8766 J. Phys. Chem. A998,102,8766-8773
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The shielding of several nuclei for molecules in magnetic fields was examined via B3LY PA6ZBdif,-

3pd) calculations using the MP2/6-31G* geometries. Both the gauge-invariant atomic orbital (GIAO) and
individual gauges for atoms in molecules (IGAIM) methods were employed, and the molecules were the
isoelectronic seriesFCIF, CHF, CHsNH3™, FNH;t, and FGECH. The main paramagnetic contributions
arose from ther andsr’ molecular orbitals (MOs) interacting with ther MO. The & interaction leads to
deshielding in all cases. However, for theMO in which the two p atomic orbitals have opposite phase,
one nucleus is deshielded but the other is shielded. This appears to be a general phenomenon.

1. Introduction F, FCl

The °F of CIF has been found to be shielded relative to F
whereas the Fis, as expected, strongly deshieldedrluoride
ion should have the largest diamagnetic shift of all fluorine
containing compounds because it is spherically symmetric and
has completely filled s and p shells. Therefore the greater
shielding found for CIF must be due to a shielding “paramag-
netic” term that involves the interaction between a filled and
an orthogonal virtual orbital in the presence of the magnetic
field.

Cornwell presented an analysis of the chemical shift of the _,
fluorine of CIF2 and determined that it arises from the
interaction of the filledr' orbital that has a node between the
p orbitals with the virtuab* orbital (Figure 1). The interaction
of the lower energyr molecular orbital (MO) (in which the p
orbitals have the same phase) withleads to deshielding at
both F and CI. This feature is found in many molecules
including fluorine, and also ethylene, in which the interaction
of the r orbital (which is the highest filled orbital) witlo™ Figure 1. Schematic representation of the 7' and o* MOs of F,
leads to deshielding of both carbons. For herbital of CIF, FCI, and CHF.
the two p orbitals have opposite phase. The larger coefficient 2. Theory
is at chlorine for ther' orbital because in the MO the larger
coefficient is at the more electronegative fluorine. Thus, the
chlorine interaction will dominate and lead to deshielding of
the chlorine in its interaction witle*. Cornwell showed that
the consequence of the differencetorbital phase at chlorine

Calculation of j@. The nuclear shielding tensor for a given
nucleus can be obtained by calculating the first-order magneti-
cally induced electronic current densify?), from which the
shielding density at a pointmay be obtained &s

vs fluorine is that the current density at fluorine will be in the N 21

. . . ; r) = —(1/cB)[r Nir 1
opposite sense to that for chlorine. As a result, fluorine will Tap ") ( JUNE s ") Ng]‘* (1)
be shielded, as is observed experimentally. In this expressiong.gY, a tensor quantity, denotes the nuclear

We carried out a further examination of this system, and of shielding for nucleusN along theo-axis when a magnetic field
some related isoelectronic molecules in which the same is applied along thg-axis, andry is the position vector relative
phenomenon should be observed, using modern computationato nucleusN. The total shielding for the nucleus is then derived
methods. The basic analysis according to Cornwell provides aby integrating the shielding density over all space:
convenient framework for interpreting the important contribu-
tions to the shielding in a variety of circumstances. oaﬂN = j; oaﬁN(r) dr (2)

T Yale University. When a closed-shell molecule is placed in a static, homoge-
* Lorentzian, Inc. neous magnetic field, the first-order induced electronic current
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density in eq 1 can be expressed within the Hartfeeck
framework as:

N « " N
J O =- —an > [0 pe® + ¢V pe®] — (€2Ime) S A(r)pLO(r) @)
N =1 o = )
Y Y
paramagnetic diamagnetic

Here, the summation is over theoccupied MOsp is the linear
momentum operator for a single electrgi® are the ground-
state MOs ¢! are the first-order corrections ©, e is the
electronic charge, and is the electron mass. The vector
potentiaf

A(r)=%Bx[r—r0]

describes the uniform magnetic fieRlwith gauge origin at,,
and pi(r) are the ground state MO electron densities. In this

expression, the first term is known as the paramagnetic part,
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where|0Crefers to the electronic ground state, anddenotes
the electronic excited states.

