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Theoretical Investigation of 1% NMR Chemical Shielding Tensors in Fluorobenzenes
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We report the theoreticatF NMR shielding tensor magnitudes and orientations for a series of fluoroaromatic
species, together with a comparison with experimental results. We discuss results for HeotrkgHF)

and second-order MgellePlesset theory (MP2) geometry optimized structures and HF-gauge including atomic
orbitals (HF-GIAO), sum over states-density functional theory-independent gauges for localized orbitals (SOS-
DFT-IGLO) and MP2-GIAO shielding calculations, for several basis set arrangements. In general, MP2 and
DFT methods show few improvements over HF methods, at the expense of time (MP2) and accuracy (MP2
and DFT). Pure density functionals overestimate the tensor breadths (spans), an effect that is only partially
offset by use of hybrid exchange correlation functionals. HF-GIAO methods in general give good overall
predictions of'°F shielding tensor elements. In the case of potassium tetrafluorophthalate, we also demonstrate
that use of the charge field perturbation-IGLO technique provides accurate shielding tensor elements, as well
as accurate shielding tensor orientations. We also report the calculation of the shielding derivatives,

for the % nucleus in fluorobenzene (and HF) and thknucleus in benzene. Surprisingly, the derivative
along the G-F bond axis §o22/dr) is quite large, 460 ppm A&, unlike that expected and found in HF, or in
benzene, indicating a strong p-orbital interaction with the benzene ring'*Frshielding tensor results are

thus quite sensitive to the actual bond lengths employed (derived from geometry optimizaitons), with MP2
optimization permitting the best accord with experiment. Overall, MP2 optimization and HF-GIAO shielding
tensor calculations were found to give the best results, consistent with previous isotropic chemical shift/
shielding results.

Introduction etry optimization but found the MP2-GIAO method to over-
estimate the experimental chemical shifts, an effect also noted
by Fukui? Webb and co-workers also observed that an extension
of basis sets in DFT GIAO calculations (using a B3LYP
functional) impaired the quality of the calculations. Their work
did not, however, report the effects of electron correlation and
basis sets on either the magnitudes or orientations of the
individual shielding tensor elements, which is thought by many
to be a more stringent test of theory since there is less likely to
be any fortuitous cancellation of errors. Consequently, we have
investigated the effects of geometry optimization, electron
correlation, and basis set effects on both the magnitudes and

Fluorine-19 nuclear magnetic resonance (NMR) investigations
have been of interest for many years, due in large part to the
experimentally attractive properties &%, including 100%
natural abundance, spin= 1/, and a large magnetogyric ratio.
Indeed, many of the early discoveries dfcouplings and
chemical shifts involved thé%F nucleus, and in more recent
yearsF has been used as a probe of macromolecular structure
where the large chemical shift range '8F has enabled well-
resolved spectra ofF-labeled proteins to be investigated.
These studies have been accompanied by theoretical investiga

tions of 19F shielding and J-couplings? and there has been ; _ oo : -
g P9 | the orientations of individual chemical shielding tensor elements

considerable interest in using both ab initio quantum chemical . X .
and density functional theory (DFT) methods to investigate shifts in a series of fluorobenzenes. The results are of general interest

(or shielding) in both simple and quite complex systérhs. in the context of our current investigations b?K: and “°F

In early work, de Dios and Oldfiefditilized ab initio methods shielding in proteins and model systems in which HF-GIAO
to investigate the large range of isotropic chemical shifts and Methods have, for the most part, been used.
chemical shift tensor elements in a series of fluorobenzenes.
Using a Hartree Fock self-consistent field with gauge including Computational Methods
atomic orbitals (SCF-GIAO) methddf these workers found that
experimental’® NMR chemical shifts and shift (shielding)
tensor elements were quite well correlated with experimenta
values. More recently, Webb and co-workers have made more>" " . )
detailed investigations of the effects of electron correlation and individual gauges for localized orbitals (SO?-DFPT-IGLO)
basis sets on geometry optimization 4P chemical shielding ~ @PProach using the program deMon-KS3p22 for NMR
in fluorobenzenedd These authors reported that inclusion of Shiélding calculations. Second, we carried out Hartfeeck

dynamic electron correlation was necessary for accurate geom-92uge including atomic orbitals (HF-GIAO), second-order
Mgeller—Plesset-GIAO (MP2-GIAG$~15 and uncoupletf

