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Introduction

The roles of 4f- and 5f-orbitals in bonding:
a magnetochemical, crystal field, density functional
theory, and multi-reference wavefunction study

W. W. Lukens,*® M. Speldrich,*® P. Yang,*“ T. J. Duignan,® J. Autschbach*® and
P. Kégerler®®

The electronic structures of 4f3/5f% Cp“sM and Cp”sM-alkylisocyanide complexes, where Cp” is 1,3-bis-
(trimethylsilyl)cyclopentadienyl, are explored with a focus on the splitting of the f-orbitals, which provides
information about the strengths of the metal-ligand interactions. While the f-orbital splitting in many
lanthanide complexes has been reported in detail, experimental determination of the f-orbital splitting in
actinide complexes remains rare in systems other than halide and oxide compounds, since the experi-
mental approach, crystal field analysis, is generally significantly more difficult for actinide complexes than
for lanthanide complexes. In this study, a set of analogous neodymium(ii) and uranium(in) tris-cyclopenta-
dienyl complexes and their isocyanide adducts was characterized by electron paramagnetic resonance
(EPR) spectroscopy and magnetic susceptibility. The crystal field model was parameterized by combined
fitting of EPR and susceptibility data, yielding an accurate description of f-orbital splitting. The isocyanide
derivatives were also studied using density functional theory, resulting in f-orbital splitting that is consist-
ent with crystal field fitting, and by multi-reference wavefunction calculations that support the electronic
structure analysis derived from the crystal-field calculations. The results highlight that the 5f-orbitals, but
not the 4f-orbitals, are significantly involved in bonding to the isocyanide ligands. The main interaction
between isocyanide ligand and the metal center is a o-bond, with additional 5f to n* donation for the
uranium complexes. While interaction with the isocyanide n*-orbitals lowers the energies of the 5f,,. and
5f,.-orbitals, spin—orbit coupling greatly reduces the population of 5f,,. and 5f, .. in the ground state.

deduced."® The practical reason for the interest in f-element
electronic structure is using a better understanding of f-orbital

The electronic structures of actinide and lanthanide complexes
have been the subject of considerable recent attention due
largely to improvements in computational techniques that
allow accurate calculations of their electronic structures and to
advanced spectroscopic techniques, including ligand K-edge
X-ray absorption spectroscopy, which allow covalency to be

“Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA,
USA. E-mail: wwlukens@Ibl.gov

bInstitute of Inorganic Chemistry, RWTH Aachen University, Aachen, Germany.
E-mail: manfred.speldrich@ac.rwth-aachen.de

“Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM, USA.
E-mail: pyang@lanl.gov

“Department of Chemistry, University at Buffalo, State University of New York,
Buffalo, NY, USA. E-mail: jochena@buffalo.edu

‘Jiilich-Aachen Research Alliance (JARA-FIT) and Peter Griinberg Institute (PGI-6),
Forschungszentrum Jiilich, 52425 Jiilich, Germany

tElectronic supplementary information (ESI) available: Synthesis details, com-
parison of crystal field parameters, occupation of micro states. See DOI: 10.1039/
c6dt00634e

11508 | Dalton Trans., 2016, 45, 11508-11521

bonding to improve chemical separations: separation of
technologically important Nd, Sm, Eu, Dy, and Tb; separation
of lanthanides from Am and Cm in spent nuclear fuel repro-
cessing; and the particularly difficult separation of Am
from Cm. The similar ionic radii of these trivalent metal ions
result in small separation factors using conventional separ-
ations based on “hard” extractants, such as tributylphosphate
or di-(2-ethylhexyl) phosphoric acid.”'® While such separ-
ations are possible, they require many separation stages, and
better understanding of f-orbital bonding may improve these
separations.'’

Common approaches to studying bonding in actinides and
lanthanides are comparing ions with either similar ionic radii,
e.g., Ce(m) vs. U(m), or similar electronic structures, e.g., Nd(ur)
vs. U(m). In the latter case, the main difference is the larger
radial extent of the 5f-orbitals relative to the 4f-orbitals. More
recently, the relative energies of the ligand and metal orbitals
have received increased attention due to their roles in increas-
ing metal-ligand orbital mixing by ‘accidental degeneracy’

This journal is © The Royal Society of Chemistry 2016
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(increased mixing due to the similar ligand and metal orbital
energies).®®'* A particularly attractive and well-studied system
for the comparison of 4f and 5f bonding are the tris(cyclopen-
tadienyl) complexes, Cp;M, where Cp is cyclopentadienyl or a
substituted cyclopentadienyl ligand and M is a lanthanide or
actinide element. In addition to the parent Cps;M complexes,
the isocyanide adducts provide additional information about
the roles of the 4f and 5f-orbitals. Conejo et al. studied isocya-
nide adducts of Cp;Ce and Cp;U and concluded that Cp;U was
a better n-donor towards isocyanide ligands than Cp;Ce."

The electronic structures of CpzNd (4f*) complexes have
been extensively studied by Amberger and co-workers using
UV-Vis-NearIR spectroscopy in conjunction with crystal field
modeling to determine the splitting of the 4f-orbitals due
interactions with the ligands."*™° This system is particularly
amenable to crystal field analysis since the charge-transfer
bands and the 4f-5d transitions are in the UV, which provides
a wide window for observing the weak f-f transitions on which
the analysis is based. In favorable cases, up to 80 transitions
have been assigned, which allows many parameters to be
varied during crystal field modeling.*® In Cp;Nd, the fy3y2— 2y
orbital (a’, in D3, symmetry) interacts with one set of the Cp
highest occupied molecular-orbitals (HOMOSs). The destabiliza-
tion of this orbital may be seen in the experimentally derived
molecular-orbital (MO) diagram, which is determined by per-
forming a crystal field calculation for an f' ion with no spin-
orbit coupling using the crystal field parameters determined
for the CpsNd complex.'*'®'®1% The role of this orbital in
bonding may also be observed by photoelectron spectroscopy
although the effect is more pronounced in the Cp;M' mole-
cular cations.”® Amberger’s work provides an excellent basis
for understanding the electronic structures of neodymium
complexes and a starting point for exploring the electronic
structures of the uranium complexes.

In addition to the spectroscopically observable f-f tran-
sitions, the magnetic properties of Cp;Nd could be used to
model the crystal field, which would avoid the difficulty of
observing and assigning the f-f transitions. However, magnetic
data generally contains less information. The number of inde-
pendent data in powder magnetic susceptibility measurements
may be determined conservatively using van Vleck’s theorem
(egn (1)), where the energy of state E; in a magnetic field, H, is
E; = E® + HEY + H?E® + higher order terms.?>*

_Ez('O)
kT (1)

v ()

X = ﬁzz: Pi T

To second order, the ground state provides two indepen-
dent data (E{" and E§), and each excited state that is appreci-
ably thermally populated provides three additional
independent data (E\”, £V, E?). Electron paramagnetic reson-
ance (EPR) spectroscopy can provide additional information.
Due to the limited independent data in magnetic measure-
ments, refining all parameters in a crystal field analysis is not
possible. However, performing an analysis to determine

— 2E§2) s pi = exp(
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specific information, such as the splitting of the f-orbitals,
may be possible.

