
Introduction

Insoluble transition metal nitroprussides can be con-
sidered as a tridimensional assembling of the
pentacyanonitrosylferrate(II) anion, [Fe(CN)5NO]2–,
through an appropriate cation of transition metal
(Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+ or Cd2+). They can
be obtained as single crystals [1–3] or as
polycrystalline powders [4–7] with a crystal structure
and hydration degree which depend on the prepara-
tion method. However, when both polycrystalline and
single-crystal samples are aged in air at room temper-
ature, they adopt, with the exception of the copper
complex, the same crystal structure [5, 8]. These sta-
ble phases have an open framework with a system of
channels suitable for small molecules storage [9]
and/or separation [10]. In this sense, cobalt and nickel
nitroprussides have showed relatively high hydrogen
adsorption capacity [11]. These nitroprussides have a
channel topology and specific adsorption sites similar
to those found in hexacyanocobaltates where hydro-
gen storage has also been studied [12]. The adsorp-
tion of molecules on channels modifies the electronic
structure of the host solid and this can be used to in-
troduce changes in its electronic structure and as
modulation way for the material properties and func-
tionality. The studied complexes show interesting
properties as holographic information storage materi-
als [13] and for the nickel compound, a photo-in-
duced magnetic order has been reported [14]. The

framework outgassing is an essential step in the appli-
cations of porous materials and nitroprussides are not
an exception in that sense. However, the dehydration
process of these porous molecular materials remains
poorly documented [1–4, 8, 9]. Thermal analysis has
been widely used to study solid-state reactions
[13, 14] and particularly the dehydration reactions
[15–19]. The aim of this paper is to shed light on
thermo-kinetic aspects of the water desorption pro-
cess in polycrystalline nitroprussides by means of
thermogravimetric and calorimetric experiments. The
copper, cadmium and cobalt complexes were studied.
They are representative of all the reported stable
phases in this family of compounds.

Experimental

Sodium nitroprusside, Na2[Fe(CN)5NO]·2H2O, was
used as source of the molecular block,
[Fe(CN)5NO]2–. The assembling metal was provided
by a soluble salt, in this case chloride, of divalent
transition metals (Co2+, Cu2+ and Cd2+). The assem-
bling process was carried out mixing aqueous solu-
tions (0.01 M) of sodium nitroprusside and metal
chloride. The formed precipitate was isolated and
washed several times with distilled water to obtain a
filtrate free of the starting anions and cations. The re-
sulting solids were air-dried at room temperature until
reaching constant mass. The chemical nature and
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phase compositions of the obtained samples were es-
tablished in a previous report [9]. A TA Instrument’s
high resolution (Hi-ResTM) thermogravimetric ana-
lyzer TGA 2950 and the instrument control software
Thermal Advantage version 1.1A were used to obtain
the mass loss profile of the studied samples. The
TGA 2950 was used in dynamic rate mode. In this
mode the heating rate is varied dynamically during
the heating ramp in response to the derivative of mass
change (as derivative increases, the heating rate is de-
creased and vice versa). The heating rates were con-
strained to the range 0.001°C min–1 to the maxima: 5,
10 and 20°C min–1 with an instrumental resolution of
5. The furnace purge was nitrogen using flow rates of
830 mL min–1.

The data of temperature modulated differential
scanning calorimetry (TMDSC) were obtained with a
DSC (TA Instruments, MDSC-2910 model), from an
initial temperature of 25°C (stabilized during 5 min),
to final temperature of 300°C, a modulation of
±0.318°C each 60 s and a ramp of 2°C min–1 under a
N2 atmosphere and hermetic pans.

Results and discussion

Hi-Res TGA curves were used to obtain information
on the amount and nature of the crystal water and to
estimate the activation energy involved in the dehy-
dration process of the samples and its dependence on
the degree of reaction extent (�). TMDSC technique
provided the total heat flow, its heat capacity and ki-

netic components (reversible and nonreversible
fraction, respectively, from now on) during the dehy-
dration process, which help to understand the nature
of the thermal processes involved in the sample dehy-
dration. The nominal (expected) hydration degree
(number of water molecules per formula unit) was
taken from the water vapor adsorption isotherm [9],
as the amount of adsorbed water molecules per mole
of adsorbent at a relative pressure of 0.8, equivalent to
80% of relative humidity.

