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A systematic solid-state17O NMR study of a series of carboxylic compounds, maleic acid, chloromaleic acid,
KH maleate, KH chloromaleate, K2 chloromaleate, and LiH phthalate‚MeOH, is reported. Magic-angle spinning
(MAS), triple-quantum (3Q) MAS, and double angle rotation (DOR)17O NMR spectra were recorded at high
magnetic fields (14.1 and 18.8 T).17O MAS NMR for metal-free carboxylic acids and metal-containing
carboxylic salts show featured spectra and demonstrate that this combined, where necessary, with DOR and
3QMAS, can yield site-specific information for samples containing multiple oxygen sites. In addition to17O
NMR spectroscopy, extensive quantum mechanical calculations were carried out to explore the influence of
hydrogen bonding at these oxygen sites. B3LYP/6-311G++(d,p) calculations of17O NMR parameters yielded
good agreement with the experimental values. Linear correlations are observed between the calculated17O
NMR parameters and the hydrogen bond strengths, suggesting the possibility of estimating H-bonding
information from17O NMR data. The calculations also revealed intermolecular H-bond effects on the17O
NMR shielding tensors. It is found that theδ11 andδ22 components of the chemical shift tensor at O-H and
CdO, respectively, are aligned nearly parallel with the strong H-bond and shift away from this direction as
the H-bond interaction weakens.

1. Introduction

NMR spectroscopy of1H, 13C, and15N nuclei has become
an important tool for studying biomolecular structures.1 Despite
the fact that oxygen is also an abundant element in biological
molecules, only a handful of17O NMR studies are found in the
literature.2,3 The lack of experimental17O NMR data is related
to the fact that for the17O nucleus it is intrinsically difficult to
obtain high-resolution NMR spectra. Two major factors con-
tribute to the difficulty: (i) the low natural abundance of17O
(0.037%) and (ii) the quadrupole interaction associated with
oxygen. Very often this quadrupole interaction gives rise to
broad NMR signals that limit the ability to yield site-specific
information, especially for large molecules. As a result, mainly
solution 17O studies have been reported for small organic
molecules.3 However, the limitation of solution17O NMR
studies of larger molecules arises from the fast relaxation of
17O nuclei and/or exchange. This is one of the reasons that few
solution17O NMR studies have been reported on large biological
systems. Fortunately, such fast relaxation is not a limiting factor
in solid-state17O NMR spectroscopy.2,4

17O NMR studies of solids are still relatively scarce. However,
for inorganic solids, there have been great strides since the
original work by the Oldfield group5 and natural abundance
studies of simple oxides by Bastow and Stuart.6 In ionic
materials, the electrical field gradients (EFGs) at the oxygen

sites tend to be small, resulting in intrinsically high-resolution
magic-angle spinning (MAS)17O NMR spectra.6-8 For the
important case of silicates and aluminosilicates, the quadrupolar
interaction increases as the bond covalent character increases.8

As a result, the MAS spectrum is broadened and high-resolution
techniques such as double angle rotation (DOR) and multiple
quantum (MQ) are often required.17O NMR has been reported
in crystalline silicates9 and glasses,10 sol-gel prepared materi-
als,11 and siliceous zeolites12 with more recent17O studies of
borates, borosilicates and boroaluminosilicates,13 and phos-
phates14 where there is a further increase in the quadrupolar
interaction.

The extension of17O NMR to organic solids is an even greater
challenge, as the quadrupole interaction tends to be larger than
that for inorganic materials. Several groups have reported solid-
state 17O NMR studies of organic/bio-organic systems. In
particular, Fiat and co-workers recorded solid-state17O NMR
signals for amino acids.15 Oldfield and co-workers applied solid-
state17O NMR to probe heme proteins and model compounds.16

Very recently, high-field17O spectra of membrane proteins
WALP-2317 (at 18.8 T) and gramicidin A18 (at 21 T) have also
been reported. Ando and co-workers used solid-state17O NMR
to study H-bonding interactions in polypeptides.19 Single-crystal
17O NMR studies of a few organic solids have also been
reported.20,21 Recently, Wu and co-workers22-27 used a com-
bination of solid-state17O NMR and quantum mechanical
calculations to investigate the oxygen sites in organic materials.
The 17O NMR information was somewhat limited because of
the poor spectral resolution. Conventional MAS spectra can be
difficult to analyze especially when a system contains multiple
sites that strongly overlap in the spectrum. This overlap is due
to the second-order quadrupole interaction not being completely
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averaged by traditional MAS. Various more modern NMR
techniques such as dynamic-angle spinning (DAS),28 DOR,29

and MQMAS30 were developed for achieving high resolution
for half-integer quadrupolar nuclei such as17O. The first two-
dimensional (2D)17O MQMAS and DAS for organic materials
were reported by Wu et al.31 and Gann et al.,32 respectively.
Recently,17O DOR has been reported on amino acids33 and
glutamic acid34 and17O MAS on phthalate compounds.35

Theoretical calculations of17O NMR parameters have proven
to be a good complementary tool to solid-state17O NMR
spectroscopy, not only to assist in spectral assignments for
complicated17O NMR spectra but also to help understand the
structural influences on the NMR parameters. Wu and co-
workers22-27 carried out extensive quantum chemical calcula-
tions of17O EFG and chemical shielding tensors on “molecular
clusters” of organic compounds. They showed that both
restricted Hartree-Fock (RHF) and density functional theory
(DFT) levels gave good agreement with the experimental values.
Bryce et al.36 also reported good agreement between the DFT
calculations and experimental values of17O NMR parameters
of phosphine-oxide compounds. Recently, Yates et al.37 used a
different method to calculate the17O NMR parameters of the
oxygen sites of glutamic acid polymorphs. Rather than estimat-
ing the17O NMR parameters of the target oxygen in a molecular
cluster,22-27,36 the calculations were carried out for the full
crystal structure. The calculated results were in good agreement
with experiment. An advantage of using traditional cluster DFT
calculations is the structural flexibility for studying model
systems.

It is known that carboxylic acids play important functional
roles in biological molecules. Many molecules significant in
biological processes contain carboxylic groups, including amino
acids and fatty acids. For these reasons, it is important to be
able to probe the oxygen sites of the carboxylic groups and
study their hydrogen bonding. As an initial model for an17O
NMR study of carboxylic compounds, a series of crystallo-
graphically well-defined molecules with strong O‚‚‚H-O
hydrogen bonding have been chosen:38 maleic acid, chloromaleic
acid, KH maleate, KH chloromaleate, K2 chloromaleate, and
LiH phthalate; see Chart 1. High-resolution17O (MAS,
MQMAS, and DOR) NMR spectroscopy and quantum mechan-
ical calculations are combined to study the influence of H-bonds
on 17O NMR parameters in these compounds.

