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Partitioning of the Pentacyanonitrosylmetallate Anion in ATPS: Strong Effect of the

Central Atom

Luis Henrique M. da Silva,*" Maria C. Hespanhol da Silva,” Kelly R. Francisco,’
Marcus V. C. Cardoso,” Luis A. Minim,* and Jane S. R. Coimbra¥

Departamento de Quimica and Departamento de Tecnologia de Alimentos, Centro de Ciéncias Exatas e
Tecnologicas, Universidade Federal de Vigosa, Av. P. H. Rolfs, Vicosa, MG, 36560-000, Brazil

Received: December 10, 2007; Revised Manuscript Received: June 11, 2008

The partitioning behavior of pentacyanonitrosilmetallate complexes—[Fe(CN)sNO]?>~, [Mn(CN)sNOJ*~, and
[Cr(CN)sNOJ]* —has been studied in aqueous two-phase systems (ATPS) formed by adding poly(ethylene
oxide) (PEO; 4000 g mol™!) to an aqueous salt solution (Li,SO4, Na,SO4, CuSQOy, or ZnSO,). The complexes
partition coefficients (Kcompiex) in each of these ATPS have been determined as a function of increasing tie-
line length (TLL) and temperature. Unlike the partition behavior of most ions, [Fe(CN)sNO]>~ and [Mn(CN)s-
NOJ*~ anions are concentrated in the polymer-rich phase with K values depending on the nature of the central
atom as follows: Kig.cnynop- > Kpvmenynop- = Kierenynop-- The effect of ATPS salts in the complex
partitioning behavior has also been verified following the order Li,SO4 > Na,SO4 > ZnSO,4. Thermodynamic
analysis revealed that the presence of anions in the polymer-rich phase is caused by an EO—[M(CN)sNOJ*~
(M = Fe, Mn, or Cr) enthalpic interaction. However, when this enthalpic interaction is weak, as in the case
of the [Cr(CN)sNOJ*~ anion (Kicrenynop- = 1), entropic driving forces dominate the transfer process, then

causing the anions to concentrate in the salt-rich phase.

Introduction

Mixtures containing polymers and ions have emerged as a
new generation of materials with tremendous potential in fields
like nanotechnology and handling of solid electrolytes.!> More
specifically, it is recognized that blends formed with salts of
pentacyanonitrosilmetallate (Na,[M(CN)sNO]J) and poly(ethyl-
ene oxide) may produce supramolecular devices suitable for
switching purposes and different kinds of signal processing in
digital, analogical, or integrated circuits.>~> Almost all strategic
properties featured by this kind of material are mainly due to
polymer—ion interactions.® The potential technological applica-
tions for water-soluble macromolecules in combination with ions
make the study of this kind of molecular interaction a very
important field. Binding of electrolytes to macromolecules has
been investigated by a variety of techniques, including molecular
dynamics,” Raman spectroscopy,® and ultrafiltration.” Another
useful method to determine polymer—ion interaction, which does
not make use of membranes, is to study the partitioning behavior
of a target ion between two phases, one of them consisting of
an aqueous solution of polymer.'?

Aqueous mixtures of two dissimilar polymers or a polymer
and an inorganic salt are known to separate into two distinct
layers depending on the thermodynamic conditions.!! This kind
of biphasic system is called aqueous two-phase systems, ATPS,
with each layer comprising 80% (or more) of water. ATPS
composed of poly(ethylene oxide) (PEO) as the polymer and
inorganic salts also have great potential to extract ions from
aqueous solutions.'> However, in order to realize the full
potential of aqueous biphasic separations, research is needed
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in order to acquire a better understanding of the parameters that
govern solute distribution.

In the research of ion partitioning in ATPS, most published
work focuses on the experimental determination of partition
coefficients, showing that their values, for almost all cations
and anions, are lower than 1.'3 Surprisingly, there are only two
anions, pertechnetate (TcO,~) and pentacyanonitrosylferrate
([Fe(CN)sNO]?>7), that have strong affinity with the polymer-
rich phase. Rogers et al. explained pertechnetate’s preference
for the PEO-rich phase based on its large polarizable nature
and the low value of its estimated Gibbs free energy of hydration
(AhdeO).14 This model considers water—anion interactions as
the driving force for the ion partitioning behavior. On the other
hand, the transfer process of the pentacyanonitrosylferrate anion
has been attributed to specific PEO—([Fe(CN)sNO]>~ enthalpic
interactions.'> However, the driving forces which are responsible
for the partition of different ions in ATPS are still not known.

In this paper, the influence of the metallic center on the
[M(CN)sNOJ*~ partition behavior has been evaluated. As
proposed by da Silva et al.,'3 the NO electronic density
contributes to the PEO—([Fe(CN)sNO]?~ interaction, and this
molecular property could be modulated by the nature of the
central atom. In order to better describe the nature of this kind
of molecular interaction, changes in the transfer thermodynamic
properties (AyG°, AH®, A:S°) have been obtained.

Experimental Section

Reagents. Poly(ethylene oxide), PEO, with an average molar
mass of 4000 g mol™! (according to the manufacturer) was
purchased from ISOFAR (Brazil). ZnSO4, CuSOy, LiSOy,
Na,SO4, and Nay[Fe(CN)sNO] were obtained from VETEC
(Brazil). K3[Cr(CN)sNO] and K3[Mn(CN)sNO] were synthe-
sized and purified as described in the literature.'®!'” All chemicals
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were of analytical grade, and deionized water (R = 18 MQ
cm™") was used throughout all experiments.

