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a b s t r a c t
The interactions between CO2 and carbonyl compounds at different CO2 pressures have been studied
both experimentally and theoretically. In situ high-pressure FTIR on carbonyl compounds, i.e., acetaldehyde, acetone, and crotonaldehyde, in supercritical CO2 have been measured at various CO2 pressures
varying from 6 to 22 MPa. In order to get insights into the mechanism, theoretical study has been conducted concerning the effect of CO2 on frequency shift of C O in acetaldehyde, acetone, benzaldehyde,
crotonaldehyde and cinnamaldehyde at different CO2 pressures. It has been shown that the experimental
frequency shifts can be well simulated by the theoretical model calculations using particular structures, in
which a carbonyl compound interacts with a few CO2 molecules, depending on the carbonyl compounds
examined, except for acetaldehyde.
The interaction energies between CO2 and those carbonyl compounds are also given. In addition, the
effect of CO2 on hydrogenation of crotonaldehyde and benzaldehyde has been discussed by means of the
local softness (s+ ) calculated at CO2 pressures of 0–22 MPa, which can explain the reactivity difference in
the crotonaldehyde and benzaldehyde hydrogenations in supercritical CO2 .
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Supercritical carbon dioxide (scCO2 ) has shown great potential
as a replacement for conventional organic solvents. ScCO2 is readily
available (Tc = 31.1 ◦ C and Pc = 7.4 MPa), inexpensive, nontoxic, nonﬂammable and its density and diffusion coefﬁcient can be tuned by
the change of the pressure and the temperature [1–3]. Therefore,
the use of scCO2 has been attracting more and more attention for
developing green chemical processes. Hydrogenation is one of the
most studied reactions in scCO2 , in which the reaction rate and
product selectivity could be improved signiﬁcantly [4–16]. In most
studies reported so far, it is thought that the enhancement of rate of
catalytic hydrogenation in scCO2 is from the higher H2 concentration or the lower mass transfer resistance [16–21]. In our previous
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work, the molecular interaction between CO2 and cinnamaldehyde
was investigated by using high-pressure FTIR, and a red-shift of
carbonyl group C O vibration was observed in compressed CO2 ,
suggesting that there exists a molecular interaction between CO2
and cinnamaldehyde [5,11]. The speciﬁc interaction between CO2
and solutes has been also theoretically studied by several groups
[22,23]. Borkman and co-worker have investigated the CO2 binding
to carbonyl groups using ab initio method and suggested that the
speciﬁc interaction between CO2 and carbonyl oxygen is the Lewis
acid–base interaction [22]. Raveendran and co-workers indicated
that the Lewis acid–base interaction between the carbon atom of
CO2 and carbonyl oxygen is accompanied by a cooperative intermolecular C–H· · ·O interaction between the oxygen in CO2 and
hydrogen atom attached to the carbonyl carbon or at the ␣-position
[23]. However, the strength of interaction which affects the reactivity of carbonyl groups in scCO2 medium has not been systematically
studied.
The theoretical study combined with the vibrational spectroscopy is a very useful tool for investigating the solvent–solute
interaction. Besnard and co-workers have studied the CO2 –ethanol
interaction by both theoretical study and the experimental infrared
spectroscopy and found that the attractive interactions played a
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dominant role in stabilizing the energy between CO2 and ethanol
[24]. Cappelli et al. have calculated the OH stretch in liquid water
and methanol by the cluster–continuum model and studied the
effects of the parameters of continuum models on the vibrations
[25].
In this paper, we ﬁrst reported experimental infrared spectra
of acetaldehyde, acetone, benzaldehyde, crotonaldehyde and cinnamaldehyde diluted in scCO2 , then the molecular interactions
between CO2 and the carbonyl group of these carbonyl compounds
in scCO2 , which were studied by density functional method through
examining the infrared vibrational frequencies of carbonyl group.
Finally, the effect of scCO2 on hydrogenation of carbonyl compounds was also investigated by the local softness.
2. Experimental details
In situ high-pressure FTIR spectra of acetaldehyde, acetone, and
crotonaldehyde were measured at 50 ◦ C with an FTIR spectrometer (FT/IR-620, JASCO) as described in our previous work [11]. A
1.5 cm3 high-pressure cell with a path length of 4 mm was used.
10 L substrate was added to the cell and was heated to 50 ◦ C by the
circulation of preheated oil outside the cell, and then CO2 was introduced into the cell. The pressure was raised slowly while stirring
by a Teﬂon-coated magnetic stirrer. When the pressure reached
the desired value, the stirring was further continued for 3–5 min
and stopped; then the IR spectra were measured with a triglycine
sulfate (TGS) detector at 4 cm−1 wavenumber resolution. In this
measurement, the concentration of the carbonyl compounds dissolved is different and depends on the solubility of them in CO2 . A
fraction of 10 L sample was soluble in CO2 and FTIR was measured
for the gas mixture of the dissolved carbonyl compound and CO2 .
The amount of substrates added has no effect on the peak positions
of the absorption bands.

