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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,
[UO,L.J*% UFs; inorganic UFs derivatives, UFs—,Cl,, n = 0-6; and organometallic UFg derivatives, UFg—,(OCHg)n,
n = 0-5. Uranyl complexes include [UOsF42~, [UO,ClyJ2~, [UO2(OH)4J?~, [UOA(COs)s)*~, and [UO,(H,0)s]?*. For
the ligand NMR, moderate (e.g., **F NMR chemical shifts in UFs—,Cl;) to excellent agreement [e.g., °F chemical
shift tensor in UFg or *H NMR in UFs—,(OCHs),] has been found between theory and experiment. The methods
have been used to calculate the experimentally unknown 23U 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 225U NMR chemical shifts of UFg_.L, 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 Density functional theory®11 (DFT) has been central in
these developments. This is particularly true for applications

shieldings and chemical shifts from first-principle quantum to large _(;ransmon_) metal complexes and other exte_nded
mechanics has recently seen a rapid developfiémuring systems7 Regarding metal complexes, NMR calculations

the past decade or so, tremendous progress has been achievgt‘ji‘ve been dong both on light ligand nuclei (e.g., refs
in at least two directions. First, various developments aim 12-18; for a review, see ref 7) and on the heavy nupleus
at increasing the accuracy of the calculations, in particular P"OP€'- Examples in the latter category include studies on
by accounting for the effects of electron correlatigrSec- (6) Bihl, M.; Kaupp, M.; Malkin, V. G.; Malkina, O. LJ. Comput. Chem.

icati 1999 20, 91-105.
ond, the range of applications has been gradually extended (7) Kaupp, M.: Malkina, O. L.: Malkin, V. G. InEncyclopedia of

The calculation of nuclear magnetic resonance (NMR)

from light organic compounds toward the lower part of the Computational ChemistrySchleyer, P. v. R., Allinger, N. L., Clark,
periodic table andgvery recently-toward transition metal T., Gasteiger, J., Kollman, P. A., Schaefer, H. F., lll, Scheiner, P. R.,

ds.7 Eds.; John Wiley & Sons: New York, 1998; Vol. 3, pp 185I/866.
compounas: (8) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B364.

(9) Kohn, W.; Sham, L. JPhys. Re. 1965 140, A1133.
* New address: Department of Chemistry and Biochemistry, Concordia (10) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and

University, 1455 de Maisonneuve Blvd. West, Montreal, Quebec, Canada, Molecules Oxford University Press: New York, Oxford, 1989.
H3G 1M8. E-mail: schrecke@alcor.concordia.ca. (11) Ziegler, T.Chem. Re. 1991, 91, 651-667.

(1) Helgaker, T.; Jaszunski, M.; Ruud, Khem. Re. 1999 99, 293~ (12) Kaupp, M.; Malkin, V. G.; Malkina, O. L.; Salahub, D. R. Am.
352. Chem. Soc1995 117, 1851-1852.

(2) Chesnut, D. B. IrAnnual Reports on NMR Spectroscopyebb, G. (13) Kaupp, M.; Malkina, O. L.; Malkin, V. GChem. Phys. Lettl997,
A., Ed.; Academic Press: New York, 1994; Vol. 29, pp-7R2. 265 55-59.

(3) Chesnut, D. B. IrReviews in Computational ChemistriLibkowitz, (14) Schreckenbach, G.; Ziegler, Mt. J. Quantum Chenil997 61, 899.
K. B., Boyd, D. B., Eds.; Verlag Chemie: Weinheim (Germany), New (15) Ruiz-Morales, Y.; Schreckenbach, G.; Ziegler)JTPhys. Cheni996
York, 1996; Vol. 8, pp 245297. 100, 3359-3367.

(4) Gauss, JBer. Bunsen-Ges. Phys. Cheh995 99, 1001. (16) Ruiz-Morales, Y.; Schreckenbach, G.; Ziegler,Arganometallics

(5) Schreckenbach, G.; Ziegler, Theor. Chem. Accl998 99, 71-82. 1996 15, 3920.
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the metal NMR shieldings and chemical shifts of compounds representative example. To the best of my knowledge, NMR
containing the chromiuii (33Cr), iront*-2* (°’Fe), cobaf?23 shieldings and chemical shifts in compounds of the lan-
(>°Co), seleniurff—26 ("’Se), zirconiurd’28 (°1Zr), molybde- thanide or actinide elements have never been studied before
num417 (°**Mo/°’Mo), rhodiunt®2® (*°3Rh), telluriun®® by first principle theoretical method&*
(**5Te), tungstel-31 (183W), platinun®? (1%Pt), mercury® Recently, there has been a strong interest in studying
(***Hg), and lead (?°’Pb) nuclei, among othef4:3¢ As is actinide chemistry from first-principle quantum mechan-
evident from this list, applications to transition metals and ics384243This attention is based on both fundamental and
heavy p-block elements are now becoming possible for the practical considerations. Fundamental interest arises because
first time. Consequently, this area is being actively explored. f-orbitals can participate in bonding, leading to unique new
In the theoretical study of metal complexes, be it main bonding schemes, but also because actinide chemistry
group, transition metal, lanthanide, or actinide complexes, remains one of the most challenging and difficult areas for
electron correlation effects have to be accounted for. This electronic structure theoff:*?Practical interest is primarily

explains why almost all of the cited pap&rg32633 em-
ployed DFT?” as DFT allows for an efficient treatment of
electron correlatioA For compounds containing heavier

due to the radioactivity of the actinide elements, making
experimental investigations exceedingly difficult. Hence, in
this area of chemistry, theory has a particularly strong

nuclei, it becomes, in addition, necessary to include relativ- potential of providing useful data that might supplement and
istic effects as well. It is relatively straightforward to include extend experimental findings.

such effects into DFFanother advantage of the meth@d.
With this article and a preceding paper® (hereafter “Part

In this paper, two different relativistic DFT methods were
employed, the “quasirelativistic” (QR) methé#}> which

1"), the theoretical work on the NMR of metal complexes employs a Pauli Hamiltoniaf§,and the more modern “zeroth-
will be extended. The heaviest part of the periodic table, order relativistic approximation” (ZORA) for relativistic

i.e., the f-block elements will be covered. Diamagnetic (i.e.,
formally f°) uranium compounds have been chosen as a

(17) Ruiz-Morales, Y.; Ziegler, TJ. Phys. Chem. A998 102 3970~
3976.

(18) Wolff, S. K.; Ziegler, T.J. Chem. Phys1998 109 895-905.

(19) Bihl, M.; Malkin, V. G.; Malkina, O. L.Hely. Chim. Actal99§ 79,
742.

(20) Bihl, M. Chem. Phys. Lettl997 267, 251-257.

(21) Schreckenbach, G. Chem. Phys1999 110 11936-11949.

(22) Chan, J. C. C.; AuYeung, S. C. FJ. Phys. Chem. A997, 101,
3637-3640.

(23) Godbout, N.; Oldfield, EJ. Am. Chem. S0d.997, 119, 8065-8069.

(24) Bthl, M.; Thiel, W.; Fleischer, U.; Kutzelnigg, WJ. Phys. Chem.
1995 99, 4000-4007.

(25) Bthl, M.; Gauss, J.; Stanton, J. Ehem. Phys. Letll995 241, 248—

252.

(26) Schreckenbach, G.; Ruiz-Morales, Y.; Ziegler)JTChem. Phys1996
104, 8605.

(27) Bthl, M.; Brintzinger, H.-H.; Hopp, GOrganometallics1996 15,
778.

(28) Bihl, M. J. Phys. Chem. A997, 101, 2514-2517.

(29) Bthl, M. Organometallics1997, 16, 261—-267.

(30) Ruiz-Morales, Y.; Schreckenbach, G.; ZieglerJT Phys. Chem. A
1997 101, 4121-4127.

(31) Rodriguez-Fortea, A.; Alemany, P.; Ziegler JTPhys. Chem. A999
103 8288-8294.

(32) Gilbert, T. M.; Ziegler, TJ. Phys. Chem. A999 103 7535-7543.

(33) Wolff, S. K.; Ziegler, T.; van Lenthe, E.; Baerends, EJJChem.
Phys.1999 110, 7689-7698.

(34) Nakatsuiji, H. I'Nuclear Magnetic Shieldings and Molecular Structure;
NATO ASI C386; Tossell, J. A., Ed.; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1993; p 263.

(35) Nakatsuji, H.; Nakajima, T.; Hada, M.; Takashima, H.; Tanaka, S.

Chem. Phys. Lettl995 247, 418.
(36) Nakatsuji, H.; Hu, Z. M.; Nakajima, TChem. Phys. Letl997, 275,
429-436.