Dehydration process according to Hi-Res TGA and
TMDSC

Dehydration of Cu[Fe(CN)5NO]·2H2O

Figure 1A shows the Hi-Res TGA curve, the heating
program and the corresponding derivatives for copper
nitroprusside (Amm2 phase). The mass loss (10.56%)
corresponds to a dihydrate (expected value 11.41%).
The two water molecules per formula unit evolve in a
single step at around 60°C, in correspondence with
their nature as coordinated waters to the copper atom.
Their small structural difference, related to the
Jahn–Teller effect in copper(II) ion [7], cannot be re-
solved by the TG curve even using the high resolution
mode. Both the heating program and the derivative of
the TG curve only show two inflections in the dehy-
dration region corresponding to a single stage of mass
loss. In the region from 50 to 70°C the heating rate
falls to a relatively low value, below 4°C min–1 and
then remains stable up to the end of the dehydration
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Fig. 1 A – HRTGA and B – TMDSC curves of copper nitroprusside (orthorhombic Amm2 dihydrate). A – a – TG, b – DTG
curve, c – the heating program and its derivative (inset). B – Total, reversible and non-reversible flow of heat



process (Fig. 1A, inset). This suggests that the activa-
tion energy does not change during the water release.
It seems that the reaction proceeds in sites energeti-
cally equivalent. On dehydration, the orthorhombic
(Amm2) dihydrate transforms into the anhydrous
tetragonal (I4mm) phase [7]. The formation of the
tetragonal phase requires the loss of all the coordi-
nated water without formation of an intermediate hy-
drate or a transition state. This could explain the large
energetic homogeneity of the dehydration process in
this complex (discussed below). The anhydrous com-
plex, once formed, remains stable up to above 150°C
where its decomposition begins with the loss of the
NO group according to the sample mass loss.

Figure 1B shows the TMDSC curves for the re-
gion of dehydration. The endothermic peak around
140°C corresponds to the same thermal effect de-
tected by Hi-Res TGA at 60°C, but now it appears at a
higher temperature due to the TMDSC experiment
conditions (essentially due to the closed sample
holder). In hermetic pans, the evolution of the first
water molecules creates a relatively large local pres-
sure of water vapor which retards the dehydration
process. The total heat flow associated to the dehydra-
tion is dominated by the nonreversible component (82
vs. 6 kJ mol–1) (Table 1), which suggests that this
thermal effect, and the related structural transforma-
tion, are essentially irreversible processes, within the
time scale of this experiment. The initial
orthorhombic structure (Amm2 dihydrate) is restored,
from the anhydrous phase, after at least a week of the
sample immersion in water. The small reversible frac-
tion of the flow of heat is related to that behavior. The
observed change in the base-line on 150°C for the re-
versible heat curve was attributed to a variation in the
sample heat capacity due to the related structural
transformation and composition change.

Dehydration of Cd[Fe(CN)5NO]·2H2O

This compound is representative of orthorhombic
(Pnma) nitroprussides (Mn2+ [4], Fe2+ [6], Zn2+ [5]
and Cd2+ [5] complexes). Its Hi-Res TG curve shows
a set of inflections which appear partially resolved in
the derivative curve (Fig. 2A). A similar TGA curve
has been reported for the Mn2+ analog [4]. The deriva-

tive curve can be fitted as the sum of two Gaussian
peaks. The total mass loss (8%) corresponds to a
dihydrate (expected value 9.9%). The partial dehy-
dration related to the first peak (at 50°C) is equivalent
to the evolution of 0.7 water molecule per formula
unit. At a higher temperature (around 64°C), the coor-
dinated water evolves. A fraction of the zeolitic water
could have been removed under the N2 flow during
the experimental setting before running the TG exper-
iment explaining the observed difference between es-
timated and expected mass loss (1.9%). Once the two
water molecules have evolved the complex remains
stable up to above 200°C. The two peaks observed in
the TG derivative curve are also detected in the deriv-
ative of the heating program (Fig. 2A, inset). The
variation in the dT/dt curve is slightly more pro-
nounced for the region of the zeolitic water removal.
This fact could be related to a variation in the activa-
tion energy during the release of that weakly bonded
water molecule. Desorption of hydrogen bonded wa-
ter molecules involves a cooperative process because
initially all the porous framework, the release way of
the evolved molecules, remains saturated of adsorbed
water. Such situation changes once the channels are
partially liberated from zeolitic water, facilitating the
diffusion process of the remaining water molecules.

