
units and the adsorbed species. Weakly bonded waters havehe water vapor adsorption experiments (discussed below). In
broadv(O—H) adsorption bands in the 3258400 cnt? region, the TG curve of orthorhombicAMmn®) copper nitroprusside,
while for the coordinated ones these bands are very ndfow. that inflection is not present (Figure 7b) since the two waters
In the orthorhombic Amn®) phase of copper nitroprusside, are coordinated and their small structural difference, related to
where the two waters are coordinated, the Jafeller distortion the Jahr-Teller effect of copper(ll) ion, cannot be detected
of the copper environment can be observed as two well-definedusing this technique. Its derivative curve shows a single peak
0(H—O—H) vibrations corresponding to two nonequivalent (Figure 7b). The TG curves of cubic nitroprussides are very
water molecules (Figure 6). In that phase, the unlinked cyanide complex, particularly in the region corresponding to the
ligand appears with a(CN) absorption ca47 cnt! below the dehydration process, up to 10TC. In the corresponding
band corresponding to the linked ones. On dehydration (andderivative curve, several inflections are observed (Figure 7c).
phase transformation), that low-frequene¢CN) absorption It seems the evolution of the zeolitic waters takes place in several
disappears since now all the cyanide ligands have become linkedsteps (or as a continuous process), which cannot be resolved,
(Figure 6). even using the high-resolution TG mode. The loss of zeolitic
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TABLE 2: Md'ssbauer Parameters at Room Temperature of
the Studied Materials, as Hydrated Dehydrated Samplées
(For the ferrous complex also the parameters of the
monoclinic phase are included.)

ov, A, T,
sample mm/s mm/s mm/s  assignmeht
Mn[Fe(CN)NO]-2H,0 000 1.86 025 FHe
Mn[Fe(CN}NO] 000 1.84 036 Fe
Fe[Fe(CN}NOJ]-3H,0 000 1.84 026 FHe
(monoclinic,P24/n) 140 204 031 FeNs(H0)
Fe[Fe(CN)NOJ-2H,O  —0.01 1.86 0.24 Fe
(orthorhombicPnma 139 122 0.32 FeNs(H0)
Fe[Fe(CN}NO]-5H,0 003 190 026 FHe
(cubic,Fm3m) 137 141 0.36 FeNs(H0)
1.40 258 0.33 P&N4H.0)
1.32 047 0.24 PFENs
Fe[Fe(CN)NO] —0.04 1.93 028 Fe
(Fm3m, dehydrated) 136 132 0.61 Fdls
0.98 1.50 0.43 FPeNg
1.28 0.47 0.25 FENs
Co[Fe(CN}NO]'5H,0  —0.02 1.92 025 Fe
Co[Fe(CN}NO] -0.02 191 029 Fe
Ni[Fe(CN)NO]J-4H,0 0.02 193 027 He
Ni[Fe(CN)%NO] -0.02 194 029 Fe
Cu[Fe(CN}NOJ-2H;0 001 1.64 023 FHe
Cu[Fe(CN}NO] -0.01 1.80 023 Fe
Zn[Fe(CN}NOJ-2H,0 0.00 1.87 024 FHe
Zn[Fe(CN}NO] 001 186 025 Fe
Cd[Fe(CN}NO]-2H,0 001 1.86 023 FHe
Cd[Fe(CN}NO] 001 1.82 033 Fe

2Error in 0, A, andT are smaller than 0.01 mm/slsomer shift
values are reported relative to sodium nitroprusside', low-spin
ferrous iron; F&", high-spin ferrous iron.

RELATIVE TRANSMISSIDN

a] +2 +4
YELOCITY {mm/s)
Figure 4. MdOssbauer spectra at room temperature of ferrous nitro-
prusside: (a) orthorhombicPmg dihydrate; (b) cubic Fm3m)
pentahydrate; (c) similar to (b) but dehydrated in a vacuum at’@0
On dehydration, only the environment of the external metal is altered.
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Figure 5. Correlation of quadrupole splitting\) and isomer shiftd)
for the outer cation (F€) in ferrous nitroprussides.
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Figure 6. IR spectra (23581000 cnt?! region) of copper nitroprus-
side: (a) orthorhombicAmn®) dihydrate; (b) anhydrous tetragonal
(I4mm) phase. In the hydrate phase a cyanide ligand remains unlinked
and the coordinated water molecules are not equivalent due to the Jahn
Teller distortion of the Cu(ll) environment (see Figure 2).

