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We report a solid-state17O NMR study of the17O electric field gradient (EFG) and chemical shielding (CS)
tensors for the oxonium ion, H3O+, in p-toluenesulfonic acid monohydrate (TAM). Both the17O EFG and CS
tensors of the H3O+ ion are axially symmetric within the experimental errors. The17O quadrupole coupling
constant (QCC) is found to be 7.05( 0.02 MHz, and the17O chemical shift anisotropy (CSA) is 87( 5
ppm. Experimental results are compared with extensive quantum chemical calculations using restricted Hartree-
Fock approach (RHF), second-order Møller-Plesset perturbation theory (MP2), and density functional theory
(DFT). The calculations showed that the strong hydrogen-bonding environment around the H3O+ ion in TAM
is responsible for a reduction of approximately 3 MHz in the17O QCC compared to that of an isolated H3O+

ion. The effective17O quadrupole moment is calibrated at the B3LYP/cc-pVTZ level,Q ) -2.400 fm2.
Using this value, we obtained the best calculated17O QCC for the “bound” H3O+ ion, +7.382 MHz, which
is in reasonably good agreement with the observed value. The17O chemical shielding tensor is also calculated
using the GIAO (gauge-including atomic orbital) approach. Although the calculated isotropic17O chemical
shifts are in excellent agreement with the experimental data, the calculations with all the basis sets employed
in the present study invariably underestimated17O CSAs by approximately 20 ppm.

I. Introduction

The hypothesis for the existence of the oxonium ion, H3O+,
in aqueous acid solutions can be traced back to the beginning
of this century.1,2 However, the direct detection of H3O+ as a
discrete ion was possible only after the advent of modern
spectroscopy. An early X-ray powder diffraction study3 indicated
that the solid hydrate of perchloric acid, HClO4‚H2O, is
isostructural with ammonium perchlorate, NH4

+ClO4
-. This was

the first indirect evidence for the existence of H3O+ in the crystal
lattice. The definite proof of H3O+ came from two independent
solid-state1H nuclear magnetic resonance (NMR) studies.4 Later,
the geometry of H3O+ was established by diffraction techniques
in several acid hydrates in the solid state.5-10 The molecular
constants for a “free” H3O+ ion in the gas phase were reported
much later by high-resolution infrared (IR) spectroscopy.11 In
the gas phase, the H3O+ ion exhibits pyramidal geometry with
r(O-H) ) 0.979 Å and∠HOH ) 114.91° (see Scheme 1). In
the crystal lattice, the H3O+ ion is always involved in a three-
dimensional hydrogen-bonding (HB) network. In this study, we
refer to the H3O+ ion in a HB environment as being in the
“bound” state and the isolated H3O+ ion as being in the “free”
state.

One classic example of the “bound” H3O+ ion is p-
toluenesulfonic acid monohydrate (TAM). As illustrated in
Scheme 1, the H3O+ ion of TAM is involved in three strong
O+-H‚‚‚O hydrogen bonds for which ther(O‚‚‚O) distances
are 2.520, 2.525, and 2.538 Å.10 The “bound” H3O+ ion exhibits
a geometry slightly distorted fromC3V symmetry. Compared to
the geometry of a “free” H3O+ ion, the three O-H bonds of
the “bound” H3O+ ion are slightly longer, 1.008, 1.013, and
1.011 Å, and the three H-O+-H angles are slightly larger,
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109.2, 110.7, and 109.2°, resulting in a slightly taller H3O+

pyramid. A previous 1H spin-lattice relaxation study of
crystalline TAM revealed a rather large activation energy, 51.6
kJ mol-1, for the H3O+ reorientation, suggesting a strong
hydrogen bonding environment.12 Deuterium NMR was also
used in the study of the H3O+ dynamics.13,14 Proton chemical
shielding of the H3O+ ion was measured some time ago.15,16

The only determination of the17O quadrupole coupling constant
(QCC) for the “bound” H3O+ ion is a nuclear quadrupole
resonance (NQR) study on solid sulfuric acid monohydrate,
[H3O+][HSO4

-], for which e2qQ/h ) 7.513 MHz and the
asymmetry parameterη ) 0.104 were observed at 77 K.17 The
17O NMR parameters for the “free” H3O+ ion have not yet been
reported.

