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We have used solid-statéD NMR experiments to determine th& quadrupole coupling (QC) tensor and
chemical shift (CS) tensor for the carbonyl oxygenpinitro-[1-’O]benzaldehyde. Analyses of solid-state
70 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 ten§€yss 10.7+ 0.2 MHz, 7q =
0.45+ 0.10,011 = 1050+ 10,022, = 620+ 10,033 = —35+ 10,0 =90+ 10,3 =90+ 2,y = 90 + 10°.
The principal component of théO CS tensor with the most shieldindss, is perpendicular to the HC=0
plane, and the tensor component with the least shielding,lies along the &0 bond. For thé’'O QC
tensor, the largesj{,) and smallestyx,) components are both in the HC=O plane being perpendicular and
parallel to the &0 bond, respectively. This study represents the first time that these two fundafiéntal

NMR tensors have been simultaneously determined for the carbonyl oxygen of an aldehyde functional group

by solid-staté’O NMR. The reported experimental solid-st&#® 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 influencé’@chemical shielding in directions within
the H-C=0 plane. We have also carefully re-examined the existing experimental data &fOttepin-
rotation tensor for formaldehyde and proposed a new set of best “experim&@tahemical shielding tensor
components:o;; = —11394+ 80, 02, = —533+ 80, 033 = 431+ 5, andoiso = —414 £+ 60 ppm. Using this
new set of data, we have evaluated the accuracy of quantum chemical calculation$’®f @& tensors for
formaldehyde at the Hartred-ock (HF), density-functional theory (DFT), Mgller-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 functional groups in organic solids6 One of our goals is to
provide a baseline for understandii® NMR tensors in organic

molecules has emerged as a new research area in recen’tvfi/ears.mmecu'es' In the past S(_ave_r_al years, Se"e'_‘a' qther research
The advantages of direct NMR detectiort@ nuclei in organic ~ 9'2uPS have also mad_e significant progress in this Jafré&:

and biological molecules are largely based on the remarkable The aldehyde functional group (HC=O0) is important in
sensitivity of170 NMR parameters toward molecular interac- ©rganic chemistry. The only available data in the literature
tions such as hydrogen bonding and ion-carbonyl interactions. 'egarding’O QC and CS tensors for the carbonyl oxygen in

Solid-state'’O NMR spectroscopy for organic and biological

Once the practical difficulties involving NMR detection 6D aldehydes come from nuclear quadrupole resonance (RQR)
nuclei in organic molecules can be overcome by utilizif@ and microwave spectroscopic studié&: To date, this important
isotopic enrichment and high magnetic fields, solid-stde functional group has not been studied by solid-st&@BENMR

NMR spectroscopy is capable of providing new insights into Spectroscopy. In this study, we chose to characterizéthe
chemical bonding and molecular structure. In many cadé6s,  NMR tensors in a simple benzaldehyde derivative, p-nitro-[1-
NMR parameters are more sensitive to a particular type of ’Olbenzaldehyde (Figure 1), for the following reasons. First,
molecular interactions than NMR parameters from other nuclei. the aldehydic oxygen atom of this compound can be readily
For examplel’O chemical shifts have been shown to be more labeled by!’0O. Second, high-quality crystal structures are
sensitive thar3C chemical shifts to metalligand interactions available for this compountf:**More importantly, the crystal

in carbonyl (G=0)3-° and carboxyl (COQ)%’ functional structure of p-nitrobenzaldehyde suggests that there is very little
groups. As part of our effort to develop solid-stdf® NMR intermolecular interaction in the crystal lattice making it possible
spectroscopy for biological applications, we have carried out to use an isolated molecule in our computational model. Third,
an extensive survey 8fO NMR tensors for oxygen-containing  this compound has been previously studied/NQR#° Forth,

this molecule is relatively small allowing us to perform very

* Corresponding author. Phone: 613 533 2644. Fax: 1 613 533 6669. high level quantum chemical calculations of NMR properties.

E_Tguegggg%?\gg;gﬁ'queensu'Ca' Another objective of this present study is to address the
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H 1280 70 170 MAS probe. When very fast sample spinnirg30 kHz) was
1.osa£‘<—7/1_zus,& H //1_206A employed, the sample was cooled to compensate for spinning-
11?250(\0 )119_35= ‘EC induced heating of the solid sample.

1166~ 1108 A Quantum Mechanical Calculations.All quantum mechan-
H ical calculations were performed using Gaussian 03 software
packagé® on Sun Fire 25000 servers configured with>72lual-
NO, core UltraSPARC-IM-1.5 GHz processors with 576 GB of
RAM. SHELXTL5! was used to construct molecular models.