tetrahydrate. As in the orthorhombic phases, cubic nitroprussides
are also stable on heating to above 260

The Mssbauer spectrum is an excellent sensor of the local
changes that take place on the dehydration (activation) process.
No significant changes are observed in the valued ahd A
for the iron cation within the complex anion on water removal
(Figure 4 and Table 2). This means that while the temperature
remains within the stability range for these materials (on average,
below 160°C), the [Fe(CNgNO] structural unit is not affected
by the heating process. The exception in this behavior is
observed for orthorhombi@&(n®) copper nitroprusside, which
undergoes a phase transformation on dehydration. In its

water begins as soon as the sample is heated, and even imnhydrous phase the pentacoordinated copper atom has a
nonheated samples if they are maintained under a dry nitrogenphysical interaction with a neighboring oxygen atom of a nitrosyl

flow. According to the weight loss, Co and Fé&" (Fm3m)
nitroprussides are pentahydrates while the*None is a

group (Figure 2). The CtON distance, ca. 2.9 A, is insufficient
for a chemical interaction but sufficient for a physical one. The
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Adsorption Isotherms. According to the above-discussed
_ _ o _ _ structural features of the studied materials, the adsorption study
Figure 7. TG curves and their derivatives (dehydration region) of (&) can be limited to some Compositions representativﬁmm,

;:admium_ ”itmpr”.sjidf; (b) COp%er nitrpprusiie_lmmg drihydraé?;égl) Pnma,andl4mmstructures. Therefore, the adsorption study was
errous nitroprusside (a nonaged precipitate). The behavior : . v i :

and Fé" (c) nitroprussides on heating are characteristic of the ma_mly carried out on .C%)L’ Cck", and Cd" nitroprussides,
orthorhombic Pnma and cubic Em3m) phases. which are representative of these space groups. However,

considering that the largest pore size corresponds to the cubic
positively charged copper atom polarizes the NO electron cloud structure, in the water adsorption study?Nand Fé&" (cubic)
from the oxygen side. This favors an increase of thesNkack- nitroprussides were also considered. The Dubinin theory of pore
bonding interaction with the iron atom, resulting in a higher filling, usually applied to study the adsorption process in carbons
asymmetry of the iron charge environment, which is detected and zeolite€>27-32which has also proved to be useful in the
as a slightly higher value af, when compared to the value of  evaluation of hexacyanometalate®as microporous materials,
this parameter in the parent dihydrate (Table 2). That increasenow will be used in this study on the microporous nature of
in thesr-back-bonding interaction is also detected as a decreasetransition metal nitroprussides.
in the value ofd (Table 2). Figure 8 shows the water adsorption isotherms iA"CHe?",

On dehydration, the outer metal in orthorhombRn(ng Cc?, and N#* nitroprussides. These isotherms are characteristic
nitroprussides loses the coordinated water and becomes pentasf microporous materials. At relatively low relative pressures,
coordinated. In this new configuration, the metal could move the adsorption of a large amount of water molecules takes place,
toward the center of the resulting pyramid of ligands in such a particularly those water molecules that would be coordinated
way that this site in ferrous nitroprusside reducesAitsalue to the outer metal. Their absorption ends at equilibrium pressures
(Table 2). The same behavior is observed in the analogous sitebelow the minimum detectable by the equipment used (0.1 Torr).
of the cubic ferrous phase (Figure 4 and Table 2). Perhaps theTherefore, the recorded isotherms contain information about the
most significant change in the Msbauer parameters of ferrous whole sample adsorption capacity but fail to shed light on the
cubic nitroprusside on dehydration is observed for the Fe{NC) guest-host interaction in the adsorption domain of coordinated
(H20), site. According to its largé\ value (Table 2), the two  waters. The coordinated water is strongly bonded through its
coordinated water molecules must be disposed as neighboringoxygen atom to the outer metal. The polarization of the oxygen
ligands (HO—Fe—OH, angle ~ 90°). The removal of these electrons by the metal increases the ability of the water hydrogen
two water molecules leads to tetrahedral coordination for the atoms to form hydrogen bonds, for instance, with two water
iron atom. In that case, a drastic reduction in the valuéAof = molecules. This is observed in trihydrated MpFe#+, and Cd*"
would be expected, which is effectively observed on the nitroprussides (monoclinie2,/n). This means that the adsorp-
dehydration process of this complex (Figure 4 and Table 2). tion of the coordinated waters leads to the appearance of new

