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ABSTRACT: Five heterobimetallic copper(Il)—uranium(VI) complexes [(CuL')-  UO,(NO,). S
Uoz(NO3)2] (1), [{CULI(CH3CN)}U02(NO3)2] (2), [{CULI(CH3COCH3)}‘ ' ' 2

UO,(NO;),] (3), [{CuL*(CH;CN)}UO,(NO;),](4), and [{CuL*(CH;COCH,)}- [cul] | ¢ "
UO,(NO,),][{CuL*}UO,(NO;),] (5) have been synthesized by reacting the Cu(II)- = | ASSNA
derived metalloligands [CuL'] and [CuL?] (where, H,L' = N,N’-bis(a-methylsalicylidene)- . P ardongth oo
1,3-propanediamine and H,L* = N,N’-bis(salicylidene)-1,3-propanediamine) with | 0 " 0T,
UO,(NO;),-6H,0 in 1:1 ratio by varying the reaction temperature and solvents. h”}”?(‘)’;—_{'ufrtq h;“‘('uéo’ll:‘?,’“
Absorption and fluorescence quenching experiments (steady-state and time-resolved) % & .

0
indicate the formation of 1:1 ground-state charge transfer copper(Il)—uranium(VI) . !
complexes in solution. X-ray single-crystal structure reveals that each complex contains "7 @ 7
diphenoxido bridged Cu(II)-U(VI) dinuclear core with two chelated nitrato coligands. N %L’ N
The complexes are solvated (acetonitrile or acetone) in the axial position of the Cu(II) in Y, N F !
different manner or desolvated. The supramolecular interactions that depend upon the co-

ordinating metalloligands seem to control the solvation. In complexes 2 and 3 a rare NO;™---NO;~ weak interaction plays an
important role in forming supramolecular network whereas an uncommon U=0---NO;~ weak interaction helps to self-assemble

heterobinuclear units in complex S. The significance of the noncovalent interactions in terms of energies and geometries has been
analyzed using theoretical calculations.

B INTRODUCTION The hexadentate bicompartmental ligands have been found
to be very convenient to create heterometallic complexes
including 3d-4f metal ions.® In recent years the use of
monocompartmental chelates derived from tetradentate salen
type Schiff bases (salen = N,N’-bis(salicylidene)-
ethylenediamine) is also gaining popularity.” The oxygen
atoms of the neutral Cu(II) and Ni(II)-chelate of such ligands
can coordinate to a second metal ion providing a facile way for
the synthesis of bi-, tri-, tetra-, or polynuclear heterometallic
complexes in which the second metal ion is a s-block, p-block,
d-block, or 4f-block cation.® However, to date these chelates
have not been used to synthesize heterometallic 3d-5f
complexes. As actinyls are hard acids with a strong oxophilic
character and prefer high coordination numbers (five, six or

One of the recent trends in co-ordination chemistry is to
explore new types of molecular architectures using relatively
less common metal ions. The f-block metals especially come
into this scenario as they have shown potentiality toward
multifunctional materials in terms of magnetic and optical
properties." In contrast to recently developed copious novel
multifunctional heteronuclear 3d-4f molecular compounds and
co-ordination polymers, only a few heterometallic 3d-Sf
complexes are reported. These 3d-5f complexes are derived
mainly from uranium in different oxidation states by using
various types of ligands, for example, phosphonates, hex-
adentate bicompartmental N,O, Schiff base metalloligands,
et The compounds containing lower valence uranium

(U™/V) have been synthesized mostly to explore their seven) around the equatorial plane, they are expected to be
interesting magnetic properties.’ On the other hand, the incorporated easily by these monocompartmental chelates.”
naturally occurring uranyl compounds which are known for UO,*" containing minerals and compounds display vibra-
their interesting photophysical properties for centuries and have tionally resolved ligand-to-metal charge transfer (LMCT)
immense importance in terms of environmental, geological, or emission around 520 nm in solution and in the solid state.
bioassay fields* are scarcely explored to make photo responsive

systems using interactions between transition metal complexes Received: February 18, 2013

and uranyl ions.® Published: June 20, 2013
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This optical property has been exploited to study the
interaction with other molecules.'® On the other hand, the
interaction of Cu?* with various fluorophores has been
investigated in detail as it is proved to be a very eflicient
quencher for fluorescence active materials."" Free Cu*" is also
well-known to quench efliciently the fluorescence of uranyl ion
by interacting with its excited state.'> However, till now there is
no evidence whether Cu(Il) based salen type Schiff base
derived metalloligands have such quenching properties. We
would like to explore the interaction of uranyl ion with [CuL]
(where H,L = salen type Schiff base) using the former as
luminescence probe'* and also to crystallize the product and
investigate them by single crystal X-ray crystallography.