Figure 1. Chemical structures and geometric parameterspof . e
nitrobenzaldehyde and formaldehyde molecules. For p-nitrobenzaldehyde, because the positions of hydrogen

atoms were not reported, we performed a partial geometry

affected by electron correlation. Electron correlation has been OPtimization at the level of MP2/6-311G(d,p) to determine their
known to be important to the magnetic shielding at /@ positions. In addition, the HC=O group exhibits a 10%
nucleus especially in compounds containing multiple bonds suchdisorder in the crystal lattice, the actua=O distance used in
as the GO double bond in carbonyl compourtiszor example, our computation modelRco = 1.205 A) is slightly different
Gauss and Stantéhshowed that electron correlation causes a from those reported in the crystallographic studRso(= 1.204
change of at least 70 ppm in the isotropi® chemical shift of A for the major conformé? andRco = 1.197 and 1.256 A for
formaldehyde. However, all previous studies have been focusedth€ major and minor conformers, respectivélyBecause there
on isotropic 1’0 chemical shifts rather that#O CS tensor is Illttle intermolecular interaction in the crystal Iattlcg of
components. Once we have reliable experimental data on theP-nitrobenzaldehyde, we used an isolated molecule in our
170 CS tensor irp-nitrobenzaldehyde, we can compare them computations. F_or formaldehyde, the gxp(_arlmental struc_tur_e of
with the results from high-level quantum chemical calculations. OkzP?was used in the model as shown in Figure 1. The principal
Because no accuraféO CS tensor has been reported for an components of the electric field gradient (EFG) tenspiii =
aldehyde oxygen, our study represents the first attempt of X% Y¥: ZZ [Gz4 > |Gyl > |G| @anddzz + Gy + G = 0), were
performing such an analysis for this important class of organic SOmputed in atomic units (1 a& 9.717365x 10°* V m~2).
functional groups. The prmmpa_l magnetic shielding tensor componeni3 \ere

The final goal of this study is to re-examine the existing COMPUted Withviso = (011 + 022 + 033)/3 andoss > 022 > 011,
microwave spectroscopic data on #H® spin-rotation tensor In solid-state NMR experiments, the measurable quantities _for
for formaldehyde. Because of its small size (Figure 1), & guadrupole coupling tensor are the quadrupole coupling
formaldehyde has been used as one of the benchmark molecule§0nstant €o) and the asymmetry parametefof. To compare
to evaluate the accuracy of quantum chemical calculations for calculfated results with experimental NMR parameters, following
70 chemical shielding. However, all previous studies have €duations were used:
suffered from the simple fact that the existiH@ spin-rotation 5
tensor data are very inaccurate. Because these spin-rotation data ColMHZ] = €°q,Q/h = —243.96x Q[barn] x q,]/au]
were used to derive the “experimentalO chemical shielding @)
tensor for the carbonyl oxygen of formaldehyde in the gas phase, = (G — G.)/q )
large uncertainties exist. For example, using'#@spin-rotation K o Ty ez
data measured in 1965, Flygare and co-workers*8reported
that oiso(1’0) = —375 &+ 150 ppm for formaldehyde. More
recently, Jamesdh used a new set of’O spin-rotation data
reported in 1980 to obtainis, (2’O) = —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 “experimentsl® chemical 5 (ppm)= 287.5 (ppm)— & (ppm) A3)
shielding tensor for formaldehyde.

whereQ is the nuclear quadrupole momeais the elementary
charge, and is the Planck constant. Typically, the standard
value® for Q(170), —2.558 x 10739 m2, was used, except cases
mentioned in the text. To make direct comparison between the
calculated chemical shielding;, and the observed chemical
shift, 6, we used the new absolut® chemical shielding scale
reported by Wasylishen and Bryée

3. Results and Discussion

Analysis of 770 MAS NMR Spectra. Figure 2 shows the
Sample Preparation. Most chemicals and solvents were 170 MAS NMR spectra of-nitro-[1-’O]benzaldehyde at 21.15

2. Experimental Section

purchased from Sigma-Aldrich (Oakville, Ontario). Th®© T. It can be seen immediately that each MAS spectrum spans
labeling ofp-nitrobenzaldehyde was achieved by dissolving 50 a range of over 1000 ppm, indicating the presence of 1&i@e
mg of the compound in C¥€l, and adding 0.1 mL of’O- chemical shift anisotropy (CSA) for the aldehyde oxygen atom.