* To whom correspondence should be addressed. Fax: (217) 244-0997.DF T-GIAO shielding calculations using Gaussian‘d&everal
E-mail: eo@chad.scs.uiuc.edu. basis set schemes were used, to compare our results with those

The results described in this paper were obtained by using
| several different approaches. In the first, we used the coupled
sum-over-states density functional perturbation theory with
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TABLE 1: Slope and R? Values of Theoreticat vs Experimental 1°F Chemical Shielding Tensor Elements for HF- and
MP2-Optimized Fluorobenzene8

optimization NMR ou 022 033 T Tiso”
method method slope R? slope R? slope R? slope R? slope R?
HF HF 0.97 0.93 0.27 0.09 0.88 0.9 0.98 0.99 0.99 0.99
MP2 HF 1.10 0.98 1.10 0.83 0.83 1.00 0.91 0.98 0.89 0.98
MP2 MP2 0.80 0.96 0.31 0.15 1.07 1.00 0.90 0.99 0.99 0.99

2The absolute shielding tensors are presented in the Supporting Information, Tabl88.8NMR calculations employed a locally dense
6-311++G(2d,2p)/6-311G basis set. Experimental data is from ref Z8e slope and?? values for the isotropic shielding were plotted from all
theoretical values and solution NMR data presented in ref 8 and references therein.

of previous workers:”-8 All Hartree—Fock and MP2 geometry  Alliance (NCSA) in Urbana, IL. All structures were generated
optimizations utilized a uniform 6-31G(d,p) basis et. and visualized in Cerius2 4.0 (Molecular Simulations, Inc. San

For the coupled SOS-DFPT-IGLO shielding calculations, we Diego, CA).
used an IGLO-IR® basis on all atoms together with a Beck&d8 _ _
exchange functional and a gradient corrected functional Fv1.  Results and Discussion
A second set of SOS-DFPT-IGLO calculations employed the  \ye first investigated the effects of different methods of

PW9F2! exchange functional as well as the PW9% cor- geometry optimization on the magnitudes of the individual
relation functional with an IGLO-IF® basis. The DFT-GIAO  chemical shielding tensor elements in a series of fluorobenzenes.
shielding calculgtlons in Gaussian 98 utilized e!ther the Becke88 We show in Table 1 the slopes am? values obtained by
exchange function#l and the PW9%"??correlation functional  pjotting the theoretical shieldings (Tables-S33) vs the solid-
(BPW91) or Becke’s three-parameter hybrid functiéhand  state NMR chemical shielding&or seven fluorobenzenes. Also
the Lee, Yang, and Parr correlation functional (B3LY#The shown in Table 1 are the values generated from the solution
DFT-GIAO shielding calculations employed two basis set NMR data presented in ref 8. We first chose to compare the
schemes, a uniform 6-3%H-G(2d,2p) basis or alocafydense  HF geometry optimization results first reported by de Dios and
6-311++G(2d,2p)/6-311G(d,p) basis set. All shielding values  Q|dfield® with the MP2 optimization results reported by Webb
used in data analysis are included in the Supporting Information. and co-workerg. Although both groups reported favorable
The HF-GIAO shielding calculations employed three different experimental vs theoretical isotropic chemical shift results, we
basis set schemes. The first was a locally d&&811+G(2d) find that the slopes anB? values of the HF-GIAO isotropic
basis on fluorine and 6-311G(d,p) on carbon and hydrogen, shielding calculation vs the experimental shift for MP2-
corresponding to the scheme used by de Dios and Oldfield. optimized structures are slightly worse than when using the HF-
The MP2-GIAO calculations, as well as one set of HF-GIAO optimized structures, when considering all of the solid state
calculations, employed a locally dense 6-3HG(2d,2p)/6- values. There is no significant difference in the slopes &hd
311G(d,p) basis. Finally, a full 6-3%#H-G(2d,2p) basis set on ~ values for the solution states, values obtained from ref 8.
all atoms was also used for an additional set of HF-GIAO and The MP2 opt/HF-GIAQu; values are in worse agreement with
DFT-GIAO shielding calculations. experiment than are the HF/HF-GIAO results, for both solid-
Finally, we employed a charge field perturbation (CFP) State shielding tensor element and solution state isotropic