(37) In this connection, | should also mention the early work of Nakatsuji
and co-workers, who studied the NMR chemical shift of various metal

effects?—50

In the first paper of the serié8 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, the'®F NMR in URs-Cl, (n = 0—5) compounds and
the 1% NMR chemical shift tensor in UFhave 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

(40) Preliminary results of this work have already been reported in ref 41.
Please note that some of the calculated numbers in this reference are
slightly wrong (by a few percent at most), due to some small program
errors that have been fixed since. This concerns the Pauti-sphbit
numbers in Tables 4 and 5 of this reference. In addition, the number
given in Table 5 of this reference for the absol&i&J shielding of
[UO(OH)4]2~ (Pauli spin-orbit) is wrong due to a typographical error.
The corrected numbers are given in Table 5 of Part 1 and in Table 5
of the given paper, respectively.

(41) Schreckenbach, G.; Wolff, S. K.; Ziegler, T. Modeling NMR
Chemical Shifts: Gaining Insight into Structure and:Eonment;
ACS Symposium Series 732; Facelli, J. C., de Dios, A., Eds.; American
Chemical Society: Washington, DC, 1999; pp #114.

(42) Pepper, M.; Bursten, B. EEhem. Re. 1991, 91, 719-741.

(43) Dolg, M. InEncyclopedia of Computational Chemist8chleyer, P.

R. v., Ed.; Wiley-Interscience: New York, 1998.

nuclei; see ref 34 and references therein. Some newer papers include(44) Boerrigter, P. M.; Baerends, E. J.; Snijders, JOBem. Phys1988

for instance, refs 35 and 36. This work was typically based on the
coupled HartreeFock (CHF) approach. Thus, the so-called “gauge

problem” of magnetic propertiéshas not been addressed at all.

122 357-374.
(45) Ziegler, T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.; Ravenek,
W. J. Phys. Chem1989 93, 3050.

Typically, the resulting strong gauge-dependence of the calculated (46) Pauli, W.Z. Phys.1927, 43, 601.
NMR shieldings has been reduced by choosing highly symmetric (47) Chang, C.; Pellisier, M.; Durand, Phys. Scr1986 34, 394-404.
molecules only. Furthermore, the CHF approach means that the (48) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.GChem. Phys1993

important correlation effects have not been addressed in these studies.

(38) Schreckenbach, G.; Hay, P. J.; Martin, RJLComput. Cherml999
20, 70—-90.

(39) Schreckenbach, G.; Wolff, S. K.; Ziegler, I..Phys. Chem. £00Q
104, 8244-8255.

99, 4597-4610.

(49) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.GChem. Physl1994
101, 9783-9792.

(50) van Lenthe, E.; van Leeuwen, R.; Baerends, Hnt).J. Quantum

Chem.1996 57, 281—-293.
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range of (diamagnetic) uranium compounds. Specifically, | it is easy to see that a relativistic stabilization or destabiliza-
will extend my studies and consider again the inorganic tion of certain MOs will influence these energy differences.

fluoride chlorides UE-.Cl, (n = 0—6); organometallic
methoxy derivatives of U UFs—,(OCH), (n = 0—5); and
some examples of uranyl complexes [LG]*9, where
various ligands L coordinate to the equatorial plane of the
stable UQ@" unit. | will discuss calculated ligand NMR in
comparison to experiment where possible. Further, | will
present calculate#®U NMR shieldings and chemical shifts.
Only once has an NMR signal of an actinide nucleus been
observed, namely for Uf* Hence,>**U relative chemical

(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 nuckef!

Spin—orbit effects follow a different mechanisthThus,
the relativistic spir-orbit operators, in the presence of a
magnetic field, produce spin polarization at the heavy
nucleus, even for formally closed-shell systeih$his can

shifts (or any other actinide shifts) have not yet been also be shown rigoroush?. The spin polarization is trans-
measured. Principally, this is due to an unfavorable signal- ferred through the bond to an NMR nucleus, where it is
to-noise ratie->**U is a quadrupolar nucletsombined with picked up by means of a Fermi contact mechanism; see eq
the large chemical shift range and the radioactivity of the 6 below. One important consequence of this picture is that
actinides. It is hoped that the present calculations might help spin—orbit chemical shifts are only relevant if there are
to guide future experiments, by narrowing down the magnetic strong s-bond contributions at the NMR nucleus. Core
field ranges that have to be scanned for a signal. Finally, contributions at the heavy nucleus proper arise because the
the calculations shall be used to rationalize certain trends inspin—orbit-induced spin polarization is also picked up by
the calculated NMR shieldings (chemical shifts). This will the core-type s-orbitals at the heavy nucleus itself. Again,
be achieved by using an analysis of the chemical shift in such core contributions cancel out in relative chemical shifts.

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, | 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 contractiott or, more generally, from differences
between nonrelativistic and relativistic molecular structures.
Here, | 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 spinorbit/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 particufafhe effect is mostly
independent of the chemical environment of the heavy

3. Computational Details

NMR shieldings and chemical shifts are calculated using
relativistic DFT and the “gauge including atomic orbitals” (GIAO)
approach®58 The technical details of the methods have been
discussed in the first paper of the seffeand in the original
referenced#18.33.53.59.6nd they shall be outlined only very briefly
at this point.

The Amsterdam Density Functional code A4 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 Q45 (Pauli) or ZORA"-5 methods, cf. ref 39.
Spin—orbit effects can be included or excluded in either method.
The neglect of spirrorbit effects leads to a scalar relativistic
approximation.

Standard ADF basis sets are employed, as has been described
in more detail previously? These are Slater type basis sets that
are of triple¢ plus polarization quality in the valence region and
of single< (Pauli) or doublez (ZORA) quality in the core region.

(54) PyykKkqg P.; Goling, A.; Rosch, N.Mol. Phys.1987, 61, 195.

(55) Kaupp, M.; Malkina, O. L.; Malkin, V. G.; Pyykkd®.Chem. Eur. J.
1998 4, 118.

(56) London, FJ. Phys. Radiumi937, 8, 397.

(57) Ditchfield, R.Mol. Phys.1974 27, 789.

(58) Wolinski, K.; Hinton, J. F.; Pulay, Rl. Am. Chem. S0d.990 112
8251.

(59) Schreckenbach, G.; Ziegler, Mt. J. Quantum Chen1996 60, 753.

nucleus, since such core-type s- and p-orbitals are essentia”)ﬁGO) Schreckenbach, G.; Dickson, R. M.; Ruiz-Morales, Y.; Ziegler, T. In

unaltered upon bond formation. Hence, it cancels out in
relative chemical shift¥! 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 (egs 3 and
5 below.) This coupling describes the induced paramagnetic
currents in the systefit*2153The strength of this interaction

is inversely proportional to the MO energy differences, and

(51) Le Bail, H.; Chachaty, C.; Rigny, P.; Bougon, RPhys. Lett1983
44, 101710109.

(52) PyykKg P.Chem. Re. 1988 88, 563—-594.

(53) Schreckenbach, G.; Ziegler, J. Phys. Chem1995 99, 606-611.
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Chemical Applications of Density Functional TheoACS Symposium
Series 629; Laird, B. B., Ross, R. B., Ziegler, T., Eds.; American
Chemical Society: Washington, DC, 1996; pp 328}1.

(61) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.

(62) te Velde, G.; Baerends, E.J. Comput. Phys1992 99, 84—98.

(63) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; BaerendsT fea.
Chem. Acc1998 99, 391-403.

(64) Baerends, E. J.; Bees, A.; Bo, C.; Boerrigter, P. M.; Cavallo, L.;
Deng, L.; Dickson, R. M.; Ellis, D. E.; Fan, L.; Fischer, T. H.; Fonseca
Guerra, C.; van Gisbergen, S. J. A.; Groeneveld, J. A.; Gritsenko, O.
V.; Harris, F. E.; van den Hoek, P.; Jacobsen, H.; van Kessel, G.;
Koostra, F.; van Lenthe, E.; Osinga, V. P.; Philipsen, P. H. T.; Post,
D.; Pye, C. C.; Ravenek, W.; Ros, P.; Schipper, P. R. T.; Schreck-
enbach, G.; Snijders, J. G.; Sola, M.; Swerhone, D.; te Velde, G.;
Vernooijs, P.; Versluis, L.; Visser, O.; van Wezenbeek, E.; Wiesenek-
ker, G.; Wolff, S. K.; Woo, T. K.; Ziegler, T. ADF9Theoretical
Chemistry; Vrije Universiteit: Amsterdam, The Netherlands, 1999.
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Furthermore, the frozen core approximafibis applied in Pauli some degree. The optimized geometries and vibrational frequencies
(QR) calculationg#45 Here, all shells up to and including the 1s of [UO,(OH)4%~, [UO.F4]2-, [UO,Cl4]%~, UFs, and UR_L, series
(C, O, F), 2p (CI), and 5d shells (U), respectively, are considered (h = 0—6, L = Cl and OCH) have been published already
as core and kept frozen in molecular calculations. In ZORA elsewheré87374 include the optimized geometries of the remaining
calculations, all electrons are treated variationally. Again, see the molecules ([UQCOs)3],*~ [UO2(H20)5]?") as Supporting Informa-
first paper of the serié%for a detailed description and discussion tion.
of these settings. ) o
For the XC functional of DFT, the generalized gradient ap- 4. Analysis of the Shielding
proximation (GGA) due to Perdew and Wahdas been used As mentioned in the Introduction, a particular strength of
(_PW91). As has beeq dlscg7ssed in prevno@%l;elatlwstl_c correc- theoretical approaches in general, and of the DFT-GIAO
tions t(t) tdhe X%f“':C:'O'%?SP;O ?]ave bbee” ngglle((:jteg. 'Stlm”tirlylx r(1:o method in particular, is that they allow an analysis of the
current gependent ter ave “een inciu ,',3 into the calculated shieldings and chemical shifts in terms of the
functional, leading to the so-called “uncoupled” DFET. . . . .
. . ) iy electronic structure. In the following, | shall briefly outline
The NMR shielding tensor is well-known to be “sensitive to . . :
my approach to this analysis. | will make no attempt to

