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Bimetallic Uranyl/Cobalt(II) Isothiocyanates: Structure, Property and Spectroscopic

Analysis of Homo- and Heterometallic Phases

Nicole M. Byrne,? Mark H. Schofield,* Aaron D. Nicholas,? Christopher L. Cahill2*
aDepartment of Chemistry, The George Washington University, 800 22" St. NW, Suite 4000,

Washington, D.C., 20052

Abstract

We report the synthesis and characterization of a family of UO,?"/Co?" isothiocyanate
materials containing [UO,(NCS);s]3- and/or [Co(NCS)4]* building units charged balanced by
tetramethylammonium cations and assembled via S-S or S--Oy; non-covalent interactions (NCls),
namely (C4HoN)3;[UOo(NCS)s], (C4H1aN)2[Co(NCS)4], and (C4H12N)s[Co(NCS)4][UO(NCS)s].
The homometallic uranyl phase preferentially assembles via S-S interactions, whereas in the
heterometallic phase S--O,; interactions are predominant. The variation in assembly mode is
explored using electrostatic surfaces potentials, revealing that the pendant -NCS ligands of the
[Co(NCS)4]? anion is capable of outcompeting those of the [UO,(NCS)s]*- anion. Notably, the
heterometallic phase displays atypical blue shifting of the uranyl symmetric stretch in the Raman
spectra, which is in contrast to many other compounds featuring non-covalent interactions at
uranyl oxygen atoms. A combined experimental and computational (density functional theory and
natural bond orbital analyses) approach revealed that coupling of the uranyl symmetric stretch with
isothiocyanate modes of equatorial -NCS ligands was responsible for the atypical blue shift in the

heterometallic phase.
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Introduction

The uranyl cation (UO,?") is of considerable interest due to its role(s) in the nuclear fuel cycle
and the potential environmental impact of uranyl-containing materials. As such, numerous studies
have probed the behavior of the UO,?" cation in hybrid materials, often synthesized from aqueous
and/or highly acidic media. As a result, a large, structurally diverse library of compounds such as
coordination polymers and metal organic frameworks (MOFs) has emerged, providing a platform
to probe further the chemistry of the uranyl cation.!-¢ Beyond the structural diversity afforded by
prudent ligand selection, the uranyl is also prone to oligomerization via hydrolysis, leading to the
formation of a rich catalog of polynuclear uranyl-containing species and multi-dimensional
architectures in the solid state.!-” The ability to control the synthesis to promote the formation of
discrete anionic building units, however, allows for the systematic exploration of families of
related structures. Recent efforts in our group have sought to influence solid-state speciation
through syntheses in low pH, high anion media to generate reproducible and monodisperse anions
such as [UO,X,]*¥ (X = Cl, Br, NCS).!¢1% Doing so thus creates an opportunity for assembly via
non-covalent interactions (NCls) such as hydrogen and halogen bonding, or S-S interactions when
combined with protonated organic cations. Moreover, this creates a forum to probe U=0O bonding
via tuning of equatorial ligand environments and promoting O,; engagement.

The uranyl oxo atoms are often terminal and typically “off-limits” to further coordination. That
said, these atoms exhibit Lewis base behavior, and are capable of serving as hydrogen bond
acceptors.!!'13 Work by Hayton ef. al.'> and others,!!:13-1¢ have detailed ways to encourage
participation of the —yl oxygen in coordination by appropriately pairing it with hydrogen bond
donors or weak Lewis acids, which in turn weaken the U=0O bond upon coordination. Additionally,

it has been found that uranyl bond strength can be influenced by both equatorial and second sphere
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species.®!L17:18 In our lab, Carter et al. reported the use of halogen bonding as a viable method for
“turning-on” interactions at the -yl oxygen in uranyl benzoate complexes, at the expense of U=0
bond strength.!”-1° Upon thorough investigation of this family of compounds, it was found that the
presence of stronger electron-donating equatorial ligands, i.e. terpyridine over phenanthroline,
“primed the pump” to activate the —yl oxygen to better accept non-covalent interactions,'® which
is consistent with other literature precedent.!62% Our group later revisited the uranyl benzoate
system to also determine the relationship between equatorial benzoate identity and observed
Raman responses, in which unexpected ligand coupling with uranyl modes prompted the
emergence of an additional Raman active —yl band.?!

A forum conducive to exploring these influences further is the homo-and heterometallic
isothiocyanates reported herein. Building on the homometallic uranyl pseudohalide compounds
reported by Surbella et al. >3 and others,!-?43! we see opportunities to introduce secondary metal
centers and thus the potential to probe NCI preferences, both equatorially and axially, as well as
their subsequent effect on U=0O bonding. Terminal sulfur atoms on pendant —NCS ligands in
particular have the ability to accept or donate NCIs.>?> As such, we report a family of materials
featuring S-S, S--N, and S--O,, interactions and computational treatment thereof. Differences in
NCI type and identity, due to the introduction of a second metal center, alters uranyl bonding and
spectroscopic properties in the resultant heterometallic phase. In particular, uranyl oxo engagement
results in a blue shift of Raman symmetric stretching frequencies, in contrast to our previous
studies.!”-1 At first glance, this would imply a strengthening of the U=O bond upon formation of
NCls, yet an atomic orbital level investigation using computational tools (density functional theory
based frequency calculations, natural bond orbitals, and Wiberg bond orders) instead demonstrates

a bond weakening offset by normal mode coupling of the uranyl symmetric stretch with the U-
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NCS vibrations. Looking at these influences comprehensively, we demonstrate a limitation in
using spectroscopic techniques alone to quantify relative U=O bond strengths, as the effects of

normal mode coupling may, in fact, be left unaccounted for.

