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Abstract: Solubilities of metal precursors in supercritical carbon dioxide (scCO3) are needed
to effectively design the scCO2-based deposition method. Herein, a method for predicting the
solubilities of metal acetylacetonate (acac) precursors in scCO> was developed using the
perturbed-chain statistical associating fluid theory (PC-SAFT) equation of state. Three PC-
SAFT pure-component parameters viz., the segment diameter, segment number, and dispersion
energy, for two metal acetylacetonates (Cr(acac)sand Cu(acac).) were determined by adjusting
their values to the measured solubilities in organic solvents. The PC-SAFT parameters of
Cr(acac)s and Cu(acac). were then applied to predict the experimentally determined metal
precursor solubilities in scCO, from the literature. The PC-SAFT predictions accurately
described the experimental solubilities in scCO. over a wide range of pressures and
temperatures even if the binary interaction parameter kij was set to 0. The isobaric solubilities
in scCO- were also calculated with the generalized kij values, which provided a successful PC-

SAFT description.
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1. Introduction

Methods for depositing metals and metal oxides onto substrates using supercritical
fluids as solvents, particularly supercritical carbon dioxide (scCOz), have attracted increasing
attention for preparing supported catalytic metal nanoparticles [1-9] and electronic devices [10-
16]. The use of scCO has several important advantages over conventional liquid-solvent
methods, such as the solvent power for metal precursors, which can be tuned by adjusting the
temperature and pressure, high diffusivity into the microstructure of the substrate, low surface
tension, and not requiring a drying process [17, 18].

Dissolving a solid metal precursor in scCOz [17, 18] is the first step in deposition
processes using scCOz, and hence, quantifying the metal precursor solubilities is indispensable
for designing these processes. Therefore, to date, solubility data for various metal precursors
in scCO2 have been experimentally obtained, e.g. metal acetylacetonate (acac) [19-26],
cyclopentadienyl [22, 27], and heptanedionato [20, 21, 26] coordination complexes.

Contrarily, developing a theoretical model for predicting the metal precursor
solubilities in scCO- is important for efficiently designing scCO»-based deposition processes.
Although semi-empirical models for describing metal precursor solubilities in scCOg, such as
the Chrastil equation [28], have been widely applied [22, 26, 29-31], determining the
parameters of such models generally requires experimental solubility data of the target solute
in scCO3, which limits their predictive capability.

Models using the equations of state can be used to predict the solubilities of metal

precursors in scCO». Cubic-type equations of state including the Peng—Robinson equation of



state [32] are popular models based on the corresponding-state principle and critical properties
(Tc and P¢). However, because the ligand structures of the metal precursors generally
decompose at high temperatures, the critical points of metal precursors cannot actually exist;
therefore, such cubic-type models are inappropriate for describing the solubilities of metal
precursors in scCOx.

Alternatively, statistical associating fluid theory (SAFT)-type equations of state based
on molecular thermodynamics combined with perturbation theory [33-36] can be used to
predict the solubilities of metal precursors in scCO». In particular, although several SAFT-type
models have been proposed, the perturbed-chain (PC)-SAFT [37, 38] model has been widely
applied because of its success in modeling asymmetric systems with complex molecules such
as pharmaceuticals [39-41], polymers [42, 43], ionic liquids [44, 45], and deep eutectic solvents
[46, 47], including under high-pressure conditions. However, to the best of our knowledge, the
application of PC-SAFT for predicting the solubilities of metal precursors in scCO has not
been investigated in detail.

To describe the solubilities of metal precursors in scCO- using PC-SAFT calculations,
three model parameters are necessary for each component i when there are no associating
components that form hydrogen bonds in the target system, viz. the segment number m;, the
segment diameter o;, and the dispersion energy ui. Generally, these three PC-SAFT parameters
can be determined for each component by fitting the saturated liquid density and vapor pressure
data of the pure component [37, 48], and in particular, the parameters for CO. have been
determined using this method [37, 48]. However, because most metal precursors, including
acac-type precursors, decompose at high temperatures [24], the PC-SAFT pure-component
parameters for metal precursors are difficult to be determined using the physical properties of
the pure components. Although our previous study [49] revealed that the PC-SAFT parameters

of metal precursors can be used as adjustable parameters for fitting the solubilities of the metal



acac precursors in scCOg, this approach could not calculate the solubilities without using the
fitting parameters. Paus et al. [50] and Ruether and Sadowski [51] previously determined the
PC-SAFT pure-component parameters of various solid pharmaceuticals by fitting the PC-
SAFT parameters to the solubilities of these compounds in various pure organic solvents, and
they then predicted the solubilities of the solutes in water using the determined PC-SAFT pure-
component parameters. A similar approach may be applied to determine the PC-SAFT pure-
component parameters of metal precursors and predict their solubilities in scCO2; however,
this approach for predicting the solubilities of metal precursors in scCO; has not been reported
to date.

