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We describe the temperature dependence of relative permit-
tivity ("r), mass density (�), refractive index (nD), and dynamic
viscosity (�) of monofluorinated propylene carbonate (FPC) as a
highly polar liquid. The physical properties are compared with
those of propylene carbonate (PC). The value of "r of FPC is
as large as 196 even at 20 �C. The � and � of FPC are also much
higher than those of PC.

Fluorine is the most electronegative of all the elements, and
the size is small next to hydrogen. Fluorine atoms show very
low polarizability and high enthalpy of ionization. Accordingly,
partial fluorination of organic solvents exerts the strong polar
effect on the physical properties such as permittivity, density,
and viscosity.1

Cyclic carbonates are long-term commercially available
solvents used in many industrial applications2 such as clean-
ing/degreasing, paint stripping, gas treating, textile dyeing,
electrochemical devices, etc. Propylene carbonate (PC) (4-
methyl-1,3-dioxolan-2-one) is a typical cyclic carbonate. The
dipole moments of cyclic carbonates are much higher than those
of chain carbonates. The planarity of the 1,3-dioxolan-2-one
moiety produces the vector addition of local dipoles which
contribute to the overall dipole moment.

In this paper, we report the temperature dependence of rel-
ative permittivity, mass density, refractive index, and dynamic
viscosity of monofluorinated propylene carbonate (FPC) (4-
fluoromethyl-1,3-dioxolan-2-one). The relative permittivity is
a very critical quantity in determining conductivity of a dilute
electrolytic solution, because the degree of ionic dissociation
of an electrolyte depends on permittivity of the medium. The
electric dipole moment of the FPC molecule is estimated from
the temperature dependence of the relative permittivity and the
mass density.

We synthesized FPC from PC and molecular fluorine in
the same manner as direct fluorination of �-butylolactone3 and
dimethyl carbonate.4 An aqueous solution of Na2CO3 was used
to remove HF from the reaction mixture. FPC was purified
under reduced pressure first by simple distillation and then by
fractional distillation. FPC was identified by using gas chroma-
tography coupled with mass spectrometry (GC-MS analysis)
(Shimadzu Corp., GCMS-QP2010) and 1H, 13C, and 19FNMR
spectroscopy (JEOL Ltd., JNM-LA500).5 The purity of FPC
was determined to be more than 99.9% by means of gas chroma-
tography equipped with a FID detector (Shimadzu Corp., GC-
1700) and a TC-WAX (GL Sciences Inc., 0.25mm� � 30m,
df ¼ 0:25mm). FPC was dehydrated with purified molecular
sieves 4A before use. PC was used as received (Kishida Chemi-
cal Co., Ltd., LBG grade). The apparatus and techniques for

measurements of the physical constants are essentially the same
as those previously reported.1

Relative permittivity ("r) reflects the ease of dielectric
polarization, and the strong attractive forces between solvent
molecules lead to the increase in "r. "r has a very significant
effect on the strength of the interactions between ions in an
electrolytic solution. Figure 1a shows the � dependence of "r.
"r decreased gradually with an increase in �. The great thermal
motion of FPC and PC overcomes the mutual orientating effects
of the dipoles at high �. It should be noted that the value of "r
of FPC is as large as 196 even at 20 �C. The "r of FPC is two
to three times higher than that of common cyclic carbonates.6

Monofluorination of the methyl group increases "r more mark-
edly than that of the 1,3-dioxolan-2-one moiety. Dipole–dipole
interactions involving the intermolecular hydrogen bonding
(C–H���F–C or CF–H���O=C) are responsible for the cooperative
orientation of the FPC molecules. Monofluorination of PC
increases the amount of the dielectric polarization but may
decrease the electron-pair donicity of oxygen atoms in the
–OCOO– moiety. The low electron-pair donicity weakens
solvation of cations such as alkaline metal ions.