IR spectra can also be used to study the dehydration processdsorption sites.
and thermal stability of the studied materials. On dehydration,  The rehydration of the anhydrous €wcomplex (tetragonal)
the IR water absorption bandéOH) andd(H—O—H) disappear, takes weeks, even in an atmosphere saturated in water vapor.
while the skeletal vibrations/(CN), »(NO), v(Fe—C), and This slow kinetic is related to the phase transformation from
Oo(Fe—C=N) are preserved with only small shifts relative to the anhydrous (tetragonal) phase to formAmen® orthorhom-
their initial absorption frequencies. The exception in this bic dihydrate. As already mentioned, in nitroprussides the most
behavior is the orthorhombimn® phase of copper nitroprus-  stable water molecule is found bonded to the outer metal. In
side where, on dehydration and related phase transformationthe anhydrous phase the copper atom is pentacoordinated, but
the v(CN) band corresponding to the unlinked cyanide disap- its available coordination site remains shielded by a neighboring
pears (Figure 6). NO group. It seems the NO group is unable to stabilize adsorbed

Temperature °C
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TABLE 3: Results Obtained Fitting the H,0, N,, and CO, Adsorption Isotherms on Activated M[Fe(CN)sNO] Samples through
a Dubinin Model (np, the limiting amount adsorbed filling the micropores; E,, characteristic energy; n, heterogeneity
parameter; V, pore volume; x, number of adsorbed molecules per formula unit)

complex adsorbate np, mmol/g Eo, J mol?t n Vpore CMF/Q X
Cd[Fe(CN}NO] H.0 6.2+ 0.2 12393+ 539 1.3+ 0.1 0.111+ 0.003 2.00t 0.05
CO, 26+0.1 14370+ 237 3.3+ 0.2 0.111+ 0.004 0.85+ 0.03
N2 3.3+£0.2 17089+ 985 29+ 0.3 0.115+ 0.008 1.08+ 0.07
Co[Fe(CN}NO] H,O 20.3£0.2 10242+ 134 1.29+ 0.05 0.367+ 0.003 5.58t 0.05
CO, 8.9+ 2.6 6929+ 1147 1.6+ 0.2 0.38+0.11 2.4+ 0.7
N> 10.4+ 0.6 8240+ 138 1.34+ 0.07 0.36+ 0.02 29+0.2
Fe[Fe(CN3NO] H.0 20.3£0.2 10812+ 155 1.37+ 0.05 0.367+ 0.003 5.53t 0.05
Ni[Fe(CN)sNO] H,0 17.8+0.3 12552+ 263 1.34+0.08 0.322+ 0.005 4.90+ 0.08
waters in its environment through hydrogen-bonding interac- 12

tions. On air-drying, monoclinicR2;/n) trihydrates easily lose

. . : —4— Cd[Fe(CN) NO
the zeolitic water molecules that are in the neighborhood of [Fe(CR),NOI

—— Co[Fe(CN).NO]

the NO groups? Likewise, the nitrosyl-bound cage in cubic 10+ —0— Fe[Fe(CN).NO]
nitroprussides is free of water molecufeshe oxygen atom of ] 3 —|—Ni[Fe(CN)TNO]
the NO group is engaged in a triple bond with the nitrogen one, \
which reduces its ability to form a hydrogen bond with a water 8