Experimental Methods

Synthesis. A complete description of the synthesis of all compounds 1-7 can be found in the
Electronic Supporting Information, however, a procedure for the preparation of those discussed in
detail is included below. [UO,(CH3;COO),]2H,0 (Fisher Scientific, 99%), CoCl,-6H,0O (Sigma
Aldrich, 97%), KNCS (Fisher Scientific, 99%), and C4H;,NCIl (Sigma Aldrich, 97%) are
commercially available and were used as purchased without further purification prior to synthesis.

Supramolecular assembly of 1-3 is shown in Scheme 1.

Homometallic Assembly Heterometallic Assembly

Scheme 1: Assembly schematic for uranyl isothiocyanate materials. Left: Reproducible
[UO,(NCS)s]* building units are paired with appropriate cations (not shown) to allow for S-S
interactions in the solid state. Right: [Co(NCS)4]* and [UO,(NCS)s]* anions assemble and feature
the emergence of isothiocyanate —yl interactions in the solid state.

Homometallic U-phase: Compound 1

Caution! Although the uranium source used (uranyl acetate dihydrate [UO,(CH;COQO),]-2H,0)

contains depleted uranium, precautions for handling radioactive materials should be followed.
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As in previous studies,'*!0 a combination of high anion media and low pH are used to
minimize hydrolysis and provide a more limited speciation profile and consequently a single
uranyl species (in this case the [UO,(NCS)s]3- trianion) in the solid state. Uranyl acetate dihydrate
(0.025 g, 0.059 mmol) was dissolved in 5 mL water in a 20 mL glass scintillation vial. 6 molar
equivalents of potassium thiocyanate were then added (0.0343 g, 0.354 mmol), resulting in a clear,
yellow solution with no apparent phase separation or cloudiness. To this solution, 4 molar
equivalents of tetramethylammonium (TMA™) were added. The pH was adjusted to approximately
4 (from 6.5) using concentrated HCl. Solutions were left open to evaporate in a fume hood at
ambient temperature, until dryness was obtained. Single crystals of 1 first appeared after about
four days and continued to form over the course of several more days. This phase may also be
obtained via the (similar) synthetic procedure previously reported by Rowland et. al.,?’ as well as
hydrothermally at 90 °C for 72 hours in a Teflon-lined acid digestion vessel, similar to 3.
Performing the hydrothermal syntheses at temperatures above 90 °C or at a pH below 3, however,
results in -NCS ligand degradation, yielding a variety of sulfate salts, xanthan hydride, or
octothiocane (Sg) consistent with literature reports.33-3

Homometallic Co-phase: Compound 2

Cobalt chloride hexahydrate (0.025g, 0.105 mmol) was dissolved in 5 mL H,O. To this
solution, 6 molar equivalents of potassium thiocyanate were added (0.0613 g, 0.630 mmol), as
well as 3 molar equivalents of TMA™. The reaction was carried out in a 20 mL glass scintillation
vial and left open to slowly evaporate at room temperature in a fume hood until reaching dryness,
with crystals forming rapidly over the course of several hours. This phase may also be prepared

using the synthesis presented by Shurdha et. al..3
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Heterometallic phase: Compound 3

5 mL of water were added to a 23 mL Teflon-lined Parr acid digestion vessel, to which uranyl
acetate hydrate (0.025 g, 0.059) was added, along with an equimolar amount of cobalt chloride. 12
molar equivalents of potassium thiocyanate (0.0687 g, 0.707 mmol) were then added to the
reaction vessel, followed by 5 molar equivalents of TMA™. The pH was adjusted to approximately
4 with concentrated HCI. The vessel was sealed and heated at 90 °C for 72 hours under autogenous
pressure, then cooled to room temperature under ambient conditions before opening. The resultant
solution was transferred into a petri dish, and allowed to evaporate to dryness at room temperature
where single crystals of 3 formed over the course of days. Room temperature syntheses did not
produce diffraction quality single crystals and instead resulted in either phase separation. In the
heterometallic synthesis, it appears as though the reaction is more sensitive to the influence of pH
and temperature, and is more likely to form unwanted side-products.

X-ray Structural Determination. Single crystals from each reaction were isolated and
mounted on 20 pum MiTeGen micromounts. Reflection data were collected using 0.5°w and ¢ scans
at 100(2) K. Data were collected on a Bruker D8 Quest equipped with a Photon II detector, using
a Mo Ka source. The APEX III software suite3”-38 was used for integrating the data then performing
an absorption correction, which incorporates both SAINT3® and SADABS.# In the case of minor
twinning, as seen in 2, TWINABS* was used to handle the absorption correction of both
components. All structures were solved by SHELXL-16** using direct methods, within the
APEXIII program. The Olex24% software package, in conjunction with SHELXT,*> were used
for structural refinements which were later visualized and analyzed in Mercury.*® All non-

hydrogen atoms were located using Fourier difference maps and refined anisotropically. Hydrogen
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atoms were placed in ideal locations using HFIX33 for methyl groups, and HFIX43 for aromatic
hydrogen atoms, allowing hydrogen atoms to ride on their parent atoms. After the final refinement,
CrystalMaker 8.2.2 was used to produce structural figures.*’

PXRD. Powder X-ray diffraction (PXRD) was performed on bulk samples of 1-7 to determine
phase purity and reproducibility. Collections were taken on a Rigaku Miniflex (Cu Ko = 3-60°),
evaluated with the Match! software program,*® and are provided in the Electronic Supporting
Information (Figures S8-S13). These unoptimized synthesis conditions for 1-7 resulted in impure
products, often containing a combination of desired phases with the metathesis products of starting
materials.

