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A self-consistent microscopic theory has been used to calculate the limiting ionic conductivity of
unipositive rigid ions in formamide at different temperatures. The calculated results are found to be
in good agreement with the experimental data. The above theory can also predict successfully the
experimentally observed temperature dependence of total ionic conductivity of a given uniunivalent
electrolyte in formamide. The effects of dynamic polar solvent response on ionic conductivity have
been investigated by studying the time dependent progress of solvation of a polarity probe dissolved
in formamide. The intermolecular vibration �libration� band that is often detected in the range of
100–200 cm−1 in formamide is found to play an important role in determining both the conductivity
and the ultrafast polar solvent response in formamide. The time dependent decay of polar solvation
energy in formamide has been studied at three different temperatures, namely, at 283.15, 298.15, and
328.15 K. While the predicted decay at 298.15 K is in good agreement with the available
experimental data, the calculated results at the other two temperatures should be tested against
experiments. © 2006 American Institute of Physics. �DOI: 10.1063/1.2387947�

I. INTRODUCTION

Formamide and its substituted derivatives constitute an
important class of solvent.1–12 These liquids are characterized
by large values of permanent dipole moments and dielectric
constants. These solvents are also strong hydrogen bond �H-
bond� donors and are stronger H-bond acceptors than water.
Owing to its unique H-bonding capability, formamide can
exist as both cyclic dimers and linear chain oligomers in
liquid phase at room temperature. The structures of forma-
mide in its gas,13 amorphous,14 and crystalline15 phases have
also been investigated through experiments,12–25

simulations,26 and theoretical calculations.8,9 Recently, sev-
eral authors have looked at equilibrium and excited state
dynamics of formamide by using nonlinear spectroscopic
techniques.1,2 All these activities are partially motivated by
the fact that formamide can be used as a model system for
studying the hydrogen bonding interactions that occur be-
tween amido protons on a hydrated protein backbone. Since
formamide contains important structural units such as carbo-
nyl and amino groups as well as peptide bonds, this molecule
stands as the simplest building block for amide based cat-
enane and rotaxane systems that are used as excellent mo-
lecular templates for tailoring materials with user-defined
properties.27–30 It is also predicted that the coupling between
the low frequency vibrations in formamide may play an im-
portant role for conformational changes and enzymatic ac-
tions in biological systems.31,32 For example, an out-of-plane
vibrational mode of a hydrogen bonded system is likely to be
involved in a conformational change in a biologically rel-
evant moiety.

Ion transport and solvation processes in formamide
should therefore be investigated in detail in order to under-

stand the solute-solvent interaction and dynamics in liquid
formamide.33–41 The interesting question that one would like
to ask here is that whether a simple theory can describe the
diffusion and solvation processes in such an associated sol-
vent where several geometrical isomers are present in its
liquid state. We have addressed this aspect in the present
article. We would also like to investigate the following ques-
tion: To what extent can the ultrafast solvent response of
subpicosecond time scale control a diffusive process such as
ion conductance which takes place on a time scale of tens of
picoseconds or even longer?

Any discussion on ionic conductivity starts with Kohl-
rausch’s law which is given as follows:33–36

�m = �0 − ��c , �1�

where �m represents the equivalent molar conductivity, �0 is
its limiting value at infinite dilution, and � is a coefficient
that is found to depend more on the nature of the electrolyte
than on its specific identity. Extrapolation of �m to zero ion
concentration produces �0. Equation �1� is valid for the con-
ductivity of the electrolyte where the dissociation is com-
plete.

The equivalent conductivity at infinite dilution, �0, is
essentially related to the ion mobility U under the influence
of externally applied weak electric field in the following
manner:33–35

�0 = UF = �q�
F

�
=

�q�F
A�0rion

, �2�

where F stands for Faraday constant and q the charge on the
ion. � is the ionic friction coefficient. The third equality in
the above equation arises if one assumes that the friction
experienced by an ion with crystallographic radius, rion,
moving through a solvent with viscosity, �0, can be obtained
from hydrodynamics by using Stokes’law. The value of A
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could be 4� or 6� depending upon boundary condition �slip
or stick�. This immediately tells us that �0�0 is proportional
to the inverse of the crystallographic radii of the ions in a
given solvent. This is known as Walden’s rule and was found
to be valid for large singly charged ions.33–36 However, as the
ions become smaller, the deviation becomes larger leading to
a stronger nonmonotonic ion size dependence. This is shown
in Fig. 1.

Initially, the breakdown of Walden’s rule was explained
in terms of solvent-berg model33,34 which proposes that the
solvent molecules in the immediate vicinity of the ion stick
to it, thereby making a composite body. The effective size of
such composite unit increases in size as ion becomes smaller.
However, this model fails severely to explain the limiting
ionic conductivity of small rigid ions, such as unipositive
alkali metal ions.

Later, Born suggested that in addition to the mechanical
�bare� friction, the ion experiences a retardation due to the
coupling of its electric field with solvent polarization while
moving through the solvent. So, the total friction on the ion
is expressed as follows:42

�total = �bare − �df, �3�

where the bare friction �bare=A�0rion and �df is termed as
dielectric friction. Fuoss, Boyd, and Zwanzig further devel-
oped the dielectric friction model.43–45 The prediction of
Zwanzig’s theory45 for ions in formamide is shown in Fig. 1.
In all these models, the solvent was treated as a structureless
continuum characterized by frequency dependent dielectric
function and a single Debye relaxation time, �D.

