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Abstract
The fluorescence spectra of 4-dimethylamino(benzonitrile) (DMABN) have
been measured for a mixture of supercritical CO2 and methanol at high pressures
up to 15.5 MPa at 318 K. It is found that the addition of a small amount
of methanol can stabilize the intramolecular charge transfer (ICT) state of
DMABN in the supercritical fluid mixture. The spectral shift of the ICT band
has been analysed on the basis of Onsager reaction field theory; a significant
increase of the local composition of methanol around the DMABN molecule
in the ICT state is demonstrated.

1. Introduction

Supercritical CO2 has received much attention due to its application in a variety of chemical
processes as well as the increasing demand for environment-friendly solvents [1]. However,
the solubility of polar solutes in supercritical CO2 is usually very poor. To modify the solubility
parameter of supercritical CO2, a small amount of polar cosolvent such as methanol is often
added to a solution. The increase in the solubility parameter has been interpreted in terms
of the preferential solvation of cosolvent around the solute molecule. Thus, it is important
to know the microscopic solvation structure around the solute molecule in the supercritical
fluid mixture. The solvatochromic shifts of several probe compounds have been studied to
examine the microscopic solvation structure in the cybotactic region of the solute molecule
in supercritical fluid mixtures [2, 3]. 4-dimethylamino(benzonitrile) (DMABN) exhibits the
formation of an intramolecular charge transfer (ICT) state in the excited state and shows dual
fluorescence bands in polar solvents. Since the position and intensity of the ICT fluorescence
band (ICT band) are very sensitive to the polarity of the surrounding media, DMABN would
be suitable for probing for the preferential solvation of polar cosolvent. In this study, we have
measured fluorescence spectra of DMABN in a mixture of supercritical CO2 and methanol as
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Figure 1. The plot of νL E as a function of (n2 − 1)/(2n2 + 1). The solid circles represent the
supercritical CO2 and open triangles represent liquid CO2.

a function of pressure up to P = 15.5 MPa at 318 K. The spectral shift of the ICT band has
been analysed on the basis of Onsager reaction field theory.

2. Results and discussion

We first measured the fluorescence spectra of DMABN in pure supercritical CO2. Experimental
details have already been described elsewhere [4]. In the absence of polar cosolvent, only a
locally excited (LE) band is observed around νL E = 29 000 cm−1 due to the non-polarity
of supercritical CO2. The position of the LE band is red-shifted with increasing pressure
in the low- and high-pressure region while it is almost independent of pressure near the
critical pressure, implying so-called local density augmentation of the solvent about the solute
molecule near the critical point.

Mataga and Kubota [5] have derived an expression for the solvatochromic shift of the
solute fluorescence band on the basis of Onsager reaction field theory:
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where µg and µe refer to the dipole moments of the ground and excited states, ε denotes
the solvent permittivity, n denotes the solvent refractive index, and a is the Onsager cavity
radius. The first and second terms of equation (1) represent the contributions of the interaction
between solute–solvent dipole moments and the interaction between solute dipole and solvent-
induced dipole moments, respectively. In the case of pure CO2, the first term vanishes due to the
absence of a solvent dipole moment. Therefore, the spectral shift is simply proportional to (n2−
1)/(2n2 + 1). This expression is known to apply successfully to the spectral shift in the liquid-
phase solution. In figure 1, the peak position of the LE band in supercritical and liquid CO2 is
plotted against (n2 − 1)/(2n2 + 1). As seen in this figure, the peak position in the liquid CO2 is
almost proportional to (n2 − 1)/(2n2 + 1) and the straight line can be obtained by least-squares
fitting (solid line in figure 1). On the other hand, there is a significant deviation from the straight
line in the supercritical region. We have estimated the local density augmentation around solute
molecules from the difference between the observed shift and the fitted line; the result is a
maximum enhancement of about 1.8 with respect to the bulk density at ρ = 0.35–0.4 g cm−3.
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Figure 2. Fluorescence spectra of DMABN in a mixture of supercritical CO2 and methanol (A) for
various values of [methanol] at constant pressure (P = 11 MPa) and temperature (T = 318 K),
(B) for various pressures at constant temperature (T = 318 K) and [methanol] (5 mol%). The
intensities are normalized to the maximum of the LE band.

