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Dielectric properties of myoglobin at 10 GHz
by microwave cavity perturbation
measurements
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Abstract. We report on the temperature dependence, at microwave (mw) frequency, of the imaginary part of the dielectric
constant (ε′ ′) in myoglobin powder samples with different hydration levels (h). The measurements have been performed by
the cavity perturbation technique, in the range of temperature 80–345 K. The sample is located inside a glass capillary along
the axis of a cylindrical copper cavity, resonating in the TE011 mode at 9.6 GHz, where the mw electric field has a node. By
measuring the variation of the quality factor of the resonant cavity, one can extract the imaginary part of the dielectric constant.
At temperatures higher than 230 K we observe an evident increase of the dielectric losses with increasing temperature; the effect
scales almost linearly with hydration, indicating that it must be attributed to a relaxation of water in the hydration shell of the
protein. Furthermore, at h � 0.18, we observe a clear peak in the ε′ ′ vs. T curve, that shifts towards lower temperatures upon
increasing hydration; this shows that the activation enthalpy of the hydration water relaxation decreases with hydration. More in
general, our data show that the technique of microwave cavity perturbation allows one to study the dynamics of water molecules
in the hydration shell of proteins and to extend information obtained with dielectric techniques to the mw frequencies.
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1. Introduction

The physiological function of proteins is strongly correlated to their interaction with the surrounding
environment. In particular, water molecules play a key role in determining both the static structure and
the dynamics of proteins. Water influences protein relaxations, allows them to associate and dissociate,
enables proton transfer and facilitates a large number of biochemical processes [5,7,9,14,15]. Interaction
with the protein surface also changes the dynamics of water molecules: structural water is tightly bound
to the protein and it is almost impossible to remove it without damaging the protein, while water in the
first hydration shell exhibits slower relaxations with respect to bound water. There is a debate in the
recent literature on how far from the protein surface this effect is propagated [4,8].

It is well known that free water molecules show a dielectric relaxation, due to rotational motions, at
room temperature at ∼10 GHz [3]; at the same time, it is expected that bound water exhibits relaxation
rates slower than free-water’s one. Consequently, investigating the mw response of proteins may allow
one to extract important information on the dynamics of water molecules and consequently, on their
interaction with biological matter.
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In this paper we report a preliminary experimental study of the dielectric energy losses at mw fre-
quencies in hydrated powders of myoglobin (Mb). Measurements have been performed by the cavity
perturbation technique using a copper cavity, of cylindrical shape with golden plated walls, tuned in the
TE011 mode at 9.6 GHz. In fact, it has been shown that in the TE011 mode one can measure the dielectric
properties of a sample even though it is placed on a pure microwave magnetic field with zero electric
field [16]. The method has important advantages over E-field cavity perturbation measurements, espe-
cially for high dielectric constant (water containing samples); moreover, since the working frequency is
inside the region of dispersion of water molecules, the experimental technique is expected to enable one
to investigate the dynamics of water in the hydration shell of proteins. This investigation complements
and extends previous studies from our group on the dynamics of protein and hydration water in hydrated
myoglobin powders performed with combined elastic neutron scattering and dielectric spectroscopy ex-
periments [10–12].

A previous investigation by Singh et al., as early as 1981, reported on the dielectric properties of water
adsorbed in metmyoglobin crystals (400 water molecules per protein) measured by cavity perturbation
technique [13]. Our approach is different: besides the use of H-field measurements, the novelty of our
experiment is that we investigate protein powders at different hydration levels spanning from 80 to
450 water molecules per protein, in the temperature range 80–345 K. The aim is to investigate the
effect of increasing hydration levels, in the absence of any constraint provided by crystal packing forces.
We observe a relaxation that can be clearly attributed to hydration water molecules; the presence of a
well defined peak at high hydration levels enables to determine the activation enthalpy of the relaxation
process that is on the order of 20 kJ/mol and decreases with increasing hydration.

2. Experimental technique and samples

Lyophilized Mb from equine skeletal muscle was purchased from Sigma-Aldrich and used without
further purification. Mb is in the oxidized form (met) and essentially salt-free with a purity greater
than 95%. In principle, the presence of salt in the sample could give a spurious contribution of direct
conductivity. However, due to the small amount (<5%) of impurities and the high value of frequency
used, these effects are expected to be negligible. A nominally “zero hydration” sample was obtained by
heating at 47◦C for 24 h under vacuum. Samples at various hydrations were obtained by putting aliquots
of the “zero hydration” sample in a closed container in the presence of deionized water. The hydration
level of the sample (h ≡ gr[water]/gr[“dry” protein]) was estimated by weighting the sample; when
the required hydration value was reached, NMR quality glass capillaries were filled with the hydrated
powder and sealed. With this procedure we have prepared four samples with h = 0.1, h = 0.18, h = 0.3,
h = 0.5. Another capillary has been filled with the “zero hydration” sample; in the following we will
refer to this sample as the “dry” sample, even if we do not exclude that structural water is still present.

