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1 Introduction

Theoretical terahertz spectroscopy of free radical
solutes in solution: an EPR spin probe in water

Bikramjit Sharma, (2 *® Philipp Schienbein, (2 ° Harald Forbert ¢ and

Dominik Marx®

Free radical species are used as spin labels in electron paramagnetic resonance (EPR) spectroscopy of
biomolecular systems in water, for instance in the frame of Overhauser dynamic nuclear polarization
(ODNP) relaxometry to probe the local hydration water dynamics close to protein surfaces in aqueous
environments. Widely used in this context are nitroxide spin probes such as TEMPO, PROXYL or MTSL
derivatives. Here, we study the THz spectroscopy of HMI (2,2,3,4,5,5-HexaMethylimidazolidin-1-oxyl) in
water at ambient conditions which has been recently investigated as to how its EPR properties depend
on its solvation pattern in water. To enable theoretical THz spectroscopy of molecular radicals in
solution, we have generalized well-established methodologies for THz spectral decomposition of
closed-shell systems, namely the supermolecular solvation complex (SSC) and cross-correlation analysis
(CCA) techniques, to open-shell polyatomic solute species in water. Based on this methodological
advance, we have decomposed and assigned the THz response of HMI including its solvation shell by
employing the generalized SSC and CCA methods to cope with the open-shell character of this free
radical solute, in particular its unpaired electron localized at the nitroxy group. We reveal that the main
modulations of the far-IR spectrum of HMI are dominated by the low-frequency intramolecular modes
of the spin probe molecule itself while the solvation of its two hydrogen bonding sites contribute much
less intensely in this spectral window. Finally, we have computed THz spectra of HMI with its local
solvation water with an aim to provide a theoretical analogue of experimental THz difference
spectroscopy. Beyond the specific case, our decomposition methodology that now is able to include
open shells can be applied in future work to analyze the low-frequency vibrational response of the
solvation shell of other free radicals in solution.

in general.>® Progress in more sophisticated experiments using
nitroxide radicals as a source of so-called unpaired electrons,

Organic free radicals are complex chemical species with great
importance from atmospheric science™® to chemistry,>*
biology,”® materials science and technology.”® Ever since
stable nitroxide containing organic free radicals have been
synthesized,” "> their applications have widely spread to the
fields of polymerization,"*™® organic synthesis,"® and solvation
dynamics."”2° Particularly, the realm of electron paramagnetic
resonance spectroscopy (EPR) experiments have seen a para-
digm shift thanks to the tremendous utility of stable nitroxide
radicals as site directed spin label**">* and as EPR spin probes
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e.g. Overhauser dynamic nuclear polarization (ODNP) spectro-
scopy where the electron spin couples with the water protons to
investigate hydration dynamics'”>° or O hyperfine spectro-
scopy to reveal properties of solvation water>>>° has opened the
whole avenue of importance of such radicals in solvation
science. The results of these sophisticated experiments are
ideally complemented by investigations of the solvation of the
spin probe molecules themselves, to deepen our insights of the
intermolecular nitroxide radical-water interactions. Further-
more, since water is the universal solvent, the microscopic
understanding of the solvation properties of nitroxide contain-
ing free radicals is of utmost importance not only from the
perspective of these experiments but much beyond.

The solvation properties of nitroxide based organic free
radicals have been investigated since long by computing sta-
tistical structural correlation functions and hydrogen-bonding
properties.>’*? Such studies revealed important microscopic
information and provided spatially averaged local solvation
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information. For instance, detailed insights into the spatial
distribution of water molecules around the nitroxide’s oxygen
atom containing the EPR probe were revealed by '’O hyperfine
spectroscopic experiments in conjunction with force field
molecular dynamics simulations.*® Earlier experiments aided
by static quantum chemical calculations have attempted to
understand properties of microsolvated nitroxide radicals by
probing only the water vibrations.**°

Going beyond water-only vibrations, an orthogonal but
complementary experimental technique, namely terahertz
(THz) spectroscopy, has been shown to be a useful approach
to understand intermolecular solute-solvent interactions®®™*'
by directly probing the low frequency vibrational modes in the
far-IR region. THz resonances have been theoretically resolved
in space®® to interpret THz spectra of liquid water, and later of
closed-shell solutes species, in terms of distance-dependent
solvation shell contributions. On the other hand, time-resolved
THz modes have been interpreted®® in terms of dynamical
properties by employing wavelet transform techniques. Experi-
mental THz spectroscopy coupled with theoretical insights has
become immensely successful in investigating solvation phe-
nomena, in particularly at the molecular level of deciphering
the noncovalent interactions between solute and solvent mole-
cules. Although existing THz studies have primarily dealt with
solvation of solutes without unpaired electrons, it is highly
desirable to utilize this technique for studying the solvation
properties of free radicals more broadly.

In the current work, we therefore set out to compute and
systematically decompose the theoretical THz spectrum of an
important nitroxide containing organic free radical in bulk
water based on ab initio molecular dynamics (AIMD)
simulations.** Our aim is to devise a theoretical approach
and computational protocol which can be exploited seamlessly
in future assignments of THz spectra of free radicals in
solution. Hence, our goal is to generalize well-established
THz analysis techniques for closed-shell systems to open-shell
cases. Earlier, we developed two complementary methodolo-
gies, namely the supermolecular solvation complex (SSC) and
cross-correlation analysis (CCA) approaches, (see Sections 3.1
and 3.2 for background and references) and applied them
successfully to various closed-shell solute species in aqueous
solution. In the present paper, we generalize these methodol-
ogies for systems containing free radicals as solutes. Further-
more, we are interested in computing the local THz response of
an open-shell solute molecule and its solvation water which can
serve as theoretical reference for difference THz spectroscopy
experiments.

