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a b s t r a c t

Dimethyl phosphate (DMP–) is the simplest model ion to assess ion-pairing phenomena between metal
ions and the phosphate backbone of nucleic acids. Yet, the equilibria and dynamics of ion binding to
DMP– have not been fully uncovered. Here, we study the interaction of DMP– with different cations
and water in aqueous solutions of NaDMP using dielectric relaxation and nuclear magnetic resonance
spectroscopies. We find DMP– to be weakly hydrated and weakly associated with Na+ in the absence
of added salt. Upon addition of NaCl, MgCl2, or CaCl2 to solutions of NaDMP, we detect the formation
of solvent-shared (NaDMP0) and contact (MgDMP+, CaDMP+) ion-pairs; the degree of ion association is
20–27 % at 2:1 salt:DMP molar ratio for the bivalent ions. Comparison to literature results suggests
the formation constant of MgDMP+ to be a good estimate for the binding of Mg2+ to RNA. From the con-
centration dependence of the rotational relaxation time of the ion-pairs, we find ion-pair dissociation
rates to follow the order Mg2+ � Ca2+ < Na+. Strikingly, our data suggest that the overall ion-pair dissoci-
ation dynamics are governed by an ion-pair metathesis reaction, which provides a different pathway for
the binding of ions by DMP–.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In cells, alkali and alkaline earth metal ions (K+, Na+, Mg2+, Ca2+,
etc.) condense around hydrated RNA and DNA, establishing an ion
atmosphere [1]. This ionic environment is pivotal in stabilizing the
macromolecular structure by compensating for the overall nega-
tive charge of the phosphodiester backbone [1–7]. As such,
cation-nucleic acid interactions govern the functioning of nucleic
acids and affect folding [3,5,8,9], enzymatic reactions [5,10,11],
and protein binding [12].

The binding of metal ions to DNA, RNA and their fragments has
been studied in great detail by applying X-ray crystallography [13–
17], nuclear magnetic resonance (NMR) [14,18–20], infrared (IR)/
Raman [20,21], fluorescence [21] spectroscopies, ion exchange
[4,22], and molecular dynamics (MD) simulations [2,6,14,20–29].
From these studies, it has become apparent that divalent cations
exhibit a higher affinity to phosphate oxygens, whereas monova-
lent ions are similarly attracted to phosphate groups and nucle-
obases [5,14,20–28]. Nevertheless, a large fraction of cations is
expected to accumulate around the phosphate backbone due to
its intrinsic negative charge. Indeed, MD simulations for different
types of DNA have suggested preferential interaction of cations
with the phosphate groups at bulk ion concentrations relevant
for intracellular media [6,23].

Given the dominant role of the phosphate backbone in cation
binding, characterizing the nature, strength, and dynamics of ion
binding by phosphate is indispensable for understanding the nat-
ure of the ionic atmosphere around DNA or RNA. In general,
cation-phosphate interactions are primarily governed by electro-
static forces, and they can occur as contact ion-pairs (CIP), where
the phosphate group is located in the first solvation shell of the
cation, or solvent-shared ion-pairs (SIP), where ions are separated
by one solvent layer, or solvent-separated ion-pairs (SSIP), in
which both ions retain a single solvation layer. The tendency of
cations to bind to the phosphate backbone increases with increas-
ing surface charge density of the cations: Mg2+ J Ca2+ � Na+ J K+

[4,6,17,20–22,28,30]. Also, stronger binding often results in slower
dissociation dynamics [5,6,17,18,20,21,23,24,27,28]. In this
respect, infrared experiments and ab initio molecular dynamics
simulations have suggested that up to � 6 Mg2+ ions can form
direct contacts to 11 different binding sites of tRNA with ion resi-
dence times longer than 1 ls [21].
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However, it is challenging to quantitatively generalize such
findings since these interactions strongly depend on several fac-
tors, including the bulk concentration of ions, the phosphate back-
bone’s direct environment, and the macromolecule’s hydration
state. Therefore, low-molecular-weight phosphate diesters are
often used to assess phosphate-specific ion binding, which in turn
helps disentangle ion-nucleic acid interactions in a more complex
molecular environment. In this regard, dimethyl phosphate has
become a well-established model compound and its association
with Ca2+, Mg2+ and Na+ ions in aqueous solutions has been studied
using a range of experimental and computational methods [31–
44]. Raman and infrared (IR) spectra of DMP– in the presence of
excess Mg2+, Ca2+ or Na+ ions [39,43,44] have shown that both,
symmetric and asymmetric, stretching vibrations of DMP– undergo
a pronounced blue-shift upon addition of these cations, which has
been ascribed to the formation of CIPs with 1:1 stoichiometry. The
magnitude of the blue-shift follows the order Mg2+ > Ca2+ > Na+,
implying the same order of binding strengths. Indeed, quantitative
analysis of IR spectra yielded the stability trend for CIPs as Mg2+ J
Ca2+ � Na+, in agreement with a previous 31P NMR study [31],
albeit the type of IP has not been specified. In addition to CIPs,
the formation of SIPs (or SSIPs) to a minor degree has also been
inferred from vibrational spectra [39,43,44]. Contrary to these
results, computational studies have suggested SIP to be the pre-
dominant IP species for Mg2+ and Na+ [29,35–37,40]. As for the
kinetics of ion pairing, the information is scarce and only a lower
limit of � 1 ls has been inferred for the lifetime of Mg2+ IPs [21],
while Ca2+ IPs have been suggested to form and dissociate on the
ps time-scale [38].

As such, the nature of the prevailing IPs for a given metal ion in
equilibrium is not fully settled, and ion-pair formation constants
have been determined at rather different ionic strengths. Given
that the ionic strength markedly affects ion pairing (due to charge
screening), a direct comparison of the stabilities of different IPs is
therefore challenging. To better compare IP stabilities, in particular
for mono- and divalent cations, the determination of the standard
association constants at infinite dilution is required.

