UC Berkeley
UC Berkeley Previously Published Works

Title
Metal-Halide Covalency, Exchange Coupling, and Slow Magnetic Relaxation in Triangular
(CpiPr5)3U3X6 (X = ClI, Br, I) Clusters.

Permalink
https://escholarship.org/uc/item/5929w76w

Authors
Lussier, Daniel
Ito, Emi
McClain, K

Publication Date
2024-07-23

DOI
10.1021/jacs.3c11678

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5929w76w
https://escholarship.org/uc/item/5929w76w#author
https://escholarship.org
http://www.cdlib.org/

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

pubs.acs.org/JACS

Metal—-Halide Covalency, Exchange Coupling, and Slow Magnetic
Relaxation in Triangular (Cp'*"*);Us;Xs (X = Cl, Br, 1) Clusters

Daniel J. Lussier, Emi Ito,” K. Randall McClain,*" Patrick W. Smith, Hyunchul Kwon,
Ryte Rutkauskaite, Benjamin G. Harvey, David K. Shuh,* and Jeffrey R. Long™

Cite This: J. Am. Chem. Soc. 2024, 146, 21280-21295 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: The actinide elements are attractive alternatives to
transition metals or lanthanides for the design of exchange-coupled
multinuclear single-molecule magnets. However, the synthesis of
such compounds is challenging, as is unraveling any contributions ha e
from exchange coupling to the overall magnetism. To date, only a

few actinide compounds have been shown to exhibit exchange

coupling and single-molecule magnetism. Here, we report sx 4 K
triangular uranium(III) clusters of the type (Cp™™),UsX (1-X; X

= Cl, Br, I; Cp™* = pentaisopropylcyclopentadienyl), which are

synthesized via reaction of the aryloxide-bridged precursor 1-Cl 1-Br 14l
(Cp™™),U,(OPh™®"), with excess Me;SiX. Spectroscopic analysis
suggests the presence of covalency in the uranium—halide
interactions arising from Sf orbital participation in bonding. The
dc magnetic susceptibility data reveal the presence of antiferromagnetic exchange coupling between the uranium(III) centers in
these compounds, with the strength of the exchange decreasing down the halide series. Ac magnetic susceptibility data further reveal
all compounds to exhibit slow magnetic relaxation under zero dc field. In 1-I, which exhibits particularly weak exchange, magnetic
relaxation occurs via a Raman mechanism associated with the individual uranium(III) centers. In contrast, for 1-Br and 1-Cl,
magnetic relaxation occurs via an Orbach mechanism, likely involving relaxation between ground and excited exchange-coupled
states. Significantly, in the case of 1-Cl, magnetic relaxation is sufficiently slow such that open magnetic hysteresis is observed up to
2.75 K, and the compound exhibits a 100-s blocking temperature of 2.4 K. This compound provides the first example of magnetic
blocking in a compound containing only actinide-based ions, as well as the first example involving the uranium(III) oxidation state.

Increasing Exchange Strength

¢

Increasing U---U Separation

B INTRODUCTION exhibiting strong magnetic exchange and high-spin ground
states.”® Indeed, the first single-molecule magnet was the
exchange-coupled cluster Mn,,0,,(CH,C00),4(H,0),.>”"’
However, the blocking temperatures of exchange-coupled
transition metal clusters are relatively low,"" and it was
found that systems with very high spin ground states—
originally designed to maximize the barrier to magnetic
relaxation—generally exhibit very low magnetic anisotropies
and hence values of Uy.'>™"*

In the last two decades, efforts have shifted to the design of
single-molecule magnets based on the highly anisotropic
lanthanide ions.'"'>'>'® In contrast to d-block metals,
lanthanides engage in predominately electrostatic interactions
with ligands, due to the limited radial extension of their valence

Single-molecule magnets possess a bistable magnetic ground
state separated by an effective thermal energy barrier, U, and
as a result they can exhibit slow magnetic relaxation of
molecular origin."”” Magnetic hysteresis can be observed in
such systems below the magnetic blocking temperature, which
has been defined as the temperature at which the relaxation
time is 100 s (T, 00s) Or the temperature at which the zero-
field cooled and field-cooled magnetic susceptibility curves
diverge.' Single-molecule magnets have garnered substantial
interest for potential applications related to nanoscale
information storage and spin-based computing.’~> However,
the vast majority of molecules studied to date exhibit slow
magnetic relaxation only at very low temperatures. This is
often due to “through-barrier” magnetic relaxation processes,
such as quantum tunneling, that short-circuit the full relaxation Received:  October 19, 2023 JALS

barrier for a given molecule.’ As such, considerable research Revised:  July 8, 2024
Accepted: July 10, 2024

Published: July 24, 2024

has focused on ways to suppress through-barrier relaxation
processes.

One particularly effective strategy for suppressing quantum
tunneling has been to design multinuclear complexes

© 2024 The Authors. Published b
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{[UYO,(salen)],Mn"(Py)s}s (2012)
Ty, 100s = 4.6 K

{[UVO,(Mesaldien)[[Mn"(TPA)IL} (2014)
Ty, 100s = 3.1 K

1+

(CpPr8),UM,Cly (This Work)
Ty, 100s = 24K

Figure 1. Molecular structures of reported exchange-coupled actinide-based single-molecule magnets known to exhibit magnetic blocking, the year
they were reported, and their 100-s blocking temperatures: {{UO,(salen)],Mn(Py);}s (left),”* {{UO,(Mesaldien)][Mn(TPA)I],}I (middle),*’
and, from this work, (Cp™™);U;Cly (right). Orange, teal, red, blue, gray, purple, and green spheres represent U, Mn, O, N, C, I, and Cl atoms,
respectively; H atoms and an outer-sphere I” counterion are omitted for clarity.

4f orbitals."” Consequently, the lanthanide ions possess large
spin—orbit coupled ground states, and with judicious choice of
ligand field, lanthanide compounds can be designed that
exhibit exceptionally large magnetic anisotropies.">'”'® The
study of lanthanide-based complexes has resulted in major
breakthroughs in the design of single-molecule magnets with
very large U, values.'”'®'"7** However, the majority of
lanthanide single-molecule magnets display low blocking
temperatures as a result of quantum tunneling.ls’29 Strong
exchange coupling in lanthanide compounds can suppress
through barrier relaxation,® although the lanthanides typically
engage in only very weak magnetic exchange,” with a few
notable exceptions in which they are coupled to radical
ligands®”*°~* or metal ions with diffuse spin orbitals.”*

The actinide ions in principle combine advantageous
properties of both the transition metal and lanthanide ions,
although they remain heavily understudied in single-molecule
magnetisrn.6’35_38 Like the lanthanides, the actinides possess
unquenched orbital angular momenta and thus large magnetic
anisotropies.”*° At the same time, the Sf orbitals are more
radially diffuse than the 4f orbitals,”” and thus actinide—ligand
bonding can be more covalent.**™* As such, strong magnetic
exchange interactions are possible in actinide-based complexes,
even in the absence of radical bridging ligands.*> Considering
this, actinide-based exchange-coupled clusters represent
desirable targets for single-molecule magnet research. This
has perhaps been best exemplified by the multinuclear
complexes {[UYO,(salen)],Mn"(py);}s (salenH, = N,N’-
ethylenebis(salicylimine); py = pyridine) and
{[UY0,(Mesaldien) ] [Mn"(TPA)I],}* (MesaldienH, = N,N'-
(2-aminomethyl)diethylenebis(salicylimine); TPA = tris(2-
pyridyl-methyl)amine) (Figure 1, left and middle).*** Here,
bridging oxygen atoms interact covalently with both the
anisotropic U" (5f!, °F; ;) and high-spin Mn" (S = §/2) ions,
leading to significant ferromagnetic exchange, with an
estimated coupling constant of Jy_y, = +7.5 cm™' in the
latter complex.” These two molecules are the only actinide
containing compounds known to exhibit molecular magnetic
blocking, and they also exhibit large relaxation barriers of U =
99(5) and 56.3(3) cm™’, respectively.