Spectroscopic Analysis. UV-Visible diffuse reflectance spectroscopy (UV-Vis-DRS) was
performed on separated crystals of compounds 1-3. Solid-state spectra were collected at room
temperature using a Mikropack DH-2000-BAL deuterium and halogen light source coupled with
an Ocean Optics Flame detector. Scattered light was collected with a fiber optic cable attached to
a manual microprobe, allowing for non-destructive spectral collection. BaSO, was used as a
reference material for calibration. After spectra collection, data was processed using the
OceanView spectroscopy software package. Raman spectra of single crystals of U-containing
phases 1 and 3 were collected using a HORIBA LabRAM HR Evolution Raman Microscope over
the 150-3,000 cm™! range. An excitation line at 532 nm was used for each collection, at 10
accumulations for 4-6 seconds depending on sample intensity. Gaussian fits of Raman peaks were
generated using the Fityk software suite.*® Infrared spectra of single crystals of 1 and 3 were
collected from 650-2400 cm! using a Perkin Elmer Frontier spectrometer with an ATIR
attachment. Collections were taken over 16 accumulations using a 0.50 cm™! step. All spectra are

provided in the Electronic Supporting Information (Figures S14-S18, S19-S20).
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Computational Methods. Density functional theory (DFT) calculations were performed using
Gaussian16°°and NBO7°! on the high performance computing cluster at The George Washington
University. Atomic coordinates were taken from crystallographic data. Geometry optimization,
frequency calculations, and NBO analyses?>3 were performed using the B3LYP functional with
the following basis sets: def2TZVP for Co, N, C, S, and O, and the effective core potential
ECP60MWB_SEG basis set for U was used and paired with the ECP60MWB pseudopotential.54
6 Method validation was performed across the BLYP, CAM-B3LYP, M062X, and TPSSH
functionals (Tables S20-S21). Electrostatic surface potential (ESP) plots were generated using
Gaussview 6.0°7 at a 0.002 isovalue, with ranges set appropriate to each anion. Geometry
optimized ground state structures of monomeric [UO,(NCS)s]*- and [Co(NCS),]* visualizing the
HOMO and LUMO were rendered in Avogadro (Figures S22-S23).58° Figures of pertinent orbital
interactions from NBO analysis were generated using the Jmol java applet, in combination with
the Jmol visualization helper functionality (Figures S29-S32).90 All figures and tables were

generated using the B3LYP outputs.

Results and Discussion

Crystal Structures. The [UO,(NCS)s]*- anion is common to 1 and 3, and features a linear,
triatomic uranyl coordinated equatorially by five linear isothiocyanate ligands to form a pentagonal
bipyramidal geometry (Figure 1). This anion features an average bond distances of U=0 1.766 A,
U-N 2.449 A, N=C 1.153 A, and C=S 1.627 A. Subtle variations in the anion exist between each

compound, with occasional deviation of isothiocyanate ligands from the equatorial plane.
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Figure 1: Left: ORTEP plot of the [UO,(NCS)s]* anion from 1. The uranyl is bound equatorially
by five isothiocyanate ligands to form the trianion of pentagonal bipyramidal geometry. Right:
ORTEP plot of the [Co(NCS),;]*> dianion from 2. The [Co(NCS),]* anion features a Co(II) ion
coordinated by four isothiocyanate ligands in a tetrahedral geometry.

The [Co(NCS),]* dianion is present in 2 and 3 and features a central Co(II) coordinated by
four nitrogen-bound isothiocyanate ligands in a tetrahedral geometry (Figure 1), consistent with
literature findings.36:61-64 The average Co-N bond distance in 2 and 3 is 1.954 A, with average N=C
distances being 1.158 A, and C=S distances being 1.618 A. Again, subtle differences exist between
each [Co(NCS),]* dianion, with slight distortion of the tetrahedral geometry. Unsurprisingly,
owing to hard-soft acid-base theory,? in both uranyl and cobalt phases, thiocyanate ligands are
coordinated through the nitrogen end of the ambidentate —-NCS ligand, leaving the S-terminus free
for participation in non-covalent interactions.

When considering the assembly of isothiocyanate containing species, interactions between
ligands can be explained, to a limited extent, using the polarization model.®> As a consequence of
the —-NCS bonding to either metal, an asymmetric polarization of electron density at the terminal

end leads to the formation of a partially positively charged “cap,” also known as a c-hole, and a

partially negatively charged “belt” perpendicular to the bonding axis of the ligand. This is
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consistent with findings made by Surbella et al.,® who noted the non-bonding S 3p orbitals were
responsible for the formation of the negative belt surrounding the periphery of the ligand. This
allows for the formation of two types of interactions, both of which occur in supramolecular
assembly (Scheme 2).3265-6° Type I interactions feature a staggered head-on geometry and
typically arise from packing, and therefore are not considered structure-directing. Type II,
however, involves a side-on interaction between the positive o-hole on the S-terminus of one anion
and the negative belt along another to form a strong, structure-directing interaction (Scheme 2).%>-
% Like hydrogen and halogen bonding, these typically weak interactions can be strengthened by
charge or resonance assistance effects, leading to interaction energies up to hundreds of kJ/mol.%°
Moreover, the materials targeted herein incorporate tetramethylammonium (TMA™) cations, which
are not expected to participate in meaningful NCls, since we aim to minimize the interference of
(potentially) coordinating countercations, instead focusing on the role of NCIs provided by the —

NCS ligands.