interaction [34]. In order to better simulate the solvent effect, the
cluster–continuum model is proposed by Riveros and co-worker
[35]. The method considers the solvent as a dielectric continuum
and the solute as a supermolecule imbedded in a cavity in the continuum, which takes into account of both long-range solute–solvent
interaction and the short-range speciﬁc solute–solvent interaction.
In this work, the bulk solvent CO2 molecules were represented by
the dielectric constant, density and radius of the CO2 molecule in
polarizable continuum model. We optimized the complex structure by PCM with using the parameters like dielectric constant and
density of CO2 at the experimental temperature and pressure, for
which these parameters could respond the property of CO2 at different pressures. The dielectric constant and density at different
CO2 pressures were obtained from the literature [36]. The radius of
the CO2 molecule is 1.824 Å [37].
After the optimization considering solvent effect, frequency calculations were carried out and the atomic charges were evaluated
by using the natural bond orbital (NBO) analysis [38].
As the atomic charges were available, the local softness can be
obtained by using the following formulas. In density functional
theory (DFT), the global hardness () [38–40] is deﬁned as
=

1
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where E, N, , and (r) are the energy, number of electrons, chemical potential and external potential, respectively.
The global softness, S, is deﬁned as
S=

1
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Using the ﬁnite difference approximation, S can be approximated
as
1
IE − EA

3. Computational methods

S=

The calculations were performed using the Gaussian 03 suite of
programs [26]. The proposed geometries were ﬁrst optimized at
the gas phase at B3LYP level with 6-311+G(d,p) basis set [27–29].
Frequency calculations have been carried out at the same level. The
obtained geometries were reoptimized by solvent model. Since the
combination of the CO2 molecule with model carbonyl compounds
gives many possible conformers, only the conformer with the lowest energy in the gas phase was chosen for the further study in
solution. The single point energies at these optimized complexes
were calculated at MP2/6-31+G* level. The interaction energies of
the complexes were calculated using the “supermolecule” model

where IE and EA are the ﬁrst ionization energy and electron afﬁnity
of the molecule, respectively.
The local property, Fukui function [41] f (r) is deﬁned as the
derivative of electron density, (r), with respect to the number of
electrons at a constant external potential, (r)



f (r) =
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Applying the ﬁnite difference approximation, the condensed Fukui
function of an atom, say k, in a molecule with N electrons is deﬁned
as

