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Quartz crystal microbalance — The quartz crys-
tal microbalance (QCM) or nanobalance (QCN) is
a thickness-shear-mode acoustic wave mass-sensitive
detector based on the effect of an attached foreign mass
on the resonant frequency of an oscillating quartz crys-
tal. The QCM responds to any interfacial mass change.
The response of a QCM is also extremely sensitive to
the mass (density) and viscoelastic changes at the solid-
solution interface [i–vi].
It is a piezoelectric (� piezoelectricity) sensing device

that consist of an oscillator circuit and a crystal which
is incorporated into the feedback loop of the circuit.
The crystal is the frequency-determining element, as its
quality factor is very high.
Thepiezoelectric crystals are patternedwith two exci-

tation electrodes (electronic surface films) on their op-
posite sides. Due to the converse piezoelectricity phe-
nomenon, when � alternating voltage is applied to the
attached electrodesmechanical oscillations occurwithin
the crystal lattice.These oscillations are stable only at the
natural resonant frequency of the crystal.
The crystal cut determines the mode of oscillations.

Shear vibrations are generated if one large crystal face
moves parallel with respect to the underlying planes as in
QCMs with AT-cut α-quartz crystals. This crystal wafer
is prepared by cutting the quartz at approximately .�
from its Z-axis. A typical crystal plate is a cylindrical
disk of a diameter mm and thickness about . to
. mm for resonant operation in the  to MHz fre-
quency range. This type of crystals shows weak depen-
dence of the resonant frequency on the temperature and
stress for room temperature operation.
The fundamental resonant frequency ( fo) shifts when

a thin film is deposited on the surface of the quartz crys-
tal. Under the assumption that the density and the shear
modulus of the film are the same as those of quartz and
that the film is uniform (constant density and thickness)
and covering the acoustically active area of the whole

crystal, the Sauerbrey equation [iv] describes the rela-
tionship between the resonant frequency shift (Δ f ) and
the added mass (ΔM):

Δ f = fc − fo = −
 f o ΔM

A(ρqμq)�
= −CfΔm , ()

where fc is the resonant frequency of the composite
oscillator formed from the crystal and the film at the
surface, A is the acoustically active surface area, ρq =

. g cm− and μq = . �  Nm− are the den-
sity and the shear modulus of quartz, respectively, Δm
the change of the surface mass density, and Cf is the in-
tegral mass sensitivity.
Since

fo =
υq
Lq

, ()

where υq = �

μq
ρq
�

�
is the wave speed for quartz (νq =

ms−) and Lq is the thickness of the quartz, in this
case the only difference between the film-coated and
uncoated quartz is the added thickness (ΔLf). The film
should not be too thick, the mass loading should be
lower than % of the mass of the quartz plate, i.e., typ-
ically lower than  μg cm−. There may be non-mass-
related frequency changes due to stress (e.g., caused by
an improper mounting) and temperature effects [i, iii].
The values of the integralmass sensitivity for themost

frequently used fo = MHz and MHz crystals are
Cf = .� and .� Hz cm g−, respectively. It
follows that by using a crystal with A = . cm surface
area  Hz change – which can be measured easily and
accurately – corresponds to  ng and . ng, respectively.
The uniform distribution of themass over the active area
of the quartz plate is of importance since the differential
mass sensitivity (cf) varies across this area. For typically
used round-shape crystals [i, vii]:

Cf = π
r

�



cf(r)rdr . ()

The resonant frequency also depends on the density and
the viscosity of the contactingmedia.The frequency shift
formeasurement in air vs. vacuum is smaller than Hz.
However, the frequency shift from air to water or aque-
ous solution, for a MHz crystal is about – kHz.The
magnitude of this shift can be calculated by using the fol-
lowing relationship:

Δ f = − f �o �

ρLηL
πρqμq

�

�

()
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where ρL and ηL are the density and viscosity of the liq-
uid contacting one side of the crystal.
The additional surface mass change can be measured

and calculated by using the Sauerbrey equation even in
the case when the crystal is in contact with a liquid. It
makes the in-situ detection of the surface mass changes
possible in the course of electrochemical experiments
by using an � electrochemical quartz crystal microbal-
ance (EQCM). A lack of conformance with the Sauer-
brey equation may be traced back to high-mass load-
ing, surface roughness, surface stress, interfacial slip-
page, nonuniform mass distribution, and viscoelastic ef-
fects. In the latter case the film does not behave as a rigid
layer, i.e., the deformation is not purely elastic. It hap-
pens when the film is thick and its morphology changes
due to, e.g., its swelling.
The frequency can be measured by the help of a fre-