Determination of Phase Diagrams. Ternary phase diagrams
of the PEO/Y,SO4/H,0 (Y = Li*, Nat, Cu®*, or Zn?") system
were determined at (278.15, 298.15, 308.15, or 318.15 K). The
prepared samples were allowed to phase separate for 48 h in a
thermostatic bath (Schott Gerit GMBH, model CT54HT,
Germany), but a period of time of approximately 0.5 h was
sufficient to form two macroscopic, well-defined phases. The
polymer and sulfate concentrations in each of the separate phases
were determined with two independent methods. The salt
concentrations (M,SO4) were determined using atomic absorp-
tion spectrophotometry (Carl Zeiss JENA model AAS-3,
Germany). The standard deviation in the salt mass percent by
this method was 4+0.06%. The concentration of the poly(eth-
ylene oxide) in the phases was determined, after suitable
dilution, by measuring the total refractive index of the solution
and then subtracting the refractive index contribution due to
the sulfate salt at this concentration. To do this, standard curves
were established for aqueous solutions of PEO, Li,SO4, NaySOy,
ZnSO4, and CuSOs. The validity of the refractive index
additivity was also confirmed using test samples. A 09-2001
model Analytic Jena AG Abbe refractometer (Germany) was
used for the refractive index measurements.

Preparation of the Aqueous Two-Phase Systems. Aqueous
two-phase systems were prepared in 60 mL graduated centrifuge
tubes by weighing stock aqueous solutions of PEO and salt
according to the binodal diagrams described above and other
diagrams reported by Coimbra et al.'®!° (55% (w/w) PEO,
LixSOy4 25% (w/w); NaySO4 20% (w/w); ZnSOy4 30% (wWiw);
CuSOy4 23% (w/w)). The resultant mixtures were allowed to
stir for 60 s and then brought to equilibration in a thermostatic
bath for 48 h at the desired temperature (278.15, 298.15, 308.15,
or 318.15 K). The phases were separated, and subsequently,
3.0 g of each phase was mixed to reconstitute several two-phase
systems in which complexes partition was assayed.

Determination of the Complexes Partition Coefficient. A
100 uL amount of 0.100% (w/w) complex stock solution was
added on 6.0 g of ATPS. The systems were mixed for 60 s and
then brought to equilibration in a thermostatic bath for 48 h at
the desired temperature (278.15, 298.15, 308.15, or 318.15 K)
since previous tests indicated that this period of time was
sufficient to ensure thermodynamic equilibrium. After this time,
the two phases became reddish with a well-defined interface.
Samples were withdrawn from the separated phases, and after
appropriate dilution, the complex content was determined in each
phase by measuring the absorbance at 260, 302, and 221 nm for
Nay[Fe(CN)sNOJ, K3[Cr(CN)sNOJ, and K3[Mn(CN)sNO], respec-
tively. Spectrophotometric measurements were performed with
a Cary 50 Probe spectrophotometer from Varian (Mulgrave,
Victoria, Australia). Correspondingly diluted phases from aque-
ous two-phase system, not containing the complexes, were used
as blanks. The partition coefficient was thus defined as

[complex],,,

ey

B [Complex]bottom

where [complex]ip and [complex]poom are the equilibrium
concentrations of the partitioned complexes in the PEO- (top)
and salt- (bottom) rich phases, respectively. Samples were
analyzed in triplicate, and the relative standard deviation for
the K values was lower than 2.0%.

For ATPS formed with CuSQOy, all complex precipitated,
which impaired examination of the partition behavior. For this
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reason, no further investigation was carried out with the PEO/
CuSO4/H,0 system.

Determination of the Calorimetric Transfer Enthalpy. The
transfer enthalpy measurements were made by isothermal
titration calorimetry (ITC) methodology. ITC experiments were
performed using a CSC-4200 (Calorimeter Science Corp.)
microcalorimeter, controlled by ItcRun software. The reaction
cells (sample and reference) volume of the instrument is 1.8
mL, and the titrant was added in 10 L (Hamilton microliter
syringe) increments with time between injections equal to 60
min. The calorimeter was previously chemical (HCI/Tris titra-
tion) and electrical calibrated. During the measurement, 10 mg
of the complex was dissolved in 1.8 mL of the bottom phase
and placed in the ampule stirring at 300 rpm. The experiments
consisted of consecutive injections of top phase into the
calorimeter cell that initially contained (a)l0 mg of
[M(CN)sNOJ*~ dissolved into 1.8 mL of bottom phase or (b)
1.8 mL of pure (without complex) bottom phase. As the top
phase is added, the cell volume is kept constant by an overflow
of solutions, which is taken into account in the calculations of
actual amount of complex transferred. Before calculation of the
transfer enthalpy from titration, the net heat of titration should
be obtained by the following equation

qinetzqw 4 (2)

in which g;, and g, are the heats of the ith injection associated
with experiments of groups a and b, respectively. gine is the
energy associated only with the complex transfer from the
bottom phase to the top phase, while in the ¢, heat exist the
contribution of the energy due the interface formation expressed
by gi. AH was calculated by dQ,/on,of the curve Q,n;;, where
Qi = Y qinec and n; = 10inoK/1.8 + 10iK in which ny is the
initial amount of anion [M(CN)sNOJ*~ dissolved on the bottom
phase and K is the complex partitioning coefficient. For
calculation of each AH value, at least 20 injections (i = 1 until
20) were added to the calorimeter cell. All calculated A H
relative standard deviations were lower than 1.0%.

Results and Discussion

Phase Diagrams. Formation of aqueous two-phase systems
occurs through mutual exclusion of the salt and polymer,
whereby both components present high affinities with the water
molecules. With increasing polymer or salt concentration, the
extent of exclusion will increase, thus causing the lower phase
to concentrate salt and the top phase to be enriched with
polymer. At constant pressure and temperature, the chemical
potential of all components and consequently their molecular
interactions become functions of their concentrations in each
ATPS phase.?”

