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In this and a previous article (J. Phys. Chem. A 2000, 104, 8244), the range of application for relativistic density
functional theory (DFT) is extended to the calculation of nuclear magnetic resonance (NMR) shieldings and chemical
shifts in diamagnetic actinide compounds. Two relativistic DFT methods are used, ZORA (“zeroth-order regular
approximation”) and the quasirelativistic (QR) method. In the given second paper, NMR shieldings and chemical
shifts are calculated and discussed for a wide range of compounds. The molecules studied comprise uranyl complexes,
[UO2Ln]±q; UF6; inorganic UF6 derivatives, UF6-nCln, n ) 0−6; and organometallic UF6 derivatives, UF6-n(OCH3)n,
n ) 0−5. Uranyl complexes include [UO2F4]2-, [UO2Cl4]2-, [UO2(OH)4]2-, [UO2(CO3)3]4-, and [UO2(H2O)5]2+. For
the ligand NMR, moderate (e.g., 19F NMR chemical shifts in UF6-nCln) to excellent agreement [e.g., 19F chemical
shift tensor in UF6 or 1H NMR in UF6-n(OCH3)n] has been found between theory and experiment. The methods
have been used to calculate the experimentally unknown 235U NMR chemical shifts. A large chemical shift range
of at least 21 000 ppm has been predicted for the 235U nucleus. ZORA spin−orbit appears to be the most accurate
method for predicting actinide metal chemical shifts. Trends in the 235U NMR chemical shifts of UF6-nLn molecules
are analyzed and explained in terms of the calculated electronic structure. It is argued that the energy separation
and interaction between occupied and virtual orbitals with f-character are the determining factors.

1. Introduction

The calculation of nuclear magnetic resonance (NMR)
shieldings and chemical shifts from first-principle quantum
mechanics has recently seen a rapid development.1-6 During
the past decade or so, tremendous progress has been achieved
in at least two directions. First, various developments aim
at increasing the accuracy of the calculations, in particular
by accounting for the effects of electron correlation.1,4 Sec-
ond, the range of applications has been gradually extended
from light organic compounds toward the lower part of the
periodic table andsvery recentlystoward transition metal
compounds.5,7

Density functional theory8-11 (DFT) has been central in
these developments. This is particularly true for applications
to large (transition) metal complexes and other extended
systems.5-7 Regarding metal complexes, NMR calculations
have been done both on light ligand nuclei (e.g., refs
12-18; for a review, see ref 7) and on the heavy nucleus
proper. Examples in the latter category include studies on
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the metal NMR shieldings and chemical shifts of compounds
containing the chromium14 (53Cr), iron19-21 (57Fe), cobalt22,23

(59Co), selenium24-26 (77Se), zirconium27,28 (91Zr), molybde-
num14,17 (95Mo/97Mo), rhodium20,29 (103Rh), tellurium30

(125Te), tungsten14,31 (183W), platinum32 (195Pt), mercury33

(199Hg), and lead31 (207Pb) nuclei, among others.34-36 As is
evident from this list, applications to transition metals and
heavy p-block elements are now becoming possible for the
first time. Consequently, this area is being actively explored.

In the theoretical study of metal complexes, be it main
group, transition metal, lanthanide, or actinide complexes,
electron correlation effects have to be accounted for. This
explains why almost all of the cited papers12-23,26-33 em-
ployed DFT,37 as DFT allows for an efficient treatment of
electron correlation.11 For compounds containing heavier
nuclei, it becomes, in addition, necessary to include relativ-
istic effects as well. It is relatively straightforward to include
such effects into DFTsanother advantage of the method.38

With this article and a preceding paper39 (hereafter “Part
1”), the theoretical work on the NMR of metal complexes
will be extended. The heaviest part of the periodic table,
i.e., the f-block elements will be covered. Diamagnetic (i.e.,
formally f0) uranium compounds have been chosen as a

representative example. To the best of my knowledge, NMR
shieldings and chemical shifts in compounds of the lan-
thanide or actinide elements have never been studied before
by first principle theoretical methods.40,41

Recently, there has been a strong interest in studying
actinide chemistry from first-principle quantum mechan-
ics.38,42,43This attention is based on both fundamental and
practical considerations. Fundamental interest arises because
f-orbitals can participate in bonding, leading to unique new
bonding schemes, but also because actinide chemistry
remains one of the most challenging and difficult areas for
electronic structure theory.38,42Practical interest is primarily
due to the radioactivity of the actinide elements, making
experimental investigations exceedingly difficult. Hence, in
this area of chemistry, theory has a particularly strong
potential of providing useful data that might supplement and
extend experimental findings.

In this paper, two different relativistic DFT methods were
employed, the “quasirelativistic” (QR) method,44,45 which
employs a Pauli Hamiltonian,46 and the more modern “zeroth-
order relativistic approximation” (ZORA) for relativistic
effects.47-50

In the first paper of the series,39 attempts were made to
evaluate different relativistic approximations, including the
QR and ZORA approaches. Both QR and ZORA were shown
to be reliable, with ZORA being somewhat more accurate.
Further, a number of issues were discussed that arise in the
calculation of NMR chemical shifts in actinide compounds.
In addition, already some limited results were presented.
Thus, the19F NMR in UF6-nCln (n ) 0-5) compounds and
the 19F NMR chemical shift tensor in UF6 have been
discussed. Agreement with experiment was found to be
satisfactory for the latter case, whereas the calculations
missed certain trends in the fluorine NMR along the fluoride
chloride series.

In the given second paper of the series, the methods that
were established in the first paper will be applied to a wide
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(19) Bühl, M.; Malkin, V. G.; Malkina, O. L.HelV. Chim. Acta1996, 79,

742.
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range of (diamagnetic) uranium compounds. Specifically, I
will extend my studies and consider again the inorganic
fluoride chlorides UF6-nCln (n ) 0-6); organometallic
methoxy derivatives of UF6, UF6-n(OCH3)n (n ) 0-5); and
some examples of uranyl complexes [UO2Ln](q, where
various ligands L coordinate to the equatorial plane of the
stable UO2

2+ unit. I will discuss calculated ligand NMR in
comparison to experiment where possible. Further, I will
present calculated235U NMR shieldings and chemical shifts.
Only once has an NMR signal of an actinide nucleus been
observed, namely for UF6.51 Hence,235U relative chemical
shifts (or any other actinide shifts) have not yet been
measured. Principally, this is due to an unfavorable signal-
to-noise ratios235U is a quadrupolar nucleusscombined with
the large chemical shift range and the radioactivity of the
actinides. It is hoped that the present calculations might help
to guide future experiments, by narrowing down the magnetic
field ranges that have to be scanned for a signal. Finally,
the calculations shall be used to rationalize certain trends in
the calculated NMR shieldings (chemical shifts). This will
be achieved by using an analysis of the chemical shift in
terms of the calculated electronic structure. The ability to
perform such an analysis is one particular strength of theory.

2. Relativity

Before turning to the actual calculations, I would like to
qualitatively summarize how relativistic effects manifest
themselves in calculated NMR shieldings and chemical shifts.
The mechanisms for that are by now well understood.

Sometimes, relativistic effects on some properties like the
NMR shielding have been divided into “direct” and “indirect”
effects, with the latter arising from the well-known relativistic
bond contraction52 or, more generally, from differences
between nonrelativistic and relativistic molecular structures.
Here, I will consider fixed, relativistic geometries only and
hence will not discuss the “indirect” relativistic effects any
further.

The remaining “direct” relativistic effects can be divided
into scalar and spin-orbit/Fermi contact effects. Furthermore,
there are core and valence contributions in either case.

