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ABSTRACT: Electric interactions have a strong impact on the structure
and dynamics of biomolecules in their native water environment. Given
the variety of water arrangements in hydration shells and the femto- to
subnanosecond time range of structural fluctuations, there is a strong
quest for sensitive noninvasive probes of local electric fields. The
stretching vibrations of phosphate groups, in particular the asymmetric
(PO2)

− stretching vibration νAS(PO2)
−, allow for a quantitative mapping

of dynamic electric fields in aqueous environments via a field-induced
redshift of their transition frequencies and concomitant changes of
vibrational line shapes. We present a systematic study of νAS(PO2)

−

excitations in molecular systems of increasing complexity, including
dimethyl phosphate (DMP), short DNA and RNA duplex structures, and
transfer RNA (tRNA) in water. A combination of linear infrared absorption, two-dimensional infrared (2D-IR) spectroscopy, and
molecular dynamics (MD) simulations gives quantitative insight in electric-field tuning rates of vibrational frequencies, electric field
and fluctuation amplitudes, and molecular interaction geometries. Beyond neat water environments, the formation of contact ion
pairs of phosphate groups with Mg2+ ions is demonstrated via frequency upshifts of the νAS(PO2)

− vibration, resulting in a distinct
vibrational band. The frequency positions of contact geometries are determined by an interplay of attractive electric and repulsive
exchange interactions.

1. INTRODUCTION

DNA and RNA consist of sequences of nucleotides which are
arranged in a variety of single- or double-stranded geometries,
including double-helical structures.1 Under native conditions,
they are embedded in a hydration shell and subject to strong
electric fields which originate from the dipole moment of water
molecules and from solvated ions.2−4 Vice versa, the charged
phosphate groups of the nucleotides influence the structure
and dynamics of the aqueous environment.2,5 In equilibrium,
water molecules and ions are part of a spatial arrangement that
minimizes the overall electrostatic energy and at the same time
stabilizes the biomolecular structure.6−8 Thermally excited
intra- and intermolecular molecular motions result in structural
fluctuations of this many-body ensemble on femto- to
subnanosecond time scales. Correspondingly, electric forces
between the different molecular entities are not static but
display a broad frequency spectrum which extends from a few
gigahertz to some 20 THz.
The strength, spatial range, and impact of electric

interactions on structure, dynamics, and function of nucleic
acids are understood insufficiently. Different theoretical
approaches such as Poisson−Boltzmann (PB) theory9−11 and
microscopic molecular dynamics treatments12−15 have led to

conflicting results. PB theory treats the water shell as a
dielectric continuum with a static dielectric constant and has
been applied, for example, to predict radial distributions of ions
around DNA and RNA. In contrast, molecular dynamics
simulations include a limited number of water molecules and
ions at the molecular level and give insight in local interaction
geometries and dynamics of electric forces.
Numerous experiments have focused on time-averaged

structural and electric properties from which local electric
fields and interaction strengths can be inferred indirectly at
best.3,4,16,17 A more direct approach is based on local molecular
probes with field-dependent static or transient spectroscopic
properties.18−20 Both units of the biomolecular structure and/
or additional electronic or vibrational chromophores at specific
locations have been used as probes. Key issues of electric field
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probing are the location of the probe in the molecular
ensemble and the potential distortion of molecular structure
and dynamics by the presence of the probe itself. The least
invasive probes are electronic or vibrational excitations of
groups in the genuine molecular structure which are located at
particular interaction sites.
The interface of DNA and RNA with the water shell

represents a most relevant region for mapping electric
interactions. Recently, we have introduced vibrations of the
sugar−phosphate backbone as noninvasive probes at this
interface and studied their behavior by stationary vibrational
spectroscopy, ultrafast 2D-IR methods, and theoretical
calculations.21,22 In the manifold of backbone vibrations, the
stretching modes of the charged and highly polarizable (PO2)

−

groups stand out with a particular sensitivity to external electric
fields.23−26 The two oxygen atoms of (PO2)

− interact with the
water shell directly.5 As a result, the symmetric and asymmetric
stretching vibrations of the (PO2)

− groups display vibrational
frequencies and line shapes markedly influenced by inter-
actions with water molecules and ions. In this way, the electric
properties of hydrated DNA and RNA become accessible to
vibrational spectroscopy.
The application of (PO2)

− vibrations as electric field probes
in hydrated biomolecules of increasing structural complexity
requires a proper quantitative benchmarking of their
interactions and a calibration of spectroscopic properties, for
example, vibrational transition frequencies, as a function of
interaction strength. To achieve this, experimental and
theoretical work on small model systems such as dimethyl-
phosphate (DMP) and tailored short DNA and RNA
sequences, both single- and double-stranded, are required. In
this article, we report a systematic study of phosphate electric
field probes, covering a range from DMP in neat water to
transfer RNA (tRNA), an extended folded RNA structure with
some 80 nucleotides in an aqueous environment. In parallel to
the impact of water molecules, we study the interaction of
excess magnesium ions (Mg2+) with the different systems.
Linear stationary infrared spectroscopy and nonlinear 2D-IR
techniques are combined with in-depth theoretical calculations
of interaction patterns and MD simulations. The results allow
for quantifying the strength and dynamics of electric fields and
give insight in hydration patterns at the molecular level.

