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Co(salen) [cobaltous bis(salicylaldehyde)ethylenediamine] complexes are well-
known O2 carriers in solution. In the solid phase, these complexes exhibit some O2

binding but detailed studies have been complicated because few of the known poly-
morphs of Co(salen) actually bind O2. The O2 binding results for nanoparticulate
Co(salen) are presented in this study. Rod-shaped Co(salen) nanoparticles, roughly
100 nm in diameter, were recrystallized by spraying a methylene chloride solution
of commercially obtained Co(salen) into supercritical carbon dioxide. Temperature-
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programmed desorption, thermogravimetric analysis, and a Rubotherm magnetic sus-
pension balance measurements reveal a reversible O2 uptake of ;1.51 mmol/(g nano-
particles) at 258C, consistent with a binding stoichiometry involving a bridging peroxo
unit between two Co centers. In contrast, no measurable O2 uptake was observed with
the commercial Co(salen). These results clearly show the potential for bottom-up
design of nanoparticulate metal complexes for enhanced O2 storage and other applica-
tions. � 2009 American Institute of Chemical Engineers AIChE J, 55: 1040–1045, 2009
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Introduction

Much of the work on O2-binding transition metal com-
plexes has been guided by attempts to mimic biological O2-
carriers, as outlined in several articles.1–4 Cobaltous bis(sali-
cylaldehyde)ethylenediamine (Co(salen)) and its derivatives
are one class of complexes that have been extensively stud-
ied for their ability to reversibly bind O2.

5–7 Co(salen) is the
first reported synthetic reversible Co(II) oxygen carrier to
bind O2 in the solid state, and it is believed that the O2

adduct consists of dimeric [Co(salen)]2O2 units.8,9 However,
there are several polymorphs of Co(salen), with only a few
having the ability to bind O2.

8,10 Formation of the different
polymorphs is dependent on the preparative method, and
heating and grinding can lead to interconversion between O2

active and inactive forms.8 Furthermore, a significant
increase in O2 affinity occurs when an additional ligand is
coordinated to the Co(salen) complexes—for example, the
formation of five-coordinate square pyramidal complexes
promotes O2 binding.

4,11

Cobalt-O2 carriers have been studied for a variety of appli-
cations in the solid state, focusing on O2 separation and stor-
age.2,4 Compared to iron complexes, such as those with por-
phyrin ligands, cobalt complexes have shown more potential
as O2 sorbents for air separation.2,4,12,13 Co(salen) complexes
and its derivatives have been extensively studied for this
application.4 For example, the U.S. Air Force attempted to
use the compound to sequester O2 from air but technical
obstacles, including slow oxygenation rates, irreversible oxi-
dation, and sensitivity to moisture, have hampered successful
utilization.4

We have used Co(salen) and its derivatives as homogene-
ous oxidation catalysts in solution,14,15 and as oxygen car-
riers11 and catalysts in porous polymeric hosts.16,17 The com-
plexes are sequestered in templated polymers to isolate the
metal centers, thereby avoiding dimerization and improving
the stability of the adsorbent.11,13 More recently, nanopar-
ticles of transition metal complexes, including Co(salen),
were prepared using precipitation with compressed antisol-
vent (PCA) technology. In the PCA technique, nanoparticles
of Co(salen) were precipitated from methylene chloride solu-
tion using supercritical CO2 as an antisolvent. Scanning elec-
tron microscopy (SEM) showed that the processed Co(salen)
nanoparticles have rod-like morphology with average diame-
ters around 100 nm and lengths on the submicron scale.18

Investigations into the O2 binding properties of the Co(salen)
particulates (Scheme 1) are presented in this report. Our find-
ings show a greater O2 binding capacity for the nanoparticles
compared to their unprocessed analogs. Furthermore, our
results support the formation of [Co(salen)]2O2 species
within the nanoparticulates.

Materials and Methods

Co(salen) was purchased from Sigma-Aldrich and used as
received. SEM characterization revealed that the particle size
of this material was on the order of tens to hundreds of
microns. Co(salen) nanoparticles were created as explained
in previous work with a smaller precipitation vessel (0.95 L)
as well as a SCEPTER1 (Graver Separations) (0.1 lm) fil-
ter.18 The oxygen used for the thermogravimetric analysis
(TGA) studies was USP medical grade from Linweld while
the N2 utilized was boiled off from a liquid nitrogen dewar.
The oxygen and helium utilized for the Rubotherm adsorp-
tion experiments were obtained from Pangas AG (Luzern,
Switzerland) at purities of 99.95% and 99.999%, respec-
tively. Argon for the temperature-programmed desorption
(TPD) experiments was high purity grade (99.996%) from
Linweld.