In order to obtain thermodynamic data and establish a
relationship between the tie-line length (TLL) and the complexes
partitioning behavior, four phase diagrams of aqueous two-phase
systems containing PEO as the polymer component and sulfate
salts (NapSOy4, LipSO4, CuSOs, ZnSOy4) as the electrolyte
component have been constructed and are shown in Figure 1.

The binodal line separates the outer two-phase region from
the monophasic region, which lies between the binodal line and
the origin of the diagram. The intersecting points of the tie-line
with the binodal line establish the phase’s compositions. It is
clear from the phase diagrams that the effectiveness of the four
salts to induce phase separation on the PEO aqueous solutions
is different and follows the order Na,SO4 > CuSO4 = ZnSOy4
> Li,SO4. Calorimetric measurements?! have revealed that in
a mixture containing sulfate salt and PEO, interactions are
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Figure 1. Phase diagram for PEO/Y,SO, at 298.15 K (Y = Na*, Li™,
Zn>*, or Cu?").

promoted between the ions and the macromolecule and forma-
tion of the ion—PEQ pair occurs due to some water molecules
being released from the ion and EO solvation layers in a process
driven by entropy increase. According to this model, the phase
splitting occurs as a result of the fact that by adding more salt
the systems are subjected to reach some salt concentration levels
where the polymeric chains become saturated with the ions and
no more entropy gain can be attained. After this saturation point
addition of more salt would lead to a higher concentration in
the bulk than around the polymer and the phase separation
process become more favorable. A natural consequence of this
model is that upon lowering of the ion—PEO binding constant
the electrolyte becomes more efficient to induce phase separa-
tion. In addition, after phase separation the polymer-rich phase
will have pseudopolication formed due to the interactions
established between the macromolecule and the cations. This
positive charge density around the macromolecule favors the
interaction with negatively charged species.

By increasing the tie-line length parameter, there is an
increase in the difference between both phases in terms of
intensive thermodynamic properties. The TLL is determined by
the difference in concentration of specific components in the
systems formed and calculated according to eq 3

TLL = [(Cp — Cp)’ + (C5 — €517 3)

where Cp and Cs refer to polymer and salt concentrations in %
(w/w) and T and B denote the top and bottom phases,
respectively. For each ATPS, the partitioning coefficient of the
complexes was determined in five different tie-line lengths.
Generally, based on literature data, the uneven solute partitioning
will increase with increasing tie-line length.??

Stability of the Anion Complexes. Partitioning experiments
with [Fe(CN)s(NO)J*~, [Mn(CN)s(NO)P’~, and [CH{CN)s(NO)P’~
anions were performed in the absence of light, so that the ions
did not decompose. The anions stability was studied through
electronic and infrared spectra in the top and bottom phases. In
both cases the spectra obtained show that anion structure was
not destroyed. In addition, elemental analysis confirmed that
the [Fe(CN)s(NO)]>~, [Mn(CN)s(NO)]*~, and [Cr(CN)s(NO)]3~
anions did not decompose in the presence of the macromolecules
used in this study.

Complex Partitioning Studies and the Influence of Central
Metal. The partitioning behavior of the anion complex group,
[M(CN)sNOJ*~, was investigated in order to assess the effect
of a small change in the complex structure, typically a change
in the central atom M (M = Fe, Mn, or Cr), and determine
how this affects the thermodynamics of the anion transfer
process.
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Figure 2. Partition coefficient (K) versus tie-line length (TLL) in an
ATPS formed with PEO/Li,SO4+/H,O at 298.15 K and pentacyanoni-
trosilmetallate complexes.

In very recently published papers,'®!> we reported that in
ATPS without any added extractant there occurs a preferential
transfer of the anion [Fe(CN)sNOJ>*~ from the salt-rich phase
to the polymer-rich phase. In these investigations, we used ATPS
formed with mixtures of aqueous solutions of PEO (MM = 3350
and 35 000 g mol™H)!> or triblock copolymers (L35 = 1900 g
mol~! and F68 = 8400 g mol™!)>? with aqueous solutions of
sulfate or phosphate salts (Li2SO4, Na,SO4, MgSO4, NazPOy).
The partitioning behavior of the pentacyanonitrosilferrate has
been attributed to a specific enthalpic interaction between the
anion and EO macromolecular segments. The affinity of
[Fe(CN)sNOJ>~ with polymer molecules could be monitored
by IR spectroscopy in view of the acceptor—donor interaction
between the anion (mainly the NO* site) and macromolecules
segments (due to the electronic pair found in the oxygen atom),
which changes the NO electronic density and consequently the
force constants of the N—O bond. As the electronic densities
of the NO group are very dependent on the nature of the
complex central metal,”* we wanted to alter the PEO—
[M(CN)sNOJ*™ interaction by replacing the iron atom present
in the complex anion with manganese or chromium.

The complexes Nay[Fe(CN)sNO], K;[Mn(CN)sNO], and
K3[Cr(CN)sNO] were partitioned in 4 different temperatures
(278.15,298.15, 308.15, or 318.15 K) in 12 distinct PEO/sulfate/
H,O systems. The following sulfate salts have been used
Na;S0y, LixSO4, CuSO4, and ZnSO4 with PEO 4000 g mol .
Unfortunately, it was not possible to obtain K values when using
ATPS formed with PEO and CuSO, because in all partitioning
assays precipitation of the salt Cu,[M(CN)sNO]J, occurred.

Figure 2 shows the dependence of the partition coefficient,
K, for all complexes with respect to TLL for ATPS formed with
PEO/Li,SO4/H,0 at 298.15 K.