2. Experimental Section

Sample Preparation.In general,17O enrichment was achieved
by dissolving nonenriched anhydrides of the carboxylic acids
in H2

17O (10%17O, Cambridge Isotopes Laboratories), dioxane

(ca. 1:1). The solution was then acidified with HCl(g) at gentle
heat for a couple of hours. The sample was then lyophilized to
recover the H217O/dioxane solvent, and the residual acids were
used directly for this study.

X-ray Crystallography. Crystallographic and diffraction data
for chloromaleic acid were collected at 180 K on a Siemens P4
single-crystal diffractometer with graphite-monochromated Mo
KR radiation. Data were corrected for Lorentz and polarization
effects and analyzed using Siemens SHELXTL software pack-
age.39

Solid-State 17O NMR. Most solid-state17O NMR spectra
were recorded on a Chemagnetics Infinity 600 spectrometer at
an applied magnetic field of 14.1 T operating at a frequency of
81.345 MHz. Some additional17O MAS spectra were acquired
at magnetic fields of 8.45 and 18.8 T, with the spectrometers
operating at 48.8 and 108.4 MHz, respectively. A 4 mm MAS
probe was used for17O MAS and 3QMAS experiments. The
sample spinning frequency was controlled to be 14000-18000
( 10 Hz. A spin-echo experiment40 was used to record all
17O MAS spectra with the echo delay set to an integer number
of rotor periods. Approximately 20 000 transients were recorded
with a recycle delay of 2-10 s. The radio frequency field
strength at the17O frequency was ca. 67 kHz. “Solid” 90° and
180° pulses were used. All spectra were referenced to water at
0.0 ppm. The17O MAS spectra were processed using WinNuts,41

and the spectral simulations were performed with WSOLIDS.42

Split-t1 MQMAS43 was used for recording the17O 3QMAS
spectra. The sample spinning frequency was set to 15 kHz. The
optimized excitation and conversion pulse widths were 5.2 and
1.2 µs, respectively, with at1 offset of 2.0 µs. Further
experimental details are reported in the figure captions.17O DOR
NMR experiments were carried out using odd-order sideband
suppression,44 and the outer rotor speed was varied between
1300 and 1700 Hz to determine the centerband.

Computational Aspects.All quantum mechanical calcula-
tions were performed on a SunFire 6800 symmetric multipro-
cessor system (24× 900 MHz processors and 24 GB of
memory) using the Gaussian98 suite of programs.45 The
experimental X-ray structures are directly used without any
geometry optimization, and molecular clusters were used in the
calculations. In general, the cluster is built upon the target
oxygen site. The cluster consists of all the first-coordination
ligands, solvent molecules, or metal ions that directly interact
with the target oxygen. For oxalic acid, second-coordination
species were also included in the cluster. The typical number
of atoms in a cluster ranges from 25 to 95, depending on the
local environment of the target oxygen site. For the carboxylic
compounds examined in this study, the calculations were
performed at the DFT level with a 6-311++G(d,p) basis set.
The principal components of the17O EFG tensor,qii, were
computed in atomic units (1 au) 9.717365× 1021 V m-2),
with |qzz| > |qyy| > |qxx| andqzz + qyy + qxx ) 0. The principal
magnetic shielding tensor components (σii) were computed with
σiso ) (σ11 + σ22 + σ33)/3 andσ33 > σ22 > σ11.

To make a direct comparison between the calculated17O
NMR parameters (quadrupolar coupling constanst (øq), asym-
metry parameter (ηq), and isotropic chemical shift (δiso)) and
the experimental results from the NMR powder samples,46 the
following equations were used

CHART 1. Molecular Structure of the Carboxylic
Compounds Studied Here

øq (MHz) ) e2qzzQ/h ) -243.96Q(barn)qzz(au) (1)

ηq ) (qxx - qyy)/qzz (2)

δiso ) σref - σiso (3)
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whereQ is the nuclear quadrupole moment,e is the elementary
electronic charge,h is the Planck constant, andσref is the
magnetic shielding constant for the primary chemical shift
reference sample. AQ value of-0.0255 barns47 together with
an absolute shielding referenceσref ) 287.5 ppm48 were used.

3. Results and Discussion

Solid-State 17O NMR of Carboxylic Acids. In general, a
metal-free carboxylic acid consists of two different types of
oxygen atom, carbonyl (CdO) and hydroxyl (O-H). With the
different C-O bonding characteristics, one would expect that
the two types of oxygen would have distinct17O resonances in
NMR spectroscopy. As shown in Figure 1, the17O MAS spectra
for maleic and chloromaleic acids exhibit two well-separated
sets of resonances, both show typical second-order quadrupolar
broadened central transition line shapes. In general, it is found
thatδiso for the CdO oxygen sites in carboxylic acids appears
at 310-340 ppm, whereas a more upfield position between 170
and 190 ppm is observed for the O-H sites. Theøq values for
CdO oxygen are found to be 7.0-8.5 MHz and 6.5-7.5 MHz
for O-H oxygen. These spectral assignments for CdO and
O-H sites are in agreement with previously reported values
from amino acids,33,49phthalic acid,35 and glutamic acid.34 From
spectral simulations,17O NMR parameters (δiso, øq, andηq) were
deduced with good accuracy and tabulated in Table 1.

As shown in Figure 2A, there are four crystallographically
distinct oxygen sites in maleic acid:50 two CdO and two O-H.
The difference in these oxygen sites arises from the coexistence
of two different H-bonding interactions in maleic acid: intra-
and intermolecular interactions. The intramolecular H-bonding
(CdO1‚‚‚H-O4) exhibits a stronger bond, with a distance of
1.596 Å, than that of the intermolecular H-bonding (CdO3‚‚‚
H-O2′), 1.661 Å apart. Consequently, the17O MAS spectrum
shown in Figure 1A exhibits two sets of second-order quadru-
pole line shapes, each with well-defined singularities, for both
CdO and O-H. On the basis of those well-defined signal
singularities, the17O NMR parameters of the four different
oxygen sites were determined from a spectral simulation: [Cd
O1] δiso ) 312 ( 2 ppm,øq ) 7.40 ( 0.05 MHz, andηq )
0.24( 0.05; [CdO3] δiso ) 339 ( 2 ppm,øq ) 8.30( 0.05

MHz, andηq ) 0.05( 0.05; [O4-H] δiso ) 182( 2 ppm,øq

) 6.98 ( 0.05 MHz, andηq ) 0.00 ( 0.05; [O2-H] δiso )
189 ( 2 ppm,øq ) 6.60( 0.05 MHz, andηq ) 0.05( 0.05.
The above assignments are based on the quantum mechanical
calculation of17O chemical shielding and EFG which will be
discussed later.