enriched HO (35%%70 atom, Cambridge Isotope Laboratories, The fact that the total width of the individual spinning sidebands
Inc., Andover, Massachusetts). The oxygen exchange betweeris on the order of 12 kHz at 21.15 T is in agreement with the
p-nitrobenzaldehyde and water occurs rapidly at room temper- expectation front’O NQR result for &Cq value of greater than
ature. The level’O enrichment of the sample was estimated to 10 MHz° Also shown in Figure 2 are the numerical simulations
be 30% based on solutidlO NMR measurement. of the spinning sidebands. However, it should be mentioned
Solid-State NMR. Solid-state!’O NMR spectra of p-nitro-  that these simulations were performed only after’fi@@NMR
[1-17O]benzaldehyde were recorded at 11.75 and 21.15 T usingtensor parameters had been extracted from an analysis of static
Bruker Avance-500 and Bruker Avance-ll 900 NMR spectrom- 70O NMR spectra (vide infra). As we have illustrated previ-
eters, respectively. For experiments with a static sample, theously? a general approach of analyzing solid-st&® NMR
effective 90 pulse for thel’O central transition was 1.8 and  spectra is to start from the MAS spectrum (if available). In the
0.95us at 11.75 and 21.15 T, respectively. Magic angle spinning present case, however, because of the presence of many spinning
(MAS) spectra were obtained at 21.15 T with a 2.5 mm Bruker sidebands, none of the individual spinning sidebands exhibits a
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Figure 3. Experimental (upper trace) and simulated (lower trace) static
(D) / N 170 NMR spectra ofp-nitro-[1-1’O]benzaldehyde. The experimental

U ——— parameters are as follows: 11.75 T, 0.4 MHz spectral window, 10 s
recycle delay, 8918 transients, 70 kM decoupling field; 21.15 T,
0.4 MHz spectral window5 s recycle delay, and 17397 transients,
100 kHz'H decoupling field. Whole-echo detection with an inter-pulse
(E) / N delay of 60us was used for collecting data at both fields.

550 500 450 400 PPM accurate data about tA@D CS tensor:d1; = 10504 10, 622
Figure 2. (A, B) Experimental (upper trace) and calculated (lower = 6204 10,033 = —35+ 10 ppm,a =90+ 10°, 3 =90+
trace) 'O MAS spectra of p-nitro-[7O]benzaldehyde obtained at  2°, andy = 904 10°. This represents the first reliabléO CS
21.15T. Detailed experimental parameters are as follows: (A), 33 kHz tensor characterization for the carbonyl oxygen from an aldehyde
MAS, 2048 transienis5 s recycle delay; (B), 25 kHz MAS, 4914 445 The relative orientation between tH® QC and CS

transients 5 s recycle delay. (C) The total line shape by adding all . -
spinning sidebands in (B). Simulatéid MAS spectra of-nitro-[1- tensors is such that the CS tensor component with the least

170]benzaldehyde (D) with 1.6 kHz line broadening and (E) without shielding,011, coin(_:ides with the smallest QC tensor component,
line broadening. xxx Whereas the intermediate CS tensor compon&nt, lies

along the direction of the largest QC tensor compongatOf

complete line shape from which a theoretical analysis can be course, our spectral analysis yields only the relative tensor
performed. Under such a circumstance, one must add all orientation between the two tensors; the absolute tensor orienta-
spinning sidebands together to produce a complete line shapdion in the molecular frame can be obtained from quantum
as illustrated in Figure 2. Comparison with the theoretical line chemical calculations, as will be discussed in a later section.
shape yields the following’O NMR parameters:diso = 545 Interplay of 1’0 QC and CS TensorsAs mentioned earlier,
+ 5 ppm,Cq = 10.7+£ 0.2 MHz, andnq = 0.45+ 0.10. Our the total line width (measured in Hertz) of the stdfi® NMR
170 quadrupole parameters are in good agreement with‘@he  spectrum of-nitrobenzaldehyde obtained at 21.15 T is greater
NQR data obtained at 77 KCq = 10.6 MHz andjq = 0.45%0 than that at 11.75 T. In this section, we examine the influence
The isotropic!’O chemical shift ofp-nitrobenzaldehyde in the  of interplay betweeA’0 QC and CS tensors on the total spectral
solid state is somewhat different from that measured in-CD  width for an aldehyde oxygen. Figure 4 shows the theoretical
CN solution for the same compounti= 587 ppm. This is not 170 NMR spectra for an aldehyde oxygen subject to various
so surprising, because large solvent-induced shifts are quitenuclear spin interactions: a put@® QC tensor, a pur€O CS
common in*’0O NMR of organic compounds. tensor and both of the two tensors. It is well-known that the