We next examined the solvation structure around DMABN in a mixture of supercritical
CO2 and methanol. It has been confirmed that the mixture forms a single phase at the
pressure and temperature where we carried out the experiments. In figure 2 we show typical
fluorescence spectra of DMABN for various values of [methanol] at constant pressure (11 MPa)
and temperature (318 K). In the presence of methanol above 2.5 mol%, one can see a broad
fluorescence peak at about νICT = 22 500 cm−1, which is attributed to the fluorescence from
the ICT state (ICT band). It is interesting that the addition of such a small amount of methanol
is enough to stabilize the ICT state of DMABN. The relative intensity of the ICT band increases
and νICT is substantially red-shifted with increasing [methanol], indicating that the polarity of
the solvent around the solute molecules increases with increasing [methanol].

Figure 2 shows typical fluorescence spectra of DMABN measured under various pressures
at constant [methanol] (5 mol%) and temperature (318 K). At constant [methanol], the position
of the LE band is almost independent of pressure. In contrast, the position of the ICT band
is blue-shifted and the relative intensity decreases with increasing pressure, reflecting the fact
that the stabilization of the ICT state is very sensitive to change of the solvent polarity around
the solute molecule. The remarkable feature of this result is that the ICT state is destabilized
with increasing solvent density, indicating decrease of the solvent polarity around the solute
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Figure 3. The spectral shift of the ICT band as a function of solvent density in a mixture
of supercritical CO2 and methanol. The dashed curves represent the calculated shift for
[methanol] = 1, 5, 10, 15, 20, and 25 mol%.

(This figure is in colour only in the electronic version)

molecule. We have again used equation (1) to interpret these results. To calculate the spectral
shift of the ICT band using equation (1), the parameters µg = 7.6 D, µe = 16.1 D, and
a = 4 × 10−8 cm have been used for DMABN. The solvent permittivity, ε, of the supercritical
fluid mixture was determined from the equation of Böttcher given in [6]:

ε − 1

12πε
= xn(εn − 1)Mn

4π(2ε + εn)vρn
+

x p(εp − 1)Mp
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where v is the molar volume, and xi , Mi , and ρi are the mole fraction, molecular weight,
and density of the non-polar (subscript n) and polar (subscript p) components, respectively. µ

denotes the dipole moment of methanol. g is the Kirkwood correlation parameter and takes the
value of 1.3 in this study [7]. εn and εp were calculated from the Clausius–Mossotti relation.
The density of the mixture was calculated using the equation of state proposed by Patel and
Teja [8]. To estimate the refractive index of the supercritical fluid mixture, the well-known
Lorentz–Lorenz law was used.

The spectral shift of the ICT band in the mixture of supercritical CO2 and methanol can be
calculated with these parameters. Figure 3 shows the plot of �ν for the ICT band as a function
of density at 318 K, [methanol] = 5 mol%. It is found in this figure that the observed spectral
shift is considerably smaller than that calculated at [methanol] = 5 mol% and consistent with
one calculated at [methanol] = 15–25 mol%. This suggests that the local composition in
methanol around DMABN in the ICT state is much higher than that in the bulk solution,
reflecting the attractive interaction between DMABN and methanol being much stronger than
that between DMABN and CO2. The enrichment of the local composition becomes less evident
and approaches the bulk composition with increasing solvent density, resulting in a blue-shift
of the ICT band with increasing pressure as seen in figure 2. Egorov et al [9] have recently
demonstrated that the attractive interaction governs the solvation structure around a solute
molecule in the low-density region, whereas the repulsive interaction becomes operative in
the high-density region. Considering this, it is not unreasonable that the local composition of
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attractive cosolvent around DMABN approaches the bulk composition with increasing solvent
density.
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