Figure 1B shows the17O MAS NMR spectrum of chloro-
maleic acid which exhibits similar spectral features to that of
maleic acid (Figure 1A) (but with no splitting of the lines) and
the17O MAS spectrum previously reported for phthalic acid.35

The 17O NMR parameters were found to be the following:
[CdO] δiso ) 329( 5 ppm,øq ) 8.28( 0.10 MHz, andηq )
0.10 ( 0.05; [O-H] δiso ) 175 ( 5 ppm,øq ) 7.45 ( 0.10
MHz, andηq ) 0.15( 0.05. Unfortunately, there is no crystal
structure reported for chloromaleic acid. As a result, the structure
was determined. Details of the crystallographic and structural
data are reported in CIF format as Supporting Information. It
was found to crystallize in a primitive monoclinic cell, space
groupP21/C, with lattice parameters ofa ) 7.558(2) Å,b )
4.982(1) Å,c ) 16.015(4) Å,â ) 92.395(6)° with Z ) 4. As
seen in Figure 2B, the crystal structure of chloromaleic acid is
similar to that found for phthalic acid;35 it consists of two sets
of similar intermolecular H-bonds with a CdO5‚‚‚H-O6′′
distance of 1.737 Å and CdO2‚‚‚H-O1′ distance of 1.768 Å.
The 17O MAS NMR spectrum (Figure 1B) could not resolve
the two sets of intermolecular H-bonds, which might be expected
as the17O parameters of CdO and O-H oxygens should be
similar for the two intermolecular H-bonds.

Solid-State17O NMR of Carboxylic Salts. Figure 3 displays
a series of17O MAS spectra at 14.1 T for carboxylic compounds
containing metal ions: KH maleate, KH chloromaleate, LiH
phthalate‚MeOH, and K2 chloromaleate. The17O NMR param-
eters deduced from the simulations are reported in Table 1.

The carboxylate salts show changes in the17O MAS NMR
spectra (Figure 3), suggesting that the local environments of
the oxygen sites are different from those in carboxylic acids.
This is probably a result of the oxygens having additional
electrostatic interactions with the neighboring metal ions in the
crystal lattice. For example, as shown in Figure 4, the crystal
structures for KH maleate52 and KH chloromaleate53 reveal
similar H-bonding motifs. Both consist of intramolecular
H-bondings between an O-H oxygen and an anion oxygen
(O-), with O‚‚‚O distances of 2.436 and 2.402 Å, respectively.
In addition to H-bonds, CdO and O-H oxygens also interact
with the neighboring potassium ions. In KH maleate, the average
CdO‚‚‚K and H-O‚‚‚K distances are 2.95 and 2.86 Å,
respectively, whereas in KH chloromaleate the corresponding
distances are 2.83 and 3.03 Å. Consequently, as shown in Figure
3, the resonances for the CdO and O-H oxygens overlap with
one another. The assignments of the resonances are based on
various results: (1) relative signal intensity, (2)17O NMR
calculations, and (3)17O DOR data. For KH maleate, the
corresponding parameters were found to be the following [Cd
O] δiso ) 322( 2 ppm,øq ) 8.30( 0.05 MHz, andηq ) 0.16
( 0.05; [O-H] δiso ) 235 ( 2 ppm,øq ) 5.90( 0.05 MHz,
andηq ) 0.60( 0.05. For KH chloromaleate: [CdO1] δiso )
315 ( 2 ppm,øq ) 8.35( 0.05 MHz, andηq ) 0.16( 0.05;
[CdO4] δiso ) 317 ( 2 ppm,øq ) 8.35( 0.05 MHz, andηq

) 0.16( 0.05; [O-H] δiso ) 228( 2 ppm,øq ) 6.00( 0.05
MHz, andηq ) 0.70 ( 0.05.

Although the17O NMR parameters for the potassium car-
boxylic salts can be determined from spectral simulations of
the observed overlapping MAS resonances at 14.1 T, it would
be better to resolve the resonances, CdO and O-H, in an NMR

Figure 1. Experimental (bottom) and simulated (upper)17O MAS
spectra at 14.1 T for (A) maleic acid and (B) chloromaleic acid.
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spectrum. To improve the MAS spectral resolution, a17O MAS
spectrum for KH maleate was recorded at 18.8 T and, for
comparison, at 8.45 T. As seen in Figure 5, it is difficult to
extract accurate17O NMR data from the MAS spectrum
recorded at 8.45 T because of the strong overlap of the CdO
and O-H resonances. In contrast, these resonances are well
separated at 18.8 T, allowing one to readily deduce accurate
17O NMR information illustrating the advantage of using a
higher field.46

For KH chloromaleate, the 3QMAS spectrum was recorded
and shown in Figure 6. The projection of the F2 axis produces
a conventional 1D MAS spectrum, whereas the projection of
F1 corresponds to the isotropic axis. As seen in Figure 6A, there
are two sharp signals at 204 and 223( 2 ppm in the isotropic
dimension, corresponding to the CdO and O-H oxygens,

respectively. Each isotropic 3Q resonance is also flanked by a
set of spinning sidebands (ssb’s). The line widths of the 3Q
resonances for CdO and O-H are found to be∼700 and 1200
Hz, respectively. These values are much narrower than the MAS
spectra shown in Figure 3A (12 000 and 6500 Hz for CdO
and O-H, respectively). In 3QMAS experiments, the efficiency
for both 3Q generation and 3Q-to-1Q conversion during the
experiment is dependent on the strength of the quadrupolar
interaction (øq) and the applied field.8,30 As reported in Table
1, theøq values for CdO and O-H in KH chloromaleate are
found to be 8.35 and 6.00 MHz, respectively, a difference of
∼30%. This difference inøq results in a significant imbalance
in 3Q generation and 3Q-to-1Q conversion. The 3QMAS

TABLE 1: Experimental 17O NMR Parameters for Carboxylic Compoundsa

carboxylic compounds site δiso/(2 ppm øq/(0.05 MHz ηq/(0.05 relative intensityb refc

maleic acid CdO1 312 7.40 0.24 0.25 d
O4-H 182 6.98 0.00 0.25 d
CdO3 339 8.30 0.05 0.25 d
O2-H 189 6.60 0.05 0.25 d

chloromaleic acide CdO 329 8.28 0.10 0.50 d
O-H 175 7.45 0.15 0.50 d

KH maleate CdO 322 8.30 0.16 0.50 d
O-H 235 5.90 0.60 0.50 d

KH chloromaleate CdO1 315 8.35 0.16 0.25 d
CdO4 317 8.35 0.16 0.25 d
O-H 228 6.00 0.70 0.50 d