Therefore, herein we aimed to develop a method for predicting the solubilities of metal
acac precursors in scCO2 using the PC-SAFT equation of state. We first measured the
solubilities of metal acac precursors in various pure organic solvents. Then, we fit the solubility
of the metal precursors in each pure organic solvent to the PC-SAFT model using the pure-
component parameters as adjustable parameters. Finally, we employed the PC-SAFT model to
predict the metal precursor solubilities in scCO. using the pure-component parameters

determined by fitting the solubilities of the metal precursors in organic solvents.



2. Experimental

2.1 Materials

Figure 1. Molecular structures of (a) Cr(acac)z and (b) Cu(acac)..

Table 1. CAS number, supplier, and purity of the chemicals. Chemicals were used as-received.

Chemicals CAS Supplier Purity [mass%]
Cr(acac)s 21679-31-2 Sigma-Aldrich 99.9
Cu(acac)2 13395-16-9 Sigma-Aldrich 99.9
Acetone 67-64-1 Nacalai Tesque 99.5
Toluene 108-88-3 Nacalai Tesque 99.8
Ethyl acetate 141-78-6 Nacalai Tesque 99.5
2-butanone 78-93-3 Nacalai Tesque 99.0

Cr(acac)s (chromium(I11) acetylacetonate) and Cu(acac)2 (copper(ll) acetylacetonate)
(Sigma-Aldrich, USA) were selected as the target metal precursors because reliable data for
solubility in scCO, under a wide range of temperature and pressure conditions for these
precursors have been published by Haruki et al. [19, 21, 23]. The molecular structures of these
metal precursors are shown in Figure 1. Four organic solvents, namely, acetone, 2-butanone,
toluene, and ethyl acetate (Nacalai Tesque, Japan), which are typical ketone, aromatic, and

ester compounds, respectively, were selected as the solvents to dissolve the metal precursors.



All the chemicals were used as received without further purification, and their purities, CAS

numbers, and suppliers are presented in Table 1.

2.2 Measuring the solubilities of metal precursors in organic solvents

The solubilities of the metal acac precursors in each organic solvent were measured
based on the method used for solid pharmaceutical compounds reported by Paus et al [52]. An
excess amount of the solid-state metal precursor was added to each pure organic solvent in a
200 cm?® elementary flask, and the solution was mixed with a magnetic stirrer (Thermo
Scientific, USA) at 500 rpm, atmospheric pressure, and a specific temperature controlled by a
water bath (EYELA, Japan, SBC-16). The temperature of the solution in the elementary flask
was measured using a calibrated platinum-resistance thermometer with an accuracy better than
+0.1 K. Erlenmeyer flasks containing the solvents were capped by a rubber stopper with a small
hole (c.a. 3 mm), and the effect of water from the atmosphere on the solubility was assumed to
be negligible because of the vapor generated from the organic solvent. After the system was
maintained at a constant temperature for at least 24 h to ensure the thermodynamic equilibrium
of dissolution, the magnetic stirrer was stopped for at least 30 min, and a small amount of the
supernatant solution in the elementary flasks was sampled and diluted. The concentration of
the solute in the supernatant was determined using a UV-vis spectrometer (U-3900H, Hitachi
High-Tech Corp., Japan) at a wavelength of 330 nm based on pre-prepared calibration curves
(the coefficient of determination R? was higher than 0.9995). Although a mass-based solubility
measurement may be a much easier and efficient method, it is difficult to measure the mass of
the metal precursor with adequate sensitivity because of its poor solubility in the organic
solvents. Therefore, in this study, we employed the analytical method based on the UV-vis
absorbance for measuring the metal precursor solubility. To convert the measured metal

precursor concentration in grams per cubic decimeter to the corresponding mole fraction, the



following equation for the temperature dependence of the solvent density for a saturated liquid

was used [53]:

A
B{1+(1—T/C)D}

d,(T) = @)

where ds(T) is the solvent density (g/dm?) at the temperature T (K), and A, B, C, and D are
model parameters obtained from the literature [53, 54] (Table S1, Supplementary material). If
the density of the metal precursor solution is assumed to be equal to the density of the pure
solvent calculated using Eqg. (1) owing to the low mole fraction of the metal acac precursors in

the solvents, the mole fraction of the metal precursor in the solvent (xprec) can be calculated as:

C

prec

M prec (2)
X rec =
P Cprec + ds (T)

M M

prec s

where Cprec is the measured metal precursor concentration in the solvents (g/dm?), and Mprec and
M; are the molar masses of the metal precursor and organic solvent, respectively.

