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I. Introduction
Because of its unique properties, water drives

many natural and biological processes. While a
detailed understanding of its precise role is still being
unravelled, it is clear that the existence of water
shells around biomolecules play a crucial role. This
is why water is considered to be the lubricant of life.
The biologically active chemical species is often
located at an interface or confined within a small
region, a few nanometers in size. The polarity,
viscosity, and pH in these microenvironments are in
many cases vastly different from those in bulk water.
The proximity of the reactants and the substantially
altered local properties of such confined environ-
ments exert profound influence on the reactivity and
dynamics of the confined species. As a result, chem-
istry in aqueous biomolecular systems and in orga-
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nized molecular assemblies differs markedly from
that in a homogeneous fluid medium.1-30 Nature uses
this difference extremely efficiently to carry out
various chemical processes.5-9,31-35

An aqueous solution of a biomolecule is a multi-
component system that is homogeneous on a length
scale larger than the size of the biomolecule but
heterogeneous on the length scale of water molecules.
In all the species present, namely, the biomolecule,
the water molecules in the hydration shell and the
water molecules in bulk are highly correlated. Each
of them affect the structure and dynamics of others.
Consequently, the relaxation processes of aqueous
biomolecular solutions are often drastically different
from those in pure water. The complex relaxation
processes of aqueous biomolecules are important not
only as interesting physical problems but also for
their profound biological implications. This provides
the main impetus for studying the structure and
dynamics of aqueous biomolecular systems.1-13,34-48

Self-organized molecular assemblies, in general,
refer to molecular aggregates held together by weak
molecular interactions. They include aggregates such
as micelles and vesicles in water, reverse micelles and
microemulsions in hydrocarbons, supramolecules
involving cage-like hosts (e.g., cyclodextrins or calix-
arenes), microporous solids (e.g., zeolites), semirigid
materials (e.g., polymers, hydrogels, etc.), and so on.
The most important feature of any organized as-
sembly is the confinement of a spectroscopic probe,
often along with many solvent molecules in a small
region. Such confinement results in significant changes
in the local dielectric constant and viscosity and
imposes considerable constraint on the free move-
ment of the probe and the confined solvent molecules.
The above features are clearly similar to the ones
present in biopolymers. Consequently, these orga-
nized assemblies serve as simple models of more
complex biological systems.19-25 It is indeed remark-
able that the dynamics of water molecules in many
organized molecular assemblies show features that
closely resemble the relaxation of biological systems
in aqueous solutions. The organized assemblies are
however less complex than the biological systems
they mimic. In this review, we attempt to develop a
unified picture of the dynamical properties of water
in different complex, natural, and biological systems.

With this end in view, we have organized the
present review as follows. Before we discuss the
relaxation dynamics in biomolecular solutions and
organized media, we briefly outline the present status
of the dielectric relaxation and solvation dynamics
studies in pure water in section II. The structures of
the biomolecules, the organized assemblies, and their
hydration zones are of utmost importance in under-
standing the relaxation processes occurring in these
complex systems. We give a brief description of the
structure of these systems in section III. In section
IV, we discuss the dielectric relaxation studies in
aqueous biomolecular systems and in organized as-
semblies. In section V, we review the studies on
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solvation dynamics in such systems. In the conclud-
ing section, we outline the possible future directions
of the subject.

At the outset it should be emphasized that, because
of the inherent complexity of the biological systems,
the study of aqueous biomolecular systems is still in
its infancy as far as the microscopic understanding
of the measurable properties are concerned. Thus,
one is forced to use terms and concepts such as local
dielectric constant or polarity, width of the hydration
shell, etc. The proper significance of these terms and
concepts should be viewed only from the perspective
in which they are used. The water molecules in the
immediate vicinity of a biomolecule are traditionally
called “bound water”.1,49,50 They differ appreciably
from bulk water molecules. As pointed out by Kuntz
and Kauzmann many years ago, even the operational
definition of water of hydration is doubtful.1 Water
molecules near a biomolecule can be rigidly bound
and strongly localized or can have a similar degree
of disorder as that of a bulk water molecule. There
are several reasons for the difficulty in quantifying
the concepts. First and foremost among them is the
heterogeneity that operates at a molecular level in
such systems. Second, the interaction between water
and the biomolecule is not only strong but also
anisotropic. Thus, the discussions of the dynamics of
these systems at present are at best semiquantita-
tive. Even a continuum model description is some-
times extremely difficult. Despite these difficulties,
recent studies in this area have significantly im-
proved our understanding of the relaxation properties
of the complex biological systems.

Because of the fundamental importance of the
subject and intense recent activity in this area, many
excellent monographs and reviews have already
summarized different aspects of the complex biomo-
lecular systems and organized assemblies.1-7,13-17,19-26

Several of them surveyed the studies of hydration of
biomolecules by dielectric spectroscopy.1,3,4,49-54 The
binding of organic probes with cyclodextrins and
other hosts in aqueous medium arises as a result of
the hydrophobic effect. Different aspects of hydro-
phobic binding have also been reviewed recently by
several authors.8,14-17 We discuss some of these
advancements in section IV.A.4. Many solvated bio-
molecule and organized assemblies involve an inter-
face between two drastically different media. The
properties of the molecules at various interfaces have
been studied recently using a number of new experi-
mental and theoretical techniques as discussed in
many recent reviews.25-30 The topic of the present
review, namely, the dynamics of water in restricted
environments, has not been reviewed so far.

II. Dielectric Relaxation and Solvation Dynamics
in Pure Water

In this section, we briefly outline the recent theo-
retical and experimental studies on dielectric relax-
ation and solvation dynamics in pure water.

A. Dielectric Relaxation of Pure Water
The dielectric relaxation experiments measure the

collective polarization of all the polar molecules
present in a given system. The dielectric relaxation
time usually provides a measure of the time taken
by a system to reach the final (equilibrium) polariza-
tion after an external field is suddenly switched on
(or off). The response of a system consists of two
parts: electronic and orientational. The electronic
polarization is nearly instantaneous. However, the
orientational polarization is much slower and occurs
at a time scale that ranges from a few microseconds
(µs) for a large macromolecular chain to a few
picoseconds (ps) for the reorientation of a small -OH
group. The dielectric relaxation spectrum of pure
water has been investigated in considerable detail by
different experimental techniques as well as by
molecular dynamics simulations.55-68 Molecular theo-
ries of dielectric relaxation provide microscopic un-
derstanding of the relaxation phenomena.57-62,69-73

Dielectric relaxation measures the phenomenological
coefficient ε(ω), which is then connected to the total
dipole moment time correlation function, 〈MB (t)MB (0)〉,
where MB (t) is the total dipole moment of the whole
system. That is, MB (t) is the sum of all the individual
molecular moments, µbi(t):

In eq 2.1, µi is the total dipole moment of the ith
molecule: permanent plus induced dipole moment.
The normalized time-dependent dipole moment cor-
relation function is defined as

For a spherical system, the frequency (ω)-dependent
dielectric function is related to the normalized time-
dependent dipole moment correlation function by the
following exact relation:72

where kB denotes the Boltzmann constant, T is the
temperature, and N is the number of molecules
present in volume (V) of the whole sphere. Water
molecules are highly correlated in their liquid state.
The degree of dipolar correlation may be expressed
by a correlation factor (gc), which is defined as

Thus, the gc factor can be considered as an empirical
measure of dipolar correlation; gc is equal to unity
for a completely random system. We shall use gc as
a fitting parameter to reproduce the known dielectric
constant of water, which is 78.6 at 298 K. We find
that a value of gc equals 0.25 for liquid water at 298

MB (t) ) ∑
i)1

N

µbi(t) (2.1)

φ(t) )
〈MB (t)MB (0)〉

〈M2(0)〉
(2.2)

[ε(ω) - 1]
[ε(ω) + 2]

)
4π〈MB (0)MB (0)〉

9kBTV
×

[1 - iω ∫0
∞

exp(-iωt)φ(t) dt] (2.3)

gc )
〈M2〉
Nµ2

(2.4)
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K, which indicates a considerable degree of orienta-
tional ordering in water.74

The above expression (eq 2.3) for dielectric disper-
sion is exactly valid for a spherical system. When
working with a spherical system, one needs to take
the large system limit by increasing the radius of the
sphere while keeping the intrinsic properties, such
as the densities of the species, constant. The calcula-
tions of dielectric relaxation in aqueous biological
solutions considered in this review are all carried out
with this spherical system.

The complex dielectric function (ε(ω)) may be
decomposed into real and imaginary parts as

At room temperature the real part, ε′ (permittivity
factor), of pure water is nearly 80 at a few megahertz
and about 1 at 10 000 GHz. The imaginary part (ε′′)
corresponds to absorption (dielectric loss) and exhib-
its distinct peaks at certain characteristic frequency
(νm).61 The dielectric relaxation time (τD) is equal to
the reciprocal of νm.60,61

The dielectric spectra of pure water in the Debye
relaxation region (that is, in the low-frequency re-
gion) has been traditionally characterized by two
relaxations with time constants 8.2 and 1.02 ps,
respectively.55,56,63 The former one constitutes more
than 90% of the total relaxation. More recent studies
indicate a faster value of the second time constant
(0.2 ps)64 that is presumably due to high-frequency
modes in water.

The high-frequency part of ε(ω) is complex as many
high-frequency vibrational modes contribute to the
dielectric spectra of water beyond the Debye relax-
ation regime. This spectral region has been exten-
sively investigated by far-infrared (far-IR) spectros-
copy and simulations.55,65,66,75-78 Different inter-
molecular vibration, libration, and other high-fre-
quency modes of water contribute to the far-IR
spectrum. In the far-IR spectrum of water, the broad
shoulder around 200 cm-1 is due to the intermolecu-
lar O‚‚‚O vibrational mode of the O-H‚‚‚O units in
the hydrogen bond network and is due to dipole-
induced dipole interaction. The librational motion of
water gives rise to the 650 cm-1 band. Among all the
vibrational modes of water, these two modes (at 200
cm-1 and 650 cm-1) play the most important role in
the solvation dynamics. The frequency-dependent
dielectric function, ε(z), (where z ) iω) can be
described by65,79,80

which includes n Debye relaxation processes and m
vibrational modes, ∆εi is the weight of the ith Debye
relaxation with relaxation time constant τi

D, and
∆wj is the weight of the jth vibrational mode with
vibrational moment correlation function Φz. The
functional form of Φj(z) is calculated from the model

of a damped harmonic oscillator and is given by

where, γj and Ωj
0 characterize the line shapes of the

far-IR spectra of water. The real and imaginary parts
of the frequency-dependent dielectric function of pure
water are shown in Figures 1 and 2, respectively.

B. Solvation Dynamics in Pure Water
Solvation dynamics refers to the reorganization of

the polar solvent dipoles around a charged probe
suddenly created in a medium. For such a study, one
chooses a probe molecule that is nonpolar or weakly

ε(ω) ) ε′ - iε′′ (2.5)

ε(z) ) ∑
i)1

n ∆εi

1 + zτi
D

+ ∑
j)1

m

∆wj(1 - zΦj(z)) (2.6)

Figure 1. Real part of the complex permittivity (ε′) of pure
water at room temperature. The line indicated by fitted
function is obtained from eqs 2.6 and 2.7 to fit the
experimental data of Barthel and Buchner,63 Hale and
Querry,77 and Hasted and co-workers.55,56,75,76 The experi-
mental works referred to above are also shown in the plot.

Figure 2. Imaginary part of the complex permittivity (ε′′)
of pure water at room temperature. The line indicated by
fitted function is obtained from eqs 2.6 and 2.7 to fit the
experimental data of Barthel and Buchner,63 Hale and
Querry,77 Bertie and co-workers,78 and Hasted and co-
workers.55,56,75,76 The experimental works referred above
are also shown in the plot.

Φj(t) ) exp(-γjt)[cos(Ωj
0 t) +

γj

Ωj
0
sin(Ωj

0 t)] (2.7)
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polar in the ground state but is highly polar in the
electronically excited state. As long as the solute
probe is in the ground state, the solvent dipoles
remain randomly oriented around the solute. When
the probe solute is excited by an ultrashort pulse, the
solvent dipoles initially (i.e., at t ) 0) remain ran-
domly oriented about the instantaneously created
solute charge distribution, and the potential energy
of the solute, E(0), is high. With an increase in time,
the solvent dipoles gradually reorient and the energy
of the system decreases. Thus, if E(0), E(t), and E(∞)
denote the energies of the fluorescence solute at times
0, t, and ∞ with 0 < t < ∞, E(0) > E(t) > E(∞). If one
records the emission energy of the excited solute as
a function of time, it is observed that with an increase
in time the emission maximum shifts to lower energy,
i.e., longer wavelength. This phenomenon is called
time-dependent fluorescence Stokes shift (TDFSS).
The solvation dynamics is monitored by the decay of
solvation time correlation function (S(t)) defined as

Solvation dynamics of a very large number of solvents
has been reported in the past decade.81 Among all
the liquids, water exhibits the fastest dynamics
reported so far.82,83 The initial part of the solvent
response of water is extremely fast (few tens of
femtoseconds) and constitutes more than 60% of the
total solvation. The subsequent relaxation occurs in
the picosecond time scale.83 In water, the decay of
the solvation time correlation function, S(t), can be
fitted to an expression of the following form:80

where AG, C, and D are the relative weights of the
initial Gaussian and the subsequent exponential
decay processes and τG, τ2, and τ3 are the correspond-
ing relaxation time constants. The second term in eq
2.9 (B cos(Rt) exp(-t/τ1)) takes into account the
oscillatory features of the S(t) observed beyond the
Gaussian decay in theoretical calculations and
simulations.80,82-85 The early simulation studies pre-
dicted a very fast inertial component with a Gaussian
time constant of less than 10 fs.82 Fleming et al.83

experimentally detected a Gaussian component of
time constant of less than 50 fs and a slower biex-
ponential decay with time constants of 126 and 880
fs, respectively. Several other experimental86-90 and
simulation studies91-98 on solvation dynamics of large
dye molecules as well as electrons in water demon-
strated that the initial part of solvation in water
occurs with a time constant of a few tens of femto-
seconds.

Several theories have been developed to treat
solvation dynamics in water. These theories use the
experimental dielectric data to provide a quantitative
description of the ultrafast solvation water.69,79,99-108

The results of theoretical studies are shown in Figure
3. All these theoretical analyses suggest that the

ultrafast Gaussian component may arise from the
200 cm-1 intermolecular vibrational mode. Two other
major conclusions are that it is the long wavelength
polarization mode that drives the initial solvation and
that solvation could be faster if the polarizability of
water is neglected. The librational mode at 685 cm-1

is important only at very short times.
It is seen from Figure 3 that the molecular hydro-

dynamic theory (MHT) does a somewhat better job
in describing the solvation time correlation function
than the continuum model of Lang et al.84 This is
somewhat fortuitous because MHT calculation was
done for the solvation of an ion with the size of the
eosin. Therefore, the solvation dynamics predicted by
MHT is somewhat faster. We think that a major
limitation of the work of Lang et al. is the neglect of
the translational modes, which can be important for
a charge distribution that generates higher mulitpo-
lar moments.

In summary, according to the experimental and
theoretical studies, the solvation dynamics in water
involves multiple time scales of <50 fs and 1 ps. The
time scales of solvent relaxation in the aqueous
regions of the biomolecular systems and in the
organized assemblies, however, are significantly
slower. We discuss this later in this review.

III. Structure of Some Biomolecules, Organized
Assemblies, and Their Hydration Zones

In this section, we briefly outline the structure of
some biomolecules, organized assemblies and their
hydration zones. The structure of these systems has
already been discussed in a number of monographs,

S(t) )
E(t) - E(0)
E(0) - E(∞)

(2.8)

S(t) ) AG exp(-t2/τG
2 ) + B cos(Rt) exp(-t/τ1) +

C exp(-t/τ2) + D exp(-t/τ3) (2.9)

Figure 3. Experimentally obtained solvation time cor-
relation function for the solvation of a coumarin dye in
water.83 The theoretically obtained time correlation func-
tions for the solvation of an eosin dye as obtained from the
molecular hydrodynamic theory (MHT)80 and the con-
tinuum model theory of Lang et al.84 are also shown in the
same plot. The solute is assumed as an ionic probe of the
same size of an eosin dye in MHT while the theory of Lang
et al. used the charge densities (in a vacuum) for the
ground and excited state of the chromophore.

Dielectri Relaxation and Solvation Dynamics of H2O Chemical Reviews, 2000, Vol. 100, No. 6 2017



reviews, and articles. Therefore, we present only a
brief overview instead of giving a detailed description.