K2 chloromaleate O,C1,O 288 7.20 0.40 0.50 d
O,C2,O 283 7.20 0.45 0.50 d

LiH phthalate‚MeOHe CdO 273 7.4 0.30 0.50 d
O-H 225 6.5 0.25 0.50 d

phthalic acide CdO 312 7.2 0.05 35
O-H 180 7.4 0.05 35

oxalic acid‚2H2O CdO 301( 14 8.30( 0.23 0.07( 0.13 21
O-H 183( 4 6.68( 0.08 0.16( 0.10 21

KH dibenzoate CdO 287 8.30 0.23 27
O-H 213 5.90 0.55 27

a Results are obtained from17O MAS. b Since the spinning sidebands in17O MAS spectra are small and negligible, the centerbands are normalized
to a total intensity of 1.c Reference where parameters reported.d This work. e These spectra have a lower signal-to-noise or a less well-defined line
shape. The experimental errors are larger:δiso, (5 ppm;øq, (0.1 MHz; ηq, (0.1.

Figure 2. Crystal structure of (A) maleic acid, displaying both inter-
and intramolecular hydrogen bonding and (B) chloromaleic acid.
Crystallographic and structural data of chloromaleic acid are reported
in CIF format as Supporting Information. Figure 3. Experimental (bottom) and simulated (upper)17O MAS

spectra at 14.1 T for (A) KH chloromaleate, (B) KH maleate, (C) K2

chloromaleate, and (D) LiH phthalate‚MeOH.
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spectrum in Figure 6B shows that the signal-to-noise (S/N) ratios
for the CdO and O-H sites are quite different, where the
resonance for CdO is weaker compared to that for O-H. As
shown in Figure 6C, the S/N ratios of both CdO and O-H
resonances are significantly improved by adding together the
centerband and the first ssb’s on either side. The MAS
projections exhibit typical second-order quadrupolar line shapes,
with an axial asymmetry parameter observed for the CdO
oxygen and nonaxial asymmetry for O-H, in agreement with
the full 17O MAS spectrum.

In KH chloromaleate, the crystal structure has two CdO (O1
and O4) oxygens in slightly different environments.53 The
carbonyl CdO1 and CdO4 bond distances are 1.226 and 1.243
Å, respectively. This is attributed to the position of the
neighboring chlorine, where the chlorine is attached to C2 and
is only three bonds from the O1 oxygen. One would expect
that the difference in CdO bond length would give rise to
different 17O NMR resonances. However, only one CdO
resonance is observed in17O MAS and 3QMAS spectra. To
attempt to resolve the two different CdO oxygen sites in KH
chloromaleate,17O DOR spectra were recorded at 14.1 T. For
comparison, a DOR spectrum for KH maleate was also obtained.
The 17O DOR spectra are shown in parts A and B of Figure 7,
and the results are summarized in Table 2. For KH maleate,
the DOR spectrum (Figure 7B) exhibits a single sharp isotropic
signal at 256.3( 0.5 ppm flanked by a series of ssb’s assigned
to the CdO oxygens. The line width is found to be 80 Hz,∼200
times narrower than that of the MAS signal. The broad signal

observed at 197.2( 0.5 ppm can be assigned to O-H oxygens.
The larger width of the signal is probably a result of the low
outer rotor speeds available and the absence of1H-decoupling.

Figure 4. Crystal structures displaying the H-bonding in (A) KH
maleate, (B) KH chloromaleate, and (C) LiH phthalate‚MeOH. Metal
ions are represented by the open circles.

Figure 5. Experimental (bottom) and simulated (upper)17O MAS
spectra of KH maleate at various applied magnetic fields.

Figure 6. 17O 3QMAS spectra for KH chloromaleate at 14.1 T: (A)
Large spectrum showing two sets of spinning sidebands (ssb’s) and
the 3Q isotropic signal. (B) Expansion that displays only the 3Q
isotropic resonances. (C) The F2 projection of the spectral summation
of the two ssb’s and the centerband. Experimental details: the number
of t1 increments was 48 with a dwell time of 30µs. The spectral widths
were 50 and 200 kHz for F2 and F1, respectively. A total of 2400
transients were accumulated for eacht1 increment with a recycle delay
of 5 s.

Figure 7. 17O DOR spectra of (A) KH chloromaleate at 14.1 T, (B)
KH maleate at 14.1 T, (C) K2 chloromaleate at 14.1 T, and (D) K2

chloromaleate at 8.45 T. The asterisk (*) representsδdor.
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The 17O DOR spectrum (Figure 7A) of KH chloromaleate is
similar to that of KH maleate with, however, two sharp signals
with line widths of about 80 Hz appearing in the CdO spectral
region at 252 and 254 ppm. The resolution available in this
17O DOR experiment is very high, with the two resonances only
2 ppm apart being well resolved. On the basis of spectral
comparison between the KH maleate and KH chloromaleate,
one can assign the resonance at 252 ppm to CdO1 which is
closer to the chlorine atom and 254 ppm to CdO4 of the
chloromaleate.

Another advantage of the DOR experiment is that the
observed DOR resonance position (δdor) can be used to confirm
the 17O NMR parameters obtained from MAS experiments or
vice versa. This is becauseδdor depends on the applied magnetic
field through second-order quadrupole effects for a spinI ) 5/2
nucleus as

whereVo is the Larmor frequency, andPQ ) øq(1 + ηq
2/3)1/2.

Through the use of the above equation and the quadrupolar
parameters reported in Table 1, the isotropic chemical shifts of
the different oxygen sites in KH maleate and KH chloromaleate
are calculated and summarized in Table 2. The calculatedδiso

values are consistent with the values obtained on the basis of
the NMR parameters determined from the17O MAS spectra.

