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4.6 DIELECTRIC RELAXATION SPECTROSCOPY

C. M. Roland
Naval Research Lab, Washington, DC, USA

4.6.1 Introduction

Impedance spectroscopy and dielectric relaxation measurements yield the same information; however,
their purpose and analysis methods differ. Impedance spectroscopy is typically used to probe electro-
chemical processes, while dielectric relaxation data, almost invariably expressed in the complex permit-
tivity representation, provide information on dynamical processes, typically the rate of molecular or
polymer chain reorientation. Moreover, the features of interest in an impedance measurement, such
as the transport and adsorption of charges, are an unwanted contribution to dielectric relaxation spectra,
and thus are either ignored or removed from the latter. (Occasionally, the impedance function represen-
tation is used to eliminate interferences with relaxation measurements.) Since the objective of dielectric
speciroscopy is to characterize the dynamics, models of molecular motion are the basis for interpreta-
tion; equivalent circuits, prominent in impedance spectroscopy studies, are not employed to analyze
relaxation spectra. However, since relaxation spectra can be described formally as a distribution of expo-
nential relaxation processes (Lindsey and Patterson [1980], Berberan-Santos et al. [2005]), an equivalent
circuit diagram can be constructed (Figure 4.6.1) (see Kremer and Schonhals [2003a]). Such a description
is phenomenological (a mathematical convenience), and its underlying premise, that the observed
peak shape reflects a distribution of exponential decays, is problematic, as shown by Richert [1994]

FIGURE 4.6.1 Equivalent circuit diagram for a
viscoalastic response characterized by a distri-
bution of n exponential decays, along with a

contribution from mobile ions.
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TABLE 4.6.1 Comparison of Typical Impedance and Dielectric Experiments

Spectroscopy  Impedance Dielectric
Primary focus  Electrochemical {conduction mechanisms and interfacial Reorientation dynamics of
processes) molecular dipoles

Sample Material-electrode system (conductive) Bulk material (capacitive)

ac voltage <103V 10V

dc voltage Common Rare

Typical Equivalent circuits Relaxation models
analysis

and Roland [2011]. Table 4.6.1 summarizes the distinct aspects of impedance and dielectric relaxation
spectroscopies.

4.6.2 Dielectric Relaxation

The use of dielectric spectroscopy to probe the motion of molecules requires the latter to have a nonzero
dipole moment, 4. However, with modern instrumentation capable of attofarad resolution, this is not a
restrictive requirement. Even conventional dielectric bridges can measure polymers with very small
dipole moments ( < 0.1 D), for example, atactic polypropylene, which has a dielectric strength less than
0.01 (Work et al. [1964], Kessairi et al. [2007]). In the usual relaxation measurement, a weak electric field is
applied, with the linear response regime defined by two (equivalent) conditions:

1. The dielectric permittivity does not vary with the electric field, E; this means that the polarization
is proportional to E:

P=(e"-1)&E (1)

where ¢” is the complex dielectric permittivity of the material and &, the dielectric permittivity of
vacuum (=8.854 pF/m).

2. The polarization energy, associated with dipole orientation, is less than the thermal energy, that
is, uE < kT. This means there is no net polarization, as orientation of the dipoles is overcome by
thermal agitation and the sample remains isotropic.

Since the motions prevailing at equilibrium enable the molecular dipoles to remain unoriented on aver-
age, the measured time-dependent fluctuations of the polarization correspond to the equilibrium dynamics.
For small molectles (simple liquids), dielectric relaxation spectroscopy probes the molecular reorientations.
For most polymers the dipole moment is transverse to the chain, so that the dielectric experiment probes the
local segmental dynamics. For those few polymers having a dipole moment component parallel to the back-
bone (which means their repeat unit structure lacks a symmetric center), dielectric relaxation can measure
more global dynamics, as discussed below. Expressing Eq. (1) for the dynamics gives

' dE(¥)
i ar

P(t) =P, +a,,J e(t-) =) gy @)

in which P, accounts for induced polarization {e.g., distortion of the electron cloud) and the second term
describes the orientation polarization. The usual experiment applies a time-dependent electric field,
with the complex permittivity obtained as

E'(OJ) = E'(a)) -ie"(m) —e, _J‘m ds(f)

i —d—i—exp( —f&)f)dt (3)
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The relationship to the impedance is

o i 1
€)= o G @)
where Cp is the vacuum capacitance. In Eq, (3) &, is the constant value of the dielectric permittivity
exhibited by materials at sufficiently high frequencies.