The solubilities were measured at temperatures varying from 278 K to 303 K, which
are lower than the boiling points of all the organic solvents and can be set using a water bath.
At least two measurements were performed for each combination of the metal precursor and
organic solvent, and the average values are reported as the experimental results. The relative
combined expanded uncertainty U, was estimated to be less than Ur(Xprec) = 0.05 with level of
confidence being 0.95. Figure S1 (Supplementary material) shows the validation results of the
solubility measurements using the reported solubilities of fluorene [55, 56] and anthracene [57,

58] in various organic solvents for temperature ranges similar to those used in our study. We



used these solubility data owing to the lack of solubility data for the two metal acac precursors
in organic solvents. The measured solubility values of these organic compounds in the solvents
are evidently in good agreement with the literature data, validating the measurement method

of the metal precursor solubility in the organic solvents used herein.

3. Model
3.1 PC-SAFT equation of state

In the PC-SAFT equation of state [37], the residual Helmholtz energy (a"®) of a system is
calculated as the sum of different Helmholtz energy contributions that each depend on the
physicochemical properties of the molecules [50]. These contributions are the hard-chain
repulsion contribution a" and the dispersion (van der Waals) attraction contribution a%**. Thus,
the total residual Helmholtz energy is given by:

res

a™ =a" +a’ (3)
Detailed expressions for these Helmholtz energy contributions are given in the literature [37].
For this work, the contribution of molecular association [38] is not considered in Eg. (3)
because associating components that form hydrogen bonds are absent in the target systems. In
such a non-associating system, the three PC-SAFT pure-component parameters required to
describe a component i are the segment number m;, the segment diameter o;, and the dispersion
energy parameter uj, which are usually determined by fitting to the vapor pressure and liquid
density data of the corresponding pure component [37]. The methods used to determine these
PC-SAFT parameters in this study are described in Section 3.2.

To describe a binary system, the conventional Lorentz—Berthelot combining rules are

applied for a mixture of components i and j:



oy =2(o1+) (4)

uj :(1— kij) u;u, (5)

To increase the accuracy of the model, the binary interaction parameter (ki) in Eqg. (5) that
describes the interactions between components i and j can be used as a fitting parameter in a

fit to the experimental results if necessary [59].

3.2 Determining the PC-SAFT parameters by fitting to the solubility in the organic
solvent

The values of the pure-component parameters (mi, oi, and ui) for all components
present in the target system are necessary for the PC-SAFT calculation of the metal precursor
solubilities in scCO2. For COg, although there is some literature data on the PC-SAFT
parameters, we employed the values reported by Diamantonis and Economou [48] (Table 2)
because these PC-SAFT parameters, which were determined by fitting to the saturated vapor
pressure and liquid density data of the pure component with higher accuracy, have been widely

used for modeling high-pressure phase equilibria including CO; [60-63].

Table 2. Molar mass and PC-SAFT pure-component parameters for CO and the organic

solvents used in this work.

Component Mi [g/mol] mi [-] al[A]l  uiks [K] Ref.
CO2 44.01 2.6037 2555  151.04 [48]
Toluene 92.141 2.8149 3.7169  285.69 [37]
Ethyl acetate 88.106 3.5375 3.3079  230.80 [37]
Acetone 58.08 2.8913 3.2279  247.42 [64]
2-Butanone 72.11 2.9093 3.4473  260.07 [65]




As mentioned in the introduction, the PC-SAFT pure-component parameters for the
metal acac precursors were determined by fitting the parameters to the solubilities of the metal
precursors in various organic solvents. The PC-SAFT pure-component parameters of the
organic solvents used in this study are listed in Table 2. Based on the thermodynamic phase
equilibrium condition for the solid and liquid phases for which the chemical potentials of the
metal precursor in both phases are equal, the metal precursor solubility in the organic solvent

(Xprec) can be derived as [66-70]:

X =——0~8eX —_ —_
prec 7/ p RT T (6)

prec

where rec IS the activity coefficient of the metal precursor in the liquid phase, which consists
of the dissolved metal precursor and the organic solvent. Although Eq. (6) is a very simple
model for describing the solubilities of solid compounds in solvents and introducing Ac, (the
difference in the heat capacities of the solid and liquid metal precursor) can generally provide
better results [71], we used this simplified version because there are no literature data of Acp

and Eqg. (6) has been widely applied to calculate the solubilities of solid pharmaceuticals in

organic solvents [51, 67]. In Eq. (6), AR™ and Tr are the enthalpy of fusion and melting point

prec

of the solid metal precursors, respectively, and with the exception of Ah;‘rfc for Cu(acac)z,

these parameters were obtained from the literature (Table 3). Because the value of Ah;t'esc for