The electronic structures of CpsU (5f*) complexes have not
received extensive spectroscopic study.>* The 5f-6d transitions
are in the visible and tail into the near IR, which makes
observing and assigning the weak f-f transitions difficult. Like
Cp;Nd, Cp;U has three unpaired f electrons, and magnetic
measurements can provide information about its electronic
structure. For instance, this approach has been effectively used
to determine the oxidation states of uranium in K¢Cu;,U,S;5
from its magnetic susceptibility.>> While spectroscopic studies
of CpsU electronic structure are few, this system has been
studied computationally starting with an MO description of
the bonding in the Cp;U* fragment.>® Bonding in CpsU, its
Lewis base adducts, and the lanthanide analogs were studied
using Xo-SW methodology.””*® More recently, bonding
between Cp,U and CO has been studied using DFT,*! and
covalency in Cps;U and its transuranic analogues has been
studied by Kaltsoyannis.® Overall, these studies suggest that
the 5f-orbitals do not participate extensively in bonding with
two important exceptions. As observed in Cpz;Nd, the Cp;U
f)(sx>—y»yorbital interacts with one set of the Cp HOMOs. In
addition, the f,:-orbital can interact when an additional ligand
is coordinated along the Cj; axis. Interestingly, the f,.. and f,.-
orbitals, which could form a back-bond with =-acceptor
ligands, such as CO, are only weakly stabilized, and work by
Maron et al. suggests that backbonding by the 5f-electrons to
the ligand m-acceptor-orbitals does not greatly stabilize these
complexes.>® On the other hand, DFT and multi-reference
wavefunction calculations have indicated strong, covalent
n-interactions in Cp;U™-NO involving the 5f m-orbitals and
antibonding n*-orbitals of the NO ligand, such that the ground
state is non-magnetic.>>*

In this manuscript, we report the syntheses of complexes
Cp";M and Cp”3;M-L, where Cp” is 1,3-bis-(trimethylsilyl)cyclo-
pentadienyl, M = La, Nd, U, and L is tert-butylisocyanide
(tBuNC) or cyclohexylisocyanide (CyNC). The complexes (1:
Cp"3Nd; 2: Cp”";Nd-tBuNC; 3: Cp”3;Nd-CyNC; 4: Cp”;U; 5:
Cp"3U-tBuNC; 6: Cp”3U-CyNC; 7: Cp”sLa; 8: Cp”;La-tBuNC)
were characterized using IR spectroscopy (1-8), EPR spec-
troscopy (1-6), and magnetic susceptibility (1-6). The elec-
tronic structures of the complexes were determined from the
magnetic data (magnetic susceptibility and EPR spectra)
using the full crystal field model implemented in the com-
putational framework CONDON.** The electronic structures
of (1-6) were also determined computationally by density
functional theory (DFT) and multireference wavefunction cal-
culations. The goals of this study were to determine
whether the electronic structures of these compounds may
be determined using magnetic data and “free ion” para-
meters taken from similar compounds. The results of the
analysis are compared with previous crystal field analyses of
CpsNd complexes and with computational models. The roles
of the 4f and 5f-orbitals in the parent Cp”;M complexes and
their interactions with the electron-accepting isocyanide
ligands are discussed.
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Experimental
Synthetic procedures

Syntheses were performed using Schlenk and inert atmosphere
glovebox techniques. Solvents were freshly distilled from
sodium/benzophenone ketyl. tBuNC and CyNC were obtained
commercially, dried over Na and degassed before use. Cp"H
was prepared as previously described except that cyclopenta-
dienyl and trimethylsilylcyclopentadienyl anions were pre-
pared using potassium metal rather than butyllithium.*
Cp";U-tBuNC (5) was prepared as previously reported.'?
Cp”3;Nd (1), Cp”;3U (4) and Cp”;La (7) were previously prepared
by different routes.">*® Nd[N(SiMe;),]; and La[N(SiMes),]s
were prepared as described by Bradley et al.’” Examples of the
synthesis of Cp”;M and the base adducts are given here, and
full details are provided in the ESL

Cp”5Nd (1). Nd[N(SiMe;),];*” (2.00 g, 3.20 mmol) was dis-
solved in 50 mL of toluene, and Cp”"H (2.53 mL, 2.15 g,
10.2 mmol) was added by syringe. The solution was heated to
110 °C. After stirring for 5 days, the color had changed from
blue to green. The toluene was slowly removed under vacuum
at 100 °C giving oily, green blocks. The blocks were dissolved
in 50 mL of hexane, and the solution was filtered. The volume
of the solution was reduced to ca. 25 mL. Cooling to —20 °C
produced large, light green prisms (1.68 g, 68%). MP:
191-196 °C. 'H NMR, § = 33.70 (1H, FWHM = 27 Hz), 15.15
(2H, FWHM = 35 Hz), —7.53 (18H, FWHM = 5 Hz) ppm. IR:
3050(w), 1320(w), 1245(s), 1209(w), 1201(w), 1079(s), 920(s),
833(s), 778(s), 751(s), 690(m), 641(m), 621(m) cm™". MS (M —
CH3)+, m/z (calc, found): 754(63, 63), 755(70, 70), 756(100,
100), 757(78, 79), 758(84, 84), 759(47, 46), 760(37, 36), 761(18,
18), 762(22, 21), 763(12, 11). Anal. Calc for Cs3Hg;SigNd: 51.3;
H, 8.22%. Found: C, 50.3; H, 8.29%. Note: elemental analyses
for complexes of the Cp” ligand are usually low in C, presum-
ably due to the formation of SiC.

Cp"3Nd-tBuNC (2). Cp”;Nd (0.50 g, 0.65 mmol) was dis-
solved in 30 mL hexane, and tBuNC (0.08 mL, 0.06 g,
0.7 mmol) was added using a syringe. The initially bright
green solution immediately turned pale blue. After 1 minute, a
blue solid precipitated. The volatile components were removed
under reduced pressure. The light blue solid residue was dis-
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solved in 50 mL of hexane, and the solution was filtered. The
volume of the filtrate was reduced to ca. 30 mL, and the solu-
tion was heated to dissolve the solid. Cooling to —20 °C pro-
duced light blue blocks (0.47 g, 85%). MP: 222-223 °C. 'H
NMR, 6 = 9.73 (1H, FWHM = 150 HZ), 8.89(2H, FWHM = 100
HZ), —-1.93 [18H, FWHM = 18 HZ), -7.21 (SH, FWHM = 35 HZ)
ppm. IR: 3059(m), 2178(s), 1318(w), 1247(s), 1207(m), 1077(s),
923(m), 835(s), 779(m), 754(s), 687(m), 638(m), 622(m) cm™".
MS: only Cp";Nd observed. Anal. Calc for C;gH,,NNdSig: C,
53.3; H, 8.48; N, 1.64%. Found: C, 52.5; H, 8.78; N, 1.57%.

Physical measurements

IR spectra were recorded as Nujol mulls between CsI plates
using a Perkin Elmer 283 spectrometer. NMR spectra were
recorded in C¢Dg using a Jeol FX-90Q spectrometer. Electron
paramagnetic resonance (EPR) spectra were obtained below
5 K with a Varian E-12 spectrometer equipped with a liquid
helium cryostat, an EIP-547 microwave frequency counter, and
a Varian E-500 gaussmeter, which was calibrated using 2,2-
diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036). The low tempera-
ture EPR spectra were fit using a version of the code ABVG®®
modified to fit spectra in the frequency regime as suggested
by Pilbrow’ and to fit spectra using the downhill
simplex method.*® Magnetic measurements were conducted in
a 7 T Quantum Design MPMS magnetometer utilizing a super-
conducting quantum interference device (SQUID). Between 50
and 100 mg of sample were contained in a KelF capsule, which
was sealed with silicone grease. The data are corrected for the
diamagnetism of the capsule. The data are also corrected for
the overall diamagnetism of the molecule using Pascal
constants.