everything” (cf. Part 1), including the reference geometry at which )
the calculation is performeldl prefer to use high-quality experi- present the theory completely. Rather, | would like to show

mental geometries, in cases where such data is available. However@Nly those equations that are relevant for the analysis of the
no experimental structural data is available for most of the calculated shieldings. For a more detailed account of the
compounds that were chosen for this study. Hence, | decided totheory, the reader may refer to Paft &nd, in particular, to
use optimized geometries throughout. The only exception is the original referencels:18.335359.60

tetramethylsilane (TMS), where | used the accurate experimental The theoretical property, the shielding tensois related

geometry (as obtained from electron diffraction measuremegits,  to the experimentally observed chemical shift tengoiy
geometry) due to Beagley et at.see Part 12 For consistency, | the following relation

used the same approach as in previous structural stéfdies:74

In particular, all structures were optimized with the GAUSSIAN94 0=0,—0 1)
program systen®? | employed an effective core potential (ECP)

on uranium’® together with the respective general ECP basis set whereg andd are isotropic averages (one-third of the traces)
in its totally uncontracted form. The 6-31* all-electron Gaussian of the tensors andres is the absolute shielding of the
basis set was applied on all (light) ligand atoms. With this choice reference compound (e.g., tetramethylsilane, TMS,br

of basis set, geometry optimizations were performed using DFT and13c NMR). | will cite results in either form, as chemical

and the B3LYP hybrid XC functiondf.”® Previous studies have  ghifts or as absolute shieldings. Note the opposite sign
shown that this combination gave good agreement between theorybetween changes @ and o

and experiment for a number of test ca¥es:’In these studies, D .
the experimental bond lengths were typically still overestimated to The NMR shielding tensor can be written as a sum of three
contributiond*18:33:3.59.60

(65) Perdew, J.; Wang, YPhys. Re. B: Condens. Mattet992 45, 13244. = =d 4304 Fp 2

(66) Engel, E.; Dreizler, R. MTop. Curr. Chem1996 181, 1—80. 0=0 TO 9 2

(67) Mayer, M.; Hderlen, O. D.; Rech, N.Phys. Re. A1996 54, 4775~ . . . .
4782. The terms in eq 2 are, respectively, the diamagnetic,

(68) Rajagopal, A. K.; Callaway, Phys. Re. B 1973 7, 1912-19109. relativisti in-orbit. an ramaaneti ntri ions. Th

(69) Rajagopal, A. KJ. Phys. C1978 11, L943. ('e ativist C). SpI-o pt’ and paramagnetic contributions €

(70) Lee, A. M.; Handy, N. C.; Colwell, S. Ml. Chem. Phys1995 103 d|am_agnet|c shielding depends on the_ ze_ro-order electro_nlc
10095. _ density only. The paramagnetic shielding, however, is

1) fgf‘f’ﬁ'l’ B.; Monaghan, J. J.; Hewitt, T. &.Mol. Struct.1971, 8, determined by the magnetically perturbed MOs. Within the

(72) One could argue that, for consistency, optimized geometries should GIAO formalism, these magnetic orbitals can be described

be used forall molecules, including the reference compound TMS. Ky the density matrix to first order in the magnetic field that
This argument would be based on the well-known geometry depen- ’

dence of the NMR shieldings. It would be correct if the geometry in turn, is expanded into the occupied and virtual MOs. The
dependence was similar for TMS on one hand, and the uranium |eading contribution couples occupied and virtual MOs, and

complexes on the other. However, it is unlikely that this is the case, . .
given the entirely different bonding situations and electronic structure. one can write, at least apprommatetg (ensor Component)

Hence, it appears that, instead, the strategy of using the best available )
geometry is preferable. For the actinide systems, this means optimized ) occ vir . o1
geometries. Yet for TMS, the best available geometry is the experi- atsp O gtsp’O“V" = 22 nizuai v5|]yi|ht w0 (3)
mental structuré! The difference is, in any case, rather sniéll. T T
(73) Schreckenbach, G.; Hay, P. J.; Martin, Rihorg. Chem.1998 37,
4442-445]. : : . . :
(74) Schreckenbach, Gnorg. Chem200Q 39, 1265-1274. In this e_quann,‘Pa_and W, describe V|rtu_al and occup|ed
(75) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, MOs (with occupation numbaer;), respectively, andh’! is
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.; given by
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; P

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, h01 — 1IN « T (4)

W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; t ad, 3 p

Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; 'n t

Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussi-
76) i'n947PRiviS'iv?n tE'l;RGEf]JS(S:iﬁn' In,g}:, Zligsgtéui%% 5?7,;9398531 Further,c is the speed of lighfy is the electronic position

ay, P. J.; Martin, R. LJ. Chem. ) . : —

(77) Begke’ A.'DJ. Chem. Phys1993 98’y5648_5652. operator relative to the NMR nucleus N, aifd is th.e
(78) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. electronic momentum operator. The leading contribution to
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the first-order coefficienti,i1S is given as Table 1. Diamagnetic Uranyl Complexes [UDn]*% 17O NMR of the
Uranyl Oxygen
1 M — absolute NMR shielding (ppm)
15 _ 04 O =
Uy O ©) (O)zdla 4 {GallT, x V ey, calculated (Pauli)  calculated (ZORA)
€ — e Ty
: a 1 molecule experimeft scalar spir-orbit scalar spir-orbit
- MW, O(5) [UO2F,]2 —7352 -7376 -752.8 —768.0
©_ _© " %@ [UO.Cli2~ -718.8 —713.4 —7327 —7475
€7 € [UOy(H0)2*  —830 —7260 -7165 -738.1 —756.1
[UO2(OH)4]2~ —826¢° —702.4 —704.1 -—-7235 -—737.6
Here, the{ds} are the expansion coefficients of the MOs [UOCOs)s]*”  —807 6935 —689.6 ~—7104 -724.1
into the primitive basis funCtiOT'l@{ﬁ} (atomic orbitals AO), aExperimental numbers from refs 82 and 83. Experimental chemical

T, =T — R, is the electronic position operator with respect SEiﬂISd_have bl‘?é?‘l iﬁnver:_ed ItO ?bsoltl:tg C')shlield_iggs,tbased Ont an absolute
to the position of the AQy,, ¢, is the MO energy (ie., the  JTrIC0ct o TElie 4 b i s based on the accurate
Kohn—Sham eigenvalue of orbitdV, in the unperturbed,  rovibrationally averaged CCSD(T) calculations of Sundholm &6 &br
flidfres case) and atomic it and the Gaussian Unit 0 o K e sy o s st
system have bee,n used in eqs 3 _Wlthm thAe GIAO value- refers to the péntahydroxide,. [b{OH)s]gf, or a mi)?ture of
approach, the action of the “magnetic” operatog &h an [UOA(OH),J2~ and [UG(OH)s]3~; see the text.