2. MATERIALS AND METHODS
Commercial samples of DMP (Sigma-Aldrich), DNA duplexes
(Thermo Scientific), RNA duplexes (Integrated DNA
Technologies), and tRNA from Escherichia coli (E.c.)
(Sigma-Aldrich) were dissolved in ultrapure water (Rotipuran
Ultra, Roth). The double-stranded DNA oligomers form a B-
double helix containing 23 alternating adenine-thymine (A-T)
base pairs in a Watson−Crick pairing geometry (Na+

counterions) while the RNA duplexes with 23 alternating
adenine-uracil (A-U) pairs exist in an A-double helix geometry
(K+ counterions). The tRNA sample represents a mixture of
structures with different codon and acceptor stem units. The
sample concentrations are given in the respective figure
captions. To remove residual concentrations of Mg2+ ions,
the purely aqueous E.c. tRNA samples were dialyzed, applying
the procedures of ref 27.
To the aqueous solutions, excess concentrations of MgCl2

were added, resulting in a concentration c(Mg2+) of
magnesium ions. In the following, we use the quantity R =
c(Mg2+)/c(s) with s = DMP, RNA, tRNA, that is, the ratio of

the Mg2+ concentration to that of DMP, RNA, or tRNA, for
distinguishing different levels of Mg2+ excess. For determining
the fraction of Mg2+ ions interacting with RNA duplexes and
tRNA in the samples with Mg2+ excess, the fluorescence
titration method of refs 27−29 was used.
Linear infrared absorption spectra were recorded with a

Fourier transform infrared spectrometer (Bruker Vertex 80,
spectral resolution 2 cm−1). The 2D-IR spectra were measured
with a three-pulse photon-echo setup in which 3 femtosecond
mid-infrared pulses interact with the sample and a fourth
synchronized pulse serves for heterodyning the nonlinear
signal diffracted from the sample. The pulses were centered at
frequencies between 1200 and 1300 cm−1 with a spectral
bandwidth of up to 150 cm−1. The pulse duration was between
80 and 120 fs, the pulse energy up to 2 μJ. Details of the 2D-IR
setup and of pulse generation have been given in ref 21.
Molecular dynamics (MD) simulations follow the procedure

described in refs 22 and 25. In brief, MD simulations of
alternating (AT)23 duplex DNA and (AU)23 duplex RNA were
performed with AMBER 1830 employing the f f 99bsc131 force
field and used χOL3 corrections32 in the case of RNA. The
TIP4P-FB33 water model together with the 12-6-4 Lennard-
Jones-type nonbonded model34,35 for Na+ and Mg2+ (TIP4P-
FB/12-6-4 LJ) was used. Geometries for the evaluation of
electric fields for phenylalanine tRNA (tRNAPhe) were taken
from ref 29 and used the TIP3P water model together with the
nonbonded ion model34,35 for Na+ and Mg2+. A number of 9
Mg2+ ions and 56 Na+ ions were included. Initial model
structures of DNA and RNA were generated with the nucleic
acid builder (NAB) as canonical double helices of B- and A-
form with a Watson−Crick base pairing, respectively, placed in
a truncated octahedral solvation box with a 10.0 Å buffer
region, and 44 Na+ ions were added for charge neutrality.
Further, 20 Mg2+ and 40 Cl− ions were added. The number of
Mg2+ ions for (AT)23 duplex DNA and (AU)23 duplex RNA
correspond to a concentration of 0.067 and 0.081 M,
respectively. Na+ concentrations are 0.148 and 0.179 M,
close to a 0.15 M physiological concentration. Simulations
were performed with the PMEMD program and the GPU
accelerated PMEMD.CUDA program (Tesla V100).36,37

Electric fields were calculated at the bisector midpoint of the
(PO2)

− groups followed by projection on the O1PO2
bisector axis which gives the projected field Ep. This axis is
chosen because the permanent dipole moment of the (PO2)

−

group points along this direction. Electric fields originate from
water dipoles, the charged ions, and the (PO2)

− groups, all
being included in the simulations. Electric fields for DNA and
RNA were evaluated for all (PO2)

− groups at 800 equally
spaced snapshots during the last 8 ns of the TIP4P-FB/12-6-4
LJ trajectory, electric fields imposed on (PO2)

− groups of
tRNAPhe consider 1600 equally spaced snapshots during the
last 16 ns. Average electric fields used for the field-frequency
correlation of solvent exposed (PO2)

− groups were averaged
over the last 2 ns interval for RNA while for tRNAPhe electric
fields were averaged over the entire 16 ns interval, indicating a
higher fluxionality of the hydration shell of RNA compared to
folded tRNAPhe.
Vibrational frequencies were simulated on the mixed

quantum mechanical/molecular mechanical (QM/MM) level
of theory as described in detail in ref 29, taking into account
the first solvation shell around (PO2)

− groups and contact ions
in the QM region. QM/MM simulations employed the
B3LYP-D method (basis: 6-31G* and 6-311+G** for
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phosphorus atoms) and were performed with the NWchem
program.38

3. RESULTS
3.1. Linear Infrared Absorption Spectra. Infrared

absorption spectra of the different molecular systems in
water are summarized in Figure 1. The absorbance A =

−log(T) (T: sample transmission) is plotted as a function of
wavenumber and normalized to the peak value of the band P1
of the asymmetric (PO2)

− stretching vibration νAS(PO2)
−.