In the present work, we use two “metalloligands” [CuL'] and
[CuL?], where H,L' = N,N’-bis(a-methylsalicylidene)-1,3-
propanediamine and H,L* = N,N’-bis(salicylidene)-1,3-pro-
panediamine to study the complex formation with uranyl
nitrate. The formation of the heterodinuclear ground state
charge transfer complex in solution has been characterized by
steady state and time-resolved fluorescence quenching experi-
ments using the uranyl as a luminescence probe. The structural
analyses reveal that both [CuL'] and [CuL?] form a 1:1 adduct
with UO,(NOs;), which can be crystallized either in solvated or
in desolvated form. Interestingly, in the solvated complexes the
solvent molecules coordinate to the axial position of the Cu(II)
via the concave or convex side of the bowl shaped coordinated
Schiff base depending upon the ligands. These differences have
been rationalized by using density functional theory (DFT)
calculations. We also perform an energetic study to analyze the
importance of the weak noncovalent forces for less common
NO;™--“NO;~, and U=O0--NO;" interactions as well as for
more common C—H---O and C—H/x interactions that
influence the crystal packing. To the best of our knowledge,
this is the first report investigating the adduct formations of
uranyl ion with Cu(Il)-salen type “metalloligands” with the
help of absorption and emission spectra, single crystal X-ray
analysis, and theoretical study.

B EXPERIMENTAL SECTION

Starting Materials. The salicylaldehyde, 2-hydroxyacetophenone,
and 1,3-propanediamine were purchased from Lancaster and were of
reagent grade. They were used without further purification. Reagent
grade UO,(NO;),-6H,0 was purchased from Aldrich.

Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only a small amount of material should be prepared,
and it should be handled with care. All uranyl compounds are toxic when
ingested, and any contact with the skin should also be avoided because of its
mild radioactivity.

Synthesis of the Schiff Base Ligands H,L', H,L? and Ligand
Complexes [CuL'], [CuL?]. Two di-Schiff-base ligands, H,L" and
H,L% were prepared by standard methods.'* Briefly, 5 mmol of 1,3-
propanediamine (0.42 mL) were mixed with 10 mmol of the required
carbonyl compound (2-hydroxyacetophenone (1.2 mL) or salicylalde-
hyde (1.0 mL) respectively) in methanol (20 mL). The resulting
solutions were refluxed for about 2 h and allowed to cool. The yellow
colored methanolic solutions were used directly for complex
formation. To a methanolic solution (20 mL) of Cu(ClO,),-6H,0
(1.852 g, 5 mmol), a methanolic solution of H,L' or H,L? (5 mmol, 10
mL) and triethyl amine (1.4 mL, 10 mmol) were added to prepare the
respectlille precursor “metalloligands” [CuL'] and [CuL?], as reported
earlier.

Synthesis of Complex [(CUL')UO,(NOs),] (1). The “metal-
loligand” [CuL'] (14.8 mg, 0.04 mmol) was dissolved in acetonitrile
(5 mL) and to it a solution of UO,(NO;),-6H,0 (20.0 mg, 0.04 mmol
in 5§ mL of acetonitrile) was added, stirred for 5 min and then allowed
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to stand overnight at room temperature when reddish microcrystalline
compound deposited at the bottom of the vessel. This compound was
isolated by filtration and redissolved in 5 mL of acetone by warming,
and the solution was kept in a long tube for slow evaporation. X-ray
quality single crystals of complex 1 appeared after about 15 days.