MO W, is to work withiL,* on each constituting AQ,, L,*
being the s-component of the electronic angular momentum
operator about the positioR, of y,. Tabulations ofL,%,
have been published8® Note from eq 5 that the paramag-

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

absolute shielding

netic shielding is inversely proportional to the MO energy calculated (Pauli) _ calculated (ZORA)
differencee©® — ¢,©. Further, notice the localized nature nucleus experimeft scalar spir-orbit scalar spir-orbit
of the shielding that is manifested in the'\# dependence 70(=U) —807 —693.5 —689.6 —710.4 -724.1
in eq 4. 170(~C) bridging —144 -163 -265 —105
. S L. 170(—C) terminal 66.7 62.3 62.5 55.6
As has been discussed qualitatively above, the-spihit 110(~C) average 66 126 9.9 39 116
shielding contribution,6*° of eq 2, is dominated by the C 184  -11  -18 0.0 0.4
Fermi contact terd¥ that depends on the spin polarization a Experimental numbers from ref 82. Experimental chemical shifts have
at the NMR nucleus (ts tensor component) been converted to absolute shieldings, based on absolute shielding®cales.
An experimental value of(33C, TMS) = 184.1 ppri* and a theoretical
occ vir value of o(*’O, liquid water, room temperature} 290.9 ppm were

& S/ sedt>87 (See also footnota of Table 1.
000 0= 73 Su W Sr=0w o (6) ( )
] a

Tables 1 and 2, where they are also compared to the available
where g is the electronic Zeemag-factor, andS; is a experimental dat®®® Note that | have converted the
Cartesian component of the electronic spin operator. Note €xperimental chemical shifts to absolute shieldings, according
that eq 6 has been given here for the Pauli (QR) appré&fach. to €q 1. Absolute shielding scales have been used for this
The ZORA formulation of the NMR shielding tensor contains Purpose, as explained in a footnote to the tabfes.

similar terms® Let us start with thé’O shielding of the uranyl oxygen
) ) (Table 1). The effect of spinorbit is seen to be relatively
5. Results and Discussion minor in this case. Interestingly, the ZORA spiorbit terms

Building on the discussion of the previous paper in the and the Pauli spinorbit/Fermi contact terms appear to have
series® | have applied the relativistic DFT-NMR methods the opposite sign in some cases. A similar effect had been
(QR and ZORA) to a range of diamagnetic uranium found in Part 1 fOI’ thégF NMR in miXed Uranium ﬂuoride
compounds. The goal is to cover different bonding situations chloride systems.
and thus to create a comprehensive picture. | will start the Experimental data is available for the tricarborféte,
discussion with ligand NMR shieldings and chemical shifts pentaaqué? and hydroxide complexé.Note that all the
and will go on to the calculate®#®J NMR.

(82) Allen, P. G.; Bucher, J. J.; Clark, D. L.; Edelstein, N. M.; Ekberg, S.

+q i
(A) Uranyl Complex.es [UOZL"] '.The very St?‘ble linear A.; Gohdes, J. W.; Hudson, E. A.; Kaltsoyannis, N.; Lukens, W. W.;
actinyl unit AnQ,'*2* is ubiquitous in the chemistry of the Neu, M. P.; Palmer, P. D.; Reich, T.; Shuh, D. K.; Tait, C. D.; Zwick,
rl ini AR Tvpicall veral ligan L n B. D. Inorg. Chem.1995 34, 4797-4807. )
early (:.lCt des . ypically, severa .ga ds can be (83) Clark, D. L.; Conradson, S. D.; Donohoe, R. J.; Keogh, D. W.; Morris,
found in the equatorial plane of the actinyl complexes. D. E.; Palmer, P. D.; Rogers, R. D.; Tait, C. Dorg. Chem.1999
| have calculated the NMR shieldings for five such &) %8, 1456—1C4€36-E opedia of Nuclear M iR Geant
4 . ameson, C. J. Bncyclopedia of Nuclear Magnetic Resonar@eant,
complexes of uranyl, Ug*. The results are collected in D. M., Harris, R. K.. Eds.. John Wiley & Sons: New York, 1996: pp
1273-1281.
(79) Ballhausen, C. Jntroduction to Ligand Field TheoryMcGraw-Hill: (85) Sundholm, D.; Gauss, J.; Sékg A. J. Chem. Phys1996 105
New York, 1962. 1105%-11059.
(80) McGlynn, S. P.; Vanquickenborne, L. G.; Kinoshita, M.; Carroll, D.  (86) Kaupp, M.; Malkina, O. L.; Malkin, V. GJ. Chem. Phys1997 106,
G. Introduction to Applied Quantum Chemistifolt, Rinehart and 9201-9212.
Winston: New York, 1972. (87) Wasylishen, R. E.; Mooibroek, S.; Macdonald, J.JBChem. Phys.
(81) Denning, R. GStruct. Bonding (Berlin)l992 79, 215. 1984 81, 10571059.
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theoretical methods correctly predict the experimental trend lengths would yield changes of some 25 ppm in the
in the 'O shielding of these compoundg[UO,(H,0)s]?") shieldings, corresponding to a maximum correction of about
< g(JUO2(OH)4]?") < o([UO(CDs)3]*). On the other hand,  —25 ppm in the chemical shifts. Overall, the geometry errors
all calculations underestimate the experimental shieldings in appear not to be the dominating error source for the uranyl
absolute terms. ZORA spirorbit calculations give the best  oxygen chemical shifts.
agreement. The average deviation between theory and Experimental NMR data is also available for some other
experiment is 82 ppm (118 ppm for Pauli spiorbit). nuclei apart from the uranyl oxygens. For instance, for the
The source of this systematic error is not entirely clear. hydroxide system, a secoddO chemical shift signal has
As has also been discussed in Paft the following error  been observe# However, this particular signal has been
sources may contribute in principle: solvation effects, assigned to a weighted average between bound &id free
dynamic processes (such as chemical exchange), the choice,O: it has been shown experimentally that there is a fast
of approximate XC functional, and errors in the optimized exchange between the solvent and the bound hydroxide
geometries. groups. Such exchange processes cannot be modeled with
Solvation effects in particular have been neglected herethe current theoretical tools that principally consider an
but are expected to be the reason for at least part of thejsolated molecule only.
deviation between theory and experiment. Solvation effects  additional experimental data is available for the uranyl

have been identified in the first part of the series as one of tricarhonate anion, [UEICO;)3]*". In this case, averagéC

the issues that influence the calculation of NMR shieldings and:’0 chemical shifts have been measured for the equatorial
and chemical shifts. For instance, the uranyl oxygens will carhonate ligands (Table 8.The experimental average
form hydrogen bonds to neighboring solvent molecules. In shielding value for thé’0 and*C carbonate shieldings, 66
addition, experimental studies of the uranyl(VI) ion under angq 18.4 ppm, respectively, should be compared with
highly alkaline aqueous conditions indicate that two hydrox- cajculated values of 11.6 and 0.4 ppm, respectively (ZORA
ides are formed® Thus, it is thought that an equilibrium  spin—orbit). Spin-orbit effects are seen to have a modest
exists between the pentahydroxide, [)OH)s]>", and the  influence only. Again, solvation effects and exchange
tetrahydroxide, [UQ(OH),]*", with the pentahydroxide being  processes are expected to be important experimentally but
the dominant species. Hence, itis likely that the experimental haye been neglected in the calculations. Other error sources
value cited in Table 1 refers to the pentahydroxide, fJO  could include the model for the XC functional of DFT (part
(OH)s]*", or a mixture of [UQ(OH)]*~ and [UG(OH)s]*", 1) and the optimized geometries.

rather than to the tetrahydroxide. | have not studied the (B) Methoxy Derivatives of UFs, UFs_n(OCHa)n: 1°F
pentahydroxide here. Test calculations show that its high \vR . 1n the first paper of the serié&theF NMR chemical
negative charge yvill result in optimized bond lengths that shifts in mixed uranium chloride fluorides, WECI,, were

are far too long. Given the well-known geometry dependence iscyssed. Here, I will continue and extend these discussions
of calculated NMR parametet$yMR shielding calculations by considering the fluorine NMR chemical shifts in the
on this system would then be meaningless if they were based, ¢ |4taq organometallic derivatives of kJFJFs_n(OCHs)n, N

on such an optimﬁzed gas-phase geometry. ) . = 1-5. The calculated® NMR chemical shifts for these

| have further tried to understand the systematic errors in compounds have been collected in Table 3, where they are
the 'O NMR by studying the geometry dependence of the 5154 compared to experimental d8t&esides the measure-
shielding that were also discussed in Part 1. Here, | have ments by Cuellar and MarK&there is additional NMR data
chosen the uranyl water complex as a representative examples, . the first member of the series WBCH,. Thus, Ver-
The complete data have been included in the Supporting gaminf? reports 1F NMR chemical shifts for UE€’)CH3
Information. Taking finite difference derivatives, a shielding (71 an relative to UE (CFCk solution). His numbers of
gradient for the uranyl oxygen of abot2485 ppm/A was O(F, V) = 56.3+ 0.3 ppm and(**F, X;) = 117+ 0.5
found for changes of the uranyl bond length, and 251 ppm/A ppm should be compared to the measurements of Cuellar
for changes in the water bond distance. Comparing optimized ;.4 Mark&! for the same solvent. 58.1 and 121.1 ppm
and experimental structures, one can see that the Optimizedrespectively (Table 3). Thus, the two sets of experiments

water distance is too large by about 0.1 A as compared to agree well with one another, as long as the same solvent is
experiment® % whereas the uranyl distance is too short by |, qeq

