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We have used solid-state17O NMR experiments to determine the17O quadrupole coupling (QC) tensor and
chemical shift (CS) tensor for the carbonyl oxygen inp-nitro-[1-17O]benzaldehyde. Analyses of solid-state
17O NMR spectra obtained at 11.75 and 21.15 T under both magic-angle spinning (MAS) and stationary
conditions yield the magnitude and relative orientation of these two tensors:CQ ) 10.7( 0.2 MHz, ηQ )
0.45( 0.10,δ11 ) 1050( 10, δ22 ) 620( 10, δ33 ) -35 ( 10, R ) 90 ( 10, â ) 90 ( 2, γ ) 90 ( 10°.
The principal component of the17O CS tensor with the most shielding,δ33, is perpendicular to the H-CdO
plane, and the tensor component with the least shielding,δ11, lies along the CdO bond. For the17O QC
tensor, the largest (øzz) and smallest (øxx) components are both in the H-CdO plane being perpendicular and
parallel to the CdO bond, respectively. This study represents the first time that these two fundamental17O
NMR tensors have been simultaneously determined for the carbonyl oxygen of an aldehyde functional group
by solid-state17O NMR. The reported experimental solid-state17O NMR results provide the first set of reliable
data to allow evaluation of the effect of electron correlation on individual CS tensor components. We found
that the electron correlation effect exhibits significant influence on17O chemical shielding in directions within
the H-CdO plane. We have also carefully re-examined the existing experimental data on the17O spin-
rotation tensor for formaldehyde and proposed a new set of best “experimental”17O chemical shielding tensor
components:σ11 ) -1139( 80, σ22 ) -533( 80, σ33 ) 431( 5, andσiso ) -414( 60 ppm. Using this
new set of data, we have evaluated the accuracy of quantum chemical calculations of the17O CS tensors for
formaldehyde at the Hartree-Fock (HF), density-functional theory (DFT), Møller-Plesset second-order
perturbation (MP2), and coupled-cluster singles and doubles (CCSD) levels of theory. The conclusion is that,
while results from HF and DFT tend to underestimate the electron correlation effect, the MP2 method
overestimates its contribution. The CCSD results are in good agreement with the experimental data.

1. Introduction

Solid-state17O NMR spectroscopy for organic and biological
molecules has emerged as a new research area in recent years.1,2

The advantages of direct NMR detection of17O nuclei in organic
and biological molecules are largely based on the remarkable
sensitivity of 17O NMR parameters toward molecular interac-
tions such as hydrogen bonding and ion-carbonyl interactions.
Once the practical difficulties involving NMR detection of17O
nuclei in organic molecules can be overcome by utilizing17O
isotopic enrichment and high magnetic fields, solid-state17O
NMR spectroscopy is capable of providing new insights into
chemical bonding and molecular structure. In many cases,17O
NMR parameters are more sensitive to a particular type of
molecular interactions than NMR parameters from other nuclei.
For example,17O chemical shifts have been shown to be more
sensitive than13C chemical shifts to metal-ligand interactions
in carbonyl (CdO)3-5 and carboxyl (COO-)6,7 functional
groups. As part of our effort to develop solid-state17O NMR
spectroscopy for biological applications, we have carried out
an extensive survey of17O NMR tensors for oxygen-containing

functional groups in organic solids.8-16 One of our goals is to
provide a baseline for understanding17O NMR tensors in organic
molecules. In the past several years, several other research
groups have also made significant progress in this area.17-39

The aldehyde functional group (H-CdO) is important in
organic chemistry. The only available data in the literature
regarding17O QC and CS tensors for the carbonyl oxygen in
aldehydes come from nuclear quadrupole resonance (NQR)40

and microwave spectroscopic studies.41,42To date, this important
functional group has not been studied by solid-state17O NMR
spectroscopy. In this study, we chose to characterize the17O
NMR tensors in a simple benzaldehyde derivative, p-nitro-[1-
17O]benzaldehyde (Figure 1), for the following reasons. First,
the aldehydic oxygen atom of this compound can be readily
labeled by 17O. Second, high-quality crystal structures are
available for this compound.43,44 More importantly, the crystal
structure of p-nitrobenzaldehyde suggests that there is very little
intermolecular interaction in the crystal lattice making it possible
to use an isolated molecule in our computational model. Third,
this compound has been previously studied by17O NQR.40 Forth,
this molecule is relatively small allowing us to perform very
high level quantum chemical calculations of NMR properties.