Analysis of Static 1’70 NMR Spectra. After obtaining the line width contribution from second-order quadrupole and
values ofdiso, Co, andnq from an analysis of MAS spectra, we  chemical shielding interactions is inversely proportional and
now can analyze statifO NMR spectra in order to get the directly proportional to the applied magnetic field, respectively.
remaining information about tHéO CS tensor components and The consequence of these two opposing factors is that the total
the relative orientation of the QC and CS tensors. Figure 3 showsline width of an'’O NMR spectrum does not always decrease
the statict’O NMR spectra of p-nitrobenzaldehyde obtained at with the increase of the applied magnetic field strength. As seen
11.75 and 21.15 T, together with the spectral simulations. It is in Figure 5, the total line width reaches a minimum at around
noted that the total width of the spectrum exceeds 120 and 14512.5 T for p-nitrobenzaldehyde. At 11.75 T, the contributions
kHz at 11.75 and 21.15 T, respectively. This immediately from QC and CS tensors are approximately equal, whereas at
suggests that’O chemical shift anisotropy is an important 21.15 T the CS tensor dominates the total line width. It should
contributor to the total spectral width. We will examine the be pointed out that the exact field dependence of the line width
interplay between thEO QC and CS tensors in the next section. depends also on the relative orientation between the two tensors.
Here these high-quality’O NMR spectra allow us to extract Nonetheless, the casemhitrobenzaldehyde illustrates that the
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Figure 4. lllustration of the interplay betwe€eriO QC and CS tensors
for p-nitrobenzaldehyde at two magnetic fields.

A

Flgure 6. Schematic diagrams showing th® QC (below) and CS
300000 (above) tensor orientations in the molecular frame of reference for
several carbonyl compounds: p-nitrobenzaldehyde, benzophenone,
oQC benzamide, and urea. The blue circles highlight the discrepancy in tensor
250000 - aCS orientations. Tensor components perpendicular to the plane are not
0 QC+CS shown for clarity.

also been determined by Wu and co-work€r&or urea, the

170 QC tensor has the same orientation as that of benzamide,

but thel’O CS tensor differs. That is, the direction &f; is

now perpendicular to the=€0 bond. For thé’O QC tensor,

two general trends are observed for these carbonyl compounds.

First, although the magnitude &f, 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 componept; is always in-plane and

perpendicular to the €0 bond. Second, the direction switch

0 . i , . of yx and yy, components between p-nitrobenzaldehyde/

0 5 10 15 20 25 benzophenone and benzamide/urea results from a combined
B, (Tesla) effect from simultaneous increase and decrease of EFG along

Figure 5. Dependence of the totdll0 NMR line width for a stationary a_md perpendicular (out_-of-the-plane) to the=G bond, respec-
powder sample on the strength of the applied magnetic field. Experi- ively. When the magnitudes of EFG along these two directions

mental’’0 NMR parameters for p-nitrobenzaldehyde were used in the g€t closer,nq approaches zero. Further changes would then
calculation. result in a switch ofyx and yy, components because the

definition of yxx andyy, components depends on their relative

interplay of the two’O NMR tensors has a significant effect magnitudes (i.e.)yxl < lxyyl). This switch of yx and yyy
on the total spectral width. This is also an example to emphasizecomponents has been discussed in details by Gpeéatyn the
the importance of obtaining solid-stdf#® NMR data at multiple basis of experimentafO NQR results and computational data.
magnetic fields in order to determine the two tensors simulta- For the’O CS tensor, the tensor orientations are the same in
neously. these four carbonyl compounds, except for a switch in the

170 NMR Tensors in Carbonyl Compounds.In this section directions ofd11 and 622 components in urea. Thidi;1—0d2
we compare the solid-statéO NMR results for the carbonyl  switch in crystalline urea was discussed extensively by Wu and
oxygen of aldehydes with those of other carbonyl compounds co-workerst Clearly, this switch occurs because the paramag-
such as ketone, amide, and urea functional groups. Here wenetic shielding contribution from the- 7* mixing no longer
chose p-nitrobenzaldehyde, benzophenone, benzamide and uredominates thé’O chemical shielding in urea. Urea is the first
as representative carbonyl compounds for comparison!he  carbonyl compound (and the only one to date) whirgis
QC and CS tensor orientations for these carbonyl compoundsfound to be perpendicular to the=© bond.
are illustrated in Figure 6. Benzophenone is the only ketone Among the carbonyl compounds, we found a correlation
compound for which’O NMR tensors have been determined between the value d€q and the!’O CS tensor components, as
experimentally?> For benzophenone, tR€0 CS and QC tensor  depicted in Figure 7 where we have also included solid-state
orientations are identical to those observed garitrobenzal- 170 NMR data from other carbonyl compounds such as nucleic
dehyde. For primary and secondary amides, Wu and co- acid bases!®and peptide4:34 A general trend is that bot@o-
workers$® reported the orientations of tHéO NMR tensors. (*"0) andoiso(10) increase with the €0 s bond order. Cheng
Figure 6 shows thé’O NMR tensors of benzamide as an and Browr? first noted this trend in their early NQR studies.
example for amides. Although tRé0 CS tensor for benzamide  Here our examination of individudfO chemical shift tensor
has the same orientation as those of aldehydes and ketones, theomponents reveals more insights into the origin of this
170 QC tensor exhibits a discrepancy. In particular, the smallest correlation. As seen in Figure 7, the correlation betw€gn
170 QC tensor componenyy, is now perpendicular to the  (2’O) anddiso(*’O) arises mainly from thé;; and 2, compo-
H—C=0O plane and the intermediate componegy, is along nents, suggesting that the paramagnetic contribution to chemical
the C=0 bond. The'’0O NMR tensors in crystalline urea have shielding must be responsible for such a correlation. It is also
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Figure 7. Correlation between th€O quadrupole coupling constant ab@® CS tensor components for carbonyl compounds.

