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 a b s t r a c t

After a brief introduction of background and methods of Dielectric Relaxation Spectroscopy (DRS), an overview 
of its applications in solution chemistry and soft-matter studies is given. Mainly based on work of the author’s 
laboratory, examples range from pure liquids via solvation/hydration studies to ion-binding and micellar systems.

1.  Introduction

With theoretical foundations laid by Peter Debye in his famous book 
from 1929 [1] Dielectric Relaxations Spectroscopy (DRS) or simply Di-
electric Spectroscopy has developed into an important tool for material 
science [2–8] and biophysics [9]. However, despite early applications 
in the molecular spectroscopy of solutions, see Ref. [10] and literature 
cited therein, DRS has remained a niche technique in solution chemistry. 
Particularly, when the focus is on electrolytes around ambient temper-
ature. Main reasons for that are: (1) technological difficulties to cover 
the relevant frequency range of ∼50MHz to (ideally) several Tera-Hertz 
[11,12]; (2) lacking sensitivity (depends on the effective dipole moment 
but generally concentrations 𝑐 ≳ 0.05mol/L are required to detect ion 
pairs); and (3) lacking ability to discriminate, as relaxation processes, 
such as those of contact ion pairs (CIPs) and “slow” water [13], often 
strongly overlap. Whilst some of these restraints still remain, recent de-
velopments in DRS make its application easier now and, in conjunction 
with information from other methods, allow tackling otherwise unac-
cessible problems in the physical chemistry of solutions. Based mainly 
on work done by us in Regensburg over the last decades, these devel-
opments should be sketched in this contribution to the EUCMOS2025 
Special Issue of the Journal of Molecular Spectroscopy. The reader may 
excuse the bias of the list of references, which obviously is far from 
complete.

2.  Background

DRS detects the response of a sample to a time-dependent electric 
field, 𝐸⃗(𝑡) [4,14]. This polarization, 𝑃 (𝑡), or –scaled by sample volume– 
the corresponding macroscopic dipole moment, 𝑀⃗(𝑡) = 𝑃 (𝑡)∕𝑉 , arises 
from various intra- and intermolecular processes, such as molecular 
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polarizability, reorientation of permanent molecular dipoles, the for-
mation/decay of dipolar entities, free and/or blocked charge trans-
port etc. Formally, 𝑀⃗(𝑡) can be written as the product of its time- and 
space-averaged equilibrium value, ⟨𝑀⃗eq⟩, and the associated correlation 
function 𝐹P(𝑡) = ⟨𝑀⃗(𝑡) ⋅ 𝑀⃗(0)⟩∕⟨𝑀⃗(0) ⋅ 𝑀⃗(0)⟩ describing its time evolu-
tion [14]. Since 𝑀⃗(𝑡) is the vector-sum of the individual moments, 𝜇𝑖, 
of all dipolar entities, 𝑖, present at time 𝑡, 𝐹P(𝑡) contains cross-terms, 
𝜇𝑖(𝑡) ⋅ 𝜇𝑗 (0). As a consequence, DRS probes the collective dynamics of 
the sample under study, in contrast to most other spectroscopic tech-
niques, such IR or NMR spectroscopy. Those are generally sensitive to 
the dynamics of individual molecules. This may pose problems in the 
interpretation of dielectric spectra but on the other hand also carries 
additional information [15–18].

Commonly, the response of the sample is not discussed in terms of the 
above time-domain representation but as a function of the frequency, 𝜈, 
of an applied harmonic field (of angular frequency 𝜔 = 2𝜋𝜈), as this is 
the basis of most measurement techniques. Here, the material-specific 
quantity coupling 𝐸⃗(𝜈) and 𝑃 (𝜈) is the frequency-dependent total per-
mittivity, 𝜂̂(𝜈) = 𝜂′(𝜈) − i𝜂′′(𝜈). Frequency-domain and time-domain rep-
resentation are directly linked via Fourier-Laplace transformation and 
thus fully equivalent [14].