This band arises between 1170 and 1300 cm−1 with a total
spectral half width (fwhm) on the order of 50 cm−1. In the
spectrum of DMP in water (Figure 1a), the P1 band consists of
two contributions due to the gt conformer (maximum at
∼1190 cm−1) and the gg conformer (maximum at 1220

cm−1).39 The symmetric (PO2)
− stretching band P2 is located

around 1083 cm−1.
Double-stranded DNA oligomers consisting of 23 alternat-

ing A-T base pairs were studied both in aqueous solution and
in thin films at a reduced hydration level. The liquid sample
contained Na+ counterions whereas the DNA films were
prepared with cetyltrimethylammonium chloride (CTMA)
counterions. The black line in Figure 1b gives the infrared
spectrum of DNA in solution with the P1 band at 1226 cm−1

and the P2 band at 1088 cm−1. At such high hydration level
with more than 100 water molecules per phosphate group, the
DNA oligomers exist in a B-helix structure.1 A reduced
hydration level of the (PO2)

− group gives rise to a pronounced
blueshift of the P1 band23,40,41 as is evident from the spectra of
DNA film samples (colored lines in Figure 1b). A gradual
decrease of the water content to 75% relative humidity (R.H.)
(nine waters per phosphate, red line) and 33% R.H. (three
waters per phosphate, dark yellow line) shifts the maximum of
the P1 band to 1234 and 1240 cm−1, respectively. For 0% R.H.,
which corresponds to an average concentration of less than
one water molecule per (PO2)

−, that is, nearly water-free
conditions, the P1 band peaks around 1248 cm−1.
Peak positions of the P1 band of DNA and RNA are

summarized in Figure 2. In Figure 2a, results from the present
DNA film data set and literature40,41 are plotted as a function
of the humidity level (upper abscissa scale). The spectral
redshift with increasing humidity is a hallmark of the increasing
strength of the electric field the hydrating water molecules
exert on the (PO2)

− unit, as will be discussed later. It should be
noted that similar but much smaller frequency shifts occur in
the range of the P2 band.
The infrared absorption spectrum of an aqueous solution of

double-stranded RNA consisting of 23 alternating A-U base
pairs is shown in Figure 1c. This short RNA structure forms an
A-type helix geometry in solution.1 The P1 band displays
subcomponents, in particular two strong contributions with
maxima at 1220 and 1245 cm−1 and a weak component at
1275 cm−1. The peak position of the P2 band is at 1087 cm−1.
The P1 and P2 bands are complemented by the absorption of
other backbone vibrations, the linker C−O stretch at 1102
cm−1, the C2′−OH stretch at 1120 cm−1, and the ribose C1′−
O4′−C4′ stretch at 1133 cm−1.22

Figure 1d displays the infrared absorption of E.c. tRNA
which contains some 80 nucleotides in a folded cloverleaf
structure.42 In protein synthesis, tRNA decodes the informa-
tion provided by mRNA via its anticodon units and selects the
corresponding amino acid to be added to a protein molecule.
The folded tRNA structure exhibits different single-stranded
loop sections and double-helical parts. The main features of
the infrared absorption spectrum are similar to that of the short
RNA duplex (Figure 1c) with somewhat different relative
amplitudes of the P1 and P2 bands. In particular, there are
three components of the P1 band.
The water shells of DNA and RNA contain solvated

counterions, in the present study Na+ or K+ ions, which are
sources of an electric field as well. There is variety of solvation
geometries, including ions solvated by a neat water shell,
solvent-separated ion pairs in which a phosphate group and a
counterion are separated by a single water layer, and contact
ion pairs with phosphate and counterion in direct prox-
imity.6−8 In folded RNA structures, for example, tRNA,42 the
interaction with Mg2+ ions is regarded to be particularly
relevant for balancing the negative phosphate charges and,

Figure 1. Infrared absorption bands P1 (normalized to the peak
value) and P2 of the asymmetric and symmetric (PO2)

− stretching
bands of aqueous solutions of (a) dimethyl-phosphate (DMP,
concentration c = 200 mM), (b) double-stranded DNA oligomers
containing 23 alternating A-T base pairs (c = 10 mM, black line), (c)
double-stranded RNA oligomers containing 23 alternating A-U base
pairs (c = 10 mM), and (d) E.c. tRNA (c = 4 mM). The P1 band of
DMP [panel a] consists of two components from different
conformers. The colored lines in panel b represent spectra of DNA
films at a relative humidity of 75% (red), 33% (dark yellow), and 0%
(blue). The substructure of the RNA P1 bands [panels c and d]
reflect different hydration geometries of phosphate groups.
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thus, stabilizing the macromolecular structures electrostatically.
To study the impact of Mg2+ ions on the νAS(PO2)

− vibrations,
we measured infrared spectra of DMP, RNA, and E.c. tRNA in
aqueous solutions containing a defined excess concentration of
Mg2+ ions.29,43,44 In Figure 3, spectra are shown for different
values of the quantity R = c(Mg2+)/c(s), the ratio of the Mg2+

concentration c(Mg2+) relative to that of s = DMP, RNA, or
tRNA. In all cases, one observes a decrease of the main
absorption components with increasing R and the formation of
a blue-shifted absorption band between 1240 and 1270 cm−1

for DMP (Figure 3a) and around 1275 cm−1 for the two RNA
samples (Figure 3b,c). To better illustrate the changes in the
RNA spectra, we present differential absorption spectra of E.c.
tRNA (Figure 3d) in which the absorption without Mg2+ ions
(R = 0) has been subtracted from the spectra recorded with
Mg2+ excess ions (R ≠ 0). The differential spectra clearly

exhibit the formation of the blue-shifted band with a strength
proportional to R. A similar behavior has been observed with
tRNAPhe from yeast.29