Compound 1. Yield: 22.7 mg. (74%). C,oH,,CuN,0,,U (765.96):
caled. C 29.79, H 2.63, N 7.31; Found C 29.91, H 2.77, N 7.04. UV/
vis: A (MeCN, absorbance) = 663, 317, 261, and 225 nm; A,
(solid, reflectance) = 585 and 368 nm. IR: v(C=N) = 1598.6 cm™,
v(U=0) = 922.6 cm™, y(NO;™) = 1482.6 cm™" (v;), 1296.9 cm™
(v,), 1025.7 cm™ (v3).

Synthesis of Complexes [{CuL'(CH;CN)}UO,(NO),] (2) and
[{CuL'(CH;COCH;)}UO,(NO3),] (3). The “metalloligand” [CuL']
(14.8 mg, 0.04 mmol) was dissolved in acetonitrile (2 mL), in a S mL
vial and kept in a refrigerator for about 1 h to cool the solution. To this
solution, a cold solution of UO,(NOj;),-6H,0 (20.0 mg, 0.04 mmol in
2 mL of acetonitrile) was added, stirred to mix, and the mixture was
brought back in the refrigerator within 1 min. The solution was
allowed to stand overnight in the refrigerator when brown X-ray
quality single crystals of complex 2 appeared. Complex 3 was obtained
by following a similar procedure to that of 2, but acetone was used as
solvent instead of acetonitrile.

Complex 2. Yield: 20.0 mg. (62%). C,,H,,CuN,O,,U (807.02):
caled. C 31.25, H 2.87, N 8.68; Found C 30.98, H 2.88, N 8.77. UV/
vis: A, (MeCN, absorbance) = 663, 317, 261, and 225 nm; A,
(solid, reflectance) = 645 and 362 nm. IR: (C=N) = 1598.2 cm™,
v(U=0) = 927.6 cm™}, v(NO;") = 1524.6 cm™* (1), 1293.6 cm™
(1y), 1027.9 cm™ (v3),

Complex 3. Yield: 21.4 mg. (65%). C,,H,cCuN,O,,U (824.05):
caled. C 32.07, H 3.18, N 6.80; Found C 32.31, H 3.27, N 6.67. UV/
vis: Ao (acetone, absorbance) = 657, 312, 255, 223 nm; A,,,, (solid,
reflectance) = 640 and 372 nm. IR: (C=N) 1597.9 cm™, v(C=0)
=1691.8 cm™, y(U=0) = 926.1 cm™}, v(NO;") = 1526.2 ecm™* (v,),
1291.4 ecm™ (v,), 1027.3 cm™ (v3).

Synthesis of Complex [{CuL?(CH;CN)}UO,(NO;),] (4). The
“metalloligand” [CuL?] (13.8 mg, 0.04 mmol) was dissolved in
acetonitrile (5 mL) and to it a solution of UO,(NO;),-6H,0 (20.0
mg, 0.04 mmol in S mL) was added, stirred for S min, filtered and then
allowed to stand at room temperature for slow evaporation. A greenish
microcrystalline compound started to deposit at the bottom of the
vessel after a few hours. The compound was redissolved in acetonitrile
(10 mL) by warming, filtered, and the solution was kept at open
atmosphere. Dark green X-ray quality single crystals of complex 4
appeared within 2 days.

Complex 4. Yield: 22.1 mg. (71%). CoH;qCuN;O,,U (778.97):
caled. C 29.30, H 2.46, N 8.99; Found C 29.51, H 2.57, N 8.87. UV/
vis: Apa (MeCN, absorbance) = 630, 329, 269, and 229 nm; A,
(solid, reflectance) = 647 and 358 nm. IR: (C=N) = 1637.1 cm™,
v(U=0) = 933.8 cm™, ¥(NO;™) = 1526.3 cm™" (v;), 1278.3 cm™
(1), 1024.6 cm™ (v3).

Synthesis of Complex [{CuL?(CH;COCH;)}UO,(NO,),1[{CuL?}-
UO,(NO5),] (5). The “metalloligand” [CuL?] (13.8 mg, 0.04 mmol)
was dissolved in 1:1 acetone-methanol mixture (v/v, 2 mL) and to it a
2 mL solution of UO,(NO;),-6H,0 (20.0 mg, 0.04 mmol) in the
same solvent mixture was added, stirred to mix, transferred to a S mL
vial, sealed and kept at room temperature. After one week brown X-ray
quality single crystals of complex 5 appeared as the solvent evaporated
slowly.