Type | Type Il
.94 . 61
. ; Y
R—NCS._ R——NCS----- @
. “SCN—-R A <
0y
2 O %eue, o
91 =92 61 = 180°
0, = 90°

Scheme 2: Typical chalcogenide interaction motifs, adapted from Cavallo et al.®’

Structural Descriptions of Compounds 1-3
Compound 1 (C4;H;,N);/UO,(NCS)s]: Compound 1 was previously reported,?® yet a new data

collection was performed to ensure comparative consistency across compounds. Compound 1

Page 10 of 42



Page 11 of 42

Dalton Transactions

11

crystallizes in the P2;/c space group, and is comprised of the [UO,(NCS)s]* anion charge balanced
by three crystallographically unique TMA cations. In 1, isothiocyanate ligands deviate
substantively from the equatorial plane (Figure 2). Within the unit cell of 1, the average S-S
distances between —NCS ligands are above 3.8 A, with the shortest interaction at Zr,qw = 3.590(1)
A, corresponding to 99.7% of the sum of the van der Waals (vdW) radii.”® This interaction is best
defined as a Type I interaction, with 6; = 132.4° between two adjacent S atoms, and allows for the

formation of dimers along the c-axis (Figure 2).
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)

Figure 2: Packing of 1 shown down the b-axis to highlight head-on S-S interactions between two
adjacent anions. Uranyl polyhedral are shown in yellow; N, S, and O are shown as blue, yellow,
and red spheres, respectively.

Compound 2 (C,H;>N3),[Co(NCS),]: Compound 2 was previously reported from room
temperature powder data,’® yet a low temperature single crystal data set was collected for

appropriate comparison across this family of materials. In addition, our refinement produced a

model which contrasts with the original report and points to a P-1 structure with pseudo-
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merohedral twinning that emulates monoclinic symmetry. The average S-S interaction present in
2 is above 4.0 A, with the closest being Zr,qw = 4.006(1) A, considerably outside the vdW radii at
111.3% vdW. There are, however, several close C=S--N=C interactions of Type II (0, = 87.62°)
present at Zr,qw = 3.304(3) A, which corresponds to a 98.6% vdW (Figure 3). The existence of
SN interactions allows for the formation of pseudo-chains which propagate along the b-axis, with

the TMA™ situated in between.

;/

Figure 3: Compound 2 down the a-axis showing the pseudochains formed by the packing of
[Co(NCS),)* dianions as a result of weak SN interactions. Cobalt atoms are shown as blue
polyhedra; N and S shown as blue and yellow spheres, respectively.

Compound 3 (C,H;;N)s[UO>(NCS)s][Co(NCS),]: Compound 3, reported here for the first
time, crystallizes in the space group P2;/c, and contains unique [UO,(NCS)s]* and [Co(NCS),]*
anions, charge-balanced by five TMA" cations. No notable S-S interactions exist between
adjacent anions in the structure, with the closest S-S contact at Zr,gqw = 3.650(3) A, which

corresponds to a 101.49% vdW overlap. Of particular interest, however, is the interaction between
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a pendant S atom on a [Co(NCS),]* anion and a uranyl oxygen atom with an interaction distance
of Zryqw = 3.188(3) A, which corresponds to a 96.0% vdW overlap (Figure 4). The geometry of
this interaction can be best described as Type II (6; = 171.1(1)°, 6, = 129.2(2)°), suggestive of a

structure-directing role as opposed to merely a consequence of packing.

. “_I 5 b
Figure 4: Top: Selected portion of 3 shown to highlight the S--Oy; interaction present. TMA
cations excluded to highlight the prominent SOy, interaction. Bottom: Packing of 3 down the a-
axis to show anions held together by S--Oy, interactions. Uranyl polyhedra are shown in yellow,

cobalt polyhedra are shown in blue, and N, S, and O are shown as blue, yellow, and red spheres,
respectively.
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Additional phases 4-7 synthesized while exploring this compositional space can be found in
the Electronic Supporting Information, along with details relating to data collection and structural
refinements. These phases pair the [UO,(NCS)s]*- and [Co(NCS);]> anions with cesium,
Cso[Co(NCS)4]4(NCS), tetracthylammonium (TEA™), (TEA™),[UO,(NCS)4(H20)]-H,O, and
pyridinium (Py™) cations, (Py");[UO,(NCS)s]' H,O,Py, as well as a TMA™ polymorph that formed
as a minor side-product of 1, (TMA™);[UO,(NCS)s]. In all phases, similar bonding motifs are
observed to those described above. No other heterometallic phases were observed, highlighting
the fact that the countercation likely plays a role in the assembly motifs observed in the solid state,
as a heterometallic phase was observed only with TMA™. It is important to note, however, that

S--Oy; interactions are only present in 3 and in none of the supplemental phases.

Electrostatic Surface Potentials and Supramolecular Assembly. Calculating the values of
electrostatic potential along an isosurface of both the [UO,(NCS)s]*- and [Co(NCS)4]* anions
allows one to identify candidate NCI donor and acceptor sites in a crystal structure,’7# with a
goal of rationalizing assembly motifs. As such, we have calculated ESP surfaces for both anions
found in 1-3 (Figure 5). The best donor region of a molecule occurs where the potential is most
positive (or least negative in the case of an anion), and for [UO,(NCS)s]*, is found at the S-
terminus of the -NCS ligand with a value -657 kJ/mol. The best acceptor region on an anion has
the most negative ESP value and is found close to the bound N, at -885 kJ/mol. Owing to steric
hindrance however, this site is inaccessible for participation in NCIs, which therefore leaves the
uranyl oxo (-856 kJ/mol), as the best available acceptor site. As such, the S-terminus and Oy, are

the best donor and (accessible) acceptor, respectively, meaning assembly via S--Oy, interactions
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should be present in homometallic phases. This logic has held true in other many other solid state

organic compounds’”> and indeed in more related uranyl systems.3-6-11

-464 kJ/mol

-856 kl/mol

-885 klJ/mol -619 kJ/mol

-579 klJ/mol
-779 kJ/mol

-657 kl/mol

-887 kJ/mol M= = s— 656 kJ/mol -625 kJ/mol W= = s— 459 kJ/mol
Figure 5: Left: Electrostatic surface potentials on a 0.002 au isosurface from the [UO,(NCS)s]*
anion. Right: Electrostatic surface potentials on a 0.002 au isosurface of the [Co(NCS)4]* anion.
The color scheme represents magnitude of ESP at specific points along the isosurface. Areas of
highest and lowest surface potential are shown blue and red, respectively.