The blue-shifted absorption bands are due to (PO2)
− groups

which form contact ion pairs (CIPs) with Mg2+ ions.25,29,43,44

In the prevailing contact geometry, one of the (PO2)
− oxygen

atoms is incorporated in the octahedral first solvation shell of
the Mg2+ ion. A quantitative analysis of the DMP/Mg2+

spectrum for R = 10 gives a fraction of DMP molecules
forming CIPs on the order of 30%.44 For RNA at R = 10 and
tRNA at R = 7.5, the number of CIPs per RNA molecule is
between 2 and 3.29

3.2. Two-Dimensional Infrared Spectra. The structure
fluctuations of the molecular ensembles in a broad time range
lead to fluctuations of the direction and strength of the electric
field the environment exerts on the (PO2)

− groups. The

Figure 2. Frequency position of the νAS(PO2)
− band as a function of

the electric field acting on the (PO2)
− group. (a) Measured shift Δν =

νAS(R.H.) − νAS(R.H.= 0%) of the νAS(PO2)
− frequency position of

different DNA samples (symbols) as a function of relative humidity
(R.H., upper abscissa scale). Data are taken from refs 23 (squares), 40
(circles), and 41 (triangles). The electric field scale on the bottom
abscissa and the solid line were calculated with a frequency tuning rate
of −0.5 cm−1/(MV/cm) assuming a zero electric field at 0% R.H. (b)
Frequency positions on QM/MM level of theory of solvent exposed
νAS(PO2)

− of tRNAPhe (open symbols) and double-stranded RNA
(solid symbols) as a function of the electric field derived from MD
simulations. The different electric field values correspond to different
local hydration geometries. The solid line gives the result expected for
a tuning rate of −0.38 cm−1/(MV/cm).

Figure 3. Linear infrared absorption spectra of asymmetric phosphate
stretching vibrations νAS(PO2)

− of aqueous solutions of (a) DMP
(concentration c = 200 mM), (b) double-stranded RNA oligomers
containing 23 alternating A-U pairs (c = 6.9 mM), and (c) E.c. tRNA
(c = 4 mM), containing additional Mg2+ ions. The quantity R =
c(Mg2+)/c(s) is the ratio of Mg2+ concentration to the concentration
c(s) of s = DMP, RNA, and tRNA. Spectra are shown for the range
from R = 0 (without Mg2+) to R = 10. In all cases, a blue-shifted
absorption component is observed upon Mg2+ addition. (d)
Differential absorbance spectra ΔA = A(c(Mg2+)) − A0 of E.c.
tRNA for different Mg2+ excess concentrations (A(c(Mg2+)),
absorbance with Mg2+ excess; A0, absorbance without Mg2+ ions).
The rise of absorption around 1270 cm−1 is a hallmark of the
formation of Mg2+-phosphate contact ion pairs.
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concomitant changes of the vibrational potential energy
surfaces give rise to spectral diffusion and affect the vibrational
frequencies and line shapes directly. To get insight in such
processes, we measured 2D-IR spectra of DMP, DNA, RNA,
and tRNA in water with and without additional ionic species.
The 2D-IR spectra of DMP without addition of Mg2+ (R =

0, Figure 4a) consist of an elliptic peak on the v = 0−1

transition of the νAS(PO2)
− mode of the gt and gg conformers

(yellow-red contour) and a more extended contribution at

smaller detection frequencies ν3 (blue contour) which is due to
the v = 1 to 2 transitions. The redshift of the latter peak along
ν3 reflects the (diagonal) anharmonicity of the νAS(PO2)

−

mode. The elliptic shape of the v = 0−1 peak points to a
limited inhomogeneous broadening caused by the structural
diversity of hydration geometries around the (PO2)

− groups.
The width of the contour along the antidiagonal direction
perpendicular to the diagonal (ν1=ν3) line is dominated by
lifetime broadening, reflecting the short 300 fs decay of the v =
1 state of the νAS(PO2)

− vibration.43,44 With increasing Mg2+

content, i.e., increasing R, the 2D-IR spectra develop an
additional contribution to the yellow-red contours at higher
detection frequency (Figure 4b-d), most clearly manifested in
the two separate peaks M1 and M2 observed for R = 10
(Figure 4d). There are no cross peaks in the 2D-IR spectra of
Figure 4(b-d). This fact shows that the peaks M1 and M2 are
due to different uncoupled phosphate environments, one
consisting of neat water (M1) and the other representing CIPs
with a Mg2+ ion. Pump−probe experiments reported in refs 43
and 44 give a vibrational lifetime of the M1 and the M2
component of 300 fs and ∼400 fs, respectively.
The 2D-IR spectra of DMP in water were simulated for R =

0 and R = 10 with the help of a density matrix approach for
describing the third-order nonlinear response of the
sample.45,46 The v = 0−1 and v = 1−2 transitions of the
νAS(PO2)

− mode of three different species were included, the
gt and gg conformers of DMP and DMP/Mg2+ CIPs. A key
ingredient for describing the line shapes of the linear infrared
absorption and 2D-IR spectra is the frequency fluctuation
correlation function (FFCF) which was approximated by a
sum of two Kubo terms, the first decaying with a 300 fs time
constant and the second slower one with a 50 ps time constant.
In the analysis of the spectra, such time constants were fixed
and the respective frequency fluctuation amplitudes Δν1 and
Δν2 were varied to fit the experimental spectra. Details of this
approach have been given in ref 21. The calculated 2D-IR
spectra presented in Figure 4e for R = 0 and Figure 4f for R =
10 are in good agreement with their experimental counterparts
in Figure 4a,d. The parameters of the calculation are listed in
Table 1.
Figure 5 summarizes selected 2D-IR spectra of DNA, RNA,

and tRNA. The spectrum of DNA in neat water (Figure 5a)
exhibits a single peak on the v = 0−1 transition centered
around 1230 cm−1 (yellow-red contour) in line with the linear
infrared absorption spectrum (Figure 1b, black line). The
elliptic shape of the 2D peak is due to a pronounced
inhomogeneous broadening which reflects variations in the
local hydration geometry and, thus, electric field acting on the
(PO2)