A. Amino Acid and Peptide

R-Amino acids, RCR(H)(NH3
+)COO-, are the build-

ing blocks of a protein molecule.109 The state of
ionization of an R-amino acid depends on the pH. At
neutral pH, the carboxyl group dissociates to proto-
nate the amino group to produce a zwitterion. The
study of the hydration of amino acids and peptides
is evidently important to understand the hydrophobic
effect as well as the hydration of proteins. Hydration
of amino acids and peptides has been investigated
by X-ray crystallography,110,111 dielectric relaxation,112

neutron scattering,113 simulation,114,115 and several
other methods.1,116 NMR studies on the nonfreezing
water in polypeptides indicate that the ionic amino
acid residues contain the maximum amount of water
of hydration (3-7 mol of water/mol of amino acid)
while the polar and nonpolar residues contain a
relatively less amount of water of hydration.1 It
should be noted that the water of hydration of
peptides is sufficiently perturbed to be unable to form
ice.117 Recent simulations indicate that the energetics
of hydration depends significantly on the conforma-
tion of the peptide.114 Water molecules in the hydra-
tion shell of the amino acids and peptides form a
hydrogen bond network that is relatively unstrained
as compared to that in the bulk.113 It is observed that
the movement of water protons in the vicinity of the
peptides is slower as compared to that in bulk water
but faster than that in ice.40,43,112 This indicates that
the structure and dynamics of water in the vicinity
of amino acids and peptides is different from those
in bulk water.

B. Protein

Amino acids condense to form proteins having very
well-defined three-dimensional structures. The func-
tion of a protein molecule crucially depends on its
structure. The most common structural motifs in
proteins are R-helix and â-pleated sheet.109 The
hydrogen bonds between the NH and CO units of the
main chain stabilize the R-helix whereas the hydro-
gen bonds between the â-strands stabilize the â-sheet
structure.109 Water-soluble proteins fold into compact
structures with a mostly nonpolar core. The size of
the protein molecules are often fairly large. For
instance, a myoglobin molecule is composed of a
single polypeptide chain with 153 amino acids and
has a dimension of 45 × 35 × 25 Å.109

The presence of water is of vital importance to
preserve the structure and activity of the protein.117-139

In the absence of water, proteins undergo denatur-
ation and lose their ordered three-dimensional struc-
ture and biological activity. The water molecules are
bound to the protein surface with one or more
hydrogen bonds formed with the main chain or the
side chain functional groups. The extent of hydration
of different main chain and side chain functional
groups has been studied in considerable detail.118,139

The hydrogen bond energy in competition with
solvent water is found to be -1.0 to -1.4 k cal mol-1

for the polar uncharged groups while it is -1.5 to -
2.8 k cal mol-1 for the polar charged groups.118

Usually about 0.3-0.7 g of bound water remains
associated per gram of a “dry” protein.50,118 The bound
water constitutes a layer that contributes to the
protein’s effective radius of rotation.

With a gradual increase in the hydration level of a
dry protein sample, at first the charged or very
hydrophilic groups (e.g., COO-, NH3

+, NH2, COOH)
ionize with redistribution of the protons. Once the
polar groups are covered by a water layer, the
proteins begin to exhibit catalytic activity. This
indicates that the water coverage provides the flex-
ibility needed for the biological activity of the pro-
teins. Further addition of water provides full mono-
layer coverage and enhances the enzymatic activity.118

With a gradual increase in the hydration level, the
protein dynamics changes gradually, and water helps
in reducing the number of barriers in the free energy
landscape.31,32 Thus, water has a profound “loosening”
or “lubricating” effect on a protein.31,39 This effect is
mutual in the sense that the structure and dynamics
of water of hydration is also modified by the presence
of protein and is quite different from the bulk
properties. The density of the hydration shell of a
protein is 10-20% higher than that of bulk wa-
ter.48,137 X-ray studies indicate that the water mol-
ecules at the protein surface are highly ordered and
exist in the forms clusters and pentagons.118 Experi-
mental studies and theoretical calculations suggest
that the translational diffusion of water in the
hydration shell is much slower within the hydration
shell of aqueous protein solution as compared to that
in bulk water.10,11 Recent molecular dynamics simu-
lations on aqueous solution of protein also indicate
that the translational motion within the first hydra-
tion shell is significantly modified as compared to
that in the bulk.12 Molecular dynamics simulation of
the active site of lysozyme shows that the diffusion
coefficient of water around atoms in charged, polar,
and apolar side chains are markedly different from
that in bulk water.126 A schematic diagram of a
hydrated protein molecule in aqueous solution is
given in Figure 4.

C. Deoxyribonucleic Acid (DNA)
Deoxyribonucleic acids (DNAs) are polymers of

deoxyribonucleotide units. A nucleotide consists of
derivatives of nitrogenous bases, e.g., adenine and
guanine (purines) and thymine and cytosine (pyri-
midines), a sugar (which lacks an oxygen atom that
is present in the parent compound, ribose), and one
phosphate group.109 Two polynucleotide chains run-
ning in the opposite direction coil around a common
axis and give rise to the well-known double-helical
structure.109 The purine and pyrimidine bases remain
inside the helix while the phosphate and deoxyribose
units remain outside the helix. Triplex DNAs with
potential use as therapeutic agents in gene regulation
are also reported in the literature.140 DNA molecules
are classified according to their structural and func-
tional characteristics. Common structural motifs are
designated as A-, B-, C-, and Z-DNA. The DNA
molecules have remarkable asymmetry in the sense

2018 Chemical Reviews, 2000, Vol. 100, No. 6 Nandi et al.



that their lengths are in the macroscopic scale while
their diameter remains small. For example, the
diameter of Escherichia coli DNA is only 20 Å while
its length is 14 × 106 Å.109 Many of the DNA
molecules are also circular and supercoiled.109

The conformation and structure of the DNA mol-
ecule depend on the degree of hydration.33,141,142 Fully
hydrated DNA contains 20 water molecules per
nucleotide (two water layers around the double
helix).141 The extent of hydration of the different sites
of A-, B-, and Z-DNA has been studied in detail by
X-ray crystallography.141 The hydration motifs of the
phosphate, sugar, or base depend on the type of DNA.
The primary hydration shell of DNA does not freeze
and exhibits a hydrogen-bonding pattern different
from that in water.141 Different types of DNA can be
readily interconverted by changing the hydration
level and the salt concentration. The structure and
dynamics of DNA is profoundly influenced by its
hydration shell.

D. Cyclodextrin

Cyclodextrins are cyclic oligosaccharides.19-20,143-146

R-, â-, and γ-cyclodextrins contain 6, 7, and 8 R-amy-
lose units, respectively. These macrocycles can act
as a “host” to form inclusion complexes with “guest”
molecules in solid state as well as in solution. The
shape of a cyclodextrin molecule is a hollow, trun-
cated cone (a toroid) of height 7.9 ( 0.1 Å that
represents the width of the amylose unit (Figure
5).145,146 The diameter of the cavity depends on the
number of amylose units. The inner diameters are
5.0 ( 0.2, 6.2 ( 0.2, and 7.9 ( 0.4 Å, respectively,
for R-, â-, and γ-cyclodextrin while the outer diam-
eters are 14.6 ( 0.4, 15.4 ( 0.4, and 17.5 ( 0.4 Å,
respectively.143,145-146 All the hydroxyl groups of a

cyclodextrin are projected outward so that the cavity
is hydrophobic and nonpolar. Thus, despite the
preponderance of hydroxyl groups, the cyclodextrins
offer a hydrophobic surface to which organic mol-
ecules bind in aqueous solution hydrophobically.143-146

The primary requirement for the inclusion of a guest
within the cyclodextrin cavity is that the size of the
guest fits within the cavity. Along with the guest
molecule, several water molecules are often trapped
within the cyclodextrin cavity. If the size of the guest
molecule is suitable, then the hydrogen bond network
may be continued within the cavity through the open
ends of the toroid and form a hydration sheath
around the guest molecule. A supramolecule contain-
ing a cyclodextrin molecule as the host is perhaps
the most well-defined model for an enzyme-sub-
strate complex. Structure and dynamics of such
guest-host complexes involving cyclodextrin has
been studied using several experimental tech-
niques143-146 as well as computer simulations.147 Most
recentl,y Luzhkov and Aqvist used a free energy
perturbation procedure along with molecular dy-
namic simulations to determine the binding energy
of phenyl esters with â-cyclodextrin (â-CD) and the
energy of activation for the hydrolysis of the phenyl
esters bound to â-CD.147 The results of this simula-
tion147 are in excellent agreement with the experi-
ments. The properties of the trapped water in the
cavity of cyclodextrin are very different from the bulk.
The translational mobility of the encapsulated water
molecules is severely restricted by the cavity wall.
Consequently, the solvent relaxation is markedly
slow within the cavity as compared to bulk. We
discuss this in detail in section V.D.

E. Micelle

Amphiphilic surfactant molecules form spherical
or nearly spherical aggregates called micelles above
a certain critical concentration, known as the critical
micellar concentration (cmc), and above a critical
temperature, called Kraft temperature.148 The size
of the micellar aggregates is usually 1-10 nm, and
the aggregation number, i.e., the number of the
surfactant molecules per micelle, ranges from 20 to

Figure 4. Schematic diagram of a hydrated protein
molecule. The water molecules hydrogen-bonded with the
protein molecule present in the hydration shell as well as
the water molecules in the bulk hydrogen-bonded network
are also shown schematically in the figure.

Figure 5. Schematic diagram of a cyclodextrin molecule
in water. The dimensions of the cavity and the length of
the toroid of γ-cyclodextrin are also indicated in the figure.

Dielectri Relaxation and Solvation Dynamics of H2O Chemical Reviews, 2000, Vol. 100, No. 6 2019



200. The core of a micelle is essentially dry and
consists of the hydrocarbon chains with the polar and
charged headgroups projecting outward into the bulk
water. The Stern layer surrounding the core com-
prises of the ionic or polar headgroups, bound coun-
terions, and water molecules. Between the Stern
layer and the bulk water there is a diffuse layer,
termed the Guoy-Chapman (GC) layer (Figure 6).148

The GC layer contains the free counterions and water
molecules. In nonionic polyoxyethylated surfactants,
the hydrocarbon core is surrounded by a palisade
layer, which consists of the polyoxyethylene groups
hydrogen bonded to water molecules. The structure
of a micelle is metastable and involves continuous
exchange of monomers between the aggregates and
those in bulk solution.

Recent small-angle X-ray and neutron-scattering
(SANS) studies have revealed detailed information
on the structure of a variety of micelles.149,150 Accord-
ing to these studies, the thickness of the Stern layer
is 6-9 Å for cationic cetyl trimethylammonium
bromide (CTAB) micelles and anionic sodium dodecyl
sulfate (SDS) micelles, whereas the palisade layer is
about 20 Å thick for neutral Triton X-100 (TX-100)
micelles.149 Radii of the dry, hydrophobic core of TX-
100 are 25-27 Å, and thus the overall radius of the
TX-100 micelle is about 51 Å. The overall radii of
CTAB and SDS micelles are about 50 and 30 Å,
respectively. The structure of more complicated mi-
celles and their phase transitions have recently been
studied using SANS.151-154

F. Reverse Micelle and Microemulsion
Reverse micelles refer to aggregates of surfactants

(e.g., dioctyl sulfosuccinate, AOT) formed in a non-
polar solvent, in which the polar headgroups of the
surfactants point inward and the hydrocarbon chains
project outward into the nonpolar solvent.156-186

Apart from liquid hydrocarbons, recently several
microemulsions are reported in supercritical fluids
such as ethane, propane, and carbon dioxide.166-168

The most important property of the reverse mi-
celles is their ability to encapsulate fairly large
amount of water to form what is known as a “micro-

emulsion”. Up to 50 water molecules per molecule of
the surfactant can be incorporated inside the AOT
reverse micelles. Such a surfactant-coated nanom-
eter-sized water droplet dispersed in a nonpolar
liquid is called a “water pool” (Figure 7). The radius
(rw) of the water pool varies linearly with the water
to surfactant mole ratio, W0.158b In n-heptane, rw (in
Å) is approximately equal to 2W0.158b The structural
information on the microemulsions (i.e., radius of the
micellar aggregates) and that of the water pool have
been obtained using dynamic light scattering,165

transient grating,160 SANS studies,168,175,176 small-
angle X-ray scattering,169 ultrasound velocity mea-
surements,163 FT-IR,162,164 NMR, ESR, differential
scanning calorimetry,161 and dielectric relaxation.181-183

In contrast to AOT, which does not require any
cosurfactant to form reverse micelles, cationic sur-
factants do not form reverse micelles in the absence
of cosurfactants.177 Several nonionic or neutral sur-
factants (e.g., Triton X-100, etc.) have recently been
reported to form reverse micelles in pure and mixed
hydrocarbon solvents.163,178 Finally, apart from water,
confinement of other polar solvents such as acetoni-
trile, alcohol, and formamide have been reported in
such microemulsions.179

The water molecules confined in the water pool of
the microemulsions differ in a number of ways from
those of bulk water. During the process of formation
of a microemulsion, the first 2-4 water molecules are
very tightly held by the surfactant and all the water
molecules except the 6 most tightly held ones freeze
at -50 °C.161 The FT-IR162 and the compressibility
studies163 indicate that the first three water mol-
ecules “lubricate” the dry surfactants. The compress-
ibility of the AOT microemulsion increases steeply
during this process. The next three water molecules
solvate the counterion (Na+ for Na-AOT) and start
the self-organization process. At this stage, the
headgroups of AOT become linked by hydrogen bonds
through the water molecules, and the compressibility
gradually decreases. For W0 > 6, the water pool
swells in size, but the compressibility reaches a
plateau. Around W0 ) 13, the first solvation shell of
AOT becomes complete, and up to this point the
water structure remains severely perturbed inside
the water pool. But even in the very large water
pools, the compressibility of the microemulsions

Figure 6. Schematic diagram of an aqueous micellar
solution. The dry core, stern layer, headgroups, and bulk
water are indicated in the figure.

Figure 7. Schematic diagram of a reverse micelle in
hydrocarbon.
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remains at least 2 times higher than that of ordinary
water.163

G. Lipid Vesicle
Lipid vesicles are the closest model of a biological

cell. In a vesicle, an aqueous volume (water pool) is
entirely enclosed by a membrane that is basically a
bilayer of the lipid molecules.187-197 This water is
different from bulk water in a way similar to water
in biological cells being different from bulk water. In
the case of the unilamellar dimyristoyl phosphati-
dylcholine (DMPC) vesicles (radius 250 nm), there
is only one such bilayer while a multilamellar vesicle
(radius 1000 nm) consists of several concentric bi-
layers. Unilamellar vesicles can be produced by
breaking the multilamellar vesicles through sonica-
tion. In such a system there are two kinds of water
molecules present, those in the bulk and those
entrapped within the water pool of the vesicles. The
entrapped water pool of a small unilamellar DMPC
vesicle is bigger (radius 250 nm) than that of the
water pool of the reverse micelles (radius <10 nm).
In recent years, several groups studied chain dynam-
ics of lipids using SANS, conductivity, and electron
microscopy;187 ESR of spin-labeled lipids;188 and
fluorescence of pyrene-labeled lipids.188 Recent mo-
lecular dynamics (MD) simulations,189 NMR190 crystal
structure,191 and other studies revealed detailed
information about the structure of DMPC vesicles
and the water molecules in its neighborhood. The
most recent MD simulation189 indicates that above a
transition temperature (23 °C) each DMPC molecule
is hydrogen bonded to about 4.5 water molecules,
which form an inner hydration shell of the polar
headgroup of the lipids, and about 70% of the DMPC
molecules remain connected by the water bridges.