The total permittivity, 𝜂̂(𝜈), summarizes the contributions of all pro-
cesses in the sample associated with fluctuations of the macroscopic 
dipole moment, 𝑀⃗(𝑡). Most of them, such as the reorientation of molec-
ular dipole moments or blocked charge transport, explicitly depend on 
time/frequency, whereas free charge transport, characterized by dc-
conductivity, 𝜅, does not and thus only contributes to 𝜂′′ but not 𝜂′. 
In many cases the former contributions are in the focus of DRS, so that 
it is convenient to split 𝜂̂(𝜈) as
𝜂̂(𝜈) = 𝜀′(𝜈) − i[𝜀′′(𝜈) + 𝜅∕(2𝜋𝜈𝜀0)] (1)
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Fig. 1. Spectra of relative permitttivity, 𝜀′(𝜈), and dielectric loss, 𝜀′′(𝜈), of aque-
ous solutions of 1-dodecyl-3-methylimidazolium bromide (coulored symbols) 
and their fits (lines) as a function of solute concentration, 𝑐, at 25℃, with 𝑐
increasing in arrow direction from 0 to 242.1mmol/L. Coulored areas indicate 
solute (purple) and solvent (blue) contributions (see Ref. [19] for details).

where 𝜀′(𝜈) and 𝜀′′(𝜈) are respectively the frequency-dependent relative 
permittivity and dielectric loss of the sample; 𝜅∕(2𝜋𝜈𝜀0) is the Ohmic 
loss due to dc-conductivity and 𝜀0 the permittivity of free space (the 
electrical field constant). It is 𝜀̂(𝜈) = 𝜀′(𝜈) − i𝜀′′(𝜈) what we mean with 
dielectric spectrum in the following.

Fig. 1 shows a series of typical 𝜀′(𝜈) and 𝜀′′(𝜈) spectra. In the covered 
frequency range the relative permittivity, 𝜀′(𝜈), drops from the static 
(relative) permittivity, 𝜀 = lim𝜈→0 𝜀′(𝜈), to the high-frequency limit, 𝜀∞, 
which is nominally only determined by intramolecular polarizability. 
This dispersion indicates that with increasing 𝜈 less and less contribu-
tions to 𝑀⃗(𝑡) are able to follow the external field. Simultaneously, the 
sample absorbs energy, giving rise to dielectric-loss values 𝜀′′(𝜈) > 0.

3.  Methods

DRS is arguably the technique offering the largest range of accessible 
timescales, ranging from tens of femtoseconds to hours or even longer. 
Obviously, this cannot be spanned by a single instrument [4]. However, 
often a more limited time window is sufficient to cover the processes of 
interest. The relevant timescale of the systems in the focus of this contri-
bution, namely low-to-moderate molar-mass solutes dissolved in polar 
molecular solvents, is in the order of pico- to nanoseconds, so that MHz 
to GHz, better even THz frequencies should be covered. Since values 
of 𝜈 ≳ 50GHz are still difficult to access, at present only a few special-
ized laboratories routinely probe the associated short-time dynamics. 
For technical details regarding instrumentation the reader is referred to 
the review of Kaatze [20].

After correcting ̂𝜂(𝜈) for eventual Ohmic loss, 𝜅∕(2𝜋𝜈𝜀0), the first step 
in the evaluation 𝜀′(𝜈) and 𝜀′′(𝜈) is their simultaneously fit by relaxation 
models intended to describe the shape of the spectrum. For solution 
spectra sums

𝜀̂(𝜈) =
𝑛
∑

𝑖=1

𝑆𝑖

(1 + (i2𝜋𝜈𝜏𝑖)1−𝛼𝑖 )𝛽𝑖
+ 𝜀∞ (2)

of 𝑛 individual relaxation processes, 𝑖, generally yield the best fit. Each 
mode, 𝑖, is determined by its amplitude (relaxation strength), 𝑆𝑖, its re-
laxation time, 𝜏𝑖 = 1∕(2𝜋𝜈pk𝑖 , defined by the frequency, 𝜈

pk
𝑖 , of the cor-

responding loss peak, and by eventual shape parameters, 0 ≤ 𝛼𝑖 < 1 and 
0 < 𝛽𝑖 ≤ 1. The simplest (Lorentzian) band shape is given by the Debye 
(D) equation with 𝛼𝑖 = 0 and 𝛽𝑖 = 1. Typical fits are shown as solid lines 
in Figs.  1, 2 a & b, and 3, with the latter two indicating also the indi-
vidual contributions to 𝜀′′(𝜈).