Hubbard and Onsager studied the ion mobility within the
framework of continuum picture46 and their self-consistent
theoretical approach led to the following expression for total
friction:47,48

1

�total
= �

rion

� dr

4�r2��r�
, �4�

where r is the distance from the surface of the ion. ��r� is the
distance dependent viscosity given as47 ��r�=�0�1
+�Dq2��0−��� /16��0�0

2r4� where �0 is the zero frequency
shear viscosity of the solvent and �0 and �� denote the static
and infinite frequency dielectric constants, respectively. The
prediction from the H–O theory, shown in Fig. 1, indicates
that this theory is also inadequate for describing the experi-
mental limiting ionic conductivities of small ions in forma-
mide. It was later shown empirically that the limiting ionic
conductivity could be partially controlled by the solvent dif-
fusion that is related to a variety of molecular motions as
well as coupling between them.49

Subsequently, Wolynes and co-worker50–52 developed a
theory that took into account the ion-solvent interactions,
microscopic solvent structure around an ion to describe the
ion conductivity. However, this theory also neither included
the full dynamics of the liquid nor the effects of the self-
motion of the ion and therefore enjoyed a limited success.

Recently, a generalized molecular theory that incorpo-
rates the complex dynamics of polar solvents as well as the
self-motion of the ion has been developed by Bagchi and
co-workers.40,53–57 This theory has been found to predict suc-
cessfully the experimental results in water, D2O, acetonitrile,
and alcohols. We have used this theory to calculate the �0 in
formamide. It is to be noted here that the above theory pre-
dicts a dynamic cooperativity of solvent translational modes
that affects the conductivity in a nonlinear way.40

Computer simulation studies for ion conductance in neat
amide solvents have not been performed so far, even though
ion transport in some other solvent systems has been
simulated.58–60 The complex nature of the solvent and non-
availability of proper model potential might be the reasons
for this. However, Puhovski and Rode studied the limiting
ionic mobility of small, rigid ions such as Na+ in aqueous
mixture of formamide by using the molecular dynamics
simulation59 method. These authors found in this work that
Na+ is preferentially solvated by formamide molecules which
is in agreement with the existing NMR data.

The motivation for studying the ion transport and solva-
tion dynamics in formamide comes further from the follow-
ing facts. First, experimental results for both limiting ionic
conductivity and solvation dynamics �dipolar� in liquid for-
mamide at room temperature are available. Second, one
would like to explore the effects of the intermolecular vibra-
tion �liberation� bands in the range of 100–200 cm−1 that
have been observed repeatedly in the low frequency Raman
studies of amide systems. One wonders here whether this
low frequency motion could contribute to the initial fast sol-
vent reorganization and hence makes the solvation energy
relaxation ultrafast. This is important as we have observed
earlier that inclusion of these bands gives rise to better de-
scription of both limiting ionic conductance and solvation
dynamics in polar solvents, such as water, D2O, and
N-methyl amides.40,54–57,61,62 However, we are not aware of
any experiments that indicate fraction wise contribution of
these bands �one at �110 cm−1 and another at �200 cm−1�

FIG. 1. Comparison between the experimental results �solid circles� of
Walden product ��0�0� for the unipositive alkali, and tetra-alkyl ammonium
ions as a function of inverse of crystallographic radius �rion

−1 � for formamide
at room temperature with the predicted values of Stokes’s law �solid line�,
Hubbard-Onsager theory �short dashed line�, and continuum theory of
Zwanzig �long dashed line�. Here, the tetra-alkyl ammonium ions are rep-
resented by C1–C4 where Cn= �CnH2n+1�4N+; n is from 1 to 4. The experi-
mental data shown here are taken from Ref. 72.
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to the dielectric dispersion from �� to the square of the re-
fractive index in liquid formamide. Therefore, we have as-
sumed that the band at 110 cm−1 is responsible for the miss-
ing part as indicated above. We have performed calculations
both with and without this band and presented results in this
article. Third, the total limiting ionic conductance ��total� in
formamide shows interesting temperature dependence. In the
above molecular theory, the temperature dependence enters
through the generalized rate of solvent polarization relax-
ation �via the frequency dependent dielectric relaxation
data�, and solute-solvent and solvent-solvent static correla-
tion functions. One would therefore like to see whether the
above molecular theory could explain the observed tempera-
ture dependence of �total in formamide.

As already mentioned, solvation dynamics is intimately
related to the ion transport processes and hence study of
solvation dynamics is crucially important for understanding
the microscopic mechanism of ion conductance. For ex-
ample, consider the motion of Li+ in a solvent with �D

�40 ps. By using the experimental value of �0 for Li+ in
formamide in the following expression, D=�0�kBT /q2NA�,
one obtains the diffusion coefficient of Li+ as �2.4
	10−6 cm2 s−1. This, after inserting into the Einstein rela-
tion, produces 	l2
1/2=�6D�D=0.24 nm. This is the diffusion
displacement of lithium ion over a time period of 40 ps.
However, the displacement of this ion with mobility U
=9.4	10−5 cm2 V−1 s−1 in the direction of the applied field
E=1 V cm−1 is lE=UE�D=3.8	10−8 nm at typical experi-
mental conditions. Interestingly, this value is seven orders
less in magnitude than the calculated value of 	l2
1/2. This
means that the motion of the ion between the electrodes is
very irregular and the limiting ionic conductivity is deter-
mined by random collisions of the moving ion with the sol-
vent environment and thus both by structure and
dynamics.59,60

The organization of the rest of the paper is as follows.
Section II contains the theoretical formulation. The method
of calculation is discussed briefly in Sec. III. Numerical re-
sults are presented in Sec. IV. The article ends with a discus-
sion in Sec. V.