In principle, even stronger magnetic exchange interactions
should be possible in lower-valent actinide complexes. Here,
uranium(II1) (5€, *I,/,) is of particular interest because it
possesses a larger total angular momentum ground state and

more radially diffuse orbitals than uranium(V). Of note, the
arene-bridged diuranium(III) complex (u-toluene)U,(N[‘Bu]-
Ar), (Ar = 3,5-C{H,Me,)" displays a maximum in the
magnetic susceptibility, yy, indicative of antiferromagnetic
coupling between uranium ions, at 125 K. This temperature is
correlated with the strength of the exchange interaction,*’
suggesting that exchange is far stronger in this complex than in
actinyl-based single-molecule magnets***>**™>" or other
uranium(V) complexes.”' ~>° However, to our knowledge
there are only three reported examples of uranium(III)-based
single-molecule magnets that exhibit exchange coupling (either
between uranium(IIl) centers or uranium(IIl) and a radical
ligand) and in these cases, the exchange is relatively weak.* ¢

Herein, we report the synthesis and characterization of the
halide-bridged uranium(III) clusters (Cp™™);U™, X, (1-X, X =
Cl, Br, I). Trends in the UV—vis—NIR spectra suggest that the
U—X bonds possess covalent character as a result of 5f orbital
contributions to the bonding interactions. Static magnetic
characterization reveals magnetic exchange coupling between
U™ centers in all three triangular clusters, with the strength of
the exchange increasing from 1-I to 1-Br to 1-Cl. Indeed, the
exchange is sufficiently strong in 1-Cl that the molecule
exhibits magnetic blocking at 2.4 K, providing a first example
of such behavior for a uranium(III) compound.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. We initially
targeted the synthesis of dinuclear halide-bridged uranium
complexes following a metathesis route analogous to that
reported for the synthesis of the dinuclear lanthanide
complexes (Cp™),Ln,I, (Ln = Y, Gd, Tb, Dy).”® In brief,
the reaction of UBry or Ul (or Ul;(dioxane),s) with one
equivalent of NaCp™™ in toluene at elevated temperature was
allowed to proceed over the course of 8 days (see the
Supporting Information for details). However, workup of the
resulting products led only to isolation of the mononuclear
metallocene complexes (Cp™™),UBr (Figure S34) and
(Cp™r5),Ur*”? as dark-green solids in low yields. We
hypothesized that the larger ionic radius of U™ (1.025 A)
versus the trivalent lanthanides (for example, 0.938 A for Gd"™)
may result in preferential coordination of two Cp™™ ligands,
rather than one as in the case of the lanthanides in
(CPiPrs)anth-ﬁO

https://doi.org/10.1021/jacs.3c11678
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Scheme 1. Two-Step Synthesis of the Triangular Halide-Bridged Clusters (Cp™);UX¢ (1-X, X = Cl, Br, 1), Involving the
Reaction of (Cp™*)U(BH,),(THF) with Potassium 4-tert-Butylphenoxide Followed by the Reaction of the Resulting
Dinuclear U™ Precursor (Cp™™),U,(OPh™®"), with Me,SiX (X = Cl, Br, I)

+12 KOPh8!

(CPP)U(BHa)2(THF)

| PhtBu

U—0?
Buq»" B
——————— 3 PATOTUNGN OPNT

Toluene PhtBu . Toluene
-12 KBH,4 lT\ :L: f -12 Me3SiOPhtBY

(CPPo)U(0PhEY),

+12 Me;SiX UK

(CPP™®)3U3Xs (1-X)

Figure 2. Solid-state structures of (Cp™™);U;Cly (1-Cl, left), (Cp™**);U;Bry (1-Br, middle), and (Cp™*®),U;I4 (1-1, right). Orange, green, brown,
purple, and gray spheres represent U, Cl, Br, I, and C atoms, respectively; H atoms are omitted for clarity.

We therefore sought to synthesize a monocyclopentadienyl
uranium complex that could be used as a precursor to isolate
halide-bridged complexes. Uranium borohydrides, legacy
materials of the Manhattan project,’’ have been used as
starting materials to access mono?fclopentadienyl uranium-
(111) and uranium(IV) compounds,”” and the monocyclopen-
tadienyl dysprosium(III) complex, (Cp™™)Dy(BH,),(THF)
has been synthesized via treatment of Dy(BH,);(THF), with
one equivalent of NaCp™™.”*> Considering this, we turned to
the versatile uranium(III) compound U(BH4)3(THF)263 and
found that it reacts cleanly at room temperature in toluene
with one equivalent of NaCp™ to yield the trivalent
monocyclopentadienyl complex (Cp™°)U(BH,),(THF) as a
dark black-green solid in 52% crystalline yield. Single crystals
of (Cp™*)U(BH,),(THF) were grown from a concentrated -
hexane solution at —25 °C. Analysis of single-crystal X-ray
diffraction data collected at 100 K revealed that the compound
crystallizes in the space group P2,/c with two molecules in the
asymmetric unit. Each complex adopts a pseudo three-legged
piano-stool geometry in which each uranium ion is
coordinated by two k’-borohydride ligands (average U—H
distances of 2.41(6) and 2.39(7) A for each complex), a THF
molecule (U—O bonds of 2.502(3) and 2.514(4) A), and a
capping 17°-cyclopentadienyl ligand (U—Cp(cent) distances of
2.4971(6) and 2.4991(6) A).

We next sought to synthesize an aryloxide precursor starting
from (Cp™°)U(BH,),(THF) that could react with Me;SiX (X
= halide) to generate halide-bridged uranium complexes. Such
reactivity would take advantage of the moderately labile nature
of the Si—X bond and the driving force for the formation of a
stron§ bond between silicon, a hard acid, and oxygen, a hard
base.®*~% Furthermore, there is precedent for the use of such
reagents to synthesize organouranium halides.””*® We selected
4-tert-butylphenoxide (TOPh™") as a suitable ligand, given its
steric bulk and its ability to promote solubility in hydrocarbon
solvents. The reaction of (Cp™*)U(BH,),(THF) with two
equivalents of KOPh®™ in toluene at room temperature

resulted in the formation of the aryloxide-bridged diuranium-
(II1) complex (Cp™*),U,(OPh™"), in high yield as a dark red-
brown solid (Scheme 1). Single crystals suitable for X-ray
diffraction analysis were grown from a concentrated pentane
solution at —25 °C. The compound crystallizes in the space
group P1 with the asymmetric unit consisting of one-half of
the dimeric complex. The two U atoms in the complex are
related by inversion symmetry, with a resulting U---U
separation of 3.9735(3) A. Each uranium(IIl) center adopts
a three-legged piano-stool geometry, with a U—Cp(cent)
distance of 2.5260(3) A, a terminal U—OPh™ distance of
2.155(4) A, bridging U—OPh™" distances of 2.348(4) and
2.459(3) A, and a U-O-U angle of 111.5(1)°.