It is clear from Figure 2 that slight differences in the
complexes structures (change of central atom) promote very
different partitioning behaviors. The pentacyanonitrosylferrate
anion showed the highest affinity with the PEO-rich phase,
reaching K values as high as 3495, while the [Mn(CN)sNOJ>~
maximum partitioning coefficient value was 194. On the other
hand, pentacyanonitrosylcromate anion showed, for all TLL
values, a partition coefficient around unity. Another important
difference in the transfer process of these coordination com-
pounds is that upon increasing the tie-line length the K values
of [Fe(CN)sNOJ?~ and [Mn(CN)sNO]*~ increase while that of
the [Cr(CN)sNO]*~ anion decreases.

The partitioning of these complex anions between two
aqueous phases must be understood in terms of the molecular
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Figure 3. A,G° versus tie-line length (TLL) for complexes in an ATPS
formed with PEO/Li,SO4/H,0 at 298.15 K.

TABLE 1: Thermodynamic Parameters Obtained with the
Nonlinear van’t Hoff Equation for [Mn(CN)s(NO)]*~ Anion
in ATPS PEO/Na,SO,

T/K  AG° (kI mol™) A H° (kI mol™")  TAS® (kJ mol™})
TLL 37%(w/w)
278 —2.662 —10.92 —8.26
298 —2.018 —12.16 —10.14
308 —1.599 —12.73 —11.13
318 —1.350 —13.25 —11.90
TLL 40%(w/w)
278 —3.021 —11.53 —8.51
298 —2.267 —14.25 —11.98
308 —1.849 —15.48 —13.63
318 —1.453 —16.63 —15.18
TLL 44%(w/w)
278 3.426 —13.41 —9.98
—298 —2.521 —16.46 —13.94
308 —2.098 —17.84 —15.74
318 —1.586 —19.13 —17.54
TLL 48%(w/w)
278 —3.831 —15.73 —11.90
298 —2.771 —18.39 —15.62
308 —2.355 —19.58 —17.23
318 —1.754 —20.71 —18.96
TLL 52%(w/w)
278 —4.266 —19.15 —14.88
298 —3.023 —20.28 —17.26
308 —2.605 —20.79 —18.18
318 —1.956 —21.26 —19.30

interactions in the mixture. The polymer—polymer, polymer—
solvent, polymer—ion, and ion—ion interactions are functions
of the polymers structures, the concentration of polymer and
salt, the hydration of polymer chain in aqueous solution, and
the valence and size of the ion.?> All interactions contribute to
the thermodynamic parameter called transfer free energy, A, G°
= —RT In K.

Plots of AxG° vs TLL for all complexes, in the ATPS formed
with PEO/Li,SO4/H,0, are shown in Figure 3.

The transfer free energy of two complexes, [Fe(CN)sNOJ>~
and [Mn(CN)sNOJ3~, decreases linearly with increasing TLL
values, while the transfer process of the anion [Cr(CN)sNO]*~
occurs with an increase in the free energy of the system or a
very small decrease in the transfer thermodynamic parameter.
In general, for ATPS formed with PEO/salt/H,O, the distribution
ratios for all ions investigated are low with values below unity.’®
In this sense, the partitioning behavior of pentacyanonitrosyl-
chromate anion is common, but the [Fe(CN)sNOJ*~ and
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TABLE 2: Thermodynamic Parameters Obtained with the
Nonlinear van’t Hoff Equation for [Fe(CN);(NO)]>~ Anion in
ATPS PEO/Li,SO4

TK  AG° (kK] mol™!)

AcH® (KJ mol™!)
TLL 37%(w/w)

TA:S° (kJ mol™h)

278 —17.03 —78.10 —61.07
298 —13.45 —51.30 —37.85
308 —12.71 —39.20 —26.49
318 —11.75 —27.80 —16.05
TLL 40%(w/w)
278 —18.02 —56.20 —38.18
298 —14.73 —54.90 —40.17
308 —14.69 —54.30 —39.61
318 —12.31 —53.70 —41.39
TLL 43%(w/w)
278 —18.73 —31.30 —12.57
298 —16.35 —55.60 —39.25
308 —16.16 —66.60 —50.44
318 —13.24 —76.90 —63.66
TLL 46%(w/w)
278 —19.28 —11.90 7.38
298 —17.76 —54.70 —36.94
308 —17.33 —74.00 —56.67
318 —14.24 —92.10 —77.86
TLL 49%(w/w)
278 —19.74 —21.82 —2.08
298 —18.91 —52.90 —33.99
308 —18.27 —717.70 —59.43
318 —15.19 —101.0 —85.81

TABLE 3: Thermodynamic Parameters Obtained with the
Nonlinear van’t Hoff Equation for [Fe(CN);(NO)]>~ Anion in
ATPS PEO/Nast4

TIK  AG® (K] mol™!)

AcH® (KJ mol™!)
TLL 30%(w/w)

TA:S° (kJ mol™")

278 —8.59 —30.90 —22.31
298 =7.75 —10.60 —2.85
308 =7.73 —1.48 6.25
318 —8.13 7.09 15.22
TLL 33%(w/w)
278 -9.79 —32.50 —22.71
298 —-8.77 —14.00 —5.23
308 —8.84 =5.70 3.14
318 —8.98 2.10 11.08
TLL 36%(w/w)
278 —10.76 —32.50 —21.74
298 —9.70 —16.00 —6.30
308 —9.82 —8.52 1.30
318 —9.80 —1.54 8.26
TLL 39%(w/w)
278 —11.56 —32.50 —20.94
298 —10.50 —16.60 —6.10
308 —10.69 —9.37 1.32
318 —10.61 —2.64 7.97
TLL 42%(w/w)
278 —12.25 —33.80 —21.55
298 —11.20 —16.20 —5.00
308 —11.45 —8.32 3.13
318 —11.43 —0.89 10.54

[Mn(CN)sNOJ*~ concentration on the top phase suggests the
existence of a special driving power.