We have chosen a pH-sensitive EPR probe, namely HMI
(CoH19N,O:  (2,2,3,4,5,5-hexamethylimidazolidin-1-oxyl  as
depicted in Fig. 1) as the prototype, given the purpose of our
study. Such pH-sensitive nitroxide probes, including HMI in
particular, have greatly expanded the horizon of EPR spectro-
scopy by enabling pH-sensitive imaging,*>*® determining local
pH,*” acid-base properties,*®*>° as well as dielectric and elec-
trostatic properties.>’ Previously we already studied the EPR
response of HMI in aqueous solution®*** as well as in the gas
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Fig. 1 (a) Equilibrium structure of HMI (2,2,3,4,5,5-HexaMethylimidazolidin-
1-oxyl) in isolation and (b) schematic representation with its two major
solvation sites involved in hydrogen bonding, Oy and Nyng as indicated.
The spin densities (depicted at an isovalue of +0.003e/ap*; green: positive,
yelllow: negative) localized close to the NO moiety of HMI in the gas phase
and in aqueous solution are shown in panels (c) and (d), respectively. In
snapshot (d), the nitroxide oxygen Oy of HMI accepts two hydrogen bonds
from two water molecules in addition to hosting an interstitial water molecule
(orange) in its first coordination shell.

phase,”” due to the broad interest in such pH-sensitive EPR
probes. In particular, HMI in water is an interesting represen-
tative case for establishing theoretical THz spectroscopy in the
territory of free radical solvation in aqueous environments.
Herein, we have performed extensive AIMD simulations of
HMI in bulk water to sample the solvation space of HMI and
decomposed the total THz spectrum in terms of customized
molecular fragment and intermolecular interaction contribu-
tions. The unpaired electron - leading to non-zero spin density -
is localized on the nitroxide group of the HMI molecule (Fig. 1)
which then provides the EPR-active site in spin labeling, caus-
ing the suitability of HMI as an EPR probe. In contrast, the ring
nitrogen (Ny,,) does not feature any non-zero spin density but
contributes instead the pH-sensitivity of HMI since that site can
be protonated. When solvated in water, the nitroxide oxygen
(On) as well as Ny provide two distinct solvation sites for
hydrogen bonding to the surrounding solvent molecules which
are separated from each other (Fig. 1). Thus, the total THz
spectrum of solvated HMI is expected to be a combination of
responses coming from different intermolecular modes asso-
ciated with these two solvation sites. This observation suggests
a divide-and-conquer approach to decompose the global THz
response. Using AIMD, the THz response of HMI has been
studied by employing the complementary SSC and CCA meth-
odologies. Moreover, in contrast to closed-shell solutes in
water, AIMD simulations of free radical solute species must
consider their open-shell character by treating these solutions
in a spin-polarized manner. This not only roughly doubles the
computational effort but also adds complexity in the context of
breaking up the global THz response into localized contribu-
tions based on Wannier decomposition to be discussed below.

This journal is © the Owner Societies 2024
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Moreover, standard GGA density functionals suffer from self-
interaction errors which leads to spurious delocalization of spin
density that might also include the aqueous environment. This
needs to be taken care of as pioneered long ago based on
applying an explicit self-interaction correction scheme.>® Today,
spin-polarized hybrid density functionals are much used to cure
the problem which is the route we follow here as explained in
Section 2. The price to pay compared to applying corrections to
GGA functionals is an increase of the computational effort by an
order of magnitude. Overall, simulating an EPR spin probe such
as HMI in aqueous solution by AIMD introduces a substantial
computational overhead compared to investigating seemingly
similar solutions of closed-shell species.

2 Computational details

Before launching AIMD sampling of the system, constant
pressure (NpT) force field molecular dynamics (FFMD) simula-
tions of 1 HMI in 128 water molecules were performed at 1 bar
and 300 K from which the box length of 15.9581 A was
computed by averaging over the fluctuating volumes to fix the
periodic cubic supercell for subsequent constant volume simu-
lations. The initial configuration for AIMD was generated by
pre-equilibration based on NVT simulations using the same
FFMD protocol as for NpT. We carried out the subsequent
AIMD simulations using the CP2K package®*>> and its QUICK-
STEP module®® at NVT conditions to sample the solvation
configurations of HMI in water at ambient conditions. We refer
the reader to our earlier publication®® for further details of FFMD
and AIMD. Nevertheless, we summarize important aspects of the
AIMD simulations for the sake of completeness. We employed a
plane wave basis with a kinetic energy cutoff of 500 Ry and the
atom-centered TZV2P Gaussian basis set in conjunction with
Goedecker-Teter-Hutter pseudopotentials®’~° to represent the
total electron density and Kohn-Sham orbitals, respectively,
within Quickstep. Due to the open-shell nature of the system
we have expressed the exchange-correlation contribution in
terms of the spin-polarized revPBEO density functional®®®'
together with the D3 dispersion correction®® thus providing
revPBE(O-D3. Computation of the demanding Fock exchange
terms of the hybrid functional was accelerated by the auxiliary
density matrix method (ADMM)* with the cpFIT3 auxiliary
basis. The constant average temperature during the NVT simula-
tion was maintained using massive Nosé-Hoover chain
thermostatting® where each Cartesian degree of freedom is
thermostatted separately. A time step of 0.5 fs was used to
generate a 200 ps long NVT trajectory after careful equilibration.

In order to generate the dipole moment trajectory required
for rigorously computing the THz response from the time auto-
correlation function, we have extracted independent phase
space snapshots after every 10 ps from the 200 ps long
canonical (NVT) AIMD trajectory. Starting from those snap-
shots, we launched microcanonical (NVE) AIMD simulations to
properly generate the real-time dynamics in the microcanonical
ensemble that is free from any thermostatting artifacts. Each of
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the NVE runs produced 20 ps long trajectories making a total of
400 ps of NVE trajectories. For the calculations of the dipole
moment,** the Wannier function center (WFC) associated with
each electron (in either spin up or spin down polarization thus
adding up to an odd total number of such spin-WFCs) was
computed by localization of the full set of alpha (spin up) and
beta (spin down) Kohn-Sham spin orbitals to obtain 20 inde-
pendent dipole moment trajectories and subsequently the total
or partial THz spectra by averaging the 20 individual NVE
spectra, thus providing the desired NVT averages.