To start with the scalar relativistic effects, core effects on
the absolute shielding result from a large increase of the
diamagnetic shielding contribution due to the contraction of
the inner core shells, 1s in particular.5 The effect is mostly
independent of the chemical environment of the heavy
nucleus, since such core-type s- and p-orbitals are essentially
unaltered upon bond formation. Hence, it cancels out in
relative chemical shifts.14 Besides, there are also valence
effects arising from scalar relativity. Typically, the leading
contribution to the chemical shift is due to a coupling
between occupied and virtual molecular orbitals (eqs 3 and
5 below.) This coupling describes the induced paramagnetic
currents in the system.5,14,21,53The strength of this interaction
is inversely proportional to the MO energy differences, and

it is easy to see that a relativistic stabilization or destabiliza-
tion of certain MOs will influence these energy differences.
(Similarly, contraction or expansion of certain orbitals may
alter the magnitude of the magnetic matrix elements between
them; see eq 5 below.) Furthermore, it follows that this
relativistic effect will be relevant for both the heavy element
proper and the neighboring light nuclei.5,14

Spin-orbit effects follow a different mechanism.54 Thus,
the relativistic spin-orbit operators, in the presence of a
magnetic field, produce spin polarization at the heavy
nucleus, even for formally closed-shell systems.55 This can
also be shown rigorously.18 The spin polarization is trans-
ferred through the bond to an NMR nucleus, where it is
picked up by means of a Fermi contact mechanism; see eq
6 below. One important consequence of this picture is that
spin-orbit chemical shifts are only relevant if there are
strong s-bond contributions at the NMR nucleus. Core
contributions at the heavy nucleus proper arise because the
spin-orbit-induced spin polarization is also picked up by
the core-type s-orbitals at the heavy nucleus itself. Again,
such core contributions cancel out in relative chemical shifts.

3. Computational Details

NMR shieldings and chemical shifts are calculated using
relativistic DFT and the “gauge including atomic orbitals” (GIAO)
approach.56-58 The technical details of the methods have been
discussed in the first paper of the series39 and in the original
references,14,18,33,53,59,60and they shall be outlined only very briefly
at this point.

The Amsterdam Density Functional code ADF61-64 has been used
for all NMR calculations that are reported in this paper. As
mentioned in the Introduction, relativistic effects are accounted for
by means of the QR44,45 (Pauli) or ZORA47-50 methods, cf. ref 39.
Spin-orbit effects can be included or excluded in either method.
The neglect of spin-orbit effects leads to a scalar relativistic
approximation.

Standard ADF basis sets are employed, as has been described
in more detail previously.39 These are Slater type basis sets that
are of triple-ú plus polarization quality in the valence region and
of single-ú (Pauli) or double-ú (ZORA) quality in the core region.
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Furthermore, the frozen core approximation61 is applied in Pauli
(QR) calculations.44,45 Here, all shells up to and including the 1s
(C, O, F), 2p (Cl), and 5d shells (U), respectively, are considered
as core and kept frozen in molecular calculations. In ZORA
calculations, all electrons are treated variationally. Again, see the
first paper of the series39 for a detailed description and discussion
of these settings.

For the XC functional of DFT, the generalized gradient ap-
proximation (GGA) due to Perdew and Wang65 has been used
(PW91). As has been discussed in previously,39 relativistic correc-
tions to the XC functional66,67 have been neglected. Similarly, no
current dependent terms68-70 have been included into the XC
functional, leading to the so-called “uncoupled” DFT.5

The NMR shielding tensor is well-known to be “sensitive to
everything” (cf. Part 1), including the reference geometry at which
the calculation is performed.1 I prefer to use high-quality experi-
mental geometries, in cases where such data is available. However,
no experimental structural data is available for most of the
compounds that were chosen for this study. Hence, I decided to
use optimized geometries throughout. The only exception is
tetramethylsilane (TMS), where I used the accurate experimental
geometry (as obtained from electron diffraction measurements,rg

geometry) due to Beagley et al.;71 see Part 1.72 For consistency, I
used the same approach as in previous structural studies.38,41,73,74

In particular, all structures were optimized with the GAUSSIAN94
program system.75 I employed an effective core potential (ECP)
on uranium,76 together with the respective general ECP basis set
in its totally uncontracted form. The 6-31+G* all-electron Gaussian
basis set was applied on all (light) ligand atoms. With this choice
of basis set, geometry optimizations were performed using DFT
and the B3LYP hybrid XC functional.77,78 Previous studies have
shown that this combination gave good agreement between theory
and experiment for a number of test cases.38,73,74In these studies,
the experimental bond lengths were typically still overestimated to

some degree. The optimized geometries and vibrational frequencies
of [UO2(OH)4]2-, [UO2F4]2-, [UO2Cl4]2-, UF6, and UF6-nLn series
(n ) 0-6, L ) Cl and OCH3) have been published already
elsewhere.38,73,74I include the optimized geometries of the remaining
molecules ([UO2(CO3)3],4- [UO2(H2O)5]2+) as Supporting Informa-
tion.

4. Analysis of the Shielding

As mentioned in the Introduction, a particular strength of
theoretical approaches in general, and of the DFT-GIAO
method in particular, is that they allow an analysis of the
calculated shieldings and chemical shifts in terms of the
electronic structure. In the following, I shall briefly outline
my approach to this analysis. I will make no attempt to
present the theory completely. Rather, I would like to show
only those equations that are relevant for the analysis of the
calculated shieldings. For a more detailed account of the
theory, the reader may refer to Part 139 and, in particular, to
the original references.14,18,33,53,59,60

The theoretical property, the shielding tensorσ, is related
to the experimentally observed chemical shift tensor,δ, by
the following relation

whereσ andδ are isotropic averages (one-third of the traces)
of the tensors andσref is the absolute shielding of the
reference compound (e.g., tetramethylsilane, TMS, for1H
and13C NMR). I will cite results in either form, as chemical
shifts or as absolute shieldings. Note the opposite sign
between changes toσ andδ.

The NMR shielding tensor can be written as a sum of three
contributions14,18,33,53,59,60

The terms in eq 2 are, respectively, the diamagnetic,
(relativistic) spin-orbit, and paramagnetic contributions. The
diamagnetic shielding depends on the zero-order electronic
density only. The paramagnetic shielding, however, is
determined by the magnetically perturbed MOs. Within the
GIAO formalism, these magnetic orbitals can be described
by the density matrix to first order in the magnetic field that,
in turn, is expanded into the occupied and virtual MOs. The
leading contribution couples occupied and virtual MOs, and
one can write, at least approximately (ts tensor component)

In this equation,Ψa and Ψi describe virtual and occupied
MOs (with occupation numberni), respectively, andht

01 is
given by

Further,c is the speed of light,rbN is the electronic position
operator relative to the NMR nucleus N, andpb is the
electronic momentum operator. The leading contribution to
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the first-order coefficientuai
1,s is given as

Here, the{dâi} are the expansion coefficients of the MOs
into the primitive basis functions{øâ} (atomic orbitals AO),
rbν ) rb - RBν is the electronic position operator with respect
to the position of the AOøν, εp

(0) is the MO energy (i.e., the
Kohn-Sham eigenvalue of orbitalΨp in the unperturbed,
field-free case), and atomic units and the Gaussian unit
system have been used in eqs 3-5. Within the GIAO
approach, the action of the “magnetic” operator Mˆ s on an
MO Ψq is to work with iLν

s on each constituting AOøν, Lν
s

being the s-component of the electronic angular momentum
operator about the positionRBν of øν. Tabulations ofLν

søν

have been published.79,80 Note from eq 5 that the paramag-
netic shielding is inversely proportional to the MO energy
differenceεi

(0) - εa
(0). Further, notice the localized nature

of the shielding that is manifested in the 1/rN
2 dependence

in eq 4.
As has been discussed qualitatively above, the spin-orbit

shielding contribution,σbbso of eq 2, is dominated by the
Fermi contact term18 that depends on the spin polarization
at the NMR nucleus (ts tensor component)

where g is the electronic Zeemang-factor, andŜ+ is a
Cartesian component of the electronic spin operator. Note
that eq 6 has been given here for the Pauli (QR) approach.18

The ZORA formulation of the NMR shielding tensor contains
similar terms.33

5. Results and Discussion

Building on the discussion of the previous paper in the
series,39 I have applied the relativistic DFT-NMR methods
(QR and ZORA) to a range of diamagnetic uranium
compounds. The goal is to cover different bonding situations
and thus to create a comprehensive picture. I will start the
discussion with ligand NMR shieldings and chemical shifts
and will go on to the calculated235U NMR.

(A) Uranyl Complexes [UO2Ln](q. The very stable linear
actinyl unit AnO2

1+/2+ is ubiquitous in the chemistry of the
early actinides An.81 Typically, several ligands L can be
found in the equatorial plane of the actinyl complexes.