Another objective of this present study is to address the
question as to how individual17O CS tensor components are
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affected by electron correlation. Electron correlation has been
known to be important to the magnetic shielding at the17O
nucleus especially in compounds containing multiple bonds such
as the CdO double bond in carbonyl compounds.45 For example,
Gauss and Stanton46 showed that electron correlation causes a
change of at least 70 ppm in the isotropic17O chemical shift of
formaldehyde. However, all previous studies have been focused
on isotropic 17O chemical shifts rather than17O CS tensor
components. Once we have reliable experimental data on the
17O CS tensor inp-nitrobenzaldehyde, we can compare them
with the results from high-level quantum chemical calculations.
Because no accurate17O CS tensor has been reported for an
aldehyde oxygen, our study represents the first attempt of
performing such an analysis for this important class of organic
functional groups.

The final goal of this study is to re-examine the existing
microwave spectroscopic data on the17O spin-rotation tensor
for formaldehyde. Because of its small size (Figure 1),
formaldehyde has been used as one of the benchmark molecules
to evaluate the accuracy of quantum chemical calculations for
17O chemical shielding. However, all previous studies have
suffered from the simple fact that the existing17O spin-rotation
tensor data are very inaccurate. Because these spin-rotation data
were used to derive the “experimental”17O chemical shielding
tensor for the carbonyl oxygen of formaldehyde in the gas phase,
large uncertainties exist. For example, using the17O spin-rotation
data measured in 1965, Flygare and co-workers41,47,48reported
that σiso(17O) ) -375 ( 150 ppm for formaldehyde. More
recently, Jameson49 used a new set of17O spin-rotation data
reported in 1980 to obtainσiso (17O) ) -427 ( 100 ppm for
formaldehyde. Both of these numbers have been extensively
quoted in the literature. It is quite clear that, with this kind of
uncertainty, it would be difficult to use them as a test for the
quality of computational results. In this study, we propose a
new way of constructing the best “experimental”17O chemical
shielding tensor for formaldehyde.

2. Experimental Section

Sample Preparation. Most chemicals and solvents were
purchased from Sigma-Aldrich (Oakville, Ontario). The17O
labeling ofp-nitrobenzaldehyde was achieved by dissolving 50
mg of the compound in CH2Cl2 and adding 0.1 mL of17O-
enriched H2O (35%17O atom, Cambridge Isotope Laboratories,
Inc., Andover, Massachusetts). The oxygen exchange between
p-nitrobenzaldehyde and water occurs rapidly at room temper-
ature. The level17O enrichment of the sample was estimated to
be 30% based on solution17O NMR measurement.

Solid-State NMR. Solid-state17O NMR spectra of p-nitro-
[1-17O]benzaldehyde were recorded at 11.75 and 21.15 T using
Bruker Avance-500 and Bruker Avance-II 900 NMR spectrom-
eters, respectively. For experiments with a static sample, the
effective 90° pulse for the17O central transition was 1.8 and
0.95µs at 11.75 and 21.15 T, respectively. Magic angle spinning
(MAS) spectra were obtained at 21.15 T with a 2.5 mm Bruker

MAS probe. When very fast sample spinning (>30 kHz) was
employed, the sample was cooled to compensate for spinning-
induced heating of the solid sample.

Quantum Mechanical Calculations.All quantum mechan-
ical calculations were performed using Gaussian 03 software
package50 on Sun Fire 25000 servers configured with 72× dual-
core UltraSPARC-IV+1.5 GHz processors with 576 GB of
RAM. SHELXTL51 was used to construct molecular models.
For p-nitrobenzaldehyde, because the positions of hydrogen
atoms were not reported, we performed a partial geometry
optimization at the level of MP2/6-311G(d,p) to determine their
positions. In addition, the H-CdO group exhibits a 10%
disorder in the crystal lattice, the actual CdO distance used in
our computation model (RCO ) 1.205 Å) is slightly different
from those reported in the crystallographic studies (RCO ) 1.204
Å for the major conformer43 andRCO ) 1.197 and 1.256 Å for
the major and minor conformers, respectively44). Because there
is little intermolecular interaction in the crystal lattice of
p-nitrobenzaldehyde, we used an isolated molecule in our
computations. For formaldehyde, the experimental structure of
Oka52 was used in the model as shown in Figure 1. The principal
components of the electric field gradient (EFG) tensor,qii (ii )
xx, yy, zz; |qzz| > |qyy| > |qxx| andqzz + qyy + qxx ) 0), were
computed in atomic units (1 au) 9.717365× 1021 V m-2).
The principal magnetic shielding tensor components (σii) were
computed withσiso ) (σ11 + σ22 + σ33)/3 andσ33 > σ22 > σ11.