II. THEORETICAL FORMULATION

This section starts with the well-known Kirkwood
formula63 for dielectric friction, �df, as

�df =
1

3kBT
� dt	Fid�0� · Fid�t�
 , �5�

where Fid�t� is the time dependent force acting on the ion due
to ion-dipole interaction and kBT is Boltzmann’s constant
times temperature. Fid�t�, which is responsible for the dielec-
tric friction, is long range in nature. The density functional
theory �DFT� is used to obtain the following expression for
the force density on the ion due to ion-dipole interaction
as40,41

Fid�r,t� = kBTnion�r,t� �� dr�d��cid�r;r�,���

	
��r�,��,t� , �6�

where nion�r , t� is the number density of ion; 
��r ,� , t�
=��r ,� , t�- �0 /4� is the space �r�, orientation ���, and time
�t� dependent fluctuation in the number density �0 of the pure
solvent; and cid�r ;r� ,�� is the space and orientation depen-
dent ion-dipole direct correlation function �DCF�. Now, the
space, orientation, and time dependent number density of the
solvent and space and orientation dependent DCF are ex-
panded in spherical harmonics. The standard Gaussian de-
coupling approximation is then used to obtain the following
expression for frequency dependent dielectric friction:40,54–57

�df�z� =
2kBT�0

3�2��2 � dte−zt� dkk4Sion�k,t�

	cid
10�k�2Ssolvent

10 �k,t� . �7�

where cid
10�k� and Ssolvent

10 �k , t� are the longitudinal component
of ion-dipole DCF and orientation dynamic structure factor
of the pure solvent, respectively. In the definition of the
above correlation function the wave vector k is taken parallel
to the z axis of laboratory fixed frame. Sion�k , t� denotes the
self-dynamic structure factor of the ion. In Eq. �7� the self-
dynamic structure factor of the ion is assumed to be given
by40

Sion�k,t� = exp�− DT
ionk2t� = exp�− � kBT

�bare + �df
k2t� , �8�

where the diffusion coefficient of the ion, DT
ion, itself depends

on the total friction.
The orientational dynamic structure factor of the pure

solvent is calculated by using the following expression:40

Ssolvent
10 �k,t� =

1

4�3Y
�1 −

1

�L�k��L−1� 1

z + �10�k,z�� , �9�

where L−1 stands for Laplace inversion. 3Y is the polarity
parameter of the solvent which is related to the dipole-
moment  and density �0 of the solvent by the relation 3Y
= �4� /3kBT�2�0. �L�k� is the longitudinal component of
wave number dependent dielectric function. �10�k ,z� is the
longitudinal �l=1, m=0� component of the generalized rate
of orientational polarization density relaxation of the solvent
and is given by40,41

�lm�k,z� = �1 −
�0

4�
c�llm;k��� l�l + 1�kBT

I�z + �R�k,z��

+
k2kBT

m�2�z + �T�k,z��� , �10�

where m, �, and I are the mass, diameter, and the average
moment of inertia of each solvent molecules, respectively.
c�110,k� is the �110� component of the wave number �k�
dependent two particle direct correlation function of pure
solvent. �R�k ,z� and �T�k ,z� are the wave number and fre-
quency �z� dependent rotational the translational dissipative
kernels, respectively, of the solvent.
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In the z=0 limit, Eq. �7� provides the following expres-
sion for macroscopic dielectric friction �that is �df�z=0�
��df�:

40,54–57

�df =
2kBT�0

3�2��2

1

4�3Y
�

0

�

dkk4�cid
10�k��2�1 −

1

�L�k��
	

1

DT
ionk2 + �10�k,DT

ionk2�
. �11�

Since the diffusion coefficient of the ion, DT
ion, itself depends

on the total friction, Eq. �11� must be solved self-
consistently. Once �df is calculated self-consistently, Eq. �3�
is used to obtain the total friction experienced by the ion
where the bare friction ��bare� is calculated from Stokes’ law
by using the slip boundary condition. The limiting ionic con-
ductivity at infinite dilution is then obtained by using the
relation �0= �qF�2 /RT�total, where R is the Avogadro number
times the Boltzmann constant.

One can again use the density functional theory to obtain
the expression for the time dependent solvation energy for a
mobile dipolar solute. It has already been observed that the
self-motion �both rotational and translational� of the dipolar
solute can contribute to the solvation dynamics by offering
an extra channel to the energy relaxation process.64 One can
find a rigorous derivation of relevant expressions in Ref. 64.