I have calculated the NMR shieldings for five such
complexes of uranyl, UO22+. The results are collected in

Tables 1 and 2, where they are also compared to the available
experimental data.82,83 Note that I have converted the
experimental chemical shifts to absolute shieldings, according
to eq 1. Absolute shielding scales have been used for this
purpose, as explained in a footnote to the tables.84-87

Let us start with the17O shielding of the uranyl oxygen
(Table 1). The effect of spin-orbit is seen to be relatively
minor in this case. Interestingly, the ZORA spin-orbit terms
and the Pauli spin-orbit/Fermi contact terms appear to have
the opposite sign in some cases. A similar effect had been
found in Part 1 for the19F NMR in mixed uranium fluoride
chloride systems.

Experimental data is available for the tricarbonate,82

pentaaquo,82 and hydroxide complexes.83 Note that all the

(79) Ballhausen, C. J.Introduction to Ligand Field Theory; McGraw-Hill:
New York, 1962.

(80) McGlynn, S. P.; Vanquickenborne, L. G.; Kinoshita, M.; Carroll, D.
G. Introduction to Applied Quantum Chemistry; Holt, Rinehart and
Winston: New York, 1972.

(81) Denning, R. G.Struct. Bonding (Berlin)1992, 79, 215.

(82) Allen, P. G.; Bucher, J. J.; Clark, D. L.; Edelstein, N. M.; Ekberg, S.
A.; Gohdes, J. W.; Hudson, E. A.; Kaltsoyannis, N.; Lukens, W. W.;
Neu, M. P.; Palmer, P. D.; Reich, T.; Shuh, D. K.; Tait, C. D.; Zwick,
B. D. Inorg. Chem.1995, 34, 4797-4807.

(83) Clark, D. L.; Conradson, S. D.; Donohoe, R. J.; Keogh, D. W.; Morris,
D. E.; Palmer, P. D.; Rogers, R. D.; Tait, C. D.Inorg. Chem.1999,
38, 1456-1466.

(84) Jameson, C. J. InEncyclopedia of Nuclear Magnetic Resonance; Grant,
D. M., Harris, R. K., Eds.; John Wiley & Sons: New York, 1996; pp
1273-1281.

(85) Sundholm, D.; Gauss, J.; Scha¨fer, A. J. Chem. Phys.1996, 105,
11051-11059.

(86) Kaupp, M.; Malkina, O. L.; Malkin, V. G.J. Chem. Phys.1997, 106,
9201-9212.

(87) Wasylishen, R. E.; Mooibroek, S.; Macdonald, J. B.J. Chem. Phys.
1984, 81, 1057-1059.

uai
1,s ∝ -

1

εi
(0) - εa

(0)
∑
λ,ν

2M

dλa
0dνi

0{〈øλ|[ rbν × ∇B ]s|øν〉 ∝

-
1

εi
(0) - εa

(0)
〈Ψi|M̂s|Ψa〉 (5)

σts
so ∝ σts

FC )
4πg

3c
∑

i

occ

∑
a

vir

uai
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Table 1. Diamagnetic Uranyl Complexes [UO2Ln](q: 17O NMR of the
Uranyl Oxygen

absolute NMR shielding (ppm)

calculated (Pauli) calculated (ZORA)

molecule experimenta scalar spin-orbit scalar spin-orbit

[UO2F4]2- -735.2 -737.6 -752.8 -768.0
[UO2Cl4]2- -718.8 -713.4 -732.7 -747.5
[UO2(H2O)5]2+ -830b -726.0 -716.5 -738.1 -756.1
[UO2(OH)4]2- -826c -702.4 -704.1 -723.5 -737.6
[UO2(CO3)3]4- -807b -693.5 -689.6 -710.4 -724.1

a Experimental numbers from refs 82 and 83. Experimental chemical
shifts have been converted to absolute shieldings, based on an absolute
shielding scale.84 A theoretical value ofσ(17O, liquid water, room temper-
ature) ) 290.9 ppm was used.85,86 This value is based on the accurate,
rovibrationally averaged CCSD(T) calculations of Sundholm et al.85 for
CO and the experimental chemical shift between gaseous CO and liquid
water.87 b Reference 82.c Reference 83. It is likely that this experimental
value refers to the pentahydroxide, [UO2(OH)5]3-, or a mixture of
[UO2(OH)4]2- and [UO2(OH)5]3-; see the text.

Table 2. Ligand Absolute Shieldings in Uranyl Tricarbonate,
[UO2(CO3)3]4- (ppm)

absolute shielding

calculated (Pauli) calculated (ZORA)

nucleus experimenta scalar spin-orbit scalar spin-orbit
17O(dU) -807 -693.5 -689.6 -710.4 -724.1
17O(-C) bridging -14.4 -16.3 -26.5 -10.5
17O(-C) terminal 66.7 62.3 62.5 55.6
17O(-C) average 66 12.6 9.9 3.2 11.6
13C 18.4 -1.1 -1.8 0.0 0.4

a Experimental numbers from ref 82. Experimental chemical shifts have
been converted to absolute shieldings, based on absolute shielding scales.84

An experimental value ofσ(13C, TMS) ) 184.1 ppm84 and a theoretical
value of σ(17O, liquid water, room temperature)) 290.9 ppm were
used.85-87 (See also footnotea of Table 1.)
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theoretical methods correctly predict the experimental trend
in the17O shielding of these compounds,σ([UO2(H2O)5]2+)
< σ([UO2(OH)4]2-) < σ([UO2(CO3)3]4-). On the other hand,
all calculations underestimate the experimental shieldings in
absolute terms. ZORA spin-orbit calculations give the best
agreement. The average deviation between theory and
experiment is 82 ppm (118 ppm for Pauli spin-orbit).

The source of this systematic error is not entirely clear.
As has also been discussed in Part 1,39 the following error
sources may contribute in principle: solvation effects,
dynamic processes (such as chemical exchange), the choice
of approximate XC functional, and errors in the optimized
geometries.

Solvation effects in particular have been neglected here
but are expected to be the reason for at least part of the
deviation between theory and experiment. Solvation effects
have been identified in the first part of the series as one of
the issues that influence the calculation of NMR shieldings
and chemical shifts. For instance, the uranyl oxygens will
form hydrogen bonds to neighboring solvent molecules. In
addition, experimental studies of the uranyl(VI) ion under
highly alkaline aqueous conditions indicate that two hydrox-
ides are formed.83 Thus, it is thought that an equilibrium
exists between the pentahydroxide, [UO2(OH)5]3-, and the
tetrahydroxide, [UO2(OH)4]2-, with the pentahydroxide being
the dominant species. Hence, it is likely that the experimental
value cited in Table 1 refers to the pentahydroxide, [UO2-
(OH)5]3-, or a mixture of [UO2(OH)4]2- and [UO2(OH)5]3-,
rather than to the tetrahydroxide. I have not studied the
pentahydroxide here. Test calculations show that its high
negative charge will result in optimized bond lengths that
are far too long. Given the well-known geometry dependence
of calculated NMR parameters,1 NMR shielding calculations
on this system would then be meaningless if they were based
on such an optimized gas-phase geometry.

I have further tried to understand the systematic errors in
the 17O NMR by studying the geometry dependence of the
shielding that were also discussed in Part 1. Here, I have
chosen the uranyl water complex as a representative example.
The complete data have been included in the Supporting
Information. Taking finite difference derivatives, a shielding
gradient for the uranyl oxygen of about-2485 ppm/Å was
found for changes of the uranyl bond length, and 251 ppm/Å
for changes in the water bond distance. Comparing optimized
and experimental structures, one can see that the optimized
water distance is too large by about 0.1 Å as compared to
experiment,88-90 whereas the uranyl distance is too short by
0.0189 or 0.03 Å,90 respectively, depending on the particular
experimental investigation. Thus, the geometry errors in the
uranyl distances would contribute some-25 to -75 ppm
to the error in the shieldings. This would mean up to+25
to 75 ppm for the chemical shift, unless part of the error
cancels out. Likewise, the error in the equatorial ligand bond

lengths would yield changes of some 25 ppm in the
shieldings, corresponding to a maximum correction of about
-25 ppm in the chemical shifts. Overall, the geometry errors
appear not to be the dominating error source for the uranyl
oxygen chemical shifts.