Complex 5. Yield: 17.6 mg. (57%). C3,H33Cu,NgO,,U, (1533.92):
caled. C 28.97, H 2.50, N 7.31; Found C 28.71, H 2.48, N 7.47. UV/
vis: A (Acetone, absorbance) = 631, 324, 265, and 226 nm; A,
(solid, reflectance) = 617 and 356 nm. IR: v(C=N) 1628.5 cm™},
v(C=0) = 1698.1 cm™}, »(U=0) = 928.8 cm™, v(NO;") = 1479.2
em™ (1)), 12762 em™ (v,), 1033.7 cm™ (v3).

Physical Measurements. Elemental analyses (C, H, and N) were
performed using a Perkin-Elmer 2400 series II CHN analyzer. IR
spectra in KBr pellets (4000—500 cm™") were recorded using a Perkin-
Elmer RXI FT- IR spectrophotometer. Thermal analyses (TG-DTA)
were carried out on a Mettler Toledo TGA/SDTA 851 thermal
analyzer in a dynamic atmosphere of N, (flow rate 50 cm® min™"). The
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Table 1. Crystal Data and Refinement Details of the Complexes 1-5

1 2
formula CoHy,CuN,0,,U C,;H,;CuN;0,,U
formula wt. 765.96 807.02

crystal sys. orthorhombic orthorhombic
space gr. Pnma P2,2,2,

a /A 18.525(2) 11.0318(12)

b /A 20.136(2) 12.4097(14)

c/A 6.1995(7) 19.319(2)

B /deg 90 90

v /A3 2312.5(4) 2644.8(5)

z 4 4

D./g cm™ 2.200 2.027

,u/rnrn7l 7.976 6.981

R(int) 0.0884 0.0424

unique data 2084 4390

data with I > 26(1) 1686 4065

RI (I > 26(I)) 0.0950 0.0279

wR2 (I > 26(I)) 0.2702 0.0595

GOF on F* 1.161 1.011

3 4 5
Cy,HyCuN,O,U CyoH;9CuNsO,0U Cy7H33Cu,NgO,, U,
824.05 778.97 1533.92
orthorhombic monoclinic monoclinic
P2,2,2, P12,/ml P2,/n
11.155(4) 9.2815(4) 18.635(5)
12.610(5) 15.4392(7) 25.264(5)
18.864(7) 9.3057(4) 24.446(5)
90 116.012(2) 125.880(13)
2653.5(17) 1198.42(9) 9325(4)

4 2 8
2.063 2.159 2.185
6.963 7.699 7.908
0.0783 0.0446 0.0735
4611 2557 15826
3653 2259 9963
0.0568 0.0249 0.0650
0.1296 0.0590 0.1585
1.003 1.022 1.046

samples were heated in an alumina crucible at a rate of 10 °C min™" up
to 600 °C. All solutions were prepared in spectroscopic grade solvents.
At least seven experimental data points were made up for B—H plots
and quenching experiments. Electronic spectra were recorded in
acetone and acetonitrile (800—200 nm) in a 1 cm optical glass cuvette
as well as in solid state (800—300 nm) in a Hitachi U-3501
spectrophotometer using appropriate set up. All the steady-state and
time-resolved measurements were performed at room temperature 25
+ 2 °C under aerial condition. The uranyl concentration (as nitrate)
was usually 3 mM. The steady-state fluorescence emission spectra were
recorded using a PerkinElmer LS-55 spectrofluorimeter after proper
background correction with individual solvents within the range 435—
650 nm using 424 nm excitation wavelength in quartz cells with 1 cm
path length. When the metalloligands were used to quench *UO,*,
the metalloligand concentration was varied from S to 35 uM to
prevent any self-aggregation of the quencher. Optical density
correction was done when needed. Both excitation and emission slit
widths are kept at S nm. Normalized fluorescence intensity (I,/I)
(where I, and I are the measured fluorescence intensities in absence
and presence of quencher) is used as a function for steady state Stern
Volmer analysis. The decay times of the UO,(NO;), in the
microseconds region were also acquired by phosphorescence decay
mode in QM-30 fluorimeter from PTI, U.S.A,, using a gated detection
system having start and end window time of 0 and 6000 s,
respectively, in which emission intensity was measured as a function of
time at 505 nm using A, of 424 nm. The decay parameters were
recovered using a nonlinear iterative fitting procedure based on the
Marquardt algorithm.'® All calculations were done by Origin 7.0
software.