quency counter with an accuracy of . Hz and sampling
time .– s.
Refs.: [i] Lu C, Czanderna AW (eds) () Applications of piezoelectric
quartz crystal microbalances. Elsevier, New York; [ii] Buttry DA ()
Applications of the quartz crystal microbalance to electrochemistry. In:
Bard AJ (ed) Electroanalytical chemistry, vol. . Marcel Dekker, New
York, pp –; [iii] Buck RP, Lindner E, Kutner W, Inzelt G () Pure
Appl Chem :; [iv] Sauerbrey G () Z Phys :; [v] But-
try DA, Ward MD () Chem Rev :; [vi] O’Sullivan CK, Guil-
bault () Biosens Bioelectron :; [vii] Bácskai J, Láng G, Inzelt G
() J Electroanal Chem :
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Quasielastic light scattering (QELS) — from thermally
excited � capillary waves provides a useful insight into
dynamics of liquid surfaces [i] and � interfaces [ii].
Essentially, this approach allows investigating the dis-
persion relationship, which relates the complex angu-
lar frequency ω = ω + iΔω (i =

�

−) of the capil-
lary wave to the capillary wavelength Λ (wavenumber
k = π�Λ) [iii]. Experimentally, the correlation func-
tion G(t) (t is time) [iv] or the power spectrum of the
scattered light can be measured by using the optical het-
erodyne technique for a selected wavenumber k [i]. The
power spectrum is approximately lorentzian in form,
and is characterized by a peak frequency f = ω�π and
a linewidth Δ f = Δω�π [iii]. To a first approximation,
the peak frequency f of the capillary wave on a water–
organic solvent interface can be described by the Lamb’s
equation [v],

f =

π

�

γk

ρw + ρo
�

�

,

Quasielastic light scattering (QELS)— Figure. Scheme of the exper-
imental set up for QELS measurements: w – aqueous solution, NB –
organic solvent solution, S –microsyringe, T – glass tube, PD – photo-
diode, AMP – pre-amplifier, FFT analyzer. Reprinted with permission
from [vi]. ©  American Chemical Society

where γ is the� surface tension, ρw and ρo are the den-
sities of the aqueous (w) and the organic solvent (o)
phase, respectively. The linewidth Δ f reflects the damp-
ing of the capillary waves due to the bulk viscosities of
the two phases [iii]. Application of the QELS method
has been extended to study of dynamics of nonpolar-
izable [vi] and ideally polarizable [vii] ITIES (� inter-
face of two immiscible electrolyte solutions). Following the
simplified description of the method [vi], the incident
beam normal to the interface is quasielastically scattered
by the thermally excited capillary wave with a Doppler
shift at an angle determined by the ratio of thewavenum-
bers of the incident beam and the capillary wave (Fig-
ure). The scattered beam is optically mixed with the in-
cident beam at the selected angle by means of a trans-
mission diffraction grating, which yields an optical beat
detected at the same frequency as the Doppler shift (cap-
illary wave frequency).
Refs.: [i] Hard S, Hamnerius Y, Nilsson O () J Appl Phys :;
[ii] Löfgren H, Neuman RD, Scriven LE, Davis HT () J Colloid In-
terface Sci :; [iii] Laudon R () Ripples on liquid interfaces. In:
Agranovich VM, Laudon R (eds) Surface excitations. North Holland,
Amsterdam, pp –; [iv] ByrneD, Earnshaw JC () J PhysDAppl
Phys :L; [v] Lamb H () Hydrodynamics. Dover, New York,
p ; [vi] Zhang Z, Tsuyumoto I, Takahashi S, Kitamori T, Sawada T
() J Phys Chem A :; [vii] Samec Z, Trojánek A, Krtil ()
Faraday Discuss :
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Quasi-Fermi level — The quasi-Fermi level is a hypo-
thetical energy level introduced by W. Shockley to de-
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scribe the behavior of charge carriers under nonequilib-
rium conditions in � semiconductors. It correctly pre-
dicts the concentration of charge carriers, electrons in
the � conduction band, or holes in the � valence band,
if these are assumed to be in thermal equilibrium at the
lattice temperature and if the quasi-Fermi level is used
in the Fermi–Dirac distribution function (� Fermi–
Dirac statistics) in substitution to the � Fermi level. In
the case of nonequilibrium conditions, no single Fermi-
level exists and the quasi-Fermi levels for � electrons
and � holes serve the purpose for which the Fermi
level alone was adequate at thermal equilibrium. The
quasi-Fermi levels essentially are � electrochemical po-
tentials for electrons and holes, in a different terminol-
ogy, because it is widespread practice, in semiconductor
physics, to refer to the chemical potential of a semicon-
ductor as the Fermi level.
Refs.: [i] Shockley W () Electrons and holes in semiconductors. Van
Nostrand, New York; [ii] Blakemore JS () Semiconductor statistics.
Dover, New York; [iii] Rhoderick EH () Metal-semiconductor con-
tacts. ClarendonPress, Oxford; [iv] AshcroftW,MerminND () Solid
state physics. Saunders College, Philadelphia; [v] Seeger K () Semi-
conductor physics – an introduction. Springer, Berlin
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Quasireference electrode (QRE) — (� reference elec-
trode, pseudoreference electrode). An electrode that
maintains a given, but generally not well-defined, poten-
tial during the course of a series of electrochemical ex-
periments. It has the advantage of not contaminating the
test solution by solvent or ions that a conventional refer-
ence electrode might contain and transfer. Thus in stud-
ies in aprotic solvents, like acetonitrile, a silver wire can
behave as a QRE. It must be calibrated with respect to
a true reference electrode or reference redox couple that
is added at the end of the experiments to obtain mean-
ingful potential values.
Refs.: [i] Bard AJ, Faulkner LR () Electrochemicalmethods, nd edn.
Wiley, New York, p ; [ii] Ghilane J, Hapiot P, Bard AJ () Anal
Chem :
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Quasireversibility� reversibility