Experimental NMR data is also available for some other
nuclei apart from the uranyl oxygens. For instance, for the
hydroxide system, a second17O chemical shift signal has
been observed.83 However, this particular signal has been
assigned to a weighted average between bound OH- and free
H2O; it has been shown experimentally that there is a fast
exchange between the solvent and the bound hydroxide
groups. Such exchange processes cannot be modeled with
the current theoretical tools that principally consider an
isolated molecule only.

Additional experimental data is available for the uranyl
tricarbonate anion, [UO2(CO3)3]4-. In this case, average13C
and17O chemical shifts have been measured for the equatorial
carbonate ligands (Table 2).82 The experimental average
shielding value for the17O and13C carbonate shieldings, 66
and 18.4 ppm, respectively, should be compared with
calculated values of 11.6 and 0.4 ppm, respectively (ZORA
spin-orbit). Spin-orbit effects are seen to have a modest
influence only. Again, solvation effects and exchange
processes are expected to be important experimentally but
have been neglected in the calculations. Other error sources
could include the model for the XC functional of DFT (part
1) and the optimized geometries.

(B) Methoxy Derivatives of UF6, UF6-n(OCH3)n: 19F
NMR. In the first paper of the series,39 the19F NMR chemical
shifts in mixed uranium chloride fluorides, UF6-nCln, were
discussed. Here, I will continue and extend these discussions
by considering the fluorine NMR chemical shifts in the
related organometallic derivatives of UF6, UF6-n(OCH3)n, n
) 1-5. The calculated19F NMR chemical shifts for these
compounds have been collected in Table 3, where they are
also compared to experimental data.91 Besides the measure-
ments by Cuellar and Marks,91 there is additional NMR data
for the first member of the series, UF5OCH3. Thus, Ver-
gamini92 reports 19F NMR chemical shifts for UF5OCH3

taken relative to UF6 (CFCl3 solution). His numbers of
δ(19F, V) ) 56.3 ( 0.3 ppm andδ(19F, X4) ) 117 ( 0.5
ppm should be compared to the measurements of Cuellar
and Marks91 for the same solvent, 58.1 and 121.1 ppm,
respectively (Table 3). Thus, the two sets of experiments
agree well with one another, as long as the same solvent is
used.

Cuellar and Marks91 have performed their experiments in
CFCl3 and CH2Cl2 solutions. Both sets of experiments have
been included in Table 3, and one should notice solvent
effects that are considerable. The dependence of the measured
19F chemical shifts on the solvent grows with the number of
methoxy ligands and reaches a maximum of 58 ppm for
UF(OCH3)5 (Table 3). Such a strong dependence is an
indication that gas-to-liquid shifts should not be small either.

(88) Hay, P. J.; Martin, R. L.; Schreckenbach, G.J. Phys. Chem. A2000,
104, 6259-6270.

(89) Allen, P. G.; Bucher, J. J.; Shuh, D. K.; Edelstein, N. M.; Reich, T.
Inorg. Chem.1997, 36, 4676-4683.

(90) Wahlgren, U.; Moll, H.; Grenthe, I.; Schimmelpfennig, B.; Maron,
L.; Vallet, V.; Gropen, O.J. Phys. Chem. A1999, 103, 8257-8264.

(91) Cuellar, E. A.; Marks, T. J.Inorg. Chem.1981, 20, 2129-2137.
(92) VergaminiJ. Chem. Soc., Chem. Commun.1979, 54-55.
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This will limit the agreement between theory and experiment,
since any kind of medium effects have been neglected for
the former.

Given these intrinsic limitations, the agreement between
theory and experiment is reasonable. In particular, the Pauli
and ZORA calculations reproduce experimental trends
qualitatively. These trends include, for instance, the decreas-
ing chemical shift along the series or the relative ordering
of the V and X sites within a molecule [UF5(OCH3), cis-
UF4(OCH3)2, mer-UF3(OCH3)3, but alsocis- versustrans-
UF2(OCH3)4]. This is interesting since, for the related fluoride
chlorides UF6-nCln, similar qualitative trends were consis-
tently missed by the calculations, (Part 1). The qualitative
agreement between theory and experiment is also evident
from Figure 1. In this figure, I have plotted the calculated
(ZORA spin-orbit) 19F NMR chemical shifts as a function
of the number of fluorine ligands cis to the resonant nucleus.
The chemical shifts fall on two smooth curves, one (the upper
one) for resonating fluorine nuclei that are situated trans to
another fluorine and one (the lower one) for those nuclei
that are situated trans to a methoxy ligand. The theoretical
graph is in good qualitative agreement with the corresponding
experimental plot.91

While qualitative agreement between theory and experi-
ment has been achieved, the quantitative agreement is not
as good; the deviations are still fairly large. They are on the
same order as those that had been found in the first paper of
the series for the UF6-nCln series. This time, the chemical
shift is systematically overestimated by either method. This
might be partly due to the calculated19F shielding values
for the reference compound (CFCl3) or to the choice of XC
functional; see also Part 1. Nevertheless, the source of these
systematic errors is not entirely clear at this point. The
calculated Pauli chemical shifts are consistently larger than
their ZORA counterparts, making ZORA the more accurate

approach in this case. Certainly, the mentioned solvation
effects will be important as well. The lack of quantitative
agreement is also evident when comparing Figure 1 to the
corresponding experimental plot.91 Thus, the two experi-
mental curves are almost coinciding on the left-hand side of
the graph.91 This is not the case for the theoretical chemical
shifts (Figure 1).

I have attempted to investigate the various potential
sources for the systematic error in the calculated19F chemical
shifts. To test the geometry dependence of the fluorine
NMRsand thus the influence of errors in the optimized
geometriessI have first calculated the shieldings in
UF5(OCH3) for various displacements of the CH3 group. The
data are given in the Supporting Information; such distortions
have hardly any influence on the calculated fluorine NMR.
Next, I have tested the influence of the fluorine position by
varying the U-F bond distances in UF6. The data are given
in the Supporting Information also. One can see that the
shielding gradient for the19F NMR amounts to some-1800
ppm/Å or so near the experimental bond distance of 1.999
Å 93,94 (ZORA spin-orbit calculations). Given that the
optimized bond length is too long by about 0.02-0.03 Å,74

I should have calculated19F shieldings that are too negative
as compared to experiment. Thus, part of the systematic error
in the calculated19F chemical shifts could be due to the errors
in the optimized geometries.

(C) Methoxy Derivatives of UF6, UF6-n(OCH3)n: 1H
NMR, Other Nuclei. I have further studied the proton NMR
of the mixed methoxyuranium(VI) fluorides, UF6-n(OCH3)n,
n ) 1-5. The results have been collected in Table 4 and
Figure 2, where the calculated and experimental proton
chemical shifts are compared. On the theoretical side, I took
the average over the calculated chemical shifts for the
different protons to enable a comparison with experiment.

(93) Weinstock, B.; Goodman, G. L.AdV. Chem. Phys.1965, 9, 169.
(94) Seip, H. M.Acta Chem. Scand.1965, 20, 2698.

Table 3. 19F Chemical Shifts (Pauli spin-Orbit, ZORA Spin-Orbit,
and Experimenta) in Methoxy Compounds UF6-n(OCH3)n, n ) 0-5
(numbers in ppm)

19F chemical shift

experimenta

calculatedc

molecule siteb Pauli ZORA
CH2Cl2

solutions
CFCl3

solutions

UF6 846.5 831.0 766.5 764.3
UF5(OCH3) V 763.9 747.2 690.3 706.2

X 748.6 736.4 627.2 643.5
trans-UF4(OCH3)2 670.4 660.3 512.5 542.8
cis-UF4(OCH3)2 V 681.9 670.3 578.1

X 673.9 663.2 [512.5]d

mer-UF3(OCH3)3 V 612.7 606.3 486.5 526.7
X 597.1 592.9 418.2 459.6

fac-UF3(OCH3)3 610.7 604.5 483.0
trans-UF2(OCH3)4 539.6 337.8 385.5
cis-UF2(OCH3)4 559.2 397.4 453.5
UF(OCH3)5 509.4 330.5 388.2

a Reference 91; estimated experimental uncertainties of(0.2 ppm
(CH2Cl2 solutions) and(0.3 ppm (CFCl3 solutions), respectively.b V,
fluoride ligand trans to a methoxy ligand; X, fluoride ligand trans to a
fluoride ligand.c Average values. The chemical shifts are based on
calculated19F shielding values for CFCl3 of σ(19F, CFCl3, ZORA spin-
orbit) ) 130.7 ppm andσ(19F, CFCl3, Pauli spin-orbit) ) 130.6 ppm,
respectively; cf. eq 1.d Experimental number based onassumeddegeneracy
with trans-UF4(OCH3)2.