The primary objective of the present study was to investigate
how 17O NMR tensors depend on the structural difference
between the “free” and “bound” H3O+ ions. In this contribution,
we report the experimental solid-state NMR determination and
quantum chemical calculations of the17O electric field gradient
(EFG) and chemical shielding (CS) tensors for the H3O+ ion in
crystallinep-toluenesulfonic acid monohydrate.

II. Experimental Section

Toluenesulfonic acid monohydrate-17O (TAM), 4-CH3C6H4-
SO3

-[H3
17O]+, was prepared by recrystallizing 100 mg of

anhydrousp-toluenesulfonic acid from 0.1 mL H217O (25%17O
atom, obtained from Trace Science International, Toronto,
Canada). The sample was dried in a vacuum desiccator with
P2O5 for several days. Solid-state17O NMR experiments were
performed on a Bruker Avance-500 spectrometer operating at
67.80 MHz for17O nuclei. The solid sample was packed into
zirconium oxide rotors (4 mm o.d.) in a glovebox under a dry
N2 environment immediately before the NMR experiment. A
Bruker 4-mm double resonance probe was used in both the
magic-angle spinning (MAS) and static experiments. Typical
sample spinning frequencies were 10-15 kHz. No loss of
hydration water was detected either during the fast MAS
experiments or over a period of several days. For the static
experiments, a Hahn echo sequence was used to eliminate the
acoustic ringing from the probe. The rf field strength was
determined using a liquid H2O sample (25%17O atom), which
was also used as an external reference sample.

III. Computational Aspects

All quantum chemical calculations were performed with the
Gaussian98 program package18 on a Pentium II personal
computer (400 MHz, 128 MB memory, 12 GB disk space). Due
to the limitation of our computing power, a simplified model
was constructed where a H3O+ ion is bound to three [HSO3]-

groups rather than to threep-toluenesulfonate groups. Thus, the
model consists of a total of 19 atoms instead of 49 atoms. The
crystal structure of TAM from a neutron diffraction study10 was
used in our model for which no geometry optimization was
performed. Since it is the interaction between H3O+ and SO3

-

that is most important in determining17O NMR parameters at
the H3O+, the simplification in our model is justified. As shown
later, the good agreement between calculated and observed17O
NMR parameters for TAM indicates that the simplified model
is reasonable. The geometry of an isolated H3O+ ion was
calculated with the second-order Møller-Plesset perturbation
theory using the cc-pVTZ basis set.

Electric Field Gradient. Quantum chemical EFG calcula-
tions were performed using the restricted Hartree-Fock (RHF)
approach, density-functional theory (DFT), and second-order

Møller-Plesset perturbation theory (MP2). Five different basis
sets were used: STO-3G, 6-311G, 6-311G**, TZVP, and cc-
pVTZ. The principal components of the17O EFG tensor,qii,
are computed in atomic units (au). In our solid-state NMR
experiments, the observable quantity is the so-called quadrupole
coupling tensor,ø. The two tensorial quantities are related by
the following equation:

whereQ is the nuclear quadrupole moment of the17O nucleus
(in units of fm2; 1 fm2 ) 10-30 m2) and the coefficient of 2.3496
arises from the unit conversion.

Chemical Shielding.Chemical shielding calculations were
performed at the RHF and DFT levels using the gauge-included
atomic orbital (GIAO) method.19 Seven different basis sets were
used: STO-3G, D95**, 6-311G, 6-311G**, 6-311++G**,
TZVP, and cc-pVTZ. In the DFT shielding calculations, the
B3LYP exchange functional20 was employed.