TABLE 1: Computed and Experimental 170 QC and CS Tensors for the Carbonyl Oxygen ofp-Nitrobenzaldehyde®
method/basis set  diso (PPM) 11 (ppm) 022 (PPM) 033 (PPM) Cq (MHz)® Cq (MHz)° 9
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-pvDzZ 615.1 1217.4 748.4 —120.5 9.558 8.516 0.643
cc-pvVTZ 631.1 1231.9 778.1 —116.8 10.118 9.015 0.584
cc-pvQZz 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-pvVTZ 636.0 1267.4 728.3 —87.7 9.543 8.951 0.581
cc-pvQZz 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-pvDzZ 615.1 1217.3 748.4 —120.5 12.742 11.748 0.508
cc-pvVTZ 540.4 1098.3 631.3 —108.4 12.705 11.714 0.602
cc-pvQZz 505.% 1025.3 608.¢ —-116.4 12.835 11.830 0.598
exptl. 545+ 5 1050+ 10 620+ 10 —35+10 10.7£ 0.2 0.45+ 0.10

2The GIAO method was used in chemical shielding calculatib@alculated using the standard value@f’0), —2.558 fnf. ¢ Calculated
using the calibrated values f(*’0): HF, —2.28; B3LYP,—2.40; MP2,—2.36 fn?. For calibratedQ(*’O) values, see ref 2.Calculated using a
locally dense basis set: cc-pVQZ for oxygen and 6-31G(d,p) for other atoms.

remarkable to note that the change &@f for these organic 90° between thé’0O QC and CS tensors, in excellent agreement
carbonyl compounds is greater than 1100 ppm! The large spanswith the experimental results. In general, HF and B3LYP results
of the 170 CS tensors found for formaldehyde and p-nitroben- on 611 and 82, of the 7O CS tensor are very similar and
zaldehyde are due to the smaltm * energy gaps in these  considerably higher than the experimental values. In contrast,
compounds. MP2 calculations with large basis sets such as cc-pVTZ and
Quantum Chemical Calculations. Because we have ob- cc-pVQZ seem to show a better convergence and the results
tained accuraté’0O NMR tensor components for an aldehyde are in much better agreement with the experimental data. All
oxygen group, it is now possible to evaluate the accuracy of three methods yieldss values consistently more shielded than
guantum chemical calculations. The primary objective here is the experimental value by 50 ppm (ca. 1+18% on the
to examine the influence of electron correlation on individual absolute shielding scale). It is unclear at this time as to the origin
170 CS tensor components rather than the isotropic value alone.of this discrepancy.
We have performed extensive quantum chemical calculations Because it is computationally demanding to use MP2 and
for the 170 QC and CS tensors of p-nitrobenzaldehyde using large basis sets even for a small molecule |kgitrobenzal-
HF, B3LYP and MP2 methods. The computational results are dehyde, we performed more MP2 computations using locally
summarized in Table 1. All calculations predict= =y = dense basis sets. The detailed computational results are given
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as Supporting Information. It is clear that bd#o CS and QC

J. Phys. Chem. A, Vol. 112, No. 5, 2008029

TABLE 2: Principal Components of the 17O Spin-Rotation

tensors exhibit convergence so there is no additional benefit to Tensor, Rotational Constants, and Principal Components of

use basis sets beyond cc-pVTZ. We also explored other method
for shielding calculations as implemented in Gaussian 03: single
gauge origin (SGO), individual gauges for atoms in molecules
(IGAIM), and continuous set of gauge transformations (CS&T5.