Crystal field model (CONDON)**

To analyze the magnetic characteristics of the title com-
pounds, we focus on the splitting and mixing of the relevant
multiplet energy levels, mainly those of ‘I, and I, for
these f* complexes, considering all relevant interactions. Elec-
trons in filled, inner shells are not included.

A magnetically isolated, f> metal ion in a ligand environ-
ment with a specific point symmetry is described by the follow-
ing Hamiltonian in the presence of an external magnetic field:

S,:ZN:[f—V +Vr,}+z +Z§rlkl -S;
+ EN: kf% {Bka + qzk; [Bk(ck + (~1)7Ck( )) +iB* <C"q(i) - (-1)?0’;(1))} } o
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H, represents the energy in the central field approximation,
which results in a constant shift of all energy levels; as such,
H, is not included in the model since it does not affect the
relative energies of the states (their splitting). The operators
H.., Hy,, H.s, and ﬁImag represent electron-electron repulsion,
spin-orbit coupling, effect of the ligands in the framework of
the crystal field theory, and the Zeeman effect of an external
magnetic field B, respectively. The electron-electron repulsion
(H..) are parameterized using Racah (B, C for d-systems)*" and
Slater-Condon (F?, F*, F° for f systems) parameters.*>** Spin-
orbit coupling (H,,) includes the one-electron spin-orbit coup-
ling parameter, ¢, and the orbital reduction factor, k. In Hey,
the Cf = \/4n/(2k +1)Y; denote the spherical tensors, which
are directly related to the spherical harmonics Yf; and B',;
(Wybourne’s notation).** As with H,, the spherically symmetric
term BJC{) does not change the relative energies of the states
and is not included. The summation (i) is carried out over the
number of electrons, N. For f-electrons, terms in the expansion
with k > 6 are zero, and all terms with odd k values are zero
due to the orthogonality relations of the spherical harmonics.
The values of k and ¢ for which B} is not zero are determined
by the point symmetry of the metal ion site.

The temperature dependence of thermodynamic para-
meters (susceptibility, specific heat contributions, etc.) in an
applied magnetic field, B, is introduced by Hmag shown in eqn
(2).>**>%¢ The component of the molar magnetization in direc-
tion a = x, y, z of the applied field B, M, ,, is determined using
Boltzmann statistics (eqn (3)).

Z /’ln,a exp (_En,a/kB T)
My = Ny—2
o A > exp(—Enq/ksT)
n

(3)

The molar magnetic susceptibility along « is calculated as
Yma = Ho Mmol|B| (ftne = pn-B/|B|), which is also accurate at
higher magnetic fields where the magnetization is not linear
with respect to the field, as we are including not only the
multiplet ground state but the entire multiplet energy spec-
trum. The mean value y,, o, is given by the averaged sum of its
principal components, ymav = (txc + 2y + 222)/3 = tr(zm)/3."
Since the trace of a tensor is independent of the choice of the
basis, any basis may be selected as long as the three diagonal
elements of y,, are calculated in that basis and averaged to
obtain ypm ay-

Density functional theory computational details

First principles calculations were performed using PBEO
exchange-correlation functional*®*® implemented in the
Amsterdam Density Functional (ADF 2014.07) program.’® >
Scalar relativistic effects were taken into account by the ZORA
formalism to the Dirac equation.>® TZ2P basis sets with small
cores were used for geometry optimization and QZ4P were
used for property analysis.”® The syntheses of these com-
pounds were carried out in hexane. Since hexane is a non-
polar solvent and the complexes themselves are neutral in
charge, solvation has little effect on the structures and binding

This journal is © The Royal Society of Chemistry 2016
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energies of these complexes. Results comparing molecular pro-
perties of (C5Hs);Nd-¢tBuNC (2’) in the gas phase and in hexane
are given in Table S5 (ESIT).

Multi-reference wavefunction computations

Relativistic ab initio wavefunction calculations were carried out
for complexes 2’ (Nd(m)) and 5 (U(m)) with a developer’s
version of the Molcas program similar to release 8.>°> The
second-order Douglas-Kroll-Hess scalar relativistic Hamil-
tonian®® was employed in the calculations without spin-orbit
(SO) coupling, along with all-electron ANO-RCC Gaussian-type
basis sets contracted to TZP (DZ for H) quality (U =
26s523p17d13f5g3h/9s8p6daf2gih; Nd = 25s22p15d11fag2h/
12511p8d7f4g2h, C, N = 14s9p4d3f2g/4s3p2d1f; H = 8s/2s). The
computations used state-averaged Complete Active Space Self
Consistent Field (CASSCF) wavefunctions.”” Spin-orbit (SO)
coupling was treated by state interactions between the CASSCF
wavefunctions, using a modified version of the Restricted
Active Space State Interaction (RASSI) program.*®>° For brevity,
the scalar relativistic or ‘spin-free’ (SR, ie. not including SO
coupling) and the calculations with SO coupling are referred to
as SCF-SR and SCF-SO, respectively. The magnetic data were
calculated according to ref. 60-63. For a combined visual
inspection of the electronic states, natural-orbitals of the SO
wavefunctions were generated as explained in ref. 55, 64, and
65. The active spaces for the complexes were the 3 unpaired f
electrons in the seven 4f- or 5f-orbitals.

Results
Synthesis and IR spectroscopy

Cp”"sM complexes were prepared by the reaction of
MI[N(SiMe,),]; *”°® with Cp"H in toluene followed by recrystal-
lization from hexane. The properties of Cp”;M are identical to
those previously reported.'**® The base adducts were prepared
by adding the ligand to a hexane solution of Cp”;M. The reac-
tions are rapid, and the 1:1 adduct is the only product as
determined by elemental analysis, NMR and IR spectroscopy,
and the yield of the reaction.

The IR stretching frequencies of isocyanide ligands and
carbon monoxide coordinated to Cp;U have been previously
investigated, and Cp;U complexes were found to act as
effective n-donors towards isocyanide ligands."> The CN
stretching frequency of the coordinated isocyanide ligand
reflects the relative roles of the metal center as a c-acceptor
and a n-donor. Interaction between unoccupied metal orbitals
and the filled isocyanide c-orbital increases the CN stretching
frequency, and n-donation from occupied metal orbitals into
the unoccupied n*-orbitals lowers the stretching frequency.®’
In Cp”;La-tBuNC (8), the CN stretching frequency increases by
~30 em™" relative to the free ligand, suggesting that tBuNC
acts only as a o-donor in this complex as one would expect
since the La(ur) center has no f-electrons to donate to the iso-
cyanide m*-orbitals. Interestingly, the CN stretching frequency
of the Cp”;Nd adduct is identical to that of Cp”;La, which

Dalton Trans., 2016, 45, 11508-11521 | 11511
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Table1 CN stretching frequencies (in cm™) of Cp"sM(CN-R)
complexes

Free ligand M=La M =Nd M=U
tBUNC 2146°® 2178 2178 2140
CyNC 2138%® 2183 2154

strongly suggests that the Nd 4f electrons do not to back-bond
to the ligand. Similar behavior has been observed previously in
isocyanide adducts of CpsCe.'> On the other hand, the CN
stretching frequency for the Cp”";U adduct is significantly
lower in energy than in either lanthanide complex, which
suggests that the 5f electrons, unlike the 4f electrons, can
back-bond with the isocyanide n*-orbitals (Table 1).