Cu(acac)2 is not available in the literature, this parameter was also treated as an adjustable
parameter in the fit to the solubility of the metal precursors in scCO; along with the three PC-

SAFT parameters following the method reported by Ruether and Sadowski [51] for calculating
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the solubilities of pharmaceuticals in organic solvents. In using Eq. (6), it was assumed that the

metal precursor does not dissociate in the solvent and dosed not change its solid form.

Table 3. Physical properties of the solid-state metal precursors

Metal precursors Ahe [ki/mol] T [K] Vs [em¥/mol]
Cr(acac)s 35.9 [54] 486 [54] 257.1[72]
Cu(acac), 44.6° 509 [73] 164.2 [72]

a: Treated as an adjustable parameter in fitting of metal precursor-organic solvent solubility
data

The activity coefficient jrec In EQ. (6) is defined as the ratio between the fugacity

coefficients of the metal precursor in the solvent ((perec) and the pure metal precursor in liquid

form (5, pres = P (xprec —>1) ), as described by [50, 74]:

Dorec
}/prec = |_p (7)

0, prec

The fugacity coefficients are calculated based on the corresponding residual chemical potential

res

( :uprec ):

res TV, .
Inﬁoprec = IupreC( RT . )

~Inz (8)

where T, V, and Z are the temperature, volume, and compressibility factor of the system, and

res

Xprec 1S the mole fraction of the precursor in the solvent. 4. can be obtained from the partial

derivative of the residual Helmholtz energy of the system (a"*) used in PC-SAFT (Eq. (3)) with

respect to its mole fraction at constant T and V and is given by:

11



s (T ’V X e res
:uprec( p ):a +(Z—1)+
RT RT

X, | ————t (9)
7 e,

TV, X TV X

1V A jzprec

ares ares
0 ( AT) v |0 ( /QT)
aXprec k=
The detailed expressions for 2" and Z can be found in the original PC-SAFT report [37].
Thus, the solubilities of the metal precursors in each pure organic solvent were
calculated using Eqg. (6) and fitted to the corresponding experimental solubility data using the

three PC-SAFT pure-component parameters (mi, oi, and u;j) for the metal precursors as

adjustable parameters while minimizing the average relative deviation (ARD) defined as:

ND o _
ARD [%]: NlD z Xprec,calc,l Xprec,exp,l %100

i X (10)

prec,exp,i

In the fits used to determine the PC-SAFT pure-component parameters for the metal precursors,
the binary interaction parameter ki in Eq. (5) was set to zero. The fitting calculations were

performed using the simplex optimization method in MATLAB® 2019b.

3.3 Predicting the solubilities of metal precursors in scCO; by PC-SAFT

Based on the thermodynamic relationship expressed using the fugacities of the
precursors in the solid and supercritical phases, the solubility of a metal precursor in scCO2

(Yprec) can be modeled as [40, 49, 66, 75]:

12



sub solid sub
Porec Vorec P- Pprec
yprec =2 eXp[M] (11)

Here, V;‘r’e!f is the solid molar volume of the metal precursor, which was taken from the

literature [72], as shown in Table 3. In Eq. (11), (p;fzc is the fugacity coefficient of the metal
precursor in scCO2, which can be calculated with PC-SAFT according to Egs. (8) and (9) using
the corresponding chemical potential with the pure-component parameters of each component,
as described in section 3.2. p;ffc Is the sublimation pressure of the metal precursor, which was

calculated by interpolating and extrapolating data from the literature (Table 4) with the

Clausius—Clapeyron equation [76] as follows:

psub _ psub*exp _ Ah;?ebc (l_ij 12
prec prec R T T* ( )

sub*

where AN s the enthalpy of sublimation of the metal precursor, and p,,. and T  are the

prec

reference sublimation pressure and temperature, respectively (Table 4).

sub*

Table 4. Values of Ah;febc , Py » @nd T for the metal precursors in Eq. (12).

Metal sub sub* x Experimental

orecursor AhIorec [kd/mol] P [Pa] T [K] T range [K] Ref.
Cr(acac)s  127.28 1.77 x 10 320 320-476 [77]
Cu(acac),  115.10 2.31 x10* 315 315-386 [78]

Thus, the method for predicting the solubility of a metal precursor in scCO> using PC-
SAFT can be summarized as,

(i) The solubilities of the metal precursor in different pure organic solvents are measured.