fk+ (r) = qk (N + 1) − qk (N), governing the nucleophilic attack on the system
fk− (r) = qk (N) − qk (N − 1), governing the electrophilic attack on the system
fk0 (r) = [qk (N + 1) − qk (N − 1)]/2, governing the radical attack on the system
(described below) as the difference in energy between the each
complex and the sum of the isolated monomers. The interaction energies were corrected for the basis set superposition errors
(BSSE) using the full counterpoise method of Boys and Bernardi
[30].
In polarizable continuum model (PCM), the solvent is treated
as a dielectric continuous medium. The solute is placed inside a
spherical or ellipsoidal cavity in the dielectric continuous medium
but the drawback of the model is the neglect of the short-range
speciﬁc solute–solvent interaction [31–33]. In the supermolecule
model, a solvation system is modeled by a molecular complex
of the solute with a small number of solvent molecules in vacuum and the speciﬁc solute–solvent interaction is modeled by the
complex, but the model disregards the long-range solute–solvent

(5)

where qk (N), qk (N + 1) and qk (N − 1) are atomic charges for atom k
in the N, (N + 1) and (N − 1)-electron systems.
Similarly, local softness [42], s(r), is deﬁned as the derivative of
electron density, (r), with respect to the chemical potential, , at
a constant external potential,



s(r) =

∂(r)
∂





=
(r)

∂(r)
∂N





·
(r)

∂N
∂



= f (r) · S

(6)

(r)

Atomic softness values can be calculated by
sk+ (r) = [qk (N + 1) − qk (N)]S
sk− (r) = [qk (N) − qk (N − 1)]S
sk0 (r) = S[qk (N + 1) − qk (N − 1)]/2

(7)
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Fig. 2. Optimized geometries for the complex acetone–(CO2 )n (n = 0, 1, 2) at CO2
pressure of 18 MPa.

of the conjugated “” bond between ethylene and carbonyl group,
crotonaldehyde and cinnamaldehyde have higher frequency shift.
While the other model compounds without such conjugated “”
bonds showed a smaller frequency shift. Meanwhile, the C O vibrational frequency shifts have nonlinear decrease with the increase
of pressure (Fig. 1B). The nonlinear behavior of the shift may be
related to the local density enhancements around the attractive
solutes in solutions, which has been well studied and conﬁrmed by
the computer simulation studies [44,45].
4.2. Theoretical calculation of vibrational frequencies

Fig. 1. (A) Peak position of C O absorption band as a function of CO2 pressure
at T = 50 ◦ C and (B) C O vibrational frequency shift at different CO2 pressures. a:
acetaldehyde, b: acetone, c: benzaldehyde, d: crotonaldehyde, and e: cinnamaldehyde. Infrared spectra of cinnamaldehyde and benzaldehyde were reported in Ref.
[11].

Atomic softness for crotonaldehyde and benzaldehyde in ambient gas phase and at different CO2 pressures are calculated using
Eq. (7).
4. Results and discussion
4.1. Experimental infrared spectra of carbonyl compounds diluted
in scCO2
The speciﬁc interaction between CO2 and carbonyl groups has
been examined experimentally by using the IR spectroscopy [43]. In
this study, the in situ high-pressure FTIR was measured for the C O
vibrational frequency of acetaldehyde, acetone and crotonaldehyde
at the CO2 pressure range of 0–22 MPa (Fig. 1A). For comparison,
the data of benzaldehyde and cinnamaldehyde published in the
previous study [11] is also given in Fig. 1. It is noted that the C O
vibrational frequencies of all carbonyl compounds decrease with
the increase of pressure, and the red-shift is larger for cinnamaldehyde and crotonaldehyde compared with the others. In order to
study the frequency shifts of the C O, we plotted the frequency
shifts as a function of pressure (Fig. 1B). The frequency shifts of C O
bond in carbonyl compounds were determined by comparing the
values at different CO2 pressures with that in vacuum. It is observed
that the frequency shifts of cinnamaldehyde and crotonaldehyde
are up to 48 cm−1 and 30 cm−1 , but the frequency shift of benzaldehyde, acetone and acetaldehyde is only 9 cm−1 , 14 cm−1 and 7 cm−1 ,
respectively, which means that the frequency shift of C O depends
strongly on the conﬁguration of the carbonyl compounds. Because