The electric dipole moment of the molecule (�) is
calculated from the temperature dependence of "r and �
by using the following Kirkwood’s formula: f ð"r; �Þ �
ðM=�Þð"r � 1Þð2"r þ 1Þ=9"r ¼ NAð�þ g�2=3kTÞ=3"0, where
"0, �, g, k, and T denote permittivity of vacuum, polarizability,
Kirkwood’s correlation factor, Boltzmann constant, and thermo-
dynamic temperature, respectively. This Kirkwood’s formula is
expressed in International System of Units. The approximate ex-
pression for g can be derived only when nearest-neighbor inter-
actions are considered; then g ¼ 1þ zhcos� iji, where � ij

depends only on the coupled orientations of the i th and j th
molecules, each with z nearest neighbors. If the value of g is
taken as 3, then � of FPC and PC is calculated to be 11.4 D
(¼3:79� 10�29 Cm) and 4.33 D (¼1:45� 10�29 Cm), respec-
tively, from the slopes of f ð"r; �Þ vs. T�1 plots (Figure 1b).
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Figure 1. Plots (a) "r vs. � and (b) f ð"r; �Þ vs. 1=T of FPC and
PC from 10 �C (283.15K) to 70 �C (343.15K).
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The datum obtained for PC is close to the reported values (4.947a

and 4.97b D). The g value of 3 indicates that two polar molecules
are alined to form a head-to-tail dimer (z ¼ 2 and � ij ¼ 0).

Figure 2a shows the temperature (�) dependence of mass
densities (�) of FPC and PC. Figure 2a also depicts the � depend-
ence of the number densities of molecules (N). N refers to the
number of molecules per unit volume and is calculated from
�, molar mass (M), and Avogadro constant (NA) according to
the following equation: N ¼ �NA=M. Plots of � or N against
� are found to be linear. Both molecular mass (¼M=NA) and
N are key factors determining �. Despite the larger molecular
size, N of FPC was slightly higher than that of PC at high �.
The finding indicates that the strong attractive forces between
FPC molecules cause a contraction in volume. N of common
cyclic carbonates decreases in the reverse order of the molecular
size.6 � of FPC was considerably higher than that of PC. Molec-
ular weights of FPC and PC are 120.08 and 102.09, respectively.
Therefore, the difference in � between FPC and PC mainly
reflects that in the molecular mass (m).

Refractive index (nD) is related to the propagation speed of
light in a medium and is a measure of the ability to bend (refract)
light rays. Figure 2b shows the � dependence of nD. The data
followed straight lines. In analogy with N, nD of FPC was slight-
ly higher than that of PC at high �. Electronic polarizability (�e)
of the molecule as well as N are dominant factors governing nD.
�e is obtained by the following Lorentz–Lorenz equation:8

ðM=�ÞðnD2 � 1Þ=ðnD2 þ 2Þ ¼ NA�e=3"0. The averages of �e

at 10–70 �C were nearly identical to each other: 9:48�
10�40 C2 m2 J�1 for FPC and 9:47� 10�40 C2 m2 J�1 for PC.
The � dependence of nD of partially fluorinated chain carbonates
is also the same as that of N.1

Dynamic viscosity (�) is regarded as an internal friction
based on intermolecular forces. Figure 3 shows � as a function
of (a) � or (b) T . � decreases with an increase in temperature,
and plots of log(�/mPa s) vs. T�1 gave straight lines. The high
translational kinetic energy allows intermolecular attractions to
be overcome more easily, and the internal friction is reduced
at high temperatures. The apparent activation energy for viscos-
ity (Ea;�) is obtained from the relation proposed by Andrade:9

� ¼ A� expðEa;�=RTÞ. Ea;� is determined to be 27.7 kJmol�1

for FPC and 17.0 kJmol�1 for PC. The � and Ea;� of FPC are

much higher than those of PC. The increase in both polarity
and molecular mass exerts the synergistic effect on the � and
Ea;� of FPC.

In conclusion, monofluorination of PC greatly enhanced "r
as well as � and �. The molecular properties (� and m) rather
than N have a strong influence on "r, �, and � of the highly polar
liquid. Conductivity of a FPC solution is expected to be higher
than that of the PC counterpart at least at low concentrations
of electrolyte ions.
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Figure 2. (a) � and N and (b) nD of FPC and PC as a function of
� from 10 to 70 �C. N is calculated from �,M, and NA according
to N ¼ �NA=M.
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Figure 3. � of FPC and PC as a function of (a) � or (b) T from
10 �C (283.15K) to 70 �C (343.15K).
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