The reaction of (Cp™),U,(OPh™®"), with excess Me;SiX
(X = Cl, By, I) at room temperature yielded the halide-bridged
uranium(II1) complexes (Cp™*);UsX, (1-X, X = Cl, Br, 1)
over the course of 2 to 7 days, as judged based on a change in
the color of the reaction mixture from red-brown to dark blue
(X = Cl, Br) or blue-green (X = I). The reaction time was
found to correlate with the strength of the Si—X bond in the
organosilane reagent, with the synthesis of 1-Cl taking the
longest and the synthesis of 1-I taking the shortest amount of
time. The compounds 1-Cl and 1-Br could be isolated as dark
blue crystalline solids in moderate to good yields, and we
suspect the isolated yield of 1-Cl to be limited by its high
solubility in hydrocarbon solvents. Compound 1-I was isolated
as a dark teal solid in very low yield (<10%), which we
attribute to the concomitant formation of the mixed-valence
uranium (II1/IV) complex (Cp™™),U,I¢(u5-0O), as verified by
single-crystal X-ray diffraction analysis of olive-green crystals
isolated from the reaction (Figure S40; note that shorter
reaction times did not improve the yield of 1-I). Analogous
mixed-valence compounds (Cp™***),U,I4(¢;-O) (R = Me, H,
SiMe;)® have been previously reported as resulting from
activation of diethyl ether during the reaction of Ul; with
KCp™**R. In the toluene-based reaction described here, the 5-
O likely forms after activation of one of the aryloxide leaving

https://doi.org/10.1021/jacs.3c11678
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groups. Nevertheless, 1-I can be readily separated from
(Cp™™)3Usl4(15-0) through successive washes with cold
pentane. Analogous side-products (Cp™™);UsX4(u3-0) (X =
Cl and Br) were not isolated in the syntheses of 1-Cl and 1-Br.

The solid-state structures of 1-X were determined by
analysis of single-crystal X-ray diffraction data collected at
100 K (Figure 2; see Section S of the Supporting Information).
The compound 1-Cl crystallizes in the space group Pbca, while
1-Br and 1-1 crystallize in the space group P1 (1-I additionally
crystallizes with two toluene molecules in the asymmetric
unit). Bach structure contains analogous trinuclear clusters
featuring an edge-bridged triangular [U;X4]** core, in contrast
with the dinuclear structures known for the lanthanide
analogues that inspired this work.”® As previously mentioned,
this difference reflects the larger ionic radius of uranium(III)
compared with the lanthanide(III) ions.*” Examples of halide-
bridged uranium clusters are rare,””’” and 1-X represent the
first examples of homotrivalent uranium clusters containing a
central U;X, (X = halide) core. While such M;X, cores are
commonly observed for transition metals,”* " the limited
number of uranium clusters featuring this type of core are
either homotetravalent,”” or more commonly possess a ;-
bridging atom,””’*”” as a result of solvent- or ligand-activation
by uranium(III)—leading instead to mixed-valent species, such
as (CpME4R)3U316(/,t3—O)69 noted above. Notably, a mixed-
valence thorium(III/IV) cluster, (COT),Th,Cl, (COT?>" =
cyclooctatetraene dianion), was recently reported that
possesses an structurally analogous core to that in 1-X.”!
While this cluster was reported to feature direct Th—Th
bonding interactions, there is no evidence of direct U-U
bonds in 1-X (see further discussion below).

All three uranium(III) centers in 1-X are crystallographically
distinct and exhibit a four-legged piano-stool coordination
geometry, defined by an 77°-cyclopentandienyl ligand and four
bridging halide ligands. Selected average distances and angles
for these complexes are listed in Table 1 (see also Tables S7—

Table 1. Selected Average Bond Distances (A) and Angles
(Deg) for (Cp™);U;Cl; (1-Cl), (Cp™*);U;Brg (1-Br), and
(Cp™);Usg (1-D)*

1-Cl 1-Br 1-1
U--U 4.1946(7) 4.3762(5) 4.5700(5)
U—Cp™(cent) 2.4836(5) 2.5046(4) 2.4806(4)
U-X 2.812(1) 2.9677(7) 3.1914(8)
U-X-U 96.48(4) 95.01(2) 91.46(2)
X—U-Cp**(cent) 119.83(3) 119.24(2) 117.33(2)

“The standard deviation of the average value was estimated from

2 . .
6 =426 /N, where o, is the standard deviation of each bond
distance (or angle) i and N is the number of distances (or angles)
averaged.

S10). Progressing down the series from 1-Cl to 1-I, the main
structural change is an increase of the average U---U separation,
from 4.1946(7) A in 1-Cl to 4.5700(S) A in 1-I. This increase
can be largely attributed to the increasing size of the halide
ions and a corresponding increase in the U—X bond length,
from an average of 2.812(2) A in 1-Cl to 3.1914(8) A in 1-L
This increase compensates for the decrease in the average X—
U—X angle from 96.48(4)° in 1-Cl to 91.46(2)° in 1-I, which
might otherwise favor shorter U--U separations. The U---U
separations in 1-X are greater than the sum of covalent radii for
two uranium atoms (3.92(7) A) as tabulated by Alvarez et

al,”? suggesting no direct U—U bonding interactions are
present. However, the average U—X bond length in each
complex is less than the sum of the corresponding covalent
radii (2.98 A for U—Cl, 3.16 A for U—Br, and 3.35 A for U—
1), suggesting the potential for covalent uranium—halide
bonding in these clusters.

Electronic Absorption Spectra. Ultraviolet—visible—
near-infrared (UV—vis—NIR) spectra were collected for all
complexes (Figures S15—S30). The spectra for (Cp™™)U-
(BH,),(THF) and (Cp™*),U,(OPh™"), are typical for *I,,
uranium(I1I) complexes (see Figures S15—S19), with many
low- to medium-intensity features from A = 400 to 900 nm that
can be attributed to Laporte-allowed Sf° — 5£’6d" transitions,
as well as charge-transfer transitions involving metal and ligand
orbitals.” In the visible region, the spectra for 1-X are notably
different (Figure 3, left). The dark blue and teal colors of these
complexes come from a much more intense charge-transfer
transition, most likely a ligand-to-metal charge transfer
(LMCT), involving the bridging halide ligands and uranium.
Interestingly, the energy of the most intense absorption feature
for 1-Cl, 1-Br, and 1-1 (located at 4,,) decreases upon
moving down the halide series, from 15,060 cm™" (A, = 664
nm) to 14,598 cm™' (., = 685 nm) to 13,624 cm™ (A, =
734 nm), respectively. This trend likely arises as a result of the
decreasing energy gap between the frontier orbitals of uranium
and the bridging halide from CI to Br to I. This trend is also
evidence that this feature arises from LMCT, rather than
metal-to-ligand charge transfer, which would likely show the
opposite trend based on the relative energies of the uranium
and halide frontier orbitals.””*" The intensity of the band also
decreases going down the series, concomitant with an increase
in the intensity of the f — f transitions of 1-X, visible in the
NIR region (Figure 3, right).