Crystal Data Collection and Refinement. Suitable single crystals
of all the complexes were mounted on a Bruker-AXS SMART APEX II
diffractometer equipped with a graphite monochromator and MoK, (4
= 0.71073 A) radiation. The crystals were positioned at 60 mm from
the CCD. A total of 360 frames were measured with a counting time of
10 s. The structures were solved using Patterson method by using the
SHELXS 97 program. Subsequent difference Fourier synthesis and
least-squares refinement revealed the positions of the remaining non-
hydrogen atoms. Non-hydrogen atoms were refined with independent
anisotropic displacement parameters. Hydrogen atoms were placed in
idealized positions and refined riding on their parent atoms.
Absorption corrections were carried out using the SADABS
program.'® All calculations were carried out using SHELXS 97,"
SHELXL 97,'"®* PLATON 99,'® ORTEP-32,%° and WinGX system Ver-
1.64.>" Data collection with structure refinement parameters and bond
parameters for the five complexes are given in Table 1 and Supporting
Information, Tables S1—S4 respectively.
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Computational Methods. The energies of all complexes included
in this study were computed at the BP86-D3/def2-TZVPD level of
theory using the crystallo§raphic coordinates within the program
TURBOMOLE version 6.4.>> The interaction energies were calculated
with correction for the basis set superposition error (BSSE) by using
the Boys—Bernardi counterpoise technique.”® For the calculations we
have used the BP86 functional with the latest available correction for
dispersion (D3).>*

B RESULTS AND DISCUSSION

Syntheses, IR Spectroscopy and Thermal Analysis of
the Complexes. The Schiff-base ligands (H,L' and H,L*) and
their Cu(II) complexes ([CuL'] and [CuL?]) were synthesized
using the reported procedures.'* Reaction of [CuL'] with
uranyl nitrate in acetonitrile medium at room temperature
(25—30 °C) produces a red microcrystalline compound which
on recrystallization from acetone yields red single crystals of
complex 1, [(CuL')UO,(NO;),]. However, when the same
reaction is carried out at low temperature (~S °C) brown
single crystals of complex 2, [{CuL'(CH;CN)}UO,(NO;),],
result from the acetonitrile solution. The difference between
complexes 1 and 2 is that Cu(I) is square planar in 1 whereas
an acetonitrile solvent molecule is coordinated to the axial
position of Cu(Il) center in 2. The reaction has also been
carried out in acetone medium, and it is found that at low
temperature an acetone molecule coordinates to the Cu(II)
center to produce complex 3, [{CuL'(CH;COCH,)}-
UO,(NO;),], which geometrically resembles complex 2.
Therefore, coordination of solvent molecules to the Cu(II)
center depends upon the temperature of the reaction mixture
but not on polarity or Lewis basicity of the coordinating solvent
molecules used here.

On the other hand, in case of the metalloligand [Cul?],
complex 4 [{CuL?’(CH;CN)}UO,(NO;),] having penta-
coordinated Cu(Il) with axially coordinated solvent molecules
resulted at room temperature. However, the geometry does not
resemble complexes 2 and 3. The difference lies in the direction
of axial coordination of solvents to Cu(Il) with respect to the
Schiff bases H,L' or H,L* which adopt a shape of a bowl
around the Cu(Il); the solvents coordinate through the
concave part of the bowl for complexes 2 and 3 whereas for
complex 4 through the convex part. We failed to obtain single
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Scheme 1. Formation of Complexes 1-5
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crystals of this compound from acetone only but succeeded to
get crystals of complex § ([{CuL*(CH;COCH,)}-
UQ,(NO,),][{CuL?}UO,(NO;),] from a 1:1 acetone-meth-
anol mixture (v/v) (Scheme 1). In the structure of 5 both
square planar and square pyramidal Cu(II) centers are present.
The geometry of square pyramidal Cu(II) resembles complexes
2 or 3. Interestingly, for both 4 and §, the crystals obtained at
room temperature and at low temperature are identical.