The structural relaxation peak (a-process) of liquids and polymers is invariably broader than the
Debye function (for which the peak has a width at the half intensity points of 1.14 decades):

Ae
1+iwrp

&)

elw)=exn +

where rp is the Debye relaxation time and Ae the dielectric strength (= ¢, - £, where &, is the static or
low-frequency permittivity). Structural relaxation spectra are usually fit to either the Havriliak~Negami
{H-N)} equation (Kremer and Schonhals [2003b])

¢ () = Aefl + (iwrnn)’] (6)
where N, 4, and b are constants or the KWW funchon (Kremer and Schonhals [2003b])

" (w) = AeLy, [— d“;—f)] @

#(t) =exp [- (é)ﬂ] @)

with rx and fx constants and Ly, denotes the Laplace transform. Equation (6) is empirical, its popularity
deriving from the ability to fit experimental ¢’(w) peaks. Equation (8), which has one less adjustable
parameter than the H-N equation, can be arrived at in various ways: from models based on free volume
(Cohen and Grest [1981]), hierarchal constraints (Palmer et al. [1984]), defect diffusion (Bendler and Shle-
singer [1985]), defect distances (Klafter and Blumen [1985]), random free energy (De Dominicis et al.
[1985]), intermolecular cooperativity (Ngai et al. [1986], Kubat et al. [1999]), or molecular weight poly-
dispersity (de Gennes [2002]). The KWW function can also be obtained by employing a particular dis-
tribution of exponential decay functions (Lindsey and Patterson {1980], Berberan-Santos et al. [2005]),
illustrated by the equivalent circuit in Figure 4.6.1. Secondary relaxations, which fall at higher frequen-
cies, can be described by Eq. (6) or the symmetric Cole-Cole function (Kremer and Schonhals [2003b])

Ae

®)

&' (w)=

where y and r¢c are constants. Equation (9) corresponds to the H-N function with b =1 and reduces to
the Debye function for y = 0. The peak in the dielectric loss spectrumn occurs at a frequency corresponding
to that of the underlying molecular motions (e.g., rotations of small molecules or the local segmental
dynarnics of polymers for their a-relaxation peak). Thus, the inverse of the a-peak frequency defines
a model-independent relaxation time, 7,. Reflecting the stretching of the spectrum toward longer fre-
quencies, 1, > g, while the relative magnitudes of rx and ryn depend on the shape parameters, 4, b,
and ﬁx.

Figure 4.6.2 shows the dielectric relaxation spectrum of polymethyl methacrylate (PMMA), which
has an unusually prominent secondary relaxation. If the latter is well separated from the a-peak, the two
dispersions can be fit with the assumption that the processes are additive in the frequency domain. If the
respective r are close, this assumption breaks down, and an equation due to Williams [1979] is used:
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FIGURE 4.6.2 Dielectric spectrum of polymethyl methacry-
late, along with the fits of Egs. (7) and (8) to the local sey-
mental dynamics and Eq. (6) for the secondary relaxation, at
respective low and high frequencies. The rise in the loss
below approximately 0.01 Hz is due to jonic conduction, fit
with Eq. (14) using j=1.

&(t) = faga(t) + (1-f5)ep(t) (10)

Equation (10) assumes the two relaxations are independent, except that the § process takes place in an
environment that is rearranging on the ime scale of the a-process. The fits of Eqs. (6)-(8), using Eq. (10),
to the PMMA dielectric constant and loss spectra are shown in the Figure 4.6.2. Note that the dielectric
loss exhibits power-law behavior at low frequencies, a consequence of mobile ions; this dc conductivity
is discussed below.

The main features of the dielectric spectra of polymers are the a-relaxation peak due to the local
segmental dynamics and various higher-frequency secondary relaxations due to restricted torsional
motions of the chain and any side group dynamics. However, polymers having a dipole moment par-
allel to the chain contour (e.g., 1,4-polyisoprene, polypropylene glycol (PPG), polylactide) exhibit a so-
called normal mode peak due to fluctuations of the chain end-to-end vector (Adachi and Kotaka [1993]).
Spectra are shown in Figure 4.6.3 for PPG and polyoxybutylene (POB) (Casalini and Roland [2005]), both
polymers having dielectrically active normal modes. Sometimes referred to as the global or terminal
relaxation, the normal mode peak falls at lower frequencies than the local segmental dispersion by
an amount nonlinear in the polymer molecular weight (Roland [2011]). At high temperatures the
two relaxation processes have equivalent T-dependences, whereas at temperatures approaching the
glass transition, the normal mode relaxation time is less sensitive to temperature than the more local
a-process (Roland et al. [2001]).

