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ABSTRACT:The solubilities of the divalent β-diketonate metal complexes, copper(II) and cobalt(II) acetylacetonates (Cu(acac)2
and Co(acac)2), and 2,2,6,6-tetramethyl-3,5-heptanedionates (Cu(thd)2 and Co(thd)2) in supercritical carbon dioxide (scCO2)
were measured using a circulation-type apparatus with in situ UV-vis spectrometry at temperatures ranging from (313 to 343) K to
accumulate new solubility data on the precursors of conducting and magnetic materials. The solubilities of Cu(thd)2 were about 50-
to 65-fold higher than those of Cu(acac)2 at approximately 20 MPa for each temperature level. As for the cobalt complexes, the
solubilities of Co(acac)2 were greater than those of Co(acac)3 at 313 K. On the other hand, the solubilities of Co(thd)2 were higher
than those of Co(thd)3 in the low CO2 density region and lower than those of Co(thd)3 in the high CO2 density region. Moreover,
the solubilities of the cobalt complexes were higher than those of the copper complexes for both the metal(acac)2 and metal(thd)2.

’ INTRODUCTION

Supercritical carbon dioxide (scCO2) is used as a functional
and environmentally friendly solvent in many industries, such as
food processing, material processing, and the extraction of toxic
substances from polluted water or soil. Recently, the application
of scCO2 to material processing has received considerable
attention due to its superior physical properties, such as a high
diffusivity and an ability to control the solubility of solutes
through the adjustment of temperature and pressure. For
example, in the electronics industry, supercritical fluid deposition
can be used to deposit thin films on a surface with a high aspect
ratio.1-3 Moreover, nanocomposite materials, such as engineer-
ing polymers with embedded metal compounds, were developed
utilizing both the high solubility of the precursor in scCO2 and
the plasticization of the polymer due to CO2 dissolution.

4

The solubilities of metal complexes that are precursors of
metal compounds are critically important data for the design of
manufacturing processes, for the molecular design of precursors,
and for conducting fundamental research.5-7 There is a large
body of published work regarding the solubility of metal
complexes.8-19 However, only limited kinds of metal complexes
have had their solubilities in scCO2 measured before.

Among the many types of metal complexes created for use in
many research and industrial fields, hydrocarbon basis β-diketo-
nate complexes, such asmetal acetylacetonate (metal(acac)n) and
2,2,6,6-tetramethyl-3,5-heptanedionate (metal(thd)n), are parti-
cularly useful because they are fluorine-free and their solubility
can be controlled by adjusting the ligand structure. The chemical
structures of a metal(acac)n and a metal(thd)n are shown in
Figure 1. A few research papers have reported the relationship
between the chemical structures and the solubilities of β-diketo-
nate complexes.9,14 Recently, Aschenbrenner et al.17 investigated
the influence of the ligand structure and the types of centered
metal on the solubility for mainly metal(thd)n and metal cyclo-
pentadienyl at only 333 K. They tried to organize the solubilities
of metal complexes in scCO2 by the oxidation number and mass

number of the centered metal atom, by the melting point of metal
complexes, and by using themolecular orbital theory.Manymetal
complexes were organized well; however, some were not applic-
able. Therefore, a greater accumulation of systematical data
concerning the solubilities of metal complexes is necessary to
clarify the relationships between the molecular structure of metal
complexes and the solubilities in scCO2. In the present study,
the solubilities of copper(II) and cobalt(II) acetylacetonates
(Cu(acac)2 and Co(acac)2) and 2,2,6,6-tetramethyl-3,5-heptane-
dionates (Cu(thd)2 and Co(thd)2) were measured to system-
atically accumulate solubility data on the precursors of the
representative conducting and magnetic materials, respectively,
at temperatures ranging from (313 to 343) K.

’EXPERIMENTAL SECTION

Materials.Both Cu(acac)2 andCo(acac)2 with purities > 99%
on a weight basis were purchased from Acros Organics Co.
Cu(thd)2 and Co(thd)2 with purities > 99.9 % on a weight basis
were purchased from Alfa Aesar Co. Benzene of high-perfor-
mance liquid chromatography (HPLC) grade with a purity >
99.8mol %was purchased fromNacalai Tesque Co. andwas used
to prepare the calibration curves. CO2 with a purity > 99.995 vol
% was purchased from Japan Fine Products Co. All materials
were used without further purification.
Apparatus and Procedure. A circulation-type apparatus,