Owing to their electric dipole-forbidden nature, the f — f
transitions of the actinides are typically very weak, with molar
absorptivity values in the range 10 M™' cm™ < & < 100 M™*
cm 1.7 However, the f — f transitions of 1-X are far more
intense, with 100 M™! em™ < € < 1600 M~! cm™. Intense f
— f transitions characterized for compounds of the f-elements
can be the result of mixing of nf and (n + 1)d orbitals (n = 4 or
5).>”°* However, in many uranium-based complexes, such as
the iodide-bridged diuranium(III) complex [U(N**)],(u—I),
(N*#* = N(SiMe,'Bu),),”” such intense f — f transitions are
proposed to result from intensity-stealing mechanisms”®~"*
involving vibronic coupling of these transitions to charge-
transfer transitions. This coupling results in the mixing of some
charge-transfer excited state character into the uranium-
localized f — f states, which relaxes the electric dipole-
forbidden nature of the latter. Such mixing is facilitated
because there is common S5f orbital parentage in both the
charge transfer and f — f states.”” This type of intensity-
stealing mechanism is well-known for d — d transitions in d-
metal complexes and reflects the extent of metal—ligand
covalency.'” Covalency in f-element—ligand bonding has
likewise been proposed to manifest in enhanced intensities of
the f — f transitions by means of a similar coupling
mechanism, and it has been suggested that the closer in
energy the metal and ligand states, the stronger the coupling
and intensity-stealing process.”*

Together, the trends in the UV—vis—NIR spectra of 1-X
suggest that the U—X bonding interactions have covalent
character due to Sf orbital involvement. These trends also
suggest the U—X bonding interactions may become more
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Figure 3. UV—vis—NIR (left, 300—1500 nm) and NIR (right, 780—1500 nm) spectra for solutions of the clusters (Cp™*);U;X, (1-X, X = Cl, Br,

I) in hexane.

covalent upon progressing down the halide series. This could
be ascribed to two factors: the extent of metal—ligand orbital
overlap and the energy difference between the frontier atomic
orbitals of the metal and halide ligands (see Figure S33 for
details).*”** The evidence for covalency in the U-X bonds,
together with the bridging nature of the halide ligands, suggest
the possibility of strong magnetic exchange interactions
between the uranium(III) centers in the clusters.'’’ Support-
ing this, magnetic susceptibility data on the aforementioned
complex [U(N*#*)],(u—1), are indicative of antiferromagnetic
exchange between uranium centers at low temperatures,”
possibly as a result of uranium—halide covalency.

Static Magnetic Properties. Dc magnetic susceptibility
data were collected on polycrystalline samples of 1-X (X = C|,
Br, I) and (Cp™*),U,(OPh™"), between 2 and 300 K under
applied fields of 0.1, 1.0, and 7.0 T (see Figures S45, $49, S70,
and S81). At 1 T and 300 K, the y\T values are 1.93, 3.39,
3.78, and 3.96 cm® K/mol for (Cp™*™),U,(OPh™"),, 1-Cl, 1-
Br, and 1-, respectively (Figure 4, upper). The predicted y T
value for a single U™ jon is 1.64 cm® K/mol at 300 K, and the
experimental values for all complexes are therefore well below
the values expected for complexes featuring two or three
noninteracting uranium(III) centers (3.27 and 4.91 cm® K/
mol, respectively). This result is typical for uranium(III)
complexes'” and can be ascribed to the presence of a large
magnetic anisotropy, which results in incomplete thermal
population of the M; states in the ground *I,/, multiplet, even
at room temperature. Within the 1-X series, the magnitude of
JmT at 300 K increases upon moving from 1-Cl to 1-I, which is
indicative of decreasing crystal-field splitting, and hence weaker
total anisotropy, moving down the halide series.

As the temperature is decreased, y\I decreases for all
complexes due to depopulation of excited M; states; this
decrease occurs in a linear fashion until approximately 45 K
(for 1-X) and 24 K (for (Cp™™),U,(OPh™"),), below which
JmT decreases more significantly, reaching values of 0.22, 0.18,
0.42, and 0.31 c¢m® K/mol for 1-Cl, 1-Br, 1-I, and
(Cp™),U,(OPh™®"),, respectively, at 2 K. This drop at low
temperature can be ascribed to thermal depopulation of
excited states and strong Zeeman splitting. A decrease in T
at low temperatures can also result from the pairing of
magnetic moments through magnetic exchange. However, in
uranium compounds, competing single-ion effects can obscure
evidence of magnetic exchange, particularly at low temper-
atures, an effect that will be exacerbated in plots of the yT
product versus T."> On the other hand, changes in yy; versus T
resulting from, for example, antiferromagnetic exchange
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Figure 4. Plots of the molar magnetic susceptibility times temperature
(¢mT, upper) and molar magnetic susceptibility (y,, lower) versus
temperature for polycrystalline samples of (Cp™*);U;X, (1-X, X = CJ,
Br, I) under a dc field of 1.0 T. The maxima in y,; versus T at 28, 17,
and S K, respectively, for 1-Cl, 1-Br, and 1-I are indicative of
antiferromagnetic exchange interactions as discussed in the text. The
subsequent increase in yy; below these maxima as the temperature
approaches 2 K likely o_rigginates from the presence of a minor
paramagnetic impurity.47’5°’ >

interactions, are more visually discernible than in plots of
amT."” Notably, plots of yy versus temperature (Figure 4,
lower) for 1-Cl, 1-Br, and 1-I feature maxima at 28, 17, and §
K, respectivelz,_ which are indicative of antiferromagnetic
interactions.*®”>'*® Similarly, y\ versus T data obtained for
dilute frozen toluene solutions of 1-Cl (Figure S60) and 1-Br
(Figure S74) also feature maxima at 18 and 11 K, respectively,
establishing that the maxima in yy are not due to
intermolecular interactions and instead are molecular in origin
(by extension the same is likely true for 1-I). Of reported
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compounds with a M;X, core, only a few have been shown to
exhibit magnetic coupling. For example, the vanadium(II)
complexes (CpM**®),V;Cly (R = Me, Et)*>® exhibit very
strong antiferromagnetic exchange (J = —113 and =119 cm™,
respectively), and (Cp™**);UsI¢(15-O) was reported to exhibit
weak antiferromagnetic interactions between uranium centers
mediated by the y;-oxo bridge.”

The temperature at which yy; approaches a maximum for a
molecular cluster with antiferromagnetic coupling is correlated
with the strength of the exchange interaction,”’ suggesting that
magnetic exchange interaction in 1-X becomes weaker
progressing from 1-Cl to 1-Br to 1-I. Of note, no maximum
is apparent in the yy versus T data for (Cp™ °,U,(OPh™"),
(Figure $46), indicating negligible, if any, magnetic exchange
coupling in this complex. Significantly, complexes exhibiting
unambiguous magnetic exchange between uranium(III)
centers are exceedingly rare. To the best of our knowledge,
other known examples include the recently reported
triuranium cluster U;("**POSS); ("*POSSH; =
(’Bu)7Si709(OH)3),104 [CSZ{U(OSi(OtBU)a)3}2(/4'0)];wb [U-
(OSi(OtBu)3)2(,u—OSi(OtBu)3)]2_,103 [U(N**)]z(ﬂ_l)p%
[Ks{[U(OSi(O'Bu););1,(u-N)}],” and (u-toluene)U,(N-
['‘Bu]Ar), (Ar = 3,5-CH;Me,).*® Similar to 1-X, these
compounds exhibit covalent uranium—bridging ligand bonding
in tandem with antiferromagnetic exchange, with maxima in yy,
versus T at approximately 6, 10, 16, 17, 23, and 125 K,
respectively.