Our computational results suggest that all these computational Myy (kH2)
methods produce comparable results (see the Supporting

Information).

Evaluation of the 70O CS Tensor in Formaldehyde.Now
we have developed a general sense regarding to the relationshipox (diamagnetic) 418
betweent’O CS tensor components and electron correlation for
an aldehyde oxygen. Here we extend our approach to examine
the 70O NMR tensors for formaldehyde. As mentioned earlier,
Flygare and co-workets4748 and Jamesdfl have reported
conversion of the experimentalO spin-rotation data to the
“experimental™’O CS tensor for formaldehyde. The relationship
between spin rotation constants and paramagnetic nuclear
shielding was established by Ram&ewand Flygaré? The

paramagnetic shielding tensor componenfs i{ = xx, yy, z2
are related to the spin-rotation tensor componeMis if = xx,
vy, 22 in the following fashion:

me M,

Mo € Zy 5 5
%(yN +z)  (4)

47 2m

Uy € Zy 5 5
ES(XN +z) (5

4 2m

Uy € Z 5 5

dmomd o N tTwW) o (6)
7 2M 4 R,

wheremp is the proton masgy is the nucleag-factor @y =

—0.75752 fort’0) 83 mis the electron mass,is the elementary
chargeA, B, andC are the rotational constantsy(yn, zv) are

the Cartesian coordinates of thth nucleus with the nucleus
of interest as the gauge origin, aRg is the distance between

he 7O Chemical Shielding Tensor (in ppm) for

ormaldehyde
Flygare® JamesofT this work
My (KHZ) 371+ 10 361.1+21.9 361.1+21.9
25+ 10 28.6+ 3.0 28.6+ 3.0
M, (kHz) -2+ 10 0 0.87
(GHz) 282.0290 281.9650 281.9650
B (GHz) 38.83528 37.812287 37.812287
C(GHz) 34.00316 33.214523 33.214523
415.81 415.8
oyy (diamagnetic) 468 465.15 465.1
02, (diamagnetic) 470 475.13 475.1
oave(diamagnetic) 452 452.03 452.0
ox (paramagnetic)  -160& 50  -1555+ 95 -1555+ 80
oy (paramagnetic)  -87& 300  -998+ 96 -998+ 80
0zz(paramagnetic)  -16- 100 -84+ 100 (—44p
oxx (total) -1182+50 -1139+100  -1139% 80
oyy (total) -4024+300  -533+ 100 -533+ 80
02, (total) 460+ 100 391+ 100 431+ 5
Oiso (total) -375+ 150  -4274+ 100 -414+ 60

aSee text for discussion.

C, and molecular geometry using eqs@, then to couple it
with theoretical results fooﬁ', because If one is only interested
oitima' =ob + oﬁ (10)
in the isotropic chemical shielding constaok, = (oxx + oyy
+ 023/3, the following equation holds within a few parts per
million4”
N 1 (M My Mo
Oiso ~ o(free atom 2mg. 3\ A B + c
(11)

As shown in Table 2, Flygare and co-work&r&+4® and
Jamesoff used the aforementioned method to obtain i@
chemical shielding tensor for formaldehyde. It is clear from the
above discussion that the accuracy oftf@ chemical shielding
tensor components depends critically on the experimental errors
in spin-rotation tensor components. In the case of formaldehyde,
the rather inaccurate experimentdD spin rotation constants

the Nth nucleus and the nucleus of interest. The summation in determined in 1965 and 1980 have imposed a severe limitation
the above equations goes over all the other nuclei in the on the accuracy of the resultad© chemical shielding tensor.
molecule. According to Ramsey formalism, the second contri- Inspection of the individual’O spin-rotation tensor components
bution to the total chemical (magnetic) shielding at the nuclear reveals that the accuracy M, is not so important to the fitting
position is the diamagnetic shielding, whose principal tensor of the rotational spectra, but crucial to the accuracyhfIn

componentsdj, ii = XX, yy, z2 are expressed as
g _HMo & o 2> 3,0
OXXZE%EVJ |(yN J’_ZN)/RN“/)D (7)
Mo €
0= om0+ 2R D (8)
Mo €
0% = 7o B 106 FWARS WD (9)

particular, while Flygare and LowWeobtainedM,,= —2 + 10
kHz, Cornet et af? claimed that the contribution dfl,, to
spectral fitting is negligible so its value was set to zero (i.e.,
2z= 0 exactly). However, an uncertainty &f10 kHz in M,
would introduce an uncertainty i, as large ast360 ppm
according to the first term of eq 6. In this study, in the absence
of any new!’O spin-rotation data, we propose a slightly different
approach to improve the accuracy of #i@® chemical shielding
tensor for formaldehyde. First, we follow the procedure of
Jamesoff to obtainoyy” andoyy® by couplingo?, andof), that
are converted from the spin-rotation data reported by Cornet et