Fig. 2. (a) Dielectric loss spectra, 𝜀′′(𝜈), of aqueous Eu2(SO4)3 solutions (sym-
bols) and their fits with the D+D+D model in the concentration range 
0 ≤ 𝑐 ∕mol/L≤ 0.0249. (b) Dielectric loss of 0.0209mol/L Eu2(SO4)3(aq) with 
shaded areas indicating the resolved contributions of solvent-separated ion pairs 
(2SIPs), solvent-shared ion pairs (SIPs), and bulk-like water. Panel (c) shows the 
associated relaxation amplitudes, 𝑆2SIP, 𝑆SIP, 𝑆b; panel (d) the relaxation times, 
𝜏2SIP, 𝜏SIP, 𝜏b, as a function of 𝑐 (see Ref. [21] for details).

At this point a warning is appropriate. By assuming a large enough 
number, 𝑛, of modes and playing with their shape parameters, 𝛼𝑖 and 
𝛽𝑖, an apparently perfect fit can be achieved for any spectrum. Particu-
larly, when only 𝜀′(𝜈) or 𝜀′′(𝜈) is adjusted. The simultaneous fit of rel-
ative permittivity and associated dielectric loss spectrum reduces am-
biguity. Nevertheless, so far this is just a formal description of 𝜀̂(𝜈)
based on numerical criteria, with no guarantee that this “optimum” re-
laxation model has any physical meaning. Additional arguments, based 
on information from other techniques, such as scattering experiments, 
molecular spectroscopy, or thermodynamic measurements, are required 
for assigning the resolved modes to physical processes [21]. The direct 
comparison of experimental data with dielectric spectra obtained from 
molecular-dynamics simulations is gaining increasing importance here 
[16,22–24].

For solutions of low- to moderate-molar-mass solutes in polar sol-
vents the detected relaxation processes, 𝑖, are generally arising from the 
reorientation of permanent molecular dipole moments, 𝜇𝑖. In this case 
amplitudes, 𝑆𝑖, can often be evaluated with the equation

𝑆𝑖 =
𝜀

𝜀 + 𝐴𝑖(1 − 𝜀)
×

𝑁A
3𝑘B𝑇 𝜖0

× 𝑐𝑖 × 𝜇2
eff ,𝑖 (3)

to obtain the concentration, 𝑐𝑖, or alternatively, the effective dipole mo-
ment,

𝜇eff ,𝑖 = 𝑔1∕2𝑖 × 𝜇𝑖∕(1 − 𝑓𝑖𝛼𝑖) (4)
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of the causing species [25,26]. In Eqs. (3) & (4) 𝐴𝑖 is the shape-
dependent cavity factor (𝐴𝑖 = 1∕3 for spheres), 𝑓𝑖 the reaction-field fac-
tor, and 𝛼𝑖 the polarizability of the dipole; 𝑁A, 𝑘B and 𝑇  have their 
usual meaning [26]. The empirical factor 𝑔𝑖 accounts for possible orien-
tational correlations of the 𝑖-dipoles. For low to moderate solute concen-
trations 𝑔𝑖 ≈ 1 can be reasonably assumed, so that 𝜇eff ,𝑖 can be obtained 
from geometrical models or —preferably— quantum-chemical calcula-
tions [27,28]. Eqs. (3) & (4) are not only valid for dipoles reorienting 
via rotational diffusion (small-angle random jumps of the dipole vector) 
but also for systems where dynamics is governed by hydrogen-bonding, 
such as water or alcohols. It also includes short-lived species, such as ion 
pairs, provided their lifetime is at least comparable to their rotational 
correlation time [13]. However, note that Eqs. (3) & (4) assume a rigid 
dipole and neglect specific intra- and intermolecular interactions [29]. 
Also, for larger aggregates, such as micelles [19,30], different relaxation 
mechanisms and associated expressions for 𝑆𝑖 apply.

4.  Applications

As already indicated, DRS yields the cooperative dynamics of the 
studied system. Thus, in conjunction with other methods, particu-
larly computer simulations and experimental methods determining 
molecular-level structure (e.g. scattering experiments), and molecular 
(single-particle) dynamics (e.g. NMR, IR pump-probe anisotropy exper-
iments), deep insights into intermolecular interactions of liquids and 
solutions can be gained.