In solid-state NMR experiments, the measurable quantities for
a quadrupole coupling tensor are the quadrupole coupling
constant (CQ) and the asymmetry parameter (ηQ). To compare
calculated results with experimental NMR parameters, following
equations were used:

whereQ is the nuclear quadrupole moment,e is the elementary
charge, andh is the Planck constant. Typically, the standard
value53 for Q(17O), -2.558× 10-30 m2, was used, except cases
mentioned in the text. To make direct comparison between the
calculated chemical shielding,σ, and the observed chemical
shift, δ, we used the new absolute17O chemical shielding scale
reported by Wasylishen and Bryce54

3. Results and Discussion

Analysis of 17O MAS NMR Spectra. Figure 2 shows the
17O MAS NMR spectra ofp-nitro-[1-17O]benzaldehyde at 21.15
T. It can be seen immediately that each MAS spectrum spans
a range of over 1000 ppm, indicating the presence of large17O
chemical shift anisotropy (CSA) for the aldehyde oxygen atom.
The fact that the total width of the individual spinning sidebands
is on the order of 12 kHz at 21.15 T is in agreement with the
expectation from17O NQR result for aCQ value of greater than
10 MHz.40 Also shown in Figure 2 are the numerical simulations
of the spinning sidebands. However, it should be mentioned
that these simulations were performed only after the17O NMR
tensor parameters had been extracted from an analysis of static
17O NMR spectra (vide infra). As we have illustrated previ-
ously,9 a general approach of analyzing solid-state17O NMR
spectra is to start from the MAS spectrum (if available). In the
present case, however, because of the presence of many spinning
sidebands, none of the individual spinning sidebands exhibits a

Figure 1. Chemical structures and geometric parameters ofp-
nitrobenzaldehyde and formaldehyde molecules.

CQ[MHz] ) e2qzzQ/h ) -243.96× Q[barn]× qzz[au]
(1)

ηQ ) (qxx - qyy)/qzz (2)

δ (ppm)) 287.5 (ppm)- σ (ppm) (3)
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complete line shape from which a theoretical analysis can be
performed. Under such a circumstance, one must add all
spinning sidebands together to produce a complete line shape
as illustrated in Figure 2. Comparison with the theoretical line
shape yields the following17O NMR parameters:δiso ) 545
( 5 ppm,CQ ) 10.7( 0.2 MHz, andηQ ) 0.45( 0.10. Our
17O quadrupole parameters are in good agreement with the17O
NQR data obtained at 77 K:CQ ) 10.6 MHz andηQ ) 0.45.40

The isotropic17O chemical shift ofp-nitrobenzaldehyde in the
solid state is somewhat different from that measured in CD3-
CN solution for the same compound,δ ) 587 ppm. This is not
so surprising, because large solvent-induced shifts are quite
common in17O NMR of organic compounds.

Analysis of Static 17O NMR Spectra. After obtaining the
values ofδiso, CQ, andηQ from an analysis of MAS spectra, we
now can analyze static17O NMR spectra in order to get the
remaining information about the17O CS tensor components and
the relative orientation of the QC and CS tensors. Figure 3 shows
the static17O NMR spectra of p-nitrobenzaldehyde obtained at
11.75 and 21.15 T, together with the spectral simulations. It is
noted that the total width of the spectrum exceeds 120 and 145
kHz at 11.75 and 21.15 T, respectively. This immediately
suggests that17O chemical shift anisotropy is an important
contributor to the total spectral width. We will examine the
interplay between the17O QC and CS tensors in the next section.
Here these high-quality17O NMR spectra allow us to extract

accurate data about the17O CS tensor:δ11 ) 1050( 10, δ22

) 620( 10, δ33 ) -35 ( 10 ppm,R ) 90 ( 10°, â ) 90 (
2°, andγ ) 90 ( 10°. This represents the first reliable17O CS
tensor characterization for the carbonyl oxygen from an aldehyde
group. The relative orientation between the17O QC and CS
tensors is such that the CS tensor component with the least
shielding,δ11, coincides with the smallest QC tensor component,
øxx, whereas the intermediate CS tensor component,δ22, lies
along the direction of the largest QC tensor component,øzz. Of
course, our spectral analysis yields only the relative tensor
orientation between the two tensors; the absolute tensor orienta-
tion in the molecular frame can be obtained from quantum
chemical calculations, as will be discussed in a later section.

Interplay of 17O QC and CS Tensors.As mentioned earlier,
the total line width (measured in Hertz) of the static17O NMR
spectrum ofp-nitrobenzaldehyde obtained at 21.15 T is greater
than that at 11.75 T. In this section, we examine the influence
of interplay between17O QC and CS tensors on the total spectral
width for an aldehyde oxygen. Figure 4 shows the theoretical
17O NMR spectra for an aldehyde oxygen subject to various
nuclear spin interactions: a pure17O QC tensor, a pure17O CS
tensor and both of the two tensors. It is well-known that the
line width contribution from second-order quadrupole and
chemical shielding interactions is inversely proportional and
directly proportional to the applied magnetic field, respectively.
The consequence of these two opposing factors is that the total
line width of an17O NMR spectrum does not always decrease
with the increase of the applied magnetic field strength. As seen
in Figure 5, the total line width reaches a minimum at around
12.5 T for p-nitrobenzaldehyde. At 11.75 T, the contributions
from QC and CS tensors are approximately equal, whereas at
21.15 T the CS tensor dominates the total line width. It should
be pointed out that the exact field dependence of the line width
depends also on the relative orientation between the two tensors.
Nonetheless, the case ofp-nitrobenzaldehyde illustrates that the