3 Methodology for computation and
decomposition of THz spectra

We briefly discuss here the general frameworks of the two (SSC
and CCA) approaches employed in the current decomposition
of the THz response of HMI in water. The total THz spectrum
(or IR spectra in general) is obtained by Fourier transformation
of the dipole moment auto-correlation function as

a(w)n(w) :]"(w)JDO dt(M(0)M(r)) exp[—iw1], (1)

where n(w) is the refractive index, M(f) is the total dipole
moment time derivative of the sample of volume V at tempera-
ture T and the normalization prefactor f(w) = (1/6VceoksT)
includes the harmonic quantum correction factor® and cancels
the additional frequency dependence due to auto-correlating
the dipole vector velocity instead of the dipole vector for
numerical reasons. The dipole moment is computed as usual
directly from the electronic structure of the system that is
represented in terms of the Wannier functions obtained dyna-
mically as sketched above. In the case of open-shell systems
including free radicals in solution as studied here, the required
maximally-localized (singly occupied) Wannier spin orbitals
obtained from spin-polarized (open shell) density functional
theory (providing the spin-WFCs) must be employed. Recall
that the Wannier representation localizes the many-body elec-
tronic structure in terms of an orbital (one-electron) picture
and allows one to compute the effective molecular dipole
moment vector (u;) of each individual molecule, be it solute
or solvent. Thus, the total dipole vector of the system can be
obtained from the sum of all individual molecular contribu-
tions in the sample allowing one to readily decompose the total
dipolar response into strictly additive solute, solvent and
solute-solvent coupling contributions (see Section 7.2.6 in ref.
44 for background and details). We note in passing that
computational vibrational spectroscopy of an open-shell
solution, the hydroxyl radical OH® in bulk water, has been
carried out earlier based on AIMD simulations (with 31 water
molecules thermostatted at 370 K using the B3LYP-D3 func-
tional) in conjunction with Wannier localization as well as
radical Voronoi tessellation to compute the infrared spectrum
of the OH* species in aqueous solution.®® Different from the
Wannier approach to IR spectroscopy, the Voronoi real-space
integration method depends on structural parameters like the
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van der Waals radii of all atoms as nicely described in ref. 66
and previous work cited therein.

3.1 Supermolecular solvation complex (SSC)

The SSC method®® has been developed in-house to successfully
assign the low frequency vibrational modes to atomic motions
within strongly coupled solute-solvent complexes. As a first step,
SSC relies on extracting sufficiently stable solute-solvent solva-
tion complexes as the system dynamically evolves for which the
dipole moment is computed from the WFCs obtained in solution
(thus avoiding artifacts due to microsolvation of the solute in
vacuum or continuum solvent). This amounts to studying the
partial THz spectra of tailor-made subsystems with distinct
supermolecular identities that include the solute and a specific
subset of solvent molecules which, thus, provides a microscopic
picture of the corresponding spectral response.

To this end, the dipole velocity cross-correlation matrix is
constructed between charge-weighted Cartesian velocity com-
ponents ¢ of center i and y of centerj in the molecular frame as

Cie jy(w) = J

{o¢]

de(viz (0)v, (1)) exp[—iw1], @)

—00

where v;(?) is the &-component of the velocity for the i-th center
at time ¢ projected onto the molecule-oriented reference frame
of the given SSC. Diagonalization of the C(w) matrix gives the
mode-specific absorption coefficients ax(w) as well as all cross-
terms o.ross(w) such that the total absorption cross section can
be expressed as

OC(LU) = Z OC/((LU) + “cross(w)~ (3)
k

Since, the mode-specific absorption coefficients are obtained, we can
also compute the associated atomic displacement patterns from the
corresponding eigen vectors. It is also noteworthy that the so-called
generalized normal mode®* approach has been applied to mode
decomposition analysis of vibrational spectra of solutes and
extended to capture solute-solvent clusters.”” The generalized nor-
mal mode takes into account of the atomic velocities and hence
produces the vibrational density of states. In contrast, the SSC
approach considers the WFCs as pseudo-atoms and thus includes
the electronic response to give the actual IR spectra.

After this rough sketch of the SSC approach, we refer the
interested reader to ref. 36 for further details of SSC analysis of
THz spectra in the realm of solutions that contain only closed-
shell solutes.

3.2 Cross-correlation analysis (CCA)

In the CCA approach,®® the system is divided into groups of particles
(e.g molecules in solution or specific sites within molecules) and
group relations (e.g. hydrogen-bonding or coordinating) between the
associated particles are defined. The group and relation selectors are
defined as time-dependent Heaviside step functions as

1 iey@)

Gmo—{ , @)
0 i¢y(1)

where G, (t) and y(¢) define a group descriptor and its group,
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respectively, and i is a particle belonging to that group at the same
time. Similarly, a relation (0(¢)) between pairs of particles i and j (e.g
i and j are hydrogen-bonded pairs) within the group y(f) can exist
and we can define the relationship selector Ry;{t) as

RH@_{l(@ewo 5
"o wygow

Note that all these functions are time-dependent as a particle can
alter group and relation it belongs to due to the dynamics of the
system which is automatically considered in the CCA approach by
definition. We can now define the dipole-velocity auto-correlation
function

Chy(1) = <ZZ (Gv.z'(O)Gy«/(f)Re,f,,/(O)M(O)M(I))>’ ©)
=1 j=1

where N is the number of particles. The CCA formalism can thus
rigorously decompose the total THz spectrum into its various
components defined by group and relationship selectors as intro-
duced by the user.