4.1.  Neat liquids

Regarding intermolecular interactions in pure dipolar liquids, the 
major focus is on understanding the interplay between molecular-level 
structure and dynamics and its implications on macroscopic properties. 
The liquid-state dynamics of rigid molecules interacting only through 
dipole-dipole and van-der-Waals interactions, such as dichloromethane 
[31], acetonitrile [32], or nitromethane [33], is governed by rotational 
diffusion. This can be viewed as small-angle random jumps of the orien-
tation of the molecular dipole vector, exposed to an essentially isotropic 
frictional force determined by the macroscopic viscosity of the liquid. 
Note, that cross-correlations become increasingly important on super-
cooling, complicating the dynamics of such apparently simple liquids 
[15].

This so-called Stokes-Einstein-Debye (SED) behaviour breaks down 
when directional forces, such as hydrogen bonds (HBs) become relevant 
[34]. For instance, the dielectric spectrum of water exhibits at least two 
[32], possibly three [35] relaxation processes: Weak contributions at 
∼ 600GHz (relaxation time ∼ 0.3ps) and ∼ 140GHz (∼ 1.1ps), and the 
dominant process situated at ∼ 18GHz (∼ 8.3ps) around room tempera-
ture. Reason is the fluctuating three-dimensional HB-network formed by 
this liquid. According to Laage et al. [36], water dynamics is character-
ized by fast (∼ 0.3ps) ∼ 60◦-flips of individual H2O molecules changing 
H-bond allegations. These jumps generate a cascade of dipole swings in 
their surroundings leading to the slow (∼ 8.3ps) collective re-settlement 
of the local H-bond network [37]. The intermediate 1.1 ps mode would 
represent the full reorientation of individual H2O molecules [35]. How-
ever, note that also alternative models of water relaxation were pro-
posed, such as the coupling model of Ngai [38].

Whilst cooperative dynamics of water is rather fast due to the three-
dimensional structure of the H-bond network, liquids forming two- (for-
mamide [39], diols [40]) or one-dimensional aggregates (mono-alcohols 
[41], secondary amides [39,42]) exhibit considerably longer relaxation 
times but simultaneously also significantly larger static permittivities 
than expected from their molecular dipole moments. The latter is a 
consequence of the preferably parallel dipole alignment, whereas the 
slow dynamics reflects the reduced probability to find new energetically 
equivalent (or better) H-bond partners. Discussions on the detailed re-
laxation mechanism are still vivid [43–45]. Interesting from a chemist’s 

Fig. 3. Dielectric loss spectrum, 𝜀′′(𝜈) (symbols), of a mixture (mole fraction 
𝑥IL = 0.41) of the ionic liquid (IL) MPPyrNTF2 with sulfolane (teramethylsulfone, 
TMS) at 30℃ and its fit with the D+D+D+D model (line) [83]. Shaded areas 
indicate the resolved modes, 𝑖 = 1…4, tentatively assigned to IL aggregates (1), 
cation reorientation (2), TMS reorientation (3), and cage-rattling (4), based on 
previous IL+solvent studies.

point of view is the link between H-bond dynamics and catalytic activity 
of fluorinated mono-alcohols [46].

Because of numerous potential applications ionic liquids (ILs), i.e. 
room-temperature molten salts, are intensively studied for about two 
decades now. It may suffice to cite here the review of Wang et al. [47] 
focusing on their structure and dynamics. In the early years, DRS studies 
focused on static permittivity, 𝜀, as for conducting systems extrapolation 
of 𝜀′(𝜈) to 𝜈 → 0 is the only way to determine this fundamental quan-
tity [48]. Charge transport is still intensively studied [7,49–51] but also 
the relaxation mechanisms behind the complex dielectric spectra. For 
aprotic ILs this may be roughly sketched in the direction of increasing 
time as cage-rattling, intramolecular flexibility, ion reorientation and 
cage-escape [11,52]. For protic and pseudo-protic ILs additionally pro-
ton transfer comes into play [53]. Deep eutectic solvents (DES), i.e. mix-
tures of a salt, where one of the ions acts as H-bond donor, with a neutral 
(solid or liquid) H-bond acceptor, such as ethaline (1:2 molar ratio mix-
ture of choline chloride and urea), exhibit a similar rich and complex 
behaviour [54–58]