The Gauge Problem. Becausg® and theoqgN which are
derived from it are physical observablg4) must not depend
on the choice of gauge origin (i.e., it must be gauge-invariant).
Computationally, this condition is met only in the limit of a
complete basis set. Because complete basis set calculations are
not possible, the calculated values P will always be
dependent upon the gauge origin to some extent. Note,
however, that even in the limit of a complete basis set, the way
in whichj®@ is partitioned into the diamagnetic and paramagnetic

terms doesdepend on the choice af;, The gauge origin

dependence in the diamagnetic part is explicit in the vector
potential, whereas in the paramagnetic part it is implicit in the
A,

In a conventional CPHF calculation, the single gauge origin

and the second term, which depends only on the ground-stateis usually placed at the molecule’s center of nuclear charge,
charge density, is known as the diamagnetic part. Note thatalso known as the “common origin”. But unless the molecule

becausg® is obtained as a sum over theoccupied MOs, it
is possible to calculate the shielding contributions originating
from each MO individually. In addition, one can obtain the
diamagnetic and paramagnetic contributions separately.

The ¢ in the paramagnetic term are determined as expan-
sions on the basis of the unperturbed virtual MOs:

virtuals

1) _ 1 0
o= ¢,

p

(4)

where the occupiedvirtual expansion coefficients,® are
solutions to the coupled-perturbed Hartréeck (CPHF) equa-
tions® (or, if a density functional method is used, they are
coupled-perturbed KoknSham (CPKS) equatiofis

occvirt

> > [ilpa) — ilpi)ley™ — @,V IHPIg 0

T4
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The first-order correctiongy®), to the ground-state MOs arise
because of the magnetic field perturbation, which in eq 5 is
implicit in H®:

H® = (@2moB-[(r — ry) x pl (62)

H® = (e/2mdB-L (6b)
whereL is the angular momentum operator for a single electron
with respect to the gauge origin,. The sign and magnitude
of the expansion coefficients,i*), and therefore the;(%, are
thus determined by the matrix elements

(9, IB LI "0

is small and the basis set is quite large, common-origin
calculations do not typically give accurate nuclear shielding
results. To minimize the error associated with finite basis set
calculations, computational methods have been developed which
use multiple-gauge techniques. For example, the gauge-
invariant atomic orbital (GIAO) methddassigns a gauge origin

to each atomic-like basis function used in the expansion of the
MOs. In the IGLO method,the canonical molecular orbitals
are transformed into a localized set, and an individual gauge
origin is placed at the centroid of electronic charge of each
orbital. However, the type of gauge transformations used in
these methods make it difficult to extract a detailed analysis of
the shielding from the calculations.

The individual gauges for atoms in molecules (IGAIM)
method? is also a multiple-gauge origin method, but it places
the gauge origin at each nucleus in the molecule. It is unique
in that it uses a multiple set of gauge transformations to
determing® within each atomic region accurately. However,
rather than calculate thg() separately for every nucleus in
the molecule, the gauge origin is placed at the common dtigin
and thep; are calculated once, as described in eg6.4 Then,

a general expression fgfl), given by Keith and Badég
provides a means for shifting the gauge origin to any nucleus
of interest. This type of gauge transformation additionally
requires the first-order corrections to thé) because of a linear
momentum perturbatiolf. After the gauge origin has been
shifted to a given nucleug?) in this atomic region is the same
as if the gauge origin had been positioned there originally. In
this mannerj® is then accurately described within each atomic
region, and therefore the.s" are determined accurately for
every nucleus.