Figure 2B shows the TMDSC curves for this
orthorhombic complex. The two minima at 84 and
137°C correspond to the two peaks observed in the TG
derivative curve due to the release of both, zeolitic and
coordinated waters. The total heat flow is dominated by
the irreversible component which agrees with the rela-
tively large equilibrium time (at least one hour per
point) required in the water adsorption experiment, par-
ticularly in the region of zeolitic waters [9]. A higher re-
versible component of the heat flow is observed in the
region of coordinated waters, which agrees with the
framework nature that provides a highly polar surface to
interact with these last removed water molecules and
also with the availability of free space around the polar
sites to accommodate polar species.

Dehydration of Co[Fe(CN)5NO]·5H2O

This composition is representative of cubic (Fm3m)
nitroprussides (complexes of Fe2+ [6], Co2+ [3] and
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Table 1 Total, reversible and irreversible heats involved in dehydration process of the studied materials according to TMDSC
experiments. The total heat per water molecule to be liberated is also reported*

Composition
Qr, reversible/

kJ mol–1
Qi, irreversible/

kJ mol–1
Qt, total/
kJ mol–1

Qtwater molecule/
kJ mol–1

Cu[Fe(CN)5NO]·2H2O 6 82 88 44

Cd[Fe(CN)5NO]·2H2O 2 94 96 48

Co[Fe(CN)5NO]·5H2O 6 265 271 54

*Errors in heats are less than 5%



Ni2+ [9]). The observed mass loss (25.5%) corresponds
to a pentahydrate (expected value 25%) (Fig. 3A). The
first three water molecules (zeolitic) are lost at relatively
low temperature (below 50°C) resulting in a dihydrate.
The remaining two waters are liberated at a higher tem-
perature, around 65°C. These two dehydration steps are
observed as two well resolved peaks in the TG deriva-
tive curve. An analogous behavior was observed in the
adsorption experiment; the first two water molecules are
rapidly absorbed leaving a very low relative pressure,
then the adsorption of the remaining ones (zeolitic)
takes place [9].

Once the complex has been thoroughly dehy-
drated, it remains stable up to above 150°C where its
decomposition through the evolution of the NO group
begins. In ferrous nitroprusside (cubic modification)
the loss of the NO group has been reported at 200°C
in vacuum and then, at 350°C a CN is liberated to
form a tetracyano complex [20].

According to the Mössbauer spectra of ferrous
nitroprusside, in the cubic structure there are three
structural sites for the assembling metal (Fe, Co or
Ni), particularly, M(NC)5(H2O), M(NC)4(H2O)2 and
M(NC)6 in a relative population of 72:18:10 [9]. This
leads to the existence of 1.1 coordinated water mole-
cules per formula unit, a value close to that found (1
molecule) for the orthorhombic complexes.

However, the second dehydration step corre-
sponds to the loss of two water molecules. This sug-
gests that the most strongly hydrogen bonded water
and the coordinated ones (1.1) evolve practically to-
gether. A similar effect but less pronounced was ob-
served in the Hi-Res TGA curve of the cadmium com-

plex where both, zeolitic and the coordinated waters
evolve with a relatively small temperature difference.
In cobalt complex that difference must be smaller be-
cause the framework is more open and the coordi-
nated and first hydrogen bonded water molecules sta-
bilized the crystal structure. This supposes a stabiliza-
tion of a zeolitic water once the compound has been
partially dehydrated, which explains the observed be-
havior during the water vapor adsorption process in
cubic nitroprussides [9]. The coordinated and first
zeolitic waters are rapidly adsorbed giving a low re-
sidual pressure and requiring short equilibrium times.
The heating program (dT/dt) curve also provides in-
formation on the processes involved in the dehydra-
tion of cubic nitroprussides. A narrow valley in the
dT/dt curve (Fig. 3A, inset) corresponds to the first
dehydration step which suggests that this process
takes place in a relatively short time and with variable
activation energy. The second dehydration step con-
sumes more time, and has a higher and more stable
heating rate.

