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ABSTRACT: A theoretical study of magnetic properties of hydrogen peroxide in water
has been carried out by means of Monte Carlo simulation and quantum mechanics
calculations. The solvent effects were evaluated in supermolecular structures generated by
simulations in the NPT ensemble. The solute−solvent structure was analyzed in terms of
radial distribution functions, and the solute−solvent hydrogen bonds were identified with
geometric and energetic criteria. Approximately three water molecules are hydrogen
bonded to H2O2 (0.6 and 0.8 in each hydrogen and oxygen atom, respectively, of the
H2O2). Although, on average, both hydroxyls of the peroxide are equivalent, the distri-
bution of hydrogen-bonded water molecules is highly asymmetric. Analyzing the statistics
of the hydrogen bonds, we identify that only 34% of the configurations give symmetric
distributions around the two hydroxyls of the H2O2 simultaneously. The magnetic
shieldings and the indirect spin−spin coupling constants were calculated at the B3LYP/
aug-cc-pVTZ and aug-cc-pVTZ-J computational level. We find that the solvent shields the
oxygen and unshields the hydrogen atoms of the peroxide (+5.5 and −2.9 ppm, respectively), with large fluctuation from
configuration to configuration in the oxygen case, an effect largely accounted for in terms of a single hydrogen bond with H2O2 as
the proton donor. The most sensitive coupling in the presence of the solvent is observed to be the one-bond J(O,H).

1. INTRODUCTION

Hydrogen peroxide, H2O2, is an oxidizing and bactericide
compound whose chemical reactions confer on it an important
role in natural phenomena and industrial processes. All of these
reactions require a medium, which is mostly water, where H2O2

forms hydrogen-bonded complexes whose study comprises an
important subdomain of hydrogen peroxide chemistry (see, for
instance, Kulkarni1 and references therein). From the molecular
theoretical standpoint, this has prompted a number of works
dedicated to study small H2O2···(H2O)n complexes. Xue-Hai
et al.2 investigated the structures, IR shifts, binding energies, and
thermodynamic properties of such a complex for n = 1−3 clusters
with ab initio methods, while Kulkarni et al.,1 performed exten-
sive quantum chemical analyses on these complexes for n = 1−6
with Hartree−Fock (HF) method and second-order Møller−
Plesset perturbation theory (MP2), studying the effect of clus-
tering by water molecules on the vibrational frequencies and
providing a tool to understand the cooperative effects and the
structural changes in small clusters. Ferreira et al.3 studied the
electronic excitation and the ionization energy of hydrogen
peroxide−water clusters with n = 1−6 using density functional
theory (B3LYP) for the geometries and time-dependent density
functional theory (TDDFT) and equation of motion coupled
cluster with single and double excitations (EOM-CCSD).

Several calculations of structural and electronic properties of
H2O2 in water have been reported using dielectric continuum
models.4−9,32 However, computer simulations of H2O2 in aque-
ous solution are scant. As far as we know, there are only two
works that performedmolecular dynamics simulations in a multi-
scale quantum mechanics/molecular mechanics (QM/MM)
approach to investigate the energetic and structural properties of
H2O2 in water.10,38 None of them study the NMR properties of
the H2O2 in solution, although the description and the under-
standing of the role played by the environment in the NMR
properties is essential to help in the elucidation of biological
macromolecule structures. In this framework, the purpose of this
paper is to analyze the effects of the aqueous solvation in the
NMR properties of hydrogen peroxide.
Solvation effects in NMR properties are generally taken into

account using two best-proven approaches, the continuum model
of themedium, involving the quantum chemical consideration of a
single molecule surrounded by a continuous homogeneous dielec-
tric medium, and the supermolecule model, where intermolecular
complexes composed of the molecule under consideration and
several solventmolecules interacting with it are explicitly calculated.
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QM/MM methods, a version of the supermolecule approach
where the spatial arrangement of the solvent molecules around
the molecule under study is set by classical Monte Carlo (MC)
simulation or molecular dynamics methods, are, in particular,
employed for problems involving hydrogen bonds (HBs)
between the solute and the solvent11 as the one considered in
this work, where the dielectric approximation is not adequate.
In particular, for the calculation of NMR properties in liquid

water, several QM/MM variations have been followed: a hybrid
method12 with an additional short-ranged repulsive potential
that pushes the electrons out of regions that would be occupied
by neighboring electrons of the surrounding classical atoms; the
inclusion of explicit microscopic polarization effects13 by as-
signing to each solvent molecule an electric dipole polarizability
and thus giving rise to instantaneous induced dipole moments
in the solvent; or a completely quantum approach, where the
dynamically fluctuating hydrogen-bond network is taken into
account explicitly in generating configurations,14,15 the method
of choice particularly when the solvation effects lead to changes
in solute geometry and electronic structure.
In the present work, we study the influence of water on the

NMR properties of hydrogen peroxide, following a QM/MM
approach with a classical mechanics Hamiltonian described
by force fields. Special attention is paid to the role played by
HBs between the solute and the solvent. We take fixed mole-
cular geometries and investigate separately the validity of this
approximation.