Herein, we study the ion association between DMP–, and Mg2+,
Ca2+, or Na+ ions in aqueous solution using dielectric relaxation
spectroscopy (DRS), which can detect different ion-pair species
(CIP, SIP, or SSIP) via their dipolar rotational dynamics [45–47].
From the dielectric results we find the IP lifetimes to be close to
their rotation time and we determine the kinetics of IP formation
and dissociation. To assign the observed species we compare our
results to 31P NMR experiments: We find the predominant IP to
be CIPs for Mg2+ and Ca2+, whereas SIPs prevail in the presence
of Na+. The determined IP standard association constants for Ca2+

and Mg2+ are markedly higher than for Na+. A comparison of our
results to the binding of Mg2+ to tRNA suggests that the binding
of ions to RNA can be estimated well using the association con-
stants with DMP–, reinforcing that DMP– is an insightful model
to assess ion pairing with the phosphate backbone.
2. Materials and methods

2.1. Sample preparation

NaCl (a.r. grade, Carl Roth), CaCl2�2H2O (�99.0 %, Sigma-
Aldrich), MgCl2�6H2O (ACS grade, VWR), trimethyl phosphate
(�99.0 %, Sigma-Aldrich) and sodium dimethyl phosphate
(NaDMP, 93 %, Toronto Research Chemicals) were used as received.
Analysis of the impurities in NaDMP revealed ethyl methyl phos-
phate as the major impurity, amounting to � 7 %. (For the details
of the analysis, see the discussion in the Supporting Information
2

(SI) and Figures S1–S3). Due to the structural similarity of this
compound to DMP–, we treated this impurity as DMP–.

We prepared solutions with varying concentrations of NaDMP
and solutions of 0.2 M NaDMP with different concentrations of
MgCl2, CaCl2, or NaCl. The composition of all samples is listed in
Tables S1–S4 in the SI. The metal-ion content for CaCl2�2H2O and
MgCl2�6H2O was determined by complexometric titrations using
Na2EDTA�2H2O (a.r. grade, Thermo Fisher Scientific) as titrant.
The pH of solutions of NaDMP (cNaDMP = 0.03–0.3 M) was measured
to be 7.5–9.3, consistent with the anionic form of DMP prevailing
in solution (the pKa of dimethylphosphoric acid is 1.29 [48]). All
samples were prepared by dissolving the salts in Milli-Q water
(Merck Millipore, X = 18.6 S cm�1 at 25 �C) or in D2O (99.9 atom
% D, Sigma-Aldrich) in 1 or 5 mL volumetric flasks with a volume
error of ± 2.5 % or ± 0.5 %, respectively.
2.2. Dielectric spectroscopic measurements

DRS probes the macroscopic polarization of a sample in an
external oscillating electric field as a function of frequency, m, by
recording the complex permittivity, be mð Þ:
be mð Þ ¼ e0 mð Þ � ie00 mð Þ ð1Þ
where e’(m) and e‘‘(m) are the frequency-dependent dielectric

permittivity and loss, respectively [49]. For liquids, orientational
polarization processes due to the motion of species with a perma-
nent electric dipole are typically observed at microwave frequen-
cies. At low frequencies, the molecular ensemble can rearrange
according to the oscillating electric field, giving rise to a polariza-
tion as measured by e’. With increasing frequency, molecules can-
not follow the alternating field, resulting in a decrease in e’ and a
peak in e”. For electrolyte solutions, an additional low-frequency
Ohmic loss is observed, associated with the ionic polarization
due to translational motions of mobile ions.

In this work, be mð Þ spectra were recorded at
0.25 GHz < m < 125 GHz using an Anritsu vector network analyzer
(VectorStar MS4647A). Frequencies at 0.25 GHz < m < 50 GHz were
covered using a frequency-domain reflectometer, using an open-
ended coaxial probe based on 1.85 mm connectors. Experiments
at 50 GHz < m < 125 GHz were carried out using an open-ended
probe, connected with 1 mm connectors to an external frequency
converter module (Anritsu 3744A mmW) [50]. To calibrate the
setup, air, conductive silver paint, and H2O [51] were used as cali-
bration standards. All measurements were performed at room
temperature ((21 ± 1) �C).
2.3. Nuclear magnetic resonance spectroscopic experiments

Proton-decoupled 31P NMR spectra were acquired using a Bru-
ker Avance 300 MHz spectrometer. The samples were placed into
a quartz tube containing a sealed capillary with 0.5 M trimethyl
phosphate in D2O. For each spectrum, 32 interferograms were col-
lected. The obtained chemical shifts were then referenced by set-
ting the 31P chemical shift of trimethyl phosphate to 3 ppm [31].
All spectra were measured at (25 ± 2) �C.

For assigning impurities in NaDMP additional 1H (16 scans), 31P
(256 scans) and 1H–31P heteronuclear multiple bond correlation
(HMBC) spectra were recorded for a 0.2 M NaDMP solution in
D2O, using a Bruker Avance III Topspin 3.5 500 MHz spectrometer.
The HMBC spectrum was obtained applying 0.5849 s acquisition
time and 4.0000 s relaxation delay time, and setting the long-
range coupling constant to 5.0 Hz.
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2.4. Quantum chemical calculations

The structure of the DMP– anion was optimized at the M06-2X/
def2–TZVPD level of theory [52,53], including Grimme’s D3 disper-
sion correction [54], using the Gaussian 09 software [55]. We used
the gauche-gauche, trans-gauche, and trans–trans conformer
[33,34,36,41] as starting geometries. Solvent effects were modeled
using the conductor-like polarizable continuum model [56] with
H2O as solvent. Geometry optimization and subsequent single-
point energy calculations yielded the gauche-gauche conformation
(Fig. 1) to be energetically most favorable, in agreement with Ref.
[34]. Other conformations are shown in Figure S4, SI. The dipole
moment and polarizability of the gauche-gauche anion – required
for the evaluation of the DR spectra – were determined to be 8.78 D
and 12.38 Å3, respectively.
Fig. 2. (a) Relative permittivity (e’, left axis) and dielectric loss spectra (e‘‘, right
axis) of selected NaDMP solutions, corrected for Ohmic loss contributions (last term
of Eq. (2)). Symbols refer to experimental data, solid lines are the results of fitting
Eq. (2) to the data, and the dashed line shows the spectrum of neat water, taken
from Ref. [51]. (b) Calculated differential loss spectra, e”NaDMP(m) – e‘‘water(m), based
on the fits in panel a). The dashed arrows indicate increasing cNaDMP.
3. Results and discussion