In order to gain further insights into effect of CO2 on the
frequency shift of C O, we carried out the quantum chemical
calculations. For each solute molecule, such as acetone, different numbers of CO2 have been considered to interact with the
molecule. The conformers obtained from the combination of
CO2 and each solute molecule were optimized at different pressures. The results indicate that for each conformer, the optimized
geometries are different at different pressures, which results in
a difference in the vibrational frequency. In this work, only the
geometries at 18 MPa are shown and the others in the supporting
information.
4.2.1. Interaction between acetone and CO2
The carbon atom in CO2 molecule has positive charges that
can attract negative charges and acts as Lewis acid. The oxygen
in acetone has two lone electron pairs and acts as Lewis base.
The existence of Lewis acid–base interaction between CO2 and
acetone was reported in the literature [46]. Possible geometries
of the supermolecule acetone–(CO2 )n (n = 0, 1, 2) are displayed
in Fig. 2. The obtained vibrational frequency shifts together with
experiment data are listed in Table 1. The agreement between
the experimental and calculated results are found for the conformer I with two CO2 molecules, i.e., acetone–(CO2 )2 , except for
the value at 6 MPa. At 6 MPa, the conformer II acetone–CO2 gives a
vibrational frequency shift −7.16 cm−1 , close to the experimental
value −5 cm−1 . Recently, Besnard et al. measured Raman spectra
of the CO2 complex in CO2 and acetone mixtures, and they found
a new band at about 655 cm−1 which was attributed to the formation of a 1:1 electronic donor acceptor acetone–CO2 complex
Table 1
Calculated and experimental C O vibrational frequency shift of acetone at different
CO2 pressures for conformers I (acetone–(CO2 )2 ), II (acetone–CO2 ) and III (acetone).
Pressure (MPa)

Exp. shift (cm−1 )

Calc. shift (cm−1 )
I

II

III

6
8.5
10
16
18
20
22

−5
−10
−10
−13
−14
−14
−14

−10.73
−10.81
−10.90
−13.27
−13.39
−14.71
−14.81

−7.16
−7.31
−9.26
−10.88
−11.05
−11.17
−11.27

−0.23
−1.81
−2.74
−4.93
−5.15
−5.32
−5.45
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Fig. 3. Optimized geometries for the complex acetaldehyde–(CO2 )n (n = 0, 1, 2) at
CO2 pressure of 18 MPa.

at a pressure of 8 MPa [47]. These are in agreement to the present
results that the acetone–CO2 complex was formed at 6 MPa and
the acetone–(CO2 )2 complex is formed at pressures above 8.5 MPa.
This may be related to the compressibility of scCO2 , in which the
density changes with CO2 pressures. At lower pressure, the complex of one CO2 molecule interacting with one acetone is preferred,
while at high pressures, the complex of two CO2 molecules interacting with one acetone is preferred. While considering only the
acetone molecule itself (conformer III in Fig. 2) using the PCM,
the calculated values are much smaller compared with the experiment data (Table 1). This demonstrates that the cluster–continuum
model, which considers the solvent molecules explicitly, can better simulate the frequency shifts of C O of acetone at different
CO2 pressures and the short-range interaction between CO2 and
acetone is very important for frequency shift of C O of acetone.
4.2.2. Interaction between acetaldehyde and CO2
Fig. 3 shows the optimized geometries of the
acetaldehyde–(CO2 )n (n = 0, 1, 2). The shifts of C O vibrational
frequencies at different CO2 pressures are compared with the
experimental data and listed in Table 2. The calculated results
show that the frequency shifts based on the geometry of acetaldehyde molecule itself using PCM (i.e., without interacting with CO2 ),
give much closer data compared with the experimental values
(Table 2). For conformers I and II, the relatively larger vibrational
frequency shifts are obtained compared to the experimental data.
This suggests that the interaction between CO2 and acetaldehyde
is very week. In addition, the dimer of acetaldehyde in scCO2 was
also considered in this work, but the calculated results show that
the frequency shift of the dimer was quite small compared with
the values of experiment and monomer, indicating the dimer is
not possible under the present conditions.