To acquire further support for the presence of antiferro-
magnetic exchange in 1-X, we collected variable-field magnet-
ization data (M versus H). At 2 K and 7 T, M reaches values of
0.53 and 0.58 py for 1-Cl and 1-Br, respectively (Figures S61
and S75). These values are quite small, suggesting that the
magnetic moments of some of the uranium ions are aligned
antiparallel with respect to each other. In contrast, for
(Cp"™),U,(OPh™*),, M = 1.27 py at 2 K and 7 T (Figure
S$48). Interestingly, in the case of 1-I, the exchange coupling is
apparently weak enough such that there is an initial increase in
M versus H to a value of 0.56 yy at 1.5 T, followed by a near
plateau and then a more dramatic increase in the slope of the
curve, with M reaching a value of 3.5 yy at 7 T (Figures S85—
S87). We ascribe this behavior to a thermally broadened
ground-state crossover upon reaching a critical magnetic field,
Hcy (based on the field at which dM/dH reaches a maximum,
Figure $80),'°° beyond which the excited ferromagnetically
coupled state becomes lower in energy than the antiferro-
magnetically coupled ground state, leading to an increase in M.
For 1-I, this occurs at magnetic fields greater than 3.5 T.

The magnetic exchange interaction, represented by the
exchange coupling constant ], is a sum of an intramolecular
dipolar interaction, /4, and an exchange-coupling interaction,
Joo namely superexchange.101 Based on the maxima in yy
versus temperature for 1-X, the temperatures at which
magnetic exchange influences the magnetic susceptibility are
low enough that only the ground Kramers doublet (ie., + Mg
states) of each uranium ion will be thermally populated.'”"°
The dipolar interaction, in such a case, will involve through-
space interactions between the magnetic moments of the
ground Kramers doublets of each uranium ion, with the
strength of the interaction decreasing with larger U---U
separations, 7, by the relation 1/r. Dipolar interactions
dominate magnetic exchange in many multilanthanide
complexes (IJ4,| is typically on the order of ~1-5 cm™)
and the magnitude of this exchange is strongly dependent on

the orientation of the individual Kramers doublets with respect
to each other.”'"'**~'"" Each uranium(III) center in 1-X likely
possesses strongly uniaxial magnetic anisotropy (i.e., g, > g, &)
as a result of the strong U—Cp™" bonding interaction.”” In the
simplest scenario, each uranium ion possesses a completely
axial, and maximal, M; = £ 9/2 ground state (g 8 8 =00,
6.55); assuming full parallel alignment of the magnetic
moments, upper limits for IJy,| for 1-Cl, 1-Br, and 1-I are
0.50, 0.44, and 0.39 cm™}, respectively (see Supporting
Information for details). However, the temperature at which
X reaches a maximum, which is related to the strength of the
exchange interaction as noted above,"” corresponds to thermal
energies (kzT) of 19.5, 11.8, and 3.5 cm™" for 1-Cl, 1-Br, and
1-1, respectively. Taking these energies to represent the upper
limit of the exchange energy in each complex, then the total
exchange interaction, J, in 1-X is approximately 1 to 2 orders of
magnitude larger than the dipolar interaction energies. Thus,
superexchange interactions facilitated by the overlap of
uranium S5f and halide orbitals are likely the predominant
source of magnetic exchange in 1-X.

Interestingly, the magnetic exchange strength decreases
proceeding down the halide series, suggesting that other
factors, beyond just degree of orbital overlap, play a role in the
strength of the exchange interaction in these com-
plexes.””"'*~'"> Nevertheless, the trend for 1-X is similar to
that observed in the solid-state uranium trihalides UX; (X =
Cl Br, 1), 16-119 namely in that the temperature at which yy;
reaches a maximum decreases moving from UCl; (22 K), to
UBr; (15 K), to UL (3.4 K). This result has been attributed to
both the increasing U---U separation, as well as the decreasing
electronegativity of the bridging halide, down the series.
Similar trends have also been suggested from computational
studies on hypothetical halide-bridged uranium(III) and
uranium(IV) complexes.'*’

Magnetic Hysteresis. A comparison of zero field-cooled
and field-cooled dc magnetic susceptibility data collected for 1-
Cl revealed a small divergence in the yT values below 3 K
(Figures SS1 and S$56), indicative of the onset of magnetic
blocking that is a hallmark of single-molecule magnetism.
Indeed, variable-field magnetization measurements revealed
open magnetic hysteresis at 2 K (Figure S, upper) and up to
2.75 K (Figure S, lower). Hysteresis is also apparent in
variable-field magnetization data collected for a 26.7 mM
frozen toluene solution of 1-Cl, indicating that this behavior is
molecular in origin (see Figures S66—S69). To the best of our
knowledge, such slow magnetic relaxation behavior is
unprecedented for uranium(III), and represents only the
third example of open hysteresis in any actinide-based
molecule.***> This is also the first example of magnetic
blocking in a molecule containing only actinides as the metal
ions. In contrast with these results, there are many examples of
uranium*®3*?¥121 7124 and other actinide'”® complexes that
exhibit waist-restricted (or “butterfly”) hysteresis, in which the
magnetization goes to zero upon removal of the applied
magnetic field, as a result of fast, through-barrier magnetic
relaxation. With a few exceptions,”® the magnetic hysteresis
exhibited by these systems is not molecular in origin and
instead arises from phonon bottleneck effects”'*® or lon%—
range ordering as a result of intermolecular interactions.*®'*

Interestingly, hysteresis evident for the solution sample of 1-
Cl is narrower than that measured in the solid state and
persists over a slightly smaller temperature range of 2—2.5 K
(Figures S68 and S69), indicating that the relaxation is slightly
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Figure S. Variable-field magnetization, M, versus field, H, plots for
polycrystalline 1-Cl, showing magnetic hysteresis at 2 K (upper) and
between 2 and 2.75 K (lower). Sweep rates of 140(4) Oe/s and 33(1)
Oe/s were used for |Hg| > 20 kOe and |Hg| < 20 kOe, respectively.
The sharp drop in the magnetization at zero field is ascribed to
quantum tunneling.

faster in the magnetically dilute solution phase. In contrast,
magnetic dilution can often enhance magnetic relaxation times
relative to those measured for the bulk samples, particularly at
low temperature, as the removal of neighboring magnetic
moments minimizes transverse fields that can give rise to
quantum tunneling.® The faster relaxation observed for 1-Cl in
solution might be explained by a slight structural change upon
dissolution in toluene; indeed, the measured maximum in a
plot of yy versus T for 1-Cl changes from 28 K in the solid
state to about 18 K in solution (both complexes measured at 7
T; Figure S60). This change suggests a weakening of the
exchange interaction in solution, and together with the change
in the variable-field magnetization data with dilution, is
strongly suggestive that the observed hysteresis for 1-Cl is
correlated with the strength of exchange coupling. In support
of this hypothesis, no magnetic hysteresis was apparent in
variable-field magnetization data collected for 1-Br or 1-I
(Figures S75, S76, and S85), which exhibit weaker exchange
coupling than 1-Cl.