DFT calculation results

DFT calculations were employed to provide insights into the
energetics of ligand binding and to provide a benchmark for
comparison of the experimental MO schemes determined by
crystal field fitting. The tBuNC system is used as an example
herein. In these calculations, the Cp” ligand was simplified to
CsH; to reduce the computational cost while maintaining its
chemical nature. To understand the bonding interactions
between the isocyanide ligand and the metal center, we con-
ducted hybrid DFT calculations of free tBuNC ligand,
(C5H5)3Nd-tBuNC (2'), and (CsHs);U-tBuNC (5'). The selected
geometric parameters of the optimized structures are listed in
Table 2. Since no crystal structures of these metal compounds
are available for direct comparison, the CN stretching fre-
quency was used as the reference. The vibrational analyses
show that these optimized geometries are in good agreement
with experimental results by correctly predicting the changes
of CN stretching frequency upon ligand binding. The binding
of tBuNC to the (CsH;);Nd increases the CN stretching fre-
quency by 20 cm™ compared to the free ligand, which is in
good agreement with the 32 ecm™" increase observed experi-
mentally. In contrast, the coordination of tBuNC to (CsHs);U
decreases the CN stretching frequency by 64 c¢cm™ and
lengthens the CN bond by 0.05 A. The experimental data also
shows a decrease but with a much smaller magnitude of
6 cm™". This decrease is due to the back-donation of 5f elec-

Table 2 Computational results for 2" and 5’

(CsHs);Nd-tBuNC  (C5H;);U-tBuNC

tBuNC (2) (59
M-C (A) — 2.603 2.466
C=N (A) 1170  1.165 1.175
N-C (¢Bu) (A) 1.436  1.439 1.436
Angle (CNC) 179.8° 178.7° 179.4°
CN stretching freq. 2178 2198 2114
cale (em™)
CN stretching freq. 2146 2178 2140
expt (2 and 5) (em™)
Ligand binding energy — —16.37 —21.77

(kcal mol™)

11512 | Dalton Trans., 2016, 45, 11508-11521
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trons to the ligand n*-orbitals in (CsHs);U-tBuNC (vide infra),
which results in stronger metal ligand bonding in the trivalent
uranium complex. The binding energies of tBuCN further
verify this conclusion by giving —21.77 kcal mol™" for Cp;U
and —16.37 kcal mol ™" for Cp;Nd, respectively.

The bonding interaction of the isocyanide ligand with the
trivalent metal center is dominated by the c-donation to the
d,.-orbital, shown in Fig. 1. In 2/, the 4f electrons are almost
exclusively localized at the Nd center in singly occupied
molecular orbitals (SOMOs) and result in the spin density of
3.0. SOMOs 1-3 are mainly f,», f;» and fy._3,2), respectively,
and are nearly degenerate. In 2', the f-orbital coordinate
system is not aligned with the molecular C; axis (f;;, SOMO-2
in Fig. 1, does not lie on the C; axis). With respect to the C;
axis, SOMO-2 has © symmetry and corresponds to f.. due to
the change in coordinate system. Interestingly, the ordering of
the orbitals is the same as if back-bonding were important;
that is, the lowest lying SOMOs are those with the proper sym-
metry to interact with the tBuNC n*-orbitals. Nevertheless, the
SOMOs depicted in Fig. 1 illustrate that the 4f electrons have
little or no overlap with the ¢tBuNC ligand and do not back
donate to the ligand as reflected by the spin density and the
experimental and calculated values of ¥(C=N).

Unlike the 4f-orbitals, the 5f-orbitals display strong overlap
with the ligand =n*-orbitals. The lowest lying-orbitals in 5/,
SOMO-1 and SOMO-2 are those with n-symmetry with respect
to the molecular 3-fold axis (mainly f,,. and f,,.). SOMO-3 is
an orbital with ¢-symmetry, fy,2_3»), which has no overlap
with either the Cp or isocyanide ligands. The 5f electrons
back-donate to the n*-orbitals of the ligand (Fig. 1), which
reduces the spin density at the uranium center to 2.68. As a
consequence, the C=N bond distance is lengthened, and the
C=N stretching mode is decreased. The calculated reduction
in ¥(C=N) in 5' is large compared to experiment (64 cm '
versus 6 cm™ '), especially in light of the agreement between
the calculated and experimental values in 2'. This difference
may be attributed to spin-orbit coupling as addressed below.

EPR, magnetism and crystal field modeling

In general, it is more difficult to interpret the spectra and mag-
netic behavior of actinide compounds than lanthanide com-
pounds. In lanthanides, electron repulsion (He. ~ 10° cm™), is
much stronger than either spin-orbit coupling (Hy, ~ 10°
em ™) or crystal field potential (Hs ~ 10° em™). Consequently,
lanthanide electronic structure is well described by Russell-
Saunders coupling, where L, S, and J are ‘good’ quantum
numbers. In actinides, H,. is weaker and Hy, and H.; are much
stronger than in the lanthanides. As a result, L, S, and J are not
‘good’ quantum numbers, and Russell-Saunders coupling is
no longer accurate.®® U(m) has three unpaired 5f electrons,
with a *I (S = 3/2, L = 6) ground state and total angular momen-
tum, J = 9/2; this leads to a “Io, ground state (ground multi-
plet) in Russell-Saunders coupling. Strong spin-orbit coupling
mixes other J = 9/2 states into the I/, ground state. Previous
spectroscopic studies of U(m) ions show that the “free ion”
ground state has a significant *Ho, (15.2%) character.®® This

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Bonding analysis of (CsHs)sNd-tBuNC (2') and (CsHs)sU-tBuNC (5°) from DFT calculations. Isosurfaces at +0.03 atomic units for both 2" and 5'.

mixing of excited terms into the ground state is a result of the
breakdown of Russell-Saunders coupling, and renders it
difficult to model variable temperature magnetic
susceptibility.”*”*

The impact of the ligand field on electronic structure is sig-
nificantly larger in the actinides than in the lanthanides
because the greater radial extent of the 5f-orbitals allows better
metal ligand overlap. The ligand field removes the (2] + 1)-fold
degeneracy of the ground state giving rise to 2/ + 1 sublevels
with m; = —J, =/ + 1, ..., J. The degeneracies of the resulting m;
sublevels are determined by the site symmetry of the metal
ion. The energies of the m; sublevels depend on the orien-
tation and strength of the ligand field. The ligand field also
allows excited states with J + 1 to mix into the ground state.
The aforementioned mixing of excited states into the “free
ion” ground state complicates the mixing and splitting of the
5f-orbitals. The degree of mixing depends on the relative
strengths of the single ion effects (Hee, Hso, Her), which can
produce complex electronic structures for actinide complexes.
In many cases, energies of the lowest sublevels are smaller
than kT at room temperature, and the effective magnetic
moment, g, is highly temperature dependent. Because the
single-ion effects (Hce, Hso, Her) are similarly strong in actinide
complexes, using a perturbation approach to model the crystal
field is inaccurate. To determine the 5f electronic structure
from physical measurements, the full Hamiltonian (eqn (2))
must be diagonalized with respect to all single-ion effects
simultaneously.