3.1. Qualitative analysis of the dielectric spectra

Before studying the effect of added salts to solutions of NaDMP,
we first analyze the dielectric spectra of neat NaDMP solutions,
where weak ion pairing between Na+ and DMP– ions has already
been suggested based on NMR measurements [31]. Fig. 2a shows
the dielectric spectra of aqueous solutions of NaDMP at concentra-
tions ranging from cNaDMP = 0.05 to 0.30 M. All spectra exhibit a
high static permittivity and an intense loss peak at � 20 GHz, com-
mon to spectra for water and aqueous solutions [51,57–61]. Upon
addition of salt, we observe the static permittivity, es (low-
frequency plateau of e’) and e” at the absorption maximum
(�20 GHz) to decrease. Such so-called depolarization stems pre-
dominantly from dilution: the addition of salt to a given volume
of water dipoles reduces their concentration, hence es and e”
decrease, as both quantities scale with the volume concentration
of the rotating dipoles. Furthermore, binding of water in the ions
hydration shells [57,59], kinetic depolarization due to the coupling
between the translation of ions and the reorientation of dipolar
water [62], or salt-induced changes to the correlated motion of
water dipoles [63,64] can contribute to the observed
depolarization.

This depolarization is most apparent from the differential fitted
e” spectra relative to that of water [51] in Fig. 2b (e”NaDMP(m) – e”wa-

ter(m), for details on fitting the experimental spectra, see the next
section), which show a marked negative peak at � 20 GHz. Inter-
estingly, we find an increase in e” at � 2 GHz with increasing
cNaDMP (Fig. 2b). As such, the differential spectra provide evidence
for the contribution of (at least) two relaxation processes to the
spectra: a solute mode (at � 2 GHz) that increases in amplitude
with increasing cNaDMP and a solvent mode (at � 20 GHz) with
decreasing amplitude. Upon addition of NaCl, MgCl2, or CaCl2 to
solutions of NaDMP we observe the same qualitative trends (see
Fig. 1. Structure of dimethyl phosphate (DMP–) in gauche-gauche conformation:
(a) perspective drawing, (b) ball-and-stick representation as obtained from
geometry optimization at the M06-2X–D3–CPCM/def2-TZVPD level of theory.

3

Figures S5–S7, SI), suggesting that the same relaxation modes con-
tribute to the spectra with added salt.

3.2. Relaxation model and assignment of the relaxation processes

To quantify the contributions of the solvent and the solute to
the spectra, we tested different relaxation models based on a
sum of symmetrically and asymmetrically broadened Havriliak–
Negami modes [65] to model the experimental be mð Þ spectra. For
all samples, a relaxation model consisting of two Debye modes
and one Cole-Cole mode – both being simplified versions of the
Havriliak–Negami model – provided the lowest reduced error
functions [65] with the least number of adjustable parameters:

be mð Þ ¼ S1
1þ i2pms1

þ S2
1þ i2pms2ð Þ1�a

þ S3
1þ i2pms3

þ e1 � i

� j
2pme0

ð2Þ

where Sj are the relaxation amplitudes, sj are the relaxation
times, and a is the Cole-Cole parameter. e1 is the infinite-
frequency permittivity, which comprises all high-frequency polar-
ization contributions. The static permittivity, es, equals S1 + S2 + S3 +-
e1. The last term of Eq. (2) accounts for the Ohmic loss
contribution due to the conductivity, j, which we assume to be
real and independent of frequency (dc conductivity); e0 is the per-
mittivity of free space.

Here, the first relaxation mode (s1, S1) accounts for the solute
mode at � 2 GHz, as discussed above. The Cole-Cole process (s2,
S2, a) models the collective relaxation of the hydrogen-bonded
water [57,60]. We find the water relaxation for solutions of
NaDMP/NaCl to be slightly symmetrically broadened (a > 0), which
is common to the relaxation of NaCl solutions [59]. For aqueous
NaDMP solutions with MgCl2 and CaCl2, a Debye-type (a = 0) for
the second mode provides satisfactory fits to the experimental
data. For the Mg2+/Ca2+ samples, this model is somewhat unex-
pected as the solvent mode has been found to be a Cole-Cole-
type for neat MgCl2 and CaCl2 solutions [58,61]. Nevertheless, such
broadening described by a > 0 becomes significant only at higher
concentrations (csalt � 0.5 M), which explains why a Debye relax-
ation suffices for our samples (csalt 	 0.4 M). The highest-
frequency relaxation (s3, S3) is also commonly observed for water
and aqueous solutions [57,61,66–68]. This weak (low amplitude)
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relaxation has been related to fast reorientational dynamics of
water and translational relaxation of ions [57,60,61,66–68]. Given
its low amplitude and considering that our frequency window cov-
ers this relaxation only partly, we refrain from a detailed discus-
sion. To limit the number of adjustable parameters associated
with this relaxation, we constrain e1 and s3 to the values found
for neat water [51], as both, S3 and s3, are little affected by salts
[61].

The contributions of these relaxation modes to the dielectric
loss spectra for a 0.2 M solution of NaDMP are exemplarily dis-
played in Fig. 3. Typical fits for the NaDMP-containing samples
are shown in Fig. 2a and in Figures S5–S7, SI. Fits for neat NaCl,
MgCl2 and CaCl2 solutions are discussed in the SI. To evaluate the
reproducibility of our measurements, we measured the NaDMP/
NaCl samples twice; the average deviations between the parame-
ters are as follows: es: 0.3 %, S1: 12 %, S2: 0.5 %, S3: 3.7 %, s1:
11 %, s2: 0.6 %, a: 17 %, j: 1.1 %. The fitted parameters are listed
in Tables S1–S4, SI.