molecule. \
According to the limiting amount filling the micropores,f,
cadmium nitroprusside (orthorhominmag adsorbs two water
molecules per formula unit (Table 3), which is in agreement
with the TG results. The first adsorbed water is located in the
coordination sphere of the €datom, and then it serves to
adsorb a second water through a hydrogen-bond interaction. The
adsorption of this second water is also an energetic process due
to the high ability of the coordinated water to form a hydrogen
bond. The relatively large energy involved in that process leads
to a high adsorption kinetic. The observed adsorption isotherm
practically corresponds to the saturation region (Figure 8). The
pore volume, estimated fromp,was 0.111 cfhg™?!, which is 04 05 06 07 08 09 10
slightly smaller than that reported for some zeolites (morden-
ite: 0.165 cm g% clinoptilolite: 0.198 cm g 1)3 and 0
cadmium ferricyanide (0.184 C}Tgfl)_w The value of the Figure 9 Depeno_lence of the adsorpti_on potentiql (A) on tt:e fragtional
heterogeneity parameten)( derived from the fitting of the DA Zgzomﬂor'l‘itfg drig‘é%jefsrom the water isotherms in €d Fe**, Ce,
model, is 1.3. This relatively small value of is in cor- P '
respondence with the broad peak observed in the TG curve for
t7hae).||(t)ss?a (;);;htiigvsgggbgg s (;jrbvg?etesry'srt] etnTi) emh:;[/zga; S(I;Igglrig This effect _is also. obs_erved as a ce!l contraction. The sTalllest
solution. The dehydration and rehydration processes take placece" edge in cubic nitroprussides is observed for thé*Ni

with a broad distribution of energy. A similar behavior was also cpmplex (Table 1). The pore volume_estlmated for cubic
observed in cubic nitroprussides (discussed below). nitroprussides was approximately three times that found for the

Cubic nitroprussides (complexes of?EeC?+, and N7+ orthorhombic structure (Table 3). According to the above-

have similar water adsorption isotherms revealing the adsorptiondiscussed structures of transition metal nitroprussides, this was
of a large amount of hydrogen-bonded water (Figure 8). The an expected result.

first points of these curves correspond to the adsorption of the ~The adsorption potentiahj estimated from water adsorption
first hydrogen-bonded water molecule. In this region the isotherms, using the fitted parametarandEy, falls in the range
adsorbed amount rapidly increases due to that relatively strong0—16000 and 612000 J/mol, for the orthorhombic and cubic
interaction. The following water molecule to be adsorbed also Phases, respectively (Figure 9). Since the contribution from the
forms a hydrogen bond with the coordinated one. From this hydrogen-bonding interactions falls in the range 10000
point, the remaining molecules are sited, forming a weaker J/mol3® the difference, 6000 (and 2000) J/mol, results from
hydrogen bond with these two first adsorbed waters or betweendipole—dipole interactions between adsorbed water molecules
themselves to form a water cluster. The energy liberated in the and also probably from a minor contribution of Van der Waals
pore filling progressively decreases which leads to a reduction forces. The adsorption potential curves for*Fend C&*

in the kinetic of the adsorption process. According to the nitroprussides are very similar with practically the sanelues
estimatedn, values (Table 3), cubic nitroprussides adsorb up in all the range of fractional adsorptior)( The curves

to four hydrogen-bonded water molecules per formula unit, corresponding to the Ki and Cd" complexes practically
sufficient to form a water cluster, which is in correspondence overlap, indicating that in these compositions the water mol-
with the TG results, and also with the reported crystal structure ecules are adsorbed, on average, with practically the same
for the C&" complex. The Ni* complex only adsorbs three  energy. As already mentioned, the amount of hydrogen-bonded
hydrogen-bonded water molecules per formula unit. This was water molecules in the Rif is insufficient to form water clusters.
attributed to the large polarizing power of this cafibwhich The hydrogen-bonding interactions are dominated by the
leads to a significant local distortion of its environment, reducing coordinated water which is linked to a highly polarizing cation.
the available volume of the largest pores. These pores areThis explains the relatively larga values for this complex.

A, kI'mole™
7

delimited by six nickel atoms and their environment of ligands.
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Figure 10. CO; adsorption isotherms at €C in C#" and Cd&* 1 Vgl
nitroprussides. These isotherms suggest that @&lly fills the o+——T"TT 1T
microporous systems of these materials. 0.0 01 02 03 04 05 06 07 08 09 1.0
Figure 10 shows the adsorption isotherms of,@00 °C in 0

Cd?* and C8* nltropruss@es. In Table 3 Qre included the values Figure 11. Dependence of the adsorption potentil@n the fractional

of those parameters derived from a fitting of these isotherms 5qsorption ¢) derived from the C@isotherms in C#, F&*, C*,

with the DA model. The maximum adsorption in the ortho- and N?* nitroprussides.