13



(i) PC-SAFT pure-component parameters (mi, oi, and uj) for the metal precursor are
determined using fits to the measured solubility data of the metal precursor in the organic
solvents.
(iii) The literature data of the metal precursor solubilities in scCO. are predicted using PC-
SAFT, where ki is set to zero in Eq. (5), using the determined pure-component parameters of
the metal precursor.

The ARD between the predicted and experimental values of the solubilities was
calculated according to a formula similar to Eq. (10). In addition, the logarithm-based ARD
(ARD'%9) defined in Eq. (13) was also used to evaluate the predicted results of the solubilities

in scCOa-.

ND | __| .
ARD'™ [%]= NlDZ ”yprecic;'c; “yprwexp"%xloo (13)
[ prec,exp,i

14



4. Results and Discussion
4.1 Measuring and fitting the solubilities of metal precursors in organic solvents

4.1.1 Measured solubilities of metal precursors in organic solvents
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Figure 2. Measured solubilities of (a) Cr(acac)s and (b) Cu(acac): in toluene (@), acetone (®),
ethyl acetate (A) and butanone () with fits obtained with PC-SAFT at kj; = 0 (dashed lines)
using the pure-component parameters of the metal precursors as fitting parameters and
additional fitting results using kij as an additional fitting parameter (solid lines). The dotted line

indicates the ideal solubility of the metal precursor for jprec =1 in Eq. (6).

Figure 2(a) shows the measured Cr(acac)s solubilities in four pure organic solvents,
viz., toluene, acetone, ethyl acetate, and butanone, and the obtained values are also listed in
Table S2. Figure 2(a) reveals that Cr(acac)s solubility increased with increasing temperature,
showing the typical temperature-dependent solubility of solid organic compounds in organic
solvents at atmospheric pressure [79]. In the investigated temperature range, the Cr(acac)s
solubilities follow the order of toluene > acetone ~ ethyl acetate ~ butanone. The higher
solubility of this metal precursor in toluene is probably due to the higher affinity of the aromatic
compound to the acac ligand (Figure 1).

Figure 2(b) shows the measured solubilities of Cu(acac): in the pure organic solvents,
showing a temperature dependence similar to that of Cr(acac)s in Figure 2(a). In addition,

Cu(acac)2 was 1-2 orders of magnitude less soluble than Cr(acac)s in all four solvents. The
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acac ligands in the metal precursors (Figure 1) have a high affinity for the organic solvents,
especially for toluene, as mentioned above. Cu(acac). has two acac ligands, whereas Cr(acac)s
has three, which explains why the solubility Cu(acac). is lower. On the other hand, the
solubilities Cu(acac)z in the four pure solvents follow the order of ethyl acetate > toluene >
acetone =~ butanone, thus showing a different trend from that for Cr(acac)s. This difference may
also be related to the different numbers of acac ligands in these two metal precursors. The
organic solvent molecules interact more easily with the metal center of Cu(acac). than with
Cr(acac)s because the former has fewer acac ligands, giving rise to the difference between
Cr(acac)s and Cu(acac). for the order of the solubilities in the four pure organic solvents.
However, experimental data for other metal precursors will be required to provide the detailed

discussion about these results.

4.1.2 Results of fitting the solubilities of metal precursors in organic solvents

Table 5. Molar mass and PC-SAFT parameters for metal precursors investigated in this work.

Component Mi [g/mol] m; [-]? ai [A]R ui’ks [K]? ARD [%]°
Cr(acac)s 349.320 13.6814 3.0326 169.22 26.9
Cu(acac), 261.762 7.9551 3.6500 188.55 23.7

a: Treated as an adjustable parameter in fitting of metal precursor-organic solvent solubility
g?&iverage relative deviation defined by Eq. (10) in the fitting for all data points for each metal
precursor with kij in Eq. (5) set to zero.