The true (skeletal) density analysis of both the commer-
cial Co(salen) as well as Co(salen) nanoparticles was per-
formed by Quantachrome Instruments using a gas-expan-
sion pycnometer. Specific surface area and pore volume
analyses of both materials were performed by NanoScale
Materials.

TPD of the materials was carried out using Argon at 30
sccm. The powders [306 mg of the commercial Co(salen)
and 8.3 mg of the Co(salen) nanoparticles] were loaded in a
fixed bed arrangement into a quartz tube reactor and heated
from room temperature to 2008C at 58C/min for the
Co(salen) nanoparticles and 6.78C/min for the commercial
Co(salen). The effluent gases were analyzed using a Pheiffer
Vacuum mass spectrometer (Omnistar Quadrupole Mass
Spectrometer Model GSD 300 02).

Scheme 1. Morphology and functional properties of
Co(salen) recrystallized as nanoparticles.
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The O2 desorption data were collected with a TA Instru-
ments Q50 Series Thermogravimetric Analyzer (TGA) with
a heating rate of 58C/min and balance with sample flow
rates of 40 and 60 sccm, respectively. The TGA was also
modified to perform O2 binding studies utilizing the gas
switching capability of the instrument. The sample [1.192–
9.335 mg of the commercial Co(salen) and 0.717–2.245 mg
of the Co(salen) nanoparticles] was first equilibrated at 608C
and held there for 5 min to desorb any O2 that had bound
during air exposure. Then, the furnace was cooled to 258C
and held for an additional 5 min. Following this step, the
sample gas was changed automatically from the standard N2

to O2 (60 sccm). After a 30-min O2 pulse, it was found that
the mass change leveled off and the sample gas was
switched back to N2.

The static oxygen adsorption measurements were per-
formed in a Rubotherm magnetic suspension balance (Rubo-
therm, Bochum, Germany), equipped with a calibrated
sinker for an in situ measurement of the fluid density.19 The
Rubotherm balance allows one to measure the weight of the
sample with an accuracy of 0.01 mg and can be operated at
pressures and temperatures up to 450 bar and 2508C,
respectively. The measuring cell is kept at a constant tem-
perature with a heating jacket and temperature (T) is meas-
ured with a calibrated thermocouple at an accuracy of
0.18C. Pressure (P) is measured using a pressure sensor
PAA-35XHTT (Keller, Winterthur, Switzerland), which can
measure up to 3 bar with an accuracy of 0.15% FS. More
details of the experimental setup may be found else-
where.20,21 The sorbent samples [1728.38–1776.01 mg of
the commercial Co(salen) and 166.83 mg of the Co(salen)
nanoparticles] were kept in sealed glass beakers under an
Argon atmosphere and were regenerated for at least 4 h
under vacuum at 60 or 1208C before being used in the
adsorption measurements.

After regeneration, the sorbent sample is placed in the bas-
ket, the magnetic suspension balance is evacuated and the
weight M0

1 ¼ mmet þ msorb
0 under vacuum is measured at a

temperature of 258C, where mmet and msorb
0 represent the

weights of the lifted metal parts and of the sorbent sample,
respectively. Then, the system is filled with helium at a pres-
sure of about 2 bar and the volume of the metal parts and
the sorbent sample Vmet þ Vsorb

0 is obtained from the mea-
sured weight M1 (qbHe,T) and the density qbHe:

Vmet þ Vsorb
0 ¼ M0

1 �M1ðqbHe; TÞ
qbHe

: (1)

After evacuating it again, the cell is filled with oxygen
and the weight M1 (qb,T) is measured at the desired condi-
tions, i.e., density qb and temperature of 258C:

M1ðqb; TÞ ¼ M0
1 þ ma � qb½Vmet þ Vsorb

0 þ Va�; (2)

where ma and Va are the absolute amount adsorbed and the
volume of the adsorbed phase, respectively. The latter cannot
be directly measured, and the only measurable quantity is the
excess adsorption G(qb,T):

Cðqb; TÞ ¼ ma � qbVa ¼ M1ðqb; TÞ �M0
1 þ qb½Vmet þ Vsorb

0 �:
(3)

However, since the densities at which the measurements
are performed are relatively low, the term qbVa is much
smaller than ma and the absolute amount adsorbed can be
approximated by the excess adsorption, ma % G. Therefore,
the experimental results are reported here in terms of the
molar absolute adsorption na defined as follows:

naðqb; TÞ ¼ Cðqb; TÞ
Mmmsorb

0

; (4)

where Mm represents the molar mass of the adsorbate.