− groups. The peak red-shifted along ν3 (blue contour)
is again due to the v = 1−2 transition. The spectrum of RNA in
neat water (Figure 5b) shows a v = 0−1 signal (yellow-red)
which consists of three different components. The latter are

Figure 4. Two-dimensional infrared (2D-IR) spectra of DMP in water
in the range of the asymmetric phosphate stretching (νAS(PO2)

−)
band recorded at a waiting time T = 500 fs. The absorptive 2D signal
is plotted as a function of the excitation frequency ν1 and the
detection frequency ν3. Yellow-red contours represent signals due to
the fundamental (v = 0−1) transition, blue contours the excited state
v = 1−2 absorption. The signal change between neighboring contour
lines is 7.5%, the solid black lines are the frequency diagonals ν1 = ν3.
The quantity R = c(Mg2+)/c(DMP) is the ratio of Mg2+ to DMP
concentration. (a) The 2D-IR spectrum of DMP in neat water (R =
0). (b−d) The 2D-IR spectra for R = 2.5, 5, and 10. With increasing
R, a blue-shifted 2D peak arises which is due to DMP/Mg2+ contact
ion pairs. (e,f) Simulated 2D-IR spectra for R = 0 and R = 10.

Table 1. Parameter Values from the Numerical Simulation of the 2D-IR Spectra of DMP in Water (Figure 4e,f)a

νAS(PO2)
−

lifetime (v = 1) state
(fs)

relative amplitude
R = 0/10

frequency
vi (cm

−1)
ΔDiagonal (cm

−1)
R = 0/10

Δν1i (cm−1) τ = 300 fs
R = 0/10

Δν2i (cm−1) τ = 50 ps
R = 0/10

DMP (gt) 300 90/83 1195 26/26 17/15 9.5/8
DMP gg 300 100/100 1215 21/25 13.8/13.8 10.7/11.7
DMP/Mg2+ 500 0/49 1248.5 −/25 −/10.6 −/10.0

aThe fourth column gives the v = 0−1 transition frequency of the respective νAS(PO2)
− vibration and the fifth column its diagonal anharmonicity

ΔDiagonal. The quantities Δν1i andΔν2i are the frequency fluctuation amplitudes of the fast and slow Kubo term in the frequency fluctuation
correlation function. The quantity R = c(Mg2+)/c(DMP) represents the ratio of the Mg2+ to DMP concentration.
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clearly visible in the diagonal cut of this peak parallel to the ν1
= ν3 line (Figure 5g). The strongest component centered
around 1250 cm−1 is complemented by two weaker
components at 1220 and 1280 cm−1 in analogy to the infrared
absorption spectrum in Figure 1c. There are no cross peaks
between the different contributions which correspond to
different hydration geometries of RNA phosphate groups. The
absence of cross peaks is particularly evident from cuts of the
spectra along detection frequency ν3 which have been
presented in ref 25. A very similar behavior is observed for

E.c. tRNA in neat water, both in the 2D-IR spectrum (Figure
5c) and the corresponding diagonal cut (Figure 5g).
The addition of Mg2+ ions to the E.c. tRNA sample leads to

an enhancement of the 2D-IR signal strength between 1265
and 1280 cm−1 (Figure 5d−f), reflecting the formation of
CIPs. While the differential linear absorption spectra in Figure
1d display a similar behavior, the relative strength of the CIP
component is substantially higher in the 2D-IR spectra. This
enhancement is mainly due to the longer vibrational lifetime of
this excitation which is on the order of 800 fs, compared to the
300 fs lifetimes of the two other components. At a population
time of T = 300 fs at which the spectra in Figure 5 were
recorded, the shorter-lived signal contributions thus show a
reduced relative amplitude, facilitating the observation of the
blue-shifted band.

3.3. Theory Results. The spectral shift of the P1 and P2
bands upon applying an electric field are described in an
approximate way by the so-called Stark tuning rate, giving the
frequency shift of a vibrational band per unit electric field Ep.
Stark tuning rates for the (PO2)

− stretching vibrations have
been reported in refs 26 and 39 with the former benchmarked
by Stark shift experiments with static electric fields. Such work
gives tuning rates between −0.4 and −0.54 cm−1/(MV/cm).
Applying a tuning rate of −0.5 cm−1/(MV/cm) to the spectral
peak positions of the P1 band of DNA, we derive the electric
field scale for Ep plotted on the bottom abscissa of Figure 2a
and the straight solid line for the electric-field dependent
vibrational frequency. We recall that the Ep values represent
the projection of the total electric field E from the hydrating
water molecules on the bisector of the O1PO2 angle, the
direction of the permanent (PO2)

− dipole moment. The zero
point of this scale is chosen for the frequency position of the
P1 band of DNA at 0% R.H., corresponding to less than one
water molecule per phosphate group. With this assumption,
one derives a maximum electric field on the order of 50 MV/
cm.
In Figure 2b, we analyze the correlation of electric field

values derived from MD simulations with QM/MM derived
vibrational frequencies νAS(PO2)

