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ABSTRACT 

 The vibrational Raman spectra of the C=C stretching modes of cis-dichloroethylene (cis-
DCE), cis-diphenylethylene (cis-DPE), and trans-diphenylethylene (trans-DPE) were measured 
in supercritical carbon dioxide (scCO2) and supercritical fluoroform (scCHF3) an isotherm of Tr = 
T/Tc = 1.02 over wide range of density. As the density increased, peak frequencies of the C=C 
stretching modes shifted toward the low-energy side. The shifted amount of trans-DPE was 20 
times greater than that of cis-DCE. This enormous shift of trans-DPE was caused by significant 
attractive energy between solute and solvent molecules owning to a functional group effect of 
phenyl group in the absence of steric hindrance. 

 

INTRODUCTION 

 Vibrational motions of a molecule in a fluid are perturbed by continuous intermolecular 
interactions of surrounding molecules [1–3]. As a density of fluid increases from isolated 
condition, vibrational spectrum of a molecule shifts toward lower or higher energy. The shifted 
amount depends on the magnitudes of attractive and repulsive energies among molecules [4–17]. 
By using neat supercritical fluids and supercritical solutions, vibrational Raman and/or infrared 
spectroscopic studies have been performed over wide range of densities. On the basis of 
intermolecular interactions, these supercritical systems are classified into three groups: Group I: 
systems involving hydrogen bonding [18–20]; Group II: systems involving strong dipole–dipole 
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interactions [8,20,21]; and Group III: systems involving the formation of complexes between 
solute and solvent molecules [9]. 
 In our previous studies, we have investigated supercritical fluid structures by means of 
dynamic light scattering [22–25], terahertz absorption [26,27], vibrational Raman spectroscopy  
[7,8,10,13–16,28–30], and nanoparticle generation [31–34]. In the Raman spectroscopic studies, 
the attractive and repulsive energies between solute and solvent molecules have been evaluated 
by theoretical analysis of density dependence of Raman spectra. For example, solvation structure 
around solute molecule is elucidated by 3D schematic diagram [15]. 
 In the present study, we show that functional group and molecular structure of solute 
molecule produce solvation structure in supercritical solutions. We measured vibrational Raman 
spectra of C=C stretching modes of three kinds of ethylene derivatives (Fig. 1) in supercritical 
scCO2 and scCHF3. As a result, enormous frequency shift was observed in trans-DPE. The 
magnitude of the shift was equivalent to those of typical hydrogen-bonded fluids, and can be 
categorized as new type of system, i.e., Group IV. Such a significant shift was attributed to 
functional group effect of phenyl groups in the absence of steric hindrance.  
 

 
                      trans-diphenylethylene      cis-diphenylethylene          cis-dichloroethylene 
                               (trans-DPE)                      (cis-DPE)                        (cis-DCE) 
 

Figure 1. Molecular structures of solute molecules. 

 
EXPERIMENTAL SECTION 

 Raman spectra were measured with an instrument developed in our lab and described 
elsewhere [10,13]. The light source was a diode-pumped solid-state laser operated with an 
excitation wavelength of 532 nm, at a single frequency output of 200 mW, in front of an optical 
cell. The laser was incident on the cell and a camera lens collected the scattered light at an angle 
of 90° relative to incident line. Using a monochromator and a photomultiplier tube, Raman 
spectra were recorded using the photon counting method. The frequency of each Raman spectrum 
was calibrated by that of the exciting laser. The frequency repeatability was confirmed to be 
within ±0.02 cm−1. The high-frequency stability enabled very precise peak position 
measurements in the Raman spectra.  



 

3

Supercritical solutions of Raman spectral measurements were prepared as follows: An 
accurate volume of solute molecule was introduced into a high-pressure container. The container 
was then filled with high-pressure CO2 or CHF3 by measuring the weight of the container during 
fluid injection. The high-pressure solution generated in the container was then transferred into a 
Raman optical cell. The densities of the supercritical solutions were adjusted by releasing the 
high-pressure supercritical solution from the Raman cell. The temperature was maintained along 
an isotherm of reduced temperature Tr = T/Tc = 1.02, by using a set up comprising of a 
proportional–integral–derivative controller, heaters, and a thermocouple. The pressure was 
monitored using a strain gauge backed up with a strain amplifier. Both temperature and pressure 
fluctuations were within the range of ±0.1% during the measurements. Densities were calculated 
from the empirical state equation by using P and T values [35,36], and were varied in the range of 