In NMR experiments, the frequency of an NMR signal is
determined relative to that arising from a standard sample. This
relative quantity is known as the chemical shift,δ. In the case
of 17O NMR, the signal from a liquid H2O sample is used as
the chemical shift reference,δ (H2O, liq) ) 0 ppm. Since
quantum chemical calculations yield absolute chemical shielding
values,σ, one must establish the absolute shielding scale for a
particular nucleus in order to make a direct comparison between
calculated results and experimental data. An accurate absolute
shielding scale for17O was suggested by Wasylishen and co-
workers.21 We used the following equation to convert the
calculated17O chemical shielding values to17O chemical shifts

where 307.9 ppm is the absolute chemical shielding constant
for the17O nucleus in liquid H2O. To describe a chemical shift
tensor, we used the span (Ω) and skew (κ), in addition to the
three principal components. The span and skew are related to
the principal components by the following equations:22

IV. Results and Discussion

A. Solid-State 17O NMR. Figure 1 shows the central-
transition17O magic-angle spinning (MAS) spectrum of TAM.
The spectrum exhibits a typical line shape arising from the
second-order quadrupole interaction. From the best-fit spectrum,
we obtained the following17O NMR parameters:ø ) 7.05(
0.02 MHz,η ) 0.0, andδiso ) 30.0( 0.5 ppm. The EFG tensor
is axially symmetric within the experimental errors. The17O
QCC value found for the H3O+ ion in TAM is somewhat smaller

Figure 1. Experimental (upper) and simulated (lower) MAS17O NMR
spectra ofp-toluenesulfonic acid monohydrate.

øii [MHz] ) e2Qqii/h ) -2.3496Q[fm2]qii[au] (1)

δ ) 307.9 ppm- σ (2)

Ω ) δ11 - δ33 ) σ33 - σ11 (3)

κ ) 3(δ22 - δiso)/(δ11 - δ33) ) 3(σiso - σ22)/(σ33 - σ11)
(4)
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than that in [H3O+][HSO4
-] (SAM) measured at 77 K,ø )

7.513 MHz.17 The different17O QCC values may be attributed
to the different HB strengths of the two compounds. The H3O+

ion in SAM is involved in two strong and one weak O+-H‚‚
‚O hydrogen bonds:r(O‚‚‚O) ) 2.54, 2.57, and 2.65 Å. In
contrast, the three hydrogen bonds in TAM,r(O‚‚‚O) ) 2.520,
2.525, and 2.538 Å, are uniformly stronger than those in SAM.
It should also be pointed out that discrepancies often exist
between QCC data obtained at very different temperatures.

The isotropic17O chemical shift of H3O+ in TAM, δiso ) 30
ppm, is considerably less shielded than the previous solution
17O NMR results for H3O+ ions, δiso ) 9 ppm.23 No data are
available in the literature regarding the17O CSA for H3O+ ions.
Figure 2 shows the static17O NMR spectrum of TAM. The
small sharp peak centered at approximately 10 ppm is attributed
to the presence of a very small amount of liquidlike H3

17O+

presumably on the surface of the microcrystals as a result of
the hygroscopic nature of TAM. Since the17O quadrupole
parameters and the isotropic17O chemical shift have been
accurately determined from the analysis of the MAS spectrum,
the only remaining adjustable parameters in the simulation are
the 17O chemical shift anisotropy (CSA) and the relative
orientation between the EFG and CS tensors. As shown in
Figure 2, the best-fit line shape yields an axially symmetric CS
tensor: δ11 ) 88 ( 2 andδ22 ) δ33 ) 1 ( 2 ppm. We also
found that the unique component of the17O CS tensor for H3O+

corresponds to the direction with the least shielding, i.e.,κ )
-1. This is a rather unusual situation, since most17O CS tensors
exhibit a positive skew.24 It is somewhat interesting to note that
a negative skew was also found for the nitrogen CS tensor of
the NH3 molecule,25 which is isoelectronic with H3O+. Fur-
thermore, although the local molecular structure of H3O+ in
TAM does not possess an axial symmetry,10 both the17O EFG
and CS tensors of the H3O+ ion are axially symmetric within
the experimental errors. Close examination of the crystal
structure of TAM reveals that the deviation from axial symmetry
is indeed negligible. As shown later, the quantum chemical
calculations also confirm that the two tensors are nearly axially
symmetric.