0.0 or 0.03 A% respectively, depending on the particular
experimental investigation. Thus, the geometry errors in the
uranyl distances would contribute some&5 to —75 ppm

to the error in the shieldings. This would mean upHa5s

to 75 ppm for the chemical shift, unless part of the error
cancels out. Likewise, the error in the equatorial ligand bond

Cuellar and Mark® have performed their experiments in
CFCk and CHCI; 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

(88) Hay, P. J.; Martin, R. L.; Schreckenbach,JGPhys. Chem. 200Q UF(OCH)s (Table 3). Such a strong dependence is an

104, 6259-6270. _ _ indication that gas-to-liquid shifts should not be small either.
(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, (91) Cuellar, E. A.; Marks, T. Jnorg. Chem.1981, 20, 2129-2137.
L.; Vallet, V.; Gropen, OJ. Phys. Chem. A999 103 8257-8264. (92) VergaminiJ. Chem. Soc., Chem. Commuad®879 54—55.
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Table 3. °F Chemical Shifts (Pauli spinOrbit, ZORA Spin-Orbit, 8507 T T T r
and Experimen) in Methoxy Compounds UFEr(OCH;z),, N = 0—5 1 ;
(numbers in ppm) 800_3 wans F -
19 chemical shift ] [
experimertt 750 .
calculatef CH.Cl, CFChk § ] E
molecule sitt  Pauli ZORA solutions solutions _}:7700 1 -
£5004 L
UFs 846.5  831.0 766.5 764.3 %’ ] s

UF5(OCHg) V 7639 7472 690.3 706.2 g ]

X 7486  736.4 627.2 643.5 8650 r
transUF4(OCHg)2 670.4  660.3 512.5 542.8 ° trans OCH
Cis-UF4(OCHg), vV 6819 670.3 578.1 2 ] 3

X 6739 6632 [512.5] 600 C
merUF;(OCHg)s V 6127 606.3 486.5 526.7 1

X 597.1  592.9 418.2 459.6 550.] i
fac-UF3(OCHg)s 610.7 604.5 483.0 [
trans-UF»(OCHg), 539.6 337.8 385.5 ]

CissUF(OCHg)a 559.2 397.4 453.5 500 3 1 1 L
UF(OCHg 509.4 330.5 388.2 0 1 2 3 4
( )s Fluorines cis to resonant F
® Reference 91; estimated experimental uncertainties0f2 ppm Figure 1. Plot of the calculated chemical shift¢'F) versus the number
(CH.Cl, solutions) and+0.3 ppm (CFJ solutions), respectively.V, ofgfluoriﬁes cis to the resonant F in the serizgsu%DCI-b)n, n=0-5

]E:Eg::gg I:igzzr;]% tcrir\],z rt: 2 T;thsy _:_'ﬁ:ngh é(,ﬁifél;?rfrﬁﬁ!g?g t[;nsz éo oan (ZORA spin-orbit calculations). The upper curve (squares) refers to fluorine
99 -~ Averag ) 19 ; atoms situated trans to another fluorine, and the lower curve (triangles)

calculated™F shielding values for CF@lof o(™F, CFCE, ZORA spin- refers to fluorine atoms situated cis to another fluorine

orbit) = 130.7 ppm ands(*°F, CFCE, Pauli spin-orbit) = 130.6 ppm, '

respectively; cf. eq 19 Experimental number based aasumediegeneracy . . . . .

with transUF4(OCHb).. approach in this case. Certainly, the mentioned solvation

S ) effects will be important as well. The lack of quantitative
This will limit the agreement between theory and experiment, agreement is also evident when comparing Figure 1 to the
since any kind of medium effects have been neglected for corresponding experimental pRStThus, the two experi-
the former. o mental curves are almost coinciding on the left-hand side of

Given these intrinsic limitations, the agreement between o grapL This is not the case for the theoretical chemical
theory and experiment is reasonable. In particular, the Pa“"shifts (Figure 1).
and . Z.ORA calculations _reproduce _experimental trends | have attempted to investigate the various potential
qualitatively. These trends include, for instance, the decreas'sources for the systematic error in the calculafEdhemical
ing chemical shift along the series or the relative ordering shifts. To test the geometry dependence of the fluorine
Bthhgg/ and X SS?:S zx)vét:hm abmolelcule_ [UOCH), cis: NMR—and thus the influence of errors in the optimized

«{(OCHs)2, merUF(OCHy);, but alsocis- versustrans: geometries-| have first calculated the shieldings in
UF,(OCHg)4). This is interesting since, for the related fluoride UFs(OCHb) for various displacements of the GHroup. The
chlorlde_s Us—Cly, similar qur_:llltatlve trends were CONSIS-  yata are given in the Supporting Information; such distortions
tently missed by the calculations, (Par.t b. The quahtapve have hardly any influence on the calculated fluorine NMR.
agreement between th.eory and experiment is also evldentNext, | have tested the influence of the fluorine position by
from Flgur.e L. Ir) this figure, | ha\{e pIot'Fed the calculgted varying the U-F bond distances in UFThe data are given
(ZORA spin-orbit) 19':. NN.IR chem_lcal shifts as a function in the Supporting Information also. One can see that the
of the number of fluorine ligands cis to the resonant nucleus. shielding gradient for th&F NMR amounts to some 1800
The chemical shifts fall on two smooth curves, one (the upper ppm/A or so near the experimental bond distance of 1.999
one) for resonating fluorine nuclei that are situated trans to A 994 (ZORA spin-orbit calculations). Given that the
another fluorine and one (the lower one) for those nuclei optimized bond length is too long by abbut 0-0203 A74
that are _situated traps FO a methoxy Iig.and. The theoretipall should have calculatetiF shieldings that are too neg:ative
graph is in good qualitative agreement with the corresponding as compared to experiment. Thus, part of the systematic error

i 1
exper_lmental_ plg?. . in the calculated®F chemical shifts could be due to the errors
While qualitative agreement between theory and experi- in the optimized geometries

ment has been achieved, the quantitative agreement is not (C) Methoxy Derivatives of UFs, UFs_n(OCH2),: H

T e b o R, Oler il have rther e he proon N
: : o pap of the mixed methoxyuranium(VI) fluorides, YFR(OCHs),,
the series for the UELCI, series. This time, the chemical _ '
i . : . . n= 1-5. The results have been collected in Table 4 and
shift is systematically overestimated by either method. This Fi > wh h lculated and : |
might be partly due to the calculaté® shielding values \gure =, where the calculated an experl'ment.a proton
chemical shifts are compared. On the theoretical side, | took

for the reference compound (CREer to the choice of XC the average over the calculated chemical shifts for the

functlonall; see alsq part 1. Ngvertheless, the source of thes%ifferent protons to enable a comparison with experiment.
systematic errors is not entirely clear at this point. The

calc':ulated Pauli chemical Shlf'['S are consistently larger than (93) Weinstock, B.: Goodman, G. IAdy. Chem. Phys1965 9, 169.
their ZORA counterparts, making ZORA the more accurate (94) Seip, H. M.Acta Chem. Scand.965 20, 2698.
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Table 4. H Absolute Shieldings and Chemical Shifts (Pauli Sp@rbit, ZORA Spin-Orbit, and Experimef} in Methoxy Compounds
UFs-n(OCHa)n, N = 1—5 (numbers in ppm)

IH chemical shift

calculated shielding® calculate@d (Pauli) calculateti? (ZORA)
molecule sité Pauli ZORA experimenit value errof value errof
UF5(OCHg) 19.17 18.39 12.13 11.76 -0.37 12.48 0.35
transUF4(OCHg)2 21.31 20.69 9.29 9.62 0.33 10.18 0.89
CissUF4(OCHg), 20.68 19.83 10.73 10.25 —-0.48 11.04 0.31
merUF;(OCHg)s 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(OCHa)s 21.52 20.57 9.50 9.41 —0.09 10.30 0.80
transUF2(OCHg)a 21.87 8.32 9.00 0.68
cissUF,(OCHg)4 A 22.14 8.42 8.73 0.31
M 21.29 9.01 9.58 0.57
UF(OCHg)s A 22.39 8.02 8.48 0.46
M 21.89 8.37 8.98 0.61

aReference 91. CELl/CDCl; solution; estimated experimental uncertaintyded.04 ppm.? A, methoxy ligand trans to a methoxy ligand; M, methoxy
ligand trans to a fluoride ligand.Average over the different hydrogerisChemical shift based on calculatéid shielding value for TMS of(*H, TMS,
ZORA spin—orbit) = 30.87 ppm and(*H, TMS, Pauli spir-orbit) = 30.93 ppm, respectively. | have employed the experimental structure for’¥ bt

the text and the discussion in Part®Error: d(calculated)— d(experimental).