3.3. The structure and hydration of DMP– in solution

To gain insights into the hydration of the DMP– anion, we quan-
titatively analyze the parameters for relaxation mode of the sol-
vent: We determine the effective number of water molecules
that are bound to NaDMP such that they do not contribute to the
dielectric spectra. This is achieved by correcting the relaxation
amplitude of bulk water, Sb = S2 + S3 [69] for kinetic depolarization
[70]. Based on the approach detailed in Ref. [69], we correct Sb for
this effect as described previously [62], assuming Na+ to be
hydrated (i.e., we use rNa+ + rH2O for the effective radius for the
cation). The radii of Na+ (1.02 Å), H2O (1.425 Å), were taken from
literature [71,72], and the radius of DMP– (3.42 Å) was determined
from its diffusivity as obtained from diffusion-ordered NMR,
assuming a spherical shape for the anion [73].

The thus corrected values of Sb can be related to the equilibrium
concentration of the relaxing species X, [X], via [47]:

S ¼ es
es þ A 1� esð Þ �

X½ 
l2NA

3kBTe0
ð3Þ
Fig. 3. Dielectric loss spectrum (e‘‘) of a 0.2 M NaDMP solution, corrected for Ohmic
loss (Eq. (2)). Squares refer to the experimental data; the black solid line is the
result of fitting Eq. (2) to the data, and the dashed line is the loss spectrum of neat
water, taken from Ref. [51]. Shaded areas show the contribution of relaxation
modes 1–3 to e”. The inset shows a zoom for better visualization of modes 1 and 3.
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where NA is the Avogadro constant, kB is the Boltzmann con-
stant, T is the thermodynamic temperature, and A is the cavity-
field factor, which is 1/3 for spherical species. Assuming the dipole
moment of water and dipolar correlations in solution to be the
same as in neat water, we take the effective dipole moment of
water from the spectra of neat water (3.86 D [47]).

From Eq. (3), we obtain accordingly the equilibrium concentra-
tion of water, [H2O], i.e. the apparent concentration of water that
contributes to the observed relaxation with relaxation amplitude
Sb. The difference between [H2O] and the analytical concentration
of water, cH2O, yields the concentration of hydrating water mole-
cules that do not contribute to the water relaxation owing to
strong ion–dipole interactions [47]. The number of such dynami-
cally ’frozen’ solvent molecules per NaDMP, ZNaDMP,:

ZNaDMP ¼ cH2O � H2O½ 

cNaDMP

ð4Þ

is displayed in Fig. 4a, together with the hydration numbers of
Na+ [59]. The average values for ZNaDMP = 7 ± 1 is rather similar to
the value reported for NaCl (5.2 ± 0.4, at infinite dilution), in view
of the associated uncertainties. Consequently, the detected hydra-
tion numbers for NaDMP can be largely attributed to bound water
in the hydration shell of Na+. In turn, DMP– is weakly hydrated,
which is in line with an earlier report on the structurally similar
dihydrogen phosphate anion [74]. Overall, our findings indicate
the relaxation dynamics of water in the hydration shell of DMP–

to be similar to that in the bulk.
Despite DMP– weakly affects the relaxation of water, the addi-

tion of NaDMP gives rise to the emergence of the lowest-
frequency relaxation (mode 1). Both, dipolar rotation of the non-
centrosymmetric DMP– anions and the formation of ion-pairs are
conceivable molecular origins of the detected relaxation. To eluci-
date the molecular origin of mode 1, we analyze the relaxation
parameters of this relaxation in more detail. The relaxation ampli-
tudes, S1, scale nearly linearly with cNaDMP (Figure S8, SI), which
would be expected (cf. Eq. (3)) for the rotation of the dipolar anion.
To quantify the contribution of DMP–, we determine the effective
dipole moment of the solute species, l1, by inserting S1 and cNaDMP

into Eq. (3) (assuming A = 1/3). Fig. 4b shows that the thus obtained
values of l1 are very close to the value of the anions dipole
Fig. 4. (a) Hydration number (ZNaDMP) of NaDMP, calculated using Eqs. (3) and (4)
(symbols) and their average values (black dashed line). Also shown are the ZNa+
values for the Na+ ion reported in Ref. 59 (red dashed line). b) Effective dipole
moment for the solute mode 1 of NaDMP solutions, as obtained from Eq. (3)
(symbols). Also shown is l of the DMP– ion in gauche-gauche conformation, as
determined from DFT calculations (dashed line). Error bars were obtained assuming
dS = ±0.3 for the relaxation amplitudes.
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moment in gauche-gauche conformation (8.78 D), as determined
from DFT calculations. This agreement provides experimental evi-
dence for the gauche-gauche conformation to prevail in solution.
At cNaDMP > 0.1 M l1 moderately increases to 11–12 D. This
increase might hint at the formation of ion-pairs between Na+

and DMP–, since the charge separation in such IPs is higher than
in the anion, i.e. lIP > lDMP. However, given the modest increase
in l1 with concentration and the experimental uncertainty of the
extracted dipole moments, we do not analyze this increase further;
rather we use the samples with added salts to identify the forma-
tion of ion pairs in the followings.