Ramsey Formalism. The IGAIM method provides a natural
choice of gauge. When the origin coincides with the nucleus,
the diamagnetic term is dominated by core electrons, whereas
the paramagnetic term is largely comprised of contributions from
the valence electrons. This choice of gauge, and the resulting
partitioning of diamagnetic and paramagnetic shielding, is the

Referring again to eqs 4, 3, and then 1, one can clearly see thabne best suited for discussing shielding in terms of the type of
within the CPHF procedure, the paramagnetic contribution to perturbation theory expressed in the Ramsey equation. When
the shielding is determined by the extent to which virtual MOs an occupied MO is identified which contributes substantial
are mixed with occupied MOs via the magnetic field perturba- paramagnetic shielding, IGAIM facilitates the use of the
tion. This relationship was first derived by Ramdegnd can Ramsey formalism to examine the nature of the virtual MOs to
be expressed as which it is coupled.
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TABLE 1: Calculated B3LYP/6-311+G(3df,3pd) Energies 800
and Nuclear Shielding F, Total Shielding
A. Shielding 400
compound energy atom oy o7 Oiso Oexp 0 N B | S
F- —99.89146 F 480 480 480 B
F —199.58628 F —647 488 —269 —233
FCI —560.03174 F 723 492 646 637 -400
Cl —1717 1152 -761
MeF —139.80334 F 473 427 458 471 -800
C 67 180 105
MeNHs*™ —96.25762 C 130 185 148
N 217 223 219 -1200
FNHs*  —156.08633 F 143 449 245 600
N 64 220 116 F,Diamagnetic
HC=CF -176.61491 F 343 489 392 400
C -17 285 84 E
C(H 114 281 170
) ™ 200
B. 1°F Relative to F
compound Oxy 0z Oiso diso(0bs) 0
F 1127 -8 749 ~720 400
FCI —243 —-12 —166 ~—160
CHz: F 7 53 22 ~20 0 | : | &
FNHs* 338 31 235
C.13C Shifts Relative to TMS -400
calculated observed 800
compound Oxy 02 Jiso Oxy 0z diso i
MeF 116 3 78 105 15 75 1opp | T2 Paramagnetic
+ —
MeNHs 53 2 35 1 2 3 4 5 6 7 8 9 Total
For clarity, we should emphasize that the diamagnetic term MO

always leads to a positive shielding contribution, whereas the Figure 2. Shielding of i on an MO-by-MO basis. The solid bars
paramagnetic term can lead either to a negative shielding refer to thez (long axis) components, and the shaded bars refer to the
contribution or a positive shielding contribution. To avoid *Xandyy components.

ambiguity in the following discussion, the sign of the para- E ECl FCH
magnetic shielding will be made clear using either a table or a 2 3
bar graph.

3. Calculations

The structures of & CIF, CHsF, CHsNHs+, FNHs+, and
FC=CH were calculated at the MP2/6-31G* level of theory.
Calculation of the total nuclear shieldings was done using both
GIAO and IGAIM. At the B3LYP/6-31#G(3df,3pd) density
functional level (using Cartesian 6D and 10F basis functions), _,
the two methods give essentially the same result. In this work,
however, only the IGAIM shielding values will be describéd.
IGAIM was used to calculate the occupied MO contributions,
as well as the occupiedvirtual contributions to paramagnetic
shielding. All calculations were done using Gaussiart®95. o*

The results of the shielding calculations are summarized in
Table 1. The observed fluorine absolute shieldfimg F», FCI, Figure 3. The, a2, ando* MOs of F,, FCl. and CHE. The contour
and C.;HBF are fairly well reprOd.UCEd' Correspondingly, the Ie\?els are 0.01 ;‘or ,thﬁ MOs and 0025 for ’ther* MO.
chemical shifts of Fand CIF relative to F are reasonably well o o
reproduced, considering that there is some uncertainty in theand there_fore the 1s electrons are the most effective in shielding
shift for fluoride ion. Methyl fluoride is the only compound ~the nuclei. MOs 3 and 4 correspond to the 2s electrons, and
for which the tensor components are known, and the calculatedthey give a smaller diamagnetic contribution.