− at solvent exposed surface
positions of tRNAPhe (open symbols) and double-stranded
RNA (solid symbols) as a function of the temporally averaged
projected electric fields Ep. Electric fields cover an Ep ∼ 100
MV/cm range and νAS(PO2)

− vibrational frequencies cover an
∼65 cm−1 range, in good agreement with the experimental
width (Figure 1c,d). Compared to DNA, the νAS(PO2)

−

frequency positions at a particular value of Ep are scattered
over a larger range, a consequence of the more heterogeneous
hydration structure of RNA. Nevertheless, a field-frequency
correlation employing a tuning rate of −0.38 cm−1/(MV/cm)
(Figure 2b, best linear fit) provides a reasonable correlation for
the entire range of νAS(PO2)

− vibrational frequencies.
Figure 6 provides an analysis of electric field distributions

and hydration geometries for (PO2)
− groups of fully hydrated

double-stranded DNA, double-stranded RNA, and tRNAPhe.
For a prototypical (PO2)

− group of DNA we find that the total
imposed electric field is on average E ∼ 70 MV/cm (Figure
6a). The absolute magnitude is reduced to Ep ∼ 50 MV/cm
upon projection on the O1PO2 angle bisector axis which
reflects the approximate directional alignment of the electric
field vector imposed by H2O molecules and the O1PO2
angle bisector axis. The standard deviation of the field
distribution is 20.5 MV/cm. An instantaneous hydration
geometry around the (PO2)

− group of DNA is shown in

Figure 5. Two-dimensional infrared (2D-IR) spectra of νAS(PO2)
−

vibrations of (a) double-stranded DNA oligomers with alternating A-
T base pairs and (b) double-stranded RNA oligomers with alternating
A-U base pairs in water. The absorptive 2D signal is plotted as a
function of the excitation frequency ν1 and the detection frequency ν3.
Yellow-red contours represent signals on the fundamental (v = 0−1)
transition, blue contours on the v = 1−2 transition. The signal change
between neighboring contour lines is 7.5%. The black solid line is the
frequency diagonal ν1 = ν3. (c−f) The 2D-IR spectra of E.c. tRNA in
water for different excess concentrations of Mg2+ ions. The quantity R
= c(Mg2+)/c(tRNA) is the ratio of Mg2+ to tRNA concentration. (g)
Cuts of the 2D-IR spectra of RNA and tRNA along a diagonal line
through (ν1,ν3) = (1242, 1250) cm−1 (RNA) and (1240, 1250) cm−1

(E.c. tRNA).
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Figure 6d. We identify a first hydration shell of six H2O
molecules with the typical tetrahedral coordination of O1 and
O2 atoms of the (PO2)

− group. Because of the ∼6 Å
separation of neighboring (PO2)

− groups, hydration shells are
independent and do not overlap significantly.5

For double-stranded RNA and tRNAPhe (Figure 6b,c), the
magnitude of the total electric field imposed on the (PO2)

−

group is substantial (E ∼ 80−150 MV/cm) and can even
exceed the magnitude found for DNA. Nevertheless, upon
projection on the O1PO2 angle bisector axis Ep is greatly
reduced, for example, to a mean field of Ep ∼ 11.2 MV/cm for
tRNAPhe. Thus, the direction of the total electric field imposed
on the (PO2)

− group is, due to the steric constraints of the
RNA surface, particularly different from the DNA case and
leads to a substantial reduction upon projection. The origin of
the asymmetric field direction imposed on the (PO2)

− group
can be rationalized with the help of the instantaneous
hydration structures shown in Figure 6e,f. For double-stranded
RNA (Figure 6e), the symmetry between O1 and O2 atoms of
the (PO2)

− group is broken. The O1 oxygen atom points
toward the solvent and is surrounded by three water molecules
in a tetrahedral arrangement. In contrast, the O2 oxygen atom
points toward the deep, spatially constrained major groove.
Such steric constraints and the short ∼4.6 Å separation of
neighboring (PO2)

− groups facilitate the formation of H2O
bridges between (PO2)

− groups. Thus, the hydration shells
between neighboring (PO2)

− groups overlap due to an
economization of the number of hydrogen bonds with a
reduced number of H2O molecules. Moreover, the number of
H2O molecules of the second hydration shell is reduced within
the groove, compared to the freely accessible solvent volume
around the O1 atoms.
For tRNAPhe, with the spatial constraints determined by the

folded tertiary structure only four H2O molecules are part of
the first solvation shell of the (PO2)

− group that is completed

by hydroxyl groups of the sugar−phosphate backbone. Similar
to the case of double-stranded RNA, the reduced number of
H2O molecules and short inter-(PO2)

− distances lead to the
formation of H2O bridges between (PO2)

− groups. The
asymmetric arrangement of H2O molecules in the first
solvation shell of the O1 and O2 atoms of the (PO2)

− groups
lowers the electric field Ep projected on the O1PO2 angle
bisector axis.