Figure 1. Plot of the calculated chemical shiftsδ(19F) versus the number
of fluorines cis to the resonant F in the series UF6-n(OCH3)n, n ) 0-5
(ZORA spin-orbit calculations). The upper curve (squares) refers to fluorine
atoms situated trans to another fluorine, and the lower curve (triangles)
refers to fluorine atoms situated cis to another fluorine.
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As has been shown in the first paper of the series already,
these are cases where the inclusion of spin-orbit is essential
for quantitatively and even qualitatively correct results.
Spin-orbit chemical shifts of about 7 ppm were found for
the first member of the series, UF5(OCH3) (Part 1). The effect
of spin-orbit on the calculated1H shieldings and chemical
shifts is similarly large for the other members of the series.

Excellent agreement is found between calculated and
experimental proton chemical shifts for this series of
compounds. All experimental trends have been reproduced
nicely by the calculations (Table 4). This is true for both
the Pauli and ZORA approaches. For instance, the relative
ordering of inequivalent sites within one molecule has been
reproduced in all cases [mer-UF3(OCH3)3, cis-UF2(OCH3)4,
UF(OCH3)5]. Likewise, trends along the series are also

reproduced by the Pauli and ZORA spin-orbit calculations.
As has been discussed in Part 1, the proton NMR in these
compounds is a rare example where Pauli calculations give
better agreement with experiment than ZORA. Despite this
observation, the conclusion was that ZORA is still the more
accurate method of the two on an overall basis. Hence, I
will concentrate more on the ZORA calculations in the
following discussions.

The average deviation between theory (ZORA) and
experiment is 0.61 ppm, if one simply takes the average of
the errors listed in Table 4. The same average deviation, 0.61
ppm, results from a weighted average where the degeneracy
has been taken into account.95 The ZORA calculations
overestimate the chemical shift in all cases (Figure 2). Part
of this error might be the due to the calculated shielding of
the reference compound, tetramethylsilane (TMS) (Part 1).
Thus, it appears to be justified to improve the agreement
with the experiment by reducing all calculated shieldings
by 0.61 ppm (Figure 2). Doing this reduces the average
absolute deviation to 0.19 ppm, and the weighted average
absolute deviation to 0.18 ppm.

The remaining, small error may be due to a number of
reasons, besides systematic inadequacies of the theoretical
tools. In my calculations, again solvation effects have been
neglected. Furthermore, no attempt has been made to account
for rovibrational effects.1 Such effects are known to be
particularly large for the proton NMR, due to the small
nuclear weight and resulting large vibrational amplitudes of
the hydrogen nucleus.96 Finally, only one conformation per
molecule has been studied, not necessarily the lowest energy
conformation in each case.74 In this way, the entire confor-
mational space that is accessible to the molecules in a
solution has not been accounted for. This is particularly true
for the lower members of the series withn > 1.

NMR shieldings have been calculated also for the other
nuclei in the UF6-n(OCH3)n series (13C, 17O). However, no

(95) For instance, 12 protons contribute to the A4 signal of UF(OCH3)5
but only three protons to the M site.

(96) Ruud, K.; A° strand, P.-O.; Taylor, P.J. Am. Chem. Soc.2001, 123,
4826-4833.

Table 4. 1H Absolute Shieldings and Chemical Shifts (Pauli Spin-Orbit, ZORA Spin-Orbit, and Experimenta) in Methoxy Compounds
UF6-n(OCH3)n, n ) 1-5 (numbers in ppm)

1H chemical shiftδ

calculated shieldingσc calculatedc,d (Pauli) calculatedc, d (ZORA)

molecule siteb Pauli ZORA experimenta value errore value errore

UF5(OCH3) 19.17 18.39 12.13 11.76 -0.37 12.48 0.35
trans-UF4(OCH3)2 21.31 20.69 9.29 9.62 0.33 10.18 0.89
cis-UF4(OCH3)2 20.68 19.83 10.73 10.25 -0.48 11.04 0.31
mer-UF3(OCH3)3 A 21.96 21.25 8.79 8.97 0.18 9.62 0.83

M 21.21 20.43 9.57 9.72 0.15 10.44 0.87
fac-UF3(OCH3)3 21.52 20.57 9.50 9.41 -0.09 10.30 0.80
trans-UF2(OCH3)4 21.87 8.32 9.00 0.68
cis-UF2(OCH3)4 A 22.14 8.42 8.73 0.31

M 21.29 9.01 9.58 0.57
UF(OCH3)5 A 22.39 8.02 8.48 0.46

M 21.89 8.37 8.98 0.61

a Reference 91. CD2Cl2/CDCl3 solution; estimated experimental uncertainty of(0.04 ppm.b A, methoxy ligand trans to a methoxy ligand; M, methoxy
ligand trans to a fluoride ligand.c Average over the different hydrogens.d Chemical shift based on calculated1H shielding value for TMS ofσ(1H, TMS,
ZORA spin-orbit) ) 30.87 ppm andσ(1H, TMS, Pauli spin-orbit) ) 30.93 ppm, respectively. I have employed the experimental structure for TMS;71 see
the text and the discussion in Part 1.e Error: δ(calculated)- δ(experimental).

Figure 2. Calculated (ZORA spin-orbit) and experimental91 1H NMR
chemical shifts in methoxy compounds UF6-n(OCH3)n, n ) 1-5 (ppm).
Marked in the figure are a line corresponding to perfect agreement between
theory and experiment (solid line) and another line that is shifted from the
first one by 0.61 ppm, i.e., the average deviation between theory and
experiment (broken line).
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comprehensive experimental data exists for these nuclei. I
have included the calculated shieldings for future reference
as part of the Supporting Information.

(D) Uranium (235U) NMR Shieldings and Chemical
Shifts. Theoretical methods have been used also to calculate
actinide metal (235U) NMR shieldings. The results are shown
in Table 5. In addition, part of the data is presented in Figure
3. The ability to calculate NMR shieldings and chemical shift
for a heavy element like uranium is a particular strength of
the relativistic DFT-ZORA and DFT-QR methods.

Only once has an NMR signal of an actinide nucleus been
observed, namely for UF6.51 Hence,235U relative chemical
shifts (or any other actinide shifts) have not yet been

measured, due to an unfavorable signal-to-noise ratio com-
bined with the large chemical shift range and the radioactivity
of the actinides. It is hoped that the present calculations might
help to guide future experiments, by narrowing down the
magnetic field ranges that have to be scanned for a signal.
In preliminary studies,41 a 235U chemical shift range of at
least 12 000 ppm was predicted. The current studies include
a more comprehensive set of molecules, and the predicted
shielding (chemical shift) range is now nearly doubled (Table
5). Thus, a rather large range of at least 21 000 ppm for the
23 molecules studied was predicted (ZORA spin-orbit
calculations).

Calculated235U chemical shifts are also included in Table
5. As of yet, there is no standard experimental reference
compound for the235U nucleus. UF6 has been selected for
this purpose. UF6 was chosen because it is a relatively small
and very well characterized molecule. Indeed, as has been
discussed above, it is the only case where a235U NMR
spectrum has ever been detected.51 Furthermore, it is highly
symmetric, making it more accessible than other molecules
for both calculations and measurements. (Note that235U
is a quadrupolar nucleus.) The uranyl pentaaquo complex,
[UO2(H2O)5]2+, could perhaps be used as an alternative to
UF6. It has the highest shielding (lowest chemical shift) of
all the molecules in Table 5. Thus, using it as the reference
compound would lead to all positive uranium chemical shifts
for the set of molecules studied.

The relativistic ZORA spin-orbit approach was applied
to all molecules in Table 5. In addition, calculations were
performed on most of the molecules using other levels of
theory. Comparing scalar and spin-orbit ZORA calculations,
very large spin-orbit relativistic effects were noted. Some
parts of these effects cancel out in relative chemical shifts.