approach®27 to investigate the effect of electrostatic fields in chemical shift results. _
the case of the tetrafluorophthalate dianion model. An explicit ~ Although the MP2 optimization does not appear to result in
tetrafluorophthalate dianion was surrounded by a charge field 21y overall improvement in calculation ofi or ois, values,
based on 53 additional tetrafluorophthalate dianions as well as®Ur results do show one interesting effect, which is that there is
the appropriate potassium counterions. Point charges used t§" improvement in the calculation of the, tensor element for
represent these species were obtained from a consistent valenc'® MP2-optimized structures, as shown in Table 1. For
force field (CVFF)28 The point charge calculations were carried €X@mple, the HF-GIAO ZNMR results show an |mpr0\2/ement
out in deMon-KS3p2 using the SOS-DFPT-IGLO method with froma sIope; 0.27 aan - 0.09 to a slope= 1.'10 andr® = .
an IGLO-III® basis on all explicit atoms together with the 0.83. There is also a slight improvement seen in the correlatlons
Becke88° exchange functional and a gradient-corrected PW91 of o11 and gss; however, the slopes afi, andoss are either
correlation functionatl-22 unchanged or sllghtly Worse..The improvement seen wp&lae
The systems used for comparison with solid-state NMR tensor element might be attributable to two factors. First, the

hieldi B " o2 shielding tensor element has the smallest experimental shift
shielding tensor data were monofluorobenzene, 1,2-difluoroben- 506 of any of the three tensor elements. Consequently, even

zene, 1,3-difluorobenzene, 1,4-difluorobenzene, 1,3,5-rifluoro- gma| changes in the theoretical (or experimental) tensor element
benzene, 1,2,4,5-tetrafluorobenzene, hexafluorobenzene, 1,2,3,4;5 65 might produce a large difference in the statistics. Second,

tetrafluorobenzene, potassium tetrafluorophthalate, tetraﬂuoro-theo22 tensor element might be rather susceptible to errors in
phthalate, and 1,2,3,4-tetrafluoro-5,6-dimethylbenzene. Mol- ¢ hond length. This second alternative would appear less
ecules used for additional comparisons with solution-state NMR jikely sincess, is along the G-F bond, and, at least in diatomics,
data were 1,2 3-trifluorobenzene, 1,2,4-trifluorobenzene, 1,2,3,5-yould not be expected to change with changes in bond length.
tetrafluorobenzene, and 1,2,3,4,5-pentafluorobenzene. Nevertheless, since we are not dealing with diatomics, we
All calculations were carried out on IBM RS/6000 (model calculated thé’F NMR chemical shielding tensor elements of
3CT; IBM Corporation, Austin, TX) and Silicon Graphics Origin  monofluorobenzene and, for comparison, HF as a function of
200 (SGI, Mountain View, CA) computers in this laboratory bond length. In HF, the HF bond length was increased
and on the Silicon Graphics Origin 2000 and HP-Convex systematically from 0.865 to 0.925 A, while insl@sF, the CG-F
Exemplar SP-2000 (Hewlett-Packard Company, Palo Alto, CA) bond length was increased from 1.330 to 1.366 A, a range that
computers located in the National Computational Science includes the geometry-optimized bond lengths for both Hartree
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TABLE 2: Shielding Derivatives with Respect to Bond Length (ppm/A)ab

tensor element/
derivative orderrf) CeHsF HF-GIAO GHsF BPW91-GIAO GHsF B3LYP-GIAO GHe HF-GIAO H—F HF-GIAO