which was based on the apparatus developed by Carrott and
Wai,20 was used to measure the solubilities of four β-diketonate
complexes in scCO2. Since the apparatus was described in detail
in previous studies,21,22 a brief explanation of the experimental
apparatus and the procedure is shown here. The apparatus
consisted of four main parts: a device used for CO2 introduction;
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a circulation assembly located inside a thermostatic air bath
(Yamato Scientific Co., DKM300); a multichannel UV-vis
spectrometer (Ocean Optics Inc., HR4000 CG-UV-NIR); and
a light source (Ocean Optics Inc., DH2000). The circulation
assembly consisted of an extraction cell (a stainless steel tube
with a diameter of 1/4 in.), a cross-fitting measurement cell
(Valco Instrument Co., ZX2L), and a circulation pump (Nihon
Seimitsu Kagaku Co., NP-S-461), which were connected by a
standard 1/16-in. stainless steel tube. The temperature of the
system was measured using a platinum resistance thermometer
(JUST Co., TSP type thermometer) connected to an indicator
(Shimaden Co., SR94). The head of the thermometer was in
contact with the scCO2 that contained a metal complex. The
pressure of the system was measured using a pressure transmitter
(Huba Control Co., Type-680) connected to a digital indicator
(Axis Co., GR3666). The uncertainties of the temperature and
pressure measurement were ( 0.3 K and ( 0.005 MPa,
respectively. The absorbance of the metal complex in scCO2

was measured at the measurement cell in the circulation loop.
The spectrometer and the light source were attached to the
measurement cell by optical fibers to perform in situ analyses.
The intensity spectrum of transmitted light in pure scCO2 was
previously measured at the same temperature and pressure of the
solubility measurement as the background spectrum, which was
followed by measurement of the scCO2 þ metal complex
mixture. The absorbance spectrum of the metal complex was
obtained from both intensities of the transmitted lights. Two or
three measurements were carried out under each set of condi-
tions, and the solubility data were taken from the averages of the
measurements.
Calibration Curves. There are reports that the molar extinc-

tion coefficient of the solute in scCO2 often depends on the
density of scCO2.

23,24 Therefore, the calibration curves used for
solubility estimation should be prepared using scCO2 at several
temperatures and pressures. However, there are problems asso-
ciated with preparing a calibration curve with scCO2 using a small
volume for the circulation loop because the amount of the metal
complex dissolved in scCO2 is often quite small. Instead, in our
previous work, the solvent species dependency of the absorbance
spectra of the metal complexes in organic solvents and the
calibration curves were discussed. Moreover, the solubilities of
several kinds of metal complexes estimated based on the
calibration curves prepared using the organic solvents were
compared with the literature data.21,22 As a result, there were
no noticeable difficulties observed with regard to solubility
estimation using a calibration curve prepared with the organic
solvents. Therefore, in this work, all four calibration curves used
for each metal complex were prepared using benzene at 313 K
based on the results of the previous study. In preparation of the
calibration curve, the standard solution, which was the solution
that contained a given amount of metal complex dissolved in
benzene, was introduced into themeasurement cell heated at 313
K via HPLC pump. The density of benzene needed to estimate

the concentration of the metal complex in the standard solution
was obtained from the literature.25

The shapes of the spectra for each metal complex in benzene
were in good agreement with those in scCO2. As an example, the
spectra of Cu(thd)2 in benzene and in scCO2 are shown in
Figure 2. Peaks were observed at approximately (533 and
669) nm for benzene and CO2, respectively. In this study, the
spectra of Cu(thd)2 around 669 nm were focused to obtain the
solubility. The calibration curves were obtained by using the
average absorbance in the vicinity of the focused peak wave-
length, as described in eq 1 to reduce the potential deviation
based on the small difference in the shape of absorbance spectra
and noise in the absorbance data.

average absorbance ½abu� ¼
R λmax þ 20
λmax - 20 BðλÞdλ

40
ð1Þ

where λ is the wavelength and the subscripts maxþ20 and max-
20 indicate the wavelengths that were 20 nm away from the peak
wavelength. B(λ) represents the absorbance of the metal com-
plex at a wavelength of λ. The calibration curve for Cu(thd)2,

Figure 1. Chemical structure of metal(acac)n and metal(thd)n.

Figure 2. Spectra of Cu(thd)2 in CO2 and in benzene. —, spectra of
Cu(thd)2 in benzene; - - -, spectrum of Cu(thd)2 in CO2 at 333 K and
30.0 MPa.