Dynamic Magnetic Properties. To further explore the
magnetization relaxation dynamics in 1-Cl, we collected
temperature-dependent alternating current (ac) magnetic
susceptibility data using a 4 Oe ac field at frequencies ranging
from 1 to 1500 Hz. Ac magnetic susceptibility measurements
can probe magnetic relaxation time scales that are too fast to
observe on the time scale of variable-field magnetization
measurements, and therefore we also collected ac susceptibility
data for 1-Br and 1-I to probe for evidence of slow magnetic

relaxation in these compounds (data were also collected for
(Cp™),U,(OPh™®"),; see the Supporting Information for
details and Figures $93—S97 and S126). Both 1-Cl and 1-Br
exhibit temperature-dependent maxima in the molar out-of-
phase magnetic susceptibility (yy”) versus frequency data
collected under zero dc field, from 3 to 4 K and 1.9 to 3 K,
respectively (see Figures S98 and S108), indicative of slow
magnetic relaxation. This result is noteworthy, as slow
magnetic relaxation under zero applied field is extremely rare
for actinide-based complexes because of efficient quantum
tunneling.’®*” The zero-field slow magnetic relaxation
characterized for 1-Cl and 1-Br—and the open magnetic
hysteresis measured for 1-Cl—suggest that exchange inter-
actions in these complexes serve to diminish this through-
barrier process.”® In the case of 1-I, a nonzero signal in "
was also measured at 2 K under zero dc field at the highest
frequency, although there is no clear maximum under these
conditions (Figure S115). The presence of a y,” signal at zero-
field suggests that magnetic exchange may also be suppressing
fast zero-field relaxation in 1-I, but relaxation in this compound
is much faster than in 1-Cl and 1-Br. Below, we discuss in
more detail the zero-field temperature-dependent slow
magnetic relaxation in 1-Cl and 1-Br, and, separately,
temperature-dependent magnetic relaxation in 1-I character-
ized under a small dc field.

Temperature-dependent relaxation times, 7, were extracted
for 1-Cl and 1-Br from simultaneous fits of the molar in-phase
(rm’) and yy” data for both compounds using a generalized
Debye model' (see Figures S98 and S108). In the case of 1-Cl,
an adequate model of the ac susceptibility data required fitting
with two relaxation processes, a “slow” process occurring at
low frequencies, and a “fast” process occurring at higher
frequencies (see Figures $99—S101). In contrast, the data for
1-Br are more uniform and could be fit with a single relaxation
process (Figures S108 and S109). We also collected dc
relaxation data for 1-Cl at 1.9, 2.25, and 2.5 K, which were fit
with a stretched exponential to extract corresponding
relaxation times (Figure S121).

Plots of In(7) versus 1/T generated for 1-Cl and 1-Br using
relaxation times extracted from ac and dc data are shown in
Figure 6. For 1-Cl, the data at high temperatures
corresponding to the fast and slow relaxation processes are
relatively linear, suggesting that ma%netic relaxation is
occurring via an Orbach mechanism, *8 rather than the
through-barrier Raman relaxation typically observed for
actinide complexes (open green and red symbols, Figure 6,
upper; see also Figure $127). In contrast, the relaxation times
extracted from dc relaxation data are relatively invariant with
temperature (Figure 6, upper, open purple symbols),
consistent with tunneling of the magnetization. At high
temperatures, the plot of In(z) versus 1/T for 1-Br also trends
toward linear, although there is more pronounced curvature in
the data at the lowest temperatures (Figure 6 middle, open
blue circles). The zero-field relaxation times for both
compounds were fit to a sum of quantum tunneling'*” and
Orbach relaxation mechanisms, according to the equation, !
= Toumnel ~ + To ' exp(=U,g/kyT), where Ty, is the relaxation
time for quantum tunneling, 7, is the attempt time, U, is the
effective thermal barrier to magnetic relaxation, and ky is the
Boltzmann constant (0.695 cm™).'*¢

The resulting fit parameters for both compounds are listed
in Table 2. From the fit of the slower process for 1-Cl, we were
also able to estimate a 100-s blocking temperature of T, ;g5 =
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Figure 6. Plots of the magnetic relaxation time (7, log scale) versus T
(inverse scale) for 1-Cl (upper), 1-Br (middle), and 1-I (lower).
Black lines represent total fits of the data as discussed in the text.
Green, red, and blue dashed lines represent quantum tunneling,
Orbach, and Raman processes for 1-Cl (slow process, Hg. = 0 Oe), 1-
Br (Hy. = 0 Oe), and 1-I (Hy. = S00) Oe. The fast process for 1-Cl
and the data for 1-Br at 500 Oe were also fit to an Orbach process.

2.4 K, which is slightly lower than the temperature at which
magnetic hysteresis loops for the compound begin to close.
The values of U, extracted for 1-Cl are 45.1(1) and 30.49(9)
cm™!, which are among the largest reported for uranium single-

molecule magnets. The Uy and T}, ;g0 values are smaller than
those reported for {{UO,(salen)],Mn(py);}s (Usg = 99 cm™,
Tpi00s = 46 K)* and {[UO,(Mesaldien)][Mn(TPA)I],}I
(U = 56.3 cm™, Th,100s = 3.1 K),* while U value for the
slow process in 1-Cl is larger than the values reported for the
exchange-coupled complexes [{UO,(Mesaldien)}{Fe(TPA)-
ClhLI (U= 37.5 cm™) and [{UO,(Mesaldien) }{Ni(BPPA)-
(py)})T (Ug = 19.0 cm™; BPPAH = bis(2-poclyl)(2-
hydroxybenzyl)amine),”® which do not exhibit magnetic
blocking. More generally, it is noteworthy that 1-Cl is the
first all-uranium cluster compound to exhibit magnetic
exchange giving rise to magnetic blocking and Orbach
relaxation under zero applied field.

The value of U extracted for 1-Br is 20.1(1) ecm™ (7, =
107%™ §) which is similar in magnitude to relaxation barriers
reported for many mononuclear actinide single-molecule
magnets,"’7 although for the latter systems, magnetic relaxation
likely occurs via through-barrier Raman processes involving
vibronically accessible “virtual” excited states, often much
lower in energy than excited single-ion or exchange-coupled
states.”*° To examine the possibility that the zero-field
relaxation observed for 1-Br arises due to Raman relaxation,
we also collected ac susceptibility data under a 500 Oe applied
field from 1.9 to 3 K (see Figures S110 and S111) and fit both
sets of data using the equation 7' = CT", where C and 7 are fit
parameters that describe Raman relaxation. For a Kramers
system, it has been shown that the Raman process is
independent of the magnitude of the applied field."*’ However,
we obtained dramatically different fit parameters under zero
and applied field (C = 1.7(1) s™' K™" and n = 8.45(4) versus C
= 0.0119(8) s' K™ and n = 13.17(5), respectively), which
indicates the Raman mechanism is not valid in this case (see
Figures S131 and S132 for these fits and additional discussion).

As further support for Orbach relaxation in 1-Br, the plot of
the natural log of 7 (under an applied field) versus 1/T is linear
across the examined temperature range (Figure 6, middle, filled
blue circles), indicating that quantum tunneling has effectively
been quenched by the applied field. The data could be fit to an
Orbach relaxation process, and the resulting values of U, and
7, are consistent with those determined from the fit of the
zero-field data, as well as those determined from fits of the data
for 1-Cl. These values are also reasonable when compared with
other uranium sin%le—molecule magnets that undergo Orbach
relaxation.**>*°% Altogether, these results support the
relevance of the Orbach relaxation mechanism for 1-Br
under zero field. We note that application of a magnetic field
also leads to longer measured relaxation times for 1-Cl, this
time on the on the dc time scale (Figures S122 and S128),
with 7 increasing from 111 s (under zero field) to 335 s (under
Hy. = 500 Oe) at 1.9 K. However, unlike for 1-Br, quantum

Table 2. Fit Parameters of the Magnetic Relaxation Times (from AC Magnetic Susceptibility Measurements) for 1-X“

compound Hy. (Oe) Teannel (8)
1-Cl 0 (slow process) 111(9)
0 (fast process)
1-Br 0 0.0027(1)
500
1-1 500 (slow process) 0.0071(2)

C(K™"s™h) n 7, (s) U, (cm™)
107894 45.1(1)
107815 30.49(9)
107856 20.1(1)
1078504 20.7(1)
1.01(3) 6.59(2)

“The quantum tunneling contribution to the magnetic relaxation of 1-Cl was determined from dc relaxation measurements (Figures S121 and
S122), while values of 7, and U, were obtained from fits of only the ac data. Two relaxation processes were characterized for 1-I on the ac time
scale, but only the temperature dependence of the slower process (i.e., process 1, see Figure S119) could be determined.
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tunneling is not completely suppressed by the applied field
(Figure 6).