3.4. Ion pairing in the presence of NaCl, MgCl2, or CaCl2

To elucidate ion pairing with DMP–, we study binary salt sys-
tems containing NaDMP with added NaCl, MgCl2, or CaCl2 at csalt/
cNaDMP molar ratios of 1–10 (Na+) or 0.2–2 (Mg2+, Ca2+). Upon addi-
tion of NaCl to a 0.2 M solution of NaDMP, S1 initially increases up
to cNaCl = 0.6–0.8 M after which it decreases with increasing con-
centration (Fig. 5a). The initial increase may be explained by
enhanced IP formation in the presence of NaCl. The decrease at ele-
vated concentrations is commonly observed for ion pairing due to
electrostatic screening or a concomitant reduction of the IP lifetime
[45] (see also discussion below). Conversely, the addition of MgCl2
and CaCl2 to the NaDMP solution results in a monotonic increase in
S1 (Fig. 5b), indicative of increased formation of IPs. We note that
for all three salts, also in the absence of NaDMP a solute relaxation
mode is present, which has been reported to stem from the forma-
tion of 1:1 SSIPs of the chloride salts, i.e. NaCl0, MgCl+, CaCl+

[59,69,75]. Due to the lower ionic radius of Cl– as compared to
DMP–, and the resulting lower dipole moments the contribution
of chloride IPs to the dielectric spectra is expected to be lower.
Thus, we do not account for these solution species. Nevertheless,
neglecting them may result in an over-estimation of ion pairing
with DMP–; yet, a comparison of the dielectric results to the
NMR experiments (see discussion below) suggests that this over-
estimation is minor.

For quantitative analysis of the solute mode in the binary salt
systems, we account for the relaxation of both the dipolar DMP–

anion and dipolar ion-pairs, contributing to the solute relaxation.
Analogously to Eq. (3), we relate the experimental relaxation
amplitudes the underlying molecular species:
Fig. 5. Relaxation amplitudes of the solute mode 1 (S1) as a function of concen-
tration of (a) NaCl (average of two data sets) and b)MgCl2 and CaCl2 in the presence
of 0.2 M NaDMP. Error bars represent dS1 = ±0.3.
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S1 ¼ NA

3kBTe0
es

es þ ADMP 1� esð Þ � DMP½ 
lDMP
2 þ es

es þ AIP 1� esð Þ � IP½ 
lIP
2

� �
ð5Þ

where the equilibrium concentrations of DMP– and IPs are
referred to as [DMP] and [IP], respectively. To obtain these concen-
trations, the corresponding dipole moments and shape factors,
lDMP, ADMP, lIP and AIP, are required. We assume the anion to be
spherical [73], hence ADMP = 1/3 [65], and lDMP = 8.78 D (obtained
from DFT calculations). AIP and lIP depend on the geometry of the
IP and the distance between the ions, which are however not
directly accessible from the DR data. Thus, we consider the forma-
tion of three conceivable IP species: CIP, SIP, and SSIP [46,47,72].
For all three ion-pair species, we obtain lIP and AIP based on the
geometric model described in detail elsewhere [72,76], assuming
the center of hydrodynamic stress as the pivot point. To this end,
we use literature values for the ion/solvent radii (Na+: 1.02 Å,
Mg2+: 0.72 Å, Ca2+: 1.00 Å, DMP–: 3.42 Å, H2O: 1.425 Å) and polar-
izabilities (Na+: 0.211 Å3, Mg2+: 0.111 Å3, Ca2+: 0.63 Å3, H2O:
1.444 Å3) [71–73]. For the polarizability of DMP–, we use the DFT
value 12.38 Å3 (details are listed in Table S5, SI).

Assuming the exclusive formation of CIP, SIP, or SSIP, we deter-
mine their equilibrium concentrations according to Eq. (5). Given
the marked increase of the IP dipole moments with increasing
counter-ion separation (SSIP > SIP > CIP, see Table S5, SI), the equi-
librium concentrations as determined using Eq. (5) markedly
depend on the assumed nature of the IP: [SSIP] < [SIP] < [CIP]. From
these values, we determine the formation constants, K, as:

Mþ DMP�IP ð6Þ

K ¼ IP½ 
c£
M½ 
 DMP½ 
 ¼

IP½ 
c
csalt þ ncNaDMP � IP½ 
ð Þ cNaDMP � IP½ 
ð Þ ð7Þ

where [M] and [DMP] are the equilibrium concentrations of the
metal ion and anion, respectively (charges omitted for conve-
nience). cø is the standard molar concentration (1 M), n is 1 for
NaCl and 0 for MgCl2 and CaCl2. Together with the law of mass con-
servation (cNaDMP = [DMP] + [IP], csalt + ncNaDMP = [M] + [IP]), Eq. (7)
allows for determining log K as a function of salt concentration.
Fig. 6a-c show the thus obtained constants with the different IP
species. We note that assuming the formation of CIP upon addition
of NaCl results in [IP] > [DMP] in some cases, thus we disregard the
formation of this species. From this analysis, it becomes apparent
that the MgDMP+ and CaDMP+ ion-pairs are more stable (similar
for Mg2+ and Ca2+) as compared to the NaDMP0 species, assuming
the same ion-pair nature (e.g. SIP) to be exclusively formed.

To determine which IP species prevails in solution, we compare
the thus obtained log K values to those determined by NMR: We
measure the 31P chemical shifts of DMP– [31] as a function of csalt
using the same samples studied by DRS. Upon salt addition, we
observe the chemical shift of DMP– to shift upfield, suggesting that
NMR detects the motionally averaged signal of all DMP– in solution
(i.e. fast exchange between free DMP– and IPs on the NMR time-
scale) [31]. Accordingly, the measured chemical shift, d, can be
expressed as the concentration-weighted average of the chemical
shift of DMP–, dDMP, and IPs, dIP:

d ¼ dDMP
DMP½ 

cNaDMP

þ dIP
IP½ 


cNaDMP
ð8Þ

We find that assuming the formation of 1:1 IPs describes the
variation of d with added salt very well (see Figure S9, parameters
of the fits are listed in Table S6, SI) and the obtained formation con-
stants agree well with the results of an earlier NMR study [31] (see
Table 1).

Comparison of the NMR constants with those obtained from
DRS in the studied concentration ranges shows good agreement



Fig. 6. Calculated ion-pairing equilibrium constants (log K) as a function of ionic strength (I) for a) NaDMP0 (average of two data sets), b) MgDMP+ and c) CaDMP+ ion-pairs
(IPs) in the presence of 0.2 M NaDMP. Symbols refer to values calculated from the solute amplitudes (S1) via Eqs. (5) and (7), assuming the formation of contact (CIP), solvent-
shared (SIP) or solvent-separated (SSIP) IPs. The error bars were obtained assuming dS1 = ±0.3. Solid lines are the results of fitting Eq. (9) to the data. The dashed lines and
shaded areas correspond to log K ± d(log K), as determined from the 31P chemical shift experiments (Eqs. (7) and (8)).