Fig. 4. Optimized geometries for the complex benzaldehyde–(CO2 )n (n = 0, 1, 2) at
CO2 pressure of 18 MPa.

on the conformer III are much close to the experimental data at the
pressures examined (Table 3). In this complex, the CO2 molecule is
almost vertical to the benzaldehyde molecular plane which may be
due to the steric repulsion of aromatic. While, with the conformer II,
the vibrational frequency shifts is overestimated, in which the CO2
molecule is in the benzaldehyde molecular plane. For the molecule
benzaldehyde itself (conformer IV) in PCM model, underestimation
is observed, in particular at the lower pressures. This suggests that
in searching the possible conformers, one has to try the possible
orientations of the CO2 molecule(s) in the initial geometry, which
is the strategy of our calculation. Our results also reveal that the
cluster–continuum model can better simulate the frequency shifts
of C O of benzaldehyde at different CO2 pressures in which one
CO2 molecule interacts with one benzaldehyde is preferred.

4.2.3. Interaction between benzaldehyde and CO2
The optimized geometries are displayed in Fig. 4. For the conformer I, the calculated frequency shifts are much larger than
experimental data (Table 3). For the interaction with one CO2
molecule, two interesting conformers (II and III) were obtained. The
difference between the two conformers is the orientation of CO2
molecules. It is interesting to note that the frequency shifts based

4.2.4. Interaction between crotonaldehyde and CO2
In crotonaldehyde, there exists the conjugated “” bond
between C C and carbonyl group. Therefore, we may expect that
the intermolecular interaction should be strong between crotonaldehyde and CO2 molecule. This can indeed be seen from our
results (Fig. 5 and Table 4). From Table 4, it is noted that at
6 MPa, the crotonaldehyde–(CO2 )2 (conformer III in Fig. 5) gives
the frequency shift −19.54 cm−1 , close to the experimental value
−21 cm−1 . The differences from the other two conformers (I and
II) are slightly larger. At 8.5 MPa, crotonaldehyde–(CO2 )3 (conformer II) gives the best agreement with the experimental data.
At 10 MPa, the results from crotonaldehyde–(CO2 )3 (−25.18 cm−1 )
and crotonaldehyde–(CO2 )4 (−27.88 cm−1 ) (conformer I) are competitive compared with the experimental value (−26.00 cm−1 ), but
the former is preferred slightly. From 16 to 22 MPa, the results
from crotonaldehyde–(CO2 )4 are clearly better than the other conformers. Meanwhile, it is also noted that with the increase of
pressure more and more CO2 molecules take part in the interac-

Table 2
Calculated and experimental C O vibrational frequency shifts of acetaldehyde at different CO2 pressures for conformers I (acetaldehyde–(CO2 )2 ), II (acetaldehyde–CO2 )
and III (acetaldehyde).

Table 3
Calculated and experimental C O vibrational frequency shifts of benzaldehyde at different CO2 pressures for conformers I (benzaldehyde–(CO2 )2 ), II
(benzaldehyde–CO2 ), III (benzaldehyde–CO2 ) and IV (benzaldehyde).