Calculated

13
12
114

10

P

10

11

12

13

reproduced by the Pauli and ZORA spiarbit 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, |
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 accofftThe 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

Experimental
absolute deviation to 0.19 ppm, and the weighted average

Figure 2. Calculated (ZORA spirorbit) and experiment& 'H NMR -
chemical shifts in methoxy compounds §JF{OCHs)n, n = 1-5 (ppm). absolute deviation to 0.18 ppm.
Marked in the figure are a line corresponding to perfect agreement between The remaining, small error may be due to a number of

t_heory and experiment (s_olid line) and another_lin_e that is shifted from the reasons. besides systematic inadequacies of the theoretical

first one by 0.61 ppm, i.e., the average deviation between theory and ! . . .

experiment (broken line). tools. In my calculations, again solvation effects have been

neglected. Furthermore, no attempt has been made to account

As has been shown in the first paper of the series already,for rovibrational effects. Such effects are known to be

these are cases where the inclusion of sjirbit is essential particularly large for the proton NMR, due to the small

for quantitatively and even qualitatively correct results. nuclear weight and resulting large vibrational amplitudes of

Spin—orbit chemical shifts of about 7 ppm were found for the hydrogen nuclel.Finally, only one conformation per

the first member of the series, {{ECH) (Part 1). The effect ~ molecule has been studied, not necessarily the lowest energy

of spin—orbit on the calculateéH shieldings and chemical conformation in each caséln this way, the entire confor-

shifts is similarly large for the other members of the series. mational space that is accessible to the molecules in a
Excellent agreement is found between calculated and solution has not been accounted for. This is particularly true

experimental proton chemical shifts for this series of for the lower members of the series with> 1.

compounds. All experimental trends have been reproduced NMR shieldings have been calculated also for the other

nicely by the calculations (Table 4). This is true for both nuclei in the Uk_,(OCH), series ¥3C, 170). However, no

the Pauli and ZORA approaches. For instance, the relative

ordering of inequivalent sites within one molecule has been (95) For instance, 12 protons contribute to the signal of UF(OCH)s

reproduced in all casemfprUF{(OCH)s, CiSUFAOCH)A  (o6) Ruud, K. fsrand. P..O.: Taylor, F. Am. Chem. So2001, 123

UF(OCHg)s). Likewise, trends along the series are also

4826-4833.
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Table 5. Predicted®*U NMR Absolute Shieldings and Chemical Shiftppm) for Different Computational Approaches

Pauli scalar Pauli spinorbit ZORA scalar ZORA spirrorbit
abs chemical abs chemical abs chemical abs chemical
molecule shielding shift shielding shift shielding shift shielding shift
UFs —837 0 —1126.8 0 —6703 0 678 0
UFsCI —3194 2357 —3457.7 2331 —9178 2475 —1934 2612
cisUF4Cl; —5321 4484 —5559.1 4432 —11391 4689 —4206 4884
transUF4Cl, —5796 4959 —6177.8 5051 —11702 4999 —4589 5268
fac-UF3Cl3 —7291 6454 —7535.1 6408 —13429 6726 —6239 6918
merUFsCls —7550 6713 —7883.6 6757 —13651 6948 —6541 7219
cissUF.Cly —9245 8408 —9572 8445 —15545 8843 —8388 9016
transUF,Cly —9360 8523 —9760.3 8634 —15703 9000 —8631 9309
UFCls —10796 9959 —11179.1 10052 —17445 10743 —10275 10954
UClg —12042 11205 —12466.8 11340 —19286 12583 —12057 12735
UF5(OCHg) —225 —612 —2427.9 1301 —7961 1258 —646 1324
cisUF4(OCH;), —3126 2289 —-3171 2044 —8671 1968 —1315 1993
transUF4(OCHg) —3380 2543 —3570 2443 —9003 2300 —1596 2274
fac-UF3(OCHg)s —3986 3149 —3942 2816 —9499 2796 —2315 2993
merUF3;(OCHa)s —4121 3284 —4164 3037 —9644 2942 —2236 2914
Cis-UF>(OCHg)s —2660 3338
trans UF,(OCHg)4 —2739 3417
UF(OCHs)s —3095 3773
[UO2F4)% 1364.7 —2201 +1139 —2266 —2848 —3854 +5207 —4528
[UO.Clg)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]*~ —1020 183 —-1338.1 211 —6129 —574 +2282 —1604
[UO2(H20)s5]?" (Ds) 3330 —4167 +3399 —4526 —82 —6621 +8954 —8276
[UO5(H20)s5]2* (Dsp)° 3283 —4120 +3355 —4481 —145 —6558 +8855 —8176

aChemical shifts taken relative to \JFas calculated at the respective level of the8ijhe optimized ground-state structure Hassymmetry at the
given level of theory. The idealizesy, structure possesses five imaginary frequencies and has a higher energy.

14000 measured, due to an unfavorable signal-to-noise ratio com-
o bined with the large chemical shift range and the radioactivity
12000 of the actinides. It is hoped that the present calculations might
] o help to guide future experiments, by narrowing down the
T 10000 magnetic field ranges that have to be scanned for a signal.
g . 3 In preliminary studied! a 23U chemical shift range of at
£ 1 L=Cl least 12 000 ppm was predicted. The current studies include
% 8000 7 R a more comprehensive set of molecules, and the predicted
E © shielding (chemical shift) range is now nearly doubled (Table
§ 60007 o 5). Thus, a rather large range of at least 21 000 ppm for the
1 o 23 molecules studied was predicted (ZORA spimbit
4000 o calculations).
] o o . L=OCH Calculated?®U chemical shifts are also included in Table
2000 - g 3 5. As of yet, there is no standard experimental reference
1 o compound for thé3U nucleus. Uk has been selected for
0d ' . ' ' I . this purpose. UfFwas chosen because it is a relatively small
0 1 2 3 4 5 6 and very well characterized molecule. Indeed, as has been
n -- number of L ligands discussed above, it is the only case wheré&®a NMR
Figure 3. Calculated®3U chemical shifts in UE_n.L, compounds as a  Spectrum has ever been detecteBurthermore, it is highly
function of . symmetric, making it more accessible than other molecules

comprehensive experimental data exists for these nuclei. Ifor both calculations and measurements. (Note #al
have included the calculated shieldings for future referenceis a quadrupolar nucleus.) The uranyl pentaaquo complex,
as part of the Supporting Information. [UO,(H,0):]?*, could perhaps be used as an alternative to
(D) Uranium (2*%UJ) NMR Shieldings and Chemical UFs. It has the highest shielding (lowest chemical shift) of
Shifts. Theoretical methods have been used also to calculateall the molecules in Table 5. Thus, using it as the reference
actinide metal®®®U) NMR shieldings. The results are shown compound would lead to all positive uranium chemical shifts
in Table 5. In addition, part of the data is presented in Figure for the set of molecules studied.
3. The ability to calculate NMR shieldings and chemical shift ~ The relativistic ZORA spir-orbit approach was applied
for a heavy element like uranium is a particular strength of to all molecules in Table 5. In addition, calculations were
the relativistic DFT-ZORA and DFT-QR methods. performed on most of the molecules using other levels of
Only once has an NMR signal of an actinide nucleus been theory. Comparing scalar and spiarbit ZORA calculations,
observed, namely for U Hence,>U relative chemical  very large spir-orbit relativistic effects were noted. Some
shifts (or any other actinide shifts) have not yet been parts of these effects cancel out in relative chemical shifts.
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This cancellation is a hint that these are core-type relativistic predicted similarly by either method. However, quantitative
effects. As has been discussed in section 2, such core-typaifferences remain in the absolute numbers. They reach 1400
spin—orbit effects arise because the sporbit-induced spin ppm for UCE and as much as 3750 ppm for [W®,0)s]?"
polarization is picked up by the core-type s-orbitals;¢ls  (Table 5). The lack of experimental data prevents any final
2s1, etc.) at the heavy uranium nucleus itself. The core- judgment on the accuracy of either method as applied to the
type spin-orbit should also be responsible for (part of) the calculation of?*®J NMR chemical shifts. Nevertheless, the
large difference, or constant offset, between the calculatedwell-known theoretical shortcomings of the Pauli approach
Pauli spin-orbit and ZORA spin-orbit absolute shieldings.  (numerical instability, limitations to the basis sets) lead me
While some scalar relativistic effects of the core are included to believe that the ZORA spinorbit 22U chemical shifts
approximately in the Pauli meth&dsee also below), core- are more accurate than their Pauli counterparts. This is
type spin-orbit effects are not. They are, however, included supported by the results for the ligand nuclei (see above and
into the all-electron ZORA calculations. Part 1) and for other systerms:3397 Indeed, | would like to