Thermally activated slow magnetic relaxation under zero
applied field is exceedingly rare for uranium single-molecule
magnets, and to our knowledge, 1-Cl and 1-Br are the first
uranium-only molecules to exhibit zero-field Orbach relaxation.
We propose that the magnetic exchange coupling in these
compounds is effective at suppressing fast zero-field relaxation
and promoting relaxation via an Orbach mechanism. Further,
the decrease in U, upon going from 1-Cl to 1-Br suggests that
the relaxation barriers are correlated with the strength of
exchange coupling in these compounds (refer to further
discussion in the following section).

In contrast to what is seen for 1-Cl and 1-Br, a dc field is
required to observe slow magnetic relaxation in 1-I at
temperatures above 2 K on the ac time scale (Figures S114—
S116), which is more typical for mononuclear actinide-based
single-molecule magnets. Ac susceptibility data collected under
an applied dc field of 500 Oe revealed temperature-dependent
M versus frequency data between 2 and 2.8 K (Figures
S118—S120), with two distinguishable relaxation processes
observable between 1 and 1500 Hz. Maxima were only evident
in y\" for the slower relaxation process, and 7 values extracted
for this process are plotted versus T in the lower part of Figure
6. Fitting these data to a sum of quantum tunneling and Raman
relaxation processes'>”"*' according to the equation 77! =
Tounel + + CT" yielded Tyypne = 0.0071(2) s, 1 = 6.59(2), and C
= 1.01(3) K™ s7!, the latter two of which are typical for
actinide single-molecule magnets (Table 2).>%*

Rationalizing Magnetic Exchange and Relaxation
Using the Ising Model. As alluded to above, the dynamic
magnetic properties of 1-X appear to correlate with the
magnitude of the exchange coupling strength in each
compound, as estimated based on the maximum in plots of
Jwm versus T. In particular, strong exchange coupling in 1-Cl
and 1-Br promotes Orbach relaxation, as well as magnetic
blocking in the case of 1-Cl, while through-barrier processes
appear to dominate for 1-I in the examined temperature and
frequency range. Furthermore, hysteresis and ac susceptibility
data collected for dilute, frozen solutions of 1-Cl and 1-Br,
respectively, revealed that relaxation is faster than measured for
the polycrystalline compounds (see Figures S68, S69, S112,
and S133). We attribute these results to slight structural
changes in solution that give rise to weaker exchange
interactions in both complexes, compared with their solid-
state structures, based on the decrease in the temperature at
which yy reaches a maximum in both solution samples
(Figures S60 and S74). A more rigorous quantification of this
exchange interaction is thus highly desirable. However, this
would require knowledge of the anisotropy tensors (g, g, g.)
of each of the three individual uranium ions in each cluster,
and therefore the use of ab initio calculations that can be both
computationally and time intensive to execute, and are
associated with a large margin of error.'*"3*715% To the
best of our knowledge, no such methods have yet been used to
model the exchange interactions in such complicated systems
as actinide-based cluster compounds.

One approach that has been used in the literature for
estimating values of ] in uranium-based, heterometallic
complexes is the so-called subtraction method.”'*>'*® Here,
the paramagnetic transition metal ion in the compound of
interest is replaced with a diamagnetic metal ion, and the
magnetic susceptibility of the resulting compound is subtracted

from the data of the original compound to “eliminate” ligand-
field and spin—orbit coupling effects from uranium, leaving
behind only the part of the magnetic susceptibility that is due
to magnetic exchange. The residual magnetic susceptibility can
then be fit to a Hamiltonian describing an isotropic exchange
interaction.””"*” This approach has been used to estimate the
magnitude of the ferromagnetic exchange in
{[UY0,(Mesaldien) ][Mn"(TPA)I],}I (J = +7.5 cm™).* In
the case of 1-X, the most suitable substitution would be with a
similarly sized diamagnetic ion, such as La™ However, the
synthesis of substitutionally pure complexes of form
(Cp™)3U;5_,La, X (n = 1, 2), which could enable the use of
the subtraction method, would be prohibitively challenging.

In considering an alternative approach to evaluating
exchange coupling in 1-X, we turned to the literature on
strongly coupled dilanthanide compounds, wherein the
exchange can be modeled by an Ising-type interaction.'”® In
the case of the N,* -bridged compounds [K(18-crown-
6)][{(Me3Si)2N)2an(THF)}2(//5'N2')] (Ln = Tb, Dy,
Ho),”” modeling and computational analyses suggested that
the corresponding Orbach relaxation process involves the
ground and first excited exchange-coupled states.** These
results were corroborated by an inelastic neutron scattering
study of [K(18-crown-6)][{(Me,Si),N),Tb"(THF)},(u-
N,)],"*” and a recent investigation of [(Cp*,Ln™),(u-5,5'-
R,bpym)](BPh,) (Ln = Gd, Dy; Cp* = pentamethylcyclo-
pentadienyl; bpym = 2,2/-bipyrimidine; R = NMe,, OEt, Me,
F)*’ suggested that this behavior might be a more common
phenomenon in dilanthanide radical-bridged compounds. In
such cases, the magnitude of U, is directly proportional to the
magnitude of the exchange-coupling, J,,, which establishes the
energetic separation between the exchange-coupled
states.”*'*” Knowledge of U,; can therefore be used to
estimate J,,, and vice versa (see ref. 33 and the corresponding
Supporting Information for more details).*®

Here, we endeavored to qualitatively describe the exchange
interactions in 1-X by employing a variation of the Ising model
that has been adopted extensively to model magnetic exchange
in the above-mentioned lanthanide complexes and many
others,¥ 3%~ 3nd even some actinide***°'*%S com-
pounds. Our rationale for this approach in the evaluation of 1-
X is that the U-Cp™™ bonding interaction (defined as along
the unique z axis for each ion) will be much stronger than the
U—X bonding interactions, resulting in a largely uniaxial
magnetic anisotropy for the ground Kramers doublet of each
uranium ion (g, > g, gy).lg’59 Indeed, X-band electron
paramagnetic resonance (EPR) spectra collected at 6 K for
solid samples of 1-X and a solution of 1-Cl in CsDy do not
feature any signals attributable to the clusters, which indicates
that g, and g, are negligible in the ground state (see Figures
$88 and S89 and Section 6.3 of the Supporting Information for
details). In the limit that g, and gy are negligible compared with
g. (with the z axis largely defined by the U—Cp™* bond axis
for each uranium ion), the Ising model focuses only on the
magnetic exchange between each Kramers doublet (more
specifically, the z-component), and results in three quasi-
degenerate antiferromagnetic Kramers doublets, which differ in
energy with respect to each other by differences in the
exchange interactions between each pair of uranium ions (see
Supporting Information for more details). The ferromagnetic
excited Kramers doublet would then reside above these states
by an energy equivalent to 2], where ], is the average
exchange interaction (Figure 7), when formulated using a
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Figure 7. Simplified qualitative depiction of proposed exchange-
coupled states in 1-X generated using the Ising model. Differences
between pairs of uranium ions are assumed to be negligible, leading to
three quasi-degenerate antiferromagnetic states separated in energy
from the excited, doubly degenerate, ferromagnetic state by 2J,, ., (%
g —2J formalism). Here, Javg is the average exchange interaction
(see Section 6.4 of the Supporting Information for more details). As
discussed in the text, this model was used to estimate J,,, for 1-Cl and
1-Br based on their U values. Weaker exchange in the case of 1-L is
proposed to give rise to the diagram depicted in Figure S124, wherein
there is thermal population of the exchange-coupled excited state, and
relaxation of individual uranium centers occurs via a Raman
mechanism.