Pressure (MPa)

Exp. shift (cm−1 )

Calc. shift (cm−1 )
I

II

III

6
8.5
10
16
18
20
22

−0
−3
−3
−6
−6
−6
−7

−17.82
−17.94
−18.08
−18.42
−18.45
−18.48
−18.50

−10.63
−10.77
−10.94
−14.12
−14.35
−14.53
−14.66

−0.34
−2.30
−3.37
−5.87
−6.12
−6.31
−6.46

Pressure (MPa)

Exp. shift (cm−1 )

Calc. shift (cm−1 )
I

II

III

IV

6
8
10
16
18
20
22

−5
−6
−7
−8
−9
−9
−9

−15.09
−15.24
−15.41
−20.65
−20.84
−20.98
−21.09

−11.34
−11.57
−13.50
−16.08
−16.53
−16.74
−16.88

−4.80
−5.70
−6.59
−9.87
−10.12
−10.31
−10.46

−1.48
−2.54
−3.72
−7.21
−7.52
−7.77
−7.96

J. Wang et al. / J. of Supercritical Fluids 54 (2010) 9–15

13

Table 4
Calculated and experimental C O vibrational frequency shifts of crotonaldehyde at different CO2 pressures for conformers I (crotonaldehyde–(CO2 )4 ), II
(crotonaldehyde–(CO2 )3 ), III (crotonaldehyde–(CO2 )2 ), IV (crotonaldehyde–CO2 ) and V (crotonaldehyde).
Pressure (MPa)

Exp. shift (cm−1 )

Calc. shift (cm−1 )
I

II

III

IV

V

6
8
10
16
18
20
22

−21
−24
−26
−29
−30
−30
−30

−27.36
−27.61
−27.88
−30.00
−30.14
−30.24
−30.32

−24.67
−24.91
−25.18
−27.87
−28.02
−28.14
−28.23

−19.54
−19.75
−19.98
−24.11
−24.33
−24.5
−24.65

−10.04
−12.06
−13.12
−17.59
−17.97
−18.28
−18.51

−0.40
−2.62
−4.04
−9.79
−10.22
−10.54
−10.80

−32.16 cm−1 , which are smaller than the experimental data, indicating more CO2 molecules would interact with cinnamaldehyde.
However, the present method was unable to make the calculation
with more than 4 CO2 molecules.
4.3. Analysis of molecular interactions from the charge transfer,
bond length change and interaction energies

Fig. 5. Optimized geometries for the complex crotonaldehyde–(CO2 )n (n = 0, 1, 2, 3,
4) at CO2 pressure of 18 MPa.

tion with crotonaldehyde. At the pressure range of 16–22 MPa, the
CO2 molecules in the ﬁrst solvation shell of C O of crotonaldehyde
are saturated and so the frequency shift has no change. Our results
demonstrate that the explicit inclusion of the solvent molecules
in the cluster–continuum model can better simulate the frequency
shifts of C O of crotonaldehyde at different CO2 pressures, and with
the increase of pressure, more CO2 molecules accumulate around
C O of crotonaldehyde.

It was reported that the carbonyl groups in unsaturated aldehydes of crotonaldehyde and cinnamaldehyde were much easier to
be hydrogenated and the selectivity to the corresponding unsaturated alcohols was enhanced signiﬁcantly in scCO2 [11]. This was
suggested from the molecular interactions between the reactant
and CO2 molecules. Based on our above results and discussion, the
cluster–continuum model can be better simulate scCO2 solvent
effect on frequency shifts of C O bond in the carbonyl compounds
studied in this work, except for acetaldehyde. Thus, the intermolecular interaction energies (Ecor ) at a CO2 pressure of 18 MPa
are calculated (Table 6). The results show that the molecular
interaction energies (Ecor ) are in the following order: acetaldehyde < benzaldehyde < acetone < crotonaldehyde < cinnamaldehyde.
It is clear that stronger interaction exists between CO2 and unsaturated carbonyl compounds with the conjugated C C and C O
bonds. The possible explanation is the conjugated “” bond resulting in the electron delocalization of C O bond, which reduces
the repulsive interaction between the carbonyl oxygen and the
oxygen of CO2 and makes more CO2 molecules congregating