The vesicles undergo phase transitions at a well-
defined temperature. Above the phase transition
temperature, the viscosity of the lipid bilayer remains
quite low, and the permeability of the bilayer wall
remains high so that small molecules easily pass
through the bilayer to enter the inner water pool.192

Viscosity of the lipid bilayer becomes high, and the
permeability across the bilayer membrane decreases
significantly below the transition temperature. The
change in the viscosity of the lipid bilayers with
temperature is usually monitored by optical anisot-
ropy studies. The transport of small organic mol-
ecules across the lipid bilayer above transition tem-
perature is most elegantly demonstrated in a recent
surface second harmonic (SSH) generation study by
Srivastava and Eisenthal.197 The SSH signal is
obtained as long as the molecule stays in an inho-
mogeneous region, i.e., at the lipid bilayer. Above the
transition temperature of the lipids, the SSH signal
decays in a time scale of 100 s that denotes the
residency time of the probe in the bilayer or the time
taken by the probe to diffuse through the bilayer
membrane from bulk water to the inner water pool.
For lipids below the transition temperature, no such
time dependence of the SSH signal is observed, which
indicates that at a temperature below the transition
temperature the bilayer membrane does not allow
transport of molecules to the inner water pool.197

H. Polymer and Hydrogel

Water-soluble polymers have generated consider-
able recent interest because of their versatile ap-
plications and compatibility with biological sys-
tems.198 The properties of aqueous polymer networks
and the water molecules attached to them have been
studied by various techniques such as fluorescence,199

dielectric relaxation,200-213 computer simulation,214

and light scattering.215 The microporous synthetic
polymer hydrogels are those polymers that are inher-
ently insoluble in water but can entrap a considerable
amount of water within their polymer networks.216,217

They are particularly interesting due to their diverse
applications such as biomaterials (e.g., contact lenses),
chromatographic packings, in devices for controlled-
release of drugs, and electrophoresis gels. The poly-
acrylamide (PAA) hydrogel is obtained by polymer-
izing acrylamide in the presence of N,N-methylene
bisacrylamide as a cross-linker.218 The pore size in
such a gel can be varied by change in the concentra-
tion of the monomer (acrylamide).216 Among the
various types of hydrogels, PAA is most suitable for
photophysical studies as it is optically transparent
over a wide range of concentrations of the monomer
and the cross-linker. On absorption of water, such a
hydrogel swells in size. The swelling and other
properties of this interesting semirigid material have
recently been studied using light scattering,215 NMR,
and calorimetry.219 The bulk viscosity of any hydrogel
is very high. However, since the hydrogels contain
large pores, even very large biological macromol-
ecules such as DNA pass through such hydrogels
during gel electrophoresis. Several attempts have
been made to immobilize small probe molecules (e.g.,
nile red)220 or proteins221-223 within the hydrogels.
Using far field fluorescence microscopy, Dickson et
al. demonstrated that, in PAA hydrogel while most
nile red molecules move freely, motion of a minute
fraction (2%) of them becomes severely restricted so
that the Brownian motion of individual nile red
molecules may be recorded.221

I. Zeolite

Zeolites are open structures of silica in which some
of the silicon atoms in the tetrahedral sites are
replaced by aluminum ions.224-234 Counterions such
as Na+ or K+ maintain the electroneutrality and
reside freely inside certain locations in the zeolite
cages. Zeolites can be represented by the empirical
formula M2/nAl2O3‚xSiO2‚yH2O, where M is an alkali
metal or an alkaline earth metal cation of valence n,
x > 2, and y varies from 0 to 10.19,225 Depending on
the Si/Al ratio and the cations, zeolites can have
various rigid and well-defined structures that can be
classified into cage and channel types. For the ZSM-5
zeolite, there are two intersecting channel systems.
One system consists of straight channels with a free
cross-section of 5.4-5.6 Å2 and the other consists of
sinusoidal channels with free diameter of 5.1-5.5
Å2.19,225 On the other hand, faujasite zeolites (Figure
8) are made up of a nearly spherical supercage of
diameter 13 Å, surrounded by small sodalite cages.19,225
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The structure and dynamics of zeolites has been
studied by molecular dynamics (MD) simulation,
Monte Carlo simulation,230,231 density functional
theory, and stochastic models.232,233 These studies
indicate that the spatial locations are similar for
different cations. The mechanism of electrical con-
duction in a zeolite has been the subject of several
studies. Conduction of dehydrated potassium zeolite
L has been found to involve a thermally activated
process.235,236 Dielectric properties of the zeolites
depend on the degree of hydration.237 The zeolites can
act as a host for a large number of guest molecules.
Neutron diffraction study suggests that in zeolite Y,
cyclohexane stays in the 12-ring window site. This
is in agreement with the MD simulations.238,239

Similar results are obtained for benzene in zeo-
lites.238,239 NMR line width and simulation studies
indicate that in the faujasite zeolites the guest
aromatic molecules hop from one cage to another in
the nanosecond time scale.240 Certain positions in the
inner walls of the micropores of the zeolites serve as
active sites, where catalytic conversions can take
place. The size of the micropores and the location of
cavities can be adjusted so that only one type of
molecular species can reach the active sites. Zeolites
contain many acidic sites.234 The number of different
types of acidic sites in a zeolite depends on the
method of activation of the zeolite. The photophysics
and photochemistry of organic molecules change
remarkably on encapsulation in zeolite.225-226,229 The
marked changes caused by the zeolites result partly
from their rigid structure, which imposes consider-
able restriction on molecular motion within a zeolite.
Second, the presence of cations in proximity to
organic guest molecules exerts significant influences
because of the strong local electric field produced by
the cations and of the enhanced singlet-triplet
transitions in the case of zeolites with heavy cations.
The polarity and acid-base behavior of the zeolites
also affect different photophysical processes.

IV. Dielectric Relaxation of Aqueous
Biomolecules and Organized Assemblies

The dynamics of water near a biomolecule occurs
on a time scale that ranges from femtosecond to
nanosecond or even slower. Dielectric relaxation is
one of the earliest methods to probe the dynamics in
biological systems.50,51 In this section, we review the
dielectric relaxation studies of aqueous solutions of
proteins, amino acids, and peptides; DNAs; several
organized assemblies; and also the dielectric proper-
ties of liquid/liquid interfaces.

A. Dielectric Relaxation of Aqueous Protein
Solutions

The dielectric spectra of aqueous protein solutions
have been studied for nearly 50 years.50-54,241-266

Cohn first pointed out that the solutions of proteins
exhibit anomalous dielectric increment.241 Oncley51

studied the effect of orientational motions of the large
protein molecules and smaller solvent molecules and
proposed that the dielectric increment arises from the
rotational relaxation of the protein molecules. This
is however questionable because in dilute solutions
the number density of the protein molecules is far
below that necessary to give rise to the observed
increment. The observed dielectric increment and
spectra may be used to calculate the dipole moment,
the degree of hydration, and the shapes of the
protein.51,242

The dielectric relaxation spectrum of aqueous
protein solutions shows several peaks, some more
distinct than others. These peaks are denoted by
Greek symbols, namely, â, δ, and γ. These are merely
used to order relaxation frequencies from lowest to
highest frequencies.

Several workers examined the role of the charged
species such as counterions or protons of the proteins
on the low-frequency relaxation. Kirkwood and Shu-
maker243,244 proposed that the fluctuation of the
dipole moment due to proton transfer may be respon-
sible for the observed low-frequency dispersion. Lum-
ry and Yue245 however argued that the time constant
for proton migration is much faster than the relax-
ation time of the protein, and the experimental pH
is often unfavorable for proton transfer. Thus, the
proton transfer mechanism (Kirkwood Shumaker
effect) is relatively unimportant.245

O’Konski proposed a theoretical model according
to which the excess conductivity of the protein arises
from the mobility of the ions at the interface of
proteins.247,248 Schwarz suggested that the low-
frequency dispersion is due to the polarization of the
ionic atmosphere surrounding the protein.249 The
dielectric behavior of an aqueous protein has also
been explained in terms of the dispersion behavior
of a suspension of conducting particles in a noncon-
ducting medium.250 The major weakness of such
theoretical models is the unphysical assumption of
very large values of protein conductivity.55 Jacob-
son251 ascribed the low-frequency dispersion to a
model of structured water molecules surrounding the
macromolecule. However, there is overwhelming
evidence that the orientational relaxation of perma-

Figure 8. Schematic diagram of a faujasite zeolite.
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nent dipole moments is responsible for the observed
low-frequency dispersions. For example, freezing of
albumin solution results in a drastic decrease in the
dielectric constant due to the hindered rotational
motion of the molecules in the frozen state.252 Mofers
et al. assumed that a protein molecule of spherical
symmetry with the charged residues are placed in a
medium whose dielectric constant increases continu-
ously as a function of the distance from the center of
mass.246 The mean square dipole moment calculated
using this model indicates that the fluctuation of the
configurations cannot be responsible for the large
dispersion in the MHz region.

The relaxation times and dielectric increments of
many protein solutions have been summarized in
previous reviews.51,253-267 Time constants and relative
weights of such relaxations for several proteins are
reproduced in Table 1. Grant and co-workers studied
quite extensively aqueous solutions of many pro-
teins.253-262 The high-frequency dispersions of aque-
ous protein solutions in the range of ∼10 MHz to ∼10
GHz are referred to as δ1 and δ2 dispersions. We
discuss later in this review that the δ-dispersions
originate from the bound water.260

Grant et al. attributed the rather large value of the
dipole moment of myoglobin (calculated from dielec-
tric measurements) to the permanent dipole moment
(from surface groups as well as the core region) and
to the charge fluctuations.257 Dachwitz et al.263 de-
tected two distinct loss peaks near 10 MHz and 10
GHz, respectively. These two peaks correspond to the
â and bulk water relaxations, respectively. This
bimodality is much stronger and distinct from the
bimodality discussed in connection with the δ-disper-
sion of biological water. The later dispersion occurs
in the plateau region of the dielectric spectra and is
relatively less prominent.260 Dachwitz et al.263 sug-
gested that the δ-dispersion is due to the bound water
dispersion and internal motions of myoglobin. Similar
results were obtained for other proteins.260,262 South
and Grant examined different possible mechanisms

for the observed â-relaxation in myoglobin solution258

and concluded that the rotation of the permanent
dipole is responsible for the observed relaxation.
Further studies revealed a very interesting concen-
tration-dependent crossover at the end of the â-re-
laxation.259

Mashimo and co-workers studied the dielectric
relaxation of free and bound water molecules in
several biological materials and biopolymers.264-266

They observed two relaxation processes common to
such systems. One is a low-frequency process and is
characterized by a relaxation time, ∼1- 2 ns, and
the other is a high-frequency process and occurs in a
∼7-20 ps time scale. Similar bimodal relaxation is
reported in many other dielectric studies.1,50 Mashimo
et al.264 assigned the low-frequency process to the
relaxation of bound water and the high-frequency
process to the relaxation of free water, respectively.264

Gestblom267 failed to detect the ∼1-ns component and
argued that the 1-ns relaxation component reported
by Mashimo et al.264 is an artifact and may be due to
premature truncation of the line shapes. NMR stud-
ies however suggest the presence of such a slow
relaxation of the bound water molecules.40,43,265,268

Schlecht et al.269 investigated the dielectric proper-
ties of unpurified, dialyzed, crystallized, and specially
purified samples of horse hemoglobin and found that
the results from different samples agree very well
within the experimental error.269 This indicates that
the impurity and preparation procedure have no
effect on the observed dielectric properties. These
results and the results obtained by Lumry and Yue245

indicate that zwitterions do not alter the dielectric
parameters.

Takashima et al.270-277 studied the effect of oxy-
genation and carbon monoxide addition on the di-
electric properties of aqueous protein solutions. They
reported two distinct maxima due to the four inter-
mediate oxygenated species of hemoglobin. However,
the so-called “Takashima effect” could not be repro-
duced by other workers.278,279 This was attributed
partly to the low accuracy in Takashima’s original
work. Another mechanism discussed by Schlecht et
al.278 was an aggregation of intermediates to a rod-
like structure in a way that the dipole moments add
up. However, experiments do not seem to find any
indication of such aggregation.

Takashima and co-workers investigated the effect
of urea on the dielectric properties of hemoglobin,
bovine serum albumin, and ovalbumin.272,276 Oxy-
hemoglobin exhibits a large dielectric increment at
intermediate urea concentration. Takashima272 re-
ported anomalous temperature dependence of dielec-
tric parameters of oxyhemoglobin and attributed this
to the structural changes of oxyhemoglobin. However,
no such temperature-dependent anomaly has been
observed for hemoglobin.280,281

To understand the effect of solvent viscosity on the
dielectric relaxation of proteins, dielectric spectra of
several proteins have been studied in water-glycer-
ine mixtures.275 It is observed that the dielectric
decrement decreases with a decrease in the water
content. An interesting crossover was observed at
intermediate concentrations similar to that of the

Table 1. Dielectric Relaxation Times for Water
Associated with Proteinsa

solute
relaxation time and

weights of relaxations

WM (0.01 M, â)260 74 ns (18.4 ( 1.1)b

WM (0.01 M, δ1)260 10 ns (5.3 ( 1.5)b

WM (0.01 M, δ2)260 40 ps (5.4 ( 0.8)b

WM (0.01 M, γ)260 8 ps (57.6 ( 0.9)b

EM (0.035 M, S1)263 29 ns (11.0)c

EM (0.035 M, S2)263 3 ns (0.9)c

EM (0.035 M, S3)263 250 ps (1.3)c

EM (0.035 M, S4)263 10 ps (68.2)c

EM (0.035 M, S5)263 5 ps (2.7)c

BA (0.0015 M, 1)256 1 µs (8.8 ( 0.9)b

BA (0.0015 M, 2)256 204 ns (8.6 ( 0.8)b

BA (0.0015 M, 3)256 22 ns (2.11 ( 0.5)b

BA (0.0015 M, 4)256 2 ns (2.03 ( 0.5)b

a The concentration of the solution is indicated in the first
column in parentheses followed by the part of the relaxation
spectrum for which the time constant is given. The relaxation
strengths are given in parentheses in the second column. For
details of the function used to represent the relaxation
processes we refer to the original literature. Symbols used are
as follows: WM, whale myoglobin; EM, equine myoglobin; BA,
bovine serum albumin. b Data at 25 °C. c Data at 20 °C.
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concentration-dependent crossover of aqueous protein
solutions observed by Grant et al.259 Hendricks et al.
also reported a similar decrement in the magnitude
of the dielectric function in glycerol-water and
sucrose-water solutions of bovine serum albumin
and transferrin.282

Dielectric relaxation studies of hydrated protein
powders have been reviewed by several
workers.3,49,283-294 Different low-frequency relaxation
processes (designated as Ω- and R-relaxations) have
been studied as a function of hydration of the protein
powders. To explain the relaxation process, a model-
based percolation theory has been advanced.3,294

These studies indicate that water acts as a plasticizer
for the protein molecules.49

Until recently there have been three main objec-
tives of the studies on the dielectric relaxation of
aqueous protein solutions: (1) estimation of the
degree of hydration of the protein; (2) calculation of
the solvent phase dipole moment of the protein
molecule; and (3) calculation of the shape or asym-
metry of the protein molecule. Many anomalous
phenomena observed in the dielectric spectra of
aqueous protein solution have surprisingly eluded
molecular explanation. They are as follow: (1) the
bimodal δ-relaxation of the water of hydration of
protein molecules in aqueous solution, which is
generic to many other biomolecules such as DNA,
etc.; (2) the significantly higher static dielectric
constant of aqueous protein solutions (which can be
as high as 100 for myoglobic solution) as compared
to that of pure water at the low-frequency region (â-
relaxation); (3) the interesting concentration-depend-
ent crossover at the very low-frequency region where
the real part of the dielectric function of the solution
(ε′) with higher concentration of protein dips sud-
denly and sharply to a value lower than that for a
solution with smaller concentration; (4) the appear-
ance of a very slow dielectric relaxation with time
constant around 100 ns at moderately high concen-
trations. In the following subsections, we discuss the
different anomalies of the dielectric spectra of aque-
ous protein solution and their recent molecular
explanation.

A.1. Bimodality of δ-Relaxation
The almost universally observed bimodal δ-relax-

ation dynamics of water near a biomolecule295 has
been explained very recently in terms of an exchange
model where a dynamic exchange (Figure 9) between
the free and bound water states is assumed:

The equilibrium constant for the dynamical equi-
librium between the free and bound water can be
written as

where ∆G* is an activation energy of reaction 4.1.
This is assumed to be related to the total hydrogen
bonding energy per mole associated with the bound

water molecules. The dynamic equilibrium between
the free and bound species is shown schematically
in Figure 9.

The two-state model is supported by the recent
molecular dynamics study,121 which shows that among
the 89 bound water molecules of carboxymyoglobin
only 4 water molecules remains bound during the
entire length of simulation (50 ps) while rest undergo
continuous exchange between bound and free states.
In the exchange model,295 the free water molecules
are assumed to be free to rotate and can contribute
to the dielectric relaxation process.295 The bound
water molecules are doubly hydrogen bonded, and
their rotation is coupled to the rotation of the
biomolecule; hence, the hydration shell of the bio-
molecule rotates slowly. The energetics of the ex-
change depends on the strength and the number of
hydrogen bond(s) of water molecule with the biomol-
ecule. As the strength of the hydrogen bond increases,
the magnitude of the rate constant, k1, and the
relative population of the bound species increase;
consequently, the relative contribution and the re-
laxation time of the slow component also increase.
At the low ∆G* value (-1.4 kcal mol-1), the relax-
ation time for the slow component is 44.26 ps, while
at the higher ∆G* value (-5.6 kcal mol-1), the
relaxation time is 28 ms.