2. COMPUTATIONAL DETAILS

Quantum mechanical (QM) calculations of the magnetic pro-
perties of H2O2 were performed for the isolated solute molecule
(S) and in aqueous solution (S + solvent), where the solvent was
described by the polarizable continuum model (PCM)16 and by
an explicit model with and without electrostatic embedding
(nW + PC and nW, respectively).17,18 This discrete model of the
solvent was composed by nwater molecules explicitly included in
the QM calculations, where n varied from 1 to 6. Additionally, an
electrostatic embedding was also used, composed of the atomic
point charges of the remaining water molecules of the solution.
The positions of the water molecules around the H2O2 were
obtained from configurations generated by MC simulations.
Therefore, the magnetic properties, such as magnetic shieldings
and coupling constants (SSCC), were calculated and averaged
for the H2O2 in aqueous solution using several models, S + PCM
(solute + polarizable continuum model), S + nW (solute + n
explicit water molecules), and S + nW + PC (solute + n explicit
water molecules + electrostatic embedding described by atomic
point charges) with n = 1, 2, 3, and 6, and compared with S
(isolated solute in vacuum). All of the QM NMR calculations
were performed with the GIAO19 methods in the GAUSSIAN
program20 using density functional theory with the B3LYP
exchange−correlation.21,22 A systematic study23 of SSCC calcu-
lations with core−valence bases of incremental size with the
DFT-B3LYP, RPA, and SOPPAmethods showed that the former
has better convergence.
Four basis sets of increasing quality were tested to investigate

the minimal size sufficient for our calculations, aug-cc-pVDZ,
aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z,24 with, respec-
tively, 64, 138, 252, and 414 basis functions for H2O2 and 41, 92,
172, and 287 basis functions for water. From the results shown in
section 3.2, we chose to employ the aug-cc-pVTZ set as it is
within 10% of the HF limit and still of manageable size for the

QM calculation of magnetic properties with explicit treatment of
neighboring solvent molecules.
The above basis sets have been developed to describe with

flexibility the valence region of the electronic system and are
therefore not adequate to describe the electron density in the
vicinity of the nucleus, as needed for SSCC calculations.25 Thus,
special basis sets with core functions, which take into account the
electronic correlation with participation of inner electrons, are of
major importance for the atoms between which SSCCs are
calculated, in particular, for the contribution due to the Fermi
contact (FC) interaction.26 In this work, we use the aug-cc-
pVTZ-J set,27−30 a contracted correlation-consistent triply split
polarized-diffuse basis set specially optimized for calculations
of second-order properties by contracting the aug-cc-pVTZ
basis set, with the most diffused functions excluded and four
1s-contracted tight s functions added for all elements.
Metropolis MC simulations were performed in the iso-

thermal−isobaric NPT ensemble using standard procedures.31

We used periodic boundary conditions and the image method in
a cubic box whose initial volume was determined by the experi-
mental density ρ = 0.997 g/cm3. The system was composed of
one solute molecule of H2O2 embedded in 300 solvent molecules
of water in the room conditions (T = 298 K and P = 1 atm). The
hydrogen peroxide and the water molecules interact by the
Lennard-Jones plus Coulomb potential, with three parameters
for each interacting site (ϵi, σi, and qi). These parameters were
taken from the work by Vaćha et al.32 for hydrogen peroxide and
from the work by Jorgensen33 for water. This election is
motivated by preliminary studies showing that it gives reasonable
structural and thermodynamic descriptions of the liquid water at
room temperature and that our results do not depend heavily on
the water model used.
The simulations were performed with the DICE program.34 It

involves a thermalization stage of about 1.5 × 106 MC steps fol-
lowed by an averaging stage of 3.0 × 106 MC steps. The average
density was calculated as 0.99 ± 0.01 g/cm3, in agreement with
the result for liquid water.
The geometry used for the water molecule corresponds to

intramolecular distances of rOH = 0.970 Å and rHH = 1.55 Å,
35 and

for the peroxide molecule, we referred to the geometry of com-
plex II of the article by Xue-Hai et al.,2 rHO = 0.983 Å, rOO =
1.475 Å with angles θHOO = 98.2°, ϕHOOH = 115.1°. This geo-
metry is similar to the experimental one obtained by Redington
et al.36 During the simulations, the geometry of the molecules is
kept rigid.
In reality, it is not possible to make a full QM calculation of the