Figure 3B shows the TMDSC curves of cobalt
nitroprusside. The thermal effects observed at 98 and
150°C correspond to those detected in the Hi-Res TGA
curve at 30 and 65°C, respectively. According to the
TMDSC data, the water loss is characterized by a small
but significant contribution of the reversible fraction to
the total heat flow (Table 1) which is in correspondence
with the reversibility of the dehydration process in this
material [9]. The total heat flow continues being domi-
nated by the nonreversible contribution. This could be
interpreted as a kinetic effect: the modulation time of the
DSC heating ramp results insufficient to allow the
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Fig. 2 A – HRTGA and B – TMDSC curves of cadmium nitroprusside (orthorhombic Pnma dihydrate). A – a – TG, b – DTG
curve, c – the heating program and its derivative (inset); B – Total, reversible and non-reversible flow of heat



re-adsorption of a large fraction of the removed water
molecules. In addition, cubic nitroprussides have rela-
tively large pores, of about 8.5 Å in diameter but com-
municated by smaller windows, c. a. 4 Å of effective
cross section, and the diffusion through these small win-
dows could be the limiting factor for a fast dehydration
or re-hydration process. The estimated reversible frac-
tion of the heat flow results 2.2% which is similar to that
found for the cadmium complex (2.1%). Probably this is
related to the window size in these two materials which
is also similar [3, 5].

Kinetic study

The Hi-Res TGA data collected at different heating
rates were processed according to the isoconversion
principle in order to obtain the dependence of the acti-
vation energy (Ea)� as a function of the transformation
degree (�), using a reported methodology [21].

Figure 4 shows the obtained results for the cop-
per complex. The activation energy (Ea)� appears to
be independent of the conversion degree (�), with a
value of (48.3±0.4 kJ mol–1). This suggests that all the
dehydration process of this material is controlled by a
same reaction mechanism, i.e. the reaction limiting
step does not change. This is an expected result since
the dehydration process and the related structural
transformation in copper nitroprusside take place
without formation, for instance, of a monohydrate as
intermediate phase, and the formed anhydrous phase
has a hydrophobic framework facilitating the water
release through the material framework. The esti-

mated value of (Ea)� is equal to those reported for
other hydrated copper salts (for instance,
Cu(HCO2)2·4H2O, Ea = 47 kJ mol–1) [22], which is a
typical value for the activation energy of many ther-
mal dehydration processes [23]. The energy required
to overcome the van der Waals forces typically falls
from 20 to 40 kJ mol–1 [24]. This suggests that there is
a low energy barrier related to the rupture of the
Cu–OH2 bond.

From the two partially resolved dehydration
steps of cadmium nitroprusside the dependence of
(Ea)� on � was estimated. These overlapped contribu-
tions were separated fitting the DTG curve with two
gaussian peaks and then they were integrated. Fig-
ure 5 shows such dependence for the loss of both, the
hydrogen bonded and the coordinated waters. For
zeolitic water the value of (Ea)� decreases from about
120 kJ mol–1 in the region of low conversion until an
average of 57 kJ mol–1 for �>0.6. This dependence of
(Ea)� on � is typical of a multiple-steps reaction ini-
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Fig. 3 A – HRTGA and B – TMDSC curves of cobalt nitroprusside (cubic Fm3m pentahydrate). A – a – TG, b – DTG curve,
c – the heating program and its derivative (inset); B – Total, reversible and non-reversible flow of heat

Fig. 4 Dependence of the activation energy (Ea)� on the trans-
formation degree (�) for the dehydration of copper
nitroprusside



tially limited by a diffusion mechanism (in the region
0.1� ��0.6) [21, 25]. The second dehydration step
also shows a variation of (Ea)� with � but now from
about 78 kJ mol–1 at low conversion degree until
47 kJ mol–1 at � = 0.9. This last behavior of (Ea)� on
the reaction extent has been reported as typical of a
kinetic scheme of a reversible reaction [21, 26]. Such
prediction agrees with the reversible character of the
dehydration process in this compound which was ob-
served during the acquisition of its water vapor ad-
sorption isotherm [9]. An analog dependence of (Ea)�

on � has been reported for dehydration processes in-
volving a reversible step, for instance, dehydration of
KNbWO6·H2O [27].