As shown in Figure 3C, the17O MAS spectrum of K2
chloromaleate exhibits a strong resonance with a center of
gravity at about 240 ppm. Unfortunately, no crystal structure
has been reported for K2 chloromaleate to assist the spectral
analysis. However, one can assume that there would be no
H-bonds present because of the lack of a hydroxyl hydrogen,
which is replaced by potassium ions. As a result, the oxygen
should interact with the neighboring potassium ions. Further-
more, due to the lack of hydrogen, K2 chloromaleate should
also show resonant bonding structures, where theπ-electrons
delocalize between the CdO and C-O bonds, resulting in two
sets of similar carboxylate oxygen sites (O,C1,O and
O,C2,O). For this reason, the observed resonance in the17O
MAS spectrum (Figure 3C) should consist of just two overlap-
ping 17O signals, one from each of the pairs of oxygens in the
resonant structure attached to C1 and C2. To resolve these
oxygen sites, a17O DOR spectrum was recorded at 14.1 T
(Figure 7C). In the DOR spectrum, there are three distinct
resonances, two sharp and one broad. The sharp signals are

separated by∼5 ppm at 237.5 and 232.1 ppm, which correspond
to the two different pairs of O,C,O oxygens. The broad
signal at 214.1 ppm is assigned to some other, as yet unidenti-
fied, species in the sample. With the two distinct sharp
resonances in DOR, it is now possible to obtain site-specific
information. To determine the NMR parameters, a DOR
spectrum was recorded at a lower magnetic field (at 8.45 T)
and is shown in Figure 7D, exhibiting two sharp signals at 147.5
and 143.3 ppm. Theδdor changes observed between the 14.1
and 8.45 T spectra can be analyzed according to46

and

whereδdor1 and δdor2 are the positions of the observed DOR
resonances at the different fields. By the use of eqs 5 and 6,
δiso andPQ can be determined, and the results are reported in
Table 2. With DOR data obtained at only two fields, it is
possible to derive two sets of NMR interaction parameters:
those where the two corresponding positions are joined (so that
the lines are as parallel as possible) or the case when the
extremes are connected (so that the lines cross over). Both
possibilities are given in Table 2. Starting from the17O NMR
parameters calculated from DOR by joining the “parallel”
configuration, a set of17O NMR parameters can be deduced in
excellent agreement with the MAS spectrum shown in Figure
3C. The results are summarized in Table 1. On the basis of the
previous assignments on the KH chloromaleate, O,C2,O
oxygens are probably those in closest proximity to the chlorine
atom. It should be noted that the additional broader signal seen
in the DOR data contributes only a small amount to the MAS
spectrum and can be readily removed by spectral subtraction
in the MAS data since it has a much shorter T1. It is interesting
to note that the isotropic chemical shift for the resonant
carboxylate oxygens (O,C,O) is intermediate to that of
carbonyl (CdO) and hydroxyl (O-H) oxygens. To the best of
our knowledge, this is the first solid-state17O NMR data
reported for such a resonant bonding structure in a carboxylate
group. Gerothanassis et al.58 have reported an upfield17O
chemical shift of the deprontonated amino acids in solution.

TABLE 2: Comparison between 17O NMR Parameters Obtained from MAS and DOR Experiments

DOR expt. MAS expt.

carboxylic compounds site Bo/T δdor/(0.5 ppm δiso/(0.5 ppm PQ/(0.1 MHz δiso/(2 ppm PQ/(0.2 MHz

KH maleate CdO 14.1 256.3 319.3a 8.3a 321 8.3
O-H 14.1 197.2 232.5a 6.2a 235 6.2

KH chloromaleate CdO1 14.1 252.0 315.7a 8.4a 315 8.4
CdO4 14.1 254.0 317.7a 8.4a 317 8.4
O-H 14.1 188.8 226.8a 6.5a 228 6.5

K2 chloromaleate O,C1,O 14.1 237.5 288.1b1 7.5b1 288 7.4
8.45 147.5

O,C2,O 14.1 232.1 282.1b1 7.4b1 283 7.4
8.45 143.3

O,C1,O 14.1 237.5 290.5b2 7.6b2

8.45 143.3
O,C2,O 14.1 232.1 279.7b2 7.2b2

8.45 147.5

a Deduced from eq 4 and the quadrupolar parameters reported in Table 1.b Deduced from eqs 5 and 6: (1) parallelδdor1 andδdor2 set, (2) cross
δdor1 andδdor2 set.
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As mentioned previously, the weaker quadrupolar interactions
and downfield shifts observed for O-H oxygens in KH maleate,
KH chloromaleate, and K2 chloromaleate are probably attributed
to the fact that the oxygens are interacting with potassium ions.
A similar metal effect is also observed for LiH phthalate‚MeOH.
As shown in the crystal structure, Figure 4C, LiH phthalate‚
MeOH54 consists of one intramolecular hydrogen bond between
two O-H oxygens, O2 and O3, with an O2‚‚‚O3 distance of
2.390 Å. In addition, the CdO and O-H oxygens also have
weak interactions with the neighboring lithium ions, at ca. 2.31
and 2.10 Å, respectively. As a result, both CdO and O-H sites
show smallerøq values and downfield shifts ofδiso: [CdO]
δiso ) 273( 5 ppm,øq ) 7.35( 0.10 MHz, andηq ) 0.30(
0.10; [O-H] δiso ) 225( 5 ppm,øq ) 6.47( 0.10 MHz, and
ηq ) 0.25( 0.10. Wu and co-workers27 reported the same trend
for the O-H site in KH dibenzoate, where the K‚‚‚O distances
are ca. 2.8 Å.55 It would be interesting to carry out a systematic
study to further explore the metal effects on oxygen via17O
NMR, because metal-oxygen interactions play important physi-
ological roles in many biological systems, such as Fe‚‚‚O in
heme proteins56 and Mg‚‚‚O in chlorophyll.57

It is also worth comparing these results with the our
preliminary results on phthalic acid and some phthalate salts.35

The data on phthalic acid was unequivocal and agrees with what
is seen here. For LiH phthalate‚2H2O, a strong signal was seen
at ∼45 ppm and assigned to oxygen with a strong hydrogen-
bond. Given the results observed here, it may be that the weak
signals in that sample observed at∼250 ppm are the carboxyl
and hydroxyl oxygens and that the 45 ppm peak corresponds
to hydrate species that have previously been observed in this
vicinity.18

Spectral Resolution of 3QMAS and DOR. As clearly
demonstrated from the previous section, both17O 3QMAS and
DOR NMR experiments can effectively remove the second-
order quadrupolar broadening and significantly increase the
spectral resolution compared to the conventional17O MAS
experiment. To make a comparison forI ) 5/2 nuclei between
3QMAS and DOR, we define the observed 3Q isotropic position
(δ3Q) as follows46

andδdor was previously given in eq 4. The observed isotropic
positions from MAS, 3QMAS, and DOR spectra for KH
chloromaleate and their corresponding line widths are reported
in Table 3. The observed line widths forδ3Q are found to be an
order of magnitude smaller than that observed in MAS. Here,
even narrower signals are observed in the DOR spectrum. It is
easier to obtain higher spectral resolution from DOR compared
to MQMAS because it is a one-dimensional experiment which
does not require a lengthy acquisition in the second (t1)
dimension where the signal may be weak. Nonetheless, both
17O 3QMAS and DOR NMR experiments are highly suitable
for studying oxygen sites in organic/bio-organic materials and
give site-specific information with significantly enhanced
resolution compared to MAS.