However, the probe molecules that are frequently used in
solvation dynamics experiments are often massive and con-
tain several aromatic rings and therefore several times bigger
than a solvent molecule. This means that the probe solute
remains practically immobile during the course of solvation
and therefore the solvation becomes that of an immobile sol-
ute. In such a scenario the expression for the time dependent
solvation energy for a dipolar solute can be given as
follows:40,64

Esol�r,�,t� = − kBT� dr�d��csd�r,�;r�,���

	
��r�,��,t� , �12�

where Esol�r ,� , t� is the solvation energy of a immobile di-
polar solute located at position r with orientation � at a time
t. csd�r ,� ;r� ,��� denotes the direct correlation function be-
tween the solute dipole and a solvent dipole at positions r
and r� with orientations � and ��, respectively. The direct
correlation function csd contains detailed microscopic infor-
mation about the orientational structure of solution. The den-
sity of the solute dipole is assumed to be very small so that
the interaction among them can be neglected. Then, a
straightforward algebra leads to the following expression for
the normalized solvation energy autocorrelation function:64

S�t� =

�0
�dkk2��csd

10�k��2�1 −
1

�L�k��L−1�z + �10�k,z��−1 + 2�csd
11�k��2��T�k� − 1�L−1�z + �11�k,z��−1�

�0
�dkk2��csd

10�k��2�1 −
1

�L�k�� + 2�csd
11�k��2��T�k� − 1�� , �13�

where csd
10�k� and csd

11�k� are the longitudinal and transverse
components of the wave number dependent dipole-dipole di-
rect correlation function and has been calculated using mean
spherical approximation �MSA�. �L�k� and �T�k� are the lon-
gitudinal and transverse components of wave number depen-
dent dielectric constant. �11�k ,z� is the transverse �l=1, m
=1� components of the wave number and frequency depen-
dent generalized rate of solvent orientational polarization
density relaxation ��lm�k ,z��. This is already defined and
given as Eq. �10�.

We have used Eq. �13� to calculate the decay of the
normalized solvation energy autocorrelation function, S�t�,
of a dipolar probe coumarin 153 in formamide at 283.15,
298.15, and 328.15 K.

III. CALCULATIONAL PROCEDURE

A. Calculation of the wave number and frequency
dependent generalized rate of solvent polarization
relaxation, �lm„k ,z…

The calculation of the generalized rate of solvent orien-
tational polarization density relaxation, �lm�k ,z�, is non-

trivial and somewhat involved. The detailed derivation of
this quantity has already been presented elsewhere40,61 and
hence we will briefly describe the calculation procedure here.
It is already mentioned that �lm�k ,z� contains two dissipative
kernels—the rotational kernel ��R�k ,z�� and the translational
kernel ��T�k ,z��. The rotational kernel is obtained directly
from the experimentally measured frequency dependent di-
electric function ��z� in the following stepwise manner. First,
one uses the molecular hydrodynamic theory to relate the
wave number dependent memory function exactly to the rel-
evant dynamical correlation function.61 In the long wave-
length �that means k→0� limit, this reduces to the dielectric
relaxation function. Therefore, the k dependence of the rota-
tional memory kernel is neglected and �R�k ,z� is replaced by
�R�k=0,z�. This approximation has been found to be valid
for limiting ionic conductivity and polar solvation dynamics
since in both cases the orientational polarization density re-
laxation is dictated by the long wavelength polarization den-
sity fluctuations.40 Second, �R�k=0,z� is related to the ex-
perimentally determined frequency dependent dielectric
function, ��z�. The relevant expression and procedure have
been described in Refs. 40 and 61.
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The experimental data for the frequency dependent di-
electric function of formamide at three different temperatures
are described by the following rather general expression:65

��z� = �� + �
i=1

m
��i − �i+1�

�1 + �z�i�1−�i��i
, �14�

where z is Laplace frequency, �1 is the static dielectric con-
stant, �m+1=�� is its limiting value at high frequency, �i are
intermediate steps in the dielectric constant, m is the number
of distinct relaxation processes, and �i are their relaxation
time constants with relaxation parameters 0��i�1 and 0
��i�1.

For our calculation in formamide, we have used dielec-
tric relaxation data measured by Barthel and et al.66 who
recorded the frequency dependent dielectric function in the
range of 0.2–89 GHz. The details of the dielectric relaxation
data are summarized in Table I. The interesting aspect of
these data is that they are best fitted to a single Davidson-
Cole �DC� ��i=0, �i�1� equation at all the three tempera-
tures studied here. It should also be noted that at these tem-
peratures the value of the measured �� is approximately 5.
Therefore, the dispersion, ���−nD

2 �= �5−2.1��3 �nD being
the refractive index� is missing in these data which may be
due to the limited resolution available to these authors. How-
ever, we have seen earlier62 that such missing component can
make the solvation energy relaxation faster and hence con-
tribute in an important manner to both the ultrafast polar
solvent response and ionic conductivity in formamide. The
experimental study of Chang and Castner1 by using optical
Kerr effect �OKE� spectroscopy has revealed that formamide
contains librational modes with frequencies centered at
�110 and �200 cm−1. These findings have also been cor-
roborated by other authors.3,4 The works of Cho et al.67 and
McMorrow and Lotshaw68 have shown the connection be-
tween dynamics measured by OKE and time dependent fluo-
rescence Stokes’shift �TDFSS� measurements. We have as-
sumed that the librational mode at �110 cm−1 takes part in
both the polar solvation energy relaxation and limiting ionic
conductivity in formamide at all temperatures studied here.
This is done by making the above libration band responsible
for the dispersion ���−nD

2 �. This is purely exploratory in
nature and further experiments with a better time resolution
can reveal the missed part of the full relaxation. All the other
parameters remained the same. In addition, we have assumed
that this librational mode is an overdamped one.