4.6.2.1 lon Conductivity

Liquids and polymers invariably contain mobile ions, often electrolytic impurities, whose diffusion
gives rise to dec conductivity, o4 (see Figure 4.6.2). In a material that is inherently conducting, 64,
may correspond to translocation of intrinsic ions across sites on a polymer chain, such as protons along
hydrogen bonds. This conduction is distinct from the higher-frequency ac conductivity, which in addi-
tion to ion diffusion can arise from nonrelaxing, subdiffusive processes, such as local excursions and
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FIGURE 4.6.3 Dielectric loss spectra of POB and PPG having
the same number of repeat units {(=67), measured at T=
20°C and P=616 MPa (PPG) and T=24°C and P=351MPa
{POB). The peak frequencies of the respective segmental
and normal mode relaxations were 71 kHz and 143 Hz for
PPG and 99 kHz and 211 Hz for POB,

vibrations of ions within a cage of the host molecules. Whereas a common purpose of impedance spec-
troscopy is to characterize ion diffusion, for relaxation studies g4 is usually unwanted because it can
mask the relaxation peaks in the loss spectrum. The Nemnst equation relates the dec conductivity to
the concentration of ions, ¢, having charge g (Johari and Andersson [2006]):

Sk 11)

where D is the ion diffusion constant and kg the Boltzmann constant. For a frequency-dependent diffu-
sion constant, D*{w), the conductivity is complex and yields a term in the permittivity:

(o= Z(@)
£ (ﬂ))— iﬂ)é‘o (12)
The usual power-law behavior gives
Tdc
(o) = - 13
£w)=— (i) (13)

with j a constant (s1), equal to unity for free conduction of electrons or ions. This conductivity contri-
bution to the dielectric loss can be described by

&,
ehe(w) = 80:;; (14)

Provided there is some separation from the relaxation peaks, Eq. (14} can be included in fitting spectra to
account for the conductivity,
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10

Ionic conductivity is coupled to reorientational relaxation, since motion of the host molecules or
segments provides diffusive pathways. This leads to a relation between ion conductivity and the
a-relaxation time (Corezzi ef al. [1999]):

adcri =const (15)

Equation (15) is an empirical variation of the Debye-Stokes-Einstein (DSE) equation (Stickel
et al. [1996]):

aﬁf"—T =const (16)

Generally, c and T change little over the range of dielectric measurements, so that o, is plotted versus 7,
on double logarithmic scales, to yield a power law having a slope equal to —j. Resuits are shown in
Figure 4.6.4 for propylene glycol monomer, dimer, and trimer. The exponent (j=0.8420.02) is the same
for the three liquids, although the magnitude of the ion conductivity decreases with increasing molec-
ular weight.

The conductivity behavior described by the fractional DSE equation (15) can have two origins. Any
change in the jon population due to polyelectrolytic dissociation or the formation of jon pairs is usually
neglected in analysis of data (i.e., ¢ is assumed constant). And since the effect of temperature and pres-
sure on ion population is usually very different from their influence on ion mobility, the result can be
deviations from proportionality of o4 to the inverse relaxation time. The other cause of departures from
Eq. (16) is more general: as temperature is reduced below approximately 1.2T,, a reduction in the cou-
pling between translational and rotational dynamics is observed (Ediger [2000]). This is manifested in
the T-dependence of translational diffusion becoming weaker than that of the viscosity or the rotational
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FIGURE 4.6.4 Conductivity versus a-relaxation time for propylene glycol
monomer (circles), dimer (squares), and trimer {triangles) at various
temperatures and pressures. Lines are fits yielding j = 0.84 £0.02 for all
three liquids.
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dynamics, causing a violation of the DSE equation (Figure 4.6.5, adapted from Roland et al. [2001]). The
mechanism underlying this decoupling is not well understood.