The dashed lines in Figure 2 correspond to the fitting results for the measured
solubilities of the metal precursors in the different pure organic solvents when the three PC-
SAFT pure-component parameters were used as the fitting parameters, while kij in Eq. (5) was
set at zero. The PC-SAFT parameters of the metal precursors determined by the fitting are

listed in Table 5 together with the ARD values of the fits. As shown in Figure 2 and Table 5,

the PC-SAFT fits can approximately describe the trend in the solubilities of the metal

16



precursors in the four solvents. Furthermore, Table 5 indicates a reasonable trend for the PC-
SAFT parameter m; of the metal precursors, i.e. m; increased with the increasing molar mass
and number of acac ligands (Figure 1), as was previously reported for typical organic
compounds [37, 68]. The higher values for the oi and ui/ks parameters with the lower number
of acac ligands may be interpreted as due to the larger influence of the metal center in the
precursor with fewer ligands; however, other metal precursors with different numbers of
ligands must be investigated in detail to confirm the generality of thistrend.  Figure S2 shows
the sensitivity of each PC-SAFT parameter for Cr(acac)s in the determination of the parameters
by adjusting it to the solubilities of Cr(acac); in pure solvents. In the validation of the sensitivity,
the other PC-SAFT parameters were set to the optimized values (Table 5). Figure S2 reveals
that the parameter oi of the metal precursor shows higher sensitivity in the calculation of the
solubilities of metal precursors in the studied organic solvents in comparison with those of the

other two parameters, m; and ui.

4.1.3 Additional fitting using k;;

The temperature dependence of the fitted results shown by the dashed lines in Figure
2 is different from that of the experimental results, and relatively large differences between the
calculated and experimental solubilities are observed for some systems. This is likely because
the interactions between the metal precursor and organic solvent described by the combining
rule for the dispersion energies in Eq. (5) are not adequately considered in the PC-SAFT when
kij is set to zero. Therefore, after fitting using the three PC-SAFT pure-component parameters,
an additional fitting to the experimental solubility data using kij was performed for each metal
precursor-solvent system using a temperature-dependent equation for k;; that is suitable for

evaluating the solubilities of solid pharmaceuticals in organic solvents [50, 52], as follows:

17



kij = |(ij,slopeT + kij,intercept (14)

Table 6. Binary interaction parameters (kij) for the interactions between metal precursors and
solvents and ARDs between the fitted and experimental metal precursor solubilities obtained

by the additional fitting, using kij as an adjustable parameter

xs(t:?,llrsors SOIVent kij,slope X 104 [|<-:|':|a kij,intercept [']a ARD [%]b

Cr(acac)s Toluene 1.272 —0.0396 1.8
Ethyl acetate ~ 2.829 —0.0840 0.3
Acetone 2.572 —0.0779 2.6
2-Butanone 2.903 —0.0794 0.7
Overall 1.4

Cu(acac)2 Toluene 3.601 —0.1043 0.7
ethyl acetate 5.015 —-0.1446 1.3
Acetone 4.970 —0.1448 1.6
2-butanone 4.353 —0.1255 0.8
Overall 1.2

a: Parameter coefficients in Eq. (14).
b: ARD of the additional fitting to the experimental solubility data using ki as an adjustable
parameter after the fitting using three PC-SAFT pure-component parameters.

The solid lines in Figure 2 denote the results of PC-SAFT calculation using kij as an
additional adjustable parameter in the fitting for the experimental solubilities after fitting using
the three PC-SAFT pure-component parameters (dashed lines), while Table 6 and Figure S3
show the kijj values obtained by the fitting. The results presented in Figure 2 and Tables 5 and
6 demonstrate that unsurprisingly, the additional PC-SAFT fitting using ki significantly
improved the accuracy of the fitting of the solubilities of metal precursors in the organic

solvents.
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4.2 Calculating the solubilities of metal precursors in scCO;

4.2.1 Predicting the solubilities using PC-SAF
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Figure 3. Isothermal solubilities of (a) Cr(acac)s and (b) Cu(acac)z in scCO2 as a function of
CO2 density in the pressure range of 16.0 MPa to 30.3 MPa. Symbols: experimental values
from the literature [19, 21, 23] at 433 K (d), 413 K (#), 393 K (%), 373 K (V), 343 K (#),
333 K (®), 323 K (A) and 313 K (®); dashed lines: PC-SAFT prediction with kij = 0; solid
lines: PC-SAFT fit using kij as an adjustable parameter in Eq. (5).

Table 7. Predicted and fit results of the isothermal solubilities of the metal precursors in scCO>
obtained using PC-SAFT at P = (16.0 to 30.3) MPa.