For cobalt nitroprusside (Co[Fe(CN)5NO]·
·5H2O) the dehydration process proceeds in two
well-resolved steps (Fig. 3). The loss of the first three
zeolitic waters corresponds to a large variation in
(Ea)� with � (Fig. 5c), from above 200 kJ mol–1 for
�<0.2, induction period, until an average value of
59 kJ mol–1 for 0.5<�<1. As already mentioned, such
dependence of (Ea)� on � is characteristic of a reac-
tion dominated by diffusive mechanism, in this case
of water molecules from the large pores of the cubic
structure through their relatively small windows.
Once a large fraction of these water molecules has
evolved the remaining ones diffuse more easily and

their activation energy falls down to 59 kJ mol–1. For
the second dehydration step, corresponding to the loss
of a mixture of coordinated and strongly hydrogen
bonded water molecules, the value of (Ea)� also de-
pends on � but with a smaller range of variation, from
73 kJ mol–1 for �<0.1 until 90 kJ mol–1 at � ~ 0.9
(Fig. 5d). This increase in the value of (Ea)� as the
compound loses its more firmly bonded waters could
be related to a cell contraction resulting in a decrease
in the effective window cross section affecting the
diffusion rate. The cell contraction on dehydration
has been reported for other cubic microporous
cyanometallates [28]. In the orthorhombic structure
this effect could not be observed because it has regu-
lar prismatic channels without a significant reduction
of their entrance windows on dehydration.

According to the values of total heat involved in
the dehydration process, as estimated from TMDSC
experiments, the most favored dehydration reaction
takes place in the copper complex (Table 1). Consid-
ering that in copper nitroprusside the two water mole-
cules are coordinated, its relatively easy dehydration
could be related to the bond distance Cu–OH2 and to
the structural transformation to form a tetragonal an-
hydrous phase with an open framework of intercon-
nected hydrophobic pores. Consequently, the interac-
tion of water molecules with copper atoms in the
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Fig. 5 Dependence of the activation energy (Ea)� on the transformation degree (�) for the dehydration of: Cd[Fe(CN)5NO]·2H2O
a – zeolitic water, b – coordinated water; Co[Fe(CN)5NO]·5H2O, c – loss of three zeolitic waters molecules, d – loss of co-
ordinated and strongly hydrogen bonded water molecules



tetragonal structure is strongly hindered not only by a
structural factor but also by the electronic configura-
tion of the NO group which is sited within the chan-
nels system. The re-hydration reaction is kinetically
limited by the reverse structural transformation from
tetragonal to orthorhombic phases with simultaneous
diffusion and interaction of water molecules with
copper ions. The smaller and more stable value of the
activation energy, (Ea)� also corresponds to this com-
pound. The dehydration of the cobalt compound rep-
resents the opposite case. It involves a high value of
total heat per water molecule (Table 1) while (Ea)�

shows a large variation, particularly pronounced dur-
ing the loss of the first three water molecules. Proba-
bly this correlation reveals details on the water diffu-
sion through the network of relatively small windows
of this microporous material.

Conclusions

The dehydration kinetics of divalent transition metal
nitroprussides is dominated by the material frame-
work features. In orthorhombic (Amm2) copper com-
plex the structure of stacked layers that remain to-
gether by van der Waals forces and the hydrophobic
character of the anhydrous phase facilitate the water
release from the material bulk on heating. The water
removal from the cadmium complex appears as two
partially resolved events. In the first one, a zeolitic
water is released and then, at a higher temperature,
also the coordinated one evolves. In this case, the rel-
atively rigid framework of this material is related to
its minor effect on the dehydration kinetics. For the
cobalt complex, the existence of a large amount of
zeolitic water and a less rigid material framework im-
pose certain special features to the dehydration pro-
cess. The evolution of both zeolitic and coordinated
waters is strongly controlled by their diffusion
through a network of small windows that interconnect
the larger structural pores where these water mole-
cules are sited. This effect is more pronounced for the
evolution of the weakest bonded water molecules
which are filling the releasing ways from the material
bulk. Then, for the removal process of the strongly
bonded waters that effect is minimized but certain ad-
ditional windows size reduction appears due to the
material framework contraction caused by the
dehydration process.
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