The two-state model clearly demonstrates that the
slow component observed in the dielectric measure-
ments in biomolecule arises from the fast dynamic
exchange between bound and free water molecules.
The strength and the time constant of the slow
component are determined by the strength of the
hydrogen bonds by which the bound water molecule
is attached with the biomolecule. The dipole moment
correlation function from this model exhibits a strong
bimodal decay.295 The initial relaxation is very fast
(∼10 ps), while the second relaxation is in the

[H2O]free state h [H2O]bound state (4.1)

K )
k2

k1
) e-∆G*/RT (4.2)

Figure 9. Schematic potential energy diagram of the
bound water and free water molecules in dynamic equi-
librium versus the reaction coordinate.295 The activated
complex is also shown in the figure. ∆G° is the difference
in free energy of a hydrogen bond of a water molecule and
a biomolecule and that of a hydrogen bond of the same
water molecule with another water molecule in bulk water.
∆G* is the energy of activation. The rate constants of the
formation of bound and free species are denoted by k1 and
k2, respectively. (Reprinted with permission from ref 295.
Copyright 1997 American Chemical Society.)

2024 Chemical Reviews, 2000, Vol. 100, No. 6 Nandi et al.



nanosecond time scale. This is in excellent agreement
with the bimodal decays reported in the literature.
With the increase in the strength of the hydrogen
bond, the relaxation becomes more and more slower.
It is further observed that the coupling of the slow
rotation of the biomolecules with the hydration shell
of bound water does not affect the relaxation mech-
anism significantly. Halle et al.40,43 suggested a
similar dynamic exchange between the slowly rotat-
ing internal and the fast external water molecules
from the NMR relaxation of 17O. Fischer et al.45

calculated the reaction path of the motion of the
biological water molecules using the conjugate peak
refinement method. Their calculation shows that the
motion of the water molecules, buried in the proteins,
involves exchange of hydrogen atoms of water and
involves two successive rotations around orthogonal
axes.

A.2. Anomalous Enhancement of Static Dielectric
Constant and â-Relaxation

An interesting feature of aqueous protein solutions
is that the value of its static dielectric constant is
often found to be significantly larger than the value
of pure water (78.6 at room temperature). Another
anomalous behavior is that of dielectric dispersion,
which leads to the decrease of the value of the
dielectric constant from this high value to the value
of water. The time constant of this latter dispersion
is rather large indicating a slow process. This slow
relaxation is known as â-relaxation. This â-relaxation
is quite distinct from the δ-dispersion discussed
earlier. The origin of the â-relaxation is not well
understood, but it is intimately related to the en-
hanced value of the static dielectric constant of
aqueous protein solutions.258 In aqueous myoglobin
solution, the total dielectric increment is about ∼20%
over the value of water. The dielectric decrement due
to â-relaxation occurs in the frequency range of few
megahertz to 100 GHz or so.260

The total time-dependent dipole moment correla-
tion for a multicomponent system depends on the
dipole moment as well as the number of dipoles
present. In a typical protein solution, the number of
protein molecules is nearly 1000 times smaller than
the number of water molecules present. The contri-
bution of protein molecules alone cannot give rise to
the observed increment unless one makes the un-
physical assumption that the dipole moment of the
protein is higher than the measured value by several
orders of magnitude or, consequently, cannot be
explained even if one considers the relaxation of
permanent dipole moment of the proteins. In the
following, we briefly discuss an explanation proposed
recently.296 This explanation is based on eq 2.3 where
the total dipole moment correlation function now
derives contribution from all the molecules present
in the system. The total dipole moment time-depend-
ent correlation function is a sum of (1) permanent
dipole moment correlation function of the protein
molecules due to the permanent dipoles,258,297 (2) the
dipole moment correlation function for the water
molecules in the hydration shell, and (3) the dipole

moment correlation function of water in the bulk and
the cross correlation between all species present in
solution:

where MB (t) is the total dipole moment of the whole
system and is given by eq 2.1. Here, p stands for a
protein molecule, h stands for a water molecule in
the hydration shell, and w stands for the same in the
bulk.

If one considers only the dynamic exchange, then
the range of the two time constants are about 30-
50 ps and 10-20 ns, respectively, depending on the
strength of the hydrogen bond.295 However, a recent
study on the rotation of structural water in a protein
indicates that the rotational correlation time of water
in bovine pancreatic trypsin inhibitor is about 45 ns.45

The environment of hydrogen bond donors around the
rotating water molecule is indicated as responsible
for the slow motion of water in the protein. Previous
studies indicated that the residence time of buried
water could be even in the microsecond regime, and
these molecules exchange at a slow rate with the bulk
water.43 In a recent theoretical study, it was assumed
that the first time constant of the dynamics of water
in the hydration shell is equal to the first component
of the δ-relaxation (40 ps for myoglobin) and the
second slower time constant to be 35 ns.296 The
amount of water in the hydration shell is calculated
from the experimentally determined amount of hy-
dration. Proteins usually have one or two shells of
water of hydration.44,50,260 From the known amount
of protein present in solution and the amount of
hydration water, the amount of bulk water present
in the system may be calculated. The theoretical
results are found to be rather insensitive to the choice
of parameters, except for the value of the dipole
moment of the bulk water molecules.296

In Figure 10, the theoretical and experimental
plots of the ε′ and ε′′ of the aqueous myoglobin
solution are compared. The agreement for ε′′ in the
region of absorption is not perfect, especially when
the logarithmic scale of frequency is noted. Thus, the
theory is only semiquantitatively successful in ex-
plaining the anomalous enhancement of the dielectric
constant over the bulk value of water.296 This in-
crease is a result of rather delicate balance between
the several terms involved in the 〈MB (0)‚MB (t)〉. While
the contribution of the bulk water to the total dipole
moment fluctuation, 〈M(0)2〉, decreases, the cross-
correlation terms, particularly those between the
water molecules in the bulk and in the hydration
shell surrounding the protein, increases leading to
the overall increase in the value of 〈M(0)2〉.

In summary, the heterogeneity combined with the
cross-correlation is responsible for the anomalous
enhancement. This theoretical result296 is supported

〈MB (t)‚MB (0)〉 (4.3)

) 〈MB p(t)‚MB p(0)〉 + 〈MB p(t)‚MB h(0)〉 + 〈MB p(t)‚MB w(0)〉

+ 〈MB h(t)‚MB p(0)〉 + 〈MB h(t)‚MB h(0)〉 + 〈MB h(t)‚MB w(0)〉

+ 〈MB w(t)‚MB p(0)〉 + 〈MB w(t)‚MB h(0)〉 + 〈MB w(t)‚MB w(0)〉
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by the recent structural data in protein solutions
which indicate that the correlations between the
water molecules in the protein solution extend beyond
the hydration shell.137

A.3. Concentration Dependence
The origin of the anomalous concentration depen-

dence of dielectric relaxation of aqueous protein
solution has been addressed recently.296 Nandi and
Bagchi calculated ε′ of aqueous myoglobin solution
and compared them with experimental results for
three different concentrations. As indicated in Figure
11, the agreement between theory and experiment
is satisfactory. With increase in the protein concen-
tration, as the bulk water concentration decreases,
the faster time scale of relaxation (due to the bulk
water) is progressively replaced by the slower time
scales of relaxation. Thus, the population of relax-
ation times shifts from the high-frequency peak to
the lower frequency region. This is a manifestation
of the increased population of bound water in the
system. Thus, as concentration increases, faster free
water gets replaced by the slower bound water.

The theoretical and the experimental results263 for
ε′′ of aqueous myoglobin solution are shown in Figure
12. These plots clearly show the presence of a low-
frequency peak in addition to the peak usually
observed for water in the high-frequency region (GHz
range).

The anomalies discussed above are indeed generic
to protein solutions and not limited only to myoglobin
solution. The theoretical results for the ε′ of bovine
serum albumin and concentration dependence of the
ε′ of equine hemoglobin compare well with those from
the experiment.254,256,280 Though hydrophobic ag-
gregation occurs at high protein concentration, it is

found to be negligible in the concentration range used
in the dielectric studies. For instance, dimerization
of myoglobin starts much above 150 mg/mL concen-
trationsit becomes significant above 250 mg/mL or
so.298 Thus, protein association can be excluded as a
possible reason for the crossover behavior in experi-
ments.

Figure 10. Real (ε′) and imaginary (ε′′) parts of the
complex frequency-dependent dielectric function of aqueous
myoglobin solution (concentration is 170 mg/mL) as deter-
mined by Grant and co-workers260 (indicated by the dotted
line with triangle) and from the theory of Nandi and
Bagchi296 (indicated by the solid line) at 298.15 K. (Re-
printed with permission from ref 296. Copyright 1998
American Chemical Society.)

Figure 11. Concentration dependence of the real part of
the complex frequency-dependent dielectric function (ε′) of
aqueous myoglobin solution (concentrations are 77, 99, and
161 mg/mL, respectively) as obtained in the experiment of
Grant and co-workers259 and from the theory of Nandi and
Bagchi296 at 293.15 K. Plots of different concentrations as
obtained from the theory and experiment are indicated by
different symbols as mentioned in the plot. (Reprinted with
permission from ref 296. Copyright 1998 American Chemi-
cal Society.)

Figure 12. Imaginary part of the complex frequency-
dependent dielectric function (ε′′) of aqueous myoglobin
solution (concentration is 60 mg/mL) as obtained in the
experiment of Dachwitz et al.263 (indicated by the solid line)
and from the theory of Nandi and Bagchi296 (indicated by
the line with +) at 293.15 K. (Reprinted with permission
from ref 296. Copyright 1998 American Chemical Society.)
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A.4. Simulation Studies on Dielectric Properties of
Proteins

Since electrostatic effects play a major role in the
structure as well as the static and dynamic properties
of aqueous protein solution, several authors have
investigated the dielectric function (loosely referred
to as dielectric constant) of a protein molecule.6,353-376

However, it must be emphasized that the definition
of the dielectric constant is not as straigthtforward
in the case of an aqueous protein solution as it is for
a homogeneous liquid. This is because the local
dielectric constant varies sharply from inside a
protein to the outside. Discussion in terms of a local
dielectric constant is certainly ambiguous. The con-
ventional description of a solvated protein as a
uniform sphere of low dielectric surrounded by a
continuum of high dielectric is incorrect due to the
presence of ionized groups in the interior of proteins.
Using the Poisson-Boltzmann equation, Gilson and
Honig353 predicted a homogeneous dielectric constant
between 2.5 and 4 for the interior of the proteins.
Fersht and Sternberg concluded that no simple
relationship exists between the effective dielectric
constant and the distance from the charge respon-
sible for the interactions.354 Gilson and Honig con-
cluded that the distance-dependent dielectric function
overestimates weak electrostatic interactions but
yields relatively good results for strong ones.353

However, Warshel et al.355,364 pointed out that the
distance-dependent dielectric function used by Gilson
and Honig353b,c is improper because the latter did not
include the solvent reaction field. Using a microscopic
simulation, Warshel and co-workers demonstrated
that excellent results are obtained if one assumes a
high dielectric constant (ε g 40) for the proteins or a
dielectric constant with a sigmoidal distance depen-
dence.6,355,358,362 Warshel and Papazyan363 pointed out
that the value of the dielectric constant of a protein
depends on what is included explicitly in the model
and that small dielectric constants should not be used
to describe the charge-charge interactions in con-
tinuum models. The simulation done by King et al.356

indicates that the active sites of an enzyme possess
a high dielectric constant. Thus, one should either
use a large dielectric constant for charge-charge
interactions and a small dielectric constant for charge-
dipole interactions or consider the protein relaxation
microscopically.364

Dimitrov and Crichton365 considered the amino acid
residues as polarizable bodies and studied the pH
dependence of electrostatic interaction in proteins
with a single dielectric constant. They described
dielectric properties of the protein molecules in terms
of the local dielectric constants determined by the
space distribution of residue volume density around
each ionized residue. Nakamura et al.366 used normal-
mode analysis to investigate the dielectric properties
of protein and calculated the “local dielectric con-
stant” from the electronic polarization of atoms and
the orientational polarization of local dipoles. The
calculated local dielectric constants ranged from 1 to
20 inside the protein. It has been pointed out that,
apart from charge-charge interactions, the effect of
the dipoles and the induced dipoles are important in

determining the electrostatic interactions in the
proteins.362,367 Nakamura et al.366 however did not
take into account the effect of the inner and external
solvent molecules.

Simonson et al. investigated the functional varia-
tion of the polarizability in a protein.368 It is found
that the contribution of the electronic degrees of
freedom leads to an electronic susceptibility that is
uniform throughout the molecule. The dipolar sus-
ceptibility, however, was found to vary greatly from
position to position within a protein. It is suggested
that this variation is related to the activity of the
protein. The model is applied to model R-helices and
the electron-transfer protein cytochrome c. The rela-
tion between the spatial variation of the susceptibility
of protein to its biological function is investigated by
molecular dynamics simulations.369,370a The dipolar
susceptibility is found to be related to the structural
relaxation of the R-helices.369 The simulation further
indicates that the dielectric properties determine the
reorganization free energy for the electron transfer
to and from protein. In cytochrome c, the susceptibil-
ity tensor of the heme atoms determines this energy.
In aqueous solution the electronic contribution to the
relaxation free energy is found to be spatially homo-
geneous and gives a dielectric constant of 2. The
dipolar contribution is found to be less homogeneous
and gives a little higher dielectric constant of mag-
nitude 4 only. In the subsequent simulation studies
on the polar fluctuations in yeast cytochrome c,
Simonson and Perahia observed that the fluctuations
follow simple probability distribution.370b This is
consistent with the continuum models. The charged
side chains are found to contribute significantly to
the fluctuation. The fluctuation of water surrounding
the protein is found to be similar to that in the bulk.
Simonson et al.,369 however, did not consider the
charge stabilizing influence of the R-helices. Aqvist
et al.371 carried out a microscopic calculation on the
charge stabilizing influence of the R-helices. They
showed that the effect of helix-charge interactions
is much larger than previously assumed and that the
stabilizing effect of the helix is not associated with a
few localized dipoles. It seems that the electron-
transfer process in proteins depends on the local
dielectric constant or local solvation as suggested by
Warshel et al.359,371 rather than the overall dielectric
constant of the protein as proposed by Simonsen et
al.369b

More recently, the reorganization energy of cyto-
chrome c is studied by Muegee et al. from linear
response theory.372 They showed that the dielectric
constant of a protein is model-dependent and that
the dielectric function which reproduces the protein
reorganization energy may not correspond to the
macroscopic dielectric function of cytochrome c de-
rived from simulations.369 In a recent study, Simon-
son et al. extended their previous studies on the
dielectric properties of cytochrome c where the cutoff
used in previous simulation is removed.373a This
theoretical study suggests that the interior of cyto-
chrome c may have a low dielectric constant of 3 ( 1
while the overall dielectric constant is 25 ( 10.
Charged side chains are found to contribute mostly
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to the overall dielectric constant. It is argued that
even if the water fluctuations are affected by the use
of cutoff in simulation, the protein dipolar fluctua-
tions are insensitive to it.373a

Krishtalik and co-workers375 theoretically studied
the formation and motion of charge within a protein
and suggested that two dielectric constants are
necessary for the calculation of the total free energy.
The first one is related to the interaction of the newly
created charge and the preexisting intraprotein field
while the second is related to the polarization of the
solvent by the new charge. The optical (electronic)
dielectric constant is operative in the intraprotein
interaction, and the static dielectric constant is
relevant for the charging process of the newly created
ion. More recently, Voges and Karshikoff376 calculated
local dielectric constants of protein molecules using
classical electrostatics and considering the protein as
being composed of polarizable sites and point dipoles
at fixed positions. They estimated the dielectric
constants of amino acid residues using the Onsager
and Kirkwood equations. The Onsager equation leads
to the lowest dielectric constant of 2.3 for Phe and
the highest dielectric constant of 72.0 for Asn,
whereas, the Kirkwood equation predicts 2.5 and 55.7
for the same residues, respectively. These calcula-
tions seem to verify the low dielectric constant of
proteins with no or little polar groups. The Kirkwood
equation, which includes local orientational correla-
tions, might provide a somewhat better estimate.

The hydrophobic effect, i.e., the tendency of organic
molecules to minimize water-organic interfacial
area, leads to aggregation and complex surfaces for
the biomolecules. Many biomolecules are character-
ized by surfaces containing extended nonpolar re-
gions. Such surfaces contain convex patches, concave
grooves, and nearly flat surfaces. Very recently
Cheng and Rossky8 studied the effect of surface
topography on protein (mellitin)-water interactions.
They demonstrated the existence of two different
hydration structuressone clathrate-like and another
fluctuating between clathrate-like and less ordered
structure. The two structures differ in water-water
interaction, and their relative contributions depend
strongly on the topography of the surface. Lum et
al.15 have recently developed an elegant theory of
solvation of small and large dipolar solutes in water.
The theory can explain the hydrophobicty observed
at both small and large length scales. In particular,
the interesting experimental observation of the at-
traction between two hydrophobic surfaces can be
explained by the theory.