0.08 < ρr  < 1.7, where the ρr is the reduced density represented by ρr = ρ/ρc. The critical 
constants of CO2 and CHF3 are reported to be Tc = 304.1 K, Pc = 7.4 MPa, ρc = 0.468 g cm−3 [35] 
and Tc = 299.3 K, Pc = 4.8 MPa, ρc = 0.527 g cm−3 [36], respectively. 
 
RESULTS AND DISCUSSION 

 Fig. 2 shows frequency shifts ∆ν of the C=C stretching modes of trans-DPE, cis-DPE, 
and cis-DCE in scCO2 (Fig. 1a) and scCHF3 (Fig. 1b). The ∆ν is obtained by ∆ν = ν − ν0, where 
ν and ν0 are the experimental peak frequencies and that of density = 0, respectively. As the 
density increases, the ∆ν increases in all supercritical solutions. Note that ∆ν of trans-DPE shows 
twice greater than that of cis-DPE and 20 times greater than that of cis-DCE. The ∆ν of trans-
DPE is so large among 50 systems for vibrational spectroscopic studies on supercritical fluids 
and is equivalent to those of typical hydrogen-bonded fluids [30]. 
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Figure 2. Frequency shifts of C=C stretching modes of trans-DPE (red), cis-DPE (pink), and cis-
C2H2Cl2 (black) in scCO2 (a) and in scCHF3 (b) at Tr = 1.02. Solid lines are visual guides by 
fitting polynomial functions. The quantity of ρr is expressed as ρr = ρ/ρc. 
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 To discuss such a large frequency shift of trans-DPE in supercritical fluids, we analyzed 
the magnitude of the shifts by considering attractive and repulsive components using the 
perturbed hard-sphere theory [37]: 

 ∆ν = ∆νR + ∆νA,          (1) 
where ∆ν, ∆νR, and ∆νA are the net, repulsive, and attractive frequency shifts, respectively. The 
∆νA was obtained by subtracting the ∆νR from the ∆ν. The ∆νR was obtained from a theoretical 
calculation. According to the perturbed hard-sphere theory [37], the ∆νR is expressed as  

 ( ) ( ) ( )∗∗∗ −+=
∆ ρρρ
ν
ν

332211
0

expexpexp mCmCmCR ,    (2) 

with Ck = kαRθz(1 − z)k−1exp bk  and  αR = re[−(3g/2f) + (GR/FR)], where mk and bk refer to 
empirical parameters, which depend on the sizes of solute and solvent molecules. The quantity ρ* 
is represented by ρ* = ρSσS

3, where ρS is the number density and σS is the diameter of the solvent 
hard sphere. The quantity θ is given by θ = kBT / fre

2, where kB is the Boltzmann constant and re 
is the equilibrium bond length of the C=C bond. The value of z is expressed as z = re/σ with two 
hard-sphere cavities of diameter σ. The values f and g are the intramolecular quadratic harmonic 
and cubic anharmonic force constants of the C=C bond, respectively, and FR and GR are the 
linear and quadratic constants, respectively, indicating the forces that solvent molecules exert 
along the normal coordinate of the solute. All parameters required for the calculations were 
described elsewhere [30]. 
 Fig. 3 shows the repulsive and attractive shifts of trans-DPE in scCO2. The repulsive shift 
increases with increasing fluid density, indicating that the increase in the density causes an 
increase in the repulsive energy for the C=C stretching mode. The attractive shift also increases 
with increasing solvent density. The energy of the solute–solvent attractive interactions increases  

 

 

 
 