To assess whether our approach to the magnetic structures
of Cp”;Nd (1), Cp”"3U (4), and their isocyanide adducts is
effective, the parameters determined by modeling the mag-
netic properties are compared with DFT computational results
and crystal field parameters previously obtained by fitting the
energies of the f-f transitions. The parameters that we are pri-
marily interested in are the crystal field parameters (B];), which
reflect f-orbital splitting and the strength of their bonding
interactions with the ligands.

The EPR spectra of the neodymium and uranium com-
plexes are shown in Fig. 2 and their g-values, determined by
fitting the spectra, are given in Table 3. The spectra of

This journal is © The Royal Society of Chemistry 2016

— Data
— Simulation

Cp’sNd (1) Cp3U (4)

Cp”3Nd-tBuNC (2) Cp”3U-tBuNC (5)

Cp”3Nd-CyNC (3) Cp”3U-CyNC (6)

2000 4000 6000 8000 2000 4000 6000 8000
Magnetic field (Gauss)

Fig. 2 EPR spectra of 1-6 (red) and simulations (black).

Table 3 EPR g-values for Cp“sM and Cp"”sM-L

8l 81

| A

8
Complex gy & 5 (expt)*  (expt)* (clalc)b (calc)?
1 2.44 2.06 <0.7 <0.7 2.25 0.69 2.27
2 2.25 2.08 0.87 0.87 2.17 1.02 2.17
3 2.51 1.77 0.89 0.89 2.14 0.90 2.22
4 3.03 2.31 <0.7 <0.7 2.69 0.45 2.75
5 2.42 1.75 <0.7 <0.7 2.09 0.81 2.12
6 2.40 1.68 1.04 1.04 2.04 1.06 2.06

“The high field component is assigned to gj; with respect to the
pseudo-C; axis of the molecule, and the low field g-components are
averaged to give g, based on the work by Amberger and coworkers.
? From the crystal field model derived from CONDON simulations.

Cp"3Nd-L are easily interpreted since the individual g-com-
ponents are distinct. Both spectra are nearly axial with that of
3 showing slightly more distortion than that of 2. The EPR
spectra of all the neodymium complexes are remarkably
similar to each other. While the spectrum of 1 appears quite

Dalton Trans., 2016, 45, 11508-11521 | 11513
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Fig. 3 Temperature dependence of et at 0.1 T for 1-6 and modeled
susceptibility. Experimental data, red circles: 1; blue circles: 2; black
circles: 3; red filled circles: 4; blue filled circles: 5; black filled circles: 6.
Solid lines: least-squares fits.

T
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different from those of 2 and 3, the main difference is that the
spectrum of 1 is much broader. The other difference is that g,
of 1 is at a field greater than 1 T and is not observed. The EPR
spectrum of 4 is similar to that of 1, except that it is somewhat
broader and g, is greater. The spectra of 5 and 6 are somewhat
similar to 2 and 3.

Least-squares fits from CONDON crystal field calculations

The low-field magnetic DC susceptibility data for 1-6 are illus-
trated in Fig. 3. In all cases, p.¢ is strongly temperature depen-
dent, which is consistent the presence of low-lying m;
sublevels that are populated below 300 K. The neodymium
complexes have nearly identical magnetic susceptibilities from
2 to 300 K, which suggests that coordination of the isocyanide
ligands to 1 only weakly perturbs the electronic structures of
the thermally populated states. In contrast, the magnetic sus-
ceptibility curves of 4-6 are quite different from each other,
which suggests that the electronic structures of the uranium
complexes are more strongly perturbed by the addition of an
isocyanide ligand. This qualitative difference between the
Nd and U complexes reflects the greater radial extent of the
5f-orbitals relative to the 4f-orbitals.

As noted above, modeling the temperature-dependent mag-
netic moments of 1-6 requires accounting for all single-ion
effects including determining the approximate starting values
for the crystal field parameters (Bf), spin-orbit coupling (¢),
and Slater-Condon electron-electron repulsion parameters
(F"). For both U and Nd, the values of { and F" were taken
from those determined for Tp;M, where Tp is hydrotris(1-pyra-
zolyl)borato, since this is the only system for which parameters
are available for both Nd(m) and U(m)."® Starting values of B}
were taken from (CsHMe,);Nd and Tp;U for the neodymium
and uranium compounds, respectively.'*'> To avoid over para-
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meterizing the fit, only B’,; are varied while the values of ¢, F>,
F*, and F® were fixed. The fixed parameters mainly reflect the
overall covalency in the complex and are not expected to vary
significantly between Cp”;M and Cp”;M-L; moreover, these
parameters do not directly affect the splitting of the f-orbitals
—as such, fixing ¢, >, F*, and F° to appropriate values should
not significantly impact the crystal field parameters, which are
the focus of this study.

To reduce the number of crystal field parameters, the site
symmetries of Cp”;M and Cp";M-L are assumed to be D3, and
Csy, respectively, which leads to the crystal field Hamiltonians
given in eqn (4) and (5).

3 3
83202 By Y Co(i) + By Col0)
=1 i=1
BGZCG i) + C8 (i) (4)

CﬁvaZZcz + B} Zc
+B§ZC§(1’) +Bch53(
i—1 i=1

+B5)» (C()+C3(D)

zlmw

)+ B3 (0 + €20

7 (5)

Using these crystal field Hamiltonians, the magnetic sus-
ceptibility and EPR values of 1-6 were fitted using CONDON to
determine the values of the crystal field parameters. The
fitting results are shown in Fig. 3, and the modeling para-
meters are given in Table 4. The values of B]; determined for 1
may be compared with those of other Cp;Nd complexes with
bulky Cp ligands. As shown in Table S1,{ crystal field para-
meters are very similar for all complexes, which supports the
notion that the B’; determined by modeling the magnetic data
are consistent with those determined by fitting the energies of
the excited states. The average relative uncertainty in the
values of B’g in Table 4 is 10%, which is approximately twice as
large as the uncertainty in the values of B"; determined by
fitting optical data.>® The greater uncertainty is due, in part, to
the limitation on the number of variables in the CONDON fit
imposed by the independent data available in magnetic
data. Nevertheless, the uncertainties in the values of B’; deter-
mined by fitting the magnetic data are small relative to the
values of B";.

i)+ C§

Discussion

In the following paragraphs, we compare the electronic struc-
tures of 1-6 as determined by DFT and the parameters in
Table 4. The structures will be analyzed in two ways. The elec-
tronic structures of the f* systems including the energies and
crystal field wavefunctions of the m; substates of I, will be
discussed. In addition, the experimental MO scheme in the
absence of spin-orbit coupling (nonrelativistic MO scheme)
can be derived by diagonalizing the energy matrices of an f*