4.2.  Solutions — solvent relaxation and solvation numbers

For solutions of electrolytes or non-electrolytes in a polar solvent, the 
relaxation behaviour of the latter is affected by the balance of solvent-
solvent and solute-solvent interactions. With increasing solute concen-
tration the process(es) assigned to the —more-or-less unperturbed— 
bulk solvent usually exhibit a decrease in amplitude, 𝑆b(𝑐) (Fig.  2c), 
and possibly a relaxation-time shift. Using the value for the pure sol-
vent, 𝑆b(0), to determine its effective dipole moment, the DRS-detected 
bulk-solvent concentration, 𝑐b(𝑐), at solute concentration, 𝑐, can be cal-
culated from 𝑆b(𝑐) with Eq.  (3). Comparison with the analytical sol-
vent concentration, 𝑐s(𝑐), then yields the effective total solvation (hydra-
tion for solvent water) number, 𝑍t = (𝑐s − 𝑐b)∕𝑐, as the total number of 
dynamically affected solvent molecules per equivalent of solute. Note, 
that for electrolytes 𝑆b(𝑐) first needs to be corrected for kinetic depo-
larization [59]. Such numbers have been determined in our laboratory 
for aqueous [13,21,60] and non-aqueous electrolytes [33], as well as 
other solutes ranging from sugar-alcohols [61] and neurotransmitters 
[62] to supra-molecular hosts [63] and hydrophilic polymers [64] to 
mono-clonal antibodies [65]. Hydration/de-hydration effects are also 
important to understand surfactant systems [66,67]. For instance, the 
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Fig. 4. Dielectric loss spectrum, 𝜀′′(𝜈), of a DDAB/W/D microemulsion (mass fractions 𝑤D = 0.35, W/DDAB mass ratio 𝑤W∕𝑤DDAB = 2.79; molar ratio 𝑊 = 71.7) at 
25℃ (symbols) and its fit with the D+D+D+D+D+D model (line). Shaded areas indicate the resolved modes, 𝑗 = 1…6, assigned to ion exchange (1), surface 
hopping (2), radial ion fluctuations (3), ion-pair rotation (4), frustrated core water (5), and interfacial H2O molecules (6) [94]; see text for details.

spectacular transformation of the stiff lamellar gel formed by the dialkyl-
dimethyl-ammonium chloride surfactant DTDAC with water into a flu-
idic multi-layer-vesicle dispersion upon millimolar additions of CaCl2 is 
accompnied by a significant release of bound water [68].

Depending on the interaction strength, all or part of this “missing” 
solvent may give rise to a new relaxation of amplitude 𝑆s at lower fre-
quencies, typically around 10GHz for aqueous solutions [13,69]. The 
corresponding “slow water” concentration, 𝑐s, then yields the number 
𝑍s = 𝑐s∕𝑐 of water molecules moderately slowed down in their dynam-
ics. Particulary for salts with ions of high surface-charge density, such 
as the example of Fig. 2, the difference 𝑍ib = 𝑍t −𝑍s is generally > 0, 
meaning that these 𝑍ib solvent dipoles are effectively frozen (irrotation-
ally bound, ib) on the covered DRS time scale. Unfortunately, DRS can 
only detect the total effect of all solutes on the bulk-solvent amplitude, 
𝑆b(𝑐). The splitting into individual contributions, such as those of cation, 
𝑍t (cation, 𝑐), and anion, 𝑍t (anion, 𝑐), for an electrolyte solution, requires 
assumptions. At least for not too concentrated aqueous solutions, where 
a reasonable body of data is available, these contributions are additive. 
Based on the assumption of 𝑍t (𝑐) = 0 for Cl− and Br−, a consistent series 
of ionic solvation numbers was found [13,60]. For Na+ the result could 
be crosschecked by combining DRS and time-resolved IR spectroscopy 
for aqueous sodium alginate, as the hydration number of Alginate’s an-
ionic repeat unit could be separately determined by the latter technique 
[70].