Theoretical Estimation of 17O NMR Parameters. The
experimental data observed above shows large ranges associated

with both the isotropic chemical shift and quadrupole coupling
constant, suggesting that individual oxygen sites that experience
different structural environments can be readily distinguished.
To gain a better understanding of the correlation between the
observed17O NMR parameters and the surrounding oxygen
environments, extensive quantum mechanical17O NMR calcula-
tions have been carried out.

Wu and co-workers22-27 have recently reported that DFT
provides useful calculations of17O chemical shielding and
electric field gradient, using B3LYP level theory with a
6-311++G(d,p) basis set. In the present study, calculations of
the same level were carried out on carboxylic oxygens to give
the tensor components of the17O chemical shielding (σii) and
electric field gradients (qii). Theseσii and qii components are
directly related to the parameters (δiso, øq, andηq) obtained from
NMR spectroscopy; see eqs 1-3. The calculated results are
tabulated in Table 4. Furthermore, the theoretical calculations
give the sign of the EFG, whereas NMR experiments can only
deduce absolute values. Figure 8 shows good agreement between
the experimental and calculated values ofδiso (R2 ) 0.94,
standard deviation (sd)) 15 ppm), and oføq (R2 ) 0.80, sd)
0.4 MHz). However, the slopes found for theδiso (0.82) andøq

(0.70) data indicate that the calculated values are overestimates.
Wu and co-workers26 also reported that the B3LYP calculations
overestimate both the17O paramagnetic shielding and the electric
field gradient for the target oxygen sites in nucleic acid bases
and amide compounds. While part of the discrepancy between
the experimental and calculated values is related to the nature
of B3LYP calculations,22-27 the cluster size used in the
calculations26 and the uncertainty of the hydrogen positions in
X-ray crystal structures59 will also affect the results. For
example, the calculated17O shielding and EFG values for the
CdO oxygen in oxalic acid changed by 10 ppm and 0.2 MHz
toward the experimental values when the cluster size used in
the B3LYP calculations was increased from first-coordination
species (6 waters) to second-coordination species (12 waters
and 4 oxalic acids), and Gervais et al.49 found that using the
neutron rather than the X-ray structure forL-alanine changed
the 17O shift by ∼8 ppm. Nevertheless, the calculations by
B3LYP/6-311++G(d,p) confirm the NMR spectral assignments
listed in Table 1. One advantage of17O NMR calculations over
the 17O NMR experiments is that the theoretical calculations
can generally distinguish between the CdO and O-H oxygen
sites in a carboxylic group by the sign of theøq values, whereas
experimentally there is a nearly continuous variation in shift
and theøq values overlap. It is found that a negative value
corresponds to the O-H sites with a positive value for CdO.
The difference in sign can probably be attributed to theσ- and
π-bonding characteristics in C-O and CdO, respectively.

Hydrogen-Bond Effects on17O Shielding and EFG. On
the basis of the above calculations, it is clear that the B3LYP/
6-311G++(d,p) level of theory can yield a reasonable estimate
of the 17O NMR parameters. As seen in Tables 1 and 4, the
different values observed for17O shielding and EFG of the
oxygen sites in carboxylic groups must arise from differences
in the surrounding environment. Besides the covalent bonds (Cd
O or C-O) to carbon that contribute to the different17O
chemical shift regions, the oxygens also experience H-bonds,
either of inter- or intramolecular form. To explore the influence

TABLE 3: Spectral Resolution Comparison of 17O MAS, 3QMAS, and DOR on KH Chloromaleate Solid at 14.1 T

oxygen sites δiso/(2 ppm δ3Q/(2 ppm δDOR/(0.5 ppm ∆VMAS/Hz ∆V3Q/Hz ∆VDOR/Hz

CdO 315, 317 204 252.0, 254.0 12200( 200 700( 50 80( 5
O-H 228 223 188.8 6500( 100 1200( 50 600( 50

δ3Q(ppm)) δiso(ppm)+ 3
850

PQ
2

VL
2

× 106 (7)
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of H-bonds on the oxygen sites, the set of17O NMR parameters
for carboxylic compounds were extended by estimating the17O
shielding and EFG, using B3LYP/6-311G++(d,p), for a series

of carboxylic acid compounds with their CdO‚‚‚H-O distance
ranging from 1.2 to 2.0 Å. Some carboxylic compounds
examined here have been studied by nuclear quadrupolar
resonance (NQR), and their EFGs have been previously
reported.70 As found earlier, the calculated EFG values are
uniformly ∼20% too large compared with experimental NQR
values (R2 ) 0.9).

Figure 9 shows the calculated17O δiso values, reported in
Table 4, for CdO and O-H sites vs the H-bond distance (Cd
O‚‚‚H-O). For CdO oxygens,δiso increases (downfield shifts)
as the H-bond distance increases and the bond strength
decreases. In contrast,δiso of O-H oxygen decreases (upfield
shifts) as the H-bond strength decreases. There is an excellent
correlation between the O-H shift and the bond length (R2 )
0.94, sd) 9 ppm). The CdO shift increases with decreasing
bond length but with much more scatter (R2 ) 0.37, sd) 22
ppm) than for the O-H. Part of the observed scatter could be
due to the uncertainty of the hydrogen positions in the crystal
structures. In addition, for the CdO oxygens (the H-acceptor),
generally more than one H-interaction is involved. Since only
the well-defined H-bond is used in the correlation, the correlation
with the H-bond strength is more scattered. In contrast, the O-H
oxygen has one, less variable, H-bond involved in the correla-
tion. This suggests that the O-H shift might be a useful and
sensitive indicator of H-bond strength. Reuben71 also reported
similar H-effects on17O chemical shifts in solution. The O-H
oxygen experiences a greater downfield shift when it acts as
proton donor than that when it serves as proton acceptor.
Correlations are also found between17O EFG and H-bond
strength for both O-H and CdO, with that for O-H not being

TABLE 4: Calculated 17O NMR Parameters for Carboxylic Compounds at B3LYP/6-311++G(d,p)

carboxylic compounds site r(CdO‚‚‚H-O)/Å øq/MHz ηq δiso/ppm øq
b/MHz ηq

b refc

maleic acid CdO1 1.596 9.18 0.11 343.7 7.480 0.25 50
O4-H 1.596 -7.91 0.17 171.9 -6.935 0.05 50
CdO3 1.661 9.79 0.09 369.0 8.545 0.085 50
O2-H 1.661 -7.91 0.13 171.5 -7.175 0.085 50

chloromaleic acid CdO5 1.737 8.13 0.48 327.2 d
O6-H 1.737 -9.05 0.18 158.3 5.447 0.717 d
CdO2 1.768 11.16 0.39 333.1 d
O1-H 1.768 -8.95 0.33 161.2 d