Metal T ARD,, ARD; ki ARD, ARD%
precursors [K] [%]? [%]° [-1° [%]° [%]°
Cr(acac)s 433 110.8 10.4 0.0460 9.5 1.3
413 59.8 6.5 0.0250 5.6 0.8
393 22.4 6.8 0.0088 2.2 0.7
373 16.2 3.8 —-0.0064 2.0 0.4
343 25.4 18.0 —-0.0039 3.6 2.4
333 14.3 14.1 —-0.0008 1.8 1.8
323 11.2 9.7 0.0014 1.3 1.2
313 15.8 12.4 0.0017 1.7 1.4
overall 36.3 10.0 - 3.6 1.2
Cu(acac)z 343 17.9 47 —0.0054 1.9 0.5
333 7.9 2.7 -0.0018 0.8 0.3
323 6.3 6.2 0.0005 0.6 0.6
313 13.4 6.5 0.0034 1.1 0.6
overall 11.0 4.8 1.1 0.5

a: Predicted deviation defined with Eq. (10) using PC-SAFT while k;; in Eq. (5) is set to zero.
b: Deviation of the fits using PC-SAFT with k;; as an adjustable parameter at each temperature
with Eq. (10) as the objective function.

c: Binary interaction parameter between CO, and metal precursor determined by fitting.

d: Predicted deviation defined with Eq. (13) using PC-SAFT while kij in Eq. (5) is set to zero.
e: Deviation of the calculated values defined with Eq. (13) using PC-SAFT with the k;; values.
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The dashed lines in Figure 3 show the predicted isothermal solubilities of Cr(acac)s
[19, 23] and Cu(acac). [21] in scCO: as a function of the CO> density [80] using PC-SAFT and
pure-component parameters of the metal precursors (Table 5) determined by fitting to the
solubilities in the organic solvents, as mentioned in section 4.1.2. Table 7 summarizes the ARD
values obtained by comparing the experimental and predicted results. As shown by the dashed
lines in Figure 3 and the data presented in Table 7, the PC-SAFT predictions reproduced the
isothermal solubilities of the metal precursors in scCO, with ARD values defined by Eq. (10)
being less than 26% for almost all of the investigated conditions, even though kij was set at 0
in the combining rule (Eq. (5)). Figure S4 shows the effect of each PC-SAFT parameter for
Cr(acac)sz on the prediction of the metal precursor solubilities in scCO,. For the validation of
the sensitivity, the PC-SAFT parameters were maintained the same as those used to obtain the
data in Figure S2, and the other parameters were set to the optimized values determined by
adjusting them to the solubilities in organic solvents (Table 5). Figure S4 reveals that the PC-
SAFT parameter determined by fitting the solubilities in organic solvents is suitable for
predicting the solubilities in scCO. In addition, Table 7 also includes the logarithm-based
ARD (ARD'9) defined with Eq. (13), which indicates a similar trend to that of the standard
ARD defined by Eq. (10), although the ARD'® values were less than the ARD values by one

order of magnitude.

4.2.2 Calculating the solubilities using ki

As shown in Figure 3 and Table 7, a particularly large deviation is observed in the
predicted solubilities of Cr(acac)s at higher temperatures when kij = 0. Therefore, additional
PC-SAFT calculations were performed using kij in Eq. (5) as an adjustable parameter for each

temperature and precursor condition. The solid lines in Figure 3 show the fitting results for the
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metal precursor solubilities in scCO2, and Table 7 lists the corresponding ki values and the
fitting ARD values. The results in Figure 3 and Table 7 indicate that when k;j is introduced as
an additional fitting parameter, the PC-SAFT calculations accurately describes the dependence

of the solubilities on the CO> density to the ARD within 18% for all investigated conditions.

0.06

0.04 -

0.02 |-

ki [-]

0.00

-0.02
293 313 333 353 373 393 413 433 453
TIK]

Figure 4. Temperature dependence of ki (Table 7) in the combining rule (Eg. (5)), determined
by fitting to the solubility data for Cr(acac)s (@, solid line: Eq. (15)) and Cu(acac). (L, dashed
line: EQ. (16)) using PC-SAFT.

Figure 4 shows the temperature dependence of the kjj values (Table 7) used in the
combining rule (Eqg. (5)), determined by the PC-SAFT fitting to the solubility data for Cr(acac)s
and Cu(acac) in scCO; at each temperature. Over the temperature range of 313 K to 373 K, kjj
values for both Cr(acac)s and Cu(acac). decreased with increasing temperature; considering
the physical meaning of Eq. (5), this trend implies that the energy of the interaction between
the metal precursor and CO> increased with increasing temperature under conditions of lower
temperature but higher CO> density. On the other hand, as shown in Figure 4, the kij value for
Cr(acac)s increased significantly above 373 K; this finding can be attributed to the decreasing
CO2 density with increasing temperature, which may weaken the interactions between CO; and

Cr(acac)s at higher temperatures.
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Using the least-squares method, the temperature dependence of the kij values for each

metal precursor and CO: can be fit to the following polynomials:

Cr(acac)s: k; =aT’+bT*+CT +d (15)

Cu(acac): kj =cT +d (16)

where a, b, ¢, and d are the coefficients used in the fits (Table 8).