Table 1
Formation constants (log K) of contact (CIP) or solvent-separated ion-pairs (SIP) for Na+, Mg2+, or Ca2+with DMP– as determined from DRS or NMR experiments.

IP Type of IP log K0a log Kb Method / Ref.

NaDMP0 SIP –0.11 ± 0.08 DRS / p. w.
–0.74 ± 0.17 NMR / p. w.
–0.54 ± 0.03 NMR / [31]

MgDMP+ CIP 1.31 ± 0.08 DRS / p. w.
0.50 ± 0.15 NMR / p. w.
0.56 ± 0.01 NMR / [31]

CaDMP+ CIP 1.34 ± 0.06 DRS / p. w.
0.51 ± 0.09 NMR / p. w.
0.60 ± 0.10 NMR / [31]

a Thermodynamic constants extrapolated to infinite dilution, corresponding to (21 ± 1) �C.
b Association constants determined at finite salt concentration at (25 ± 2) �C (p. w.) or (21 ± 1) �C (Ref. 31).
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for solvent-shared NaDMP0 and contact MgDMP+/CaDMP+ ion-
pairs, respectively. As such, our data suggest that SIPs prevail for
Na+ and CIPs for Mg2+ and Ca2+. The agreement between the
NMR and DRS ion-pair formation (Fig. 6) supports the above notion
that chloride IPs [59,69,75] can be neglected as NMR is only sensi-
tive to the formation of DMP– IPs, whereas DRS detects all, DMP–

and Cl– IPs: If the formation of chloride ion-pairs was significant,
the DRS equilibrium constants would be overestimated and would
be greater than those obtained from NMR, which is not the case.
Furthermore, the prevalence of solvent-shared NaDMP0 is also con-
sistent with MD simulations [35,36,40], whereas the dominant for-
mation of CIPs in the case of the bivalent cations is in line with the
speciation inferred from spectroscopic studies [39,43,44]. Quanti-
tatively, the calculated degree of ion pairing at the highest concen-
tration of the present work, csalt = 0.4 M, is � 21 % for Mg2+

and � 27 % for Ca2+, which is broadly consistent with the range
of 23–37 % and 12–30 % reported in Ref. [44] at csalt = 2 M. DFT cal-
culations [37] and vibrational spectra [44] also suggest the forma-
tion of CIPs with Na+ and SIPs for Mg2+ and Ca2+. We find no
evidence for these species to significantly contribute to the dielec-
6

tric spectra, which may be explained by their lifetimes being too
short to significantly contribute to the dielectric spectra.

The stability constants in Figures 6 and S10 (SI) strongly depend
on the ionic strength (I), expressed as:

I ¼ 1
2

X
i

Xi½ 
zi2 ¼ cNaDMP þmcsalt �mþ 1
2

IP½ 
 ð9Þ

where [Xi] and zi denote the equilibrium concentration and
charge number of species Xi; m is 1 for NaCl and 3 for MgCl2/CaCl2,
respectively. In order to obtain the thermodynamic association
constants at infinite dilution, log K0 at I ? 0, we fit log K as a func-
tion of I using an extended Guggenheim equation [47]:

logK ¼ logK0 � 2ADH zþz�j j
ffiffi
I

p

1þ BDHd
ffiffi
I

p þ aI þ bI3=2 ð10Þ

where ADH = 0.5073 M�1/2 and BDH = 3.2823 M�1/2 nm�1/2 are
Debye-Hückel parameters for water at 20 �C, d is the charge dis-
tance, a and b are empirical parameters. For each IP, an error-
weighted fit of Eq. (10) provides an excellent description of the



B. Kutus, K. Wagner, M. Wagner et al. Journal of Molecular Liquids 363 (2022) 119868
log K data (Fig. 6) and parameters of Eq. (10) are listed in Table S7,
SI. The calculated log K0 constants are listed in Table 1 and
Table S7, SI. Overall, we find these constants to follow the trend
of Ca2+ �Mg2+ � Na+, which is in line with what has been found
earlier for DMP– [31], other monophosphates [77], and also nucleic
acids [4,6,20–22,28,30].

3.5. Comparison of Mg2+-binding to DMP– and to phosphate of the
RNA’s backbone

Given DMP– is often used as a simple model for studying bind-
ing of metal ions to phosphate groups of nucleic acids’ backbone,
we compare its binding affinity with that of yeast tRNAPhe. Recent
IR experiments have suggested the formation of 6 ± 2 direct con-
tacts between Mg2+ and phosphate at cMgCl2/cRNA = 15 with
cRNA = 0.001 M [21]. As each of these RNAmolecules has � 72 phos-
phate groups, these direct contacts correspond to 6–11 % of the
phosphate moieties forming CIPs with Mg2+.

Using the analogous conditions for solutions of NaDMP
(cNaDMP = 0.072 M and cMgCl2 = 0.015 M), the log K0 association con-
stants obtained in this work (Table 1) suggest that 11 % of all phos-
phate groups form MgDMP+ IPs – in line with the upper limit
reported in Ref. [21]. As such, despite this comparison neglects
the different chemical structures of RNA and DMP–, the good
agreement between the estimate and the findings for RNA indi-
cates that the binding strength between Mg2+ and a single DMP–

can provide a good estimate for the Mg2+-binding affinity of
tRNAPhe. In turn, the proximity of different chemical moieties to
the phosphate groups in RNA, as compared to DMP– appears to
have a small impact on the interaction with metal cations. The sim-
ilarity of log K0 for MgDMP+ (1.32) and Mg2+-phosphate for the
RNA backbone (1.05) [30] supports this notion.