Obviously, 𝑍t , 𝑍s, and 𝑍ib are effective solvation numbers, as they 
just tell how many solvent dipoles are affected in their dynamics by
interactions with the solute [60]. Thus, they inform on the strength 
solute-solvent interactions but yield neither information on the lo-
cation of the affected solvent molecules nor on their local environ-
ment. However, in that way they complement coordination num-
bers from scattering experiments, which essentially reflect the struc-
ture of the solvate [71–73]. The link between both provide computer 
simulations [36,74,75] and time-resolved vibrational spectroscopy 
[76]. For recent reviews on the dynamics of solvating water see
Refs. [77,78].

4.3.  Electrolyte solutions — ion-ion interactions

Ion binding studies have been a major topic of our research for a 
long time. The initial focus was on ion-association in aqueous and non-
aqueous solvents [79] and this area still continues to excite. In aqueous 
solutions ion-pair (IP) formation between a cation, C𝑧+ , and an anion, 
𝐴𝑧− , of charge numbers 𝑧+(> 0) and 𝑧−(< 0), generally follows the well-

known Eigen-Tamm mechanism [80]

C𝑧+ (aq) + A𝑧− (aq)
free ions

𝐾2SIP
⇌

[

C𝑧+ (OH2)(OH2)A𝑧−
]𝑧++𝑧− (aq)

2SIP
𝐾SIP
⇌

[

C𝑧+ (OH2)A𝑧−
]𝑧++𝑧− (aq)

SIP

𝐾CIP
⇌

[

C𝑧+A𝑧−
]𝑧++𝑧− (aq)
CIP

(5)

where 𝐾𝑖 denotes the step-wise formation constants for the various IP 
types: double-solvent-separated (2SIP), solvent-shared (SIP) and contact 
(CIP). These are related to the overall association constant 

𝐾A = 𝐾2SIP +𝐾2SIP𝐾SIP +𝐾2SIP𝐾SIP𝐾CIP (6)

determined by traditional thermodynamic methods [80,81], such as po-
tentiometry, or dilute-solution conductivity measurements [82].

Whilst the CIP concentration, 𝑐CIP, and thus 𝐾CIP, is accessible 
from NMR or vibrational spectroscopies, 𝑐2SIP and 𝑐SIP, and therefore 
𝐾2SIP and 𝐾SIP, are not. Here DRS can step in as it detects all dipo-
lar species of sufficient concentration, provided their lifetime is at 
least in the order of their rotational correlation time. For IPs the lat-
ter are in the order of tens to hundreds of picoseconds, depending 
on their size, which is compatible with the experimental IP relaxation
times (Fig. 2d).

Depending on solvent and solute not all steps of scheme (5) may be 
found, see Fig. 2 [21] and Refs. [84,85] as examples. On the other hand, 
for some electrolytes even dipolar triple-ions were detected [13]. Ion-
pairing, or more generally ion-binding, is a common phenomenon and 
also detected for zwitterionic [86] and ionic neurotransmitters [87], as 
well as for supramolecular hosts bearing charged groups [63].

Assigning resolved modes in the broad and rather featureless spectra 
of IL+solvent and DES+solvent mixtures is problematic as generally 
both components contribute, see Fig. 3 for a typical example. Never-
theless, there are indications for ion-pairing at low IL concentrations 
[33,88,89]. However, above IL mole fractions 𝑥IL ≳ 0.1 these IP-typical 
features gradually die out. Apparently, the ion-pair lifetime drops below 
their rotational correlation time because of increasing ion-ion-ion pair 
interactions with raising IL content. This may be seen as the smooth tran-
sition from a salt-in-solvent to a solvent-in-salt system. Interestingly, for 
mixtures of the DES reline and glyceline with DMSO such an interpre-
tation is not possible, despite significant “excess-contributions” to the 
mode mainly attributed to choline chloride [90]. Instead, data suggest 
significant micro-heterogeneities already at low DES content.

Journal of Molecular Structure 1373 (2026) 146769 

4 



R. Buchner

4.4.  Micelles, confinement, …

Confinement in general and in particular the nano- to mesoscopic 
structures arising from surfactant aggregation often lead to characteris-
tic changes in dynamics [91]. This is especially the case when ions are 
involved, either directly for ionic surfactants, or indirectly when small 
amounts of salt are added to monitor structure changes.