B. Quantum Chemical Calculations.To compare the17O
NMR parameters between “free” and “bound” H3O+ ions, we
first calculated the geometry of H3O+ in the “free” state. In
Table 1, experimental and calculated molecular structures for
the “free” H3O+ ion are summarized. Compared to the experi-
mental structure in the gas phase, our optimized H3O+ geometry
at the MP2/cc-pVTZ level gives a very goodr(O-H) but a
somewhat smaller∠HOH. As mentioned earlier, when the H3O+

ion is involved in a HB network, the H-O bonds lengthen
slightly and the∠HOH bond angles widen. In the discussion

that follows, we will discuss the EFG and chemical shielding
calculations separately.

The Electric Field Gradient Tensor. Extensive quantum
chemical calculations were performed in order to evaluate the
effect of strong HB interactions on the17O EFG tensor. The
calculated EFG results are presented in Table 2. For the17O
EFG calculations on the “free” H3O+ ion, we used two sets of
geometry, the optimized structure and the geometry from the
neutron diffraction study of TAM. By comparing these calcula-
tions with the result of a completely “bound” H3O+ ion, it should
be possible to assess to what extent the subtle structural change
at the H3O+ ion itself contributes to the change of the EFG at
the central oxygen nucleus.

The calculated EFG data are plotted in Figure 3, from which
several trends are clearly observed. First, the use of larger basis
sets always results in smaller17O EFG values. As seen from
Figure 3, the EFG value converges at the cc-pVTZ level,
regardless of the method used in the calculations. Second, the
17O EFG at the oxygen nucleus is significantly reduced in the
“bound” state, in which three strong hydrogen bonds are present.
All three levels of theory predicted an approximately 25-28%
reduction in the17O QCC value. This is similar to the situation
for H2O, for which Butler and Brown30 also predicted a large
reduction of17O EFG in strong hydrogen-bonded systems. Third,
with the exception of the STO-3G data, there exists very little
difference between the EFG values for the “free” H3O+ ions
with either the optimized geometry or the neutron diffraction
structure. This observation suggests that the subtle structural
change of the H3O+ moiety accounts for less than 10% of the
total 17O EFG reduction between the “free” and “bound” H3O+

ions. Clearly, the presence of the HB acceptors, SO3
-, is largely

responsible for the observed17O EFG value in the “bound” state.

Figure 2. (A) Experimental (upper) and simulated (lower) static17O
NMR spectra ofp-toluenesulfonic acid monohydrate. (B) Simulated
spectrum without17O CSA.

TABLE 1: Experimental and Calculated Molecular
Structures for the H3O+ Ion

method r(O-H), Å ∠HOH, deg ref

IR, exptl 0.979(6) 114.91(45) 11
MP2(Full)/cc-pVTZ 0.976 111.8 this work
MP2/6-31G* 0.991 111.4 26
MP2 0.977 111.2 27
MP3 0.973 111.6 27
DZ+P SCF 0.963 114.4 28
extended SCF 0.962 114.1 28
SCF 0.978 111.6 29

TABLE 2: Calculated 17O EFG Values for the H3O+ Ion in
the “Free” and “Bound” States

qzz (au)

method basis set freea freeb boundc

HF STO-3G 2.237 2.513 1.904
6-311G 2.098 2.043 1.537
6-311G** 1.946 1.893 1.422
TZVP 1.910 1.853 1.366
cc-pVTZ 1.861 1.808 1.332

MP2(Full) STO-3G 2.240 2.513 1.904
6-311G 2.098 2.043 1.538
6-311G** 1.944 1.890 1.422
TZVP 1.906 1.849 1.387
cc-pVTZ 1.857 1.807 1.332