Figure 2. (A, B) Experimental (upper trace) and calculated (lower
trace) 17O MAS spectra of p-nitro-[1-17O]benzaldehyde obtained at
21.15 T. Detailed experimental parameters are as follows: (A), 33 kHz
MAS, 2048 transients, 5 s recycle delay; (B), 25 kHz MAS, 4914
transients, 5 s recycle delay. (C) The total line shape by adding all
spinning sidebands in (B). Simulated17O MAS spectra ofp-nitro-[1-
17O]benzaldehyde (D) with 1.6 kHz line broadening and (E) without
line broadening.

Figure 3. Experimental (upper trace) and simulated (lower trace) static
17O NMR spectra ofp-nitro-[1-17O]benzaldehyde. The experimental
parameters are as follows: 11.75 T, 0.4 MHz spectral window, 10 s
recycle delay, 8918 transients, 70 kHz1H decoupling field; 21.15 T,
0.4 MHz spectral window, 5 s recycle delay, and 17397 transients,
100 kHz1H decoupling field. Whole-echo detection with an inter-pulse
delay of 60µs was used for collecting data at both fields.
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interplay of the two17O NMR tensors has a significant effect
on the total spectral width. This is also an example to emphasize
the importance of obtaining solid-state17O NMR data at multiple
magnetic fields in order to determine the two tensors simulta-
neously.

17O NMR Tensors in Carbonyl Compounds.In this section
we compare the solid-state17O NMR results for the carbonyl
oxygen of aldehydes with those of other carbonyl compounds
such as ketone, amide, and urea functional groups. Here we
chose p-nitrobenzaldehyde, benzophenone, benzamide and urea
as representative carbonyl compounds for comparison. The17O
QC and CS tensor orientations for these carbonyl compounds
are illustrated in Figure 6. Benzophenone is the only ketone
compound for which17O NMR tensors have been determined
experimentally.55 For benzophenone, the17O CS and QC tensor
orientations are identical to those observed forp-nitrobenzal-
dehyde. For primary and secondary amides, Wu and co-
workers8,9 reported the orientations of the17O NMR tensors.
Figure 6 shows the17O NMR tensors of benzamide as an
example for amides. Although the17O CS tensor for benzamide
has the same orientation as those of aldehydes and ketones, the
17O QC tensor exhibits a discrepancy. In particular, the smallest
17O QC tensor component,øxx, is now perpendicular to the
H-CdO plane and the intermediate component,øyy, is along
the CdO bond. The17O NMR tensors in crystalline urea have

also been determined by Wu and co-workers.10 For urea, the
17O QC tensor has the same orientation as that of benzamide,
but the17O CS tensor differs. That is, the direction ofδ11 is
now perpendicular to the CdO bond. For the17O QC tensor,
two general trends are observed for these carbonyl compounds.
First, although the magnitude ofCQ decreases from p-nitroben-
zaldehyde (10.7 MHz) and benzophenone (10.8 MHz) to
benzamide (8.4 MHz) and to urea (7.2 MHz), the direction of
the largest QC tensor component,øzz, is always in-plane and
perpendicular to the CdO bond. Second, the direction switch
of øxx and øyy components between p-nitrobenzaldehyde/
benzophenone and benzamide/urea results from a combined
effect from simultaneous increase and decrease of EFG along
and perpendicular (out-of-the-plane) to the CdO bond, respec-
tively. When the magnitudes of EFG along these two directions
get closer,ηQ approaches zero. Further changes would then
result in a switch oføxx and øyy components because the
definition of øxx andøyy components depends on their relative
magnitudes (i.e.,|øxx| < |øyy|). This switch of øxx and øyy

components has been discussed in details by Gready56,57on the
basis of experimental17O NQR results and computational data.
For the17O CS tensor, the tensor orientations are the same in
these four carbonyl compounds, except for a switch in the
directions ofδ11 and δ22 components in urea. Thisδ11-δ22

switch in crystalline urea was discussed extensively by Wu and
co-workers.10 Clearly, this switch occurs because the paramag-
netic shielding contribution from the nf π* mixing no longer
dominates the17O chemical shielding in urea. Urea is the first
carbonyl compound (and the only one to date) whereδ11 is
found to be perpendicular to the CdO bond.