magnetic properties of the supermolecular system composed of
300 molecules over thousands of MC steps. Alternatively, after
the simulation, we sample 100 configurations with less than 11%
of statistical correlation, evaluated using the correlation function
method as discussed in ref 37, and perform our QM calculation
using only a few selected number of solvent molecules. There-
fore, the value of the magnetic properties is thus obtained by an
ensemble average over the statistically uncorrelated structures
generated in the simulations. As a further verification of the pro-
per statistical treatment of the solvated system, the full simulation
was subdivided into 10 samples of 10 contiguous configurations
each. Calculations of magnetic properties give identical results
for each sample within the statistical uncertainties, and a χ2 test
of independence yields χ2/ndf = 9.31/9, confirming that the
configurations are sufficiently uncorrelated.
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This procedure reduces dramatically the number of config-
uration used in the QM calculations when compared with the
entire number of MC steps.
For each one of the 100 statistically uncorrelated config-

urations, several supermolecular structures are considered,
H2O2 + (H2O)n, where n is the number of water molecules
hydrogen bonded to H2O2 (n = 1, 2, and 3) and the first
microsolvation shell (n = 6). The NMR properties were calculated
for these supermolecular structures bare and embedded with the
electrostatic field of the remaining water molecules of the solution.

3. RESULTS
3.1. Solvation Shell and Hydrogen Bonds. The solvation

shells are obtained from the radial distribution function (RDF)
between the center of mass of H2O2 and water molecules,
GCM−CM (r), shown in Figure 1a. In this GCM−CM (r), it is easy to

notice the formation of a sharp peak from 2.6 to 3.7 Å,
which describes a microsolvation shell composed of the HBs.

The complete first solvation shell goes up to 5.0 Å. The number
of water molecules,N(r), is obtained by the spherical integration
of theGCM−CM (r) until a distance r; see Figure 1b. Then, 6 water
molecules are found in the microsolvation shell and 17 in the
entire first solvation shell.
An important aspect in the solvation of H2O2 in water is the

formation of HBs. Hydrogen-bonded structures are convention-
ally obtained from the analysis of the RDFs GO−H(r) and
GH−O(r). These distributions are shown in Figure 2a, GOs−Hw

(r)
between the oxygen atoms of the solute H2O2 and the water
hydrogen atoms and GHs−Ow

(r) between the hydrogen atoms of
the solute H2O2 and the water oxygen atoms. For comparison,
the water distribution GH−O(r) is superimposed in each case
in Figure 2b. The first peak of the GHs−Ow

(r) (Figure 2, left),
associated with the solute−solvent HBs, is more intense and
appears at a shorter distance (by 0.06 Å) for H2O2 than that
for water. However, their integrations, up to 2.5 Å, give
approximately the same coordination number of 2.0 for both
distributions (one HB per hydrogen atom of H2O2 and of water).
Therefore, the HBs formed by the hydrogen atoms of H2O2 are
more structured than those formed by the hydrogen atoms of
water, and this is an indication of the well-known fact that H2O2

is a better proton donor than water, in agreement with ref 38.
This larger structuralization of the water molecules hydrogen
bonded to the H2O2 can be seen in the three-dimensional distri-
bution of the center of mass of the water molecules as two dense
clouds near each hydrogen atom of the H2O2 (see Figure 3).
However, in the opposite situation is the first peak of the
GOs−Hw

(r) (Figure 2, right) which is less intense and appears at a
larger distance (by 0.24 Å) for H2O2 than that for water. Their
integrations, up to 2.5 Å, give the coordination number of
approximately 1.4 for each oxygen atom of the H2O2 and 1.9 for
the oxygen of water. In the inset of GOs−Hw

(r), the distribution of
the two nearest hydrogen atoms of water composing its first peak
is shown. It is clear that by integrating up to the first minimum,
each oxygen atom of the H2O2 has less than two water molecules
hydrogen bonded, and therefore, the oxygen atom in the molecule
of H2O2 is a poorer proton acceptor than the water molecule.

Figure 1. (a) The RDF between the center of mass of H2O2 and water
molecules, GCM−CM (r), and (b) its spherical integration, N(r).