Table 5. Predicted235U NMR Absolute Shieldings and Chemical Shiftsa (ppm) for Different Computational Approaches

Pauli scalar Pauli spin-orbit ZORA scalar ZORA spin-orbit

molecule
abs

shielding
chemical

shift
abs

shielding
chemical

shift
abs

shielding
chemical

shift
abs

shielding
chemical

shift

UF6 -837 0 -1126.8 0 -6703 0 678 0
UF5Cl -3194 2357 -3457.7 2331 -9178 2475 -1934 2612
cis-UF4Cl2 -5321 4484 -5559.1 4432 -11391 4689 -4206 4884
trans-UF4Cl2 -5796 4959 -6177.8 5051 -11702 4999 -4589 5268
fac-UF3Cl3 -7291 6454 -7535.1 6408 -13429 6726 -6239 6918
mer-UF3Cl3 -7550 6713 -7883.6 6757 -13651 6948 -6541 7219
cis-UF2Cl4 -9245 8408 -9572 8445 -15545 8843 -8388 9016
trans-UF2Cl4 -9360 8523 -9760.3 8634 -15703 9000 -8631 9309
UFCl5 -10796 9959 -11179.1 10052 -17445 10743 -10275 10954
UCl6 -12042 11205 -12466.8 11340 -19286 12583 -12057 12735
UF5(OCH3) -225 -612 -2427.9 1301 -7961 1258 -646 1324
cis-UF4(OCH3)2 -3126 2289 -3171 2044 -8671 1968 -1315 1993
trans-UF4(OCH3)2 -3380 2543 -3570 2443 -9003 2300 -1596 2274
fac-UF3(OCH3)3 -3986 3149 -3942 2816 -9499 2796 -2315 2993
mer-UF3(OCH3)3 -4121 3284 -4164 3037 -9644 2942 -2236 2914
cis-UF2(OCH3)4 -2660 3338
trans-UF2(OCH3)4 -2739 3417
UF(OCH3)5 -3095 3773
[UO2F4]2- 1364.7 -2201 +1139 -2266 -2848 -3854 +5207 -4528
[UO2Cl4]2- -81.7 -755 -418 -709 -4498 -2204 +3954 -3276
[UO2(OH)4]2- -808 -29 -1015.6 -111 -5471 -1231 +2581 -1903
[UO2(CO3)3]4- -1020 183 -1338.1 211 -6129 -574 +2282 -1604
[UO2(H2O)5]2+ (D5) 3330 -4167 +3399 -4526 -82 -6621 +8954 -8276
[UO2(H2O)5]2+ (D5h)b 3283 -4120 +3355 -4481 -145 -6558 +8855 -8176

a Chemical shifts taken relative to UF6, as calculated at the respective level of theory.b The optimized ground-state structure hasD5 symmetry at the
given level of theory. The idealizedD5h structure possesses five imaginary frequencies and has a higher energy.

Figure 3. Calculated235U chemical shifts in UF6-nLn compounds as a
function of n.
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This cancellation is a hint that these are core-type relativistic
effects. As has been discussed in section 2, such core-type
spin-orbit effects arise because the spin-orbit-induced spin
polarization is picked up by the core-type s-orbitals (1s1/2,
2s1/2, etc.) at the heavy uranium nucleus itself. The core-
type spin-orbit should also be responsible for (part of) the
large difference, or constant offset, between the calculated
Pauli spin-orbit and ZORA spin-orbit absolute shieldings.
While some scalar relativistic effects of the core are included
approximately in the Pauli method14 (see also below), core-
type spin-orbit effects are not. They are, however, included
into the all-electron ZORA calculations.

Interestingly, an even larger difference is observed between
Pauli and ZORA shieldings that were calculated without
spin-orbit effects, i.e., in the scalar relativistic approximation
(Table 5). Again, a large part of these differences cancels
out in relative chemical shifts. These differences, too, are
due to core effects. One can understand them as follows.
First, the core part of the basis is of double-ú quality in
ZORA calculations but only single-ú in the Pauli case
(section 3 and Part 1). Surely, this will have a large influence
on the core-core and core-valence parts of the paramagnetic
shielding, given the large extent of the uranium core.97

Second, let us recall that there are three distinct scalar
shielding contributions of the core.59 These are paramagnetic
core-core and core-valence contributions and the diamag-
netic shielding of the core density. The last two contributions
are accounted for by either method, exactly through ZORA
all-electron calculations and approximately in the (Pauli)
frozen-core case. However, core-core contributions, result-
ing from the paramagnetic coupling between pairs of
occupied core MOs, are neglected in the frozen-core ap-
proximation, i.e., in Pauli calculations.59 Again, given the
large uranium core, these contributions will be sizable.
Together with the basis set effects, they should be responsible
for a good part of the difference between ZORA and Pauli
scalar shieldings, namely the piece that cancels out in relative
chemical shifts. It is noteworthy that the core-type spin-
orbit shielding compensates for part of the large difference
between the scalar Pauli and ZORA methods.

Let us come back to the spin-orbit effects on the235U
NMR. Valence effects that survive in relative chemical shifts
are seen to be modest for the given set of molecules (Table
5). It is, however, not possible to neglect them either. In
particular, they do not necessarily have the same sign, cf.
the UF6-nLn complexes versus the uranyl complexes. Large
spin-orbit effects on the metal chemical shifts are expected
for molecules containing heavy ligand atoms.31 Here, only
systems with comparatively light ligand nuclei were studied.
The heaviest ligand nucleus in the studies is the chlorine
atom. Comparing scalar and spin-orbit ZORA calculations,
a relatively large spin-orbit chemical shift of about 600 ppm
was noticed for the largest number of chlorine ligands (UCl6).

Comparing the calculated chemical shifts from the Pauli
and ZORA methods, one can note that qualitative trends are

predicted similarly by either method. However, quantitative
differences remain in the absolute numbers. They reach 1400
ppm for UCl6 and as much as 3750 ppm for [UO2(H2O)5]2+

(Table 5). The lack of experimental data prevents any final
judgment on the accuracy of either method as applied to the
calculation of235U NMR chemical shifts. Nevertheless, the
well-known theoretical shortcomings of the Pauli approach
(numerical instability, limitations to the basis sets) lead me
to believe that the ZORA spin-orbit 235U chemical shifts
are more accurate than their Pauli counterparts. This is
supported by the results for the ligand nuclei (see above and
Part 1) and for other systems.31-33,97 Indeed, I would like to
go even further and conclude that the Pauli approach appears
to be at or beyond its limits for the NMR of the very heavy
actinide nuclei. This conclusion is based, in particular, on
the large differences between Pauli and ZORA for the uranyl
systems (Table 5). For one of them ([UO2(CO3)3]4-), the two
methods are in disagreement even over the sign of the
chemical shift. The conclusion is supported by the fact that
a number of important shielding contributions are neglected
in the Pauli case. This concerns, in particular, the quality of
the basis in the core region, the core-type spin-orbit
contributions, and certain core-core paramagnetic interac-
tions, as has been discussed in detail above. Obviously, these
are primarily core effects. Nevertheless, it is unlikely that
they would have no valence effect at all and would cancel
out completely in relative chemical shifts.

(E) Factors Influencing Calculated Chemical Shifts.
The Example of 235U NMR in the UF6-nLn Series (L )
Cl, OCH3). As has been pointed out above, the DFT-GIAO
approach allows for a detailed analysis of the calculated
shieldings and chemical shifts in terms of the electronic
structure (section 4). In the following, I intend to apply the
analysis tools that are available in this method to the
calculated235U shieldings and chemical shifts. From now
on, I discuss mostly only ZORA spin-orbit calculations.

As a start, the contributions to the calculated235U
shieldings are collected in Table 6. According to eq 2, there
are three distinct contributions to the calculated shielding
(chemical shift). The diamagnetic shielding,σd, does not vary
by more than about 20 ppm. This change is really negligible,
given a total calculated shielding range of over 21 000 ppm.
Hence,σd has no influence on the relative chemical shifts.
This result is readily understandable from the fact that the
core MOs, 1s1/2 in particular, contribute by far the largest
part of the diamagnetic shielding. That is a consequence of
the localized nature of the NMR shielding/chemical shift (cf.
eq 4). Such core effects are largely independent from the
chemical environment of the uranium nucleus. They cancel
out in relative chemical shifts. Similar conclusions have been
drawn before for other nuclei (e.g., refs 5, 15, 17, 30-32).