Among the carbonyl compounds, we found a correlation
between the value ofCQ and the17O CS tensor components, as
depicted in Figure 7 where we have also included solid-state
17O NMR data from other carbonyl compounds such as nucleic
acid bases5,16 and peptides.4,34 A general trend is that bothCQ-
(17O) andδiso(17O) increase with the CdO π bond order. Cheng
and Brown40 first noted this trend in their early NQR studies.
Here our examination of individual17O chemical shift tensor
components reveals more insights into the origin of this
correlation. As seen in Figure 7, the correlation betweenCQ-
(17O) andδiso(17O) arises mainly from theδ11 andδ22 compo-
nents, suggesting that the paramagnetic contribution to chemical
shielding must be responsible for such a correlation. It is also

Figure 4. Illustration of the interplay between17O QC and CS tensors
for p-nitrobenzaldehyde at two magnetic fields.

Figure 5. Dependence of the total17O NMR line width for a stationary
powder sample on the strength of the applied magnetic field. Experi-
mental17O NMR parameters for p-nitrobenzaldehyde were used in the
calculation.

Figure 6. Schematic diagrams showing the17O QC (below) and CS
(above) tensor orientations in the molecular frame of reference for
several carbonyl compounds: p-nitrobenzaldehyde, benzophenone,
benzamide, and urea. The blue circles highlight the discrepancy in tensor
orientations. Tensor components perpendicular to the plane are not
shown for clarity.
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remarkable to note that the change ofδ11 for these organic
carbonyl compounds is greater than 1100 ppm! The large spans
of the 17O CS tensors found for formaldehyde and p-nitroben-
zaldehyde are due to the small nf π* energy gaps in these
compounds.

Quantum Chemical Calculations. Because we have ob-
tained accurate17O NMR tensor components for an aldehyde
oxygen group, it is now possible to evaluate the accuracy of
quantum chemical calculations. The primary objective here is
to examine the influence of electron correlation on individual
17O CS tensor components rather than the isotropic value alone.
We have performed extensive quantum chemical calculations
for the 17O QC and CS tensors of p-nitrobenzaldehyde using
HF, B3LYP and MP2 methods. The computational results are
summarized in Table 1. All calculations predictR ) â ) γ )

90° between the17O QC and CS tensors, in excellent agreement
with the experimental results. In general, HF and B3LYP results
on δ11 and δ22 of the 17O CS tensor are very similar and
considerably higher than the experimental values. In contrast,
MP2 calculations with large basis sets such as cc-pVTZ and
cc-pVQZ seem to show a better convergence and the results
are in much better agreement with the experimental data. All
three methods yieldδ33 values consistently more shielded than
the experimental value by 50-80 ppm (ca. 11-18% on the
absolute shielding scale). It is unclear at this time as to the origin
of this discrepancy.

Because it is computationally demanding to use MP2 and
large basis sets even for a small molecule likep-nitrobenzal-
dehyde, we performed more MP2 computations using locally
dense basis sets. The detailed computational results are given

Figure 7. Correlation between the17O quadrupole coupling constant and17O CS tensor components for carbonyl compounds.

TABLE 1: Computed and Experimental 17O QC and CS Tensors for the Carbonyl Oxygen ofp-Nitrobenzaldehydea

method/basis set δiso (ppm) δ11 (ppm) δ22 (ppm) δ33 (ppm) CQ (MHz)b CQ (MHz)c ηQ

HF/6-31G 698.5 1394.4 832.8 -131.7 13.626 12.145 0.465
6-311G 744.3 1473.1 879.8 -119.9 14.286 12.729 0.475
6-311G(d,p) 597.7 1182.8 734.5 -124.3 12.454 11.096 0.491
cc-pVDZ 615.1 1217.4 748.4 -120.5 9.558 8.516 0.643
cc-pVTZ 631.1 1231.9 778.1 -116.8 10.118 9.015 0.584
cc-pVQZ 635.5 1243.0 782.2 -118.8 12.801 11.406 0.594

B3LYP/6-31G 641.5 1312.8 712.7 -100.8 12.357 11.591 0.457
6-311G 703.6 1416.5 778.0 -83.6 13.133 12.319 0.501
6-311G(d,p) 589.0 1191.1 672.6 -96.5 11.485 10.773 0.499
cc-pVDZ 608.2 1229.5 685.8 -90.6 8.844 8.296 0.652
cc-pVTZ 636.0 1267.4 728.3 -87.7 9.543 8.951 0.581
cc-pVQZ 644.1 1285.9 736.4 -89.9 12.001 11.257 0.617