Figure 2. RDFs for H2O2 in aqueous solution (solid line) between the hydrogens of H2O2 and the water oxygens, GHs−Ow
(r) (left), and between the

oxygens of H2O2 and the water hydrogens, GOs−Hw
(r) (right). For comparison, the same distributions are shown for liquid water (dotted line). (Insets)

(left) The RDF of the closest solvent oxygen atom (dashed line) fully describes the HB peak; (right) the RDFs of the first and second closest hydrogen
atoms are shown separately (dotted lines), and their sum (dashed line) describes the HB peak.
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Hence, on the basis of the integration of both distributions,
GOs−Hw

(r) andGHs−Ow
(r), the H2O2 has, on average, 4.8 HBs with

the water molecules.
HBs in liquids are better obtained using geometric and ene-

rgetic criteria, as discussed before.39,40 The criteria used here for
the HB formation are the distance RO−O ≤ 3.3 Å, the angle
ΘO−OH ≤ 40°, and the binding energy higher than 1.6 kcal/mol.
In doing so, an average of 2.8 HBs formed between the H2O2
and water molecules is found (0.6 in each hydrogen and 0.8 in
each oxygen atom of the H2O2). Note that this is an average for
the solution, but H2O2 can form up to six simultaneous HBs
with the surrounding water molecules. The statistics obtained
for the HBs formed are 9% of the configurations form one HB,
24% form two HBs, 42% form three HBs, and 25% form
four HBs.
In summary, when considering the distance between the

centers of mass of theH2O2 and theH2Omolecules, we observe a
first peak in the RDF corresponding to six solvent molecules
surrounding the solute, thus defining the microsolvation shell
henceforth used for full QM calculations. When restricting to the
H−O distances between H2O2 and H2O, we find an average of
4.8 solvent molecules within the HB distance of the solute, and
when further imposing stricter angular and binding energy
criteria, the average number of H2O2−H2O HBs gets reduced to
2.4. Analyzing the statistics of HBs, we identify that only 34% of
the configurations yield symmetric distributions around the
hydrogen peroxide, 12% with both hydroxyls acting as proton
donor and 22% with both hydroxyls simultaneously acting as the
proton donor and acceptor. Therefore, the majority of the con-
figurations (66%) give asymmetric distributions, most of them
(42%) with the hydrogen peroxide acting as the proton donor
and acceptor in one hydroxyl and proton donor in the other.
3.2. Magnetic Shieldings. In order to assess the influence of

solvation on the magnetic shieldings of hydrogen and oxygen for
H2O2 in water, we perform a full QM treatment of H2O2 in
vacuum (σS) and in water. The aqueous environment is
described by four models: (i) when no explicit water molecules

were included, the solution was described with PCM (σS+PCM);
(ii) when one water molecule hydrogen bonded was explicitly
included (σS+1W) for special studies; (iii) when the first
microsolvation shell, composed of six water molecules (σS+6W),
was explicitly included; and (iv) we also consider the electrostatic
field of the remaining water molecules of the solution, including
those in the QM calculations as atomic point charges (σS+6W+PC).
The positions of the solvent molecules are obtained by sampling
100 statistically uncorrelated configurations obtained in the
averaging stage of the MC simulation.
Figure 4 shows the oxygen shielding results with basis sets of

an increasing number of functions for isolated H2O2 and for

H2O2 in water using the four solvation approximations described
above. Only one configuration was considered for the σS+1W,
σS+6W, and σS+6W+PC cases, and the largest base could not be
employed for the full first microsolvation shell complexes. It is
observed that the basis set used in this work, aug-cc-pVTZ, is
within 10% of the limit attained with the largest basis.
The results in Figure 5 show the distribution of results for σH

and σO obtained by QM calculations for the H2O2 surrounded by
the six nearest water molecules and the remaining ones treated
as atomic point charges (S+6W+PC model) at B3LYP/aug-cc-
pVTZ. The histograms contain 200 entries, two per config-
uration, and are well described by Gaussian distribution fits,
superimposed on the plot. For comparison, we show the mean
shieldings obtained for the isolated solute (σS) and in solution
described by the continuum model (σS+PCM) and by the first
microsolvation shell (σS+6W). The results are summarized in
Table. 1.
We observe that the distribution for hydrogen is narrow (the

standard deviation of the distribution of σ(H) is 1.4 ppm) and
that the mean value of σH monotonically decreases for the
vacuum, PCM, 6W, and 6W + PC models. The values are, in
ppm, σS = 24.2 > σS+PCM = 22.8 > σS+6W = 21.8± 0.1 > σS+6W+PC =
21.3 ± 0.1.
For oxygen, the situation changes; the distribution is an order

of magnitude wider (standard deviation of 13.8 ppm), and the
values of σO follow a different relationship, in ppm, σS = 86.5 <
σS+6W = 90.6 ± 1.0 < σS+6W+PC = 92.7 ± 1.0 < σPCM = 98.8.
The widespread oxygen shielding values, ranging from 60 to

120 ppm, can be traced back to the fact that in a given solution
configuration, the two oxygen atoms in H2O2 are not chemically
equivalent. This is illustrated by the left panel of Figure 6, which
plots the distribution of σ(O2) versus σ(O1), where O1 and O2

Figure 3. Solvent center of the mass three-dimensional distribution
around the solute H2O2molecule: a superposition of the 100 statistically
uncorrelated MC configurations in a box of 10 Å edges.