al#2 in 1980 and theoretical values fof, and og .64 Second,

where y° is the ground-state wavefunction of the molecular because the paramagnetic shielding contribution along the
system. The diamagnetic shielding tensor can be readily direction perpendicular to the,8=O plane should be negligibly
calculated to high accuracy because it depends only on thesmall, the calculatetbtal shielding value along this direction
ground-state wavefunction of the molecule. Therefore, the is expected to be reliable to a high degree of accuracy. Thus
general approach to derive chemical shielding tensor componentsour approach is to directly use the theoretiaﬁia' as the best
is first to obtainai‘i’ from experimental results favl;;, A, B and,

estimate for an “experimental” value. For this tensor component,
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TABLE 3: Computed and Experimental 10O NMR Tensors for Formaldehyde Using Correlation Consistent Basis Sets and

Different Methods

method/basis set Jiso (PPM) 011 (ppm) 022 (ppm) 033 (ppm) Co (MHz)?2 Co (MHz)® 75
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-pvQZz 730.4 1470.6 860.9 —140.4 13.560 12.087 0.662
cc-pV5Z 7335 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-pVvs5Z 747.1 1531.3 830.4 —120.6 13.018 12.214 0.689
cc-pV6eZ 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-pvQZz 730.4 1470.6 860.9 —-140.4 13.582 12.531 0.664
cc-pV5Z 7335 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+ 60¢ 14264 8C¢ 8204 8CF —143+ 5° 12.37+ 0.0 0.694
12.354+ 0.0 0.692

a Calculated using the standard valueQ{f’0O) = —2.558 fn?. P Calculated using the calibrated valuesQ{t’0): HF, —2.28; B3LYP,—2.40;
MP2, —2.36 fn. For calibratedQ(*’0) values, see ref Z.Converted to chemical shifts using the chemical shielding data shown in Table 4 and eq

3. 9From ref 41.¢ From ref 42.

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

method basis set Oiso (PPM) ref

HF 6-31G(d) —429.B 67
6-3114G(2d,p) —465.7 67
6-311G(d) —422.7 68
qz2p —452.4 46
pz3dif —447.3 46
[12s8p4d2f]/[8s5p1d] —441.2 65
IGLO-III —415.6 45
GIAO, tz(2)p —414.8 45
cc-pVeZ —446.2 this work

DFT B3LYP/6-31G(d) —409.5% 67
B3LYP/6-311G(2d,p) —470.9 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 —3335 46
pz3dif —337.7 46
[12s8p4d2f]/[8s5p1d] —329.8 65
tz(2)p —310.2 45
cc-pVeZ —332.3 this work

MP3 [12s8p4d2f]/[8s5pld] —418.1 65

MP4 qz2p —371.4 71

L-CCD [12s8p4d2f]/[8s5pld] —418.0 65

CCsD qz2p —385.0 46
pz3dif —387.5 46

CCSD(T) qz2p —379.1 46
pz3d1f —383.1 46

aConverted to chemical shielding constants from the reported
chemical shifts using eq 3.

we expect that the uncertainty is within a few parts per million.
Our results are also shown in Table 2. While the errorsyin
and oy, are estimated on the basis of the uncertainty in the
experimental spin-rotation constants, the errar,jris obtained
from the estimated residual paramagnetic shielding in this
direction. It is interesting to see that, if we usfga' = 431
ppm ando?, = 475 ppm to “back-calculate’?, we geto?, =
—44 ppm. This value is between the two values obtained by
Flygare and co-workets4748and Jamesoff. It is even more
comforting to see that, if we use?, = —44 ppm and the
experimental molecular geometry of formaldehyde to “back-

calculate”M_, using eq 6, we obtaiM,,= —0.8 kHz, which is

in excellent agreement with that calculated by Cybulski and
Bishop#® using a linearized coupled cluster double excitation
(L-CCD) method.