MP2/6-31G 698.5 1394.4 832.8 -131.7 13.649 12.584 0.470
6-311G 540.8 1110.9 617.8 -106.3 14.316 13.199 0.480
6-311G(d,p) 475.8 983.7 559.3 -115.6 12.478 11.505 0.496
cc-pVDZ 615.1 1217.3 748.4 -120.5 12.742 11.748 0.508
cc-pVTZ 540.4 1098.3 631.3 -108.4 12.705 11.714 0.602
cc-pVQZ 505.7d 1025.3d 608.1d -116.4d 12.835 11.830 0.598

exptl. 545( 5 1050( 10 620( 10 -35 ( 10 10.7( 0.2 0.45( 0.10

a The GIAO method was used in chemical shielding calculations.b Calculated using the standard value ofQ(17O), -2.558 fm2. c Calculated
using the calibrated values ofQ(17O): HF, -2.28; B3LYP,-2.40; MP2,-2.36 fm2. For calibratedQ(17O) values, see ref 2.d Calculated using a
locally dense basis set: cc-pVQZ for oxygen and 6-31G(d,p) for other atoms.
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as Supporting Information. It is clear that both17O CS and QC
tensors exhibit convergence so there is no additional benefit to
use basis sets beyond cc-pVTZ. We also explored other methods
for shielding calculations as implemented in Gaussian 03: single
gauge origin (SGO), individual gauges for atoms in molecules
(IGAIM),andcontinuoussetofgaugetransformations(CSGT).58-60

Our computational results suggest that all these computational
methods produce comparable results (see the Supporting
Information).

Evaluation of the 17O CS Tensor in Formaldehyde.Now
we have developed a general sense regarding to the relationship
between17O CS tensor components and electron correlation for
an aldehyde oxygen. Here we extend our approach to examine
the 17O NMR tensors for formaldehyde. As mentioned earlier,
Flygare and co-workers41,47,48 and Jameson49 have reported
conversion of the experimental17O spin-rotation data to the
“experimental”17O CS tensor for formaldehyde. The relationship
between spin rotation constants and paramagnetic nuclear
shielding was established by Ramsey61 and Flygare.62 The
paramagnetic shielding tensor components (σii

p, ii ) xx, yy, zz)
are related to the spin-rotation tensor components (Mii, ii ) xx,
yy, zz) in the following fashion:

wheremP is the proton mass,gN is the nuclearg-factor (gN )
-0.75752 for17O),63 m is the electron mass,e is the elementary
charge,A, B, andC are the rotational constants, (xN, yN, zN) are
the Cartesian coordinates of theNth nucleus with the nucleus
of interest as the gauge origin, andRN is the distance between
theNth nucleus and the nucleus of interest. The summation in
the above equations goes over all the other nuclei in the
molecule. According to Ramsey formalism, the second contri-
bution to the total chemical (magnetic) shielding at the nuclear
position is the diamagnetic shielding, whose principal tensor
components (σii

d, ii ) xx, yy, zz) are expressed as

where ψ0 is the ground-state wavefunction of the molecular
system. The diamagnetic shielding tensor can be readily
calculated to high accuracy because it depends only on the
ground-state wavefunction of the molecule. Therefore, the
general approach to derive chemical shielding tensor components
is first to obtainσii

p from experimental results forMii, A, B and,

C, and molecular geometry using eqs 4-6, then to couple it
with theoretical results forσii

d, because If one is only interested

in the isotropic chemical shielding constant,σiso ) (σxx + σyy

+ σzz)/3, the following equation holds within a few parts per
million47

As shown in Table 2, Flygare and co-workers41,47,48 and
Jameson49 used the aforementioned method to obtain the17O
chemical shielding tensor for formaldehyde. It is clear from the
above discussion that the accuracy of the17O chemical shielding
tensor components depends critically on the experimental errors
in spin-rotation tensor components. In the case of formaldehyde,
the rather inaccurate experimental17O spin rotation constants
determined in 1965 and 1980 have imposed a severe limitation
on the accuracy of the resultant17O chemical shielding tensor.
Inspection of the individual17O spin-rotation tensor components
reveals that the accuracy inMzz is not so important to the fitting
of the rotational spectra, but crucial to the accuracy ofσzz

p . In
particular, while Flygare and Lowe41 obtainedMzz ) -2 ( 10
kHz, Cornet et al.42 claimed that the contribution ofMzz to
spectral fitting is negligible so its value was set to zero (i.e.,
Mzz ) 0 exactly). However, an uncertainty of(10 kHz inMzz

would introduce an uncertainty inσzz
p as large as(360 ppm

according to the first term of eq 6. In this study, in the absence
of any new17O spin-rotation data, we propose a slightly different
approach to improve the accuracy of the17O chemical shielding
tensor for formaldehyde. First, we follow the procedure of
Jameson49 to obtainσxx

total andσyy
total by couplingσxx

p andσyy
p that

are converted from the spin-rotation data reported by Cornet et
al.42 in 1980 and theoretical values forσxx

d and σyy
d .64 Second,

because the paramagnetic shielding contribution along the
direction perpendicular to the H2CdO plane should be negligibly
small, the calculatedtotal shielding value along this direction
is expected to be reliable to a high degree of accuracy. Thus
our approach is to directly use the theoreticalσzz

total as the best
estimate for an “experimental” value. For this tensor component,