This journal is © The Royal Society of Chemistry 2016
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Table 4 Magnetochemical analysis details for compounds 1-6 (all energies in cm™). Values in square brackets were kept constant in the fitting

procedure

Cp”3Nd (1) Cp”3Nd-tBuNC (2) Cp”3Nd-CyNC (3) Cp”;U (4) Cp”3U-tBuNC (5) Cp”3U-CyNC (6)
P [71714] [71714] [71714] [36305] [36305] [36305]
)2 [52182] [52182] [52182] [26 452] [26 452] [26452]
F [35286] [35286] [35286] [23130] [23130] [23130]
¢ [881] [881] [881] [1516] [1516] [1516]
B} —3184 + 56 —1395+13 —2781+ 13 —777 £ 189 —3165 + 103 —3660 + 135
Bg 1597 + 25 828 + 91 733 +186 6418 + 830 5890 + 631 2744 + 336
B; — —-156 £ 79 —557 £ 176 — —2410 + 251 —1280 + 276
Bg 973 £ 27 1199 + 45 925 + 149 752 £ 21 5700 = 141 4705 + 318
BS — —475 + 18 —672 + 47 — 3650 + 204 3250 + 142
Bg —2665 + 43 —-1697 + 15 —1959 + 89 —8220 + 215 —1160 + 76 —2290 £ 127
AE 60.2 63.0 62.1 90.0 49.0 73.0
LFOS, “1 7161 6840 6968 9400 9370 9460
LFOS, ‘I, 1110 781 780 1514 1720 1570

Ground state (1)

F5/2 (67%)
+7/2 (32%)

F5/2 (68%)
+7/2 (27%)
+1/2 (4%)
0.008

F5/2 (64%)
+7/2 (25%)
+1/2 (9%)
0.009

¥5/2 (53%)
+7/2 (46%)

0.010

T5/2 (45%)
+1/2 (44%)

0.010

F5/2 (61%)
17/2 (10%)
+1/2 (26%)
0.010

SQ* 0.007

“ Quality of fit: SQ = { <Zn: [(r;" *){icalc)/)(i()bs}z) /n}

=1

1/2

ion using the ligand field parameters given in Table 4 with
{ equal to zero. As shown by Amberger and coworkers, this
approach produces an experimentally derived MO description
of the splitting of the f-orbitals due to interaction with the
ligands. The orbitals in the MO scheme are labeled by the
f-orbital with the largest contribution. These MO schemes may
be directly compared with the DFT computational results,
which do not explicitly include spin-orbit coupling. Based on
these MO-schemes, we discuss changes in the metal-ligand
bonding between the actinides and lanthanides.

Cp”3M (1 and 4)

The low-lying excited states (substates of “Iy,) of 1 and 4 are
shown in Fig. 4, and their ground state, crystal field wavefunc-

16
| ——— 56%| $7/2), 43% | +5/2)
14
12
| —— 65%|77/2), 34%| +5/2) ~
10 —— 51%| ¥9/2), 48% | +3/2)
'§ |
™ 8
o
i e
S~
w 6 -
| —91%| F1/2),|+11/2) (8%)
4 -
5 | ——97%|%1/2)
1 — 82%':3/2), 17%11_9/2> [ 52%|;9/2), 47%|i’3/2)
0 = 67%|75/2), 32%|+7/2) = 53%|%5/2), 46%|+7/2)

Cp”3Nd (1) Cp”3U (4)

Fig. 4 Ligand-field splitting and the composition of the lowest-lying
my substates of 1 and 4.

This journal is © The Royal Society of Chemistry 2016

tions are similar. In both, the ground state is a mixture of m; =
F5/2 and +7/2. In 4, there is a greater degree of mixing and
larger splitting of the m; substates, a consequence of the
greater radial extent of the 5f-orbitals relative to the 4f-orbitals.

A more detailed understanding of the bonding in these
complexes may be obtained by examining the splitting of the
f-orbitals illustrated in Fig. 5. In D3}, symmetry, the crystal field
only splits the orbitals but does not mix them (Table S27). In
1, a single orbital, fj3,_y2), interacts significantly with the
ligand-orbitals, while the other f-orbitals show little inter-
action. This result is consistent with previous crystal field
studies, which show essentially the same splitting of the
4f-orbitals and a similar ordering (the relative order of the
nearly degenerate f,: and (fy,, f(x2_y2)-orbitals varies).'*'*'” In

Xy2)
4, the splitting of the f-orbitals is approximately twice as large

44
= fy@x2y?)
34
2 = fy@ey2)
‘TE 1. - 1,3
S
3]
o
E 01 —_— fxyz, fz(xz-yz) —_—— 22, fy22
f,3
) —— fyz2, fyz2
—— fxyz: fz2(x2y2)
21
Cp”;Nd Cp7,U
-3

Fig. 5 Comparison of the experimentally-based, crystal field MO
schemes of Cp“sNd (1, left) and Cp”sU (4, right). MO schemes are

plotted with their barycenters at 0 cm™.
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as that in 1, which can be attributed to the greater radial
extent of the 5f-orbitals. As in 1, the most strongly destabilized-
orbital is fy2_3y2); however, the f.-orbital is also destabilized.
As previously shown, the f)(,>_3 is ideally configured to inter-
act with the HOMO of the Cp ligands.>****® In addition, none
of the 6d-orbitals has the appropriate symmetry, a’,, to interact
with this Cp MO. The same is true for the fs-orbital, which
can interact with the Cp HOMO with a", symmetry via the two
equatorial lobes. The overlap with f,; is not as large as with
f)(x—3y2) since the lobes of the latter point directly at the Cp
ligands. That these f-orbitals interact most strongly with the
ligands may be viewed as a consequence of the FEUDAL (“f’s
essentially unaffected, d’s accommodate ligands”) principle in
which bonding in actinide and lanthanide ions largely involves
the d-orbitals.”® The f-orbitals only participate substantially in
bonding when no d-orbital possesses the appropriate sym-
metry to interact with the ligand MOs.

Cp”3Nd-L (2 and 3)

As noted above, the similarity among the EPR g-values and the
magnetic susceptibilities of 1-3 strongly suggest that coordi-
nation of the isocyanide ligand to the Nd ion has little effect
on the thermally populated states. As illustrated in Fig. 6, the
ground states change little upon coordination of the ligand.
The main change is that a small amount of m; = +1/2 character
is mixed into the ground state; otherwise, the ground state
crystal field wavefunctions and the energies and wavefunctions
of the low-lying excited states are similar to those of 1.

A more detailed picture of the change in electronic struc-
ture of the Nd center upon coordination of an isocyanide
ligand along the z-axis emerges from the splitting of the f-orbi-
tals (Fig. 7). The identities of the low-lying-orbitals determined
by crystal field fitting may be compared with those determined
by DFT (Fig. 1) using the coordinate system defined by the
molecular C; axis as the z axis. SOMO-1 and SOMO-2 in Fig. 1
correspond to the degenerate f,,. and f.-orbitals in Fig. 7
since they have = symmetry with respect to the C; axis. Both

°7] —— 69%| ¥7/2), 29% | +5/2)
8 - —T72%|¥7/2), 27%| £5/2) 82%|79/2), 14% | £3/2)
7
<6
§ g ] ——78%|79/2),19%|43/2)
mo |
i
~ 44
¥, 1 ——9%l/2)
1 ——88%]£1/2), 5%|%5/2),
2] 4%|+7/2)
1 . -
] ——77%|%3/2), 17%|+9/2) —__82%|%3/2), 15%|+9/2)
0+ ——68%|%5/2),27%%7/2), ——gay|35/2), 25%|+7/2),

4%|+1/2) 9%|+1/2)

Cp”3NdetBuNC (2) Cp”3NdeCyNC (3)

Fig. 6 Ligand-field splitting and the composition of m; substates (in
the absence of an applied magnetic field) of 2 and 3.
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plexes 1, 2 and 3. MO schemes are plotted with their barycenters

at0cm™

the crystal field fit and calculation provide the same ordering
of the lowest energy f-orbitals (fyz,f,) < fyxe_3y2) in 2. The
ordering in 3 is slightly different; f,,. and f,. are lowest in
energy, but the ordering of the next highest orbital is f,.
Nevertheless, the agreement between the DFT calculation and
the experimentally derived MO supports the accuracy of the
crystal field model for 2 and 3.