4. DISCUSSION

The experimental results demonstrate surprisingly similar
spectroscopic and dynamic properties of νAS(PO2)

− excitations
in markedly different molecular systems, including DMP, short
DNA, and RNA duplexes, much longer DNA double helices
(discussed in refs 24,40, and 41), and tRNA structures. In all
cases, one finds a vibrational lifetime of νAS(PO2)

− vibrations
of approximately 300 fs, pointing to a predominant relaxation
via anharmonically coupled vibrations of the phosphate group
at lower frequency.23 Upon addition of Mg2+ ions, the
formation of contact ion pairs leads to a pronounced blueshift
of the νAS(PO2)

− fundamental transition, accompanied by an
increase of the vibrational lifetime to 600−800 fs compared to
the 300 fs lifetime. The increase of lifetime may reflect an
increased detuning of the v = 1 state of the νAS(PO2)

− mode
from the accepting vibrational energy level in the relaxation
process.
We now discuss the mechanisms inducing the pronounced

frequency shifts of the νAS(PO2)
− vibrations. Compared to the

νAS(PO2)
− transition frequency in a water-free environment,

addition of a hydration shell with embedded positively charged
ions causes a frequency red-shift. In contrast, CIPs of (PO2)

−

groups and Mg2+ ions embedded in water display a blue-shifted
νAS(PO2)

− frequency. The experimental data and theoretical
results for the νAS(PO2)

− mode in the absence of CIPs suggest

Figure 6. Electric field distributions and molecular hydration structures of (a,d) (AT)23 duplex DNA, (b,e) (AU)23 duplex RNA, and (c,f) tRNA
Phe

from molecular dynamics simulations. The electric field distributions in panels (a−c) were evaluated at the (PO2)
− group indicated with an asterisk

in panels (d−f) and are given as the magnitude of the total electric field at the bisector midpoint of the (PO2)
− group (red bars) followed by

projection on the angle bisector axis of the O1PO2 unit (blue bars). The electric field values are taken from snapshots during the last part of
the respective MD trajectory. The molecular hydration structures show instantaneous snapshots of H2O molecules within 2.7 Å of phosphate O1
and O2 atoms forming the first hydration shell around the (PO2)

− group.
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a common interaction mechanism behind the observed red-
shifts. Underlying this mechanism is a modification of the
electronic structure of the highly polarizable (PO2)

− group by
the external electric field from the dipole moments of water
molecules and, to a much lesser extent, solvated positive ions.
The change of electronic structure leads to a softening of the
vibrational potentials of the symmetric and asymmetric (PO2)

−

stretching vibrations and, thus, a redshift of their fundamental
v = 0−1 transition with increasing electric field. Our
calculations show that the frequency shifts scale roughly
linearly with Ep, the projection of the total external electric
field E on the direction of the permanent (PO2)

− dipole, the
bisector of the O1PO2 axis. This behavior suggests a
predominance of the dipole-mediated interaction with the
solvent field over higher-order multipole terms in the total
electrostatic energy. It should be noted that the hydrogen
bonds between (PO2)

− and water molecules are dominated by
electrostatic interactions contributing to Ep while the role of
covalent and charge transfer interactions is negligible.39

The relevant range of time-averaged electric fields Ep is
between ∼10 and 100 MV/cm and the maximum redshift on
the order of Δν = 65 cm−1. For DNA (Figure 2a), there is a
linear decrease of vibrational frequency with an increasing
hydration level up to a relative humidity (R.H.) around 60%.
In this range, the successive addition of water molecules results
in a linear increase of the electric field Ep acting on the (PO2)

−

group which is well represented by a Stark tuning rate of −0.5
cm−1/(MV/cm) (solid line in Figure 2a). This tuning rate is in
line with theoretical calculations.26,39 The observation of a
1248 cm−1 band in dehydrated DNA with less than one water
molecule per phosphate group, that is, a minor concentration
of water dipoles and, thus, negligible Ep supports this picture. A
relative humidity of 60% corresponds to a number of six water
molecules per nucleotide,47 identical to the number of H2O
molecules in the first solvation shell around a (PO2)

− group. In
agreement with the theoretical analysis, this observation
suggests that water molecules in the tetrahedral first solvation
shell represent the main source of Ep which is additive in the
number of water molecules. Further addition of water has less
impact on the νAS(PO2)

− frequency, as is evident from the
frequency positions observed at 70 and 92% R.H. The latter
clearly deviate from the linear behavior, in line with more
detailed data reported in ref 40.
The correlation between the νAS(PO2)

− frequencies of RNA
and the local electric field Ep shows a stronger variation (Figure
2b). On the one hand, the larger dispersion can potentially
arise from methodological limitations of the current approach
where the electric field is evaluated on an electrostatic level
that facilitates extensive sampling of field distributions (Figure
6) while vibrational frequencies rely on the numerically costly
QM/MM level of theory that accounts for higher order
electrostatic contributions as well as covalent and charge
transfer interactions.39 On the other hand, particularities of the
larger variety of hydration geometries and microscopic details
of the hydration shell in double-stranded RNA are not fully
accounted for in the current electric field-dependent mapping
of vibrational frequencies. For example, the 2′-OH group of
the ribose units can impose ordered hydration structures22

with a strong impact on the water structure. Our QM/MM
simulations indicate that such structures can affect the mode
mixing between the 2′-OH and the (PO2)

− group. Such
microscopic complexity goes beyond an electric field-depend-

ent mapping of the vibrational frequencies and will be
addressed in detail in future work.
The ∼1245 cm−1 band in double-stranded RNA and

tRNAPhe is due to (PO2)
− groups in a highly asymmetric

hydration shell generating a small field Ep only. H2O molecules
forming bridges between neighboring, closely spaced (PO2)

−

groups, for example, of an A-helix, contribute to the asymmetry
of the hydration shell but are not instrumental for the observed
∼1245 cm−1 band. In simulations of the asymmetric (PO2)