Figure 3. Calibration curve of Cu(thd)2 obtained using benzene as a
solvent.
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which represents the relationship between the concentration of
Cu(thd)2 in benzene and the average absorbance, is shown in
Figure 3. A linear relationship based on Lambert-Beer’s law was

obtained. The calibration curves of Cu(acac)2, Co(acac)2, and
Co(thd)2 were also prepared using the same procedure as for
Cu(thd)2. The focused peak wavelengths were 669, 557, and
557 nm for Cu(acac)2, Co(acac)2, and Co(thd)2, respectively,
and linear relationships were also obtained for the concentration
of the metal complex in benzene and the average absorbance for
all metal complexes.

’RESULTS AND DISCUSSION

Experimental results for the solubilities of Cu(acac)2
and Cu(thd)2 in scCO2 at temperatures ranging from (313 to
343) K are listed in Tables 1 and 2, respectively, along with their
standard deviations. The CO2 densities were obtained using the
Span-Wagner equation of state26 for each condition. The
experimental results of Cu(acac)2 and Cu(thd)2 are also de-
scribed in Figures 4 and 5, respectively, along with the experi-
mental solubilities reported in the literature. As for the
Cu(acac)2, the experimental solubilities at 313 K were compared
with the data of Lagalante et al.9 and Yoda et al.18 An in situ
spectrometric analysis similar to that used in the present work
and an HPLC analysis were used for solubility measurements by