The biological function of a protein depends cru-
cially on its specific three-dimensional (3D) structure.
The formation of a specific 3D structure is known as
the “protein-folding” process.109 Recently, several
groups applied extensive molecular dynamics simu-
lation to understand the thermodynamics and mech-
anism of the folding/unfolding process.34,35

Many recent simulation studies focused on the
dielectric relaxation in aqueous protein solutions
such as trypsin inhibitor and lysozyme.299 In most of
these simulations, the protein molecules are assumed
to be spherical and placed in a dielectric continuum.

Long time runs (nanosecond scale) are necessary to
achieve convergence in the calculated dielectric con-
stant. For this reason, neglect of the polarization
contribution and rotation of the protein molecule are
common in these simulations. Periodic boundary
conditions with a twin cutoff (a smaller cutoff dis-
tance for short-range nonbonded interactions and
another larger cutoff distance for the long-range
interaction) have been employed frequently. The use
of such cutoff methods enhances the speed of com-
putation at the expense of reduction of the solvent
contribution to the calculated properties. This is
reflected in the calculated real and imaginary dielec-
tric functions. They do not exhibit the typical anoma-
lous behavior common for protein solutions. For
example, the enhancement of the static dielectric
constant over the bulk value, the bimodal δ-disper-
sion, and the bimodal shape of the imaginary part of
the dielectric function are not observed in the results
from simulations.299 From extensive simulation stud-
ies, Loncharich and Brooks concluded that the use
of long-range cutoff also affects the simulated dy-
namic properties of the protein itself.300 Simulations
of the dielectric properties of protein solutions in
many cases further suffer from the non-inclusion of
the cross correlation terms in the dipole moment
correlation function, and consequently, the estimates
of the static and dynamic dielectric properties should
be considered incomplete.296

B. Dielectric Relaxation of Aqueous Solutions of
Amino Acid and Peptide

Not only proteins but also solutions of small amino
acids exhibit large dielectric increments and broad
relaxation spectrum.241,301-302 The broad relaxation
observed has been assigned to the rotation of amino
acid and of bound and bulk water. The magnitude of
the dielectric increment of the polypeptides consisting
of only one kind of amino acid increases with the
increase in chain length.301 The dielectric increment
of the polyglycine chains (up to heptapeptide) is given
by the following empirical relation:53

where, ε′ is the real part of dielectric permittivity, ε∞
is the high-frequency dielectric constant, n is the
number of chemical bonds between terminal amino
and carboxyl groups, and c is the molar concentra-
tion. Values of relaxation times and dielectric incre-
ment of a few amino acid solutions are presented in
Table 2.

Aqueous solution of glycine (1 M) gives rise to a
static dielectric constant of about 100 at low fre-
quency, and the imaginary part of the permittivity
shows a bimodal peak.52,54 Since the dipole moment
of glycine is quite low (15-20 D), it is unlikely that
the low-frequency increment is due to the permanent
dipole relaxation of glycine.

Mashimo and co-workers studied the dielectric
relaxation of polyglutamic acid and observed a peak
around 70 MHz.303 Bordi et al. studied the high-
frequency dispersion (1-1000 MHz) of aqueous solu-
tion of sodium salt of poly-L-glutamic acid.304 The

∆ε′ - ∆ε∞ ) c(14.51n - 5.87) (4.4)
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dispersion is analyzed in terms of the Williams-
Watts relaxation function in the time domain as well
as the Cole-Davidson relaxation function in the
frequency domain. They modeled the peptide as made
up of dipole domains with opposing orientations and
applied Skinner’s kinetic Ising model305,306 to study
the diffusive process among these dielectric domains.
The extracted dipole correlation function exhibits
marked nonexponetial behavior.

Urry and co-workers307 studied the temperature
dependence of dielectric relaxation of protein-based
polymers. These polymers exhibit a marked increase
in intensity in the imaginary part of the dielectric
dispersion (i.e., in dielectric loss) on dilution at low
temperatures that depends on the hydrophobicity of
the residues of the polymers. They characterized the
water of hydration associated with the hydrophobic
polymer and indicated that there are possibilities of
the existence of an extended shell of water of hydra-
tion around the amino acid residues as suggested by
others.308

The dielectric spectra of lower amino acid solutions
are characterized by the following features: (1) the
low-frequency peak of ε′′ between 0.5 and 4 GHz; (2)
the absence of a very low-frequency (MHz) peak of
ε′′ observed in protein solutions; (3) the magnitude
of the dielectric increment increases with the increase
in amino acid units in the peptide molecule; and (4)
the absence of the broad plateau region of the
δ-relaxation regime. The above features could make
further study of amino acids solution worthwhile.

Recently, Loffler et al.309 carried out a simulation
of 18-residue zinc finger HIV peptides308 using a
nonpolarizable water model with a twin range cutoff
and calculated the dielectric properties of each com-
ponent (water and peptide) from a linear response
formalism. They showed that for the correct descrip-
tion of the dielectric relaxation of peptide solutions
it is essential to include the coupling term between

the dipole moment of the peptide and the dipole
moment of the water component. They demonstrated
that neglect of the cross correlation terms signifi-
cantly underestimates the static dielectric constant.
These conclusions are in close agreement with
theory.296

Despite the zwitterionic nature of lower amino
acids, the increase in fluctuation dipole moment due
to proton jump is expected to be small in the case of
lower amino acids due to the small size of the
molecules, as pointed out by Lumry and Yue.245 The
observed substantial dielectric increment of glycine
and its homologues may be due to the inhomogeneous
nature of the solution.

C. Dielectric Relaxation of Aqueous DNA
Solutions

Dielectric relaxation studies on aqueous DNA solu-
tions indicate the presence of large dielectric incre-
ments in the low-frequency region (10-1000 Hz).52,310

For example, the increment is about 1000 or more
for a ∼10-4 M solution of DNA of molecular weight 2
× 10-6. Values of the time constants and dielectric
increments observed in some DNA solutions are
given in Table 3. The relaxation typically shows a
positive temperature coefficient in contrast to the 1/T
temperature dependence characteristic for perma-
nent dipole polarization. As the two helices of a DNA
point in opposite direction, there is no net dipole
moment of the molecule. However, DNA bears a net
negative charge in neutral aqueous solution and is
surrounded by an ionic environment. In the presence
of an externally applied field, these counterions move
and give rise to an induced dipole. This induced
dipole could be responsible for the dielectric incre-
ment observed in DNA solution.310-328

Takashima and co-workers311 studied the dielectric
relaxation of DNA samples and identified two disper-
sions, one between 1 MHz and 1 GHz and the second
one above 1 GHz. It is observed that the relaxation
of unbound water is only slightly affected at low DNA
concentration. Several monovalent and divalent ions
were shown to have a noticeable effect on the
dielectric increment via counterion fluctuation while
the large tetramethylammonium bromide ion has
been reported to have negligible influence.311a

Takashima311a considered DNA as a one-dimensional
array of potential wells that represents the charged
sites and neglected the electrostatic interaction be-

Table 2. Low-Frequency Dielectric Relaxation Times
for Water Associated with Amino Acids and Their
Derivativesa

solute
relaxation time and
dielectric increment

glycine54 49 psb

glycine301 62 ps (24.3 ( 1.2)
glycine241 (22.6)
diglycine301 156 ps (76.8 ( 3.8)b

diglycine241 (70.6)
triglycine54 200+ psb

triglycine301 228 ps (126.8 ( 6.3)
triglycine241 (113.3)
tetraglycine241 (159.2)
pentaglycine241 (214.5)
hexaglycine241 (234.2)
heptaglycine241 (290.0)
lysylglutamic acid241 (345.0)
R-alanine301 88 ps (26.3 ( 1.3)b

R-alanine54 92 psb

â-alanine301 88 ps (34.6 ( 1.7)b

â-alanine54 87 psb

glycylalanine301 156 ps (79.9( 3.9)b

glycylalanine54 170 psb

a The increment of the dielectric constant per mole of the
solute is given within parentheses.241 For details, we refer to
the original literature. b Data at 20 °C.

Table 3. Dielectric Relaxation Times of DNA Samplesa

DNA
time constant and

dielectric increment

calf thymus313 18 ms (4800)b

2.3 ms (600)b

E. coli313 1.6 ms (220)c

calf thymus315 42 ms (830)d

salmon testis315 2.6 ms (320)e

sodium salt of salmon DNAs317 170 ms (240)f

a The dielectric increments are given in parentheses in the
second column. For details, we refer to the original literature.
b Sample 1 in ref 313. c Sample 5 in ref 313. d Sample AE in
ref 315. e Sample B in ref 315. f Temperature is 22.5 °C in ref
317.
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tween the counterions. This model is similar to the
surface conductivity theories of O’Konski, Schwarz,
Schwan, and Mandel.247-249,312

Hanss and Bernengo suggested that the dielectric
relaxation of DNA at very low frequencies (1-100 Hz)
is due to the orientational polarization of the perma-
nent dipoles or the quasi-permanent dipoles due to
the counterion fluctuation.313 Sakamoto et al. re-
ported similar results.314-316 They found that protein
contamination has little effect on the measured
dielectric properties. Goswami and Dasgupta studied
the temperature dependence of the dielectric relax-
ation of DNA samples.317 They found that, with rise
in temperature, the dielectric increment in the fre-
quency range of 100 Hz-100 kHz increases while the
relaxation time decreases. This observation goes
against the counterion polarization theory.317 The
dipole moment of DNA has been estimated from
Kirkwood theory and is found to be fairly large even
at 0 °C. Mandel and co-workers318 detected two
dielectric dispersions for calf thymus DNA, one in a
few kilohertz and the other in the 100 MHz region
the amplitude of later decreases with concentration.
The role of counterions in the dielectric dispersion
of DNA samples is also emphasized in other stud-
ies.319 Bone and Small suggested that the counterion
fluctuation along the subunits of DNA chain contrib-
utes to the relaxation.320,321

Mashimo and co-workers322 studied the dielectric
spectroscopy of A-, B-, and Z-DNA samples and
assigned the peaks at around 100 MHz to bound
water and suggested that the structural transition
from B- to Z-DNA is caused by the removal of bound
water molecules preferentially from the phosphate
groups. They proposed that the B-DNA to A-DNA
transition takes place if the water molecules are
removed to equal extent from phosphate groups as
well as the grooves. The minimum number of water
molecules necessary to maintain the structure of
B-DNA is found to be 19 per nucleotide while 13
water molecules are bound to the A-form and 9
molecules to the Z-form. Several groups suggested the
possibility of resonance absorptions by DNA in the
GHz range and discussed its biological impli-
cations.52,323-326

The complex dielectric constants of arginine and
protamine from herring sperm (clupeine) and their
complexes with herring sperm DNA are measured at
10 GHz in the temperature range of -20 to 45 °C by
a microwave cavity perturbation method.327 The
experimental results were analyzed in terms of the
three components present in the system (solute
molecules, interfacial water, and bulk water). The
fractional volume of modified water and, hence, the
specific hydration of the samples are calculated. The
4-fold reduction of the specific hydration for the
clupeine molecule as compared to the free monomers
has been attributed to the folded conformation of the
protein in the solution.327 It is suggested that, be-
cause of the intimate contact between the clupeine
and DNA, the water molecules are excluded and the
nucleoprotamines remain in a highly condensed form
as they exist in vivo.

Recently Baker-Jarvis et al.328 reviewed the dielec-
tric properties of solvated DNA molecules and the
theoretical models available so far and studied the
dielectric relaxation of double- and single-stranded
DNA from herring sperm in protamine solution. The
low-frequency relaxation is found to be consistent
with the counterion sheath relaxation models while
the relaxation at MHz frequency region is explained
in terms of the site-bound counterion models.

Yang et al. carried out 1.155-ns molecular dynam-
ics simulation of a triple-helical DNA, d(CG‚G)7, with
37 Na+, 16 Cl-1, and 837 water molecules with
periodic boundary condition at 300 K.329 The dielec-
tric constant of DNA is found to be around 16,
whereas that for the bases and sugars combined is
only 3. The dielectric constant of water is underes-
timated to be 41. The decrement of the water
dielectric constant is ascribed to the strong hindrance
imposed on water molecules by the presence of DNA
and ions. The mean square deviation of the dipole
moment of each species and their cross correlations
are presented. The cross terms are found to be always
much smaller than the larger of the self-terms of the
two species under consideration. The dipole relax-
ation time of water in the triplex system is found to
be 9.7 ps. It is suggested that the presence of DNA
and ions makes the water relaxation slower as
compared to the bulk value.

Young et al. performed a 14-ns molecular dynamics
simulation for ionic solutions of B-DNA.330 The
overall dielectric profile around DNA is observed to
be a steep sigmoidal function that goes to the bulk
value beyond 5 Å. The relative permittivities in the
first shell decrease as phosphate backbone > major
groove > minor groove. It is suggested that the
decrement may be caused by the opposing influence
of the solute and solvent molecules on any given
reference water molecules.330 This study raises the
important question about the validity of the dielectric
constant estimated from the finite length simulations
and the use of spheres of finite radii carved out in
solvent. This question pertains to the simulation
studies on dielectric relaxation of protein solutions
or other biomolecules also as discussed in subsection
IV.A.4.

D. Dielectric Relaxation of Micelle, Reverse
Micelle, and Microemulsion

Telgmann and Kaatze studied the structure and
dynamics of micelles using ultrasonic absorption in
the 100 kHz-2 GHz frequency range.155 They de-
tected several relaxation times in the long (µs),
intermediate (10 ns), and fast (0.1-0.3 ns) time scale.
The longest relaxation time is attributed to the
exchange of monomer between bulk and micelles
while the fastest is to the rotation of the alkyl chains
of the surfactants in the core of the micelle. The
intermediate relaxation time has not been assigned
to any particular motion. We discuss later that the
intermediate relaxation times in the 10-ns time scale
may well be due to the solvent relaxation in the Stern
layer.

Recent dielectric relaxation studies of bound water
in reverse micelles provide information on the mobil-
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ity of the water molecules in the nanometer-sized
pools.181-183 THz spectroscopic studies in the fre-
quency range of 0.2-2 THz show that the amplitude
of the dielectric relaxation in the water pool is
substantially smaller than that in bulk water.181 It
is suggested that confinement, rather than local
structure of the hydrogen bonded network, is respon-
sible for the suppression of the relaxation amplitude
and that, within the water pool, the “free” water is
not structurally equivalent to the bulk water.181 They
observed weak high-frequency mode and ascribed it
to the disrupted hydrogen bond network structure.
The time constants and the corresponding weight of
relaxation for a few microemulsions are given in
Table 4. Note that the weights are not normalized.

D’Angelo et al.182 studied dielectric relaxation of
AOT-water-carbon tetrachloride (CCl4) microemul-
sion in the 0.02-3 GHz frequency range as a function
of the water to AOT molar ratio (0.2 < W0 < 10). They
detected a single relaxation time (about 7 ns at the
lowest water content, W0 ) 0.2) that becomes shorter
with an increase in W0. It is proposed that the
relaxation time represents the reorientational time
of the micelle itself. The polar headgroups progres-
sively become more hydrated with increasing W0 and
their mobilities gradually increase. The relaxation at
the highest W0 value is interpreted in terms of the
rotational relaxation of the completely hydrated AOT
ion pairs at the headgroup region.182 In a subsequent
study, D’Angelo et al.183 extended the frequency range
up to 20 GHz and used n-heptane as well as CCl4 as
a solvent and concluded that the relaxation at low
water content represents that of the dehydrated
micelle and that observed at the higher water content
arises from the motion of the hydrated headgroups.

The quaternary microemulsion containing water,
oil, SDS, and 1-butanol exhibits two relaxation
processes.184,185 The amplitude of the low-frequency
relaxation increases with increase in the water
content whereas the high-frequency process is found
to be independent of hydration. The low-frequency
relaxation shifts to the high-frequency range with an
increase in the water content and is faster than the
relaxation time of neat alcohol. Consequently, the
low-frequency relaxation is attributed to the dipolar
reorientation of water-alcohol mixture at the inter-
facial layer. The second relaxation at about 5 GHz is
independent of water content and is attributed to the

secondary relaxation of alcohol. Peyrelasse and
Boned186 studied the AOT-water-dodecane system
at W0 < 10 by time domain reflectometry and
reported an apparent increase in the asymmetry of
the micellar shape with increasing hydration.

E. Dielectric Relaxation of Lipid Vesicle
The amphiphilar assemblies such as the phospho-

lipid bilayers mimic biological membranes. The di-
electric studies of lipids and biological tissues provide
valuable information about the electrical properties
and the structure of the membranes as well as
conductance of the intercellular fluids and cyto-
plasms.52 Phospholipid vesicles show two dispersions,
called R- and â-dispersions, in the 1-100 MHz
frequency regime. The R-dispersion is ascribed to the
relaxation of ionic atmosphere surrounding the vesicle
while the â-dispersion is due to the relaxation of the
vesicles that are dielectric shells with bound water
inside.331 Significant dielectric increment over the
bulk value is observed in the low-frequency region
in such systems.