o011 (1) -220 —431 -372 -20 -578
011(2) ~1615 —2341 —2222 70 —2026
022 (1) 424 485 480 3 —578
022(2) ~1319 -923 —1068 —54 —2026
o33 (1) -588 ~751 -718 —22 —4
033 (2) ~1745 2653 —2484 59 21
Oiso (1) —128 —232 —203 ~14 -387
Oiso (2) ~1558 ~1972 ~1924 24 —1343

aThe derivatives represent the valu@s/fr) and ©20/d%r) and are given in units of ppm/A and ppn#A& The absolute shielding tensors are
presented in the Supporting Information, Tables-S8.

425 show this effect, which must originate from a strdfig p-orbital
interaction with the benzene ring. This observation therefore
raises the possibility that the large improvementsznseen in
M Table 1 on going from an HF- to an MP2-optimized structure
might be due primarily to changes in-& bond length. These
368 results also suggest that geometry optimization may be a more
M important consideration when calculating individual shielding
tensor elements than for the isotropic shifts, as suggested for
325 example from the results shown in Figure 1.

To investigate in more detail the effects of electron correlation
and basis sets on the calculation of individual tensor elements,
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285 we plotted theoretical vs experimental shielding tensor element
e e D SN results for the seven substituted fluorobenzene molecules, Table
s 13 1om  1m  1an 1w 1ses  1m  1aem 1 3 (absolute shieldings available in Tables-S219). For the
C-F Bond Length (A) MP2-optimized structures, all basis sets used in the HF-GIAO
Figure 1. Graph showing the theoretical monofluorobenzEReNMR method performed similarly well, with the exception of the D95
chemical shielding tensor elements and isotropic shift as a function of basis set, which underestimated andgis, significantly. The
C—F bond length: ©) o13; (O) 022 = 033, (*) Gisotropic uncoupled DFT-GIAO methods were found to generally over-

estimate the slope of the individual tensor elements, while
predicting the isotropic values with better accord with experi-
ment than did HF-GIAO methods. The coupled SOS-DFPT-
IGLO methods computed in deMon-KS3p2 also overestimated
the tensor elements, while the isotropic values were in better
accord with experiment than either HF-GIAO or MP2-GIAO
calculations. The overestimation of shielding tensors via DFT
methods has been reported previously for both DFT-GIAO and
DFT-IGLO methods$232 Our results also show a general
increase in shielding with basis set extension for DFT-GIAO
methods, in agreement with the results of Webb &Génerally,

Fock (1.331 A) and MP2 (1.358 A) calculations, the microwave
gas-phase value (1.354 &) and an experimental X-ray value
(1.364 A)31 We also calculated thi#H shielding as a function

of C—H bond length for benzene, using—El bond lengths
ranging from 1.08 to 1.105 A. HF-GIAO shielding calculations
were used for all three molecules, and in addition, we used DFT-
GIAO with both B3LYP and BPW91 functionals to calculate
the 19F shielding in GHsF. The shielding derivatives were
expressed in terms of a Taylor series expansion of the shielding
as a function of bond lengttr)(

90 152 ) MP2-optimized structures show a larger DFT-GIAO overesti-
o(r)=o(ry) + (§) (r—ry+ E(_Z) (r=ry+ mation for each of the tensor elements than does use of an HF-
o or/r, optimized geometry.
1 &7 r—r )3+ More generally, these results indicate that the use of HF
6\ 53 o " methods (geometry optimization and HF-GIAO calculations)