values are in satisfactory agreement with the experirfent. The deshielding is due to the interaction of thé10s with
the virtual orbitals. Here, MO 6 and 7 are theorbitals and
4. CIF and F, MO 8 and 9 are ther' orbitals (Figure 3). The interaction of

the 7-MO with the lowest energy unoccupied orbitaf*) is
Figure 2 gives the shielding for,Fon an MO basis in the source of the deshielding of the fluorine nucleus, and there
graphical form. A table of the shielding values is available as are no significant contributions from the other virtual orbitals.
Supporting Information. The 1s orbital at fluorine (MO 1 and On the other hand, symmetry considerations show that for F
2) gives the major component of the nuclear shielding. The the interaction ofr’ with o* can give only a small contribution
effect of the electrons on the diamagnetic shielding goes &s 1/r to the total shielding.
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Figure 4. Shielding of FCI on an MO-by-MO basis. The solid bars
refer to thez (long axis) components, and the shaded bars refer to the 400
xx andyy components. 12 3 4 5 6-7 89  Total
In CIF, the interaction of ther MO with o* gives a large MO

deshielding for both Cl and F (Figure 4). At the chlorine, the Figure 5. Shielding of CHF on an MO-by-MO basis.

interaction ofz’ with o* also gives a large deshielding, but at fluorine atoms leads to no significant paramagnetic terms
fluorine, the interaction oft’ with o* gives a large shielding  because the effect at one atom would be canceled by the other.
contribution. Both arise from the paramagnetic term. This is .

clearly due to the difference in relative phase of the p atomic - Methyl Fluoride

orbitals at Cl and F in tha' molecular orbital (Figure 3). With Methyl fluoride is isoelectronic with fluorine, and its mo-

F,, the difference in phase between trep-orbitals at the two lecular orbitals resemble those of CIF (Figure 3). The methyl
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Figure 6. Principal occupieévirtual MO interactions for ChF.
-100

group contributes a pair of degenerate p orbitals that combine
with the p orbitals at fluorine to give the ands’ molecular
orbitals. MO 11 is one of the* orbitals that interacts withr MO
ands’, and MO 16, which is similar but with a larger coefficient  Figure 7. Shielding of methylammonium ion on an MO-by-MO basis.
at F, also contributes. Thus, the interactions should be quite
similar for methyl fluoride and CIF. Table 1 shows that the groups attached to the atom in question. The MOs formed from
calculated chemical shifts including their tensor components arethe 2s orbitals give a smaller diamagnetic contribution. The
calculated satisfactorily, and therefore it is useful to examine interaction of ther MO with ¢* again leads to deshielding at
the shielding components on an MO basis (Figure 5). both carbon and fluorine. On the other hand, the interaction of
At both carbon and fluorine, the main shielding is due to a s’ with o* leads to deshielding at carbon and shielding at the
diamagnetic term involving the 1s orbitals (MO 1 at F and MO more electronegative fluorine. Thus, the interactions in methyl
2 at C). These shielding terms are almost independent of thefluoride parallel those in CIF. The shielding of fluorine derived

1-2 3 4 5-6 7 8-9 Total
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Figure 8. Shielding of fluoroammonium ion on an MO-by-MO basis.

from ' is just enough to compensate for the deshielding from
7, leading to a net shielding for F close to that for. FThe

key occupiee-virtual MO interactions and their associated
contributions to paramagnetic shielding are shown graphically

FNH," Total Shielding (N)

r¥

FNH;" Diamagnetic (N)

r--r

FNH," Paramagnetic (N)

1-2 3 4 5-6 7 8-9
MO

Total

FNH," Total Shielding (F)

FNH," Paramagnetic (F)

1-2 3 4 5-6 7 8-9
MO

Total

in Figure 6.