The translational dissipative kernel has been calculated

by using the isotropic dynamic structure factor of the liquid.
The details regarding the calculation of �T�k ,z� have been
described in Refs. 40 and 55.

B. Calculation of correlation functions

1. Solvent dipole-dipole direct correlation functions,
c„110,k… and c„111,k…

The solvent orientational, static correlation function,
c�110,k� is calculated by using the MSA model for a pure
solvent.69 Then proper corrections at both k→0 and k→�
limits are used to obtain the wave number dependent dielec-
tric function �L�k�. Subsequently, the longitudinal component
of the wave number dependent dielectric function, �L�k�, is
obtained by the following exact relation:40,41

�1 −
1

�L�k�� =
3Y

1 − ��0/4��c�110,k�
. �15�

For intermediate wave numbers �k�→2��, we have
used Eq. �15� while for k→� we have used a Gaussian func-
tion which begins at the second peak height of �1-1/�L�k�� to
describe the behavior at large k. As described earlier, this
procedure removes the wrong wave number behavior of
static correlations described by the MSA.

We have obtained the transverse component of the sol-
vent dipole-dipole direct correlation function c�111,k� di-
rectly from the MSA. Then the transverse component of
wave number dependent dielectric function �T�k� is obtained
by using the following relation:40,41

��T�k� − 1� =
3Y

1 + ��0/4��c�111,k�
.

2. Ion-dipole direct correlation function, cid„k…

The ion-dipole DCF, cid�k�, is calculated using the pro-
cedure of Chan et al.70 for electrolyte solution in the limit of
zero ion concentration. The ions are modeled here as hard
spheres with point charges at the centers and the solvent
molecules as hard spheres with embedded point dipoles. In
addition, the ions are of the same size but different from that
of a dipolar solvent particle. The present work also treats the
ion-solvent system in the same manner. We first calculate the
solvent microscopic polarization Pmic�r� around an ion using
Eqs. �3.72� and �3.73� given in Ref. 70. Once the Pmic�r� is
calculated, we use Eqs. �3.67�, �3.57�, and �3.15b� of the
same reference to obtain the ion-dipole direct correlation
function cid�k�. The behavior of the microscopic polarization,

TABLE I. Dielectric relaxation parameters for formamide at different temperatures.

Temperature
�K� �1

�1

�ps�
�1

�DC�a �2
b nD

c nD
2

288.15 113.42 55.6 0.91 5.62 1.447 2.094
298.15 109.56 40.3 0.94 5.71 1.447 2.094
328.15 98.75 22.1 0.94 4.80 1.447 2.094

aDavidson-Cole �DC� relaxation.
bThe dispersion ��2−nD

2 � is assumed to carry out by the librational band at 110 cm−1 at all the three temperatures
mentioned above.
cnD represents the refractive index.
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Pmic�r�, around different ions in formamide has been shown
in Fig. 2. Note the difference in Pmic�r� value for ions with
different sizes.

We would like to mention here that since the MSA is a
linear theory, any modification in the solvent structure
around an ion through nonlinear interactions in a solvent of
high dielectric constant and dipole moment will be com-
pletely missed. Therefore, as correctly pointed out in Ref. 70,
the calculated polarization structure around an ion in forma-
mide, as shown in Fig. 2, may not be quantitatively accurate.
However, the calculation of ion-dipole direct correlation
functions by using the MSA may still be justified because the
predictions are semiquantitative in nature with correct trends.
Furthermore, no other theory that describes the ion-dipole
system better and at simpler level than this are available to
us.

3. Solute dipole-solvent dipole direct correlation
function, csd„k…

The value of csd�k� is calculated by using the MSA
model for a binary mixture of dipolar liquids.71 Here we
have assumed that the formamide is host solvent in which
the dipolar probe solute �coumarin 153� is present in the
limit of zero concentration. The parameters necessary for
obtaining these static correlations have been given in Table
II.

IV. NUMERICAL RESULTS AND COMPARISON WITH
EXPERIMENTS

This section is divided into two subsections. In the first
one we present the calculated limiting ionic conductivities in
formamide at different temperatures. A comparison between
the theoretical results and experimental data72 is also shown

here. The theoretical predictions for dipolar solvation dy-
namics of formamide at three different temperatures are pre-
sented in the next subsection. The calculated decay of the
normalized solvation energy autocorrelation function at
298.15 K is also compared with the available experimental
data38 in this subsection.