The imaginary part of the dielectric constant at mw frequency has been measured by the cavity-
perturbation technique [6]. A copper cavity, of cylindrical shape with golden-plated walls, is tuned in
the TE011 mode resonating at 9.6 GHz; the sample is located along the axis of the cavity, where the mw
electric field has a node. The cavity is placed inside a cryostat which allows to operate in the temperature
range 2.2–350 K. Further details of the apparatus are reported elsewhere [1]. As demonstrated by Zhai
et al., by measuring the quality factor of the resonant cavity one can measure the dielectric properties of
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the sample even though it is placed in a pure mw magnetic field [16]. In fact, the imaginary part of the
dielectric constant of the sample is given by

ε′ ′ = Γ (1/QL − 1/QU ), (1)

where QL is the quality factor of the cavity loaded with the sample, QU that of the empty cavity and
Γ the geometry factor of the sample, which depends both on the sample properties and on the resonant
mode. The resonant curve of the cavity is revealed by an Hp-8719D Network Analyzer; the quality factor
is obtained by fitting the resonant curve with a Lorentzian law.

In order to obtain the temperature dependence of ε′ ′, both QL and QU have been measured in the
range 80–345 K. The measurement procedure has been optimized in order to achieve thermalization
between the sample and the cavity. Initially, the cavity is cooled down to liquid-nitrogen temperature,
in He atmosphere; then the temperature is let to increase up to room temperature, without any external
heating both for the cavity and for the sample. Measurements at higher temperatures were performed by
heating the cavity at 0.2 K/min by means of a Lakeshore temperature controller, up to 345 K. The entire
80–345 K temperature scan was performed in about 48 h.

3. Experimental results and discussion

Figure 1 reports the imaginary part of the dielectric constant, ε′ ′, at the fixed frequency ω/2π =
9.6 GHz as a function of temperature for the samples investigated. As can be seen, an increase of ε′ ′ is
observed at temperatures higher than ∼230 K; moreover, at hydrations higher than 18%, a clear peak is
observed, suggesting that we are detecting a relaxation in the samples. The raw data in Fig. 1 indicate
the following facts:

(1) The signal intensity scales almost linearly with hydration and is present even in the “dry” sample.
Since the frequency of 9.6 GHz is within the range of expected water relaxations, we attribute the
measured signal to relaxation(s) of water molecules in the hydration shell of the protein. The fact that
the signal is present also in the “zero hydration” sample indicates that our drying procedure is not able
to remove all the water molecules and that some tightly bound “structural” waters (on the order of 2–3%
[9]) are still present.

(2) The peak temperature, as reported in Table 1, increases with decreasing hydration, even below one
full protein hydration shell (h ∼ 0.35, for myoglobin) and are shifted to temperatures outside the range
investigated at hydrations below h = 0.18. This suggests that the activation energy of the relaxation of
water molecules in the hydration shell increases with decreasing hydration.

A more quantitative analysis of the data can be performed by assuming that we are observing a re-
laxation process characterized by a single relaxation time (Debye approximation)1 whose temperature
dependence is given by the Arrhenius law. In this case:

ε′ ′(ω, T ) = Δε
[
(ωτ0eE/RT )/(1 + (ωτ0eE/RT )2)

]
, (2)

where ω is the resonance frequency of the cavity, Δε, E and τ0 are the dielectric strength, the activation
energy and the pre-exponential of the relaxation process, respectively. A fit of the data at h = 0.3 in terms

1The conductivity term of the type σ/ω has been shown to be very small in our samples at the investigated frequency [10]
and has therefore been neglected.
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Fig. 1. Temperature dependence of the imaginary part of the dielectric constant (ε′ ′) for myoglobin powder with different hydra-
tion levels. Measurements have been performed at fixed frequency ω/2π = 9.6 GHz. Open symbols indicate the experimental
results; for the sample with h = 0.3 it is also reported the best-fit curve obtained as described in the text.

Table 1

Values of the temperature at which the peak in ε′ ′(T ) curve,
obtained at ω/2π = 9.6 GHz, is observed, for different hy-
dration values. For h < 0.18 no peak has been observed in
the range of temperatures investigated

h Dry 0.09 0.18 0.3 0.5
Tmax (K) – – 340 316 311

of Eq. (2) is shown in Fig. 1 as a continuous line and gives τ0 ≈ 1.5 × 10−14 s and E ≈ 23000 J/mol. As
can be seen, although Eq. (2) is able to reproduce the main features of the data, misfits are still present;
they can be likely traced to the presence of a distribution of activation energy for the relaxation process
[2]. A more detailed data analysis is currently under way and will be published elsewhere.

From Eq. (2), the temperature at which ε′ ′(ω, T ) has a maximum can be easily calculated as:

Tmax = E[− ln(ωτ0)/R], (3)

showing that in our samples the activation energy for rotational relaxation of water molecules decreases
with increasing hydration.

We note also that, being ωτ = 1 at the ε′ ′(ω, T ) peak, data in Fig. 1 imply that at T ≈ 310 K the
relaxation time of water molecules in the hydration shell of myoglobin at h = 0.3–0.5 (corresponding
to 300–450 water molecules per protein, i.e. almost to one full hydration layer) is around 15 ps. This
is, as expected, slower than the relaxation time in bulk water (τ ≈ 4 ps) but, surprisingly, faster than
the relaxation time of water adsorbed in metmyoglobin crystals at ∼400 water molecules per protein
(τ ≈ 80 ps, [13]). Consistently, Singh et al. have not reported about a peak in the ε′ ′ vs. T curves, while



M. Bonura et al. / Dielectric properties of myoglobin at 10 GHz 147

in our experiment a clear peak is observed even at 270 water molecules per protein (h = 0.3). This
suggests that crystal packing forces are effective in slowing down motions not only of the protein but
also of the hydration shell and calls for caution when discussing data obtained on crystals. To the best of
our knowledge, a thorough study comparing dielectric relaxation of hydration water in protein powders
and crystals has not been carried out, yet.
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