Kaatze and co-workers investigated the dielectric
relaxation of different analogues of phosphatidylcho-
line (lecithin analogues) and other phospholipids up
to the gigahertz frequency range.332-337 Two pro-
nounced dispersions are commonly observed in leci-
thin solutions. One of them is at around 0.1 GHz
while the other is above or near 10 GHz. It is pointed
out that the higher frequency dispersion is due to
solvent relaxation and that the low-frequency disper-
sion is due to the thermal orientational relaxation of
the zwitterionic dipoles.332 The relaxation time of the
bound water is indicated as being slow as compared
to pure water.333 This scenario is qualitatively similar
to that observed in the water pools of reverse mi-
celles.181

The temperature variations of the real and imagi-
nary parts of the frequency-dependent dielectric
function (ε′ and ε′′) show distinct step-like changes
at the lipid phase transition temperature. The ex-
perimental results were interpreted in terms of two
types of water: bound (adjacent to lipid molecules)
and free water. Thus, the frequency-dependent di-
electric function can be expressed as follows:

where S(ω) is the solvent contribution, L(ω) is the
lipid contribution, and the last term represents the
decrement due to conductivity. However, only lyso-
lecithin fits well to this function. A multilamellar
model seems to better fit the experimental result. The
effect of cooperative orientational motions of the
zwitterionic headgroups was also considered in sub-
sequent studies.335-337

The detailed dielectric spectrum of lecithin solution
shows the presence of three distinct relaxation re-
gions.337 The low-frequency dispersion (less than 40
MHz) is suggested to be due to ionic contributions.
Phospholipid samples show no dispersion below 20-
10 MHz, but a dispersion appears in this range when
fatty acid or its salt is added in the sample. The

Table 4. Dielectric Relaxation Times for Water
Associated with Microemulsions and Micellar
Solutionsa

microemulsion
time constant and

weight of relaxation

water/oil/SDS/1-butanol185 0.44 ns (0.48)a

0.05 ns (1.0)a

water/oil/SDS/1-butanol185 0.23 ns (2.1)b

0.02 ns (1.6)b

water/oil/SDS/1-butanol185 0.15 ns (14)c

lysolecithin338 1.54 ( 0.1 ns (21.7 ( 1.2)d

a The weights of relaxation are given in parentheses in the
second column. b A1 solution as given in ref 185; temperature
is 25 °C. c A9-B1 solution as given in ref 185; temperature is
25 °C. d C1 solution as given in ref 185; temperature is 25 °C.
e 0.4 M solution in D2 O, ref 338; temperature is 20 °C.

ε(ω) ) S(ω) + L(ω) - i2σ
ω

(4.5)

Dielectri Relaxation and Solvation Dynamics of H2O Chemical Reviews, 2000, Vol. 100, No. 6 2031



presence of a fatty acid or its salt induces the growth
of phospholipid aggregates by dissolving the phos-
pholipid. This irreversible growth of the aggregates
causes the observed dielectric increment. The inter-
mediate dispersion (20-300 MHz) is suggested to be
due to the rotational motion of the charged lipid
molecules and their counterions (zwitterionic relax-
ation). The high-frequency dispersion (6-80 GHz) is
due to bulk water dispersion. However, the relaxation
frequency of the bulk water relaxation is slightly
higher than the corresponding pure water relaxation
frequency.

The important biological process of incorporation
of gramicidin in lipid has been studied by dielectric
method.338 The pure lipid (lysolecithin) solution and
the gramicidin-incorporated lipid solution exhibit
different types of temperature-dependent dielectric
spectra. Incorporation of the gramicidin causes a
change in the hydration of the assembly, which leads
to a change in the shape of the plateau region of the
dielectric spectrum.

F. Dielectric Relaxation of Polymer and Hydrogel
Dielectric relaxation of aqueous solutions of poly-

mers are studied extensively with the aim to under-
stand the complex interaction between polymer chain
and water molecules. Kaatze and co-workers studied
relaxation in aqueous solutions of poly(ethylene
oxide) (PEO), poly(vinyl alcohol) (PVA), and polyvinyl
methyl ether (PVME).203 It is observed that the
relaxation strength (∆ε ) ε0 - ε∞) as well as the
frequency of relaxation decreases with an increase
in the polymer concentration. It is assumed that the
water molecules in the hydration layer surrounding
the polymer molecules have a different relaxation
time as compared to the bulk. Also the polar groups
of the solute molecules contribute to the relaxation
process. The relaxation time of the water of hydration
is found to be in the range of few tens of picoseconds.
It is suggested that apart from the chemical composi-
tion of the polymer the following factors influence the
relaxation of hydration water: (1) the total size of the
polymer molecule; (2) the overall shape of the poly-
mer molecule with respect to the water arrangement
around it: and (3) the flexibility of the linear polymer
chains versus the inflexibility of the tightly packed
cyclic groups.203 Time constants and the correspond-
ing weight of relaxations of several hydrogels and
polymers are given in Tables 5 and 6, respectively.

Mashimo and co-workers investigated the dynam-
ics of water in poly(ethylene glycol) (PEG) and poly-
(vinylpyrrolidone) (PVP).204,205 PVP shows two relax-

ation peaks, and PEG shows only one relaxation peak
in the 1 MHz-10 GHz frequency range. The high-
frequency peak in the PEG solution is explained to
be due to the rotational diffusion of water clusters,
and the concentration dependence of the relaxation
time is explained in terms of the free volume theory.
The peak shifts to high frequency as the polymer
concentration decreases and that extrapolated to zero
concentration coincides with that of water. This
indicates that the relaxation is due to reorientational
motion of water, which is hindered by the polymer.
The low-frequency relaxation is suggested to be due
to the water molecules bound to polymer. The single
relaxation observed in PEG is suggested to be due
to orientational motions of water clusters. The pos-
sibility of existence of a low-frequency peak due to
segmental motion is indicated in the PEG solution.
It is indicated that if the segmental motion is faster
than the bound water reorientation then only the
peak due to segmental motion can be measured. This
may cause the absence of the low-frequency bound
water peak in PEG. The segmental motion of the PVP
chain was extensively studied in a subsequent work.205

The temperature variation of dielectric relaxation of
aqueous PVME was also measured.206 The above
experimental results were analyzed by using the
theory of Roland and Ngai.339

Sato et al.207 studied dielectric relaxation of aque-
ous oligo ethylene glycol 200 and 400 (degree of
polymerization, N ) 4 and 9) in the 300 MHz-20
GHz frequency range. A single relaxation process is
observed and is found to be critically dependent on
the concentration. It is concluded that the ether
oxygen atoms are inserted into the water structure
by replacing the water oxygen atom. The solvation
of ethylene glycol does not perturb the water struc-
ture, and the hydration mechanism makes stable
structures in solution.

Dielectric relaxation studies are carried out for
polyelectrolyte solutions.208,209 Attempts are made to
characterize the conductive contribution to the high-
and low-frequency relaxation processes. However, the
role of hydration water in the relaxation process of
polyelectrolyte solutions is yet to be investigated in
detail.

Polymer hydrogels exhibit very slow dielectric
relaxation (in the millisecond time scale). Dielectric

Table 5. Dielectric Relaxation for Water Associated
with Hydrogelsa

solute
relaxation time and
dielectric increment

TSK gel SP-2SW213 2.97 ns (5.50)b

0.06 ns (0.77)b

TSK gel G-2000SW213 1.44 ns (0.32)c

0.05 ns (0.55)c

a The dielectric increments are given in parentheses in the
second column. For details, we refer to the original literature.
b Data at 23 °C. c Data at 22 °C.

Table 6. Dielectric Relaxation Times for Water
Associated with Polymersa

polymer
time constant and

weight of relaxation

PEG201 32.36 ps (48.61)b

PVP205 56.23 ns (37.64)c

24 ps (39.39)c

PVP260 25.26 ns (28.6 ( 0.5)d

18.09 ps(50.0 ( 0.3)d

PVME206 2.51 ns (6.6)c

35.48 ps (28.2)c

Na polyacrylate208 1.2 ( 0.2 µs (13.9 ( 0.5)e

41 ( 2 ns (7.4 ( 1.1)e

0.28 ( 0.05 ns (0.58 ( 0.02)e

a The relative weights of relaxation are given in parentheses
in the second column. b 50.69% solution; temperature is 25 °C.
c 50% solution; temperature is 25 °C. d 3 M solution; temper-
ature is 25 °C. e pH is 7.12, and temperature is 24 °C.
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relaxation measurement in lecithin/isooctane/water
gel shows a single low-frequency dispersion with high
dielectric increment.210 The entangled micelles form
a cage in the hydrogel, and the water molecules
within the micelle are dynamically frozen. The water
molecules diffuse when the lecithin molecule reori-
ents and breaks the hydrogen bonds. The gel becomes
more swollen with an increase in temperature, and
the width of the distribution of relaxation times tends
to increase. This indicates that the faster diffusive
motion of water within the micelle influences the
slower lecithin dipole reorientation. Hill et al.211,212

studied the large dielectric increment observed in the
very low-frequency region (10-3-104 Hz) of the
dielectric spectra of heterogeneous gels. The relax-
ation is interpreted in terms of the electrode interface
effect combined with slow micellar motions present
in such systems.211,212 The higher frequency disper-
sion was found to be dominated by aqueous dynam-
ics. Partially hydrated silica gels are studied by time
domain reflectometry, and two relaxation time con-
stants of 1.5 ns and 50-100 ps are observed.213 The
former is ascribed to the rigidly bound water while
the faster time constant is ascribed to the secondary
hydration layer.213

G. Dielectric Properties of Liquid/Liquid Interface

In recent years there has been a growing interest
in investigating the static dielectric properties of
liquid/liquid interfaces by different experimental
techniques as well as by simulation.29,342-346 Visible
attenuated total internal reflectance spectroscopy
(ATR) has been employed to study the polarity of
various oil water interfaces.344 The effective interfa-
cial dielectric constants for the n-alkane/water and
the n-alkane/aqueous micelle (SDS, CTAB) interfaces
are found to be as small as 8 whereas those for
different micellar and water/oil microemulsions are
found to be higher, e.g., the water/oil interface in
AOT/hexane/water microemulsion has effective in-
terfacial dielectric constant of 47.

Recently, Eisenthal et al.345 employed second har-
monic generation spectroscopy to estimate the polar-
ity of various interfaces such as air/water, 1,2-
dichloroethane/water, and chlorobenzene/water
interfaces. They found that the polarity of the inter-
face is equal to the arithmetic average of the polarity
of the adjoining bulk phases. The authors suggested
that this simple result points to the importance of
the long-range nature of the solute solvent interac-
tion at the interface rather than the local interaction
at the interface (first shell solute solvent interaction).
No first principle theory of this interesting problem
is yet available.

Benjamin reviewed the structure, dynamics, and
electrical properties of liquid/liquid interfaces as well
as the solvation and reactions there.29 He pointed out
that a steep change in polarity can occur at the liquid/
liquid interface where, within a narrow range, the
polarity must change from that of one phase to the
other. The orientation of the molecules at the inter-
face also contributes to the modified polarity. In the
absence of direct experimental or theoretical knowl-

edge about the dielectric profile, at an interface
usually two types of models are adopted. The first
model assumes that the two bulk dielectrics are
separated by a sharp interface where the dielectric
function is discontinuous. The second model assumes
that the interface region is a separate homogeneous
phase with a dielectric constant that has some
intermediate value between those of the two bulk
liquids. It is also pointed out that the effective pair
potential description, which is suitable to describe the
individual bulk properties of the two immiscible
liquids, may fail to describe their common interfacial
properties and care must be taken to use these
effective potentials in molecular dynamics simula-
tions. The importance of the proper inclusion of the
many body effects has also been emphasized by
Benjamin.

Benjamin also carried out a molecular dynamics
study of the solvent dynamical response to the
charge-transfer reaction at the interface between a
model diatomic polar and nonpolar solvents. The
response of the solvent to the charge-transfer reaction
at the interface is found to be slow as compared to
that in the bulk.342 The large structural change of
the surface dipoles needed for the solvation of the
newly created ion pair is suggested to be responsible
for the observed interfacial effects on the solvent
relaxation. This is clearly a feature not present in
any of the pure bulk phases. Michael and Benjamin
showed that the solvent dynamical response at the
water/octanol interface was different as compared to
those of the two bulk solvents.343

The main obstacle for developing a molecular
theory for the interfaces is the difficulty of calculating
the pair correlation function in an inhomogeneous
medium. As an alternative, one can use continuum
models where the detailed dielectric information is
provided as an input. The molecular dynamics simu-
lations of Benjamin of solvation in a liquid/vapor
interface showed that static continuum models can
predict qualitative features of the energetics of
adsorption at such interfaces.346 The choice of the
distance-dependent dielectric function, εint(r), of the
interfacial region is not easy. In the absence of any
microscopic information about the distance depen-
dence of the dielectric function, different smoothly
varying functions can be used to mimic the gradual
change of dielectric function from one phase to the
other.351 Recent simulation study indicates that the
distance-dependent dielectric function of the solvent
in the vicinity of a DNA molecule can be described
by a sigmoidal function.330 Such sigmoidal functions
have been used earlier to represent the distance-
dependent dielectric properties of proteins and helical
peptides.6,352,355

V. Solvation Dynamics in Biomolecules and
Organized Assemblies

In this section, we review how the photodynamics
of solvents are affected near or inside biological
macromolecules and organized assemblies and what
information about the biomolecules and organized
assemblies can be inferred from the solvation dy-
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namics studies. It should be noted that, because of
molecular diffusion, a probe molecule undergoes an
excursion over a region of radius of a few nanometers
within its excited state lifetime of several nanosec-
onds. Thus, a fluorescent probe actually reports the
property of a microenvironment with a radius of a
few nanometers.340,341 For a homogeneous fluid, the
slight uncertainty about the position of the fluoro-
phore does not cause any serious problem. However,
since an organized medium is a few nanometers in
size, it is necessary to ensure that the fluorescent
probe resides within the microenvironment under
study. Fortunately, the position of the maximum, the
intensity, and the temporal decay of the emission
often change drastically on incorporation in a com-
plex biomolecular system and, thus, exhibit an un-
mistakable signature that the probe is really confined
in the organized medium.

Among all the solvents, the study of relaxation
properties of water in organized media is of special
importance because the water molecules present in
the confined environments control the structure,
dynamics, and reactivity of biological systems. The
results of the dielectric relaxation experiments, dis-
cussed in section IV, suggest that the water molecules
present in biological environments are substantially
slower as compared to ordinary water. We show now
that the solvation dynamics studies indicate similar
trends and reveal many other finer details. As
mentioned before, in many biologically relevant
systems the probe molecule is located in an interface
that separates two immiscible liquids of different
polarity. Thus, solvation dynamics at the liquid/liquid
interface is of considerable current interest. This is
the subject of the first subsection. In the following
subsections, we discuss the solvation dynamics in
proteins, DNA, cyclodextrin, micelles, microemul-
sions, and other complex systems.

A. Solvation Dynamics at Water/Biomolecule
Interfaces

Electron and proton transfer reactions in biological
systems often involve solvation of charged species at
an interface. The properties of water in the interfacial
region are drastically modified due to local hetero-
geneity. Eisenthal et al.347 studied excited-state sol-
vation dynamics of coumarin 314 dye at the air/water
interface using femtosecond time-resolved second
harmonic generation (TRSHG) spectroscopy. The
solvation time at the air/water interface has been
found to be 790 ( 30 fs. The time scale is close to
that observed for the later part of solvation in the
bulk water solvation dynamics and may be due to the
fact that at the air/water interface the solvation
dynamics is solely due to the water and air does not
participate in the solvation dynamics. It has been
suggested that the progress of solvation at the liquid/
liquid interface could exhibit more complex dynamics.
Unlike bulk water, no ultrafast, intertial component
was observed at the air/water interface, which may
be due to the inadequate time resolution used in the
experiment.

Eisenthal et al.345 pointed out that for many liquid/
liquid interfaces, the polarity of the interface is the

arithmetic mean of the individual bulk liquids. It is
not clear what effects such a rule may have on the
dynamical processes at the interface. More experi-
mental and theoretical studies are required to un-
derstand the issue fully.

B. Solvation Dynamics in Protein

One of the longstanding goals of biology is to
unravel the dynamics in complex biomolecules such
as proteins and DNA.377-383 The dynamics is enor-
mously complex for several reasons. The systems are
often spatially inhomogeneous, and there are many
correlated motions of the different species of the
multicomponent system. As mentioned before, in a
pure liquid the position of the probe is unimportant
due to the isotropic nature of the solvent, which is
not the case for proteins and their solutions. Note
that in an aqueous protein solution the probe can be
located in different regions, depending on the probe-
chromophor interactions. It can remain at the protein/
water interface, completely buried within the protein
matrix, or in the bulk solvent away from any protein
molecule. In each case, the probe is surrounded by
an inhomogeneous dielectric environment.