σxx
p )

mP

2mgN
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4π
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∑
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TABLE 2: Principal Components of the 17O Spin-Rotation
Tensor, Rotational Constants, and Principal Components of
the 17O Chemical Shielding Tensor (in ppm) for
Formaldehyde

Flygare36 Jameson37 this work

Mxx (kHz) 371( 10 361.1( 21.9 361.1( 21.9
Myy (kHz) 25( 10 28.6( 3.0 28.6( 3.0
Mzz (kHz) -2 ( 10 0 (-0.8)a

A (GHz) 282.0290 281.9650 281.9650
B (GHz) 38.83528 37.812287 37.812287
C (GHz) 34.00316 33.214523 33.214523
σxx (diamagnetic) 418 415.81 415.8
σyy (diamagnetic) 468 465.15 465.1
σzz (diamagnetic) 470 475.13 475.1
σave (diamagnetic) 452 452.03 452.0
σxx (paramagnetic) -1600( 50 -1555( 95 -1555( 80
σyy (paramagnetic) -870( 300 -998( 96 -998( 80
σzz (paramagnetic) -10( 100 -84( 100 (-44)a

σxx (total) -1182( 50 -1139( 100 -1139( 80
σyy (total) -402( 300 -533( 100 -533( 80
σzz (total) 460( 100 391( 100 431( 5
σiso (total) -375( 150 -427( 100 -414( 60

a See text for discussion.

σii
total ) σii
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we expect that the uncertainty is within a few parts per million.
Our results are also shown in Table 2. While the errors inσxx

and σyy are estimated on the basis of the uncertainty in the
experimental spin-rotation constants, the error inσzz is obtained
from the estimated residual paramagnetic shielding in this
direction. It is interesting to see that, if we useσzz

total ) 431
ppm andσzz

d ) 475 ppm to “back-calculate”σzz
p , we getσzz

p )
-44 ppm. This value is between the two values obtained by
Flygare and co-workers41,47,48and Jameson.49 It is even more
comforting to see that, if we useσzz

p ) -44 ppm and the
experimental molecular geometry of formaldehyde to “back-

calculate”Mzzusing eq 6, we obtainMzz ) -0.8 kHz, which is
in excellent agreement with that calculated by Cybulski and
Bishop65 using a linearized coupled cluster double excitation
(L-CCD) method.

Now that we have established a new set of “experimental”
17O chemical shielding tensor components for formaldehyde,
we can re-evaluate the accuracy of computational results. We
performed extensive computations for the17O NMR tensors
using HF, B3LYP, and MP2 methods and large correlation
consistent basis sets. The results are summarized in Table 3.
The computed17O QC tensors are in good agreement with the
experimental data. Here we focus our discussion on the
computed results for the17O CS tensor. There is little basis set
dependence in the HF results. As expected, results onδ33 show
an excellent agreement with the “experimental” data. Bothδ11

and δ22 components are greater than the experimental values
by ca. 50 ppm. These are surprisingly good results, presumably
due to some mutual cancellation of errors. For the B3LYP
results, bothδ22 and δ33 are in good agreement with the
experimental results, butδ11 results appear to be worse than
those from the HF calculations. Similarly, little basis set
dependence is observed beyond cc-pVTZ. The MP2 results
exhibit a stronger dependence on the basis set than the other
two methods. With the cc-pV6Z basis set, the computedδ11

andδ22 components seem to overcompensate for the electron
correlation effect. In other words, the MP2 results underestimate
the paramagnetic shielding contribution inδ11 andδ22 compo-
nents. This effect has been previously observed by Gauss.66 We
note that Gauss and Stanton46 calculated the17O CS tensor
components for formaldehyde at the CCSD(T) level of theory:
σ11 ) -1107.7,σ22 ) -469.4, andσ33 ) 427.7 ppm. These
are in good agreement with the new “experimental” results
reported in this study.

For the sake of completeness, we finally come to examine
the isotropic17O chemical shift of formaldehyde, simply because
data covering a much greater variety of computational methods
are available in the literature. Table 4 gives a summary of the
computed isotropic17O chemical shielding constants for
formaldehyde.45,46,65,67-71 The general trend is illustrated in
Figure 8. Both HF and DFT methods produce results less
shielded than the experimental value. The MP2 method clearly

TABLE 3: Computed and Experimental 17O NMR Tensors for Formaldehyde Using Correlation Consistent Basis Sets and
Different Methods

method/basis set δiso (ppm) δ11 (ppm) δ22 (ppm) δ33 (ppm) CQ (MHz)a CQ (MHz)b ηQ

HF/cc-pVDZ 716.5 1462.8 830.6 -144.0 13.681 12.194 0.582
cc-pVTZ 730.2 1468.8 858.2 -136.4 13.501 12.034 0.668
cc-pVQZ 730.4 1470.6 860.9 -140.4 13.560 12.087 0.662
cc-pV5Z 733.5 1475.0 866.7 -141.2 13.519 12.049 0.662
cc-pV6Z 733.7 1475.1 867.3 -141.1 13.445 11.984 0.663