rhombic structure corresponds to 0.85 L£@olecules per

formula unit. The fast increase in the adsorption of,@0the sites with quite different adsorption potentiais this case,
C?™ complex at relatively low pressures suggests a strong pores with very different gueshost interaction. The largest
guest-host interaction which facilitates the adsorption process. pores of this structure have a polar surface able to have an
This was interpreted as a combined effect due to the surfaceelectrostatic interaction with the G@olecule which contributes
electric field gradient and the small pore size. It seems the poreto the adsorption potential. The G@olecule within the small
size of the orthorhombic guest structure is close to the kinetic pores is practically free of that electrostatic interaction, and its
diameter of the C@molecule (3.45 A). This confinement favors  interaction with the material surface is mainly through Van der
a strong Van der Waals interaction. The electric field gradient Waals forces. This fact allows the filling of the largest pores
at the pores is able to interact with the electric quadrupole through the smallest ones. A large €€abilization within the
moment of the C@molecule; this interaction is also favored small pores would be responsible for a poor pore filling or to
in a confined system since it has Bn* dependence where a very slow adsorption kinetic for GOn cubic nitroprussides,

is the distance between the interacting species, in this case thavhich was not observed. As estimated above, @& both

CO, molecule and the material surface. Probably the main the largest and the smallest pores. This is also confirmed by
contribution to the adsorption potential within these pores is the estimated pore volume, which is similar from both,@@d

due to this last interaction, and suggests the pore filling in cubic H,O adsorption (Table 3). Water is a small and polar molecule
nitroprussides (discussed below). Orthorhombic nitroprussideswhich, according to the crystal structure and the adsorption data,
have 4 formula units per cell which means the adsorption of occupies a large fraction of the available pore volume in cubic
3.4 CQ molecules in the unit cell. According to Figure 1 the nitroprussides.

unit cell of this structure contains 4 trapezoidal channels. This  The obtained values for the characteristic enekgy (Table
suggests the accommodation of £@olecules within these  3) are consistent with the discussed evidence on the guest
channels forming linear chains. The g€@olecule has an  hostinteraction during the G@dsorption in orthorhombic and
ellipsoidal shape which facilitates such an orientation. This could cubic nitroprussides. The adsorption of d®the Cd" complex
explain the high value of the heterogeneity parametstimated takes place with a large value &b (143704 237 J/mol),

from the adsorption of CQin the Cd* complex. A largen approximately two times the value obtained for this parameter
value corresponds to a narrow distribution of the adsorption in Co*" nitroprusside (6929+ 1147 J/mol), which is in
energy. accordance with the strong G@iteraction with the pore surface

An analogous reasoning for €onitroprusside leads to 7.2  expected for the orthorhombic structure. In cubic nitroprussides,
CO, molecules adsorbed per unit cell. According to the molar the first CQ molecule to be adsorbed in the largest pores also
volume of CQ (42.9 mL/mol), the adsorption of a G@nolecule experiences a strong interaction with the polar surface. However,
requires a volume of 71 A The largest pore in these the following molecules to be adsorbed within the same pore
nitroprussides has an estimated diameter ofS&cd, and its experience a weaker interaction which is observed as a decrease
volume (512 A3) would be sufficient to accommodate these in the resulting average adsorption energy, relative to the value
7.2 CQ molecules. However, this structure only has 25% of found for the orthorhombic structure.
vacant outer metal sites per unit cell, which are responsible for  The calculated values for the adsorption poten#lduring
the largest pore formation. This means that,@ilecules are the CQ adsorption in the studied materials corroborate the
also filling the small pores of this structure. The obtained value above-discussed results. Figure 11 shows the calculated curves
of n (heterogeneity parameter) for €onitroprusside is 1.6, for potential. As expected, the largest valuesAdbr the CQ
which corresponds to a broad distribution of the adsorption adsorption corresponds to the &atomplex, above 18 kJ/mol
energy. This could be interpreted as the existence of adsorptionat small values of the fractional adsorptiéh(low relative
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Figure 12. N, adsorption isotherm at196°C in Co" nitroprusside.
According to the estimated BET area (32/g), the micropores of this
material are inaccessible to,Mdt this low temperature.

pressures). The adsorption process of the firsy @0lecules

in the C&" complex is also an energetic process, withalues
above 16 kJ/mol. As already discussed, the firsy @@lecules

to be adsorbed are involved in a strong electric field gradient
electric quadrupole moment interaction liberating a relatively
large energy. Then, at higher valuesthfA rapidly falls due to

a progressive pore filling dominated by interactions between
CO, molecules already adsorbed and finally the filling of the
small pores with a relatively weak guestost interaction.