Figure 4. Isotropic magnetic shielding for oxygen in H2O2, in ppm, for
four sets of basis functions, aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ,
and aug-cc-pV5Z, as a function of the number of basis functions for
H2O2, respectively, 64, 138, 252, and 414.
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are the two oxygen atoms (chosen at random) in the H2O2
molecule, when including in the QM calculation the first micro-
solvation shell of six water molecules. A strong negative corre-
lation is observed; the more shielded one nucleus, the less
shielded the other one.
Further insight into this shielding/deshielding behavior is

gained by studying the magnetic properties of hydrogen peroxide
plus one water molecule forming a Hs−Ow bond as a function of
the HB distance (dHO), as shown in the right panel of Figure 6.
The remote oxygen (open circles) is always shielded, while the

nearby oxygen (solid circles) is deshielded; the stronger the
effect, the closer the solvent molecule. The complete range of
variation observed in the first microsolvation shell treatment is
accounted for in terms of a single HB distance. The average of the
two shieldings (solid squares) is found to be basically inde-
pendent of the HB length.
A similar study for the two hydrogen atoms in H2O2 shows

that in this case, their magnetic shieldings are not correlated; see
the left panel in Figure 7. The range covered, from 19 to 24 ppm,
is again explained by a singleHB to water. This is illustrated in the
right panel, which plots the shielding as a function of the HB
distance. The hydrogen atom involved in the HB (solid circles) is
deshielded down to 19 ppm when the solvent molecule is the
closest, while the shielding of the remote one (open circles) is
independent of the bond distance, explaining thus the lack of
correlation.
The influence of including electrostatic embedding to describe

the remaining solution molecules, in addition to the explicit first
microsolvation shell, is best studied by considering the sequence
σS → σS+6w → σS+6w+PC, that is, the isolated, first microsolvation
shell only and the first microsolvation shell plus atomic point
charge shieldings. The oxygen results for Δσ6w ≡ σS+6w − σS,

Figure 5. Isotropic magnetic shielding for hydrogen (left) and oxygen (right) for H2O2 in water. The solvent is simulated by including in the QM
calculation the first microsolvation shell of six water molecules and representing the remaining water molecules by the electrostatic field of their atomic
point charges (σS+6W+PC). The histogram depicts the distribution of individual results for each configuration, together with a Gaussian fit to the data. For
comparison, the mean shielding is shown for three other cases: in vacuum (σS), with PCM (σS+PCM), and with the first microsolvation shell (σS+6W).

Table 1. Isotropic Magnetic Shieldings in ppm for H2O2 in
Vacuum (σS), in Water with the Continuum Model (σS+PCM),
with the First Microsolvation Shell Explicitly Included
(σS+6W), and with the First Microsolvation Shell Plus
Electrostatic Embedding of the Remaining Water Molecules
of the Solution (σS+6W+PC), at the B3LYP/aug-cc-pVTZ Levela

atom σS σS+PCM σS+6W σS+6W+PC

O 86.5 98.8 90.6 ± 1.0 92.7 ± 1.0
H 24.2 22.8 21.8 ± 0.1 21.3 ± 0.1

aFor the last two cases, the error of the mean is also indicated.

Figure 6. Isotropic magnetic shielding in ppm for oxygen in H2O2. (Left) σ(O2) versus σ(O1), the two oxygen atoms in a H2O2 molecule, when H2O2 is
surrounded by the six water molecules of the first microsolvation shell. A strong negative correlation is observed. (Right) σ(O) as a function of the HB
distance in Å (dHO) for H2O2 in the presence of one water molecule forming a HB with H2O2 acting as the proton donor. The oxygen atom nearby the
HB gets unshielded (solid circles) and the remote one shielded (open circles), while their average stays essentially constant (gray squares).
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ΔσPC ≡ σS+6w+PC − σS+6w, and Δσ ≡ σS+6w+PC − σS are well
described by N (average, standard deviation) Gaussian distri-
butions. The results, in ppm, for these distributions are (4.1,
14.0), (1.4, 9.1), and (5.5, 13.9), respectively. The corresponding
distributions and Gaussian fits for Δσ6w and ΔσPC are shown in
Figure 8a and b; those for Δσ are not included because they
overlap with the former.