Contrasting this thinking, however, is homometallic phase 1, where the [UO,(NCS)s]*- anions
are linked via weak S-S interactions, with a 99.7% vdW overlap. These interactions are Type I,
likely the result of packing, as opposed to assembly directing. Kusamoto®” and others?3-68.69
observed similar intermolecular interactions, which were deemed attractive but weak. And
whereas our countercations were selected owing to their inability to participate in NCls, it would
appear that their presence is not innocent in terms of influencing assembly, and perhaps there is a
meaningful contribution from coulombic attraction between the cation and the negative Oy, region.

Turning to the [Co(NCS)4]?* anion, the best donor is again the c-hole on the pendant S, at -464
kJ/mol, with all -NCS ligands being approximately equivalent. The best acceptor region is at the
N of the bound —NCS ligand, at -619 kJ/mol which is sterically accessible for forming interactions.

Consequently, compound 2 exhibits best donor-acceptor interaction pairs, in which Type II SN

interactions are observed, with a vdW overlap of 98.6%.
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When both anions are present in the system, as in heterometallic 3, the best relative donor and
acceptors are no longer found on the same anion which in turn allows for the formation of new
NClIs not observed in 1 and 2. The o-hole on Co-NCS ligands remains the best donor, again at -
464 klJ/mol, whereas the best accessible acceptor site is the —yl oxygen, at -856 kJ/mol. As a
consequence, S--Oy; interactions emerge at the expense of S-S or S-"N NClIs. A summary of NClIs

observed in 1-3 is shown in Table 1.

Table 1: Summary of predominant NCIs present in 1-3, with relevant interaction type, ESP values
of best acceptor/donor regions, and strength of interaction as a function of % van der Waals radii.

Compound Predominant Type ESP Values (kJ/mol) % vdW
NCI Donor Acceptor overlap

1 S-S I -657 =779 99.7%

2 SN II -464 -619 98.6%

3 SO II -464 -841 96.0%

UV-Vis Absorption Spectral Studies. To probe the electronic structure in 1-3, diffuse
reflectance spectra were obtained from single crystals at 298 K (Figure 6, Figure S14-S16).
Homometallic uranyl compound 1 displays strong absorption bands in the UV and high energy
visible region with absorption edges of 470 nm and 430 nm, respectively. These bands are typical
of uranyl containing species and have been reported extensively in the literature as a low energy
O,—U ligand to metal charge transfer (axial-LMCT) overlapped with a higher energy NCS—U
ligand to metal charge transfer (equatorial-LMCT).?2¢ Compound 2, containing only the
[Co(NCS)4)? unit, displays a UV band at 350 nm and 390 nm, as well as a visible absorption band
at 700 nm and 680 nm, respectively. The [Co(NCS),]> UV band corresponds to a =—7* transition,
whereas the visible band above 680 nm arises from the Co(Il) d—d transition in a tetrahedral

coordination environment.3%76-78 These transitions are characteristic of [Co(NCS),4]* compounds
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and responsible for the blue color of 2.767® The combination of yellow [UO,(NCS)s]* and blue
[Co(NCS),]?* building units in the solid state, perhaps unsurprisingly, results in the green color of
the heterometallic compound 3. In 3, the uranyl axial-LMCT band, overlapping that of the
[Co(NCS)4]? in 1, undergoes a red shift of the absorption edge to 500 nm. Additionally, the Co(II)

d—d transition, previously at 700 nm, is blue shifted to 680 nm.

Compound 1

Compound 2

Compound 3

Normalized Reflectance (a.u.)

e 1 1 1 1

225 325 425 525 625 725 825
Wavelength (nm)

Figure 6: Normalized diffuse reflectance spectra of 1-3 at 298 K.

As the absorption spectra of uranyl complexes are highly dependent on the coordination
environment about the metal center, shifts in band energies can provide information, in this case,

on perturbation of the [UO,(NCS)s]* unit when both anions are present. The red shift of the uranyl
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band to lower energies in 3 is indicative of weakening of the U=O bond upon formation of SOy,

interactions, consistent with our previous work surrounding oxo interactions.!”!

Raman Spectra of Uranyl Containing Phases. The Raman-active uranyl symmetric
stretching frequency (v;), typically found between 750 and 900 cm!, is often used as a relative
measure of U=0 bond strength.”-83 Shifting of the v; frequency within this range is usually
correlated to changes in equatorial coordination®!' and/or NCIs.!4?37° Enhanced equatorial ligation
in the first sphere tends to weaken the U=0 bond, typically lowering the energy of, i.e. red shifting,
the U=O0 stretch. Coordination of second sphere species to equatorial ligands, in contrast, causes a
removal of electron density from the equatorial plane which is expected to strengthen the U=0
bond, causing the v, frequency to blue shift. When NCls directly involve the uranyl oxo, however,
opposite shifts are expected. For example, when halogen bonding at the uranyl oxo was observed
by Carter ef al., the symmetric stretch red shifted, indicating a weakening of the U=0 bond likely
as a result of halogen lone pair donation to U=O o and & antibonding orbitals.!7-1

For this reason, the Raman spectra for compounds 1 and 3 (Table 2, Figure S17-S18) provide
an attractive opportunity for systematically probing response of the uranyl symmetric stretch to
the coordination environment. The Raman active (v;) stretch in compound 1, which features only
weak S-S interactions and no oxo engagement, is found at 826 cm'!. When S---Oy, interactions are
present however, as in 3, we note an unexpected blue shift in the v; to 841 cm! as well as the
emergence of an additional band at 810 cm! (Figure 7). This behavior is in direct contrast to
previously reported systems vide supra and our understanding of U=O bonding upon oxo
engagement, which makes a molecular orbital level understanding of its origin of particular

interest.
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Table 2: Summary of U=0 v, stretching frequencies for uranyl containing compounds.