The spin-orbit shielding,σso of eq 6, has already been
discussed in the previous section, where it was found that it
has a large influence on the calculated absolute shieldings.
Furthermore, it was observed that it has, for the given set of
molecules, a modest although not negligible influence on
the chemical shifts. This conclusion is supported by the
numbers in Table 6. One can see thatσso varies within a

(97) Bouten, R.; Baerends, E. J.; van Lenthe, E.; Visscher, L.; Schreck-
enbach, G.; Ziegler, T.J. Phys. Chem. A2000, 104, 5600-5611.
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range of some 1500 ppm, about 6.5% of the total calculated
chemical shift range. The spin-orbit shielding is expected
to become much more prominent for complexes where the
uranium atom is bound to ligands that contain heavy atoms
(e.g., UX6, X ) Br, I, or UF6-n(OTeF5)n,98 n ) 0-6) or also
for systems containing more than one actinide nucleus. The
spin-orbit shieldingσso could well be the most important
factor in such cases.

For the given molecules, the largest contribution to the
calculated235U shieldings and chemical shifts is due to the
paramagnetic shielding,σp (Table 6). According to eq 3 and
the accompanying discussion, the leading contribution toσp

is one that couples occupied and virtual molecular orbitals,
σp,oc-vir. This follows also from Table 6, where I have
included the calculated values ofσp,oc-vir. From the table one
can note that the remaining (occupied-occupied) contribu-
tion to σp is neither small nor negligible, and it can have
either sign. Nevertheless,σp,oc-vir is responsible for the largest
part of the paramagnetic shielding, as well as for the various
trends in the shieldings and chemical shifts. For a qualitative
discussion, one can focus on this contribution.

In the following, I wish to use the analysis tools of the
DFT-GIAO method (eqs 3-5) to make the connection
betweenσp and the calculated electronic structure. I have
chosen the UF6 derivatives UF6-nLn as a representative
example. For these molecules, I would like to discuss and
rationalize the chemical shift trend that is apparent in Table
5 and Figure 3. Trends in the electronic structure along the
chloride series (L) Cl) have been discussed in a separate
publication.74 I intend to use these results for the following
discussion. From Figure 3 one can note that the calculated
235U chemical shift increases for increasingn, more so for
the chloride fluorides than for the methoxy series. It follows

from Table 6 that the trend is mostly due to an increase in
absolute terms of the (negative) paramagnetic shielding
contributionσp that, in turn, is dominated byσp,oc-vir (eq 3).
The occupied-virtual shieldingσp,oc-vir can be broken down
into contributions from individual pairs of occupied and
virtual MOs (eqs 3 and 5). A direct inspection of the
calculations shows that the largest individual contributions
involve, in each case, the seven lowest virtual MOs. In a
simple ionic picture, these would be the 5f orbitals at the
uranium center. In a more realistic bonding picture, these
MOs are still mostly 5f orbitals but have considerable
antibonding ligand contributions as well.74 The only excep-
tion is, in each case, the lowest unoccupied MO (LUMO).
It is a pure fxyz orbital, and its symmetry properties prevent
any mixing with the ligand MOs. Earlier studies74 showed
that the percentage of f-character of the remaining six 5f
type virtuals decreases along the fluoride chloride series,
from 82.0% for UF6 to 78.5% for UCl6.99 This decrease in
virtual f-character will be accompanied by an increase in
5f-character for the corresponding occupied MOs.

One can conclude that, at least qualitatively, the trends in
the occupied-virtual shielding,σp,oc-vir, the total paramag-
netic shielding,σp, as well as the total shielding and chem-
ical shift are dominated by metal-based occupied-virtual
f-to-f-transitions. In principle, also metal-based d-to-d- and
p-to-p-transitions could contribute. An inspection of the
calculations shows that this is, indeed, the case. However,
the corresponding occupied MOs are typically much lower
in energy than the f-type MOs, and the virtuals are higher
in energy. Overall, the occupied-virtual separation is
much larger for the d-to-d- and p-to-p-couplings than for
the f-to-f-transitions. According to eq 5, the magnitude of
an occupied-virtual shielding contribution is inversely
proportional to the energy gap. The large gap explains why
the d- and p-based transitions contribute much less to the
paramagnetic shielding than their 5f counterparts.

At that point, I wish to come back to the trends in the
calculated235U shielding along the UF6-nLn series (Figure 3
and Table 5). It was found that the shielding is dominated
by occupied-virtual 5f-type couplings. How do these
paramagnetic couplings change along the series?

To answer this question, one can again resort to earlier
investigations of the fluoride chloride molecules.74 There,
an average position of the occupied f-containing MOs was
calculated. This was done by taking an average over the MO
energies of occupied MOs, using the percentage f-character
and degeneracy as weighing factors. Similarly, the weighted
average was taken over the seven lowest virtual MOs. These
results from earlier study are summarized in Figure 4.74 Some
of the data is given as Supporting Information also.

The results in Figure 4 are based on scalar relativistic
calculations; i.e., spin-orbit effects have been neglected.
Earlier, the role of spin-orbit effects were discussed, the
spin-orbit shieldingσso (eqs 2 and 6) in particular. Here,
scalar relativistic calculations are sufficient for the given

(98) Seppelt, K.Chem. Ber.1976, 109, 1046-1052.
(99) Data taken from ref 74. ADF-based scalar relativistic QR-PW91

calculations; percentage f-character was based on AO coefficients.

Table 6. Contributions to the235U Shieldings (Eqs 2 and 3) (ZORA
Spin-Orbit)

shieldings,σ (ppm)

σp

molecule σ (total) σd σso total σp,oc-vir

UF6 678 11 610 7 964 -18 896 -15 380
UF5Cl -1 934 11 615 7 758 -21 306 -18 180
cis-UF4Cl2 -4 206 11 619 7 624 -23 449 -20 628
trans-UF4Cl2 -4 589 11 617 7 506 -23 713 -21 488
fac-UF3Cl3 -6 239 11 623 7 548 -25 411 -22 742
mer-UF3Cl3 -6 541 11 621 7 436 -25 598 -23 596
cis-UF2Cl4 -8 388 11 625 7 402 -27 415 -25 471
trans-UF2Cl4 -8 631 11 623 7 297 -27 551 -26 286
UFCl5 -10 275 11 627 7 308 -29 211 -27 888
UCl6 -12 057 11 629 7 248 -30 935 -30 148
UF5(OCH3) -646 11 612 7 819 -20 077 -16 808
cis-UF4(OCH3)2 -1 315 11 613 7 780 -20 708 -17 832
trans-UF4(OCH3)2 -1 596 11 613 7 840 -21 049 -18 526
fac-UF3(OCH3)3 -2 315 11 614 7 583 -21 512 -19 023
mer-UF3(OCH3)3 -2 236 11 614 7 783 -21 633 -19 429
cis-UF2(OCH3)4 -2 660 11 614 7 712 -21 986 -20 181
trans-UF2(OCH3)4 -2 739 11 614 7 827 -22 180 -20 617
UF(OCH3)5 -3 095 11 615 7 779 -22 489 -21 277
[UO2F4]2- 5 207 11 618 8 285 -14 696 -13 545
[UO2Cl4]2- 3 954 11 621 8 371 -16 038 -15 644
[UO2(OH)4]2- 2 581 11 616 8 163 -17 199 -17 355
[UO2(CO3)3]4- 2 282 11 618 8 235 -17 571 -17 858
[UO2(H2O)5]2+ (D5) 8 954 11 613 8 775 -11 434 -13 016
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purpose, since the spin-orbit-induced splitting of certain
degenerate shells will, to first order, cancel out in eq 5 and
related expressions. (For instance, recall that the three
degenerate orbitals of an atomic p shell are split into one
lower p1/2 orbital and two degenerate p3/2 orbitals of higher
energy with the average being at the position of the scalar
relativistic p orbital.)

It follows from Figure 4 that the average position of
occupied MOs with U 5f character and the average position
of the seven lowest virtuals (the U 5f orbitals) increase
monotonically with growingn.74 The increase of the occupied
average (solid diamonds in Figure 4) is greater than that of
the virtuals (open diamonds in the figure). Consequently,
the gap between the two is decreasing considerably along
the series. On the side, recall that no similar trend exists for
the HOMO-LUMO gap.74 Indeed, the first member of the
series, UF6, has a HOMO-LUMO gap that is almost twice
as large as for any other molecule.