Results and Discussion

Physical particle characterization

Electron paramagnetic resonance, electronic absorbance
spectroscopies and elemental analysis (ICP) characterizations
of the unprocessed Co(salen) and the processed nanoparticu-
lates thereof produced similar spectral and analytical results,
demonstrating that the metal complexes remain intact follow-
ing precipitation.18 However, as shown in Table 1, the true
density of the nanoparticles is lower than that of the unpro-
cessed Co(salen) by about 0.3 g/mL (18%). In addition, there
are significant differences in the surface areas and pore vol-
umes between the unprocessed and nanoparticulated forms of
Co(salen) (Table 1). In particular, the Brunauer Emmett
Teller (BET) measurements suggest that the nanoparticles of
Co(salen) are porous, having an average pore volume of 30
3 1023 mL/g of nanoparticles and mean pore diameter of 6–
8 nm. The porosity is consistent with the lower true density
of the nanoparticles.

Quantifying oxygen adsorption and desorption

The Co(salen) nanoparticles displayed a visible color
change from brown to green upon exposure to air. In con-
trast, the unprocessed starting Co(salen) complex did not
show any such color change when exposed to air. To verify
that this color change was caused by enhanced O2 binding, a
TPD study was carried out on both samples after exposure to
ambient O2. As shown in Figure 1, the Co(salen) nanopar-
ticles exhibited substantial O2 desorption beginning around
358C, whereas the unprocessed analog only displayed slight
O2 desorption at temperatures approaching 1758C. The
observed TPD signal for the commercial Co(salen) is approx-
imately an order of magnitude lower than the corresponding
signal for the Co(salen) nanoparticles even though the
amount of commercial Co(salen) used in the experiments is

Table 1. Physical Properties of Unprocessed and
Co(salen) Nanoparticles

True
Density
(g/cc)

Surface
Area
(m2/g)

Pore
Volume

(1023 mL/g)

Commercial Co(salen) 1.6111 Too low to be
measured

0.4

Co(salen)nanoparticles 1.3157 14–18 29–31
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an order of magnitude greater than the Co(salen) nanopar-
ticles. Thus, when normalized with the amount of Co(salen)
used in the TPD experiments, the mass of O2 desorbed on
the commercial Co(salen) is so low compared to that on the
Co(salen) nanoparticles that additional experiments will be
needed to reliably establish the intrinsic amount of O2 de-
sorbed from the commercial Co(salen). However, this was
not our focus; rather, the purpose of the TPD experiments
was to show that the bound O2 in Co(salen) nanoparticles
can indeed be desorbed with gentle heating.

TGA was utilized to further quantify the amount of O2

bound to the samples. For the nanoparticle exposed to air,
there was a 3–4% mass decrease with O2 desorption starting
at 328C (Figure 2). As a control, the unprocessed Co(salen)
was investigated and no mass change was observed as the
sample was heated to 1008C.

To obtain additional quantitative information on the O2

binding, including whether it is a reversible process, the
TGA instrument was modified so that O2 could be passed
through the furnace in a continuous fashion. In a typical
experiment, Co(salen) nanoparticles were exposed to air and
then heated to 608C to desorb the oxygen—this caused mass
losses between 4 and 5% (Figure 3). The furnace was then
cooled to room temperature and pure O2 was continuously
flowed through the furnace for ;30 min. As illustrated in
Figure 3, the nanoparticles showed rapid O2 uptake that
ranged from 3 to 4% of the adsorbent mass, corresponding to
an O2 adsorption of 1.27 mmol of O2/g of nanoparticle. Fol-
lowing the prolonged O2 exposure, N2 was purged through
the furnace, causing the bonded O2 to desorb. The control
experiments with unprocessed Co(salen) showed no measura-
ble gas adsorption.