Compound  Uranyl Stretch (cm™)
1 826
3 841

Homometallic - Compound 1

Normalized Intensity (a.u.)

Heterometallic - Compound 3

800 850 900
Wavenumber (cm'W)

700 750

Figure 7: Raman spectra of 1 and 3, highlighting the blue shift in the v; upon formation of S--Oy,
and loss of S-S interactions in the heterometallic phase (3).

Typically, a single band is observed in the 750-900 cm’! region of uranyl-containing
compounds as only the symmetric stretching mode (v;) is Raman active. However, recent work
from our group has shown that select equatorial ligand normal modes can couple with the v; U=O
stretch?! which manifests as an enhancement of the coupled ligand band intensities. In such cases,
coupling is particularly strong when the two normal modes, which transform as the same
representation, are close in energy. In [UO,(NCS)s]*, the symmetric C-S stretch (A" in Dsp,) occurs
at ca. 820 cm!, while the v, in U=0 (also A;") is observed at ca. 900 cm™'. Interaction between
these modes can potentially lead to a blue shift in v, As the influence of coupling would contradict

the influence on electronic structure caused by NCls, we applied a hybrid approach incorporating
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DFT analysis with our experimental results to determine the origin of our blue shift. In doing so,
we also needed to rule out the influence of other phenomena, i.e. changes to U=0 bond strength
causing v; shifts, and determine if the criteria for coupling of normal modes were met.
Computational Probe of Uranyl Electronic Structure and Bonding. A deeper
understanding of S---O,, interactions is necessary to (a) reconcile our observed blue shift in Raman
stretching frequencies versus a red shift of our uranyl absorption edge and (b) place these
observations in the broader context of oxo engagement efforts writ large.!3-2! Therefore, an orbital
level understanding of NCIs and their influence on electronic structure and bonding is required to
rationalize this atypical behavior. To accomplish this, DFT based frequency calculations and NBO
analyses were performed on two XRD derived dimeric models; one homometallic UO,*" system
(Model A) containing S-S interactions and one heterometallic UO,>"/Co?" system (Model B)
containing S--Oy; interactions (Figure 8). Frequency calculations were used to identify the
energies and vibrational modes of the experimentally observed Raman bands as well as determine
how substitution of S-S interactions for S---Oy, interactions changes the vibrational spectra. NBO
calculations, and subsequent second order perturbation theory (SOPT), were used to deconstruct
the atomic and molecular orbitals involved in noncovalent interactions and delineate the identity

of the acceptor/donor orbitals, and percent contribution of U/O atomic orbitals in the U=0O bonds.
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Model A - Homometallic Model B - Heterometallic
S--§ Noncovalent Interactions §---0,, Noncovalent Interactions

Figure 8: Left: Homometallic [UO,(NCS)s],% model exhibiting S-S interactions between uranyl
units. Right: Heterometallic [(Co(NCS)4)(UO,(NCS)s)]>- model exhibiting SOyl interactions
between [UO,(NCS)s]3/[Co(NCS),]* units. NCIs of interest are denoted by dashed lines.
Frequency Calculated Vibrational Modes. DFT frequency calculations on dimeric models
produce the Raman spectra in Figure 9 and are in good qualitative agreement with experimental
results. Full spectra rendered from these calculations can be found in the Electronic Supporting
Information (Figure S19), along with their atomic displacements (Table S10-S11, video 1 and
2). A single Raman active U=0 band is observed in the homometallic [UO,(NCS)s],%- model,
appearing at 925 cm!. This band, as with the experimental Raman measurements, is split in the
heterometallic [(Co(NCS)4)(UO,(NCS)s)]°>- model, appearing at 867 cm! and 877 cm!. In the case
of the homometallic model, the Raman band at 925 cm! can be described as a relatively ‘pure’
symmetric U=0 stretch, without significant contribution from other vibrational modes. The same
cannot be said of the heferometallic bands whose expected U=0 symmetric stretch contains
significant contributions from adjacent C=S and U-N stretching on the [UO,(NCS)s]*- unit. The
involvement of -NCS vibrational modes in the heterometallic uranyl stretch provides clear
evidence towards coupling being responsible for the observed Raman shift, a phenomenon we

have observed and reported in other uranyl species.??2
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Figure 9: B3LYP calculated Raman spectra of (left) heterometallic [(Co(NCS)4)(UO,(NCS)s)]>
and (right) homometallic [UO,(NCS)s5],* models. Insets show dominant atom displacement
vectors of the Raman active vibrational mode.

As we have discussed above, the coupling of two vibrational modes (in this case U=0 and
NCS) occurs when two criteria are met: 1) the vibrational mode energies are similar and 2) the
vibrational modes are of the appropriate symmetry. As such, frequency calculations of the
individual monomeric [UO,(NCS)s]*- and [Co(NCS)4]?* building units were performed to assess
whether the criteria for coupling were met. For [UO,(NCS)s]3 the U=0 and U-NCS stretches were
found at 836 cm! and 782 cm’!, respectively, whereas the NCS stretch in [(Co(NCS),)*] occurred
at 804 cm!. As the energy of the U=0 vibration is in a similar range to the -NCS stretches found
in both the [UO,(NCS)s]* and [(Co(NCS),)]* models, it can be said that the energetic criteria for
vibronic coupling is thus satisfied. Analysis of the atomic displacement for these stretches
demonstrates that both modes are also of the appropriate symmetry and thus meet the final criteria
for successful coupling. This frequency analysis suggests that normal mode coupling is most likely

responsible for the atypical blue shift of the U=0 stretch, yet it fails to explain why it occurs
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exclusively in the Aeferometallic compound and involves only the U-NCS stretch and not the Co-
NCS stretch in the heterometallic compounds. Presumably, the Co-NCS stretches in the
heterometallic systems also are appropriate in energy and symmetry for successful coupling, yet
this phenomenon is not observed in these cases. This leads us to believe that the introduction of
[Co(NCS)4]* in some way modulates or encourages U=0O/U-NCS coupling via second sphere
S--Oy1 noncovalent interactions.