Aqueous solutions of ionic micelles, such as those formed by 1-
dodedecyl-3-methylimidazolium bromide ([C12MIM]Br), exhibit a pro-
nounced contribution in the ∼0.1-3GHz region of their dielectric spec-
tra (Fig. 1). This can be resolved into two Debye modes, with the 
lower-frequency mode assigned to fluctuations of the diffuse counterion 
cloud surrounding the charged micelles and the higher-frequency relax-
ation arising from the surface-hopping of condensed counterions [92]. 
The surface-diffusion coefficient of the counterions deduced from the 
latter suggests that at least for dodecyltrimethylammonium [92] and 
[C12MIM] surfactants [19] triflate (trifluoromethanesulfonate, TfO−) 
counterions partly insert into the micellar core, whereas halide ions stay 
in the interfacial layer. Almost certainly, this is the major reason for the 
low efficiency of [C12MIM]TfO in micellar catalysis [19,93].

For aggregates of non-ionic surfactants generally only contributions 
arising from the dynamics of the polar headgroup can be detected but no 
aggregate-specific relaxation processes [95]. However, small amounts 
of added “monitor ions" give rise to Maxwell-Wagner-type modes when 
charge transport is blocked by confinement [96]. This was for instance 
used to study the percolation transition of water-in-oil microemulsions 
formed by (oligothethylene)glycol surfactants [97]. Dielectric spectra of 
reverse micelles with ionic surfactants are generally rather complicated 
(Fig. 4) [94,98]. One may argue whether mode 4 (tentatively assigned 
to the reorientation of headgroup-counterion pairs) is really required to 
describe this particular sample. However, relaxations 1, 2 , 3, 5 & 6 def-
initely are. Modes 5 and 6 are assigned to water residing inside the pool 
and to H2O molecules interacting with the interface. Relaxation 1 is due 
to the exchange of ions between colliding reverse micelles, similar to the 
situation in Ref. [97]. According to our interpretation, modes 2 and 3 
are comparable to the micelle-specific modes of normal micelles, how-
ever with flipped dynamics. Because of the small pool size, ion-cloud 
fluctuations (3) are now faster than surface hopping (4). However, this 
interpretation needs a crosscheck by other methods, preferably com-
puter simulations.

5.  Concluding remarks

In the frequency range relevant to solution chemistry, DRS will al-
most certainly remain a niche technique. However, with the availabil-
ity of broad-band vector network analyzers (VNAs) now more potential 
users are expected. Here, the first pitfall for newcomers opens: VNAs re-
quire calibration with (at least) three standards. Open- and short-circuit 
calibration pose no major problem, as long as experiments can be per-
formed under open atmosphere. However, the third standard should be 
preferably a liquid with dielectric properties similar to the sample. Un-
fortunately, the selection of standard liquids that are accurately charac-
terized by absolute measurements of 𝜀̂(𝜈) is limited. Particularly, when 
temperatures away from room temperature should be investigated.

The second pitfall was already mentioned: This is the choice of the 
relaxation model, Eq.  (2), used to fit 𝜀̂(𝜈). Goodness of the fit is a nec-
essary but not a sufficient criterion to decide whether the chosen model 
is meaningful or not. Particularly, when the covered frequency is lim-
ited, which is more than often the case in solution studies. The spec-
tra of Figs.  3 and 4 are examples for that. To check whether the cho-
sen model is self-consistent, a series of measurements, varying tempera-
ture or, in solution studies preferred, sample composition, is necessary. 
Obviously, also the inference from the obtained amplitudes and relax-
ation times should fit into existing knowledge or be backed by infor-
mation gained with other methods. This is of particular importance, as 
the assignment of resolved modes to physical processes is often prob-

lematic. Here, molecular-dynamics simulations are becoming more and 
more important as they allow disentangling self- and cross-correlations 
[16,18,51]. However, note that for (reasonable) quantitative agreement 
polarizability has to be properly taken into account [16,24].

The author hopes that, despite the just sketched pitfalls for active 
and prospective DRS users, he was able to convince readers with this 
personally biased review, that DRS can provide otherwise inaccessible 
information relevant in solution chemistry and for soft-matter studies 
in general. This is especially true, when DRS results are carefully com-
bined with inference from other methods, may these be thermodynamic 
or transport measurements, scattering experiments or computer simu-
lation. Although not always explicitly stated, this was the strategy fol-
lowed in many of the cited papers.
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