give the best overall slope aid values for all tensor elements,

As can be seen in Table 2 (and Tables-S8), the first- although there is more scatter in,, Table 3. The results of
order shielding derivatives fars3 (along the H-F bond) in HF Table 3 also clearly indicate that the use of the pure density
and foros, (along the C-H bond in benzene) are very small, functional, BPW91, overestimates the shielding range, inde-
with the major shielding changes as a function of bond stretch Pendent of geometry optimization method or basis set; B
being perpendicular to the displacement axiS, as expected'zs%. While the iSOtI’OpiC Sh|e|d|ng results have less error, this
Surprisingly, however, for the fluorine nucleus in fluorobenzene, arises from a cancellation of errors in the individugltensor
the shielding derivative along the-& bond Qo22/dr) is very element calculations. Addition of HF exchange in the hybrid
large, about 460 ppm/A, Table 2 and Figure 1, and is essentially functional, B3LYP, reduces the error, Table 3, but still
independent of the method of calculation, Table 2. While the Overestimates the; tensor element range by about-120%.
derivativedo,,/or is indeed smaller thaboss/ar, Figure 1 and Finally, we consider the orientations of tH& NMR shielding
Table 2, the very large first-order shielding derivative along tensors. Solid staté®’F chemical shielding tensor orientations
the C-F bond in fluorobenzene means that even relatively small in fluorobenzenes have been determined experimentally in both
changes in &F bond length on geometry optimization are likely ~ single crystat* and powdet® samples (from multipulse hetero-
to make significant contributions to the magnitudeste. The nuclear decoupling experiments). The most shielded component,
observation that,, is quite susceptible to bond length changes o33 was found to be perpendicular to the plane of the benzene
was not expected and neither HF nor the H nuclei in benzenering, while the least shielded component;, was reported to
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TABLE 3: Slope and R? Values of ExperimentaP® vs Theoretical 1 Chemical Shielding Tensor Elements and Isotropic Shift
for MP2- and Hartree —Fock-Optimized Fluorobenzenes

ou 022 033 Oii Oiso

program  OPT method  NMR method  basis slope R? slope R? slope R? slope R? slope R?

G98 MP2 HF 1 1.10 0.98 1.10 0.83 0.83 1.00 0.91 0.98 0.83 1.00
G98 MP2 MP2 1 0.80 0.96 0.31 0.15 1.07 1.00 0.91 0.99 0.83 1.00
G98 MP2 DFT-BPW91 1 1.13 0.98 .79 .60 1.07 1.00 1.20 0.99 0.92 0.99
G98 MP2 DFT-B3LYP 1 1.10 0.98 1.16 0.75 1.06 0.99 1.10 0.99 0.85 0.99
G98 MP2 HF 2 1.12 0.99 1.05 0.83 0.83 1.00 0.93 0.98 0.77 0.97
G98 MP2 DFT-BPW91 2 1.16 0.98 0.74 0.57 1.12 1.00 1.23 1.00 0.97 1.00
G98 MP2 DFT-B3LYP 2 1.14 0.98 1.12 0.77 1.09 1.00 1.12 0.99 0.89 0.99
G98 MP2 HF 3 0.76 0.88 1.00 0.84 0.91 0.99 1.12 0.96 0.64 0.94
G98 MP2 HF 4 1.10 0.98 1.10 0.83 0.83 1.00 0.91 0.98 0.83 1.00
deMon MP2 DFT-PW91 5 1.10 0.98 0.53 0.32 1.12 0.99 1.19 0.99 0.98 1.00
deMon MP2 DFT-BPW91 5 1.18 0.97 1.11 0.82 .96 1.00 1.15 0.99 0.85 0.99
G98 HF HF 2 0.97 0.93 0.27 0.09 0.88 0.99 0.98 0.99 0.82 0.97
G98 HF DFT-BPW91 2 0.90 0.95 0.02 0.00 1.15 0.99 1.29 0.97 0.99 0.90
G98 HF DFT-B3LYP 2 0.90 0.95 0.46 0.12 1.12 1.00 1.19 0.99 0.97 1.00

2The absolute shielding tensors are presented in the Supporting Information, TablB8 8ad S9-S19.° The basis sets are described in the
computational methods: 1, locally dense, 6-3#1G(2d,2p)/6-311G 2. 6-31+G(2d,2p); 3, D95; 4, locally dense, 6-3tG(2d)/6-311G(d,p); 5,
IGLOIII.