B3LYP/cc-pVDZ 710.9 1478.8 771.6 -117.6 12.903 12.106 0.590
cc-pVTZ 739.1 1515.0 815.5 -113.2 12.921 12.123 0.691
cc-pVQZ 742.3 1523.4 822.7 -119.2 13.019 12.215 0.690
cc-pV5Z 747.1 1531.3 830.4 -120.6 13.018 12.214 0.689
cc-pV6Z 748.2 1532.9 832.2 -120.6 12.993 12.190 0.686

MP2/cc-pVDZ 582.2 1245.1 642.0 -140.7 13.691 12.631 0.585
cc-pVTZ 621.1 1301.6 698.0 -136.2 13.520 12.474 0.671
cc-pVQZ 730.4 1470.6 860.9 -140.4 13.582 12.531 0.664
cc-pV5Z 733.5 1475.0 866.7 -141.2 13.542 12.493 0.665
cc-pV6Z 619.8 1297.3 705.7 -143.6 13.468 12.426 0.666

exptl. 701( 60c 1426( 80c 820( 80c -143( 5c 12.37( 0.01d 0.694d

12.35( 0.01e 0.692e

a Calculated using the standard value ofQ(17O) ) -2.558 fm2. b Calculated using the calibrated values ofQ(17O): HF, -2.28; B3LYP,-2.40;
MP2, -2.36 fm2. For calibratedQ(17O) values, see ref 2.c Converted to chemical shifts using the chemical shielding data shown in Table 4 and eq
3. d From ref 41.e From ref 42.

TABLE 4: Selected Isotropic 17O Chemical Shielding
Constants for Formaldehyde Computed with a Variety of
Methods

method basis set σiso (ppm) ref

HF 6-31G(d) -429.1a 67
6-311+G(2d,p) -465.7a 67
6-311G(d) -422.7 68
qz2p -452.4 46
pz3d1f -447.3 46
[12s8p4d2f]/[8s5p1d] -441.2 65
IGLO-III -415.6 45
GIAO, tz(2)p -414.8 45
cc-pV6Z -446.2 this work

DFT B3LYP/6-31G(d) -409.5a 67
B3LYP/6-311+G(2d,p) -470.9a 67
SOS-DFPT, Loc.3 -430.3 69
B3LYP/cc-pV6Z -460.7 this work
GIAO/tp -418.8 70
IGLO/tp -455.6 70

MP2 qz2p -333.5 46
pz3d1f -337.7 46
[12s8p4d2f]/[8s5p1d] -329.8 65
tz(2)p -310.2 45
cc-pV6Z -332.3 this work

MP3 [12s8p4d2f]/[8s5p1d] -418.1 65
MP4 qz2p -371.4 71
L-CCD [12s8p4d2f]/[8s5p1d] -418.0 65
CCSD qz2p -385.0 46

pz3d1f -387.5 46
CCSD(T) qz2p -379.1 46

pz3d1f -383.1 46

a Converted to chemical shielding constants from the reported
chemical shifts using eq 3.
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overestimates the electron correlation effect. The oscillatory
behavior observed between MP2, MP3, and MP4 values is also
typical of a perturbation approach. The overall shape of the curve
shown in Figure 8 is quite similar to the trend observed by Gauss
and Stanton46 for 15N chemical shielding of N2. A similar trend
has also been observed by Kaupp et al.72 in computed17O
chemical shielding constants of ozone. We can conclude that
the electron correlation is the common origin in these systems.
It appears that CCSD(T) computations give fairly good results
compared with the experimental value, bearing in mind the
intrinsic uncertainty in the experimental value for formaldehyde.

4. Conclusion

We have experimentally measured the17O QC and CS tensors
for the carbonyl oxygen inp-nitro-[1-17O]benzaldehyde. The
results represent the first set of reliable17O NMR tensor data
for the carbonyl oxygen from an aldehyde functional group.
Extensive quantum chemical calculations suggest that electron
correlation plays a significant role in determining the17O
chemical shielding within the H-CdO plane. We found that,
while HF and B3LYP calculations usually underestimate the
electron correlation effect, MP2 considerably overestimates its
contribution. We have also proposed a new way of constructing
an “experimental”17O chemical shielding tensor for formalde-
hyde by combining experimental17O spin-rotation tensor
components and theoretical tensor components. A comparison
between experimental results and theoretical ones suggests that
CCSD(T) results are in reasonable agreement with the experi-
mental values. This indicates that the electron correlation in
formaldehyde is well described by the CCSD(T) method.
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