Following Johansson et al.,?’ the preferential concentration
of [Cr(CN)sNOJ3~ in the salt-rich phase could be attributed to
two factors. First, an entropic driving power, which arises from
the fact that there is a difference between the top and bottom
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phases with regard to the number of molecules per unit volume.
This entropic contribution is expressed by eq 4

InK= M(”—T - ”—B) 4
P\V

where M is the molar mass of the partitioning solute, n™ and n®
are the total number of molecules in the top and bottom phase,
respectively, which generate a phase number density when
divided by the respective phase volume, VT or VB, and p is the
number of lattice sites per unit volume.

In PEO/M,SO4/H,O ATPS, the bottom phase has the highest
number density due to the higher water content of the salt-rich
phase. As is well known, the mixing entropy increases in
proportion to the natural logarithm of the number of distinguish-
able ways in which the molecules in the mixture can be
arranged. In association with the entropic drive, there could be
an enthalpic contribution to the [Cr(CN)sNOJ]*~ uneven distribu-
tion caused by electrostatic interactions between the ATPS-
forming salt ions and [Cr(CN)sNOJ]*~. This contribution is
expressed by the term [} . (®F — ®B)wyp,] in eq 5

M m
nK=——

RT i=1(#=S)

(q)iT - (I)?)WNPﬂ‘ -

2 3
> D (@[] - DI, ()
=1 j=2

The stronger the ion—[Cr(CN)sNO]3~ interaction, i.e, the more
negative is wnp.;, the more enthalpically favorable will be the
transfer of the anion to the phase enriched in the ions component.
Ineq5, ®] and ®P are the volume fractions of the component
“” in the top and bottom phases, respectively; wy; is the effective
pairwise interchange energy defined as wy; = z[e;—1/2(&;; + €],
z is the number of nearest neighbors, and ¢; is the potential
energy of an i—j pair. The second term on the right-hand side
of eq 5 quantifies the difference in energy of each phase (phase
self-energy) due to unlike enthalpic interactions between all
phase components other than complex anion. The dependence
of K values on the self-energies of the top and bottom phases
arises because insertion of the complex anion into a phase
requires breaking interactions between components of the phase
to create a cavity into which the [M(CN)sNOJ*~ fits. Da Silva
et al.!> demonstrated that the phase self-energy does not does
contribute very much to the partitioning behavior of the anion
complex with chemical structures like [M(CN)sNOJ*~.

On the other hand, still based on the Johansson model,
[Fe(CN)sNO1>~ and [Mn(CN)sNOJ]3~ spontaneous transfer from
the bottom phase to the top phase may be only attributed to a
specific enthalpic interaction between these complex anions with
the EO segments of the macromolecular chains, which concen-
trate in the top phase. In view of this, the observed K values
trend, [Fe(CN)sNOJ?>~ > [Mn(CN)sNOJ3~ > [Cr(CN)sNOJ*~,
should follow the same order as the magnitude of the molecular
interaction between each complex and the EO segments.

It is clear from the discussion above that the nature of the
central metal (M = Fe, Mn, Cr) in the [M(CN)s;NOJ*~ structure
has a very strong influence on the anion—EO interaction and
consequently on the complex partitioning behavior. To make
clear the molecular source of this different interaction, electronic
analysis of the coordination complexes should be performed.
All complexes have several common features. For example, a
theoretical approach indicated that the levels of the nitrosyl
group are substantially lower than their cyanide similar energy
state. However, It is well known that there are intramolecular
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Figure 4. Partition coefficient versus tie-line length in an ATPS formed

with PEO/Na,SO4+/H,0 at 298.15 K and pentacyanonitrosylmetallate
complexes.

environmental effects, caused by the central atom, in the energy
levels and electronic distributions,?® as illustrated by the fact
that the magnitudes of the separations are not nearly as large
as those in the isolated ligands (CN~ and NO™). This alteration
reflects the loss of electron density of the CN™ group and
accumulation of electron density of the NO™ upon complex
formation.?® Appropriate calculations, which make use of a
Mulliken population analysis,* found that for both the cyanide
and the nitrosyl ligands the electronic structures of the 30, 40,
and 17 orbitals were unchanged as compared with those of the
free ions. Only the 50 and 27 orbital occupancies appear to be
affected by complex formation. Molecular orbital calculations
show that in [Fe(CN)sNO]?~ the metal 3d level is about 5 eV
below that of the 2t NO™ and approximately the same as that
of the 50 CN~, but when a proton is removed from the
pentacyanitrosylferrate anion, thus forming the [Mn(CN)sNO?>~
complex, there occurs destabilization of the metal levels and a
decrease in the difference between the metal 3d and 27 NO™
levels from 5 to 2 eV. In addition, as a consequence of proton
withdrawal and electron addition, [Mn(CN)sNOJ3~ is converted
into [Cr(CN)sNOJ*~, which increases the molecular orbital
destabilization and consequently decreases the 3d and 2.t (NO™)
energy difference. This metal effect has two major conse-
quences. First, the o donation of a cyanide group should be
greater than that of the nitrosyl group. Second, variations in
the metal 3d levels should result in substantial fluctuations in
the degree of o donation by cyanides but cause only minor
changes in that of the nitrosyl group. The converse holds true
for the 27 orbital interactions. In summary, the calculations
predicted that as a result of metal replacement from iron to
manganese to chromium there is an increase in the NOT
electronic density, mainly due to formation of st bonds, which
impairs the tendency of the complex to interact (acceptor—donor
interaction) with electronic pairs present in the oxygen atoms
of the ethylene-oxide segment. Naturally, no claim is made for
the absolute accuracy of the state energy values obtained in this
kind of theoretical calculation. However, we do assert that
relative trends are meaningful and give insight into the effect
of the central atom on the electronic structures of the species.