o144 TABLE 4: Rotation Angle of the 1%F Theoretical Shielding

Tensor about gss, the Tensor Element Perpendicular to the
Ring Plane
022

cy angle, angle,
model atom deg model atom deg

/ CsHsF F 0 1,2,3,4-GH.F, Fia 11

‘ 1,2-GH4F> F 12 1,2,3,4-GHoF4 Fo3 0

1,3-GH4F; F 0 1,2,3,5-GH.F, Fi3 10

1,4-GHJF> F 0 33 0

1,2,3-GHsFs  Fi3 11 K 0

F 0 1,2,4,5-GH.F4 Fi245 14

1,2,4-GHsF: F 12 1,2,3,45-gHFs  Fis 13

F 10 Fa 31

Fq 0 Fs 0

A 1,35-GHsFs  Frss 0 GCoFe Fis 0

Figure 2. Orientation of the principal components of tHE shielding
tensor elements for (A) monofluorobenzene and (B) 1,3,5-trifluoro-
benzene as computed by using HF-GIAO on MP2-optimized models.

2 The angle is measured with respect to the in-plane tensor element
that makes the smallest angle with the-Ebond.

O11 11

A B

Figure 4. Orientation of the principal components 8F shielding
tensor elements for 1,2,3,4-tetrafluorobenzene as computed by using
(A) HF-GIAO and (B) MP2-GIAO methods. The figure shows a switch

in the in-plane tensor elements; ando; between theoretical methods.

A B

Figure 3. Orientation of the principal components of tKE shielding
tensor elements for (A) 1,2-difluorobenzene and (B) 1,2,4,5-tetrafluoro- ortho substitution. The calculated tensor orientations also show
benzene as computed by using HF-GIAO on MP2-optimized models. a switch in the orientations efi; andos; in hexafluorobenzene,
with 011 parallel to the C-F bond axis andr; perpendicular
be perpendicular to the-€F bond andr; to be parallel to the to the C-F bond axis. Each computational method yielded very
C—F bond axis. The single-crystal result indicated a slight similar tensor orientations, with the main difference being the
rotation (£—3°) of 011 and o2, with respect to the €F bond degree of rotation abouts; for the ortho-substituted fluorben-
vector. As shown in Figure 2, our theoretical results are in zenes, Table 4. The only major difference seen was between
excellent agreement with experiment for fluorobenzenes lacking HF- and MP2-calculated tensor orientations in 1,2,3,4-tetra-
ortho neighbors. However, as shown in Figure 3, a slighi({) fluorobenzene. The HF tensor orientations were in agreement
rotation of g1; and o0,, aboutoss is seen for fluorobenzenes  with the single-crystal orientations reported for tetrafluorophtha-
containing ortho neighbors. Our results also exhibit varying late* as shown in Figure 4, while the MP2 results showed a
degrees of rotation abouts, dependent upon the degree of switch in 011 and o2, tensor orientation forF, (Figure 4).
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TABLE 5: Slope and R? Values of ExperimentaP* vs
Theoretical 1% Chemical Shielding Tensor Elements and
Isotropic Shift for Tetrafluorophthalate Model Compounds

method

opt NMR slope R?

model 1 HF HF 0.84 0.95
model 1 MP2 HF 0.71 0.95
model 1 HF DFT-IGLO 0.94 0.94
model P HF DFT-IGLO 1.18 0.99

model 2 HF HF 1.19 0.99
model 3 HF HF 1.03 0.99
model 3 MP2 HF 0.90 0.98
model 4 HF HF 0.97 0.99
model 4 MP2 HF 0.91 1.00
model 4 MP2 MP2 1.04 1.00
model 4 HF DFT-IGLO 1.12 0.99
model 4 MP2 DFT-IGLO 1.25 1.00

aThe models and methods are as described in the’t&kiese results
are from the charge field perturbation calculations.

However, this effect appears to be simply due to the fact that
the 19 tensor is essentially axially symmetric in both cases, so
even very minor changes in shielding can result in a switch in
the ordering of the tensor elements.