Although dec conductivity sometimes interferes with characterization of molecular relaxation, the
dependence of ion diffusion on the a-dynamics can be exploited to obtain information about structural
relaxation of a glass. By definition, the glassy state corresponds to conditions for which molecular diffusion
and rotation (or local segmental motion of a polymer)} transpire more slowly than the observable time scale;
that is, their loss peaks are at frequencies lower than measured by dielectric spectroscopy (<10~ Hz). How-
ever, the cessation of these motions retards, but does not preclude, ion diffusion. Thus, below the glass
transition ion conduction continues, although the sensitivity of o4. to temperature (ie., the activation
energy) and to pressure (the activation volume) both decrease. The reduced activation energy below T,
is illustrated in Figure 4.6.6 in a plot of the conductivity relaxation time (defined below) for an ionic liquid
versus temperature (Wojnarowska et al. [2012]). Physical aging (very gradual densification) of the glass
slows the ion diffusion; the time constant describing this effect corresponds to a structural relaxation time,
which is too large for direct measurement (below T 7, in Figure 4.6.6 exceeds 8 h).

An obvious method to minimize the conductivity contribution to the spectrum is to reduce the ion con-
centration. This can be done by successive dissolution-precipitation of the polymer or by application of an
electric field to the sample in situ to cause accurnulation of the ions at the electrode interfaces for subsequent
removal (Gainaru et al. {2010]). From the Kramers-Kronig relation for the case of j = 1 [Eq. (16)],

: N o

(@) =ew + ;L e (o) g o a7
we oy _ Fdc _2_ <, @o

£ (w)= ps + ’f.[o £ (am)m%_mzdmu (18)

it is seen that the dc conductivity makes no contribution to the real part of the permittivity; thus, the
measured £/(w) can be converted via Eq. (18) to a dielectric loss spectrum without interference from
4. This is illustrated in Figure 4.6.7 (Wubbenhorst and van Turnhout [2002]), showing the measured
and calculated dielectric loss for a liquid with a substantial conductivity.

—_— 3
s 9
-1 u-“' 1,
_ -4 1" =
7 I 2 '
oL 5 o 43 g
“E i & Tg=74°C | I
]
E‘ il 15 £
| 1 2
-20 - 17
£ 1-
_23 LS 1 A 1 [ [

=15 25 65 105 145 185 225
T(*C)
FIGURE 4.6.5 Self-diffusion coefficients of o-terphenyl (filled
circles) and tris-naphthylbenzene (filled squares—values
shifted upward by 0.16) compared to the ratio of temperature
to the viscosity {corresponding open symbols). The right ordi-
nate was adjusted to give superposition with the diffusion
coefficients at high T, illustrating the enhancement of trans-
fational diffusion close to T;. Chemical structures are shown.
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FIGURE 4.6.6 Conductivity relaxation times for carvedilol
phosphate (circles), showing the weaker temperature sen-
sitivity below the glass transition (indicated by the vertical
dashed line). Also shown (filled squares) are the time con-
stants obtained from the change in permittivity with physical
aging; these correspond to the structural relaxation time in
the glass, measured directly by calorimetry near Ty (open
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FIGURE 4.6.7 Dielectric loss of 3-amino toluene as measured
{circles), calculated from ¢'{w) using the Kramers—Kronig
relation (squares), and represented by the derivative of the
real part of the permittivity (triangles). The last two methods
suppress the ionic conduction, seen as the power law at low
frequencies, having a slope, —f=1.
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For broad relaxation peaks an approximation to the KK formula can be used (Wubbenhorst and
Turnhout [2002]):

xoe ()

@)~ 3o

(19)
The dc conductivity is absent from this calculated dielectric loss. An example of the application of
Eq. (19} is included in Figure 4.6.7; it can be seen that the a-peak in the derivative spectrum is artificially
narrower than in the directly measured ¢"(w), although the frequencies of the maxima, and thus the z,,
coincide. This derivative analysis can also be employed to shift the effect of electrode polarization
toward lower frequencies, away from the main relaxation (Jimenez et al. [2002]). Electrode polarization
refers to blocking of charge exchange at the sample/electrode interface, due to the existence of a poten-
tial barrier. Mainly arising in more conductive systems, electrode polarization causes the measured die-
lectric constant at low frequency to be much larger (in the range 10°-10°) than the actual value for the
sample.