In addition to the interactions described above, there is also
a small upfield paramagnetic term at fluorine derived from MO
5 (Figure 5). This occupied MO couples with many of the
virtual orbitals, making it difficult to obtain a simple description

of the interaction.

Figure 9.
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Shielding of fluoroacetylene on an MO-by-MO basis.
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Figure 10. Some MOs of fluoroacetylene. MOs-80 are occupied,

and MOs 12-19 are virtual MOs. Virtual MO

) ) Figure 11. Principal occupiegvirtual MO interactions for MO 10 in
6. Methylammonium lon and Fluoroammonium lon fluoroacetylene.

Methylammonium ion is isoelectronic with,Fand methyl TABLE 2: FC ,=CgH: Occupied—Virtual MO
fluoride, and it was examined in the same fashion (Figure 7). Paramagnetic Contributions

MOs 5 and 6 are the degenerate paindﬂ_Os z_and MOs 8 an_d Occupied Virtual O
9 form &'. With carbon, there are deshielding terms derived c 7 " 1
from the interaction ofr andz' with o*. However, at nitrogen, co 7 14 86
. . . . B
there is a deshielding term derived from theMO, and a 7 20 —45
shielding term derived from'. Again, the less electronegative F 7 14 —170
atom is deshielded by both theands' interactions, whereas Cu 8 30 -14
the more electronegative nitrogen is deshielded by #he F 8 12 —88
interaction and shielded by the interaction. E g %g __1%513
The fluoroammonium ion follows the same pattern (Figure F 8 23 —34

8). In this case, it appears that the ammonium group is more

electronegative than fluorine. Fluorine is deshielded by the fiyorine and G, there are deshielding terms derived from the
interaction of bothz and ' with ¢*, whereas nitrogen is interaction ofr with the virtual o* (MO 12). Although the

deshielded by ther interaction and shielded by the inter- 7'—o* interaction is also deshielding at,Cbecauser’ has

action. opposite phase at fluorine, a large shielding term is produced
at the fluorine atom. In this case, again, the less electronegative

7. Fluoroacetylene atom is deshielded by the paramagnetic interaction, whereas

The effect of relative phase is not restricted to compounds the more electronegative fluorine is shielded by thénterac-
having just two non-hydrogen atoms. One example is fluoro- fion: .The.|mp.ortant occupieglirtual coupling contributions
acetylene. The shielding data on an MO basis are shown in&'e given in Figure 11.

Figure 9 and the relevant MOs are depicted in Figure 10. The This type of analysis also enables one to examine the origin
distribution of paramagnetic shielding among the 11 MOs is a of an interesting difference in shielding between acetylene and
bit different from that in the compounds discussed so far. For fluoroacetylene. Relative to unsubstituted acetylene, the C
example, the occupied orbital (MO 7) couples strongly with ~ resonance in fluoroacetylene is deshielded by 38 ppm. This
the virtual 7* orbitals (MOs 14 and 15) to give large seems reasonable, because the highly electronegative fluorine
paramagnetic shifts at each of the three heavy atoms (Table 2) withdraws electron density from the directly bonded carbon and
However, the relative phase phenomenon observed in theleads to deshielding. However, the resonancegatGhielded
compounds above is also in evidence at the fluorine and thewith respect to acetylene by 88 ppm. This curious substituent
internal acetylene carbon { MOs 8 and 9 are the degenerate effect has been observed for some time in many systems, but
pair of r orbitals and MOs 10 and 11 form the. At both is poorly understood.
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Referring again to Figure 9, the diamagnetic contributions  Supporting Information Available: Tables of calculated
to shielding on an MO basis in fluoroacetylene are roughly the shielding for i, FCI, CHF, CHsNH3+, FNHz+, and HGECF
same for both carbons. Because no paramagnetic current ig7 pp). Ordering and access information is given on any current
induced when a magnetic field is applied along the bonding masthead page.
axis of a linear molecule, the difference in the shielding between
the two carbons must originate from the perpendicular References and Notes
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