Table 8. Coefficients for Egs. (15) and (16).

Metal precursors ax10[K® bx10°[K?] c¢x10%[K'] d[] R’[-] @
Cr(acac)s: Eq. (15) 2.0291 -1.5121 3.1011 —0.1078 0.984
Cu(acac)z: Eq. (16) - - —0.2877 0.0935 0.993

a: Coefficient of determination in the least-squares method

The solid and dashed lines in Figure 4 denote the results for Cr(acac)z and Cu(acac)a,
respectively, obtained for ki using Egs. (15) and (16), demonstrating that the generalized ki;

equation can describe the observed temperature dependence of this parameter.

1072 ~  10*

(@)

(b)

103}

104} -
10-5 L

Solubility of metal precursor in scCO,,
yprec [ ]

Solubility of metal precursor in scCO,
yprec [ ]

0-5 1 1 1 1 1 1 1 1 1
293 313 333 353 373 393 413 433 453 293 313 333 353

TIK] T[K]

Figure 5. Isobaric solubilities of (a) Cr(acac)s and (b) Cu(acac) in scCO: as a function of
temperature. Symbols: experimental data determined by interpolating and extrapolating from
the literature values [19, 21, 23] at 30.0 MPa (#), 25.0 MPa (™), 20.0 MPa (A), and 16.0 MPa
(®); dashed lines: PC-SAFT predictions with kij = 0; solid lines: PC-SAFT calculation with
generalized ki obtained using Egs. (15) and (16).
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Table 9. Calculated results of the isobaric solubilities of the metal precursors in scCO2 obtained
using PC-SAFT at T = (313 to 433) K.

Metal precursors P [MPq] ARD, ., [%]* ARD,,. [%]°

Cr(acac)s 30.0 48.6 144
25.0 33.6 8.4
20.0 34.3 8.7
16.0 43.2 25.0
overall 39.9 14.1

Cu(acac)z 30.0 14.8 6.0
25.0 9.5 3.5
20.0 6.2 7.0
16.0 14.3 14.8
overall 11.2 7.8

a: Predicted deviation defined with Eq. (10) using PC-SAFT while kij in Eq. (5) is set to zero.
b: Calculated deviation defined with Eq. (10) using PC-SAFT with the generalized ki in Egs.
(15) and (16).

The solid lines in Figure 5 and Table 9 show the results of the PC-SAFT calculations
for the isobaric solubilities of Cr(acac)s [19, 23] and Cu(acac)2 [21] in scCO: as a function of
temperature from 313 K to 433 K using the generalized ki; obtained by Egs. (15) and (16) as
well as the predicted solubilities obtained using kij= 0 (dashed line). The symbols in Figure 5
indicate the corresponding experimental data that were determined by interpolating and
extrapolating from the literature values [19, 21, 23] using the spline method. As shown in
Figure 5 and Table 9, the isobaric solubilities of the metal precursors in scCO can be
described using the PC-SAFT calculations with the generalized kij;. Consequently, we can infer
that the PC-SAFT calculations using the generalized ki; parameters could successfully describe
the solubilities of metal precursors in scCO2 over a wide temperature range, as investigated in
this study. Therefore, this approach can be useful for designing the actual deposition processes

based on scCO., which are generally carried out at higher temperatures.
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5. Conclusions

Herein we aimed to develop a method for predicting the solubilities of two metal
acetylacetonates, Cr(acac)z and Cu(acac),, in scCO using the PC-SAFT equation of state. The
solubilities of the metal precursors in various organic solvents were measured and used to
determine the PC-SAFT pure-component parameters (segment number, segment diameter, and
dispersion energy) for the metal precursors. The pure-component parameters of the metal
precursors determined with the PC-SAFT fitting were then applied to predict the solubilities of
the metal precursors in scCO> via PC-SAFT. These predictions reproduced the metal precursor
solubilities over a wide range of temperatures and pressures under almost all conditions, even
though the binary interaction parameter ki was set to zero in the combining rule. The
solubilities in scCO. were also fit using kij as an adjustable parameter, and the temperature
dependence of ki was parameterized, enabling the accurate PC-SAFT description of the
isobaric solubilities of these metal precursors in scCO». On the other hand, the present method
using the original PC-SAFT does not consider the contribution of the polarity of the
components, including the quadrupole moment of CO». Consequently, a PC-SAFT approach
that considers the polarity [81, 82] may improve the results of the calculated solubilities, which

will be investigated in the future.
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