B3LYP STO-3G 2.243 2.484 1.908
6-311G 2.105 2.044 1.536
6-311G** 1.936 1.875 1.416
TZVP 1.861 1.797 1.325
cc-pVTZ 1.820 1.763 1.298

a Optimized structure at the MP2/cc-pVTZ level.b Neutron diffrac-
tion geometry.c Neutron diffraction structure ofp-toluenesulfonic acid
monohydrate.
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In the above discussion, we have focused on the calculated
EFG values. Experimentally, what we determined is the
quadrupole coupling constant, QCC. To compare the calculated
EFG results with the observed QCC, it is necessary to know
the 17O nuclear quadrupole moment,Q (see eq 1). Since the
literature values forQ(17O) vary about 30%, it is difficult to
compare directly the calculated EFG results with the observed
QCC value. Recently, several groups demonstrated a calibration
approach, based on which an effective17O quadrupole moment
can be derived for a particular level of theory.31-33 The proposed
calibration procedure consists of three steps. First, one selects
a group of small molecules for which accurate values of17O
QCCs have been determined by high-resolution microwave
spectroscopy. Second, one calculates the EFG values for these
small molecules at a particular level of theory. Finally, one
adjusts the value ofQ to minimize the errors between the
calculated QCC values and the observed data using eq 1.
Following this procedure, we calibrated the effectiveQ at the
B3LYP/cc-pVTZ level. The results are shown in Table 3 and
plotted in Figure 4. As seen from Figure 4, the B3LYP/cc-pVTZ
calculation can produce reliable17O EFG results when using
an effectiveQ of -2.400 fm2. This value is consistent with the

effective Q values calibrated at similar levels of theory.31-33

Using this value, we foundø(B3LYP/cc-pVTZ)) 7.382 MHz
for the “bound” H3O+ ion, which is in reasonably good
agreement with the experimental value, 7.05 MHz. It should
be noted that the sign ofø cannot be directly determined from
our solid-state17O NMR experiments. For a “free” H3O+ ion,
the B3LYP/cc-pVTZ calculations yieldedø ) 10.352 MHz. A
positiveø value is consistent with a previous determination for
the H3O+ ion in sulfuric acid monohydrate.17

The Chemical Shielding Tensor. As mentioned in the
previous section, the EFG at the oxygen nucleus of H3O+ is
remarkably sensitive to the HB interaction. In this section, we
will focus on the HB effect on the17O chemical shielding.
Calculated17O chemical shielding tensors for both the ‘free”
and “bound” H3O+ ions are summarized in Table 4. For the
“free” H3O+ ion, the calculated isotropic17O chemical shielding
constants are in agreement with a theoretical value previously
reported by Chesnut, 306.6 ppm.42 The calculated17O shielding
tensors for the free H3O+ ion are axially symmetric, as required
by theC3V molecular symmetry. For the “bound” H3O+ ions,
although there is no symmetry requirement, the calculated17O
chemical shielding tensors are nearly axially symmetric. This
is in agreement with the experimental finding mentioned earlier.

The chemical shielding calculations at both the RHF and DFT
levels also reveal that the oxygen nucleus of the H3O+ ion is
less shielded by ca. 40 ppm in the “bound” state than in the
“free” state, as illustrated in Figure 5A. This discrepancy is
attributed to the HB interaction. This trend has been observed
in 17O NMR for compounds with singly bonded oxygen atoms.
For example, the17O NMR signal for gaseous H2O appears at
δ ) -36.1 ppm with respect to that of liquid water.21

Interestingly, the calculations seem to start to converge at the
Dunning full double-ú basis set with polarization functions,
D95**. Our recent studies on the amide oxygen chemical
shielding tensors also indicated that the B3LYP/D95** calcula-
tions can reproduce reasonably well the experimental17O
chemical shielding tensors, provided that a complete HB
network was included in the calculation.43 However, comparison
between the calculated and observed isotropic chemical shift
values alone might be misleading. As shown in Figure 5B,
although the calculated isotropic17O chemical shifts are in
excellent agreement with the observed value, the calculated17O
CSAs exhibit large discrepancies from the experimental result.
The calculations constantly underestimate the17O CSA for the
“bound” H3O+ ion, even with the very extensive basis sets. This
suggests that the uncertainty in the present quantum chemical
17O shielding calculations is on the order of 20 ppm, rather than
the 3 ppm uncertainty suggested by comparing the isotropic
chemical shifts alone. This example illustrates the importance