The key difference between the results obtained from SSC
and CCA is that the former decomposes the spectra into mode
specific spectral contributions due to all modes within user-
defined SSCs while the later decomposes the total spectrum in
terms of spectral contributions of groups of particles within the
system without providing a mode picture. Thus, SSC requires
the existence of sufficiently long-lived solvation complexes in
the solution, while CCA can be applied to cases where such
complexes cannot be defined due to their fleeting existence or
ill-defined nature. Akin to SSC, the existing CCA technique has
been applied to far-IR to analyze closed-shell solute species in
solutions.

3.3 Dimensionality reduction through coarse-graining of
degrees of freedom

We now address our strategy to generalize the existing SSC and
CCA techniques to open-shell solute species. To this end, we
adopted a coarse-grained representation of certain degrees of
freedoms to reduce both, the number of the explicitly treated
atoms of the system and the complexity of the electronic structure
of open-shell solutes to efficiently carry out our SSC or CCA
analyses as described in the following (while this is not required
to compute total THz spectra). Firstly, the methyl groups can
rotate essentially without hindrance in the solution due to negli-
gible methyl-water interactions. Thus, it is reasonable to assume
that an average THz response will be coming from the methyl
hydrogen atoms, Hy,.. Hence, we represented the three Hy,, atoms
of each methyl group as a single effective atom with three times
the mass of a hydrogen atom (Fig. 2) obtained by averaging the
coordinate vectors in each dimension. Similarly, the overall six
singly occupied spin-WFCs corresponding to the three covalent C-
H bonds within every methyl group are converted to one effective
WFC with a charge of —6e in order to represent the electronic
structure of each coarse-grained methyl group.

In addition, all those pairs of spin-WFCs (which are singly
occupied and thus carry a charge of —1e each) which correspond

This journal is © the Owner Societies 2024
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Fig. 2 Representative snapshot of HMI showing the coarse-graining of
the methyl groups. The coarse-grained Wannier function centers, see text,
are not shown for the sake of clarity.

to alpha and beta spin orbitals describing two-center two-electron
covalent bonds are well localized within molecules and, thus, can
be vectorially averaged into one effective doubly occupied WFC
(thus with charge —2e) as in case of usual Wannier localization of
closed-shell systems. For HMI in water, this applies to all those
spin-WFCs that are associated to the water molecules in which all
pair up in space, providing two pairs of alpha and beta Wannier
spin orbitals between the O and H sites since they are associated
with the covalent O-H bonds, as well as two such pairs describing
the two lone pair electrons in accord with the Lewis structure of
water molecules. The situation within the HMI molecule is much
more complex due to the presence of an unpaired electron that
provides non-zero spin density being localized at the nitroxy group
(and providing the EPR spin probe site). But even for HMI, it turns
out that most of the centers of the Wannier spin orbitals are well-
localized in terms of alpha/beta pairs and remain close in space
within the quasi-rigid molecular skeleton that fluctuates along the
generated AIMD trajectories. These spin-WFCs are associated with
all C-C, C-H and C-N covalent bonds in the HMI heteroring,
which are thus also paired into localized alpha+ beta WFCs
carrying a charge of —2e each (while the electron pairs of the
methyl C-H bonds have already been coarse-grained together with
the methyl hydrogens, see above). Yet, there are several spin-WFCs
within HMI that cannot be paired - as expected based on the open-
shell character of HMI. All of them, except for three spin-WFCs at
the oxygen terminus of the nitroxy group, remain well-localized
and are thus treated in the analysis as individual electronic degrees
of freedom. In contrast, the three spin-WFCs at the O site (on its
solvent-facing side) turn out to be not well-localized in space since
they change dynamically their positioning along the AIMD trajec-
tories. We thus coarse-grained them into one effective WFC of
charge —3e. Such system-adapted complexity reduction of the
electronic structure enabled us to now generalize the SSC and
CCA spectral decomposition methodologies - introduced and
applied so far exclusively to closed-shell systems - to free radicals
in solution as applied here to dissect and assign the total THz
spectrum of the HMI spin probe in water as explained below.

4 Results and discussions
4.1 Structural solvation properties

Before dealing with the theoretical THz analysis, we present
here key solvation structural properties around the two sites of
HMI that strongly interact with nearby water molecules, namely

This journal is © the Owner Societies 2024
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On and Nying (Fig. 3(a)). Earlier we already studied®”?? the water
structure around Oy of HMI in detail due to the importance of
that group for EPR spectroscopy and only summarize the
findings here. The Oy atom of HMI primarily exists in three
types of hydrogen bonding states with water, namely by accept-
ing one, two or three hydrogen bonds. The two and three
hydrogen bonding states are predominant with approximately
60 and 27% of the population, respectively. Apart from these
hydrogen bonded water molecules (abbreviated here by HB),
the existence of non-hydrogen bonded water molecules within
the first solvation shell (i.e. interstitial water, IW) was found
around Oy in earlier work on EPR properties of HMI in aqueous
solution.*” Note that the first solvation shell of Oy is formed by
water molecules whose oxygen (OW) atoms reside within a
distance that is given by the first minimum (3.6 A) of the
corresponding Ox-OW radial distribution function®® (RDF)
and will be referred to as O™ throughout this paper. In the
current study, we have further deciphered the contributions of
the HB and IW molecules to the Oy—~OW RDF by calculating the
incremental RDF (IRDF).”! Such IRDF reveals information
about the contribution of the nth nearest water molecule from
the Oy atom to the overall RDF. The IRDF (Fig. 3(a)) clearly
shows that the first and second nearest water molecules con-
tribute only to the first solvation shell of Oy while the third and
fourth nearest water molecule IRDFs extend beyond, meaning
that these water molecules span the exchange pathway toward
the second solvation shell. From the fifth nearest water mole-
cule onward (Fig. 3(a)), no contributions to the first solvation
shell occurs. We further unveil here the contributions in terms
of coordinated, HB and IW molecules (Fig. 3(c)). To this end, we
have used the same hydrogen bonding criterion established in
our earlier study.*> The HB molecules offer the maximum
contribution to the total Ox—-OW RDF. Diminished contribu-
tions of the IW molecules start from a larger distance compared