Quasireversible maximum— is a feature of the square-
wave voltammetric response (see� square-wave voltam-
metry) of a kinetically controlled � electrode reaction in
which at least one component of the � redox couple is
immobilized on the � electrode surface [i] and kinet-
ically controlled electrode reaction occurring in a re-
stricted diffusion space [ii] (see� thin-film electrode and

� thin-layer). The quasireversible maximum is mani-
fested as a parabola-like dependence of the ratio ΔIp

�

f

(or ΔIp
f ) versus f , where ΔIp is the � peak current of

the net SW peak and f is the frequency of the square-
wave potential modulation (see � square-wave voltam-
metry). The maximum of the parabolic curve is posi-
tioned within the quasireversible kinetic region of the
electrode reaction. The quasireversible maximum arises
as a consequence of the current sampling procedure
used in� square-wave voltammetry and chronoamper-
ometric characteristics (see � chronoamperometry) of
the surface-confined electrode reactions, or reactions
confined within a thin film. Under conditions of the
quasireversible maximum the rate of the electrode reac-
tion is synchronized with the frequency of the square-
wave potential modulation. Hence, the position of the
maximum is dictated by the � standard rate constant
of the electrode reaction. The position of the quasire-
versible maximum can be theoretically predicted on the
basis of numerical simulations of the electrode reac-
tion. The standard rate constant of the electrode reac-
tion can be readily estimated by comparing the position
of the theoretically predicted and experimentally mea-
sured quasireversible maximum. Although primarily
typical for square-wave voltammetry, the quasireversible
maximum can be also observed with other pulse-nature
voltammetric techniques (see� pulse voltammetry).
Refs.: [i] Lovrić M () Square-wave voltammetry. In: Scholz F
(ed) Electroanalytical methods. Guide to experiments and applica-
tions. Springer, Berlin, p ; [ii] Mirčeski V () J Phys Chem B
:; [iii] Mirčeski V, Komorsky-Lovrić Š, Lovrić M () Square-
wave voltammetry. In: Scholz F (ed) Monographs in Electrochemistry.
Springer, Berlin
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Quincke, Georg Hermann

(Reproduced from [i])

(Nov. , , Frankfurt an der Oder, Germany – Jan.
, , Heidelberg, Germany) German physicist who
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studied in Berlin, Königsberg, and Heidelberg. In 
he became Professor in Berlin, in  inWürzburg, and
in  in Heidelberg [i]. Q. contributed to the fields of
acoustics, optics, electricity, and magnetic susceptibility
measurement. In relation to electrochemistry he is re-
membered for his studies of� electrokinetic effects, par-
ticularly � Quincke rotation [ii–vii].
Refs.: [i] König W () Naturwissenschaften :; [ii] Quincke G
() Pogg AnnPhys :; [iii] Quincke G () Pogg Ann Phys :;
[iv] Quincke G () Pogg Ann Phys :; [v] Quincke G ()
Pogg Ann Phys :; [vi] Quincke G () Pogg Ann Phys :;
[vii] Quincke G () Pogg Ann Phys :
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Quincke rotation — An effect where a particle, sus-
pended in a fluid and subjected to a strong � electro-
static field, spontaneously rotates [i].�Quincke rotation
is thus a particular example of� electrorotation. The on-
set of Quincke rotation occurs at a threshold value of
the electrostatic field, which depends on such factors as
the fluid viscosity and the dielectric charge relaxation
times of the particle and the fluid (� dielectric relax-
ation). Spontaneous rotation will occur only for the case
where the charge relaxation time of the particle exceeds
that of the surrounding fluid.The charge relaxation time
of a material is given by the ratio of its permittivity and
electrical conductivity, and so in general spontaneous
rotation can occur if the particle ismore polarizable than
the surrounding fluid.
A simple phenomenological explanation of Quincke