4,6.2.2 Dielectric Modulus

The dielectric function £* (w) is a compliance, the ratio of the electric displacement to the field. Analogous
to the mechanical compliance and modulus, a dielectric modulus (“reciprocal permittivity”) can be
defined as

ooy 1
M@= 55
¢
Me)= oo
ell
e

(20)
M'(w)=

The permittivity describes the polarization at constant field, and M*(w) the polarization at constant
charge. Of course, the modulus representation contains no information not present in the dielectric per-
mittivity; however, the dc conductivity is manifested in the imaginary component, M"(), as a peak, and
the a-relaxation is shifted to higher frequency; thus, the latter is more separated from o4, than in the
permittivity representation. The amount of this shift of the a-peak depends on the dielectric strength
of the relaxation; for a Debye process [Eq. (5)], 75,» = 274,m». This effect and the presence of a conduc-
tivity peak in M"(w) are shown in Figure 4.6.8.

The conductivity relaxation time, 7, is defined as the inverse of the frequency of the maximum of the
M"(w) conductivity peak. This relaxation time differs from the microscopic correlation time, 7.y, describ-
ing ion movement (e.g., hopping). From a model of random movement of ions in a disordered medium,
a relation can be obtained between the two quantities {Nigai and Leon [1999]):

Ton _ o
7o 6kpTe0fco 1)

where r is the mean hopping displacement of the ions.

4.6.2.3 Use of Impedance Function in Dielectric Relaxation Experiments

Dielectric relaxation measurements to determine the dynamics of polymers and liquids analyze the per-
mittivity, ignoring the impedance. However, when measurements are extended to high frequencies
(which for a typical dielectric relaxation experiment is defined as frequencies beyond ca. 10° Hz), the
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FIGURE 4.6.8 Imaginary component of permittivity (lower)
and modulus (upper) of propylene glycol dimer. lon
conductivity is manifested in the former as a power law
at lower frequencies and in the latter as a peak at
approximately 100 Hz. Note the a-peak shifts about one
decade higher fraquency in the modulus representation.

complex impedance may be utilized to remove the effects of the resistance and inductance of electrical
cables used to connect the sample electrodes to the analyzer. The relevant equation for the resistance R is

Jim Z(w)=R (22)
and for the inductance L (resistance due to current changes in the cable)
. d
Z'(w)=—-wl (23)
o

where 4 is a constant. The measured impedance functions are then corrected to yield spectra free from
these effects of the cables:

Z o (w)=Z(w)-R (24)
and

28orm(®) = wl2" (@) (25)
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In turn, the permittivity is calculated from the corrected impedances using Eq. (4).

To apply Egs. (22) and (23) requires dielectric measurements that are free from relaxation peaks, that
is, any capacitance changes due to the sample. This can be done by measurements at temperatures well
below T, as illustrated in Figure 4.6.9 for a cross-linked polyvinylethylene (PVE). The fit to the real and
imaginary impedance functions yields R and L for the cable assembly, respectively. Equations (24) and
(25) are used to calculate the corrected impedance functions, from which the permittivity is obtained.
Figure 4.6.10 illustrates this method to remove the interference from the cables in measurements on
the PVE network, enabling determination of the actual material response (Casalini and Roland
[2010]). Because of the low polarity of PVE, cable contributions become apparent at relatively low fre-
quencies, ca. 2kHz. More typically, corrections for cable effects are required only for measurements
beyond ca. 10° Hz.

Another use of the impedance function in dielectric spectroscopy is to remove the effects of electrode
polarization, that is, charge buildup under low-frequency fields at the electrode/sample interface. This
phenomenon is an example of the Maxwell-Wagner-Sillars (MWS) effect, which is a general term for
polarization, including at an external electrode or at internal boundary layers within an inhomogeneous
sample. For the case of an insulating layer covering the electrode, the layer and sample impedances are
in series, with the measured impedance equal to the sum of the values for the sample, Zsam, and

layer, Zjns!
Zmeas = Zsam + Zins (26)
From Egq. (4)
v (lsam + lins) €S Eing
Emeas = Tins€lam + lsamEfng @7
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FIGURE 4.6.9 Real and imaginary permittivity measured
for a cross-linked PVE at a temperature sufficiently low that
no relaxation processes are present in the spectra. The solid
lines are the fits of Eq. (22) to Z at high frequencies and of
Eq. (23) to 2"
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FIGURE 4.6.10 Dielectric loss of PVE networks at two
temperatures below Ty, (=9.0°C). The rise at high fre-
quencies in the measured spectra {triangles) is due to the
cables; after correction (inverted triangles) the actual loss
peak is obtained.

in which lsam and lins represent the respective thicknesses of the sample and insulating layers. If the sam-
ple has significant conductivity, it will give rise to a peak due to the interfacial polarization at a fre-
quency, fuws. given by

Ogam .
Juaws = 2760(El 3 + (lsam/Tins }€lns) .