KH maleate CdO 9.54 0.13 349.8 52
O-H 1.218e -6.68 0.44 239.8 6.074 0.589 52

KH chloromaleate CdO1 9.61 0.14 296.5 53
CdO4 9.36 0.16 300.1 53
O-H 1.205e -6.89 0.49 224.2 6.330 0.580 53

LiH phthalate‚MeOH CdO 1.600 8.66 0.39 272.2 54
O-H 1.227e -6.83 0.66 244.5 54

phthalic acid CdO 1.735 8.95 0.23 347.3 7.078 0.405 51
O-H 1.735 -8.27 0.27 175.8 -7.173 0.147 51

oxalic acid‚2H2O CdO 1.795 9.86 0.02 334.9 8.471 0.00 61
O-H 1.513 -7.72 0.12 191.5 -7.454 0.160 61

KH dibenzoatef CdO 8.96 0.22 301.2 55
O-H 1.255e -5.97 0.58 229.3 6.165 0.591 55

chloroacetic acid CdO 1.920 9.75 0.03 355.9 8.207 0.157 62
O-H 1.920 -8.23 0.17 130.5 -7.494 0.216 62

fumaric acid CdO 2.002 10.37 0.01 374.4 8.226 0.125 63
O-H 2.002 -8.84 0.15 108.9 -7.400 0.185 63

formic acid CdO 1.762 9.81 0.05 354.9 7.818 0.07 64
O-H 1.762 -7.63 0.13 167.0 -6.900 0.077 64

p-chlorobenzoic acid CdO 1.719 9.25 0.23 323.5 6.113 0.769 65
O-H 1.719 -8.37 0.18 153.4 -6.409 0.387 65

m-chlorobenzoic acid CdO 1.761 9.49 0.15 321.9 6.440 0.565 66
O-H 1.761 -9.13 0.06 147.3 -6.610 0.25 66

acrylic acid CdO 1.703 9.54 0.14 330.9 7.565 0.31 67
O-H 1.703 -8.24 0.15 146.9 -7.195 0.166 67

aspirin CdO 1.559 8.66 0.29 302.2 6.793 0.551 68
O-H 1.559 -8.41 0.14 183.5 -6.933 0.000 68

isophthalic acid CdO 1.701 8.90 0.26 311.3 7.198 0.416 69
O-H 1.701 -8.07 0.16 165.8 -6.765 0.155 69

a The parameters are compared with the previous reported NQR data.b NQR data from ref 70.c Structural reference.d This work. e The H-bond
interaction between C-O-and O-H oxygens.f From ref 27.

Figure 8. Comparison between experimental and calculated17O NMR
parameters (δiso and øq). The calculated values are computed at the
B3LYP/6-311++G(d,p) level.
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as good as that with the shift (R2 ) 0.71, sd) 0.5 MHz), while
for CdO, the correlations are comparable. The correlation
shown in Figure 9 demonstrates that the weakening of H-bonds
(CdO‚‚‚H-O) leads to an increase inøq values for CdO
oxygen sites and a decrease for O-H oxygen. Similar trends
of the 17O shielding and EFG have been reported by Yates et
al.37 who observed increasing values ofδiso and øq for CdO
oxygen as the H-bonds weaken in glutamate solids and by
Seliger72 for the NQR data of the oxygen sites in carboxylic
compounds.

To further explore the correlations between the17O NMR
parameters and the H-bond environments, a series of17O
shielding and EFG calculations were performed on a model that
represents the intermolecular H-bonding motif. In this model,
two acrylic acid molecules were used where their carboxylic
oxygens interact by H-bonding and form a dimer molecule, as
shown in Figure 10A. The two H-bonds (CdO‚‚‚H-O) in the
dimer molecule were varied from 1.433 to 2.874 Å, while
keeping the H-O distance constant at a standard O-H value,
0.96 Å.17O NMR parameters of CdO and O-H oxygens were
calculated, as one molecule moved away from the other. The
model was constructed from the original crystal structure of
acrylic acid67 without structural optimization. This model allows
for a qualitative study of the influence on the17O NMR
parameters of a “single” H-bonding interaction, whereas experi-
ment is restricted by the crystal structures and often involves
multiple H-interactions. Both17O shielding and EFG were
calculated at a B3LYP/6-311++G(d,p) level of theory. The
results are reported in Table 5.

As shown in Figure 10B, the behavior of the17O shielding
and EFG with the H-bond strength (CdO‚‚‚H-O) is similar to
those found in Figure 9. The17O shielding of the CdO oxygen
shifts downfield, from 320 to 360 ppm, as the acrylic molecule
moves further away from the target CdO oxygen site. In
contrast, the shielding for O-H shifts upfield, from 160 to 130
ppm. The absolute value of EFG is found to increase slightly
as the H-bond strength weakens for both CdO and O-H oxygen

sites, from 9.4 to 9.8 and 8.0 to 8.5 MHz, respectively. The
asymmetry parameter of the CdO oxygen is found to become
more axial as the H-bond strength weakens, whereas for the
O-H oxygen it becomes less axial. The larger change in17O
shielding suggests that this is more sensitive to the H-bond
environment than the EFG.

Another advantage of quantum calculations of NMR param-
eters is that they provide tensor orientations of both17O EFG
and shielding at the oxygen sites with respect to the molecular
frame. The calculated values of the principal tensor components
for both shielding (δ11, δ22, andδ33) and EFG (qxx, qyy, andqzz)
at the target sites for a series of H-bond strengths are reported
(Table 5). Figure 10C shows the orientation of the tensor
components with respect to the molecular frame. For shielding
tensors, the largest shielding component,δ33, for CdO and O-H
oxygen sites are both perpendicular to the molecular plane,
whereas the two smallest shielding components,δ11 and δ22,
lie on the same molecular plane. In particular, theδ11 component
of O-H is nearly parallel with only∼5° deviation to the H-bond
(O‚‚‚H-O), for a strong H-bond interaction, with a CdO‚‚‚
H-O distance of 1.433 Å.δ11 moves further away from the
H-bond as the H-bond interaction weakens to 2.874 Å apart.
For such weak interactions, theδ11 component is ca. 31° from
the H-bond. Similar observations also relate toδ22 at the CdO

Figure 9. Correlations between the calculated17O NMR parameters
(δiso andøq) and the H-bond strength (CdO‚‚‚H-O). The calculated
values are computed at the B3LYP/6-311++G(d,p) level. The solid
and open circles represent O-H and CdO oxygen sites, respectively.