 
Figure 3 Repulsive (green), net (black), and 
attractive (red) shifts of C=C stretching 
modes of trans-DPE in scCO2 at Tr = 1.02. 
Solid lines are visual guides obtained by 
fitting polynomial functions to the data. The 
quantity of ρr is expressed as ρr = ρ/ρc. 
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with increasing solvent density. Note that the attractive energy is significantly greater than the 
repulsive energy in all density. Thus, it is found that trans-DPE/scCO2 is an attractive mixture. 
 Fig. 4 shows a comparison of attractive shifts of three ethylene derivatives (cis-DPE, cis-
DCE, and trans-DPE) in scCO2. The attractive shift of cis-DPE is greater than that of cis-DCE. 
This has been ascribed to a functional group effect of site-selective solvation around the phenyl 
group of cis-DPE [16]. The shift of trans-DPE is larger than that of cis-DPE. In order to consider 
the difference of cis-DPE and trans-DPE, we focused on molecular structures of both isomers. As 
illustrated in Fig. 4, a trans-DPE molecule has two phenyl groups with no steric hindrance. On 
the other hand, the two phenyl groups of cis-DPE exhibit steric hindrance. That is, the two 
isomers have completely different 3D structures. In trans-DPE, there is a space between the two 
phenyl groups, whereas such a space does not exist in cis-DPE. Given this situation, many 
solvent molecules can surround the two phenyl groups in trans-DPE. Molecular dynamics 
simulations of alkaloids in scCO2 exhibit a similar phenomenon [38]; the steric hindrance of 
alkaloids obstructs solvation. Present experimental results clearly showed that the steric 
hindrance yielded a significant difference in attractive energies between solute and solvent 
molecules. 
 

 

 
 In order to further evaluate the steric hindrance effect on solvation structures, we analyze 
the local density augmentation (LDA) of solvent molecules around cis-, and trans-DPE. 
According to the numerous studies on supercritical fluids, the nonlinear density dependence has 

been ascribed to the difference between bulk and local density. This is because ∆νA is linear to 
density according to the mean field approximation as [39] 

 ∆νA = CAρ          (3) 
where CA is coefficient depending on solute and solvent molecules. Thus, the nonlinearity as 
shown in Fig. 4 arises from density inhomogeneity in a real system. LDA enables us to 

 
 
Figure 4 Attractive shift of trans-DPE 
(closed circle), cis-DPE (open circle), and 
cis-C2H2Cl2 (+) in scCO2. Solid lines are 
visual guides obtained by fitting 
polynomial functions to the data. The 
quantity of ρr is expressed as ρr = ρ/ρc. 
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quantitatively evaluate how much of the density is locally excess relative to the bulk density [40–
44] and is defined as  

(ρlocal −  ρ)/ρc,
         

 (4) 

where ρlocal and ρ represent local solvent density around a solute molecule and the averaged 
solvent density, respectively. The local density is generally estimated by finding the density that 
gives the same amount of shift on a linear line as it does on a nonlinear curve (Fig. 5a). Based on 
the equation (4), the LDA was estimated. Figs. 5b and 5c show the LDA of cis- and trans-DPE, 
respectively [45,46,48]. It was evaluated that LDA of trans-DPE is twice times greater than that 
of cis-DPE. Thus, it is concluded that many solvent molecules can surround the two phenyl 
groups in trans-DPE due to the absence of steric hindrance and significant solvation results in 
trans-DPE.  
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Figure 5. The local density augmentation. (a) The method to obtain the local density augmentation, (ρlocal − 
ρ)/ρc. Symbols are experimental attractive shifts. Solid line is linear line based on the mean field approximation. 
(b, c) Local density augmentations of (b) cis-DPE and (c) trans-DPE in scCO2. The quantity of ρr is expressed 
as ρr = ρ/ρc. Solid lines are visual guides obtained by fitting polynomial functions to the data. 
 
 
CONCLUSIONS 
 The Raman spectra of the C=C stretching modes of cis-DCE, cis-DPE, and trans-DPE 
were measured in scCO2 or scCHF3 along an isotherm of Tr = 1.02 over wide range of density of 

0.08 < ρr  < 1.7. Peak frequency of trans-DPE shifted significantly, as the density increased. The 
shifted amount was 20 times greater than that of cis-DCE, and was equivalent to those of typical 
hydrogen-bonded fluids. The large shift of trans-DPE was attributed to a functional group effect 
of site-selective solvation around a phenyl group in the absence of steric hindrance. For the trans-
DPE in scCO2, significant LDA was also observed. From these findings, we can conclude that 
functinal group (phenyl group) and molecular structure (no steric hindrance) produce solvation 
structure.  
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