Salt Effects in the [M(CN)sNOJ*~ Partitioning Behavior.
The same relative partitioning behavior for the three complex
anions, i.e, K[Fe(CN)SNO]Z* > K[Mn(CN)SNO]F Z K[Cr(CN)SNO]F’ was
observed when the lithium sulfate was replaced with Na,SO4
(Figure 4). However, for a specific complex the K values
obtained in PEO/Li,SO4/H,O ATPS are even higher than the
partitioning coefficients found in the PEO/Na,SO4/H,O ATPS.

In the PEO/ZnSO4/H,0O ATPS, [Fe(CN)sNOJ?>~ and [Cr-
(CN)sNOJ*~ concentrate in the top phase at an almost similar
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B [Fe(CN),NOT"
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Figure 5. Partition coefficient versus tie-line length in an ATPS formed
with PEO/ZnSO4/H,0 at 298.15 K and pentacyanonitrosylmetallate
complexes.

extent (Figure 5) while the [Mn(CN)sNO]3>~ anion precipitates
at the interface as Zn3;[Mn(CN)sNO],.

The effect of the electrolyte nature in the free energy of
transfer is depicted in Figure 6, showing the plots of AG° vs
TLL for all complexes, in the ATPS formed with PEO/Na,SO./
H,0 and PEO/ZnSO4/H;0.

Similarly to the ATPS formed with Li;SOy, in the PEO/
Na,SO4/H,0 system the transfer free energy of two complexes,
[Fe(CN)sNOJ>~ and [Mn(CN)sNO]3~, decreases linearly with
increasing TLL values while the transfer process of the anion
[Cr(CN)sNOJ*~ occurs with increasing free energy of the
system. The A;G° values were very dependent on the electrolyte
nature, following the orders as follows: for AyG°ge, LipSO4 <
Na,SO4 < ZnSOy4; AvGOMn, LinSO4 < NapSOy; for AyGOct,
ZnyS04< NaSO4 < LixSOs. As can be seen from Figure 6,
the electrolyte effect is weaker than the central metal influence.

As reported in previously published papers,’!%15 the salt effect
in the pentacyanonitrosylmetallate partitioning behavior could
be attributed to an interaction between salt cations and the PEO
macromolecules, resulting in a positively charged polymer
surface (pseudopolication), which can interact with the
[M(CN)sNOJ*~ anion. According to this approach, the cation
of the ATPS salt component plays an important role by
simultaneously interacting with complex anions and PEO. The
increase in PEO—[M(CN)sNOJ*~ interaction, when sodium
cation is replaced with Li™, can be explained by both of the
following two ideas: (i) the number of Li* ions bound to
polymer chains is larger than that of Na™ ions, resulting in higher
positive charge density and (ii) the electrostatic interaction
between EO—LiT™—[M(CN)sNO]*~ is more intense than that of
EO—Nat—[M(CN)sNOJ*".

Temperature Effect on Partitioning. Analysis of A.,G°
parameters in terms of molecular processes is hard because they
contain one molecular interaction parameter, A,H°, and one
configuration variable, AS°, both depicted in terms of criteria
specified by the Gibbs—Helmoholtz relationship, namely, A,G°
=AH° — TAS°. The values of the enthalpy of transfer can be
derived from data referring to the temperature dependence of
the partition coefficients, generally interpreted by means of the
linear van’t Hoff equations.' Figures 7, 8, and 9 show van’t
Hoff plots of In K versus 1/T for complexes of iron, manganese,
and chromium, respectively, in ATPS formed with Na,SO+/PEO/
H,0.

All curves shown are nonlinear, indicating that the enthalpy
of transfer varies with temperature and consequently the transfer
heat capacity change, AzCp = (0AtrH®/0T), is not zero. This
leads to curvatures in the van’t Hoff plots. If these plots are
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nonlinear, the tangent to the curve at any point along the curve
is AtrH° at that temperature. Recent studies®? on a variety of
systems have shown that assumption of linear van’t Hoff plots
is frequently incorrect, and for analysis of the complete van’t
Hoff curve in such cases, more elaborate models must then be
used when attempts to extract reliable estimates of AtrH° are
made.

In order to obtain the transfer enthalpic and entropic
parameters we applied eqs 6, 7, and 8

InK,=a+b(1/T)+c(1/TY +d(1/T)’+..+In ® (6)
AH’=—R[b+2c(1/T)+3d(1/T)* + ...] @)

(At - AtrGO)
’HO# (8)

Figure 10 shows the enthalpy of transfer vs temperature for
[Mn(CN)sNOJ*~ complexes partitioned in ATPS formed with
PEO/Li,S04/H;0. Similar behaviors were obtained for the other
complexes and ATPS systems studied in this work (Tables 1
to 7). On the basis of the nonlinear van’t Hoff approach, the
transfer enthalpy values of [Fe(CN)sNOJ>~, [Mn(CN)sNOJ*~,
and [Cr(CN)sNOJ*~ anions become more negative as temper-
ature and TLL magnitude increase. The transfer processes of
these coordination compounds are ever exothermic, but their
magnitudes depend on the nature of the central atom, following
the order [Fe(CN)sNOJ?>~ < [Mn(CN)sNOJ*~ < [Cr(CN)s-
NOJ3~. Surprisingly, for [Fe(CN)sNOJ]?>~ anion in the PEO/
Na,SO4 ATPS systems (TLL = 30% or 33% w/w) and at 318
K the trasnsfer process was endothermic and entropically driven.
It was not possible for us to find a scientific explanation for
these exceptions.