4.2.5. Interaction between cinnamaldehyde and CO2
Based on the above studies the geometries of crotonaldehyde
and benzaldehyde containing conjugated “” bonds, herein, a
larger molecule of cinnamaldehyde with both the “” of benzene ring and ethylene, which conjugates with carbonyl group,
was studied also. The results show that cinnamaldehyde–(CO2 )4
(conformer I) gives better result compared with the other conformers (Table 5 and Fig. 6). Meanwhile, with the increase of pressure
from 6 to 22 MPa, the calculated vibrational frequency shifts in
cinnamaldehyde–(CO2 )4 changes slightly from −30.05 cm−1 to
Table 5
Calculated and experimental C O vibrational frequency shifts of cinnamaldehyde at different CO2 pressures for conformers I (cinnamaldehyde–(CO2 )4 ), II
(cinnamaldehyde–(CO2 )3 ), III (cinnamaldehyde–(CO2 )2 ), IV (cinnamaldehyde–CO2 ),
and V (cinnamaldehyde).
Pressure (MPa) Exp. shift (cm−1 ) Calc. shift (cm−1 )

6
8
10
16
18
20
22

−39
−43
−43
−47
−47
−47
−48

I

II

III

IV

V

−30.05
−30.23
−30.49
−31.82
−31.96
−32.06
−32.16

−26.27
−26.49
−28.01
−29.51
−29.66
−29.78
−29.87

−22.04
−23.64
−25.53
−27.45
−28.67
−28.89
−29.06

−11.58
−13.39
−14.52
−19.08
−19.43
−19.71
−19.91

−0.43
−2.94
−4.44
−10.66
−11.11
−11.46
−11.74

Fig. 6. Optimized geometries for the complex cinnamaldehyde–(CO2 )n (n = 0, 1, 2,
3, 4) at CO2 pressure of 18 MPa.

14

J. Wang et al. / J. of Supercritical Fluids 54 (2010) 9–15

Table 6
Change in carbonyl oxygen charge (q) and in the carbonyl bond length (R) for
carbonyl compounds at the CO2 pressures 18 and 0 MPa and interaction energies
Ecor (kcal/mol) calculated using MP2/6-31+G* at the CO2 pressures 18 MPa.
Molecular species

Ecor (kcal/mol)a

q (me)

R (mÅ)

Acetaldehyde
Benzaldehyde
Acetone
Crotonaldehyde
Cinnamaldehyde

0
−1.918
−4.942
−8.652
−9.151

−8
−24
−37
−61
−57

0.86
2.51
3.79
7.75
8.02

a

Ecor is the interaction energy corrected from BSSE.

around C O. The changes in carbonyl oxygen charge and bond
length of C O of carbonyl compounds at a CO2 pressure of
18 MPa are also calculated (Table 6). We ﬁnd that the changes in
the oxygen charge and C O bond length are in an order of acetaldehyde < benzaldehyde < acetone < crotonaldehyde < cinnamaldehyde.
This is the same to the order of the molecular interaction energies
(Ecor ). Therefore, the reactivity of C O bond is enhanced through
the interaction with CO2 , which makes C O bond more active
because the longer C O bond length is easier to break, and the
higher oxygen charge in C O is more favorable for electrophilic
attack. This conclusion is in good agreement with the results from
the previous experimental studies [11,19], in which the conversion
of crotonaldehyde and cinnamaldehyde are enhanced signiﬁcantly
in scCO2 compared with that of benzaldehyde, although its C O
bond is also more active at high pressure. These can also be
identiﬁed by using the softness of C O bond in the following.
4.4. Calculation of local softness for crotonaldehyde and
benzaldehyde in scCO2
In the past two decades, the reactivity descriptors such as
local hardness [42,48] local softness [42], Fukui function [41], etc.
have emerged as powerful tools in predicting the reactive sites of
molecules. It is well known that the reactivity of molecules depends
on the solvent environment. Chatterjee et al. used the local softness
to successfully explain the effect of scCO2 and organic solvent on
selective hydrogenation of conjugated and isolated C C of citral
[49].
In this work, in order to explain the effects of CO2 on crotonaldehyde and benzaldehyde, the local softness sk+ was calculated by the
cluster–continuum model. The results are given in Table 7. For crotonaldehyde, the local softness sk+ values of C3 (for the numbering of
molecule, see Fig. 7) were always higher than the other carbons in
the range of pressure of 0–18 MPa, meaning that C3 is much easier
to be attacked in nucleophilic reaction. As CO2 pressure is increased
from 0 to 18 MPa, the values of C3 change from 0.703 to 0.804 (with
an increment  of 0.101). For C1, the values change from 0.478 to
0.671 ( 0.193). This indicates that the pressure change has signiﬁTable 7
The local softness (s+ ) of different atoms for crotonaldehyde and benzaldehyde.
Atom species