rotation is given in the Figure below. In (a) the case is
shown where the charge relaxation time of the particle is
lower than that of the fluid (tf � tp). The electric dipole
moment (� dipole moment) induced in the particle, as
a result of the build-up of surface free charges, has the
same orientation as the applied electric field E [ii, iii]. If
the particle is given a slight, random, rotational displace-
ment the resulting electric torque will restore the parti-
cle’s orientation. On the other hand, if we have the case
shown in (b)where the charge relaxation time inequality
is reversed (tf < tp), the induced dipolemoment opposes
the applied field. A small rotational displacement of the
particle produces a torque which tends to further push
the particle away from its original orientation, and full
rotational motion can be initiated if the electrical torque
overcomes the viscous drag imposed by the fluid. The
axis of rotation will always be perpendicular to the ap-
plied field, but the sense of rotation (clockwise or anti-
clockwise) is dictated by the random nature of the initial
displacement [iv] and may even exhibit chaotic behav-
ior [v].

Quincke rotation— Figure

Refs.: [i] Quincke G () Ann Phys Chem:; [ii] Melcher JR ()
IEEE Trans Educ E-:; [iii] Jones TB () IEEE Trans Ind Appl
IA-:; [iv] Turcu I () J Phys Math Gen :; [v] Lamaire E,
Lobry L () Physica A :
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Quinhydrone electrode — introduced by � Biilmann
in  [i–vi] is a � redox electrode for � pH mea-
surements [vii, viii]. Quinhydrone is a sparingly soluble
charge-transfer complex consisting of quinone and hy-
droquinone in : ratio. At an inert electron conductor
(e.g., � platinum wire or modified � graphite) the fol-
lowing electrochemical equilibrium is established:

Quinhydrone electrode — Figure

The � potential of this � redox electrode (platinum,
quinhydrone solution) depends on the ratio quinone to
hydroquinone and on the pH of the solution:

E = E�

Q/Q− + (RT�F) ln (aQ�aRed)

− (RT�F) ln (KaKa)

+ (RT�F) ln 
aHO+ + KaaHO+ + KaKa� .

(E�

Q/Q− is the standard potential of the system quinone
(Q) and the dianion of hydroquinone (Q−), aRed is the
sum of the activities of all hydroquinone forms: aRed =
aHQ+aHQ− +aQ− , Ka = .�− and Ka = �−
are the � acidity constants of hydroquinone, R is the
� gas constant, T is the absolute temperature, F is the
� Faraday constant). The ratio of quinone concentra-
tion to the sum of concentrations of all hydroquinone
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forms is unity because of the composition of quinhy-
drone; however, strong oxidatants or reductants may
change that ratio; also, in emulsions a preferential dis-
solution of the quinone in the oil droplets may affect
that ratio in the aqueous phase. For pH < . (i.e., at
pH < pKa) the potential of the quinhydrone electrode
follows the equation: E( �C) = E�′

c (quinhydrone) −
.pH (E�′

c (quinhydrone) is the � formal potential
of the quinhydrone electrode at pH < .. At  �C
the formal potential is .V vs. SHE [ix]). The
classic quinhydrone electrode requires to spoil the so-
lution with some quinhydrone powder and to mea-
sure the potential of a platinum electrode in that solu-
tion versus a reference electrode [viii]. Recently it has
been shown that composite electrodes containing mod-
ified graphite and quinhydrone can perform as well as
the classical electrodes without spoiling the solutions

and additionally offering various new applications [x–
xii].
Refs.: [i] Biilmann E () Ann Chim :; [ii] Biilmann E, Lund H
() Ann Chim :; [iii] Biilmann E, Krarup I () J Chem
Soc :; [iv] Biilmann E, Jensen AL () Bull Soc Chim :;
[v] Biilmann E, Jensen AL () Bull Soc Chim :; [vi] Biil-
mann E () Bull Soc Chim :; [vii] Galster H () pH-
measurement: fundamentals, methods, applications, instrumentation.
Wiley-VCH, Weinheim; [viii] Clark WM () The determination of
hydrogen ions. Williams and Wilkins, Baltimore; [ix] Janz GJ, Ives DJG
() The quinhydrone electrode. In: Ives DJG, Janz GJ (eds) Reference
electrodes. Academic Press, New York, pp ; [x] Kahlert H, Stein-
hardt T, Behnert J, Scholz F () Electroanalysis :; [xi] Scholz F,
Steinhardt T, Kahlert H, Pörksen JR, Behnert J () J Chem Educ
:; [xii] Kahlert H, Pörksen JR, Behnert J, Scholz F () Anal
Bioanal Chem :
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