The interpretation of the mean values is straightforward. The
+5.5 ppm net solvation shift inΔσO is decomposed as 75% of the
effect when including the first microsolvation shell (6W) and
25% when adding the electrostatic embedding (PC). The result
for the spread in ΔσO is interesting. If the fluctuations in the two
steps σS → σS+6w → σS+6w+PC were independent, one would
expect a global width of [(14.0)2 + (9.1)2]1/2 = 16.7 ppm forΔσ,
rather than the observed 13.9 ppm. This implies a certain level of
anticorrelation.
The changes in the hydrogen shielding when including solvent

effects are shown in Figure 9. The distributions are well described
by Gaussian functions, with N (average, standard deviation)

parameters (−2.4, 1.3), (−0.5, 0.4), and (−2.9, 1.4) for Δσ6W,
ΔσPC, and Δσ, in Figure 9a−c, respectively. The hydrogen
nucleus is deshielded by the solvent, with 85% of the change
accounted for by the first microsolvation shell. The additional
contribution of the electrostatic field of the remaining solution
molecules is small and, contrary to the oxygen case, does not
present large fluctuations.
The solvation effects described above correspond to the

environmental change brought about by the presence of water
molecules around the hydrogen peroxide. Another consequence of
solvation, however, is a possible change of the solute geometry itself.
In order to assess the relevance of this contribution, we computed
the shielding change for reasonable variations of the hydrogen
peroxide geometry; see Table 2. For hydrogen, the geometrical
effect is an order of magnitude lower than the environmental effect.
For oxygen, the geometrical effect is comparable, albeit of opposite
sign, to the net shift due to solvation and a factor of 5 smaller than
the fluctuations between configurations.

Figure 7. Isotropic magnetic shielding in ppm for hydrogen in H2O2. (Left) σ(H2) versus σ(H1): the two hydrogen atoms in a H2O2 molecule when
H2O2 is surrounded by the six water molecules of the first microsolvation shell. No correlation is observed. (Right) σ(H) as a function of the HB distance
in Å (dHO) for H2O2 in the presence of one water molecule forming a HB with H2O2 acting as the proton donor. The hydrogen atom participating in the
HB gets unshielded (solid circles), while the remote one is unaffected.

Figure 8. Distribution of Δσ(17O), the change in the oxygen magnetic
shielding for each configuration: (a) Dashed line: H2O2 (vacuum) →
H2O2 (first microsolvation shell); (b) Solid line: H2O2 + 6 water
(explicit) → H2O2 + 6 water (explicit) + electrostatic embedding.

Figure 9. Distribution of Δσ(H), the change in the hydrogen magnetic
shielding for each configuration: (a) Dashed line: H2O2 (vacuum) →
H2O2 (first microsolvation shell); (b) Solid line: H2O2 + 6 water
(explicit) → H2O2 + 6 water (explicit) + electrostatic embedding; (c)
Dotted line: H2O2 (vacuum) → H2O2 + first microsolvation shell +
electrostatic embedding.
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3.3. Coupling Constants. Within the Ramsey approxima-
tion, the total spin−spin coupling constant (J) is a sum of four
contributions, the paramagnetic spin−orbit (PSO), diamagnetic
spin−orbit (DSO), Fermi contact (FC), and spin dipole
(SD).41,42 The former two account for the interaction between
the nuclear spins and the orbital angular momentum of the
electrons, whereas the latter two account, respectively, for the
interaction between the nuclear and electronic spins and the
presence of the electronic spins in the nuclear positions. In
Table 3 are gathered all intramolecular coupling constants for
hydrogen peroxide at the B3LYP/aug-cc-pVTZ-J level of theory.
Comparison of our result with other works shows similar patterns
but quantitatively different results from a high sensitivity with the

level of calculations and the geometry employed. Unfortunately,
we were not able to find any report of experimental results of the
intramolecular coupling constants of the hydrogen peroxide for
comparison.
The most notorious observation is that the one-bond cou-

plings, 1J(O,O) and 1J(O,H), increase in absolute value with the
presence of the solvent, whereas the two- and three-bond cou-
plings 2J(O,H) and 3J(H,H), decrease. In all cases, the consid-
eration of point charges, in addition to the explicit water
molecules, reinforces these changes.
We can see that the tendency observed for the gas−liquid shift

of the hydrogen peroxide in this work is ∼−15 Hz for 1J(O,H);
see Table 3. The lack of experimental values for this compound
could be substituted meanwhile by the similar coupling constant
in water. Thus, we can consider some very good calculations of
the gas-phase one-bond coupling 1J(O,H), which are −77.243
and −76.7 Hz.44 Both values together with the experimental
result, −80.6 Hz,45 which corresponds to the liquid phase, show
that the same gas−liquid shift is around −3.4 to −3.9 Hz in the
same direction as that for hydrogen peroxide.
As expected, the S + nWand S + nW+PC shift of the calculated

coupling constants, that is, |ΔmJ(O,X)| = |mJ(O,X)
S+nW+PC − mJ(O,X)

S+nW|,
diminish with n (the number of water molecules involved) and
tend to a unique value.
It is interesting to remark that for all four coupling constants,

the S + PCM value is very close to the first microsolvation shell
result.
The four contributions to the coupling constants are shown in