Figure 3. Plot illustrating the method/basis set dependence of the
calculated17O EFG for the “free” and “bound” H3O+ ions: (0) “free”
H3O+ ions with the optimized geometry, (O) “free” H3O+ ions with
the neutron diffraction geometry, (9) “Bound” H3O+ ions with the
neutron diffraction geometry.

TABLE 3: Experimental and Calculated (B3LYP/cc-pVTZ)
17O EFG Values for Small Moleculesa

molecule
experimental

ø (MHz)
calculated

qzz (au)
calculated
ø (MHz)b

H2COc 12.35 2.145 12.096
MeOHd 11 1.941 10.945
H2O(g)e 10.1068 1.861 10.494
SO2

f 6.6 1.237 6.976
COg 4.337 0.762 4.298
HNCOh 3.452 0.739 4.168
SCOi -1.32 -0.219 -1.235
O2

j -8.42 -1.394 -7.861

a All calculations were based on the microwave structures.b The
calibrated17O quadrupole moment,Q, was-2.400 fm2 at the B3LYP/
cc-pVTZ level.c From ref 34.d From ref 35.e From ref 36.fFrom ref
37. g From ref 38.h From ref 39.i From ref 40.j From ref 41.

Figure 4. Calculated and observed17O QCC values for several small
molecules; see Table 3.
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of examining the complete chemical shielding tensor. It is noted
that a previous IGLO (individual gauge for localized orbital)
calculation44 yielded a similar17O CSA for the “free” H3O+

ion, Ω ) 51.0 ppm. On the basis of the present theoretical data,
we can conclude that the B3LYP approach always generates
better17O NMR tensors for the H3O+ ions than does the RHF
method. However, the accuracy of the17O chemical shielding
calculations at the present levels of theory is not completely
satisfactory. Since the “bound” H3O+ ion in TAM has ap-
proximately 3-fold symmetry, any molecular 3-fold jump motion
on the NMR time scale will have negligible effects on the
observed17O EFG and CS tensors. The discrepancy between
the calculated and observed17O NMR parameters is believed
to arise partly from the simplified model and partly from the
limitation of the present theoretical approach. Perhaps higher
levels of theory such as the GIAO-CCSD(T) approach may
be able to improve the accuracy of the17O chemical shielding
calculation.45

V. Conclusions

We have reported a solid-state17O NMR study for the
oxonium ion, H3O+, in crystalline TAM. Using the experimental
data, we have evaluated the reliability of modern quantum
chemical calculations at various levels of theory. The calcula-
tions revealed that both the17O EFG and CS tensors are
remarkably sensitive to hydrogen-bonding interactions. In
particular, the presence of three strong O+-H‚‚‚O hydrogen
bonds in crystalline TAM is responsible for the significantly
reduced17O QCC and the increased isotropic chemical shielding
constant at the oxygen nucleus of the H3O+ ion, compared to
those for a free H3O+ ion. However, the17O CSA of the “bound”
H3O+ ion is only slightly larger than that for a free H3O+ ion.
The 17O EFG calculations at the B3LYP/cc-pVTZ level
reproduced very well the experimental17O QCC value. Although
the 17O chemical shielding calculations at the same level of
theory yielded an isotropic17O chemical shielding constant, in
excellent agreement with the observed value, the calculated17O
CSAs were invariably too small by approximately 20 ppm. The
benchmark experimental values of the17O EFG and CS tensors
determined for the “free” and “bound” H3O+ ions will be useful
in the testing of future quantum chemical calculations, especially
regarding to methodologies in handling strong hydrogen-bonding
interactions.
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