. . ' y T — S —
— Total RDF (O-OW) r — Total RDF (N,;,-OW)
2 (a) — Ist nearest 1 [ (b) — st nearest i ]
2nd nearest 11.5F 2nd nearest -
- — 3rd nearest _" [ —  3rd nearest ]
1 5 L N = 4th nearest 1 -
L 1 5Sth nearest ] F
r [ Cummulative o
1E \\ L
L I L
o \ [
0.5 I\ ]
E e o
[yl TSN L.
=
s U e
SN L s 7 E r
2F (€)  — TowlRDEOyey, 4 | (d) — Towl RDF(N,,-OW)
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1.5F — W 9 ToH
L b ] 1 F
1E \ 7 f
05F 1 405F
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Fig. 3 Total OW radial distribution function and the partial contributions
from the nth nearest neighbor water molecules in terms of the incre-
mental radial distribution functions of OW with respect to (a) Oy and (b)
Nring- Decomposition of the total RDF in terms of coordinating, HB and IW
molecules for (c) On—OW and (d) Ning—OW.
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to that of HB molecules. As expected, the coordinating water
component which is a combination of HB and IW molecules
overlaps with the total Ox—~OW RDF validating the accuracy of
the decomposition. Note that the frequent interchange between
the HB and IW molecules makes the solvation environment of
Oy, i.e., OX", very labile. These frequent interchanges do not
permit use of the SSC method (see Section 3.1) and hence we
instead employ the complementary CCA analysis (see Section
3.2) for OX™ as detailed below. The CCA analysis can rigorously
handle all transient structures, even though they are frequently
interchanging, at the expense of mode vectors as available in
SSC for sufficiently stable solvation complexes (see Section 3.1).
Note that the nitrogen atom of the nitroxy group is shielded
from the solvent molecule by the methyl groups and hence does
not form any hydrogen bonds with water. Next, the RDF of OW
with respect to Ny, (Fig. 3(b)) is characterized by a probability
density of close to zero in its first minimum, thus implying a
very well-defined first coordination shell. In fact, only the first
nearest water molecule (Fig. 3(b)) and the HB water molecule
(Fig. 3(d)) contribute to the first solvation shell peak of the
Niing~OW RDF. Inspection of the trajectory also shows that the
identity of the water molecule initially hydrogen bonded to
Niing does not change during the course of the simulation. This
gives rise to a very strong and thus long-lived solute-solvent
solvation complex that is perfectly suited for mode decomposi-
tion using the SSC methodology.

4.2 THz response of HMI itself and its hydrogen bonded NW-
solvation complex

The SSC analysis can be readily performed on HMI molecule
itself (dubbed “HMI-only”) and, given its stability, of the HMI-
solvent complex formed by water molecules that are hydrogen-
bonded to the Ny, atom (denoted as “NW-complex”). Hence as
a first step, a meaningful “average solute structure” (Fig. 4(a))
and average HMI-solvent complex structure (Fig. 4(b)) were
extracted from all NVE trajectories by proper translational
and rotational coordinate transformation from the lab-fixed
to the molecular frame of “HMI-only” and the “NW-complex”,
respectively. Note that the impact of the surrounding solvation
environment is imprinted in the average structures of “HMI-
only” due to that averaging in the liquid environment. We refer
to ref. 36 for details of these transformations.

Having access to these two reference structures, we per-
formed the SSC analysis and thus obtain the THz mode assign-
ment with respect to the average HMI structure “HMI-only” as
well as the average HMI-solvent complex structure “NW-
complex” and compare their THz spectra in Fig. 5. The differ-
ence between the two spectra is insignificant which means very
weak impact of the hydrogen bonding water of Ny, on the
overall THz response of the “NW-complex”. The “HMI-only”
spectrum is characterized by a broad peak in the range of about
100-200 cm ™', a sharp peak at ~400 cm ™" and smaller peaks at
~310, 350 and 460 cm '. The full mode decomposition in
terms of atomic displacement patterns corresponding to these
THz resonances of HMI itself is presented in Fig. 6 and the
corresponding mode decomposed THz spectra in Fig. 7.
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(a) (b)

Fig. 4 Average structures of (a) “"HMI-only” and of the (b) “NW-complex”
computed for THz mode decomposition using the SSC analysis, see text.

The low frequency intramolecular modes of HMI in water
can be assigned as follows based on the SSC decomposition of
the “HMI-only” THz spectrum. The peak at ~400 cm ' stems
from a combination of collective motion of methyl groups with
wagging of Oy (Fig. 6(a) and 7(a)) and complex rocking motion of
the methyl groups (Fig. 6(b) and 7(b)). However, the maximum
contribution comes from the mode corresponding to collective
motion of methyl groups with wagging of Oy as evident from the
intensities of the corresponding spectra (Fig. 7(a) and (b)). The
peak at ~460 cm ™' is due to twisting motion of the ring atoms
of the HMI molecule (Fig. 6(c) and 7(c))). The peak at ~350 cm™"
encompasses three SSC modes corresponding to scissoring
motion of the methyl groups coupled to wagging of the nitroxy
oxygen (Fig. 6(d)), collective motion of the methyl groups and
wagging of nitroxy oxygen (Fig. 6(e)) as well as a third type of
collective motion of the methyl groups (Fig. 6(f)). The intensities
of the partial THz spectra corresponding to these three modes
(Fig. 7(d)) are very comparable meaning quite equal contribu-
tions to the peak at 350 cm™*. Two normal modes corresponding
to complex wagging with scissoring motion of the methyl groups
(Fig. 6(g)) and another scissoring motion of methyl groups
(Fig. 6(h)) contribute comparably in THz intensity (Fig. 7(e)) to
the peak at ~310 cm ™. Finally, the broad frequency range from
~100-200 cm ' (where hydrogen bonded water contributions
are also expected in case of the “NW-complex’) is found to have
contributions from two intramolecular solute modes due to out-
of-plane motion of the nitroxy oxygen (Fig. 6(i)) and torsional
motion about the C-Ny,, bond although the intensity of the
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Fig. 5 "HMI-only” and "NW-complex” THz spectra computed based on
the SSC method, see text.
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Collecuve motion or methyl
groups + Nitroxy oxygen
wagging (= 398 cm™)