The highest and lowest lying orbitals are unchanged upon
coordination of the ligand; however, the total splitting of the
f-orbitals is decreased as previously observed for (CsHs);Nd
isocyanide adducts.'® The reduction in f-orbital splitting
seems to suggest that coordination of an additional ligand
weakens the overall interaction between the f-orbitals and the
ligands. However, the splitting of the f-orbitals reflects the an-
isotropy of their interactions with ligands as well as the
strength of those interactions (a spherically symmetric crystal
field does not split the orbitals regardless of the strength of
the interaction). Coordination of an isocyanide ligand to
Cp"3;Nd makes the system less anisotropic. Previous work by
Schulz et al. shows that coordination of a second ligand along
the z-axis, to form a pseudo-trigonal bipyramidal complex,
further decreases the splitting of the f-orbitals.'® Both experi-
mentally and computationally, coordination of the isocyanide
ligand does not greatly destabilize the f,-orbital relative to 1
and does not stabilize the (fi.,f),.)-orbitals that could interact
with the n*-orbital of the ligand in agreement with the SOMOs
illustrated in Fig. 1. In short, coordination of an isocyanide
ligand to 1 does little except make the ligand field slightly
more isotropic.

Cp";U-L (5 and 6)

The bonding in the uranium base adducts is distinct from the
neodymium system. The crystal field wavefunctions and ener-
gies of the ground state and low-lying excited states are similar

This journal is © The Royal Society of Chemistry 2016
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in 5 and 6 as shown in Fig. 8. As in 3 and 4, the lower sym-
metry of the isocyanide adducts results in mixing of m; = +1/2
character into the ground state; however, a greater degree of
mixing occurs in 5 and 6.

The effect of the addition of an isocyanide ligand upon the
5f-orbitals is illustrated in Fig. 9. As in the Nd system, DFT and
experiment provide the same lowest lying orbitals, f,.. and f)...
The next lowest lying orbital is different in 5 and 6, where 6

175 90— 2%175/2), 10%|£1/2),
| 87%|+7/2)
15.0
67% | ¥7/2), 31%|+5/2)
12.5
-
£ 10.0 o —— 49%|%5/2),47%|£1/2)  _ 29%|%5/2), 48%|+1/2),
o — 28%|¥3/2), 70%|+9/2) 21%|£7/2)
S |
S s —— 31%| ¥3/2), 65%| +9/2)
5.0
2.5 -
69%|73/2), 20%|+9/2) ~—— 08%173/2),31%|49/2)
004 — 45% | ¥5/2), 44%|£1/2), . 67%|%5/2),20%|£1/2),

10%|+7/2)
Cp”3UsCyNC (6)

7%|7/2)
Cp”3UtBUNC (5)

Fig. 8 Ligand-field splitting and the composition of m; substates (in
the absence of an applied magnetic field) of Cp”sU-tBuNC (5, left) and
Cp"3U-CyNC (6, right).
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Fig. 9 Comparison of the experimentally-based, crystal field MO
schemes (splitting of the f-orbitals) of 4, 5 and 6. MO schemes are

plotted with their barycenters at 0 cm™.
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displays the same ordering as the DFT calculation. The agree-
ment between theory and experiment suggests that determin-
ing the crystal field parameters using magnetic data provides
an accurate description of the 5f-orbital splitting. As in the Nd
system, addition of a ligand decreases the total splitting of the
f-orbitals. Unlike the Nd system, coordination of an isocyanide
ligand changes the ordering of the U 5f-orbitals. In both 5 and
6, f,; is strongly destabilized, which is consistent with a signifi-
cant interaction with the ligand o-donor orbital; however, the
main interaction is between 6d,. and the ligand c-orbital as
shown in Fig. 1. In addition, both experiment and calculation
show that f... and £, are stabilized in 5 and 6 relative to 4 due
to interaction with the isocyanide n*-orbitals. These results are
consistent with significant participation of the 5f-orbitals in
bonding with the isocyanide ligand, which was not the case in
the Nd system.

Role of the f-orbitals in bonding

The MO schemes in Fig. 4, 6, and 9 allow one to evaluate
f-orbital bonding. Using second-order perturbation theory and
the Wolfsberg-Helmholz approximation,”*’* the stabilization
of the ligand orbitals, AE;, is related to the destabilization of
the metal orbitals, AEy;, by AEp & AEy(Em/EL)?, where Ey and
Ey, are the energies of the metal and ligand orbitals, respect-
ively.”*”®> For Nd(m) and U(m), Ey can be estimated using 1/3
of the third atomic ionization potentials, giving 7.4 eV and 6.6
eV, respectively.”®”” These values are in good agreement with
the experimental ionization potentials of (CsHs);Nd, 7.4 €V,
and (CsHs);U(thf), 6.4 eV.>"** The ionization potential of
tBuNC is 10.8 eV. While the ionization potential of Cp” radical
is unknown, that of Cp"H is 8.05 eV, which is 0.56 eV smaller
than the parent, cyclopentadiene.”® Assuming that the effect of
the -SiMe; groups is similar in the cyclopentadienyl radial, for
which the IE is 8.43 eV, the estimated value of E, is 7.9 eV for
Cp” radical.”®

The contribution of the f-orbitals to bonding between the
metal and Cp” ligands may be evaluated using the MO scheme
in Fig. 5 assuming that the lowest energy-orbitals are essen-
tially non-bonding. From the destabilization of the f3x2_y2y
orbital, 2860 cm™" and 5824 cm ™" in 1 and 4, respectively, the
stabilization of the a’, Cp-orbitals are estimated to be
2520 ecm™" and 4070 cm™, respectively. In 1 and 4, stabili-
zation of the doubly occupied a’, Cp-orbitals by interaction with
f-orbitals contributes 14 kcal mol™ and 23 kcal mol™, respect-
ively, to the bond between the metal and three Cp” ligands.

The bonding between the metal center and the isocyanide
ligands may be similarly examined using the energy of f;(3x2_2)
as a reference. The energy of this orbital should be largely
unaffected by coordination of the isocyanide ligand because it
has no overlap with the incoming ligand, and because the
steric bulk of the Cp” ligands prevents them from adopting a
different coordination geometry when the isocyanide ligand
coordinates to the metal center as illustrated by the structures
of Cp”;Ce and Cp";Ce-tBuNC.®® The main f-orbital interaction
with the isocyanide ligand is stabilization of the isocyanide
c-orbital by f.;. Using f,(3,2—y2) as a reference, the change in the
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energy of the f-orbital can be used to estimate how effectively
the f-orbitals stabilize the bond between Cp”;M and L. In 2
and 3, f, is destabilized by 1360 cm™ and 340 cm™, relative
to 1, and in 5 and 6, f,. is destabilized by 3480 cm™ and
3850 cm ™, relative to 4. Interaction with the f,.-orbital contrib-
utes 4 kcal mol™" and 1 keal mol™ to the stability of 2 and 3,
respectively, and 7 kcal mol™" and 8 kcal mol™" in 5 and 6,
respectively. In other words, the increased overlap in Cp”;U
strengthens the o-bond with the isocyanide ligand by 5 kcal
mol ™" relative to Cp”;Nd, which is in agreement with the
5.4 keal mol™" difference in bond strength determined by DFT
(Table 2). The contribution of n-back bonding to the stability
of the complexes cannot be readily estimated because the
populations of the f-orbitals are more difficult to quantify than
that of the ligand orbitals.