Besides elemental analyses, all the complexes were initially
characterized by IR spectra. The precursor metalloligands
[CulL'] and [Cul?] are neutral and do not have any
counteranion whereas all five complexes contain IR active
uranyl and nitrato moieties. The nitrato anion shows its
characteristic bands for bidentate chelation in each com-
pound.*® The asymmetric vibration of the O=U=0 moiety
appears in the range of 923—928 cm™' for complexes 1-3
whereas it lies between 929—934 cm™' for complexes 4 and §.
In all complexes, a strong and sharp band due to the
azomethine v(C=N) group of the Schiff base appears at
1598—1599 for [CuL'] and 1628—1637 cm™ for [Cul?],
respectively.

The thermo-gravimetric analyses were carried out in a N,
atmosphere on powder samples of complexes 1—5. Complex 1
does not show any mass loss till the temperature is raised to
250 °C corroborating the absence of any solvent molecule in
the structure (Supporting Information, Figure S1A). On the
other hand, both complexes 2 and 3, that is, the solvated forms
of complex 1 show endothermic weight loss of 4.1% and 7.0%,
in the temperature ranges 139—185 °C and 137—201 °C owing
to the loss of acetonitrile (calc. 5.1%) and acetone (calc. 7.0%)
molecules, respectively, followed by the pyrolytic ligand

7511

degradation like 1 (Supporting Information, Figures S1B and
S1C). Similarly complexes 4 and 5 show the steps for the loss
of solvents acetonitrile (obs.: 3.7%, calc. 4.0%, between 88 and
168 °C) for 4 and acetone (obs.: 2.7%, calc. 3.8%, between 89
and 156 °C) for § (Supporting Information, Figures S1D and
S1E). On further heating both the complexes start to
decompose at about 250 °C like 1-3.

B ELECTRONIC SPECTROSCOPY

Absorption Spectroscopy. The interactions of uranyl ion
with metalloligands ([CuL'] and [CuL’]) in acetonitrile
solutions are characterized by UV—vis absorption and
fluorescence spectroscopy. The electronic absorption spectrum
of [CuL'] exhibits two bands at 360 and 580 nm in acetonitrile
whereas the same for [Cul?] appears at 365 and 607 nm
(Supporting Information, Figure S2A and S2B, respectively).
These bands are characterized as ligand-to-metal charge transfer
(LMCT) and d-d transition of the metalloligands, respec-
tively.”® Because of complexation with the uranyl center, the d-
d transition band of the metalloligands exhibits a bathochromic
shift to 663 and 630 nm for [CuL'] and [CuL?], respectively, in
acetonitrile. Similarly, the LMCT band exerts an expected
hypsochromic shift to 317 and 329 nm for [CuL'] and [Cul?]
respectively (Supporting Information, Figure S2A and S2B,
respectively). This is also observed for the solid state UV—vis
spectrum of the complexes where the d-d transition bands of
the metalloligands exhibit bathochromic shifts for complexes 2
(645 nm), 3 (640 nm) and 4 (647 nm), 5 (617 nm) with
respect to the free [CuL'] (620 nm) and [CuL?] (595 nm),
respectively (Supporting Information, Figure S2C and S2D,
respectively) in conformity with the square pyramidal Cu(II)
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Figure 1. Upper panel for [CuL'] (14, 1B), lower panel for [CuL?] (1C, 1D), left panel for spectrophotometric titration of the fixed concentration
of 1 X 107* M of the corresponding metalloligands (14, 1C) by UO,(NO;),, right panel for B—H plot for the respective complexes (1B, 1D) using a
fixed concentration of 0.40 X 10™* M of individual metalloligands and varying concentration of 0.5—2.0 mM for UO,(NO;),.

centers in the solid state structure. For complex 1 a shoulder
near 585 nm is observed due to the d-d transition of the square
planar Cu(1II) center. The electronic spectral data for complexes
2, 3, 4, and § are found to be almost similar in both solution
and solid state indicating that the complexes retain their solid
state structures in solutions.