To corroborate the TGA results, the unprocessed Co(salen)
complex and the nanoparticulate Co(salen) were analyzed for
O2 adsorption at 258C using a Rubotherm magnetic suspen-
sion balance. This experiment utilizes different pressures of
O2, with equilibrium being indicated by a negligible rate of
mass change. Consistent with our other measurements, the
unprocessed Co(salen) complex displayed no measurable
binding of O2. In contrast, significant O2 binding was
observed for the Co(salen) nanoparticles, whose experimental
data are given in Table 2. Figure 4 shows the equilibrium O2

adsorption isotherms on Co(salen) nanoparticles. Filled sym-
bols refer to the experiments carried out in adsorption mode,
whereas the empty symbols to the desorption runs. Before
measurements, the sample has been regenerated under vac-
uum at 608C (triangles) or at 1208C (circles), but no differ-
ence in the measured isotherms has been observed. As shown
in Figure 4, the equilibrium O2 adsorption isotherms display
a sharp rise beyond 0.2 bar of O2 pressure, attaining a satura-
tion value of 1.51 mmol of O2/g of nanoparticle at higher
pressures—this change corresponds to a 5.1% mass increase
based on the mass of the adsorbent. In addition, this quantity
of O2 uptake corresponds to 98% of the stoichiometric

Figure 1. Temperature-programmed desorption profiles
displaying mass signal, atomic mass unit
(AMU) 32 (O2) (––), and furnace temperature
ramp (– – –): (a) commercial Co(salen); (b) air
exposed Co(salen) nanoparticles.

Figure 2. TGA desorption profiles corresponding to air
exposed commercial Co(salen) (– – –) and
Co(salen) nanoparticles (––).

Figure 3. TGA profiles showing O2 desorption into
flowing N2 (at 608C) followed by subsequent
(around 30 min) adsorption from flowing O2

stream at room temperature (;208C): com-
mercial Co(salen) (– – –) and Co(salen) nano-
particles (––).
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amount predicted for [Co(salen)]2O2 complexes. The forma-
tion of this dimeric structural motif within the Co(salen)
nanoparticles is consistent with what is known for O2 adducts
in other solid forms of Co(salen).8,9,22

The desorption isotherm of the Co(salen) nanoparticles is
also shown in Figure 4 and a lower O2 pressure (0.005 bar)
is required to completely desorb (less than sensitivity of
instrument) the O2 from the nanoparticles. The adsorption
and desorption isotherms exhibit hysteresis, a property that
has been observed previously for other Co(salen) systems.
For instance, the five-coordinate Co(salen)(pyridine) complex
also shows a hysteresis effect,13 which has been attributed to
a restructuring of the crystal lattice during desorption (Simi-
lar changes in phase were also observed in previous reports
of Co(salen) and similar complexes).12,23

The O2 binding properties of the Co(salen) nanoparticles
are superior to other cobalt-based adsorbents (An early report
describes a mass change of between 3.5 and 4.5% after expo-
sure to O2 at room temperature for solid Co(salen).22 How-
ever, there were no experimental details associated with this
report). For instance, the crystalline phase of the four-coordi-
nate complex, (Bu4N)2Co(CN)4, was reported to adsorb O2—
the quantity taken up corresponded to 91% of the stoichio-
metric amount that is predicted for a 1:1 Co-O2 complex.
However, this material lost only 56% of its adsorbed oxygen
while purging with N2 at 308C.12 The Co(salen) nanopar-
ticles also outperformed five-coordinate Co(salen) com-
plexes—these types of systems are known to have high affin-
ities for O2 in solution.4 Nonetheless, only 1.06 mmol of O2/
g of solid was taken up by Co(salen)(pyridine) complex
258C as measured by a static volumetric system.13

Recently, we have reported on the structure and ligand
environment of the Co(salen) nanoparticles and commercial
Co(salen), investigated by the combined application of infra-
red, Raman, X-ray absorption near edge structure (XANES),

and extended X-ray absorption fine structure (EXAFS) spec-
troscopies in conjunction with X-ray diffraction (XRD)
experiments before and during interaction with O2.