In the studied materials, the access to the inner pores is

through relatively small windows. The nitrogen adsorption
isotherms are usually recorded atl96 °C. A small cell

contraction on cooling leads to a reduction in the size of these

windows, which could be sufficient to hinder the access of the
adsorbate (B to the inner pores. In addition, at this temperature
the low kinetic energy of the nitrogen molecule limits its
diffusion through small windows. According to the dotherms,

in the studied nitroprussides the lddsorption takes place at
the outer surface without filling the inner pores. Figure 12 shows
the adsorption isotherm ofNn the C&* complex. The amount

of N, adsorbed does not correspond to the estimated pore

volume from the adsorption of water vapor and £LOhe
estimated BET area (frof < 0.2) is 32.0+£ 0.4 n? g~L. Such

Balmaseda et al.

carbons) in the studied nitroprussides is 170 In addition,

the environment of the outer metal is also distorted, on average,
Neq—M—Negq (Neg represents equatorial nitrogens) is 1%7
These local distortions must be enhanced at low temperature
due to a cell contraction. Probably this explains the, @0re
filling in these materials since in this case the adsorption
experiment is carried out at . At —196 °C, N, effectively

fills the inner pores in ferricyanides, but with a certain kinetic
effect, which suggests that in these materials the window size
is close to the kinetic diameter of the nitrogen molecule (4.5
A).18 However, in ferricyanides the local distortions are
relatively small and are mainly related to the polarizing power
of the outer metal which distorts its mixed environment of cyano
and aquoligands.

At the initial stage of this study, Agand Hg" nitroprussides
were also considered. However, since their adsorption isotherms
were characteristic of nonporous materials, a detailed discussion
of these results was excluded from this report.

Conclusions

Stable phases of nitroprussides of divalent transition metals
form a family of microporous materials with three typical crystal
structures and, consequently, with three different physical
behaviors. For M#", F&t, Ci2t, Zr?t, and Cd", the stable
phases are orthorhombiPrimg dihydrates, which on dehydra-
tion lead to a microporous framework with a pore volume of
about 0.111 criflg. For Ca™ and N£*, and also for non-aged
precipitate with F&", the obtained material has an extended
microporous structure with a pore volume above 0.36&/gm
Copper nitroprusside, when obtained as precipitated samples,
forms a layer structure which on heating loses the hydration
water and undergoes a structural transformation to an anhydrous
tetragonal phase. The small pores of this last material are
inaccessible to the adsorbates usedQHCO,, and N). The
pore systems in orthorhombic and cubic nitroprussides are
accessible to water vapor and €& 23 and OC, respectively,
but become inaccessible to, dt —196 °C. This behavior is
explained as related to the large polarizing power of the nitrosyl
(NO) ligand which distorts the local environment of the iron
atom and reduces the effective window cross section. It seems
that this effect is enhanced on the cooling process uitd6
°C, since CQ, which has approximately the same kinetic
diameter as B shows an appropriate pore filling in an

a small surface area does not correspond to a microporous solid€XPeriment carried out at .

This behavior of transition metal nitroprussides is related to the
pore accessibility for the Nat low temperature and not to a

kinetic effect due to the small window size. When the adsorption
equilibrium is not reached during the adsorption experiment,
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pressure, which was not observed in this case. Additional
evidence of a kinetic effect results from the slope of the
adsorption curve in the region of medium relative pressures.
As already mentioned, a kinetic effect is usually accompanied
by an adsorption curve free of saturation in that region,
indicating that the adsorbed amount is determined by the
chemical potential, when the diffusion through the windows is
favored by a higher availability of adsorbate molecules. The
adsorption isotherms of Nn the studied nitroprussides are free

of that effect.

The nature of the observed inaccessibility of At low
temperature-{196°C) to the inner pores in nitroprussides could
be related to the large polarizing power of the NO group, which
deforms the environment of the iron atom in the [Fe(§NN)]
units. The averagedg—Fe—Ccqangle (Gqrepresents equatorial
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