pseudospin Hamiltonian (—2] formalism). The use of
pseudospins is justified when the Kramers doublets involved
in the exchange interaction are well-isolated, and they have
previously been used to model magnetic exchange in
uranium(V) complexes.”">*** However, the M states in 1-X
are likely admixed, as such, a more accurate formulation of the
exchange would consider the z-comgponent of the total angular
momentum (i.e., the M value).*”"% Such a detailed analysis is
beyond the scope of this paper, and the complexity of the
electronic structure of uranium(III) likely precludes a more
accurate modeling of the magnetic exchange in such a fashion;
namely, the ground state, and its composition, is unknown for
1-X. It should also be noted that as a consequence of this
admixture of M; states, the uranium centers in 1-X are not
likely truly axial (only a pure, maximal M; = + 9/2 ground state
would possess g,, 81 8 =0,0,65S, with the z axis as defined
above). This is evidenced by the presence of quantum
tunneling in 1-Cl and 1-Br at zero field, which indicates that
there are nonaxial components in the ground Kramers doublets
of each uranium ion." Nevertheless, as noted above, it is likely
that the ground states in 1-X are predominantly axial.
Analogous to the situation described above for radical-
bridged lanthanide complexesf?”139 if magnetic relaxation is
indeed occurring primarily between the ground antiferromag-
netic and excited ferromagnetic states of 1-X (Figure S125),
then U, is related to the energy required to invert one of the
magnetic moments such that all three are then aligned in a
near-parallel fashion. This reorientation in the direction of the
magnetic moment will occur along the magnetic anisotropy
axis' of the corresponding uranium ion in 1-X. Consequently,
while the z axes of the individual uranium ions in 1-X are likely
not colinear (i.e., nonparallel), the relation U, ~ 2], avg 2llows
for the estimate of the average exchange strength (]avg) in these
complexes, assuming that ], and J, are relatively small. In the
case of 1-Br, this implies ], ~ —10.1 cm™!, which is
reasonable given that the temperature at which y,, reaches a

maximum for 1-Br is 17 K (corresponding thermal energy of
kyT = 11.8 cm™'). However, for 1-Cl, this analysis is
complicated by the presence of two relaxation processes on
the ac time scale (Figures $98—S100), suggesting, possibly, a
more complicated electronic structure, and again suggesting
that the Ising model is not entirely valid. Nevertheless,
adopting the same analysis as for 1-Br, the U, values for the
fast and slow processes in 1-Cl suggest that J,,, is within the
range of —15.3 to —22.5 cm™". These values provide upper
estimates to the values of the exchange interactions in 1-Br and
1-Cl, and indicate that the exchange interactions here are on
par with (and possibly stronger than) those reported for other
exchange-coupled actinide-based single-molecule magnets (J =
+7.5 cm_l).45’49

In contrast to what is seen for 1-Cl and 1-Br, the magnetic
exchange interaction in 1-I is apparently weak enough to allow
thermal population of the excited exchange-coupled state, such
that observed magnetic relaxation is associated with the
individual uranium ions and not the exchange-coupled system
(Figure S124). The uranium(III) centers in 1-1 are
inequivalent by symmetry, and the multiple relaxation
processes observed for this compound may reflect the
magnetization dynamics of the individual ions (see Figures
S118—S120). Indeed, in several low-symmetry multinuclear
lanthanide complexes possessing negligible, or weak, exchange
coupling, the lanthanide ions have been shown to relax
indlepﬁrzdfgtly, giving rise to multiple processes on the ac time
scale.”™

Lastly, regarding the observation of two relaxation processes
in 1-Cl, we note that multiple magnetic relaxation processes
have been reported in exchange-coupled f-element com-
plexes.””*° For example, magnetic relaxation in
[(Cp*,Dy),(u-5,5"-Robpym)](BPh,) (R = NMe,, OEt)*
occurs via both the first and second exchange-coupled excited
states. The experimentally determined relaxation barriers
associated with these two relaxation processes are similar,
resulting in broad, poorly resolved features in the ac
susceptibility data, such as is observed for 1-Cl. Another
interesting literature compound in this regard is the mixed-
valence neptunyl(V/VI) cluster (Np"'0,Cl,)[Np'0O,Cl-
(THF);],.*” Here, a form of the Ising model was used to
estimated Jy,(v)-np(v) = *7-5 cm™!, while dynamic magnetic
susceptibility data were fit to extract a thermal barrier to
relaxation of U, = 97.3 cm™'. In this system, magnetic
relaxation is believed to occur via a predominately M; = + 5/2
excited state of the Np(VI) ion. We propose that a similar
situation might hold true for 1-Cl: as a result of the strong
exchange coupling in this complex, the excited ferromagnetic
state may be close in energy to a thermally accessible excited
crystal field (ie., MJ*) state of one of the uranium ions, and
magnetic relaxation via either the ferromagnetic excited state,
or a single-ion state, should be energetically feasible.
Considering this, one approach to enhancing U and the
Ty, 100s in such complexes may be to increase the single-ion
anisotropy of the individual uranium ions, such as by

E:gc;iidf);ior’lzgs_g;é%gl&cing the supporting cyclopentadienyl

B CONCLUSIONS

We have reported the synthesis and detailed spectroscopic and
magnetic characterization of the isostructural series of halide-
bridged triuranium(III) complexes (Cp™);U;X, (1-X; X = Cl,
Br, I). Spectroscopic analysis suggests the presence of covalent
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U—X bonding interactions in these compounds, while static
magnetic susceptibility data reveal evidence for magnetic
exchange coupling that becomes stronger moving from 1-I to
1-Br to 1-Cl. Notably, while all three molecules exhibit
features of slow magnetic relaxation, as the exchange
interaction becomes stronger, the single-molecule magnet
properties are clearly enhanced. In the case of 1-I, slow
magnetic relaxation via a Raman process is observed under an
applied field and appears to be single-ion in origin. In contrast,
1-Br and 1-Cl exhibit stronger magnetic exchange interactions
and both undergo slow magnetic relaxation under zero field via
an Orbach process. In the case of 1-Cl, magnetic exchange is
strong enough to observe open magnetic hysteresis, with a
corresponding 100-s blocking temperature of T}, 1o, = 2.4 K,
the first example of such behavior in a uranium(IIl) complex,
as well as the first example of such behavior in a complex
containing only actinide ions.

These results demonstrate that strong magnetic exchange
sufficient to engender Orbach relaxation can be achieved in
uranium(III) compounds. Finally, the chemistry developed
here is likely to be generalizable such that, with judicious
choice of bridging ligands, it should be possible to obtain
uranium complexes with different nuclearity, greater uniaxial
magnetic anisotropy, and stronger exchange-coupling inter-
actions, with potential relevance to the discovery of new design
parameters for creating high-performance actinide-based
single-molecule magnets.
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