Table 1. Experimental Solubility Data for Cu(acac)2 in
scCO2

T = 313 K T = 323 K

P/MPa FCO2/g 3 cm
-3 y 3 10

5 P/MPa FCO2/g 3 cm
-3 y 3 10

5

14.3 0.770 0.997( 0.066 15.9 0.721 1.38( 0.06

16.1 0.797 1.22( 0.05 18.0 0.758 1.51( 0.03

18.2 0.823 1.37( 0.02 20.1 0.786 1.87( 0.01

20.0 0.841 1.50( 0.03 22.2 0.809 2.03( 0.02

22.1 0.859 1.63( 0.04 24.1 0.827 2.25( 0.01

24.0 0.873 1.76( 0.01 26.0 0.843 2.37( 0.01

26.0 0.887 1.81( 0.02 27.9 0.857 2.53( 0.05

28.1 0.900 1.86( 0.04 29.9 0.870 2.69( 0.06

30.0 0.910 1.99( 0.06

T = 333 K T = 343 K

P/MPa FCO2/g 3 cm
-3 y 3 10

5 P/MPa FCO2/g 3 cm
-3 y 3 10

5

16.0 0.639 1.29( 0.16 16.1 0.553 1.37( 0.10

18.0 0.688 1.82( 0.17 18.0 0.613 2.02( 0.10

19.9 0.723 2.22( 0.12 20.0 0.660 2.72( 0.02

22.0 0.753 2.74( 0.23 22.1 0.698 3.49( 0.14

24.0 0.777 3.05( 0.22 24.0 0.725 3.88( 0.10

26.0 0.797 3.25( 0.09 26.0 0.749 4.48( 0.06

27.9 0.814 3.51( 0.16 28.0 0.770 4.74( 0.10

30.0 0.830 3.87( 0.12

Table 2. Experimental Solubility Data for Cu(thd)2 in scCO2

T = 313 K T = 323 K

P/MPa FCO2/g 3 cm
-3 y 3 10

4 P/MPa FCO2/g 3 cm
-3 y 3 10

4

11.9 0.716 3.85( 0.22 12.2 0.599 2.71( 0.09

14.1 0.766 5.65( 0.02 14.1 0.677 5.47( 0.25

15.9 0.795 5.97( 0.10 15.9 0.721 6.50( 0.57

18.0 0.820 7.07( 0.01 18.0 0.758 8.90( 0.46

20.0 0.841 7.55( 0.02 20.2 0.788 10.3( 0.7

22.0 0.858 8.13( 0.05 22.0 0.807 11.7( 0.8

24.1 0.874 8.40( 0.03 23.9 0.825 12.5( 0.5

26.0 0.887 8.57( 0.06 26.1 0.844 13.5( 0.1

28.0 0.858 13.8( 0.2

T = 333 K T = 343 K

P/MPa FCO2/g 3 cm
-3 y 3 10

4 P/MPa FCO2/g 3 cm
-3 y 3 10

4

14.0 0.563 4.00( 0.07 14.1 0.463 2.80( 0.51

16.0 0.639 7.31( 0.11 16.0 0.549 7.05( 0.48

18.0 0.688 11.2( 0.1 18.0 0.613 11.8( 0.3

20.2 0.728 13.4( 0.9 20.0 0.660 17.4( 0.4

22.0 0.753 15.4( 1.3 22.0 0.696 22.3( 0.7

24.0 0.777 17.3( 1.4 24.1 0.726 26.8( 0.3

26.0 0.797 18.9( 0.7 26.1 0.750 29.4( 1.0

28.1 0.815 20.3( 0.2 28.0 0.770 32.0( 0.4

30.0 0.830 21.1( 0.5 30.2 0.790 33.9( 1.1

Figure 4. Experimental solubilities of Cu(acac)2 in scCO2.b,2,9, this
work at (313, 323, and 333) K;�, Lagalante et al.9 at 313.15 K;., Yoda
et al.18 at 313 K; þ, Aschenbrenner et al.17 at 333 K; 0, 4, 3, Cross
et al.10 at (308.15, 318.15, and 328.15) K.

Figure 5. Experimental solubilities of Cu(thd)2 in scCO2.b,2,9, this
work at (313, 323, and 333) K; � , Lagalante et al.9 at 313.15 K; þ,
Aschenbrenner et al.17 at 333 K.
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Lagalante et al. and Yoda et al., respectively. The data measured
in the present work were slightly low compared with the data
reported in those two studies. The average absolute relative
deviations (AARDs) between the isothermal curves of the
present work and that of the literature data were 21 % and
31 %, respectively. On the other hand, the data from the
present study were in good agreement with the data measured
using the semibatch flow method with gravimetric analysis by
Aschenbrenner et al.17 at 333 K, with the exception of the data

at about 0.83 g 3 cm
-3 of CO2 density. Cross et al.10 also

measured the solubilities of Cu(acac)2 in a range from
(308.15 to 328.15) K using the semibatch flow method, and
the slope of isothermal solubility curves of the present work were
slight different, although the deviations between the solubilities of
the present work and that of Cross et al. were not large. As for the
solubilities of Cu(thd)2, as described in Figure 5, the solubilities of
the present work were higher than those measured by Lagalante
et al.9 contrary to the results of Cu(acac)2 at 313 K. The AARD
between the solubilities of the present work and that of Lagalante
et al. was 31%.However, the solubilities of the present work agreed
with that of Aschenbrenner et al.17 at 333 K. Overall, the data from
the present work agreed with the literature data regardless of the
differences in measurement methods.

Moreover, the relationship between the solubilities of Cu-
(acac)2 and Cu(thd)2 is illustrated on the double logarithmic
chart in Figure 6. Approximately linear relationships were
obtained for the isothermal solubility curves of both copper
complexes, and the slopes of the isothermal curves were nearly
identical. The solubilities of Cu(thd)2 were approximately 50- to
65-fold higher than those of Cu(acac)2 at around 20 MPa for
each temperature level. One explanation for this experimental
result is that the ligands of Cu(thd)2 more thoroughly covered
the centered copper atom compared with those of Cu(acac)2, as
well as cobalt(III), and chromium(III) complexes, as reported in
previous work.22

The experimental solubilities of Co(acac)2 in scCO2 at 313 K
are listed in Table 3 and described in Figure 7 along with the data
of Co(acac)3, as measured in previous work.21 As shown in the
figure, the solubilities of Co(acac)2 were approximately 1.4- to
1.8-fold higher than those of Co(acac)3 at each CO2 density
level. Moreover, the solubilities of Co(thd)2 at temperatures
ranging from (313 to 343) K are listed in Table 4 and shown in
Figure 8 along with the results of Co(thd)3.

22 Linear relation-
ships were also obtained for each isothermal solubility curve, as
described in Figure 8, although the slopes of each isothermal

Figure 6. Comparison of solubilities of copper complexes in scCO2.O,
4,0,3, Cu(acac)2 at (313, 323, 333, and 343) K;b,2,9,1, Cu(thd)2
at (313, 323, 333, and 343) K.

Table 3. Experimental Solubility Data for Co(acac)2 in
scCO2

T = 313 K

P/MPa FCO2/g 3 cm
-3 y 3 10

5

16.1 0.797 3.91( 0.79

18.0 0.820 4.82( 0.07

20.1 0.842 5.94( 0.51

21.9 0.857 6.50( 0.04

24.0 0.873 6.99( 0.09

25.9 0.886 7.38( 0.01

28.1 0.900 8.24( 0.19

30.0 0.910 8.59( 1.13

Figure 7. Experimental solubilities of Co(acac)n complexes in scCO2.
b, Co(acac)2 at 313 K; O, literature data

21 for Co(acac)3 at 313 K.