In order to analyze the complete effect of temperature in the
transfer process, it is necessary to examine the temperature
dependence of A;G° and AyS°. The relationship between the
free energy of transfer or the entropy of transfer and the
temperature is shown in Figures 11 and 12, respectively. Both
thermodynamic parameters were plotted for [Mn(CN)sNOJ*~
anion in the PEO/Li,SO4/H,0 ATPS. Equivalent results are
obtained for the other complexes in different ATPS and shown
in Tables 1 to 7.

The complexes affinities with the top phase, at any TLL value,
decrease with increasing temperature, regardless of the fact that
the enthalpy of transfer becomes more negative with increasing
temperature. As shown in Figures 10 and 12, the temperature
effect on the partitioning behavior should be attributed to a
proportional decrease of enthalpy and entropy of transfer with
the temperature increase. However, for the temperature range
investigated, the transfer of all complexes anions is enthalpically
driven. In each temperature and for all ATPS, the thermody-
namic transfer behavior of the three pentacyanonitrosylmetallate
complexes satisfies the criteria of entropy—enthalpy compensa-
tion, as confirmed by the linear relationship of the plot AyS°
versus Ay H°, as illustrated by Figure 13 for the anion
[Fe(CN)sNO]J?>~ in the ATPS PEO/Li,SO4/H,0.

The entropy—enthalpy compensation behavior, observed in
the complexes transfer process, should be ascribed to the
following mechanism: when [M(CN)sNOJ*~ anion is transferred
from the bottom phase to the top phase, the anion and the EO
segment interact, releasing some water molecules that were
solvating them. The more negative the transfer enthalpy
becomes, the more intense the EO—[M(CN)sNOJ*~ interaction
and consequently more water molecules are released. Some of

AS =
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Figure 6. A,G° versus tie-line length for complexes in an ATPS formed with PEO/sulphates/H,O at 298.15 K.
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Figure 7. Plot of In K versus 1/T for the complex [Fe(CN)sNOJ>™ in
an ATPS formed with Na,SO4/PEO/H,0 in four different temperatures
with five tie-line lengths (TLL).
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Figure 8. Plot of In K versus 1/T for the complex [Mn(CN)sNOJ*~ in
an ATPS formed with PEO/Na,SOy in four different temperatures with
five tie-line lengths (TLL).

these water molecules spontaneously transfer from the top phase
to the bottom phase, thus decreasing the entropy of transfer (eq
4).

In many cases where an unusually large AC, temperature
dependence is involved, van’t Hoff enthalpy change, A H°p,
and the directly observed calorimetric enthalpy change, AyH°,
do not agree. Then, to reveal a possible difference between
AyH°y and A H°, associated with the [M(CN)sNOJ*~ anion
partitioning process, calorimetric measurements were carried
out. Figure 14 shows a comparison between AyH%, and Ay HCy

0.0
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02 ¥ 39%(ww)
v | & 42% (wiw)
£
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Figure 9. Plot of In K verus 1/T for the complex [Cr(CN)sNOJ*~ in
an ATPS formed with Na,SO4/PEO/H,0 in four different temperatures
with five tie-line lengths (TLL).
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Figure 10. Transfer enthalpy vs temperature for the complex
[Mn(CN)sNOJ*~ in the PEO/Li>SO4/H,O ATPS.

obtained for the PEO/Na,SO4/H>O ATPS systems, where both
enthalpies were plotted versus TLL.

For all complexes significant differences between the calo-
rimetric and van’t Hoff enthalpies were found to exist. For
[Cr(CN)sNOJ*~, A HCq results show that anion transfer, from
the bottom phase to the top phase, is an endothermic process,
which makes the anion concentration on the polymer-enriched
phase thermodynamically unfavorable (enthalpically and en-
tropically).

If AeH%n = ArHCq, the thermodynamic changes should be
regarded as a two-state process with an infinite entropy
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TABLE 4: Thermodynamic Parameters Obtained with the

Nonlinear van’t Hoff Equation for [Fe(CN);(NO)]>~ Anion in

ATPS PEO/ZnSO,
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TABLE 6: Thermodynamic Parameters Obtained with the
Nonlinear van’t Hoff Equation for [Cr(CN)sNOJ*~ Anion in

ATPS PEO/Nast4

T/IK  AeG° (kI mol™")  AgH° (kI mol™")  TAuS°® (kJ mol™!) T/IK  AeG° (kI mol™")  AgH° (kI mol™")  TAuS°® (kJ mol™!)
TLL 37%(w/w) TLL 30%(w/w)
278 —7.51 —31.90 —24.39 278 0.306 0.793 2.23
298 —5.89 —23.90 —18.01 298 0.558 —6.53 —7.09
308 —5.50 —20.30 —14.80 308 0.793 —10.60 —11.39
318 —5.44 —16.90 —11.46 318 1.255 —14.50 —15.75
TLL 40%(w/w) TLL 33%(w/w)
278 —8.13 —32.70 —24.57 278 0.428 1.44 1.01
298 —6.33 —26.90 —20.57 298 0.620 —5.64 —6.26
308 —6.03 —24.40 —18.37 308 0.908 —3.84 —9.75
318 —5.53 —21.90 —16.37 318 1.280 —11.80 —13.08
TLL 43%(w/w) TLL 36%(w/w)
278 —9.03 —37.50 —28.47 278 0.601 1.61 1.01
298 —6.86 —31.60 —24.74 298 0.724 —4.71 —543
308 —6.56 —28.90 —22.34 308 1.020 —7.56 —8.58
318 —5.68 —26.40 —20.72 318 1.321 —10.20 —11.52
TLL 46%(w/w) TLL 39%(w/w)
278 —10.38 —48.70 —38.32 278 0.832 0.71 —0.12
298 —7.35 —39.40 —32.05 298 0.933 —3.68 —4.61
308 —=7.16 —35.20 —28.04 308 1.070 —5.65 —6.72
318 —5.96 —31.20 —25.24 318 1.371 —7.51 —8.88
TLL 49%(w/w) TLL 42%(w/w)
278 —12.24 —75.20 —62.96 278 0.993 0.25 —0.74
298 —7.81 —48.40 —40.59 298 1.166 —2.75 —3.92
308 —=7.70 —36.30 —28.60 308 1.067 —4.10 —=5.17
318 —6.61 —25.00 —18.39 318 1.451 —5.37 —6.82