Second Order Perturbation Theory. To assess the coupling behavior initially observed in the
frequency calculations and evaluate the differences in atomic orbitals involved in the S-S and
S-+Oy interactions in the [UO,(NCS)s],%- and [(Co(NCS)4)(UO,(NCS)s)]> models, respectively,
we have invoked natural bond orbital based second order perturbation theory (SOPT) calculations.
Based on the frequency calculations on homometallic [UO,(NCS)s],% model it is clear that U=O
and U-NCS coupling is negligible in the absence of SOy interactions (above), yet such
calculations do not provide an atomic orbital level reasoning for this observation. NBO based
SOPT calculations, however, determines the identity of the donor and acceptor atomic orbitals
involved in relevant NCls and is capable of highlighting how NCIs may reorganize (for example)
the nature of the charge transfer between ionic species.

In the case of homometallic Model A, [UO,(NCS)s],>, NBO calculations reveal that S-S
interactions induce charge transfer of electrons between adjacent [UO,(NCS)s]*- anions through
lone pair donation from one S to the C-S 6* acceptor orbital on the opposite -NCS ligand (Figure
10, Table S13). This charge transfer is bidirectional, connecting terminal S atoms of adjacent
anions and is typical for chalcogen bonded species.?>3? Crystallographically, no changes in C=S
or C=N bonds are observed in the 1. We do, however, observe a red shift of the IR stretching

frequency of the C=N stretch, along with a decrease in its Wiberg bond index, which is consistent
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with previous findings,?¢ and results from introduction of the S-S interaction. Importantly, this
interaction excludes any atomic or molecular orbitals involved in U=O bonding (i.e. U=O o or
U=0 & bonding or antibonding orbitals) and thus should not directly affect the U=0O bonding or

subsequent spectroscopic properties.

Figure 10: Left: Observed S-S interaction in 1 and 4. Right: Natural localized molecular orbitals
(NLMOs) involved in the S-S interaction, in which S lone pairs are donated to acceptor S-C o*
on the adjacent anion. An opposite, yet equivalent donation occurs in the reverse direction as well,
delocalizing the equatorial m-system across the uranyl equatorial plane of both anions (Figures
S29-S30, Table S13).

Introduction of S--Oy,; interactions in the heterometallic model (Figure 11) reveals that the
atomic orbitals involved in NClIs are lone pairs on a pendant S (donor) of the [Co(NCS)4]?* dianion
and the U=0 o* orbital (acceptor) (SI Table S14). The net donation of electrons to a U=0
antibonding orbital should be expected to weaken the uranium-oxygen bond, red-shifting its
symmetric stretch frequencies, as U=0 bonding orbitals are depopulated and antibonding orbitals

are populated. This is consistent with our UV-Vis-DRS results (Figure 6), the calculated Wiberg

bond indices below, as well as the findings of Carter et. al..!”-1?
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Figure 11: Left: Observed SOy, interaction present in the heterometallic phase 3. Middle:
NLMOs involved in forward S--Oy; interaction where S lone pair electrons are donated to acceptor
U=0 o* orbitals. Right: NLMO of O lone pair back donation to S-C antibonding orbitals (SI
Figures S31-S32, SI Table S14).

Natural Bond Orbital and Wiberg Bond Order Analysis. Whereas SOPT allowed for the
determination of specific molecular orbital involvement in NCIs, we used NBO and natural
localized molecular orbital (NLMO) analysis to interrogate bonding within the first coordination
sphere of the U atom. NLMO calculations provide the atomic orbitals involved in bonding and are
able to confirm that the U=O bond is weakened by S--O,; interactions as indicated by frequency
and SOPT calculations. Inspired by the work of Hayton!>3* and others, 1324798586 we quantify U=0
bond strength as a function of percent parent atom character within bonding interactions. From
this analysis the percent parent atom character of the U-O bonds (U-O1 and U-O2) was extracted

(Table 3). For our purposes, a higher metal percentage within metal-ligand bonding is expected to

correlate to a stronger, more covalent interaction between the two atoms.3*
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Table 3: Parent atom contributions to U=O bonding in homo- and heterometallic models, derived
from NLMO analysis, comparing %U and %O of bonding interactions. Relevant U=0 bonding
orbitals are rendered and assigned as either ¢ or 7 (SI Figures S18-S20).

SCN

Homometallic U=0O Heterometallic U=0

Bond 2 oy %0 %U %O
Type
U-01 o 29.92 68.17 28.85 69.33
U-01 T 21.33 78.34 21.02 78.63
U-0Ol1 T 21.24 78.42 21.02 78.61
U-02 o 29.77 68.33 29.93 68.19
U-02 T 21.25 78.42 21.76 77.89
U-02 T 21.37 78.28 21.68 77.99
Average c 29.85 68.25 29.39 68.76
Average T 21.30 78.37 21.37 78.28

The %U character in 1 is on average 29.85% for the U-O ¢ bond and 21.30% for the U-O =
bonds. The U-O1 and U-O2 bonds for the homometallic model are highly symmetric, as expected,
showing negligible difference in percent parent atom character. This symmetry appears to be
subtly disrupted in the case of the heterometallic model which shows minor changes in %U
character of U-O ¢ bonds from 28.85% to 29.93%, and an average U-O & bond increase from
21.02% % to 21.72%. The moderately lower %U character of the U-Ol o bond of the
heterometallic model may be indicative of slight U=0O ¢ bond weakening upon formation of S--Oy,
interactions, while the U-O2 bond remains relatively unchanged.