A. Limiting ionic conductivity and temperature
dependence

In Fig. 3 we show the calculated value of the Walden
product, �0�0, plotted against the inverse of the crystallo-
graphic radius of the ion, rion

−1 , in formamide at room tem-
perature. The thick solid line represents the predictions from
the present theory. For comparison, available experimental
data72 �solid circles� are shown in the same figure. It is clear
that the theory agrees well with the experiments. However,
the predicted peak position of the Walden product with re-
spect to rion

−1 is slightly shifted towards the smaller ions. Fig-
ure 3 also shows the calculated values of the Walden product
for unipositive ions in formamide predicted by the con-

FIG. 2. The microscopic polarization Pmic�r� �scaled by �kBT /�solvent
3 � of

solvent around an ion as a function distance r �scaled by solvent diameter
�solvent� from the center of the ion. Note the difference in polarization for
different ion-solvent �formamide� size ratios. A small negative value of
Pmic�r� is also seen which may mean that formamide molecules just outside
the first salvation shell are oriented in a direction opposite to those inside the
shell. According to the discussion in Ref. 70, this may also be an artifact of
the MSA.

TABLE II. Solvent parameters needed for the theoretical calculation at dif-
ferent temperatures.

Temperature
�K�

Diameter
�A0�


�D�

Density
�g/cm3�

Viscosity
�cp�

283.15 4.36 3.72a 1.1508 5.00
298.15 4.36 3.72 1.1296 3.31
328.15 4.36 3.72a 1.1296

�298.15 K�
1.833

�325.15 K�
aThe values of  at temperatures of 283.15 and 328.15 K are not available
and hence the value of  at 298.15 K is used for calculations at the other
two temperatures. The values in the parentheses in the “Density” and “Vis-
cosity” columns indicate the temperatures at which these properties were
measured.

FIG. 3. The limiting values of Walden product ��0�0� for the alkali, and
tetra-alkyl ammonium ion as a function of inverse of crystallographic radius
�rion

−1 � in formamide at room temperature. The solid line represents the pre-
diction of the present microscopic theory, the solid circles denote the experi-
mental results, and the short dashed line represents Zwanzig theory.

174506-6 Kashyap, Pradhan, and Biswas J. Chem. Phys. 125, 174506 �2006�

Downloaded 14 Apr 2010 to 59.160.210.68. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



tinuum theory of Zwanzig. It is interesting to note that the
theory of Zwanzig45 fails completely for small ions such as
Na+ and Li+. This is probably due to the neglect of the mi-
croscopic structure of the liquid around the moving ion and
also not accounting for the fast components of the liquid
dynamics that are often exhibited in the recent frequency
dependent dielectric relaxation measurements.66

The effects of the intermolecular vibration �libration�
band with a frequency centered at 110 cm−1 on the limiting
ionic conductivity are shown in Fig. 4. The solid and dashed
lines represent the calculations with and without this band,
respectively. As evident from this figure, the agreement be-
tween the theory and experiments72 becomes poor if the con-
tribution of this band to the complete dielectric relaxation of
formamide is neglected. This has been observed earlier for
water and deuterated water �D2O� also.40,54–57,61 As we will
see in the next section, this band also contributes signifi-
cantly to the time dependent progress of solvation of a dipo-
lar probe in formamide.

The limiting ionic conductivity, �0, calculated for three
different temperatures 283.15, 298.15, and 328.15 K in for-
mamide is shown in the upper panel of Fig. 5. The tempera-
ture dependent solvent parameters needed for the above cal-
culation are summarized in Table II. Note in the above figure
that the calculation predicts a strong temperature dependence
of limiting ionic conductivity in formamide. Since the
present theory uses the experimentally measured frequency
dependent dielectric relaxation data as an input, such a
strong temperature dependence originates primarily from the
dielectric relaxation parameters obtained at different tem-
peratures. This means that the zero frequency dielectric fric-
tion, �df �z=0�, is responsible for the observed temperature
dependence. We shall come back to this discussion later. We
would like to mention here that the calculated values of �0

could not be compared with the experiments at 283.15 and
328.15 K because of the nonavailability of experimental data
at these temperatures. Hence these predictions should be
tested against experiments. We could, however, compare the
total limiting ionic conductivities ��0

T=�0
++�0

−� of several
1:1 strong electrolytes in this liquid at 283.15 K. Such a
comparison is shown in Table III where the ratio between the
values of �0

T�0 obtained at 298.15 and 283.15 K is presented
for both experiments and theory �second and third columns,
respectively�. It is evident from this table that the theory
agrees well with the experiments at 283.15 K. We have also

FIG. 4. The effect of libration band �110 cm−1� on the limiting ionic con-
ductivity in formamide at room temperature. The values of Walden product
�0�0 are plotted as a function of the inverse of crystallographic radius of the
ions. The solid line represents the prediction of the present theory that in-
cludes the contribution of the libration band at 110 cm−1 to the dielectric
relaxation of formamide. Experimentally obtained Walden products for dif-
ferent ions are denoted by solid circles. The short dashed line represents the
prediction of the present theory without the contribution from the libration
band.

FIG. 5. Upper panel: Temperature dependent limiting ionic conductance �0

for unipositive ions as a function of the inverse of the crystallographic
radius �rion

−1 �. The short dashed line, solid line, and long dashed line represent
the predictions of the present molecular theory at 283.15, 298.15, and
328.15 K, respectively. Lower panel: The temperature dependence of the
Walden product for the same ions at these three temperatures. The represen-
tations remain the same as in the upper panel. For discussion, see text.