Several groups reported that the solvation dynam-
ics of protein bound fluorophores is significantly
slower as compared to bulk water. Pierce and Boxer379

and Bashkin et al.380 reported that the solvation
dynamics in the protein environments is nonexpo-
nential with a long component with a time constant
of 10 ns. It is interesting to note that this time scale
is very close to the nanosecond component of dielec-
tric relaxation observed earlier for the aqueous
protein solutions.50,260,295,296 More recently, Joo et
al.381a and Beck et al.382,383 used two third-order
spectroscopic methods, namely, the three-photon echo
shift (3PEPS) measurement and transient-grating
(TG) spectroscopy, to study the early events of
solvation dynamics in proteins as well as in homo-
geneous solutions and polymer matrixes. The 3PEPS
technique permits separation of the inertial solvation
response from the typically faster part of the dynamic
Stokes shift, which involves the displacement of the
intra-chromophoric vibrational modes. The 3PEPS
results indicate the presence of an inertial solvation
component that arises from the protein-matrix sur-
roundings of an embedded probe molecule.381-383 The
TG signal appears to be more sensitive to the slower
dynamical response as compared to 3PEPS.381-383 The
time constants characterizing the photodynamics in
various proteins are listed in Table 7. In addition,
Fleming et al.381b have very recently reported a
nonlinear spectroscopic study of solvation dynamics
in aqueous protein solution (eosin in lysozyme). They
observed an ultrafast component of the same type as
observed in pure water. However, they also observed
a very slow component with a decay time about 530
ps that contributed about 8.

A multishell continuum model348,351 can be used to
analyze the solvation dynamics when the probe is
deeply buried within the protein core. It is assumed
that the protein matrix consists of two concentric
shells: a spherical protein core surrounded by the
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surface region, which contains the side chains of the
proteins. Each shell is characterized by a homoge-
neous dielectric function. Poisson’s equation and the
usual boundary conditions at each discrete shell
boundary are employed to calculate the static reac-
tion potential. The time scale of the relaxation of the
protein residues can be obtained from the molecular
dynamics simulations.36,377 While the relaxation pro-
cess of the core residues mostly involves the rigid
body motions because they are highly constrained,
the residues at the surface of protein matrix have
more flexibility.36,377 The dielectric behavior of the
hydration shell of the protein is bimodal (section
IV.A.1). The last shell is the solvent water that
contains protein molecules whose dielectric behavior
is given by the dielectric function of an aqueous
protein solution (discussed in section IV.A). The
results indicate that the solvation dynamics in the
protein matrix is markedly slower than that in the
bulk water and the decay of the solvation time
correlation function is nonexponential in nature.348

It is suggested that the slow component could arise
because the probe within the matrix is sensitive to
the slow, diffusive dynamics present within the
protein core as well as the slow relaxation processes
present in the hydration shell and the solvent region
surrounding the protein.

When the probe is deeply buried within the protein
matrix, then the solvation dynamics results provide
information about the dynamics of the matrix. As
mentioned before, different ultrafast techniques are
applied to study the protein matrix solvation dynam-
ics. Two relaxation processes are observed. The fast
femtosecond component is ascribed to the inertial
response of the protein matrix, whereas the slower
picosecond component arises from the diffusive re-
sponse from the matrix.382-383 It may be recalled that
the simulation studies of Warshel et al.374 indicate
femtosecond dynamics in the interior of the proteins.
Bright and co-workers pointed out that the environ-
ment surrounding the probe is responsible for most
of the time-dependent response observed in BSA.384

C. Solvation Dynamics in DNA

The static and dynamic properties of DNA have
been studied by the temperature-dependent Stokes
shift of an intercalated dye, acridine orange,385 and
by molecular dynamic simulation.386 A large part of
the Stokes shift of the intercalated dye in DNA is
found to be frozen out at low temperature, as in the
solution.385 Thus, the interior of DNA is found to have
the diffusive and viscous dynamic characteristics of
a fluid rather than the purely vibrational character-
istics of a crystal. The results suggest that the probe
dye molecule senses the movement of DNA and at
high viscosity, the DNA motion is limited by the
solvent motion.385

D. Solvation Dynamics in Cyclodextrin

Vajda et al.387 first studied solvation dynamics of
two laser dyes, coumarin 480 (C480) and coumarin
460 (C460) in γ-cyclodextrin (γ-CD) cavity using time-
dependent Stokes shift (TDSS). The marked blue
shift of the emission spectra and the increase in
fluorescence lifetimes of the two probes on addition
of γ-CD to their aqueous solutions indicate that the
probes are located inside the γ-CD cavity.388,389 The
initial component of solvation in γ-CD is found to be
similar to that in bulk water.387 However, at longer
times the solvent response in γ-CD is at least 3 orders
of magnitude slower compared to bulk water. In
γ-CD, the slow relaxation reveals three components
of 13, 109, and 1200 ps for C480. Molecular dynamics
simulations indicate that in the γ-CD cavity there
are 13 water molecules for C480/γ-CD complexes and
16 in the case of C460. These numbers resemble the
number of water molecules present in the first
solvent shell of the dye molecules in the aqueous
solutions. If the first solvent shell dominates the
response at short times, the response at short times
for the C480/γ-CD complexes should have been dif-
ferent from that of the C460/γ-CD complex due to the
presence of fewer water molecules for the former.
However, since the initial Gaussian component is the
same for the two dye molecules in γ-CD, it seems that
it is incorrect to assume that the first solvent shell
dominates the solvent response.387

The multishell continuum model (MSCM) dis-
cussed in the subsection V.B has been used to study
solvation dynamics in cyclodextrin.390 The geometry
of the solvent region is represented by two concentric
shells: an aqueous region enclosed by the cyclodex-
trin cavity and the bulk water. Nandi and Bagchi
further presented a molecular theory of solvation
dynamics in cyclodextrin based on molecular hydro-
dynamic theory (MHT).390 In the MHT formulation,
the major static and dynamic ingredients necessary
to obtain the time-dependent polarization are usually
described in the wavevector space (kB space)69,100

where the description of the heterogeneous γ-cyclo-
dextrin/water system is difficult. However, this non-
trivial problem can be avoided if the contributions of
the different wavevector modes (small to intermedi-
ate to large) to the dynamics of ion solvation are
explicitly analyzed. At small distances from the
probe, which corresponds approximately to the in-

Table 7. Time Constants Characterizing the
Photodynamics in Protein Solutionsa

system and probe
time constant and

weight of relaxation

C-phycocyanin382 <100 fs (0.9)b

(phycocyanobilin) >10 ps (0.1)c

C-phycocyanin383 17 ( 7.8 fs (6.7 ( 0.91)d

(phycocyanobilin) 97 ( 27 fs (3.0 ( 0.44)b

5.5 ( 4.6 ps (2.8 ( 0.19)c

(0.91 ( 0.18)e

allophycocyanin383 16 ( 4.8 fs (6.3 ( 0.95)d

(phycocyanobilin) 56 ( 34 fs (1.7 ( 0.63)f

81 ( 32 fs (2.6 ( 0.33)b

220 ( 81 fs (2.4 ( 0.22)f

>10 ps (0.70 ( 0.19)c,e

a The probe is indicated in parentheses in the first column.
The relative weights of relaxations are given in parentheses
in the second column. Note that these time constants have
different dynamical origin in many cases, and we refer to the
original literature for details. b Assigned to the inertial re-
sponse of the protein matrix. c Assigned to the diffusive
response of the protein matrix. d Assigned to intrachromophore
vibrational modes. e Assigned to long-lived inhomogeneity.
f Assigned to interexciton state radiationless decay.
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termediate wavevectors, the orientational relaxation
is relatively slow, and so in that region only the
translational contribution can be significant. Within
the cyclodextrin cavity, the solvent molecules are
likely to lose their translational degrees of freedom
and can relax only by orientational motions. Thus,
in this region, the translational modes have negligible
contribution. On the other hand, for small wavevec-
tors (kB f 0 limit), the orientational relaxation is fast,
and thus the translational contribution is always
unimportant. In summary, within the γ-cyclodextrin/
water system, the translational contribution might
be negligible for the whole heterogeneous system, and
the polarization relaxation should be controlled only
by the orientational mechanism. The solvation time
correlation function calculated from both MSCM and
MHT theory are in good agreement with the experi-
mental result387 as shown in Figure 13.

The agreement between the theory and the experi-
ment at an ultrashort time scale is due to inclusion
of the intermolecular vibrational mode in the dielec-
tric scheme. The theory also suggests that the slower
long time decay may partly be due to the freezing of
the solvent translational modes. Comparison of the
results of the MSCM and MHT calculations shows
that the molecular approach give somewhat better
agreement. MSCM does not reproduce the experi-
mental results very well. This might be due to the
absence of a good dielectric function at different
solvent zones. On the other hand, there is a sharp
break in the solvation time correlation function
predcited by MHT that is absent in the experimental
result. This could be a limitation of the frequency-
dependent dielectric function used in MHT or a
fundamental defect of the theoretical approach.

E. Solvation Dynamics in Reverse Micelle and
Microemuslion

As noted in section III.F, the surfactant-coated
water droplets in water-in-oil microemulsions provide
an elegant model for water molecules in confined
environments. For a microemulsion, the emission
spectrum of the probe changes markedly when it is
transferred from bulk hydrocarbon to the water pool.
For example, the absorption maxima of coumarin 480
(C480) in n-heptane and water are at 360 and 395
nm, respectively while the emission maxima are at
410 and 490 nm, respectively.391 On addition of AOT
and subsequently water to a n-heptane solution of
C-480, a very prominent shoulder appears at 480
nm.392 The 480-nm band is assigned to the C480
molecules in the water pool of the microemulsion
since the position and excitation peak (at 390 nm) of
this band are very different from those of the C480
molecules in bulk n-heptane. The position of the 480-
nm band indicates that the polarity of the water pool
resembles that of alcohol.392 Sarkar et al. studied the
solvation dynamics of C480 in AOT/n-heptane/water
microemulsions.392 They observed a distinct rise time
in the range of nanoseconds at the red end of the
emission spectra. This indicates nanosecond solvation
dynamics in the microemulsions. They observed that
in a small water pool (W0 ) 4, rw ) 8 Å) the solvation
time is 8 ns while for a very large water pool (W0 )
32, rw ) 64 Å) the response is bimodal with a fast
component of 1.7 ns and a slower component of 12
ns. Bright et al. studied the solvation dynamics of
acrylodan-labeled human serum albumin in AOT
microemulsion by phase fluorimetry.393 They reported
that the solvation time is about 8 ns for a small water
pool (W0 ) 2) and 2 ns for a large water pool (W0 )
8). For 4-aminophthalimide (4-AP), in a large water
pool, the solvation dynamics is biexponential with an
average solvation time of 1.9 ns.394 In AOT micro-
emulsions, the solvation time of 4-AP increases from
1.9 ns in H2O to 2.3 ns in D2O, which displays a 20%
deuterium isotope effect. The appearance of a nearly
2-ns component in the large water pools indicates
that even in the large water pools of the microemul-
sions the water molecules are about 6000 times
slower as compared to bulk water.

A semiquantitative explanation of the 2-ns com-
ponent may be as follows. The static polarity or the
dielectric constant of the water pool of the AOT
microemulsions can be obtained from the position of
the emission maximum of the probes (C480 and
4-AP).392-394 For both probes, the water pool re-
sembles an alcohol-like environment with an effective
dielectric constant of 30-40. If one makes a reason-
able assumption that the infinite frequency dielectric
constant of water in the water pool of the microemul-
sions is same as that of ordinary water, then using
the experimentally determined dielectric relaxation
time of the microemulsion of about 10 ns,182,183 the
solvent relaxation time should be about 1.67 ns,
which is close to the observed solvation time in AOT
microemulsions.

One might argue that the nanosecond dynamics
observed in the water pool is not due to the slower
water molecules but is because of the solvation by

Figure 13. Solvation time correlation function for the
solvation of coumarin 480 dye in the water enclosed within
the cavity of γ-cyclodextrin cavity as obtained from the
experiment of Vajda et al.387 (indicated by the lines with
solid squares). The theoretical results for the solvation of
an ionic solute of the same size of coumarin 480 dye in the
water enclosed within the cavity of γ-cyclodextrin as
obtained from the MHT and MSCM are also shown in the
same figure by solid line and line with x, respectively.
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the Na+ counterions present in the water pool for the
AOT microemulsions. Nanosecond solvation dynam-
ics due to ions, in solutions as well as molten salts,
is well documented in the literature.395-397 Mandal
et al.398 studied the solvation dynamics of 4-AP in a
microemulsion containing neutral surfactant Triton
X-100 where no ions are present in the water pool.
The Triton X-100 microemulsion also exhibits nano-
second solvation dynamics, which suggests that the
ionic solvation dynamics has little or no role in the
solvation dynamics observed in the water pool.

Levinger et al. studied the solvation dynamics of a
charged dye coumarin 343 (C343) in lecithin and AOT
microemulsions using femtosecond upconversion.399-402

For lecthin microemulsions,399 the solvent relaxation
displays a very long component that does not become
complete within 477 ps. This observation is similar
to the nanosecond dynamics reported by Bright et al.
and Sarkar et al. For C343 in AOT, Levinger et al.
observed that the decay characteristics of the emis-
sion intensity at different wavelengths display con-
siderable differences for sodium and ammonium
counterions.400 They however did not present a
complete analysis of this result in terms of dynamic
Stokes shift and the decay of the solvent response
function C(t). For Na-AOT, the solvation dynamics
reported by Levinger et al.401 for the charged probe
C343 is faster than that reported by Bright et al. and
Sarkar et al.392 It is obvious that due to its inherent
negative charge, AOT repels the negatively charged
C343 probe from its vicinity. Thus, the C343 anion
is expected to reside in the central region of the water
pool. Neutral probes such as C480 and 4-AP may stay
both in the central region of the pool as well as in
the peripheral region close to the AOT molecules. The
discrepancy in the results in the case of AOT micro-
emulsions, reported by Levinger et al.401 and those
of Sarkar et al.392 and Bright et al.,393 however, is
too large to be explained in terms of different loca-
tions of the probes and merits further careful inves-
tigation.

Marzola and Gratton403 studied the solvation dy-
namics of different proteins such as lysozyme, human
serum albumin, and liver alcohol dehydrogenase in
the water pool of AOT in isooctane by exciting the
tryptophanyl residues of the proteins using frequency
domain fluorescence techniques. It is observed that
the correlation time of the overall rotation and the
internal motion of the proteins are different in the
water pool as compared to those in the bulk water.
It is found that when the water content of the pool
is increased, the width and the center of the lifetime
distribution increases, indicating a faster intercon-
version rate between the substrates. In all the cases,
the relaxation is fitted to a multiple exponential
decay with time constants in the nanosecond to
subnanosecond time scale. The anisotropy decay
indicates that the longer correlation time is related
to the tumbling of the whole protein and that shorter
correlation time corresponds to that of tryptophan
residue with respect to the protein molecule. The
rotational relaxation time of the proteins are found
to become faster with an increase in the water
content of the pool.

The MCM model has been used to study solvation
dynamics in the water pool of the reverse micelle.404

The solvation dynamics in both low water content
and high water content of the pool are studied by the
use of the appropriate frequency-dependent dielectric
function of the water pool for each cases. At the low
water content state, most of the water molecules are
hydrogen bonded to the headgroups of the surfactant
molecules and are rigidly bound. The corresponding
relaxation time of the water molecules in the pool is
expected to be slower. When the water content (W0)
is high, the water molecules in the central region of
the pool are away from the headgroup region and
exhibit faster dynamics as compared to the water
molecules at the peripheral region of the pool. The
theoretical results show that in the low water content
state the solvation time correlation function should
decay at a slower rate as compared to the bulk water.
At high W0, the decay of the solvation time correlation
function is faster as compared to the low water
content state but still slower as compared to the bulk
water relaxation. The relatively faster dynamics in
the high water content can be ascribed to the faster
dynamics of the water molecules in the central region
of the pool. These results are in reasonable agree-
ment with the available experimental results as
shown in Figure 14.404 In the calculations reported
in Figure 14, it has been assumed that, for the low
water content case (W0 ) 4), dielectric relaxation
consists of two Debye terms with time constants
equal to the experimentally observed values of 10 ns
and 10 ps, respectively. With the former carrying 90,
this strength parameter is not fully available from
experiments, and this should be considered only as

Figure 14. Solvation time correlation function for the
solvation of coumarin 480 dye in the water pool of reverse
micelle AOT/n-heptane at water contents W0 ) 4 and 32
as obtained from the experiment of Sarkar et al.392 (indi-
cated by the lines with + for W0 ) 4 and with x for W0 )
32, respectively). The theoretical results for the solvation
of an ionic solute of the same size of coumarin 480 dye in
the water pool of AOT/n- heptane reverse micelle as
obtained from the MSCM404 are shown in the same figure
for W0 ) 4 by the solid line and for W0 ) 32 by line with
empty squares, respectively.
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a fit parameter. However, given the low water
content, this estimate seems reasonable. For the high
water content case (W0 ) 32), the water is divided
into two shells. The first shell starts from the center
and extends to one layer from the surface. This layer
contains the same dielectric relaxation properties as
in bulk water. The second shell again has the two
time constants with values of 5.5 ns and 10 ps, with
the former carrying most of the strength. The time
constant of the slow time has been used to obtain the
best agreement with the experimental results.