Electrode polarization can be exploited to separate the contributions of ion concentration and ion
mobility to the conductivity (Klein et al. [2006]), although in most relaxation measurements it is an
unwanted artifact.

To suppress dc conductivity in a dielectric loss spectrum, use is sometimes made of a “blocking
electrode,” which refers to an insulator film placed between the sample and one of the electrodes.
Although this method removes the prominent manifestation of o4, in the response, the steep rise in
¢'(w) at lower frequencies [Eq. (14)}, it does not eliminate the effect of conductivity on the relaxation
spectrum. This is shown in Figure 4.6.11 in the dielectric spectrum of xylitol. Introduction of an insulat-
ing film causes the conductivity contribution to appear as a loss peak that still masks features of the
spectrum in that frequency range.

Dielectric discontinuities within a sample can also give rise to spurious MWS peaks. Figure 4.6.12
shows spectra for glycerol (Casalini and Roland [2011]), in which at frequencies iower than the a-process
there is a strong oy, contribution, manifested as a power law in £"(w) and a rise at lower frequencies in
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FIGURE 4.6.11 Dielectric loss of a polyalcohal with (trian-
gles} and without (circles) a 5 pm Teflon film between the
sample and one electrode. The o4 manifested in a power
law at low frequencies becomes a peak around 1 Hz when
the Teflon is present. The a-peak is seen at higher
frequencies.
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squares) components of permittivity of glycerol, showing
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¢(w) due to electrode polarization. Using the derivative of the real part to obtain the loss spectrum sans
o4c reveals a weak MWS peak. The latter can be identified, inter alia, by its occurrence at frequencies for
which &'~¢” (Richert et al. [2011]). Teflon and other polymeric insulators are also commonly used in the
form of an annular ring to contain liquid samples or as a spacer (ring or fibers) to maintain a constant
sample thickness. Since the insulators have a finite capacitance, their presence in parallel with the sample
can cause a background loss that is additive in the permittivity. This can alter 4 and shift the frequency
of the peaks in the spectrum; typicaily these errors become significant when the area of the spacer is more
than about 0.1% of the sample area (Johari [2012]).

4.6.2.4 Summary

Impedance spectroscopy and dielectric relaxation measurements employ similar instrumentation but
are used for different purposes. In dielectric spectroscopy the usual objective is determination of the
dipole reorientation dynamics that underlies, for example, structural relaxation of liquids and polymers.
Contributions to the spectra from dc conductivity interfere with the measurement of relaxation peaks.
This means that the spectral features that comprise the main interest of impedance spectroscopic experi-
ments (e.g., bulk jon conduction, grain boundary and electrode/sample interfacial resistances) must be
eliminated in relaxation studies. In this chapter the basics of dipole relaxation measurements have been
outlined, along with a summary of methods used to remove conductivity effects from the spectra.
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4.7 ELECTRICAL STRUCTURE OF BIOLOGICAL CELLS AND TISSUES: IMPEDANCE
SPECTROSCOPY, STEREOLOGY, AND SINGULAR PERTURBATION THEORY

Robert S. Eisenberg
Department of Molecular Biophysics & Physiology, Rush University, Chicago, IL, USA

Impedance spectroscopy is a technique with exquisite resolution since it resolves linear electrical proper-
ties into uncorrelated variables as a function of frequency. This separation is robust and most useful
when the system being studied is linear. (If the system is significantly nonlinear, the meaning of the para-
meters is not clear, and they are likely to vary substantially with conditions, making models badly
posed.) Impedance spectroscopy can be combined with appropriate structural knowledge (qualitative
and quantitative) based on the actual anatomy of the system being studied. The combination provides
biologically useful insight into the pathways for current flow in a number of cells and tissues, with more
success than other methods.

Biological applications of impedance spectroscopy are often unable to take advantage of the
strengths of impedance spectroscopy since so much of biology is strongly nonlinear in its essential fea-
tures and impedance spectroscopy is fundamentally a linear analysis. There is an important special case,
however, present in all cells and tissues in plants and animals, the cell membrane and its capacitance,
where bioelectric properties are both linear and important to cell function. Here we take advantage of
the ideal properties of membrane capacitance to make impedance spectroscopy a most useful tool for
determining the electrical structure of cells and tssues (Eisenberg and Mathias [1980]).