TABLE III. �0
T�0, the total ionic conductivity at infinite dilution ��0

T=�0
+

+�0
−� multiplied with the solvent viscosity ��0�, for 1:1 electrolytes in for-

mamide: temperature dependence.

Salts

Expt.
�0

T�0 �298.15 K�/
�0

T�0 �283.15 K�

Present theorya

�0
T�0 �298.15 K�/

�0
T�0 �283.15 K�

Present thoeryb

�0
T�0 �298.15 K�/

�0
T�0 �328.15 K�

NaCl 1.04 1.02 0.96
KCl 0.98 1.01 0.97
KBr 0.98 1.01 0.97

Me4NI 0.98 1.01 0.99
Et4NI 0.98 1.01 0.99

Pr4NBr 0.99 1.01 0.99
Pr4NI 0.99 1.01 0.99

Bu4NBr 1.01 1.01 0.99
Bu4NI 1.02 1.01 0.99

i-Am3BuNI 0.99 1.00 0.99

aValues for solvent viscosity ��0� at these temperatures are given in the last
column of Table II. For further details, see text.
bTheoretical predictions presented in this column could not be compared
with experiments due to nonavailability of experimental data at 328.15 K.
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calculated �0
T�0 at 328.15 K for the same set of electrolytes.

The predicted ratios between the values calculated at 298.15
and 328.15 K are shown in the last column of this table. It
would be interesting to see if this could also be tested against
experiments.

Since viscosity also depends upon temperature, it would
be interesting to see how the Walden product for these uni-
positive ions varies with temperature in formamide. The
lower panel of Fig. 5 shows the variation of the Walden
product with temperature for these ions. Note here that the
temperature dependence in viscosity offsets the strong tem-
perature dependence exhibited by the limiting ionic conduc-
tivity shown in the upper panel and hence the Walden prod-
uct becomes almost insensitive to the change in temperature.

We now come back to the discussion on the temperature
dependence of dielectric friction. The time dependent dielec-
tric friction experienced by Li+, Cs+, and C4 ions while dif-
fusing through formamide at 283.15, 298.15, and 328.15 K
is shown in Fig. 6. For clarity, the dependence for the largest
ion C4 is also shown in the inset. As expected, the value for
the time dependent dielectric friction at the zero time for the
smallest on Li+ is largest while that for the largest ion C4 is
smallest. Also, note that the rate of the decay of time depen-
dent dielectric friction becomes slower as one decreases the
temperature.

B. Solvation dynamics and temperature dependence

We now present numerical results of solvation dynamics
of an excited dipolar probe solute present at very dilute con-
centration in liquid formamide at three different tempera-
tures. In our calculation, we have chosen solute parameters
as those of coumarin 153 �C153� because we would like to
compare the theoretical predictions with the experimental
data obtained for the same system by Hong et al.38 We will
also present results here to show the effects of the intermo-

lecular vibration band at 110 cm−1 on dipolar solvation in
formamide. The effect of this band on ionic conductivity is
already shown in the previous section.

In Fig. 7 we compare the decay of the normalized sol-
vation energy autocorrelation function, S�t�, obtained by us-
ing Eq. �13� at 298.15 K with those from the experiments by
Hong et al.38 It is evident from this figure that the predicted
decay of the normalized solvation energy correlation func-
tion �solid line� agrees rather well with the experiments
�solid circles�. Note here that the numerical results repre-
sented by the solid and the short dashed lines are obtained by
properly incorporating the contributions from the 110 cm−1

band to the complete dielectric relaxation of formamide at
298.15 K. In addition, the solvent molecules are assumed to
be translationally immobile for the calculated decay repre-
sented by the solid line. The long dashed line represents the
calculated decay without the 110 cm−1 band. It is interesting
to note that the experimentally observed short time dynamics
is completely missed if the contribution from this band is
neglected in the present theory. We would also like to men-
tion here that when the solvent molecules are translationally
mobile, the decay at long time ��1 ps� predicted by the
present theory is faster than what has been observed in ex-
periments. This may be explained as follows. Formamide in
the liquid phase can exist as cyclic dimers and linear chain
oligomers1–20 and therefore these large units would be much
less mobile �translation� than a single formamide molecule.
Consequently, the solvent reorganization around the excited
solute �C153� via translational diffusion becomes sluggish

FIG. 6. The time dependent dielectric friction �df�t� experienced by Li+, Cs+,
and C4 ions as a function of time t at 283.15 K �solid lines�, 298.15 K �long
dashed lines�, and 328.15 K �short dashed lines�. For discussion, see text.

FIG. 7. The normalized solvation energy time autocorrelation function S�t�
calculated by using Eq. �13� for a dipolar solute probe �coumarin 153�
dissolved in formamide at 298.15 K is shown as a function of time. The
theoretical predictions are shown by the solid, short dashed, and long dashed
lines and the experiments are by the filled circle. The theoretical prediction
represented by the long dashed line is calculated by using the experimental
dielectric relaxation data supplied in Ref. 66. The short dashed line is ob-
tained by adding the contribution of the libration band at 110 cm−1 band to
this dielectric relaxation data. The solid line is obtained by considering the
contribution of the libration band and also freezing the translation motion of
solvent molecules. Note that the agreement with experiments �solid circles�
becomes better upon freezing the solvent translational motion. For further
details, see text.
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and hence the decay rate becomes slower at long time. How-
ever, this does not affect the relaxation at short times �
�1 ps� because the initial part of the polar solvation energy
relaxation is dictated by the intermolecular vibration band �in
formamide it is peaked at 110 cm−1� which is collective in
nature.