Most recently, several groups studied solvation
dynamics of nonaqueous solvents, such as forma-
mide,402 acetonitrile,405 and methanol405 in AOT mi-
croemulsions. Using a picosecond setup, Shirota and
Horie405 demonstrated that in the AOT microemul-
sions the solvation dynamics of acetonitrile and
methanol are nonexponential and 1000 times slower
as compared to those in the pure solvents. They
attributed the nonexponential decay to the inherent
inhomogeneous nature of the solvent pools. Evi-
dently, the static polarity and relaxation properties
of the entrapped polar solvents vary quite strongly
as a function of the distance from the ionic headgroup
of the AOT surfactants. As noted earlier within its
nanosecond excited lifetime, the probe passes through
different layers of solvents of different relaxation
properties within the pool. This quite reasonably may
give rise to a nonexponential decay.

F. Solvation Dynamics in Micelle
In the case of the micelles, there are three possible

locations of the probe, namely, the bulk water, the
dry micellar core, and the Stern layer. If the probe
stays in the bulk water, obviously the solvation time
will be in the subpicosecond time scale. Since the core
of the micelle resembles aliphatic hydrocarbons, the
probe is not expected to exhibit dynamic Stokes shift
in the core. However, if the probe stays in the Stern
layer, its solvation dynamics may be quite different
from that in the bulk water because the mobility of
the water molecules may be considerably constrained
in the Stern layer. Solvation dynamics in micelles has
been studied using C480 and 4-AP as probes.406,407

Emission properties of the probes in the micelles are
very different from those in water and in hydrocar-
bon.406,407 This shows that the probes reside neither
in bulk water nor in core of the micelles and, hence,
are located in the Stern layer of the micelles. Sarkar
et al.406 and Datta et al.407 studied solvation dynamics
of C480 and 4-AP, respectively, in neutral (TX-100),
cationic (CTAB), and anionic (SDS) micelles. It is
observed that for SDS, CTAB, and TX-100 the aver-
age solvation times are respectively 180, 470, and
1450 ps for C480406 and 80, 270, and 720 ps for
4-AP.407 The solvation times in micelles differ only
by a factor of 2 for the two probes. Thus, although
the solvation times do depend on the probe (whose
origin has not been analyzed in detail), this depen-
dence seems to be weak. It is readily seen that the
solvation dynamics in the Stern layer of the micelles
is 3 orders of magnitude slower than that in bulk
water, about 10 times faster than that in the water
pool of the microemulsions,406,407 and is slightly faster

than the longest component of solvation dynamics in
γ-CD.387 The main candidates causing solvation in
the Stern layer of the micelles are the polar or ionic
headgroups of the surfactants, the counterions (for
SDS and CTAB), and the water molecules. Since the
headgroups are tethered to the long alkyl chains,
their mobility is considerably restricted. The dynam-
ics of such long alkyl chains occurs in the 100-ns time
scale188 and, hence, is too slow to account for the
subnanosecond solvation dynamics observed in the
micelles. The role of ionic solvation by the counterions
also appears to be minor because of the very similar
time scale of the ionic (CTAB) and the neutral (TX-
100) micelles.

For both the probes, it is observed that the solva-
tion times are in the order TX > CTAB > SDS.
Qualitatively, the differences in the solvation times
in the three micelles may be ascribed to the differ-
ences in their structures.149 As mentioned earlier, the
thickness of the hydrated shell for TX-100 (25 Å) is
larger than that for SDS and CTAB (6-9 Å). Thus,
for SDS and CTAB, the probe remains close or
partially exposed to the bulk water while for TX it
remains well shielded from bulk water and hence
exhibits slower solvation dynamics. The SANS stud-
ies indicate that CTAB micelles are drier than SDS
micelles.149 Thus the faster solvation dynamics in
SDS as compared to CTAB may be due to the more
water-like environment in SDS. It is interesting to
note that the time scale of solvation is similar to the
intermediate range of dielectric relaxation times
reported by Telgmann and Kaatze.155

G. Solvation Dynamics in Lipid Vesicle
The state of solvation of a fluorescent probe, in the

ground state, in the unilamellar and multilamellar
vesicles is usually studied by red edge excitation
spectroscopy (REES).195 The idea behind REES is
that in such an inhomogeneous medium the probe
molecules in different regions remain in different
states of solvation and, as a result, exhibit different
absorption and emission characteristics. This is
reflected in the gradual shift in the emission maxi-
mum as the wavelength of excitation is varied. The
REES gives information on the state of solvation in
the ground state of the molecules and gives no
dynamic information on the relaxation properties
inside the vesicles. The dynamics of the surfactant
chain in the lipid bilayer is investigated using ESR.195

However, the interesting issue of the dynamics of the
water molecules inside the water pool of vesicles has
been addressed only recently.408 Datta et al. studied
C480 in sonicated unilamellar DMPC vesicles.408 The
position of the emission maximum of C480 in DMPC
vesicles is once again different from that in bulk
water and in hydrocarbon. This indicates the probe
stays in the inner water pool of the vesicle. Datta et
al. observed that the solvation dynamics of C480 in
DMPC vesicles is highly nonexponential with two
components of 0.6 (40%) and 11 ns (60%).408 This
result is very similar to the solvation dynamics of the
same probe in the large water pools of AOT micro-
emulsions.392,393 The nanosecond solvation dynamics
in lipids cannot be due to the chain dynamics of
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DMPC, which occurs in the 1000ns time scale.188

Since in the bulk water the solvation dynamics is
faster, the results reported by Datta et al.408 demon-
strate restricted motion of the water molecules in the
inner water pool of the vesicles. The time constants
of relaxation in reverse micelles and vesicles are
given in Table 8.

H. Solvation Dynamics in Polymer and Hydrogel
The bulk viscosity of most polymers and particu-

larly the semi-rigid hydrogels are very high. Thus,
at first sight one expects very slow relaxation of the
water molecules in polymer matrixes and polymer
hydrogels. Contrary to this expectation, in the ortho-
silicate409 and polyacrylamide410 hydrogels, both sol-
vation dynamics and rotational relaxation are found
to occur in <50-ps time scale. The surprisingly fast
solvation and rotational dynamics of small probe
molecules in hydrogels may be attributed to the
porous structure of the hydrogels, through which
even large biomolecules pass through easily. Datta
et al.410 demonstrated that the microenvironment of
4-AP in polyacrylamide (PAA) hydrogel is quite
heterogeneous. In the PAA hydrogel there are broadly
two kinds of environments. One of them is water-
like in which the 4-AP molecules exhibit an emission
maximum at 550 nm with a lifetime of 1.3 ns and
the other is quite aprotic in which 4-AP emits at 470
nm with a 7.2-ns lifetime. The recent steady-state
anisotropy measurements by Claudia-Marchi et al.411

for titania gels at the sol-gel transition point when
the bulk viscosity increases abruptly shows that the
emission anisotropy does not change perceptibly.
Thus the microviscosity of the gel is very low despite
the very high bulk viscosity. The NMR412 and simu-
lation413 studies indicate that the diffusion coefficient
of water molecules in polymer hydrogels is not
appreciably slower as compared to ordinary water
and is smaller at most by a factor of 2 than that in
ordinary water. Argaman and Huppert414 studied
solvation dynamics of coumarin 153 in polyethers and
found very fast solvation times ranging from 50 fs to
100 ps. The fast solvation dynamics in polymer
matrixes is consistent with the dielectric relaxation
studies,200,201 which shows that except for the highly
water-soluble polymer, polyvinyl pyrolidone, the di-
electric relaxation times of most aqueous polymer
solutions are faster than the 100-ps time scale. In
Table 2, we have summarized the solvation dynamics
of water in different environments. Examples of

experimentally obtained time constants of relaxation
in polymers and hydrogels are given in Table 9.

I. Solvation Dynamics in Liquid Crystal
It is observed that, in the nematic phase of a liquid

crystal, solvation dynamics of coumarin 503 is biex-
ponential.415 The slowest time constant decreases
from 1670 ps at 311.5 K to 230 ps at 373 K. The
solvation time is not affected by the nematic-
isotropic phase transition. Thus, it appears that the
local environment and not the long range order
controls the time-dependent Stokes shift. A theoreti-
cal model415 has been developed to explain the
experimental findings. This model takes into account
the reorientation of the probe as well as the fluctua-
tion of the local solvent polarization. Similar results
are also obtained for rhodamine 700 in the isotropic
phase of octylcyanobiphenyl.416

J. Solvation Dynamics in Zeolite and
Nanoparticle

The solvation dynamics in microporous solids has
been the subject of several recent studies. Sarkar et
al.417 showed that C480 exhibits wavelength-depend-
ent decays and time-dependent Stokes shift in a solid
host, faujasite zeolite 13X. They observed a highly
nonexponential decay with an average solvation time
of 8 ns. Interestingly the 8-ns time constant is very
close to the nanosecond solvation dynamics (4.1 ns)
observed in molten salts.395 In a faujasite zeolite there
are two mobile components: the sodium ions and the
probe dye molecule itself. Since in a faujasite zeolite
the encapsulated guest molecules hop from one cage
to another in the nanosecond time scale,240 the 8-ns
relaxation time observed in zeolite may also arise as
result of the self-motion of the probe from one cage
to another. The role of self-motion of solutes on the
solvation dynamics has been discussed recently.418

However, it is difficult to establish unequivocally
whether the nanosecond dynamics observed in zeolite
is due to ionic solvation or self-motion of the probe.

Pant and Levinger419 studied solvation dynamics
of C343 in a suspension of nanodimensional zirconia
particles of radius 2 nm in a water-acetone mixture
(95:5, v/v). They observed two subpicosecond compo-
nents similar to those in bulk but with different
amplitudes resulting in a relaxation time faster than
that in bulk solution. They also showed that the
maximum Stokes shift is 3 times smaller for the dye
molecules adsorbed on the zirconia particles as
compared to those in bulk solution.

VI. Concluding Remarks and Future Problems
The present review attempts to survey the current

status of the theoretical, experimental, and simula-

Table 8. Relaxation Times in Reverse Micelles and
Vesicles Obtained from Time-Resolved Emission
Spectroscopya

system and probe
time constant and

weight of relaxation

AOT (W0 ) 4)392 8.0 ns (1.0)
(C-480)

AOT (W0 ) 32)392 1.7 ns (0.5)
(C-480) 12.0 ns (0.5)

DMPC408 600 ps (0.4)
(C-480) 11000 ps (0.6)

a The probe dye used is given in parentheses in the first
column. The relative weights of relaxations are given in
parentheses in the second column.

Table 9. Relaxation Times in Hydrogels Obtained
from Time-Resolved Emission Spectroscopya

system and probe
time constant and

weight of relaxation

polyacrylamide gel410 (4-AP) <50 ps
a The probe dye used is given in parentheses in the first

column. For details, we refer to the original literature.
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tion studies on the dynamics of the water molecules
in complex chemical and biological systems. These
complex systems include biomolecules such as pro-
teins, amino acids, and peptides as well as organized
molecular assemblies such as host-guest complexes
involving cyclodextrin, assemblies of different am-
phiphiles, etc. The experimental results demonstrate
that the dynamics of water present either in the
vicinity or entrapped within the structure of these
complex systems is significantly different from bulk
water. The dielectric spectra or the decay of solvent
relaxation function of the solution are often drasti-
cally different from those of the bulk solvent and
often dramatically slower by 3-4 orders of magni-
tude. According to the recent molecular theories and
simulations, the observed differences from the bulk
behavior arise from the correlation present among
the different species in these systems and their
inherent heterogeneous nature. The presence of an
extended correlation in the system emphasizes the
complementary biological role of the water and the
biomolecules. While a microscopic understanding of
biomolecular dynamics in the solution state has
begun to emerge, there are a large number of issues
that remain to be addressed and unravelled soon. A
few of these issues are as follows:

Both bulk water and proteins individually involve
complicated energy landscape.7,420-424 It will be im-
portant to construct and understand the global
potential energy surface of a solvated biomolecule.
This will reveal the nature of the reaction coordinates
and energy barriers for the solvated systems and
provide very useful information about the reactions
taking place in the biological system. The relation
between glass transition behavior in proteins and
their hydration is a subject of vigorous recent inter-
est.117 Several recent works discussed the fragile
nature of bulk water.423,424 It will be interesting to
find out how the structure and dynamics of the glassy
state of protein is influenced by the fragility of
surrounding solvent molecules and its biophysical
significance.

Simulation studies on the dielectric relaxation and
solvation dynamics in pure liquids provided very
valuable information that complemented the theo-
retical and experimental studies. Similar studies on
solvated biomolecular systems that include full sol-
vent contribution are yet to be carried out. With the
increasing availability of supercomputers, it is hoped
that very large scale simulations will be carried out
soon. Recent molecular dynamics simulation of the
dielectric spectra of solvated peptides showed the
important role of cross correlations of different spe-
cies in the system, which is complementary to the
theoretical studies.296,308 Such information is often
unavailable from experiments. More such simulation
studies are necessary to improve our understanding
of the water/biomolecule interactions.

Relaxation processes at slow and fast time scales
are involved in many fundamental chemical and
biological processes.425 Photophysical methods have
been used to probe these diverse time scales.426,427

Because of the heterogeneity of the biomolecular
solution, the observed time-dependent response should

depend on the position of the probe. This can provide
information about the local dynamics of the system
that is often unavailable from other methods. Re-
cently axially-dependent laser fields have been used
to excite individual fluorescent molecules and indi-
vidual labeled proteins to image a single molecule in
three dimensions.220,221 Such studies have the advan-
tage of studying spatially resolved dynamics of local
environments of different parts of the biomolecular
system unobscured by the dynamics of the other
molecules present in the ensemble.220,221 Single mol-
ecule dynamics can now be studied in a local envi-
ronment with a wide time resolution222 using fluo-
rescence spectroscopy. Very recently population
dynamics of green fluorescent protein is studied using
chirped pulses.428 The observed fluorescence is found
to be different for positively and negatively chirped
pulses. The rate of photobleaching as a function of
chirp indicates that the bleaching of the protein is a
thermal process rather than excited-state photore-
action. This study demonstrates the possibility of
quantum control of the biological processes.

Valuable information at the molecular level about
blood and its constituents can be obtained from
dielectric studies.429,430 Dielectric studies on tissues
and cells provide important information regarding
the development of cancers and other types of tu-
mors.52 Time domain dielectric spectroscopic studies
on the hydration of isomers of vitamin C show that
hydration could possibly influence the biological
activity of vitamin.431 The studies on the concentra-
tion dependence of dielectric relaxation spectra may
help to elucidate the forces responsible for protein
association. The latter process competes with protein
folding and is responsible for many diseases such as
prion disease, cataracts, etc.432 Thus, dielectric stud-
ies have promising future biomedical implications.

Many biological processes involve electron-transfer
process. The study of the dielectric properties of
protein solutions is helpful in understanding the
electron-transfer reactions in protein solutions.433 The
simulation studies discussed in this review have
revealed how the dielectric properties of the proteins
control protein dynamics and enzyme action.6a,365,375

Electron paramagnetic resonance and simulation
studies on the dynamics of R-chymotrypsin in sol-
vents with dielectric constants ranging from 72 to 1.9
suggest that solvent dielectric properties have pro-
found influence on protein dynamics and play an
important role in modified stereoselectivities of en-
zymes in nearly dry organic solvents.434 More studies
are required in this direction for a better understand-
ing of the effect of dielectric environment on the
enzyme action. Recent molecular dynamics simula-
tion of ion solvation and transport through the model
peptide ionophore, gramicidin A, shows that dynamic
properties of the water molecules in the channel
differ markedly from those in bulk.435 Strongly cor-
related motions are observed over a long distance and
are suggested to cause the allosteric effect of en-
zymes.435 It is proposed that water acts as a molec-
ular chaperon, accompanying the reactants in their
search for each other in all biological associations.436

In summary, water drives many molecular processes
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in nature, and future studies are expected to unveil
further the fascinating role of water in complex
biological systems.
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