Interestingly, an even larger difference is observed betweengo even further and conclude that the Pauli approach appears
Pauli and ZORA shieldings that were calculated without to be at or beyond its limits for the NMR of the very heavy
spin—orbit effects, i.e., in the scalar relativistic approximation actinide nuclei. This conclusion is based, in particular, on
(Table 5). Again, a large part of these differences cancels the large differences between Pauli and ZORA for the uranyl
out in relative chemical shifts. These differences, too, are Systems (Table 5). For one of them ([&{00)s]*"), the two
due to core effects. One can understand them as follows.methods are in disagreement even over the sign of the
First, the core part of the basis is of douldleguality in chemical shift. The conclusion is supported by the fact that
ZORA calculations but only singlé-in the Pauli case a number of important shielding contributions are neglected
(section 3 and Part 1). Surely, this will have a large influence in the Pauli case. This concerns, in particular, the quality of
on the core-core and corevalence parts of the paramagnetic the basis in the core region, the core-type sqirbit
shielding, given the large extent of the uranium cBre. contributions, and certain cor€ore paramagnetic interac-
Second, let us recall that there are three distinct scalartions, as has been discussed in detail above. Obviously, these
shielding contributions of the cof8 These are paramagnetic ~ are primarily core effects. Nevertheless, it is unlikely that
core—core and corevalence contributions and the diamag- they would have no valence effect at all and would cancel
netic shielding of the core density. The last two contributions out completely in relative chemical shifts.
are accounted for by either method, exactly through ZORA  (E) Factors Influencing Calculated Chemical Shifts.
all-electron calculations and approximately in the (Pauli) The Example of 2 NMR in the UF¢-nL, Series (L=
frozen-core case. However, cereore contributions, result-  Cl, OCH3). As has been pointed out above, the DFT-GIAO
ing from the paramagnetic coupling between pairs of approach allows for a detailed analysis of the calculated
occupied core MOs, are neglected in the frozen-core ap-shieldings and chemical shifts in terms of the electronic
proximation, i.e., in Pauli calculatioif8.Again, given the structure (section 4). In the following, | intend to apply the
large uranium core, these contributions will be sizable. analysis tools that are available in this method to the
Together with the basis set effects, they should be responsiblecalculated®*U shieldings and chemical shifts. From now
for a good part of the difference between ZORA and Pauli on, | discuss mostly only ZORA spirorbit calculations.
scalar shieldings, namely the piece that cancels out in relative As a start, the contributions to the calculaté#u
chemical shifts. It is noteworthy that the core-type spin  shieldings are collected in Table 6. According to eq 2, there
orbit shielding compensates for part of the large difference are three distinct contributions to the calculated shielding
between the scalar Pauli and ZORA methods. (chemical shift). The diamagnetic shielding, does not vary

Let us come back to the spimrbit effects on the?%U by more than about 20 ppm. This change is really negligible,
NMR. Valence effects that survive in relative chemical shifts 9iven a total calculated shielding range of over 21 000 ppm.
are seen to be modest for the given set of molecules (-|-ab|eHence,ad has no influence on the relative chemical shifts.
5). It is, however, not possible to neglect them either. In This result is readily understandable from the fact that the
particular, they do not necessarily have the same sign, cf.core MOs, 1, in particular, contribute by far the largest
the UF67n|_n Comp|exes versus the urany| Comp'exes_ Large part of the diamagnetic Sh|e|d|ng That is a consequence of
spin—orbit effects on the metal chemical shifts are expected the localized nature of the NMR shielding/chemical shift (cf.
for molecules containing heavy ligand atofisdere, only ~ €d 4). Such core effects are largely independent from the
systems with comparatively light ligand nuclei were studied. chemical environment of the uranium nucleus. They cancel
The heaviest ligand nucleus in the studies is the chlorine outin relative chemical shifts. Similar conclusions have been
atom. Comparing scalar and spiarbit ZORA calculations, ~ drawn before for other nuclei (e.g., refs 5, 15, 17--3Q).
a relatively large spirorbit chemical shift of about 600 ppm The spin-orbit shielding,o of eq 6, has already been
was noticed for the |arge5t number of chlorine |igands @JC| discussed in the previous section, where it was found that it

Comparing the calculated chemical shifts from the Pauli has a large influence on the calculated absolute shieldings.

and ZORA methods, one can note that qualitative trends areFurthermore, it was observed that it has, for the given set of
molecules, a modest although not negligible influence on

(97) Bouten, R.; Baerends, E. J.; van Lenthe, E.; Visscher, L.; Schreck- the Chem_ical shifts. This conclusion is su'pport('ad. by the
enbach, G.; Ziegler, TJ. Phys. Chem. 200Q 104, 5600-5611. numbers in Table 6. One can see thét varies within a
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Table 6. Contributions to thé*U Shieldings (Egs 2 and 3) (ZORA from Table 6 that the trend is mostly due to an increase in
Spin—Orbit) absolute terms of the (negative) paramagnetic shielding
shieldings o (ppm) contributiono® that, in turn, is dominated by?°cv" (eq 3).
oP The occupied-virtual shieldinga®°*V can be broken down
molecule o(total) o 550 total  gpocir ipto contributions from individual _pairs.of occ_upied and
UFs 678 11610 7964 —18896 —15380 virtual MOS (egs 3 and 5). A dll’?Ct. mspectlon .of ?he
UFsCI -1934 11615 7758 —21306 —18180 calculations shows that the largest individual contributions
cis-UFCl —4206 11619 7624 —23449 —20628 involve, in each case, the seven lowest virtual MOs. In a
trans-UF,Cl» —4589 11617 7506 —23713 —21488 imple ionic pict th Id be the 5f orbitals at th
facUF:Cls —6239 11623 7548 —25411 —22742 simple onic picture, these would be the St orbitals at the
merUFsCls —6541 11621 7436 —25598 —23596 uranium center. In a more realistic bonding picture, these
cis-UFCly —8388 11625 7402 —27415 —25471 MOs are still mostly 5f orbitals but have considerable
trans-UF,Cly —8631 11623 7297 —27551 —26286 tibonding licand bt #ITh |
UFCls —-10275 11627 7308 —29211 —27888 antibonding ligand contributions as wéil.The only excep-
UClg —12057 11629 7248 —30935 —30148 tion is, in each case, the lowest unoccupied MO (LUMO).
UFs(OCHs) —646 11612 7819 —20077 —16808 It is a pure fy, orbital, and its symmetry properties prevent
cis-UF4(OCHa)2 -1315 11613 7780 —20708 —17832 L th the ligand MOs. Earl diéshowed
transUF,(OCHy), ~ —1596 11613 7840 —21049 —18526 any mixing with the ligan s. Earlier studrésnhowed
fac-UF3(OCHg)s —2315 11614 7583 —21512 —19023 that the percentage of f-character of the remaining six 5f
QSBLIJ:F(a(o%CFE?h _5 ?,28 ﬁ 2}3 ;;gg ‘gi ggg ‘ég ‘1‘22 type virtuals decreases along the fluoride chloride series,
2! 4 - - - 99 . .
trans UF,(OCHs)s 5739 11614 7827 —22180 —20617 fr_om 82.0% for Uk t(_) 78.5% for UC&._ This degrease in-
UF(OCHp)s —3095 11615 7779 —22489 —21277 virtual f-character will be accompanied by an increase in
[UOaF,J2~ 5207 11618 8285 —14696 13545 5f-character for the corresponding occupied MOs.
[UO,Cl4)2 3954 11621 8371 —16038 —15644 o .
[UO2(OH)4)?~ 2581 11616 8163 —17199 —17 355 One can conclude that, at least qgahta‘uvely, the trends in
[UO2(CO3)3]*~ 2282 11618 8235 —17571 —17858 the occupied-virtual shielding,o?°¢V", the total paramag-

2+ — — . . . . .
[UO2(Hz0)*" (s) 8954 11613 8775 ~11434 —13016 netic shieldingp®, as well as the total shielding and chem-

range of some 1500 ppm, about 6.5% of the total calculatedic@! shift are dominated by metal-based occupietitual
chemical shift range. The spirorbit shielding is expected ~ f-to-f-transitions. In principle, also metal-based d-to-d- and
to become much more prominent for complexes where the P-to-p-transitions could contribute. An inspection of the
uranium atom is bound to ligands that contain heavy atoms calculations shows that this is, indeed, the case. However,
(e.g., UX, X = Br, |, or UFs_n(OTeR)n,% n = 0—6) or also _the corresponding occupied MOs are typl_cally much Ipwer
for systems containing more than one actinide nucleus. Thell energy than the f-type MOs, and the virtuals are higher

spin—orbit shieldingo could well be the most important 1N energy. Overall, the occupiedirtual separation is
factor in such cases. much larger for the d-to-d- and p-to-p-couplings than for