TABLE 5: Thermodynamic Parameters Obtained with the
Nonlinear van’t Hoff Equation for [Cr(CN)sNOJ*~ Anion in
ATPS PEO/Li,SO4

TABLE 7: Thermodynamic Parameters Obtained with the
Nonlinear van’t Hoff Equation for [Cr(CN)sNOJ*~ Anion in

ATPS PEO/ZnSO,

T/IK  AeG° (kI mol™")  AH° (kI mol™")  TAuS°® (kJ mol™!) T/IK  AeG° (kI mol™")  AgH® (kI mol™")  TAuS°® (kJ mol™!)
TLL 37%(w/w) TLL 37%(w/w)
278 —0.561 4.19 4.75 278 —4.178 —13.30 -9.12
298 —0.612 —4.24 —3.63 298 —3.616 —12.90 —-9.28
308 —5.50 —20.30 —14.80 308 —3.130 —12.80 —9.67
318 —5.44 —16.90 —11.46 318 —2.967 —=12.70 -9.73
TLL 40%(w/w) TLL 40%(w/w)
278 —0.640 —-1.39 -0.75 278 —5.235 —17.60 —12.37
298 —0.492 —=5.29 —4.80 298 —5.082 —21.60 —16.52
308 —0.144 —7.06 —6.92 308 —3.704 —30.50 —26.80
318 —0.009 —8.71 —8.70 318 —3.272 —38.90 —35.63
TLL 44%(w/w) TLL 43%(w/w)
278 —0.694 —8.86 —8.17 278 —6.895 —19.50 —12.61
298 —0.222 —6.38 —6.16 298 —5.837 —31.20 —25.36
308 0.035 —5.26 —5.30 308 —4.309 —36.50 —32.19
318 0.115 —-0.99 —1.11 318 —3.683 —41.40 —37.72
TLL 48%(w/w) TLL 46%(w/w)
278 —0.721 —14.00 —13.28 278 —8.313 —39.70 —31.39
298 0.004 =7.07 -7.07 298 —6.279 —37.80 —31.52
308 0.146 —3.93 —4.08 308 —4.898 —36.90 —32.00
318 0.287 -0.99 —1.28 318 —4.161 —36.10 —31.94
TLL 52%(w/w) TLL 49%(w/w)
278 —0.735 —16.30 —15.57 278 —9.452 —58.40 —48.95
298 0.170 —8.26 —8.43 298 —6.538 —41.80 —35.26
308 0.218 —4.64 —4.86 308 —5.466 —34.30 —28.83
318 0.480 1.26 0.78 318 —4.658 —27.20 —22.54

difference between the two states.3! However, when A H%y =
AH®, it is considered that there is a multistep process occurring
between two states with a very small entropy difference.’?> On
the basis of this approach, we can consider that the
[M(CN)sNOJ*~ anion moves to the top phase, causing innumer-
ous changes (steps) leading to multistates with small entropy
differences. These states are probably related to changes in

polymer conformations, molecular dehydration, water transfer
between the phases, and aggregates formation.
4. Conclusion

Partitioning behaviors of pentacyanonitrosylmetallate anions,
[M(CN)sNOJ}~ (M= Fe, Mn, or Cr), in PEO/M,SO+/H,O ATPS
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Figure 11. A,G° vs temperature for the complex [Mn(CN)sNOJ3>~ in
the PEO/Li,SO4/H,O ATPS.
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Figure 12. A,S° vs temperature for the complex [Mn(CN)sNOJ]*~ in
the PEO/Li,SO4/H,O ATPS.
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Figure 13. Plots of A.H® versus A.S° for the complex [Mn(CN)sNOJ*~
in four different temperatures in ATPS formed with PEO/Li,SO4+/H-0.

are strongly influenced by the nature of the central atom. For
all ATPS and temperatures examined, the partitioning coefficient
follows the order K. cnynop- > Kivnenynop- ~ Kierenynops—
This sequence in K values was attributed to the effect of the
central atom in the specific EO—[M(CN)sNOJ*"enthalpic
interaction. On the basis of this model and as a result of the
replacement of the iron central atom with manganese or
chromium, there is an increase in the NO™ electronic density,
mainly due to formation of 7 bonds, thus decreasing the
tendency of the complex to interact with electronic pairs
found in the oxygen atoms of the ethylene oxide. Further-
more, another effect in the partitioning behavior has been
verified for the ATPS- forming salt, resulting for all complexes
the order KIMGNOI 5 gICUNOI - RMCONOR e
electrolyte ef%ect was attributed to an interaction between
the ATPS-forming salt cation and the PEO macromolecules,
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Figure 14. Calorimetric (full symbol) and van’t Hoff (open symbol)
[Fe(CN)sNOJ>~ (m, O), [Mn(CN)sNOJ*~ (@, O), and [Cr(CN)sNOJ*~
(7r, p) enthalpy of transfer obtained in the PEO/Na,SO+/H,O ATPS
systems at 25 °C.

generating a positively charged polymer surface, which can
interact with the [M(CN)sNOJ]*~ anion. According to this idea
the cation plays a role by interacting simultaneously with
complex anions and PEO. All these important results suggest
the use of pentacyanonitrosylmetallate anion as a strategic
additive, aiming to change physical chemistry properties of
systems formed with mixtures of poly(ethylene oxide) and
electrolytes.
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