Concurrently, changes in the U d and f hybridization, extracted from NBO in a similar
manner, were used to compare the ¢ and © components of uranyl bonding (Table 4). In both the

homo- and heterometallic models the U-O o bonds consistently feature greater U f than d



Dalton Transactions

28

contributions, with U-O & bonds showing larger relative U d character. The U-O1 and U-O2 bonds
in the homometallic model are again symmetric, showing similar %d and %f character. When
interrogating the hybridization of atomic orbitals in the heterometallic case, however, one notes a
similar, albeit slight, asymmetry in U-O1 and U-O2 bonds as was observed with percent parent
atom character. This minor increase in %d character of U-O2 bonds, coupled with an equivalent
decrease in %f character, may be due to subtle enhancement of U 6d orbitals’ involvement in
bonding with subsequent 5f suppression. This slight asymmetry is again noted simply to show that

the introduction of the S--Oy; interaction does not influence the U-O bonds equally.

Table 4: Comparative d/f hybridization of U atomic orbitals involved in U=O o- and n-bonding
interactions within the [UO,(NCS)s]*- anion, as well as the homo- and heterometallic models,
derived from NLMO analysis.

SCN

Homometallic = Heterometallic
3-
[UOx(NCS)] R 0o

Bond Bond Type  %6d %6f %6d %5f  %6d %5f
17.39 82.14 17.09 8244 17.00 82.61

U-01 o

U-01 T 37.67 62.20 37.66 6221 37.20 62.69

U-01 T 37.66 62.21 37.86  62.00 37.50 62.38

U-02 c 17.28 82.26 17.09 8244 17.62 8190

U-02 T 37.62 62.25 37.66 6221 3789 6197

U-02 T 37.53 62.34 37.86  62.00 37.88 6198
Average c 17.34 82.20 17.09 8244 1731 82.26
Average T 37.62 62.25 37.76  62.11 37.62 62.26
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Whereas the changes in %U and atomic orbital hybridization suggest U=O bond strength
differences between homo- and heterometallic species, as well as subtle asymmetry in the
heterometallic model, we decided to explore these findings further by performing Wiberg bond
order analysis of both models (Table 5). The Wiberg bond order is a measure of electron
population overlap between two atoms and is a function of the atomic orbitals and the density
matrix element.’’ This method serves as a convenient metric of bond strength, where higher
Wiberg bond orders equate to greater orbital overlap, i.e. stronger bonds. In the calculations
performed, we note for a third time, a subtle asymmetric effect when SOy, interactions are
present. In the heterometallic model the Wiberg bond indices for the U-O1 and U-O2 bonds are
2.057 and 2.103, respectively. Yet again the heterometallic U-O2, which participates in S--Oy,
NCls, is moderately stronger than the nonparticipating U-O1, which appears to be slightly weaker.
When taken as an average, however, we note minor bond weakening in the heterometallic
compared to the homometallic phase. This slight weakening agrees with our experimental results
and previous published findings,!”?! yet again contrasts what is observed spectroscopically, since

a weaker U=0 bond should serve to red shift the symmetric stretching frequency.

Table 5: B3LYP calculated Wiberg bond indices for U=O bonding within the [UO,(NCS)s]*
anion, as well as homometallic and heterometallic models.

Bond [UO,(NCS)s|* Homometallic Heterometallic

U-01 2.080 2.089 2.057

U-02 2.080 2.082 2.103
Average 2.080 2.086 2.080

Contrary to our Raman v, symmetric stretching frequency blue shifting between the homo- and
heterometallic phases, our computational findings confirm that S---Oy; interactions may marginally

weaken the U=0 bond. Since there is no evidence of other effects at play, for example U=0O bond
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strengthening, it is fair to then conclude that this blue shift is due to the influence of normal mode
coupling, which is predicted by calculated frequencies. As we have noted, the criteria of U=0 and
U-NCS coupling is met in all cases yet is only observed in the heterometallic frequency
calculations. We postulate that the introduction of S--Oy; interactions enables coupling, either by
(a) shifting the U=O0 stretch to lower energies, allowing for a better energy match, or (b) reducing
symmetry of the complex increases the number of vibrations that can be coupled. As typical
discussions of the uranyl rely heavily on using the v, stretching frequency alone as a comparative

measure of U=0O bond strength, this finding reveals a limitation in this correlation.

Conclusions

We have reported a family of uranyl and/or cobalt isothiocyanate materials, in which
[UO,(NCS)s]* and [Co(NCS)4]* anions are paired with TMA®. In doing so, we have assigned
assembly criteria for these materials as a function of best donor and acceptor sites as defined by
ESP values. In compounds 1-3, NCIs present in homometallic phases (S-S or S--N) are
outcompeted by SOy interactions when the heterometallic phase is formed. Upon -yl
engagement, we note an unexpected blue shift in the uranyl symmetric stretch frequency. By
combining our experimental results with a theoretical approach, we were able to pinpoint coupling
between U=0 and U-NCS stretching modes as the culprit for the atypical blue shift. This coupling
is likely caused by either (a) red shifting of U=O stretching frequencies, allowing for a better
energy match in the heterometallic phase, or (b) a decrease in symmetry which allows for coupling.
We have also provided evidence for minor, yet asymmetric perturbation of —yl bonding, where the
U=0 bond participating in NClIs is marginally strengthened at the expense of the trans O atom.

The overall effect, however, is a modest weakening of the average U=0O bond. These findings
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highlight important limitations in using U=O0 stretching frequencies alone to qualify bond strength.
As such, future work will focus on tailoring chemistry about the equatorial plane and/or secondary
anion species, to determine best practices for “priming the pump” to engage the —yl oxygen, as

well as the implications of any observed coupling on spectroscopic behavior.
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