Figure 10. (A) Dimer model, acrylic acid, of intermolecular H-bonding
used in the calculations. See text for detailed discussion. (B) The
correlations between the calculated17O NMR parameters (δiso, øq, and
ηq) and the H-bond strength (CdO‚‚‚H-O). The NMR parameters are
computed at the B3LYP/6-311++G(d,p) level. The dashed horizontal
lines represent the values for an isolated acrylic acid. The solid and
open circles represent O-H and CdO oxygen sites, respectively. (C)
The tensor orientations of the calculated17O shielding and EFG on
CdO and O-H oxygens: thick arrows correspond to a dimer with
strong H-bonding,r(CdO‚‚‚H-O) ) 1.433 Å, whereas thin arrows
correspond to a dimer with weak H-bonds,r(CdO‚‚‚H-O) )
2.874 Å.
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oxygen site.δ22 is only 4° from the H-bond when the CdO‚‚
‚H-O bond is 1.433 Å apart, and theδ22 shifts 26° away from
the H-bond as the interaction becomes weaker. This is the first
time that the changes of shielding tensor orientations are reported
for different H-bond strengths. It is interesting to note that the
shielding componentsδ11 and δ22, of the O-H and CdO
oxygens, respectively, line up nearly parallel to the H-bond and
shift away as the interaction gets weaker. Wu and co-workers
reported shielding tensors for CdO oxygen in urea24 and KH
dibenzoate.27 Similar to our results, they reported that theδ11

component is perpendicular to the CdO bond and suggested
that the shielding changes arise fromσ f π* andπ f σ mixing.
The largest shielding component at the carboxylate oxygens in
glutamate is found to be perpendicular to the molecular plane.37

In addition to the orientations of the17O shielding tensor, the
chemical shift anisotropy (CSA), CSA) δ11 - δ33, for the Cd
O oxygen is found to be much larger than that for the O-H
oxygen. The CSA for the CdO oxygen increases from 550 to
610 ppm as the H-bond weakens, while very little change is
observed for the O-H oxygen. The latter observation may be
due to the fact that the calculation was done at a fixed O-H
distance (0.96 Å) for all intermolecular H-bond (CdO‚‚‚H-
O) distances.

In contrast to the case for the17O shielding tensors, the EFG
tensors for CdO and O-H have quite different orientations from
one another. In particular, the EFG component that is perpen-
dicular to the molecular plane is different for CdO and O-H
oxygens.qyy is found to be perpendicular to the molecular plane
at the O-H oxygen for all CdO‚‚‚H-O bond distances,
whereas,qxx is found to be perpendicular to the plane at the
CdO oxygen for a dimer with a strong H-bond but switches to
qzz for a weak H-bond. At the O-H site,qxx values are 10° and
50° off from the strong and weak CdO‚‚‚H-O bonds,
respectively. At the CdO site,qxx is 30° off from the H-bond

for the strong H-bond andqzz is 62° for the weak H-bond. There
is now a small, but nevertheless increasing, data set reporting
the orientation of17O EFG tensors at oxygen sites in organic/
bio-organic materials,20-27,36,37,70,72but there are still no com-
pletely unambiguous trends observed. More studies are needed
to understand in detail the structural factors that influence the
orientations of EFG tensors at the oxygen sites.

Conclusion

The present study has demonstrated the great potential of
solid-state17O NMR spectroscopy for studying the oxygen sites
in organic/biological molecules by examining several17O-
enriched carboxylic compounds. Although high-quality17O
MAS, 3QMAS, and DOR spectra for carboxylic compounds
can often be obtained with 10%17O enrichment, higher17O
enrichment levels are often desirable to enhance the NMR
sensitivity particularly if 3QMAS is contemplated. Application
of 17O 3QMAS and DOR techniques can remove the intrinsic
second-order quadrupolar broadening of the oxygen and reveal
distinct resonances for different oxygen sites at high resolution.
The line width of the isotropic resonances from both 3QMAS
and DOR experiments is much reduced here compared to MAS,
making it possible to obtain site-specific NMR information. The
good correlation between isotropic shift and H-bond strength
for O-H may find an application in determining bond strengths.

By the use of a quantum mechanical approach, the calculated
17O NMR parameters (δiso andøq) were in reasonable agreement
with the experimental values and showed monotonic correlations
between the17O NMR parameters and the H-bond strength. A
systematic study of the effects of H-bonding on17O shielding
tensors was carried out. Theδ11 andδ22 components at the O-H
and CdO oxygen are found to be parallel with the strong
H-bond but shift away as the H-bond weakens.
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TABLE 5: Calculated 17O Shielding and EFG Tensor
Components of CdO and O-H Oxygens in an
Intermolecular H-bonding Model of Acrylic Acid at
B3LYP/6-311++G(d,p)a

r(CdO‚‚‚H-O)/
Å

r(O‚‚‚O)/
Å site

δ11/
ppm

δ22/
ppm

δ33/
ppm

δiso/
ppm

CSAb/
ppm

1.433 2.383 CdO 537.5 440.6 -15.7 320.8 553.2
O-H 333.1 58.0 62.3 162.3 270.8

1.568 2.518 CdO 543.8 450.4 -16.5 325.9 560.3
O-H 324.7 79.6 56.2 153.5 268.5

1.703 2.652 CdO 551.2 458.3 -16.7 330.9 567.9
O-H 318.2 66.8 55.5 146.9 262.7

2.150 3.100 CdO 572.7 475.5 -15.7 344.2 588.4
O-H 304.2 60.1 39.9 134.7 264.3

2.874 3.824 CdO 596.6 488.8 -13.9 357.1 610.5
O-H 292.7 67.2 23.0 127.6 269.7

monomer CdO 623.9 501.8 -15.3 370.1 639.2
O-H 283.9 65.3 14.6 121.3 269.3

r(CdO‚‚‚H-O)/
Å

r(O‚‚‚O)/
Å site

qxx/
auc

qyy/
auc

qzz/
auc

øq/
MHz ηq

1.433 2.383 CdO -0.61 -0.89 1.51 9.42 0.19
O-H 0.62 0.66 -1.28 -8.00 0.03

1.568 2.518 CdO -0.63 -0.88 1.52 9.49 0.16
O-H 0.58 0.72 -1.30 -8.13 0.14

1.703 2.652 CdO -0.65 -0.88 1.53 9.54 0.15
O-H 0.56 0.76 -1.32 -8.24 0.15

2.150 3.100 CdO -0.70 -0.84 1.55 9.67 0.09
O-H 0.51 0.88 -1.52 -8.48 0.25

2.874 3.824 CdO -0.74 -0.82 1.57 9.78 0.04
O-H 0.48 0.90 -1.39 -8.65 0.30

monomer CdO -0.79 -0.80 1.60 10.01 0.01
O-H 0.46 0.93 -1.40 -8.75 0.32

a See text for detailed discussion.b CSA) δ11 - δ33. c Atomic units,
1 au) 9.717365× 1021 V m-2.
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