Table 4. The errors were omitted, and only the averages were
considered to facilitate the analysis. The FC contribution is only
dominant for the 1J(O,H) couplings. The liquid−vapor change
of ∼1.5 Hz for the 1J(O,O) coupling arose from the increase in
the FC contribution because the SD and PSO almost com-
pensate for each other and the DSO is negligible. The largest
liquid−vapor change is ∼14.9 Hz for the 1J(O,H) coupling and
comesmainly from the FC contribution,∼16.9 Hz, compensated
for in ∼2.0 Hz by the PSO one. The 2J(O,H) couplings show
similar orders of magnitude and solvent effects on both contri-
butions, FC and PSO, and they are−0.53 and−0.37 Hz, produc-
ing a global change of −0.80 Hz. Finally, the 3J(H,H) couplings
show a liquid−vapor variation of the same order (∼1.0 Hz) but
opposite to each other for the PSO and DSO contributions; thus,
the small change in the FC (∼0.4 Hz) is the one that determines
the global change.
As mentioned in section 3.2, in addition to the environmental

change studied above, solvation can produce small variations
in the solute geometry itself. This effect can be estimated by

Table 2. Shielding Variation, Δσ (ppm), Produced by
Changes in the H2O2 Geometry

geometry change Δσ(O) Δσ(H)

dihedral angle 10° 0.40 0.23
angle O−O−H 2° −4.07 1.03
distance O−H 0.01 Å −4.3 −0.02
distance O−O 0.005 Å −4.0 −0.09

Table 3. Intramolecular Spin−Spin Coupling Constants in Hz
for Hydrogen Peroxide in Vacuum and in Aqueous Solution

H2O2
1J(O,O) 1J(O,H) 2J(O,H) 3J(H,H)

S 27.67 −42.04 −6.97 0.92

a 5.35 −61.42 −7.75 1.73

b 7.47 −71.25 −7.10 1.52
c 18.13 −60.24
d 33.07 −64.38
S + PCM 28.61 −54.50 −6.26 0.66

S + 1W 28.77 ± 1.15 −45.26 ± 4.18 −6.70 ± 0.39 0.83 ± 0.08

S + 1W + PC 30.55 ± 1.60 −53.37 ± 4.40 −6.30 ± 0.38 0.62 ± 0.07

S + 2W 28.51 ± 1.05 −51.98 ± 1.93 −6.27 ± 0.24 0.57 ± 0.08

S + 2W + PC 30.09 ± 1.89 −57.60 ± 3.70 −6.02 ± 0.31 0.44 ± 0.08

S + 3W 29.46 ± 1.69 −49.55 ± 3.19 −6.54 ± 0.39 0.77 ± 0.09

S + 3W + PC 30.67 ± 1.96 −56.88 ± 3.83 −6.17 ± 0.23 0.57 ± 0.09

S + 6W 28.64 ± 1.79 −53.54 ± 4.27 −6.32 ± 0.37 0.62 ± 0.11

S + 6W + PC 29.27 ± 1.82 −56.89 ± 4.57 −6.18 ± 0.40 0.53 ± 0.12
aTaken from ref 46 calculated at the B3LYP/aug-pcJ-3 level. bTaken
from ref 46 calculated at the SOPPA(CCSD)/aug-ccJ-pVQZ level.
Both were obtained using the molecular equilibrium geometry opti-
mized at the B3LYP/6-31G* level. cTaken from ref 47 calculated at
SOPPA/Ahlrichs,48 using the molecular equilibrium geometry opti-
mized at the MP2/aug-cc-pVTZ level. dTaken from ref 47 calculated
at SOPPA/Ahlrichs,48 using the experimental geometry from ref 36.

Table 4. Four Contributions to the Intramolecular Spin−Spin Coupling Constants in Hz for Hydrogen Peroxide in Vacuum and in
Aqueous Solution

nH2O
1J(O,O) 1J(O,H) 2J(O,H) 3J(H,H)