In Fig. 8 we present the calculated decay of the solvation
energy autocorrelation function S�t� at 283.15 K �solid line�,
298.15 K �long dashed line�, and 328.15 K �short dashed
line�. We have assumed here that the librational mode re-
mains peaked at 110 cm−1 at all the temperatures studied
here. As a consequence of this approximation, at short time
the calculated rate of the decay of the normalized solvation
energy autocorrelation function becomes the same for these
three temperatures. The long time decay, however, becomes
slower as the temperature decreases. In all the calculations
presented in Fig. 8, the solvent molecules are assumed to be
translationally mobile.

V. DISCUSSION

Let us summarize the results presented in this work. We
have calculated limiting ionic conductivity of rigid, uniposi-
tive ions in formamide at three different temperatures by
using a microscopic theory developed earlier. The limiting
ionic conductivities predicted by the present theory are found
to be in good agreement with the relevant experimental data.
The nonmonotonic size dependence of Walden product in
formamide has been explained satisfactorily by the present
theory as was done earlier for water, deuterated water, aceto-
nitrile, and monohydroxy alcohols.40,54–57 We have calcu-
lated the total limiting ionic conductance of several 1:1
strong electrolytes in formamide at three different tempera-
tures and compared with the available experimental data. We

have also studied solvation dynamics of a dipolar solute
probe �C153� in formamide in order to investigate the effects
of dynamical solvent modes on the ionic mobility in this
liquid. A satisfactory agreement between the predicted and
experimentally observed decay rates of normalized solvation
energy autocorrelation function, S�t�, has been found at
298.15 K. Such a comparison for two other temperatures
could not be made due to nonavailability of experimental
results at these temperatures.

The role of the libration mode centered at 110 cm−1 in
determining the time scale of the fast component of the polar
solvation energy relaxation in formamide and its subsequent
effects on ion mobility have also been investigated here. We
have found that the fast component of the solvation energy
relaxation is totally missed if one switches off the contribu-
tions coming from the libration mode. This switching off
also overestimates the friction on a moving ion and hence
lowers the value of its conductivity at infinite dilution in
formamide. We would, however, like to mention here that the
coupling of this band to both the solvation dynamics and
ionic conductivity through dielectric relaxation is purely an
assumption. This assumption together with the results ob-
tained in this article might be regarded as a feedback to the
dielectric relaxation studies of liquid formamide. This is be-
cause the results indicate that there might be another relax-
ation step with a time constant present in the subpicosecond
regime. Further experiments with more sophisticated tech-
nique, such as femtosecond terahertz pulse transmission
spectroscopy,73 may be employed to reveal such a fast time
scale in the dielectric relaxation of formamide at the tem-
peratures studied here. Another important aspect of this ar-
ticle is the study of temperature dependence of the Walden
product and to use a MSA approach for ion-dipole mixture,
which is simple and tractable.

One would now like to ask the following question: why
is a simple molecular theory such as the present one success-
ful in predicting the experimentally observed limiting ionic
conductivities and polar solvation energy relaxation in a
complex liquid like formamide? The following could be the
reasons for this success. First, it has already been mentioned
earlier that the polar solvation energy relaxation is dominated
primarily by the long wavelength �k�→0� polarization mode
and hence contributions from finite wave number processes
are either small or negligible. Second, the present theory uses
the experimentally measured dielectric relaxation data as an
input to calculate the generalized rate of the solvent orienta-
tional polarization density relaxation. We believe that the use
of the experimentally measured dielectric relaxation data
takes care, at least partially, of the complex interactions that
are present in the solvent. Third, the present theory accounts
for the microscopic structure of the solvent and includes the
microscopic polarization around a solute ion in a consistent
manner.

However, we would like to mention here that in our
calculation of dielectric friction, we have neglected the cross
correlation between forces arising out of short-range �hard�
and long-range �soft� interactions. This might be erroneous
since recent simulation studies by Kumar and Maroncelli74

have revealed the nonseparability of frictions arising out of

FIG. 8. The effects of temperature on polar solvation energy relaxation in
formamide. The normalized solvation energy autocorrelation function S�t�
calculated for coumarin 153 in formamide at 283.15 K �short dashed line�,
298.15 K �long dashed line�, and 328.15 K �solid line� are shown as a func-
tion of time �t�. Note here that in these calculations, the contributions of the
libration band as well as those from the solvent translational mode have
been incorporated. In addition, no temperature dependence of the libration
band is considered.
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these interactions. This could be a potential source of fatal
error and calculations using such scheme may not reflect the
correct picture. Their simulation results also demonstrate that
whenever the long-range interactions are large enough to sig-
nificantly affect the friction, the frictional contribution due to
the cross correlation between the short-range and long-range
forces is of the same magnitude as the friction coming solely
from the long-ranged interactions. One therefore needs to
develop a theory that will account for the cross correlations
in some consistent manner and yet will remain analytically
simple such as the present one. This is definitely a challeng-
ing task.
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