In the case of the salt, potassium tetrafluorophthalate, we
adopted two different approaches to investigateRhandF;
shielding tensor magnitudes and orientations. With such ionic
species, it is expected to be more difficult to reproduce the

experimental results since use of, for example, a single potas-

sium tetrafluorophthalate “molecule” would not adequately
reflect the electrostatic field effects and coordination numbers
present in the crystal. As expected, initial calculations on the
tetrafluorophthalate dianiorl, provided poor accord with

F Fy F Fy
Fp Fo' Fo F
0—~cC cC—O HO—C, C—OH
N\ 7 V4
o] O o]
1 2
F Fy' Fq Fy'
Fa Fy' Fa F'
HaC CHs H H
3 4

experiment (Table 5); however, use of the diazidr even the
model compound8 and4 all provided good agreement with

Sanders and Oldfield

o
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Figure 5. Graph showing correlation between tetrafluorophthaiite
experimental tensor elements and isotropic shift, and®helF-GIAO
theoretical tensor elements and isotropic shielding for 1,2,3,4-tetra-
fluorobenzene model compound (mo®l < representd-; tensor
elements ane represents F2 tensor elements. The correlation yields
a slope= 1.03 andR? = 0.99. Experimental results are from ref 34.
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Figure 6. Graph showing the correlation between tetrafluorophthalate
dianion °F experimental tensor elements and isotropic shift and the
DFT-IGLO theoretical tensor elements and isotropic shielding for
tetrafluorophthalate dianion (mod#l. The model calculation without
presence of a charge field is representedhyslope= 0.94, R> =
0.94. The results represented ®yare for the model calculation in the
presence of a charge field; slopel.18,R? = 0.99.
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The MP2-optimized MP2-GIAO calculation for mod&tesults

in a slope of 0.97 with af? of 0.99, while the HF-optimized
HF-GIAO results for moded are virtually identical to the HF/

HF model3 results, having a slope of 1.04 and BAof 1.0.
These results all clearly suggest that the relatively large scatter
in model 1 has its origin in the lack of charge balancing
counterions. Consequently, we investigated the charge-field
perturbation method used previously to evalu&é shielding
tensors in the zwitterionic amino acidsthreonine and.-
tyrosine® In these calculations, we assigned basis functions to
a single tetrafluorophthalate dianioh),then surrounded this
anion with a charge field derived from point charges representing

experiment, reproducing the experimentally observed tensor53 additonal potassium tetrafluorophthalates, plus two additional

magnitudes (including the “ortho-effect”) and orientations quite
well, Table 5 and Figure 4A.

charges for the central potassiums. We used the deMon program
to compute the shielding tensors for both the isolated tetra-

The results are model-dependent, and best accord withfluorophthalate dianion as well as the charge field perturbed

experiment was achieved by using Hartré®ck-optimized
model 3, an electroneutral species, in a Hartré®ck NMR

species, and results are shown in Table 5 and Figure 6. Clearly,
there is a major improvement when using charge field perturba-

shielding calculation, basically the same result as found for the tion, with an excellent accord between theory and experiment

HF/HF calculations shown in Table 3. Plotting the results of
this HF/HF calculation against the experimental results yields
a slope of 1.03 and aR? value of 0.99, as shown in Figure 5.

being found. In addition, the tensor orientations in the CFP
model are found to be in better agreement with Griffin’s
experimental observatioffsthan for the tetrafluorophthalate
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In summary, the results we have presented above indicate
that neither MP2-GIAO nor DFT shielding calculations provide
any obvious improvements in theory-versus-experiment cor-
relations of chemical shielding tensor elements in fluorobenzenes
over Hartree-Fock methods. Indeed, in systems in which
electron correlation is unimportant, as might be expected, pure
density functionals and even hybrid functionals perform rather
poorly when compared with HF methods. Of course, in systems
where electron correlation is expected to be very important, DFT
methods may be the method of choice, but for systems such as
amino acids in proteins or fluoroaromatic species, it appears
B that HF methods are quite adequate for investigating both
shielding tensor magnitudes and their orientations.

N

A

Figure 7. Orientation of the principal components of € shielding
tensor elements for (A) tetrafluorothalate dianion and (B) tetrafluo- . .
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