Now that we have established a new set of “experimental”
170 chemical shielding tensor components for formaldehyde,
we can re-evaluate the accuracy of computational results. We
performed extensive computations for tH® NMR tensors
using HF, B3LYP, and MP2 methods and large correlation
consistent basis sets. The results are summarized in Table 3.
The computed’O QC tensors are in good agreement with the
experimental data. Here we focus our discussion on the
computed results for th€O CS tensor. There is little basis set
dependence in the HF results. As expected, resultgeshow
an excellent agreement with the “experimental” data. Bith
and 62, 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, bothd,, and d33 are in good agreement with the
experimental results, bul;; 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 compuied
and o2, components seem to overcompensate for the electron
correlation effect. In other words, the MP2 results underestimate
the paramagnetic shielding contributiondfy andd,, compo-
nents. This effect has been previously observed by Gawss.
note that Gauss and Stantbrralculated the!’O CS tensor
components for formaldehyde at the CCSD(T) level of theory:
o011 = —1107.7,02 = —469.4, andosz = 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 isotropict’O 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 isotropict’O chemical shielding constants for
formaldehyde/>46:656771 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
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Figure 8. Comparison of calculated and experimental isotréfi@ chemical shielding constants for formaldehyde. The error bars correspond to
the ranges of data shown in Table 4. The dotted line indicates the experimental value.

overestimates the electron correlation effect. The oscillatory by the Canada Foundation for Innovation, the Ontario Innovation
behavior observed between MP2, MP3, and MP4 values is alsoTrust, Recherche Qbec, NSERC, the National Research
typical of a perturbation approach. The overall shape of the curve Council Canada, and Bruker BioSpin and managed by the
shown in Figure 8 is quite similar to the trend observed by Gauss University of Ottawa (www.nmr900.ca). We are grateful to Dr.
and Stantoff for 1N chemical shielding of B\ A similar trend Bing Zhou for providing us with the SIMPSON simulation
has also been observed by Kaupp et?ah computed!’O results and to Professor Cynthia J. Jameson for helpful discus-
chemical shielding constants of ozone. We can conclude thatsion.
the electron correlation is the common origin in these systems.
It appears that CCSD(T) computations give fairly good results  Supporting Information Available: Additional results of
compared with the experimental value, bearing in mind the the 170 NMR tensors fomp-nitrobenzaldehyde from quantum
intrinsic uncertainty in the experimental value for formaldehyde. chemical calculations (2 tables). Graphic representation of the
data shown in Tables 1 and 3 (2 figures). This information is
4. Conclusion available free of charge via the Internet at http://pubs.acs.org.

We have experimentally measured #® QC and CS tensors
for the carbonyl oxygen ip-nitro-[1-17O]benzaldehyde. The
results represent the first set of reliaBl® NMR tensor data (1) Lemaitre, V.; Smith, M. E.; Watts, ASolid State Nucl. Magn.
for the carbonyl oxygen from an aldehyde functional group. Reson2004 26, 215.

Extensive quantum chemical calculations suggest that electron, nr(ﬁr)sVzV(;g Sbsfgngl- Nucl. Magn. Reson. Spectro2008 doi: 10.1016/
correlgtlon plays a significant role in determining th&@© o (3) Hu, J.; Chekmenev, E. Y.; Gan, Z.; Gorkov, P. L.; Saha, S.; Brey,
chemical shielding within the HC=O plane. We found that,  \y \.: Cross. T. A.J. Am. Chem. So@005 127, 11922.

while HF and B3LYP calculations usually underestimate the (4) Chekmenev, E. Y.; Waddell, K. W.; Hu, J.; Gan, Z.; Wittebort, R.
electron correlation effect, MP2 considerably overestimates its J.; Cross, T. AJ. Am. Chem. So2006 128 9849.

contribution. We have also proposed a new way of constructing ___(5) Kwan, I. C. M;; Mo, X;; Wu, G.J. Am. Chem. So2007, 129,
an “experimente_ll’i_70 Chemi(_:al Shie|7ding t_ensor f(_)r formalde- (é) Wu, G.; Yamada, KSolid State Nucl. Magn. Resd®003 24, 196.
hyde by combining experimental’O spin-rotation tensor (7) Wong, A.: Thurgood, G.: Dupree, R.; Smith, M. Ehem. Phys.
components and theoretical tensor components. A comparisorpoo7, 337, 144.

between experimental results and theoretical ones suggests that (8) Wu, G.; Yamada, K.; Dong, S.; Grondey, Bl. Am. Chem. Soc.
CCSD(T) results are in reasonable agreement with the experi-2000 122, 4215.

mental values. This indicates that the electron correlation in (%) Yamada,K.; Dong, S.; Wu, @. Am. Chem. So200Q 122, 11602,

: . (10) Dong, S.; Ida, R.; Wu, Gl. Phys. Chem. £00Q 104, 11194.
formaldehyde is well described by the CCSD(T) method. (1) Dong, S.. Yamada, K.. Wu, &. Naturforsch. A2000 55, 21.

. (12) Wu, G.; Hook, A.; Dong, S.; Yamada, K. Phys. Chem. 2000
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