Table 4. Experimental Solubility Data for Co(thd)2 in scCO2

T = 313 K T = 323 K

P/MPa FCO2/g 3 cm
-3 y 3 10

4 P/MPa FCO2/g 3 cm
-3 y 3 10

4

10.0 0.632 4.60( 0.01 10.4 0.436 2.10( 0.06

10.9 0.681 6.20( 0.05 11.1 0.516 3.65( 0.25

11.9 0.716 7.29( 0.05 12.0 0.587 5.77( 0.10

13.0 0.744 7.74( 0.56 13.0 0.638 7.43( 0.01

14.0 0.764 8.54( 0.39 14.0 0.674 8.39( 0.24

15.0 0.781 8.85( 0.88 15.0 0.701 9.63( 0.32

16.0 0.796 9.06( 1.24 16.0 0.723 10.5( 0.2

17.0 0.809 9.72( 0.90 17.0 0.742 11.2( 0.1

T = 333 K T = 343 K

P/MPa FCO2/g 3 cm
-3 y 3 10

4 P/MPa FCO2/g 3 cm
-3 y 3 10

4

10.0 0.291 0.795( 0.092 10.9 0.290 1.20( 0.28

11.1 0.367 1.78( 0.38 12.0 0.347 2.31( 0.51

12.0 0.436 3.42( 0.25 13.0 0.403 3.98( 0.47

13.0 0.507 5.87( 0.09 14.0 0.458 6.33( 0.33

13.9 0.558 8.10( 0.28 15.0 0.507 9.51( 0.46

14.9 0.602 11.3( 0.2 15.9 0.545 12.3( 1.1

15.9 0.636 12.8( 0.4



2234 dx.doi.org/10.1021/je101255v |J. Chem. Eng. Data 2011, 56, 2230–2235

Journal of Chemical & Engineering Data ARTICLE

curve were slightly different, and the solubility of Co(thd)2 was
about 23-fold higher than that of Co(acac)2 at 16MPa and 313 K.
On the other hand, solubilities of Co(thd)2 were higher than
those of Co(thd)3 in the low CO2 density region and lower than
those of Co(thd)3 in the high CO2 density region as shown in
Figure 8 because the CO2 density dependencies of the isothermal
solubility curves for Co(thd)2 were different from those for
Co(thd)3. This relationship was different from the relationship
between Co(acac)2 and Co(acac)3. Namely, the effect of the
valence of the centered metal on the solubility of the metal
complex in scCO2 depended on the ligand structure, which is
considered to be caused by a difference in shielding effects based
on the ligand structure.

Furthermore, the solubilities of Co(acac)2 and Co(thd)2 were
higher than those of Cu(acac)2 andCu(thd)2, respectively. In the
study by Aschenbrenner et al.,17 the solubility difference caused
by the differences in centered metal were discussed by the
melting temperature related to the cohesive energy and by the
distance between the centered metal and the ligand related to the
shielding effect by the ligands. According to the material safety
data sheets from the supplier of each metal complex used in this
work, the melting points are (438 to 443) K for Co(acac)2, 518 K
for Cu(acac)2, 416 K for Co(thd)2, and 471 K for Cu(thd)2,
respectively. Therefore, the cohesive energies of Co(acac)2 and
Co(thd)2 are expected to be smaller than those of Cu(acac)2 and
Co(thd)2, which may be one of the reasons for differences
between the solubilities of the cobalt complexes and the copper
complexes.

’CONCLUSIONS

In the present study, the solubilities of the β-diketonate
complexes of copper(II) and cobalt(II), such as Cu(acac)2,
Cu(thd)2, Co(acac)2, and Co(thd)2 in scCO2, were measured
at temperatures ranging from (313 to 343) K using a circulation-
type apparatus with in situ UV-vis spectrometric analysis. The
solubilities of Cu(acac)2 and Cu(thd)2 approximately corre-
sponded to the literature data, and the solubilities of Cu(thd)2
were about 50- to 65-fold higher than those of Cu(acac)2 at about
20 MPa for each temperature level. As for the cobalt complexes,
the solubilities of Co(acac)2 were greater than those of Co-
(acac)3. On the other hand, the solubilities of Co(thd)2 were
higher than those of Co(thd)3 in the low CO2 density region and
lower than those of Co(thd)3 in the high CO2 density region,

respectively. Moreover, the solubilities of Co(acac)2 and Co-
(thd)2 were higher than those of Cu(acac)2 and Cu(thd)2,
respectively.
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