−

stretching vibrations of double-stranded RNA and tRNAPhe, we
find strong local frequency variations with neighboring (PO2)

−

groups bridged by H2O molecules contributing at ∼1220 and
∼1245 cm−1.
On the other hand, the (PO2)

− groups with a tetrahedral
hydration shell with the up to six water molecules largely
symmetrically arranged around both oxygen atoms of the
(PO2)

− group exist in double stranded RNA and tRNA,
experience a high Ep, and give rise to νAS(PO2)

− absorption
around 1220 cm−1, similar to DNA. In the infrared spectra of
the fully hydrated RNA systems, the parallel occurrence of the
two hydration patterns gives rise to the bimodal shape with
peaks at 1220 and 1245 cm−1.
All infrared spectra in Figure 1 display distinct absorption

bands of the symmetric and asymmetric (PO2)
− stretching

vibrations with a spectral separation of 130−160 cm−1. Such
normal modes of the (PO2)

− group represent linear
combinations of the two local PO stretching modes which
are coupled via the intramolecular vibrational potential. The
frequency separation of the two (PO2)

− normal modes roughly
corresponds to twice the intramolecular coupling which is on
the order of 65−80 cm−1. This coupling exceeds the field-
induced shift of the νAS(PO2)

− vibrations and the coupling of
the local oscillators to the external electric field. As a result,
there is no field-induced decoupling of the two local oscillators
and the pattern of symmetric and asymmetric (PO2)

−

absorption lines is preserved in the infrared spectra.
The electric field from the water environments displays

fluctuations on a time scale from 50 fs to several picoseconds
due to thermally activated low-frequency motions of water
molecules. The numerical analysis of the 2D-IR spectra of
DMP allows for estimating fluctuation amplitudes on a
subpicosecond time scale with the help of Stark tuning rates.
The frequency fluctuation amplitudes Δν1 of 10−18 cm−1 in
the FFCF translate into fluctuation amplitudes ΔEp = 20−36
MV/cm when applying the frequency tuning rate of 0.5 cm−1/
(MV/cm).39 Similar values of Δν1 and, thus, ΔEp have been
found from an analysis of the 2D-IR spectra of DNA21 and
tRNAphe.29 An analysis of fast fluctuations in the MD
trajectories gives very similar amplitudes.39 It should be
noted that the electric field distributions shown in Figure 6 are
averaged over a much longer time interval of approximately 8−
16 ns and correspond to the electric field distribution at a
particular site rather than fast fluctuation amplitudes.
Our results provide evidence for the formation of (PO2)

−/
Mg2+ CIPs in the different molecular systems. The CIP
geometries are characterized by the integration of one of the
(PO2)

− oxygen atoms in the octahedral first water shell around
Mg2+.25,43 Here, the O−Mg2+ distance of ∼2.1 Å is
substantially shorter than the length of a (PO2)

−−water
hydrogen bond of approximately 2.7 Å. On top of the
electrostatic coupling, repulsive exchange interactions come
into play at such short interatomic distances and eventually
prevail. As a result, the νAS(PO2)

− excitation probes the
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repulsive part of the interaction potential as manifested in an
asymmetric distortion of the interaction potential and
concomitant blue-shift of the vibrational transition. It is
important to note that the CIP geometry is more rigid than a
neat water shell hydrating the (PO2)

− group. This property
results in fluctuation amplitudes Δν1 of the CIP component in
the 2D-IR spectra which are smaller than for water hydration
shells (cf. Table 1 and ref 29). The CIP geometries found in
the MD simulations exist for periods longer than 1 μs while the
exchange of water molecules around phosphate groups occurs
in a time range around 50 ps. It is important to note that CIP
geometries play a central role in stabilizing the tertiary
structure of tRNA by reducing the repulsive interactions
between phosphate groups in the tRNA backbone.29

5. CONCLUSIONS
The asymmetric (PO2)

− stretching vibration νAS(PO2)
−

represents a sensitive probe of local electric fields originating
from a fluctuating water shell. Its pronounced frequency
redshift with electric field strength is roughly linear for electric
fields between 0 and some 60 MV/cm, resulting in a Stark
tuning rate on the order of −0.5 cm−1/(MV/cm) in a large
class of molecular systems, including DMP, DNA, and different
types of RNA. The combination of 2D-IR spectroscopy with
MD simulations gives quantitative insight in ultrafast electric
field fluctuations with amplitudes between 20 and 35 MV/cm.
The observation window for ultrafast structural and the
resulting electric field fluctuations is limited by the 300 fs
lifetime of the vibration. Beyond probing electrostatic
interactions, the νAS(PO2)

− transition frequency is sensitive
to repulsive, that is, exchange interactions which come into
play in contact pairs of ions with the (PO2)

− group. Repulsive
interactions induce an upshift of the νAS(PO2)

− frequency by
up to 30 cm−1, generating a distinct vibrational band that can
be isolated in 2D-IR spectra and be applied as a quantitative
probe of the concentration of contact pairs.
From an experimental point of view, the νAS(PO2)

−

vibration and to lesser extent the symmetric (PO2)
− stretching

vibration hold potential for measuring dynamic vibrational
Stark shifts induced, for example, by a strong external electric
field at the terahertz frequencies of water fluctuations. In
theory, a balanced description of electrostatic, polarization, and
dispersion interactions and vibrational frequencies from QM/
MM calculations are highly relevant for describing structure,
dynamics, and electrical properties of hydrated biomolecules.
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