Pressure (MPa)
0

6

8.5

10

16

18

Crotonaldehydea
C3
C2
C1
O5

0.703
0.196
0.478
0.522

0.701
0.165
0.565
0.536

0.719
0.166
0.584
0.543

0.735
0.170
0.599
0.553

0.773
0.171
0.639
0.576

0.804
0.167
0.671
0.628

Benzaldehyde
C(benz)b
O(benz)c

0.481
0.460

0.516
0.482

0.529
0.490

0.543
0.500

0.578
0.522

0.581
0.525

a
b
c

The atom marked crotonaldehyde is shown in Fig. 7.
C(benz) is the carbon of the carbonyl group of benzaldehyde.
O(benz) is the oxygen of the carbonyl group of benzaldehyde.

Fig. 7. Atoms numbered in crotonaldehyde.

cant effect on the reactivity of C O bond compared with that of C C
bond. For benzaldehyde, the values of C(benz) changed from 0.481
to 0.581 ( 0.100), in which this increment is smaller than 0.193 of
C1 in crotonaldehyde. This suggested that scCO2 could improve the
reactivity of C O signiﬁcantly in crotonaldehyde compared with
that in benzaldehyde. This is consistent with experiment data for
hydrogenation of crotonaldehyde and benzaldehyde [8,19].
5. Conclusions
In situ high-pressure FTIR experiments have been performed
for several carbonyl compounds diluted in supercritical CO2 at
constant temperature T = 50 ◦ C at CO2 pressures varying from
6 to 22 MPa. Then, the density functional method combined
with vibrational spectroscopy has been carried out to study the
interactions between CO2 and carbonyl compounds (acetone,
acetaldehyde, benzaldehyde, crotonaldehyde, cinnamaldehyde) at
different supercritical CO2 pressures. For acetone, the most suitable
conformer is acetone–(CO2 )2 , in particular at elevated pressures
8.5–22 MPa. Benzaldehyde prefers to interact with one CO2 . For crotonaldehyde, due to the conjugated “” bond, with the increase of
the pressure, more and more CO2 interact with crotonaldehyde. For
the relatively large molecule of cinnamaldehyde, which contains
both benzene ring and ethylene conjugating with carbonyl group,
more than four CO2 molecules interact with cinnamaldehyde. For
acetaldehyde, the calculated frequency shift for the molecule itself
(i.e., without interaction with CO2 ) gives good agreement compared
with the experimental result.
The interacting energies (Ecor ) at 18 MPa are in an order of
acetaldehyde < benzaldehyde < acetone < crotonaldehyde < cinnamaldehyde, which is the same order as the change of the carbonyl
oxygen charge and the carbonyl bond length. The reactivity of C O
bond was enhanced as a result of the interaction with CO2 , which
makes C O bond more activated. Finally, to explain CO2 solvent
effect on hydrogenation of crotonaldehyde and benzaldehyde, the
values of the local softness have been calculated. The change of
CO2 pressure has a signiﬁcant effect on the reactivity of C O bond
compared with that of C C bond for crotonaldehyde. C O bond
in crotonaldehyde becomes more reactive compared with that in
benzaldehyde in scCO2 , in agreement with the experiment observation.
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