3.6. The kinetics of ion pairing

In addition to the information on the ion-pairing equilibria
obtained from the S1 solute relaxation strengths (amplitudes),
the solute relaxation times, s1, provide insights into the dynamics
of the IPs: since both species, DMP– and IP, contribute to the
detected relaxation, mode 1 is composed of spectrally unresolved
relaxations of DMP– and IP, with corresponding unresolved relax-
ation times sDMP and sIP. As for diffusive rotation these relaxation
times are expected to scale with the volume (V) of the rotating spe-
cies [45,59], our finding implies that the volumes of the anion and
the IP are too similar for the underlying two relaxations to be
experimentally disentangled. Based on the notion of mode 1 being
a composite one, the observed relaxation time s1 is expected to be
the amplitude-weighted average of sIP and sDMP. As the IP contribu-
tion increases in magnitude upon addition of salts to NaDMP
(NaCl: up to 0.6–0.8 M, MgCl2 and CaCl2: up to at least 0.4 M, see
Fig. 5) and as sIP > sDMP (owing to VIP > VDMP), an increase of s1
would be expected. This is in stark contrast to the experimentally
determined values of s1: The addition of NaCl to solutions of
NaDMP results in a decrease in s1 (see Figure S10a, SI). Similarly,
the addition of MgCl2 or CaCl2, makes s1 to decrease with increas-
ing salt concentration, after a minor increase at low concentrations
(Figure S10b, SI).

Thus, the observed variation of s1 cannot be explained by the
varying contributions of DMP and IP according to the chemical
equilibria. Yet, also the kinetics of ion pairing can affect relaxation
times: If the rate of chemical exchange between the IP and free
ions becomes comparable to the rate of dipolar rotation, the IP dis-
sociation dynamics contributes to the observed relaxation time
[45,78,79]. These two competing dynamics, dipolar rotation and
IP formation/dissociation have been used to explain the decrease
in the ion-pair relaxation time with increasing salt concentration
7

observed for simple salts composed of spherical ions [45,72]. This
has been achieved by approximating the dissociation rate of the
IPs as the rate of chemical relaxation, i.e. the rate of the ion-
pairing reaction after deflection from equilibrium [45], despite
chemical relaxation also including the rate of IP formation.

To address this apparent contradiction in the model of Refs. [45]
and [79] and to also account for the contribution of the dipolar
DMP– ions for our studied samples, we consider here the IP associ-
ation/dissociation reaction (Eq. (6)) with its equilibrium constant
(K) and rate coefficients of IP formation (k1) and dissociation (k–
1) and the ion-pair metathesis with its formation (K*) and rate con-
stants k2, k–2:

IPþM��IP� þM ð11Þ
Note that K = k1c

ø/k–1 (cø is 1 M), whereas K* = k2/k–2 = 1, since
k2 = k–2 = k*.

Based on these reaction rates, we obtain the time-correlation
function of the macroscopic dipole moment of the samples in anal-
ogy to Ref. [79]. The details of the derivation are given in the SI, but
in brief: In our approach, the intrinsic IP dissociation rate, k–1,
which leads to a decay of the dipolar correlation function, is inde-
pendent of concentration. In turn, the decrease in Kwith increasing
ionic strength is solely due to a decrease in the IP formation rate,
k1, which one would expect for the association of two charged spe-
cies (Eq. (6)) based on the kinetic salt effect [80]. The IP metathesis
(Eq. (11)) does not affect equilibrium concentrations. Yet, as ion
metathesis can randomize the orientation of the dipole moment
of the IP, we consider this reaction to be a cause for the loss of
dipolar correlations. As such, the overall observed relaxation rates,
s1–1, depend on the concentration of cations, [M]. We note that also
anion metathesis would have the same concentration-dependent
effect on dipolar correlations, but for the present samples, we
neglect such a process because cDMP is constant, contrary to the
large variation of cM. Based on these equilibria, the observed relax-
ation rates s1–1 can be approximated as:

s1�1 ¼ b sIP�1 þ k�1 þ k� M½ 
� �þ 1� bð Þ sDMP
�1 þ k1 M½ 
� �

þ 2k�1c ð12Þ
with.

b ¼ IP½ 
lIP
2

IP½ 
lIP
2 þ DMP½ 
lDMP

2 ð13Þ

c ¼ IP½ 
lIPlDMP

IP½ 
lIP
2 þ DMP½ 
lDMP

2 ð14Þ

Here, sIP and sDMP are the rotational correlation times (or intrin-
sic molecular relaxation times) of the IP and the anion, respec-
tively. The concentration-dependent equilibrium concentrations
[IP], [DMP], [M] were calculated according to the fits of the exper-
imental data (Fig. 6) according to Eq. (9) (parameters are listed in
Table S7, SI), via refining I as a function of csalt in an iterative pro-
cess. In addition, the dependence of k1 on csalt was taken into
account as k1 = k–1K. To further reduce the number of adjustable
parameters, we set sIP to the value estimated from the Stokes-
Einstein-Debye (SED) equation using the geometric model
described in Refs. [76,81], assuming stick boundary conditions
for the rotating particle and the viscosity to be the viscosity of neat
water at 20 �C [82]. These values for sIP are given in Table 2. As
such, k–1, k*, and sDMP are the only adjustable parameters in Eqs.
(12)–(14). As can be seen in Fig. 7, Eq. (12) provides an excellent
description of the concentration-dependence of s1–1 for all three
salts and the corresponding parameters are listed in Table 2.

These fits suggest that the intrinsic dissociation rate of NaDMP0

is higher than for CaDMP+. For MgDMP+ the fits yielded very small
and negative k–1 values with large uncertainty. This suggests that



Table 2
Parameters obtained from fitting Eq. (12) to the experimental relaxation rates s1–1: rate of dissociation (k–1), rate of metathesis (k*), and the rotational correlation time of DMP–

(sDMP). Also listed are the rate of ion-pair formation (k1) and ion-pair rotational correlation time (sIP) as determined from the Stokes-Einstein-Debye (SED) equation.