" ¢

Twisting motion of
ring atoms (= 458 cm™)

(e)a Q

Scissoring motion of the methyl
groups + nitroxy oxygen wagging
(=336cm?)

(g) (h) q
Complex wagging and scissoring

Scissoring motion of methyl motion of the methyl groups
groups (= 311 cm?) (=307 cm?)

mm, (j)! F

Out-of-plane motion Torsional motion about C-N,;,,,
of the nitroxy oxygen (=161 cm1) bond (= 134 cm™)

Complex rocking motion
of methyl groups (= 389 cm™?)

(d);s

Collective motion of the methyl groups
+ nitroxy oxygen wagging (= 348 cm?)

Collective motion of the
methyl groups (= 345 cm™)

Fig. 6 Atomic displacement vectors and their assignment in terms of
intramolecular motion of the THz modes corresponding to low frequency
vibrations of “"HMI-only” obtained from SSC analysis; the corresponding
average frequencies are reported in parentheses. See Fig. 7 for the mode
decomposed THz spectra.

later is very small as shown in the inset of Fig. 7(j). The modes
discussed so far are found to be originating exclusively from the
motion of the solute at THz frequencies without direct interven-
tion of the water molecules that are hydrogen bonded to Nyjng.
Note that as these modes are common in both “HMI-only” and
“NW-complex” as stressed above, it suffices to discuss only the
former case. Another interesting aspect revealed by the SSC
dissection of the THz response of HMI in water is the non-
existence of any spectral mode feature with reasonable intensity
arising mainly due to electronic motion as encoded in the
dynamics of the WFCs; recall that the WFCs are treated as
pseudo-atoms in the SSC approach (Section 3.1) and motion of
those at THz frequencies would be captured as modes. Hence,
there is no mode specifically emerging due to the unpaired
electron that is localized at the nitroxy group which could
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Fig. 7 THz spectra corresponding to the vibrations of HMI itself: (a)
combination of collective motion of methyl groups with wagging of Oy;
(b) complex rocking motion of the methyl groups; (c) twisting motion of
the ring atoms of the HMI molecule; (d) scissoring motion of the methyl
groups with wagging of the nitroxy oxygen (pink), collective motion of the
methyl groups plus wagging of the nitroxy oxygen (indigo) and collective
motion of the methyl groups (dotted cyan); (e) complex wagging and
scissoring motion of the methyl groups (violet) and scissoring motion of
methyl groups (turquoise broken line); (f) out-of-plane motion of the
nitroxy oxygen (dark green) and torsional motion about the C=Niing in
the inset. See Fig. 6 for the corresponding mode displacement patterns.

significantly impact the THz spectrum of HMI in water for
instance as a result of local polarization fluctuations.

The contribution to the THz response that comes from the
firmly hydrogen bonded water molecule at the NH-group as
obtained from the “NW-complex” is found to be localized in
the characteristic broad peak from =100-200 cm™'. Three
normal modes corresponding to motion of the hydrogen
bonded water molecule at THz frequencies are identified as
follows. The vibration of the hydrogen bond (Fig. 8(a)) and two
orthogonal rattling motions of the water molecule, namely
rattling motion I of water (Fig. 8(b)) and rattling motion II of
water (Fig. 8(b)) contribute to the broad peak in the spectra. It is
to be noted the intensities of the water modes (Fig. 9) are very
low compared to those of the solute itself and, hence, the
corresponding contributions are buried in that broad intra-
molecular low frequency peak of HMI itself (Fig. 7(f)) without
any distinct additional features. Secondly, the mode decom-
posed THz spectra due to the water modes (Fig. 9) are very
broad due the heterogeneous environment provided by the rest
of the water molecules. The THz contributions of intra-
molecular HMI modes are much narrower as this quasi-rigid
solute species is affected only slightly by the dynamically
fluctuating solvent environment.

4.3 THz response from the solvation shell around the nitroxy-
oxygen

The nitroxy group of HMI hosts the free electron and its Oy
atom interacts with the surrounding water molecules via
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Fig. 8 Atomic displacement vectors and their assignment in terms of
intermolecular motion of the THz modes corresponding to low frequency
vibrations of the "NW-complex” obtained from SSC analysis; the corres-
ponding average frequencies are reported in parentheses. See Fig. 9 for
the mode decomposed THz spectra.
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Fig. 9 THz spectra corresponding to the intermolecular vibrations of the
“NW-complex": (a) vibration of the hydrogen bond; (b) two orthogonal
modes corresponding to rattling motion | and Il of the water molecule. See
Fig. 8 for the corresponding mode displacement patterns.

hydrogen bonding. Thus, the intermolecular modes in the
solvation shell of the Oy site are potentially affected by the
unpaired electron of this spin probe molecule. Extracting the
THz spectra for the solvation shell water will inherently carry
any effect of the cumulative electronic structure of the solute
(nitroxy group in particular) on the intermolecular interaction
between water molecules and Oy atom. We have applied the
CCA methodology to compute the THz spectra for different
groups and group relations between Oy and surrounding water
molecules. Hence this approach generates THz spectra for
different subensembles corresponding to auto- and cross-
correlations between the molecules within a defined group or
group relations which rigorously adds up to give the total
spectrum of the system (Fig. 10, see THzyo(CCA)). Before
going to the definition of the different groups and the group
relations that we introduced in order to specifically decipher
the THz activity of the nitroxy group (see below), we have
validated the CCA decomposition accordingly by comparing
the total CCA spectrum THzr,(CCA) to the standard one that
is directly computed from the auto-correlation function of the
dipole moment of the total system, THzp;po1.. We find excellent
agreement between the THzpowi(CCA) and THzpipoe Spectra
(Fig. 10) where the CCA method has been applied for the first
time to an open-shell system.