24 The
results indicate that the enhanced O2 binding properties of
Co(salen) nanoparticles are related to structural differences
between the unprocessed Co(salen) and the Co(salen) nano-
particles. The spectroscopy results indicate the presence of
CoII centers with distorted tetrahedral geometry in the case
of the Co(salen) nanoparticles and no evidence of metallic
Co clusters, confirmed by the lack of Co��Co contributions
at bonding distances in the EXAFS spectra and the presence
of characteristic features of CoII in the XANES spectra. The
EXAFS data also indicate that there are on average two
Co��N and two Co��O bonds with a distance of 1.81 6
0.02 Å and 1.90 6 0.02 Å, respectively, consistent with typi-
cal metal salen structures. Upon O2 binding on the Co(salen)
nanoparticles, the XANES results indicate oxidation of the
CoII to CoIII, consistent with the vibrational data showing
new bands associated with oxygen species bonded to Co cen-
ters and the increase in the oxygen coordination number
from 1.8 to 2.9 in the EXAFS data.

The dioxygen uptake by the nanoparticulate Co(salen) is
;1.51 mmol of oxygen per gram of nanoparticles, a value
that is consistent with one O2 molecule per two Co(salen)
complexes. The structural characterization results are consist-
ent with this bridging stoichiometry. The XANES results
showed that upon exposure to O2, the Co(salen) complexes
within the nanoparticle are oxidized from CoII to CoIII, a
result that is consistent with dioxygen being reduced to a
bridging peroxo moiety.24 Further, the EXAFS results on O2-
treated nanoparticles indicated an increase in coordination
number of the Co complexes from four to five compared to
the original, untreated samples. The Raman vibrational band
that appears for the O2-exposed Co(salen) nanoparticles is in
the region normally associated with bridging peroxo ligands

Table 2. Experimental Equilibrium O2 Adsorption and
Desorption Isotherms on Co(salen) Nanoparticles Measured
at 258C Using Two Different Regeneration Temperatures

Treg (8C) P (bar) na (mmol/g)

60 0.103 0.002
0.155 0.003
0.164 0.934
0.198 1.096
0.411 1.45
0.807 1.495
0.2 1.488
0.051 1.469
0.031 1.322
0.023 1.106
0.004 0.049

120 0.06 0.001
0.12 0.018
0.15 0.728
0.212 1.251
0.317 1.39
0.607 1.504
1.019 1.512
0.697 1.512
0.449 1.516
0.249 1.513
0.1 1.504
0.031 1.481

Figure 4. O2 adsorption and desorption isotherms for
Co(salen) nanoparticles at 258C showing hys-
teresis (filled symbols refer to adsorption
and empty symbols to desorption).

Before the measurement, the sample was regenerated at
two different temperatures: 608C (triangles) and 1208C
(circles).
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to cobalt complexes, providing further complementary evi-
dence for the 2 Co:1 O2 binding ratio.24

Conclusions

Co(salen) nanoparticles, precipitated from organic solution
using dense carbon dioxide as the antisolvent, show
enhanced and reversible O2 binding relative to the unpro-
cessed Co(salen), which shows no measurable O2 binding.
The adsorbed O2 is desorbed by a stream of flowing inert
gas, such as N2 or Argon, at room temperature; in addition,
heating above 308C accelerates the desorption. The stoichi-
ometry of binding suggests an O2 to Co(salen) ratio of 1:2
that is consistent with the formation of a bridging peroxo
unit between two Co centers. This structure is a well-known
motif for metal complexes in solution.25 However, it is
somewhat surprising for a solid–gas reaction and could be
related to an unusual arrangement of molecules within the
Co(salen) nanoparticles. Nevertheless, the nearly quantitative
O2 uptake and its reversible desorption illustrates the poten-
tial of these nanoparticles as sorbents for gases.
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Notation

ma5 absolute adsorption in mass units, g
msorb

0 5 initial weight of the sorbent sample, g
Mm5molar mass of adsorbate, g/mol
mmet5weight of the lifted metal parts, g
M15weight at measuring point 1, g
M0

1 5weight at measuring point 1 under vacuum, g
na5molar absolute adsorption per unit mass of sorbent, mmol/g
P5pressure, bar
T5 temperature, K

Vmet5volume of lifted metal parts, cm3

Vsorb
0 5volume of sorbent sample, cm3

Va5volume of the adsorbed fluid, cm3

Greek letters

G5 adsorption excess in mass units, g
q5density, g/cm3

Subscripts and superscripts

b5bulk
He5helium
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