Species Type of IP k–1∙10–9 / s�1 k1∙10–9 / M�1s�1a k*∙10–9 / M�1s�1 sIP / psb sDMP / ps

NaDMP0 SIP 3.0 ± 0.5 2.3 ± 0.6 13.6 ± 0.9 280 99 ± 13
MgDMP+ CIP 0b 0 33.1 ± 0.9 160 47 ± 1
CaDMP+ CIP 1.4 ± 0.4 31.2 ± 1.0 38.2 ± 1.7 176 44 ± 2

a Calculated as k–1K
0; the log K0 values are listed in Table 1.

b Fixed during fitting.

Fig. 7. Inverse relaxation time of the solute mode 1 (s1) as a function of the concentration of added a) NaCl (average of two data sets), b) MgCl2 and c) CaCl2. Symbols
represent experimental data; solid lines are the results of fitting Eq. (12) to the data.
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the dissociation of the MgDMP+ according to Eq. (6) is too slow to
significantly affect the detected relaxation rates s1–1; thus, we set k–
1 to 0. The fitted rotational correlation times of DMP– obtained
from the experiments with added MgCl2 and CaCl2 agree well with
the values estimated via the SED equation assuming a spherical
shape of DMP– (42 ps), while the fit for the experiments with
added NaCl gives a higher value.

We find that the metathesis reaction is important to model the
experimental data. Omitting this ion exchange process when fit-
ting Eq. (12) to the data (k* = 0) yields a significantly worse
description of the experimental data. As such, our analysis suggests
that metathesis is an important mechanism for IP dissociation.
Namely, comparison of k–1 and k*[M] shows the latter to be the
dominant contribution: k*[M] > k–1 for NaDMP0 (cNaCl � 0.2 M),
CaDMP+ (cCaCl2 � 0.08 M), and k*[M] � k–1 for MgDMP+ in the
entire concentration range. We find the metathesis rates k* to be
comparable for CaDMP+ and MgDMP+, yet significantly higher for
the IPs with divalent cations than for the NaDMP0 species, which
may reflect the competition between self-dissociation and
metathesis: the lifetime of NaDMP0 is shorter than that of CaDMP+

and MgDMP+ (see below), also suggesting a lower probability of
metathesis for the former species.

Overall, the data in Table 2 suggest the IP dissociation rates to
follow the order of Mg2+ � Ca2+ < Na+, which reflects most likely
the affinity of the metal ions towards DMP–: phosphate has a pref-
erence for binding Mg2+ over Ca2+, with the complexation of these
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ions by ATP [83] being a prominent example. The trend of dissoci-
ation rates of DMP– ion-pairs found here also correlates with the
trend for the exchange rates of water molecules in the hydration
shells: The average dwelling time of an H2O molecule in the ions
hydration shell is a few microseconds for Mg2+, nanoseconds for
Ca2+ [84] and picoseconds for Na+ [85], yielding the same order
of dissociation rates.

The corresponding ion-pair lifetimes (sL = k–1
–1) in the absence of

ion metathesis, i.e. [M] ? 0, are sL(NaDMP0) � 330 ps and sL(-
CaDMP+) � 700 ps, which are in good agreement with the lifetimes
of other CIPs forming in water [45,86]. Our results also broadly
agree with MD simulations on solutions containing Ca2+ and
DMP–, which suggest the lifetime of the CIP to be less than a few
nanoseconds [38]. In addition, the negligible dissociation rate of
MgDMP+ obtained here, i.e. long residence time of the DMP– anion
in the first coordination shell of Mg2+, is also consistent with the
notion that Mg2+ ions forming contact pairs with the phosphate
groups of tRNAPhe have residence times longer than 1 ls [21]. As
such, our results provide a direct experimental estimate for the
lifetimes of CIPs in solution, which have been inferred only from
MD simulations to date.

4. Conclusions

In this contribution, we study the hydration of the dimethyl
phosphate ion (DMP–) and its ion binding in the presence of NaCl,
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MgCl2, or CaCl2 applying dielectric relaxation and nuclear magnetic
resonance spectroscopies. For all solutions, the dielectric spectra
can be well described by three relaxation modes: two faster pro-
cesses ascribed to the dipolar reorientation of water, while the
slowest mode centered at 2–3 GHz arises from the rotation of
solute species. From an analysis of the water relaxation, we find
DMP– to be weakly hydrated. Analysis of the solute mode in the
absence of added salts is broadly consistent with rotation of dipo-
lar DMP– in its gauche-gauche conformation to dominate this
relaxation.

Upon addition of salt, we find evidence for the association of
Na+, Mg2+, and Ca2+ ions with DMP–, which increasingly con-
tributes to the solute relaxation. Comparison of the ion-pair con-
centrations as obtained from the dielectric data to ion association
as obtained from NMR chemical shift experiments suggests that
contact ion-pairs prevail for Mg2+ and Ca2+, whereas solvent-
shared ion-pairs dominate ion association in the presence of Na+.
The determined standard association constants follow the order
Ca2+ �Mg2+ > Na+ and allow for estimating ion association for a
wide range of salt concentrations. Comparison to literature reports
demonstrates that such estimates even predict the association of
cations to the chemically very dissimilar yeast tRNAPhe very well,
suggesting that DMP– is a good proxy for the phosphate backbone
of nucleic acids.

The concentration-dependence of detected solute dipolar reori-
entation times provides evidence for the contribution of ion-pair
dissociation kinetics to the observed relaxation. We model the
observed relaxation rates by accounting for cation metathesis
and ion-pair dissociation. Based on this model, we find the IP life-
times for MgDMP+ to be the longest, whereas the lifetimes of
CaDMP+ (�700 ps) and of NaDMP0 (�330 ps) are significantly
shorter. As such, our results help in narrowing down the so far
broad ranges of reported ion-pair lifetimes. Overall, our results
on ion association with DMP– may help to obtain a molecular-
level understanding of ion-phosphate association in more complex
macromolecular environments.
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