The THz response due to the presence of the solute inter-
acting with the solvent can be divided into responses from
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Fig. 10 THz spectra of the whole system calculated using the CCA
decomposition method and as the Fourier transform of the total dipole
moment of the system, see text. Note that the THz1oo(CCA) is obtained by
adding the correlations between the groups and group relations defined
below and those of all the remaining water molecules. The remaining
water molecules are not considered in subsequent THz analysis and hence
the THztow(CCA) here should not be confused with any of the total
spectra in subsequent sections.

auto- and cross-correlations of HMI and the solvation shell
water molecules around Oy. Thus, we have defined two groups
consisting of the HMI molecule and solvation shell water which
will be referred as O". The solvation shell itself consists of HB
and IW molecules as described in Section 4.1. Thus, we have
defined group relations as HB and IW corresponding to water
molecules that are either hydrogen bonded to the Oy atom or
remain interstitial within the first coordination shell as defined
above for the structural analyses. The CCA-based THz
responses arising from the dipole moment auto-correlations
of the HMI (THZyynyanr), HB (THZyp g3p) and TW (THzpw_w)
components are presented in Fig. 11 to decipher the respective
contributions to the total THz response of the solution.

From the intensities of these self terms (Fig. 11), it is clear
that the HB component dominates among all three auto-
correlation contributions followed by the HMI contribution
which primarily carries the features of the intramolecular
THz modes of the solute. Note, that the average numbers of
HB and IW water molecules are ~2.16 and x0.69 according to
earlier work,”” respectively, which is the main cause of the
difference in intensities of auto-correlations involving the two
types of water molecules (Fig. 11, THzyg yp vS. THzw-w)
within O¥"™. Importantly, the THziy_vr recovers the main
features already obtained and assigned based on the SSC
analysis of HMI itself as depicted by the black line in Fig. 5,
albeit all peaks are broadened in the CCA decomposition. The
former single-molecule contribution, i.e. THZyg yp, is mainly
due to the librational motion of the individual water molecules
that are hydrogen bonded to Oy and results into a prominent
but featureless absorption that decays from the maximum of
the librational band from about 500 cm™ ' to zero frequency.
The auto-correlation contribution due to the IW molecules to
the THz spectrum turns out to be broad, featureless, and rather
small on the scale set by the HB waters but follows that general
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Fig. 11 CCA partial contributions to the THz spectrum due to the solva-
tion shell, OFY arising from dipole moment auto-correlations of HMI
(THZymi—nm), hydrogen bonded (THzug_pg) and interstitial (THzw_w)
water molecules, see text.

shape since it is also due to single-particle librations, this
time of the interstitial water molecules around the oxygen site
of the nitroxy group. Next, we have examined the dipolar cross-
correlation contributions (Fig. 11) of HMI and HB (THZpr-pis),
HMI and IW (THzymiw) as well as HB and IW (THzyg 1w)-
Interestingly, the cross-correlation contributions from the com-
ponents of OF" are found to be very small in comparison to the
auto-correlation contributions. Thus, the auto-correlations
dominate the THz response due to the solvation of O¥™ and
thus of the entire nitroxy group that carries the unpaired
electron of this spin probe molecule.

The hydrophobic water molecules’ which interact with the
methyl groups of HMI are significant components of the full
solvation shell of HMI in water which may impact the THz
response of OX™. That impact can be revealed in terms of the
corresponding cross-correlation analysis by introducing an addi-
tional CCA group, HYDPH. For this analysis, we have defined
hydrophobic water molecules as those ones where the nearest
methyl carbon with respect to the oxygen atom of a given water
molecule lies within a distance of at most 4 A thus following
earlier work.”> The cross-correlation calculations between
hydrophobic water and HMI (THzymypyppu) @s well as HB
(THzyg-pyppn) and IW (THznwy_pyppn) Water show negligible
intensity meaning that hydrophobic water does not have any
appreciable impact on the THz response of the nitroxy group
according to the respective CCA contributions compiled in Fig. 11.

The CCA analysis also reveals that the hydrophobic water
molecules around the methyl groups and the Oy site and thus
the nitroxy group are independent entities in the solvation shell of
HMI and retain their own identity. This also rules out the possibility
of significant cooperative solvation effects involving water molecules
close to the nitroxy group, and thus nearby the unpaired electron,
and the methyl groups of this spin probe molecule.

Having the all types of correlations at hand, we have
reconstructed the total THz spectrum of the solvated Oy site
(see Fig. 12 providing the THZOIS\?“) by adding the auto- and

cross-correlation contributions involving the solute itself as
well as the hydrogen bonded and interstitial water molecules.
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Fig. 12 Reconstructed total THz spectrum (green) of OfY obtained by
summing up all relevant auto- and cross-correlations according to the
CCA decomposition of the solvation shell around the nitroxy Oy atom, see
text.

In experimental THz experiments, the selective response due to
the presence of solute species with their associated solvation
shell is obtained in terms of difference spectra between the
pure solvent and the solution. In the current case, the selective
response can come from HMI and close by water molecules.
Since we have shown above that both, hydrogen bonded water
at the Ny, site in the ring and hydrophobic water around the
methyl groups do not contribute much to the total THz
response of HMI in liquid water on the relevant intensity scale,
we can now conclude that the reconstructed THZO;\?]v spectrum

presented in Fig. 12 can serve as a reference for assigning
experimental difference spectra.