Multi-reference wavefunction calculations

The natural orbitals (NOs) for the open metal shells generated
from the SCF-SO ab initio wavefunctions reflect the expected
lack of covalent interactions in the Nd complex 2’ and they
indicate covalency involving the U 5f n-orbitals and n*-orbitals
of the axial ligand in the U complex 5' (Fig. 10). Covalent char-
acter of the 5f 6 NO is not evident. Fig. 11 shows contour line
plots of the two NOs involved in © back-bonding, and illus-
trates the U-C bonding and C-N antibonding character more
clearly. Due to the principal pseudo symmetry axis being lower

View Article Online
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Fig. 11 Contour line plots of the two n-bonding NOs of 5’ of Fig. 10 in
perpendicular cut planes. Contour lines from +0.01 to +1 atomic units
with logarithmic spacing.

than 7-fold, the NOs for the Nd complex show some mixing
among the o n § and ¢ symmetric f-orbitals (classification with
respect to rotational symmetry along the principal axis),
similar to what is found in the DFT calculations.

In a scalar relativistic (SR) calculation, i.e. without SO coup-
ling, the ground states are spin quartets related to the *Io/, ion
level. These mix with of other J = 9/2 levels due to SO coupling,
and with levels having different values of J due to the low
symmetry of the ligand field—as already mentioned. The
characterization of the calculated electronic ground states in
terms of their metal ion level parentages in Table 5 shows that
spin-quartet states derived from the “Iy/, ion levels dominate
the two-fold degenerate ground states of the two com-
plexes, with SO coupling causing less than 10% mixing of
higher energy spin-doublets into the ground state. It is impor-

< «
¢ ¢ 3
= < [ [

2’ (Nd) 0.771 0.581 0.578 0.328
0.299 0.298 0.144
< < < :
© N < N < © <
0.783 0.584 0.579 0.325
5 (U)

0.318

< < ©
<
[4 ’ [3
¢ [ ¢

0.309

0.100

Fig. 10 Natural-orbitals (NOs) (CsHs)sNd-tBuNC (2', top) and (CsHs)sU-tBuNC (5, bottom) and corresponding occupation numbers, from relativistic
wavefunction calculations including SO coupling. Isosurfaces at +0.015 and +0.03 atomic units for 2" and 5’, respectively.
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Table 5 Characterization of the ground state doublets of 2" and 5’ in
terms of spin multiplets of #I and 2H ion level parentage, according to
ab initio CAS calculations, and calculated g-factors

8l 81 8l gL
Complex Weight >, (exp) (calc)
2/ 97.9 “Io)s, 2.0 *Ho)» 0.87 2.25 1.12 2.22
5'CNC linear ~ 91.6 “Iyp, 6.6 *Hg, ~ <0.7  2.09  0.61  1.97
5' CNC bent 91.7 "y, 6.2 *Hy), 1.45 1.31

tant to note that the NOs in Fig. 10 were calculated for the
ground states including SO effects. When SO coupling is taken
into consideration, © and ¢ symmetry f-orbitals couple with
those of 6 and & symmetry, and occupation may shift accord-
ingly among these orbitals. Nevertheless, f-orbitals with = and
¢ symmetry relative to the axial ligand, which have occu-
pations of 1 in the SR DFT calculations, also have the largest
occupations in the SO wavefunction calculations, as shown in
Fig. 10. However, due to SO coupling as well as multi-config-
urational character of the SCF-SR states, for 5’, the formal
U-ligand bond order is less than in the DFT calculation
because the combined occupation of the 5f =-bonding-orbitals
is only about 1.2 electrons. This difference is presumably the
main cause of the deviation between the calculated reduction
in 1(C=N) upon coordination to Cp";U (64 cm™"') compared
with the experimental value (6 cm™'). Spin-orbit coupling
diminishes the f-electron contribution to back bonding in
agreement with the earlier studies by Maron et al. and
Gendron et al.*>*

For both 2’ and 5', there is reasonably good agreement
between the experimental and crystal-field derived EPR
g-factors (Table 3) and those from the ab initio calculations
(Table 5). In order to match the experimental g-factors more
closely, the calculations would likely need to employ a model
for the environment of the complex in the solid including
crystal packing effects on its structure.” Because of the x inter-
actions with the axial ligand, the g-factors are highly sensitive
to structural distortions. When the ¢-butyl group is bent some-
what out of its axial position, the ground state composition
does not change dramatically in terms of the contributions
from the Iy, and *H,, states. However, the U-tBuNC &
bonding character increases significantly (Fig. S2t), and the
parallel g-factor increases strongly, while the average of the
perpendicular components decreases somewhat. Deviations
between the calculation and experiment can also be attributed
to the missing treatment of the dynamic electron correlation
and the size of the active space.

Conclusions

The electronic structures of 1-6 have been studied by a combi-
nation of magnetochemistry, crystal field modeling and DFT
and ab initio CAS wavefunction calculations. The crystal field
model was parameterized using experimental EPR and mag-

This journal is © The Royal Society of Chemistry 2016
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netic susceptibility data. Since these magnetic data do not
contain many independent data points, only the crystal field
strength parameters, B}, were allowed to vary, and the other
parameters were adopted from studies of related compounds.
Despite the limited number of independent fitting parameters,
the results for the Nd systems agree with those previously
derived from optical data. In addition, the experimentally
derived MO schemes are in good agreement with those deter-
mined by DFT. Using the magnetic data allows the f-orbital
splitting of Cp”;U and its base adducts to be evaluated experi-
mentally for the first time. Both experiment and theory clearly
show that the 4f-orbitals do not participate significantly in
bonding except for the 4f3,._)»-orbital. On the other hand,
crystal field theory, DFT, and ab initio CAS wavefunction calcu-
lations show that the 5f-orbitals appear to participate in
bonding to the isocyanide ligands as well as the Cp ligands.

This comparative study showcases the strengths and limit-
ations of simple scalar relativistic (SR) orbital, single-reference
descriptions (i.e. single electron MO diagrams) to characterize
the bonding in f-metal complexes. For instance, while such
a model may reveal the role of the f-orbitals in bonding, it
does not take into account the strong mixing of the occupied
f-orbitals by spin-orbit coupling, or deviations from formal
occupations due to a multi-reference nature of the electronic
state, which may be important for a full description of the
bonding or magnetic behavior. Such information can be
obtained without semi-empirical parameters from natural-
orbitals generated from multi-reference wavefunctions includ-
ing SO effects, or similar types of analysis tools for complex
wavefunctions. For instance, CAS calculations confirm the
presence of n bonding between the uranium center and the
isocyanide ligands, but with less than the formal U-L bond
order because the ground state electron density of the open 5f
shell has contributions - to varying degrees - from all seven
5f-orbitals.

Motivated by these findings, future implementations of
CONDON will include the conversion of the micro state, |m;)
basis into the real-orbitals (e.g. f.») of the ground state, assign-
ing a ligand field splitting to the real-orbitals and identifying
the orbitals based on the occupied micro states.
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