The change in occupied virtual f-to-f-separation is the
major factor responsible for the trends in the235U NMR
shielding (Table 6). According to eq 5, the paramagnetic
shieldingsσp,oc-vir and σp are inversely proportional to the
energy separation between the occupied and virtual MOs
involved. In the given case, these are occupied and virtual
MOs that couple primarily through their 5f contribution at
the uranium center, as has been discussed above. The gap
between the average positions of the 5f containing occupied
and virtual MOs (Figure 4) can serve as a measure for the
energy separation (eq 5). One notes from Table 6 thatσp,oc-vir

is more than doubled in going from UF6 to UCl6. At the
same time, the occupied-virtual gap decreases by a factor
of 1.8, from 5.652 to 3.175 eV.74 Thus, there is an almost
quantitative correlation between the f-to-f-occupied-virtual
gap and the paramagnetic shielding.

The degree of quantitative agreement can be improved
even further if one considers also the f-character of the
occupied and virtual MOs. As has been mentioned already,
the f-character of the virtuals decreases along the series. This
is accompanied by a corresponding increase in f-character

of the 5f-containing occupied MOs, from 18.0% for UF6 to
21.5% for UCl6.74 This, in turn, will lead to a better overlap
(increased magnetic interaction) between the occupied and
virtual MOs involved (eqs 3 and 5), given that this interaction
is primarily f-based. (Recall in this connection the localized
nature of the NMR shielding (eq 4). The 1/rN

2 dependence
means that MO contributions at the NMR nucleus get the
greatest weight in these integrals. In the given case, these
contributions are primarily U 5f orbitals, as has been
discussed before.)

To summarize, the trends in235U NMR shielding and
chemical shift were studied along the fluoride chloride series
(Figure 3). It was found that the observed trend can be
explained by changes in the paramagnetic part. This shielding
contribution is dominated by the occupied-virtual contribu-
tion (eq 3 and Table 6). The occupied-virtual shielding
σp,oc-vir is, in turn, dominated by magnetic interactions
between uranium 5f-based occupied and virtual orbitals. The
strength of the interaction is inversely proportional to the
occupied-virtual energy separation (eq 5) and the separation
decreases monotonically along the series. This turns out to
be the major factor for the observed trend in the shielding.
In addition, the amount of f-character in the occupied MOs
increases along the series. This leads to better overlap
(increase in the magnetic interaction) and is a second factor
responsible for the shielding trend. Finally, note that very
similar factors should be responsible for the shielding trend
in the methoxy compounds UF6-n(OCH3)n (Figure 3).
Nevertheless, neither the occupied-virtual gap nor the
percentage f-character should change as strongly as for the
fluoride chlorides, leading to a more modest change of the
shielding along the series.

6. Conclusions

In Parts 1 and 2 of this series,39 relativistic quantum
mechanics (DFT) were applied to the calculation of NMR
shieldings and chemical shifts in diamagnetic actinide
compounds. These studies, together with preliminary re-
ports,40,41extend the applicability of first-principle quantum
mechanics considerably. Indeed, systems containing any
particular nucleus can now be studied for the first time. Thus,
the entire periodic table is becoming accessible to the
theoretical first principle study of NMR parameters.

In the first paper of the series,39 various aspects and issues
related to the application of NMR methods to actinide
complexes were discussed and evaluated. In the given second
paper, I have built on these results and applied the methods
to a wide range of diamagnetic uranium compounds. In
particular, uranyl systems [UO2Ln](q, inorganic UF6 deriva-
tives (UF6-nCln; see also Part 1), and organometallic
complexes [UF6-n(OCH3)n] have been discussed. For these
systems, theoretical shieldings and chemical shifts have been
compared to experiment where possible. This is principally
only the case for the ligand NMR. In these cases, moderate
(e.g., 19F NMR chemical shifts in UF6-nCln) to excellent
agreement [e.g.,19F chemical shift tensor in UF6, Part 1, or
1H NMR in UF6-n(OCH3)n] was found between theory and
experiment. Possible reasons for the remaining shortcomings

Figure 4. UF6-nCln molecules,n ) 0-6: Shown for each molecule are
the HOMO (marked schematically by its occupation), the seven lowest
virtual MOs (the U 5f orbitals), the weighted average position of occupied
MOs with U 5f-character (solid diamonds), and the weighted average of
the U 5f-orbitals, i.e., the seven lowest virtual MOs (open diamond); see
the text. (Data taken from ref 74.)
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have been discussed, although no definite explanation could
be provided at this point. Nevertheless, the success of the
theoretical methods (even if somewhat limited still) gives
some confidence in the power of relativistic DFT to predict
the NMR in actinide complexes.

With this confidence, I have used these methods to predict
235U NMR shieldings and chemical shifts. As has been
discussed before, experimental NMR does not exist for the
235U nucleus or for any other actinide nucleus. For instance,
plutonium (239Pu) is about the only spin-1/2 nucleus in the
entire periodic table that has not been observed by NMR.
Part of the experimental difficulty is the large chemical shift
range for these nuclei. The predicted chemical shift range is
rather large indeed. A range of 21 000 ppm for the 23
molecules studied (Table 5) was calculated. The chemical
shift range is, in fact, likely to be even larger if more
molecules such as UBr6 were included. At that point, theory
has the potential of supporting and guiding experimental
studies. Thus, the calculated numbers (Table 5) could be used
to narrow down the chemical shift range that would have to
be scanned for a signal. This, then, should lead to a more
focused experimental search and consequently to improved
signal-to-noise ratios.

The influence of spin-orbit effects18,33 on the calculated
NMR in uranium compounds was discussed. In Part 1, spin-
orbit effects were studied for the ligand NMR. There, it was
found that spin-orbit is clearly relevant in some cases but
could have been neglected in others. In the given paper, these
studies were extended to the NMR of the uranium metal. It
was found that spin-orbit had a very large influence on the
calculated235U shieldings and a modest but certainly not
negligible influence on the relative chemical shifts. It was
argued that the influence of spin-orbit on the chemical shifts
could become much more prominent for systems with heavy
ligand nuclei or for molecules with more than one actinide
centersthese are cases that had not been considered in this
study. In summary, I conclude that spin-orbit cannot be
neglected for the NMR of the actinide nucleus.

The connection between calculated NMR shieldings
(chemical shifts) and the electronic structure, i.e., the factors
determining trends in the chemical shifts were analyzed in
detail. As a representative example, the235U NMR in
UF6-nLn compounds (L) Cl, but also OCH3; n ) 0-6)
(Figure 3) was chosen. For these compounds, a large increase
in chemical shift has been traced to an increase in magnitude
of the (negative) paramagnetic shielding contribution (Table
6). The paramagnetic shielding is, in turn, dominated by
magnetic couplings between occupied and virtual MOs. It
was found that in the given case, the principal transitions
(couplings) involve occupied and virtual MOs that possess
U 5f character. Along the fluoride chloride series UF6-nCln,
the occupied-virtual separation for the f-containing orbitals
decreases strongly for increasingn (Figure 4).74 This is the
major factor that sets the trend in the calculated235U NMR.
Additionally, the amount of f-character in the occupied MOs
increases along the series, from 18.0% to 21.5%,74 and this

leads to better overlap between the occupied and virtual MOs
involved. This is the other, minor factor that has an influence
on the235U NMR chemical shifts. The trend and underlying
reason is expected to be similar, although less pronounced,
for the methoxy series UF6-n(OCH3)n.

Limitations and possible future directions of existing DFT-
NMR methods have been discussed elsewhere.5 Besides the
issues discussed in this paper,5 it will be necessary to develop
the theory and computational methods for paramagnetic
molecules. Such paramagnetic molecules are prevalent in
actinide chemistry, in particular in the organometallic
chemistry of these elements. Typically, the unpaired electron-
(s) occupy various, formally nonbonding f-levels. In many
cases, ligand NMR signals have been obtained for such
species (e.g., refs 100 and 101). Current theory is, however,
unable to model the NMR shielding or chemical shift in these
open shell systems. Thus, for theory to become truly useful
in this area of chemistry (as well as for transition metal
complexes), it shall be necessary to extend existing NMR
methods toward open shell systems. Principally, this requires
that one treat the interaction of the magnetic perturbation
with the spin (sb‚BB terms) and orbital angular momentum
(lB‚BB terms similar to the closed shell case, eqs 3-5) on an
equal footing.
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