One intriguing feature revealed by the CCA analysis depicted
in Fig. 11 is the negligible cross-correlation between the Oy
group of HMI and the surrounding water molecules. We have
observed such behavior before®® and it is reminiscent of only
weak interactions between the solute and the solvent mole-
cules. In the current scenario, the negligible cross-correlation is
found, although hydrogen bonds are formed with the Oy group
thus yielding Of". The exchange between HW and IW water
within O™ as already analyzed and discussed previously
(see Section 4.2.1 in ref. 32) allows the On-water hydrogen bonds
to exist only fleetingly. Consequently, the cross-correlations
between the HB or IW water and HMI within O become
negligible. This is also the main reason why we could not apply
the SSC analysis to extract the intermolecular water-Oy vibra-
tions as explained above, which is consistent with the finding of
negligible cross-correlations by CCA decomposition. Notably,
this behavior of O¥" is in stark contrast to the “NW-complex”
of the HMI molecule, where a long-lived hydrogen bond is
formed between the ring nitrogen and the adjacent water
molecule thus allowing for SSC analysis, see Fig. 8 and 9.

5 Conclusions and outlook

We have computed, decomposed and assigned the THz spec-
trum of a typical nitroxide EPR spin label, namely HMI in liquid
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water at ambient conditions based on ab initio molecular
dynamics simulations. Two complementary decomposition
methods have been used to assign the far-IR response of HMI
in water which involves both, intra- and intermolecular motion
at THz frequencies. The supermolecular solvation complex
(SSC) approach is well-suited to extract those signals that result
from water molecules, including their coupling to the solute,
that are persistently hydrogen bonded to the solute at specific
molecular sites allowing one to compute mode-specific THz
absorption coefficients with proper intensities including
the atomic displacement vectors of these modes. The cross-
correlation analysis (CCA) technique does not require such
long-lived hydrogen bonds but instead probes signals that arise
from distinct classes of solvent molecules, such as hydrophobic
or interstitial water, in the vicinity of specific sites or fragments
of the solute species, thus including also fleetingly changing
solvation patterns. In the specific case of spin probe solutes
such as HMI, the open-shell character of these free radical
molecules in solution implies an odd total number of electrons
and, in particular, non-zero spin density that is accumulated at
the EPR-active site. Transcending the earlier THz studies of
closed-shell solutes in water, we introduce here a coarse-
graining approach to the electronic degrees of freedom, repre-
sented in terms of singly-occupied Wannier spin orbitals, to
cope with the spin density that is localized at the nitroxy group
due to the presence of an unpaired electron. This general-
ization allows us to decompose and thus assign the THz
spectrum also of solvated free radical species, such as HMI,
including the hydration shell using the SSC and CCA techni-
ques in concert.

Having introduced this open-shell machinery, we find that
the THz response of the nitrogen group within the HMI ring,
Niing, which accepts one rather long-lived hydrogen bond on
average, contributes localized THz intensity from about 100-
200 cm ™~ which is about two orders of magnitude weaker than
the strongest intramolecular THz signal of HMI itself at
~400 cm™ ' as inferred by comparing the respective mode-
specific THz absorption coefficients provided by SSC decom-
position. Such behavior is not specific to HMI but has been
found previously in similar cases where water molecules are
quite rigidly attached to very hydrophilic groups.”” In these
cases, it is the intramolecular covalent OH bond of such water
molecules that donate the intermolecular hydrogen bond to the
solute that is found to be strongly red-shifted, which provides
their signature in the mid-IR range. Next, we find that the
nitroxy group, which hosts the localized spin density and thus
carries the so-called unpaired electron, features a first coordi-
nation shell around its oxygen site Oy with predominantly two,
but sometimes also three accepted hydrogen bonds. In addi-
tion, there are interstitial water molecules present in that first
shell which vividly exchange with hydrogen bonded waters,
thus leading overall to short-lived hydrogen bonds around Oy.
Perhaps surprisingly, the solvation shell of the entire nitroxy
group does not contribute intensity modulations to the THz
response of HMI in water, except for the trivial contribution
that comes from the smoothly decaying low-frequency wing of

27888 | Phys. Chem. Chem. Phys., 2024, 26, 27879-27890

View Article Online

PCCP

the usual librational band which is due to single-particle
motion of the individual water molecules in the first coordina-
tion shell of Oy. Unsurprisingly, however, the hydrophobic
water around the six bulky methyl groups of HMI also do not
contribute to the solute-induced THz response on the relevant
intensity scale that is set by the total THz absorption coeftfi-
cient. Importantly, we note that we did not find any specific
features in the THz response that could be related to the
unpaired electron that is localized at the nitroxy group of HMIL.

Overall, the intensity modulations of the THz spectrum of
the HMI spin label in water at ambient conditions is dominated
by the low-frequency intramolecular modes of the spin probe
molecule itself, which are localized in the far-IR regime. Most
notable here is a prominent peak at roughly 400 cm™" as a result
of correlated intramolecular motion within HMI itself involving
the nitroxy oxygen, Oy, and the methyl groups. The bottom line
outcome of our investigation is that HMI is essentially insensi-
tive to its local solvation environment as probed by vibrational
far-IR (THz) spectroscopy, whereas it is an excellent local probe
molecule for EPR spectroscopy that features sensitivity to the
specific solvation pattern of the nitroxy oxygen site as we have
demonstrated recently. We conclude therefore that HMI does
not qualify as a dual-readout EPR + THz probe to investigate
local solvation effects in aqueous solutions. This result serves as
a guideline for future research to design novel dual-probe
molecules. They should carry different functional groups which
are individually sensitive to local solvation effects as probed
orthogonally by EPR and THz spectroscopy given their comple-
mentary probe mechanism.
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