For the given molecules, the largest contribution to the the f-to-f-transitions. According to eq 5, the magnitude of
calculatec?®U shieldings and chemical shifts is due to the @0 occupieetvirtual shielding contribution is inversely
paramagnetic shielding? (Table 6). According to eq 3and  Proportional to the energy gap. The large gap explains why
the accompanying discussion, the leading contributiaspto ~ the d- and p-based transitions contribute much less to the
is one that couples occupied and virtual molecular orbitals, Paramagnetic shielding than their 5f counterparts.
oPocvir This follows also from Table 6, where | have At that point, | wish to come back to the trends in the
included the calculated values@f°evr. From the table one  calculated®U shielding along the Ug L, series (Figure 3
can note that the remaining (occupieatcupied) contribu- ~ and Table 5). It was found that the shielding is dominated
tion to o is neither small nor negligible, and it can have by occupied-virtual 5f-type couplings. How do these
either sign. Nevertheless?° " is responsible for the largest ~Paramagnetic couplings change along the series?
part of the paramagnetic shielding, as well as for the various  To answer this question, one can again resort to earlier
trends in the shieldings and chemical shifts. For a qualitative investigations of the fluoride chloride molecufésThere,
discussion, one can focus on this contribution. an average position of the occupied f-containing MOs was

In the following, | wish to use the analysis tools of the calculated. This was done by taking an average over the MO
DFT-GIAO method (egs 35) to make the connection energies of occupied MOs, using the percentage f-character
betweeno? and the calculated electronic structure. | have and degeneracy as weighing factors. Similarly, the weighted
chosen the UF derivatives Uk-.L, as a representative average was taken over the seven lowest virtual MOs. These
example. For these molecules, | would like to discuss and results from earlier study are summarized in Figuféome
rationalize the chemical shift trend that is apparent in Table of the data is given as Supporting Information also.

5 and Figure 3. Trends in the electronic structure along the The results in Figure 4 are based on scalar relativistic
chloride series (.= CI) have been discussed in a separate calculations; i.e., spiorbit effects have been neglected.
publication’® | intend to use these results for the following Earlier, the role of spirorbit effects were discussed, the
discussion. From Figure 3 one can note that the calculatedspin—orbit shieldingo®® (egs 2 and 6) in particular. Here,
23 chemical shift increases for increasingmore so for scalar relativistic calculations are sufficient for the given
the chloride fluorides than for the methoxy series. It follows

(99) Data taken from ref 74. ADF-based scalar relativistic QR-PW91
(98) Seppelt, KChem. Ber1976 109, 1046-1052. calculations; percentage f-character was based on AO coefficients.
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Figure 4. UFs-nCly, moleculesn = 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.)

purpose, since the spiorbit-induced splitting of certain

of the 5f-containing occupied MOs, from 18.0% for {6
21.5% for UCE.” This, in turn, will lead to a better overlap
(increased magnetic interaction) between the occupied and
virtual MOs involved (egs 3 and 5), given that this interaction
is primarily f-based. (Recall in this connection the localized
nature of the NMR shielding (eq 4). Therd? 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 i#*U 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 occuptedrtual contribu-
tion (eq 3 and Table 6). The occupiedirtual shielding
0PV 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

degenerate shells will, to first order, cancel out in eq 5 and decreases monotonically along the series. This turns out to
related expressions. (For instance, recall that the threebe the major factor for the observed trend in the shielding.
degenerate orbitals of an atomic p shell are split into one In addition, the amount of f-character in the occupied MOs

lower py, orbital and two degenerate porbitals of higher

increases along the series. This leads to better overlap

energy with the average being at the position of the scalar (increase in the magnetic interaction) and is a second factor

relativistic p orbital.)
It follows from Figure 4 that the average position of

responsible for the shielding trend. Finally, note that very
similar factors should be responsible for the shielding trend

occupied MOs with U 5f character and the average position in the methoxy compounds WF(OCHs), (Figure 3).

of the seven lowest virtuals (the U 5f orbitals) increase
monotonically with growingn.” The increase of the occupied

Nevertheless, neither the occupiedrtual gap nor the
percentage f-character should change as strongly as for the

average (solid diamonds in Figure 4) is greater than that of fluoride chlorides, leading to a more modest change of the

the virtuals (open diamonds in the figure). Consequently,

shielding along the series.

the gap between the two is decreasing considerably along6 Conclusions

the series. On the side, recall that no similar trend exists for

the HOMO-LUMO gap/4 Indeed, the first member of the
series, Ug, has a HOMG-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 tf8U NMR
shielding (Table 6). According to eq 5, the paramagnetic
shieldingso?°>™V" and o are inversely proportional to the

In Parts 1 and 2 of this serié% 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-
portsi®4textend the applicability of first-principle quantum
mechanics considerably. Indeed, systems containing any
particular nucleus can now be studied for the first time. Thus,

energy separation between the occupied and virtual MOsthe entire periodic table is becoming accessible to the
involved. In the given case, these are occupied and virtual theoretical first principle study of NMR parameters.

MOs that couple primarily through their 5f contribution at

In the first paper of the serié8yarious aspects and issues

the uranium center, as has been discussed above. The gamelated to the application of NMR methods to actinide
between the average positions of the 5f containing occupiedcomplexes were discussed and evaluated. In the given second
and virtual MOs (Figure 4) can serve as a measure for the paper, | have built on these results and applied the methods

energy separation (eq 5). One notes from Table 6atht v

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

to a wide range of diamagnetic uranium compounds. In
particular, uranyl systems [UD,]*9, inorganic Uk deriva-
tives (UR-nCly; see also Part 1), and organometallic
complexes [UE-n(OCHs)n] have been discussed. For these
systems, theoretical shieldings and chemical shifts have been
compared to experiment where possible. This is principally

The degree of quantitative agreement can be improvedonly the case for the ligand NMR. In these cases, moderate
even further if one considers also the f-character of the (e.g., *®F NMR chemical shifts in UE.Cl,) to excellent

occupied and virtual MOs. As has been mentioned already,

agreement [e.g2’F chemical shift tensor in U§-Part 1, or

the f-character of the virtuals decreases along the series. ThiSH NMR in UFs_,(OCHg),] was found between theory and
is accompanied by a corresponding increase in f-characterexperiment. Possible reasons for the remaining shortcomings
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have been discussed, although no definite explanation couldleads to better overlap between the occupied and virtual MOs
be provided at this point. Nevertheless, the success of theinvolved. This is the other, minor factor that has an influence
theoretical methods (even if somewhat limited still) gives on the?®®U NMR chemical shifts. The trend and underlying
some confidence in the power of relativistic DFT to predict reason is expected to be similar, although less pronounced,
the NMR in actinide complexes. for the methoxy series UE,(OCH)n.

With this confidence, | have used these methods to predict Limitations and possible future directions of existing DFT-
2% NMR shieldings and chemical shifts. As has been NMR methods have been discussed elsewh&esides the
discussed before, experimental NMR does not exist for the issues discussed in this papérwill be necessary to develop
2% nucleus or for any other actinide nucleus. For instance, the theory and computational methods for paramagnetic
plutonium €3%Pu) is about the only spin-1/2 nucleus in the molecules. Such paramagnetic molecules are prevalent in
entire periodic table that has not been observed by NMR. actinide chemistry, in particular in the organometallic
Part of the experimental difficulty is the large chemical shift chemistry of these elements. Typically, the unpaired electron-
range for these nuclei. The predicted chemical shift range is (s) occupy various, formally nonbonding f-levels. In many
rather large indeed. A range of 21 000 ppm for the 23 cases, ligand NMR signals have been obtained for such
molecules studied (Table 5) was calculated. The chemical species (e.g., refs 100 and 101). Current theory is, however,
shift range is, in fact, likely to be even larger if more unable to model the NMR shielding or chemical shift in these
molecules such as UBwere included. At that point, theory  open shell systems. Thus, for theory to become truly useful
has the potential of supporting and guiding experimental in this area of chemistry (as well as for transition metal
studies. Thus, the calculated numbers (Table 5) could be usedtcomplexes), it shall be necessary to extend existing NMR
to narrow down the chemical shift range that would have to methods toward open shell systems. Principally, this requires
be scanned for a signal. This, then, should lead to a morethat one treat the interaction of the magnetic perturbation
focused experimental search and consequently to improvedwith the spin §B terms) and orbital angular momentum
signal-to-noise ratios. (I-B terms similar to the closed shell case, egsb3on an

The influence of spirorbit effectd®33on the calculated  equal footing.
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decreases strongly for increasingFigure 4)! This is the Ed.; American Chemical Society: Washington, DC, 1980; pp 93
major factor that sets the trend in the calculat®d NMR. (10 }:40-h I | and Technological A o

P : . ischer, R. D. Iffrundamental an echnological Aspects of Organo-
Addltlonally, the amount_ of f-character in the occupied MOs f-Element ChemistryNATO ASI C155; Marks, T. J., Fragala L.,
increases along the series, from 18.0% to 2175&#d this Eds.; D. Reidel: Dordrecht, The Netherlands, 1985; pp-2326.

6572 Inorganic Chemistry, Vol. 41, No. 25, 2002