FC SD PSO DSO FC SD PSO DSO FC SD PSO DSO FC SD PSO DSO

S −22.15 17.80 31.99 0.03 −40.69 0.35 −1.55 −0.14 −4.19 1.08 −4.09 0.23 1.31 −0.39 4.02 −4.02
S + PCM −21.37 17.60 32.35 0.04 −54.32 0.34 −0.39 −0.12 −3.71 1.11 −3.90 0.23 1.15 −0.40 3.96 −4.04
S + 1W −21.34 17.83 32.24 0.04 −44.33 0.36 −1.10 −0.19 −4.01 1.10 −3.99 0.20 1.23 −0.40 3.77 −3.78
S + 1W+ PC −20.14 17.83 32.83 0.04 −53.38 0.36 −0.19 −0.17 −3.72 1.13 −3.90 0.20 1.10 −0.41 3.72 −3.79
S + 2W −22.50 17.83 33.14 0.04 −52.34 0.29 0.34 −0.27 −3.65 1.12 −3.87 0.13 1.05 −0.42 3.17 −3.22
S + 2W+ PC −21.04 17.76 33.32 0.04 −58.45 0.25 0.86 −0.27 −3.48 1.14 −3.80 0.13 0.95 −0.43 3.13 −3.21
S + 3W −20.39 17.69 32.11 0.05 −49.06 0.39 −0.64 −0.24 −3.96 1.12 −3.85 0.16 1.19 −0.40 3.53 −3.55
S + 3W+ PC −19.64 17.66 32.60 0.05 −57.25 0.38 0.21 −0.22 −3.70 1.15 −3.77 0.16 1.06 −0.41 3.49 −3.57
S + 6W −21.70 17.65 32.62 0.06 −53.86 0.27 0.39 −0.34 −3.75 1.13 −3.76 0.07 1.08 −0.42 2.86 −2.90
S + 6W+ PC −20.99 17.56 32.64 0.06 −57.55 0.25 0.75 −0.34 −3.66 1.14 −3.72 0.07 1.02 −0.42 2.83 −2.90
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re-evaluating the coupling constants for reasonable modifications
of the hydrogen peroxide geometry. In particular, we find a
change ofΔ1J(O,O) ≃ +15 Hz andΔ1J(O,H) ≃−5 Hz between
the experimental geometry from ref 36 and the equilibrium
geometry optimized at theMP2/aug-cc-pVTZ level, in very good
agreement with the results obtained in ref 47 with a different
functional and a substantially larger basis set (see Table 5.

We find in regards to H2O2 coupling constants that geometry
effects are more important than environmental effects for
1J(O,O), the environmental influence dominates for 1J(O,H),
and both effects are comparable for 2J(O,H). In the case of
3J(H,H), the environmental effects are so tiny that the geometry
dependence, although small, dominates.

4. CONCLUDING REMARKS
A sequential procedure using MC simulations and quantum
mechanics is used to analyze the effects of solvation on the NMR
nuclear shielding and spin−spin coupling constants of hydrogen
peroxide in water.
The solute−solvent structure is analyzed in terms of RDFs.

The center of mass RDF shows a microsolvation shell around the
H2O2 of six water molecules. We find that the first peak of
GO−H(r), associated with the direct HBs of the solute, appears
shifted by −0.06 Å and is more intense for H2O2 than that for
water in aqueous solution, in agreement with previous work,38

indicating that H2O2 is a better proton donor than water. On the
other hand, the intensity of the first peak of GH−O(r) is less
intense and displaced by +0.24 Å with respect to the liquid water
case, a sign that H2O2 is a poorer proton acceptor. Using geom-
etric and energetic criteria, we found an average of 2.8 water
molecules hydrogen bonded to the H2O2 (0.6 in each hydrogen
and 0.8 in each oxygen atom of the H2O2). Although, on average,
both hydroxyls of the peroxide are equivalent, the distribution
of water molecules hydrogen bonded to the H2O2 is highly
asymmetric. Analyzing the statistics of the HB, we identify that
only 34% of the configurations give symmetric distributions, 12%
with both hydroxyls acting as the proton donor and 22% with
both hydroxyls simultaneously acting as a proton donor and
acceptor.
We calculate the magnetic shieldings for hydrogen peroxide

in water for 100 solvent configurations that are statistically un-
correlated with the B3LYP/aug-cc-pVTZ level. We find that
oxygen gets shielded with respect to the vacuum case (+5.5 ppm)
but with large fluctuations from configuration to configuration,
while hydrogen is deshielded (−2.9 ppm) and with a smaller
spread. The origin of the fluctuations for oxygen are explained in
terms of its response when H2O2 is hydrogen bonded as a proton
donor to a single solvent molecule.
The variation in magnetic shieldings due to the aqueous solu-

tion is decomposed in the effect from the first microsolvation
shell, explicitly incorporated in the QM treatment (σs+6w), and
the effect from the rest of the liquid, incorporated via the
electrostatic field of the atomic point charges of the remaining

water molecules (σ6w+PC). We find that the former contribution
dominates, although the spread of Δσ(O) from point charges is
substantial. The values for hydrogen are, in ppm, σS = 24.2 >
σS+6W = 21.8 ± 0.1 > σS+6W+PC = 21.3 ± 0.1 (see section 3.2).
Of the four intramolecular spin−spin coupling constants of the

hydrogen peroxide, only the two one-bond constants have a very
marked solvent effect, ∼1.6 Hz for 1J(O,O) and ∼14.9 Hz for
1J(O,H). The two-bond couplings have a solvent effect on the
order of∼0.8 Hz, and the remaining one appears to be negligible.
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