The existence of isosbestic points in the spectrum is a useful
guide to confirm that the reacting species are in equilibrium.””
Upon gradual addition of UO,(NO,), solution (1 mM) to a
solution of the respective metalloligands (2 mL, 0.1 mM), the
bands of [CuL'] and [CuL*] at 360 and 365 nm respectively
show significant lowering of absorption intensity. Notably, both
the metalloligands [CuL'] and [CuL?] display a new absorption
band centered at 317 and 329 nm, respectively, with increasing
intensity which is attributed to the formation of ground-state
charge-transfer complexes (Figure 1A and 1C). Appearances of
well anchored isosbestic points centered at A = 340 nm for
[CuL'] and A = 345 nm for [CuL?] are consistent with the
existence of an equilibrium between metalloligand [CuL'] or
[CuL?] and uranyl complexes in solutions. The stoichiometry
and association constants of these newly formed ground-state
charge-transfer complexes can be obtained from the intercept
and slope of the Benesi—Hildebrand plot where the increase of
absorbance is measured as a function of varied analytical
concentration of uranyl salt. The metalloligands’ concentration
are maintained at least 10 times lower than the lowest
concentration of UO,(NO;), so that the unbound state of
these ligands does not contribute appreciably to the overall
signal (<5%).>® Furthermore, a linear relationship is obtained
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(Figure 1B and 1D) from the absorption titration profiles (40
UM for individual metalloligands and 0.5-2.0 mM for
UO,(NO;), in acetonitrile) for the plots (R = 0.9982 for
[CuL'] and 0.9973 for [CuL?]) of measured [1/(A — A,;,)] at
317 nm for [CuL'] and 330 nm for [CuL?] as a function of 1/
[UO,(NO;),] using the Benesi—Hildebrand expression,”®
which indicates a ~1:1 stoichiometry for the complexes formed
between metalloligand [CuL'] or [CuL?] and UO,(NO3), in
solution. Calculated association constants obtained from the
ratio of the intercept to the slope for [CuL'] and [Cul?] are K,
= 2.946 X 10* and 1.003 X 10> M~ respectively. Thus from
these UV—vis studies, formation of a new 1:1 ground state
complex of uranyl with each of the [CuL] is established.
However, as uranyl ion is known to form a 1:1 adduct with the
Schiff base ligand itself,” the above observations are insufficient
to establish definitely that the expected Cu-UO, hetero-
dinuclear complex is formed. Therefore, fluorescence spectro-
scopic analyses have been undertaken.

B EMISSION SPECTROSCOPY

I. Steady State and Time-Resolved Fluorescence
Studies of UO,(NO;),. The fluorescence spectrum of 2 X
1073 M UO,(NOs), in acetonitrile (excitation wavelength (4.,)
at 424 nm) shows vibronically resolved structured emission
bands at 466, 483, 505 (A.,), 525, and 550 nm of this
fluorescence probe which correspond to electronic and vibronic
transitions S;;—Sg, and S;,—S,, (v = 0—4)*>*° (Supporting
Information, Figure S3A). As molecular oxygen is not involved
in depopulating the uranyl excited state,®" all experiments have
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Figure 2. Right panel for [CuL'] (24, 2C, 2E), left panel for [CuL?] (2B, 2D, 2F), top panel for steady state fluorescence quenching titration (24,
2B) and middle panel for time-resolved fluorescence quenching titration (2C, 2D) of UO,(NO;), (3.0 mM) by the corresponding metalloligands
and bottom panel for S—V plots for the respective metalloligands (2E, 2F).

been performed in aerial atmosphere. The excited state average
lifetime (7,,) of UO,(NO;), with a single exponential decay
profile was found to be 2.3 us in acetone as was reported
earlier’”” whereas in acetonitrile the 7,, was found to be
relatively longer (20.0 ps). The free metalloligands as well as
their respective uranyl complexes are nonfluorescent (exciting

in acetonitrile (Supporting

at their corresponding A..)

Information, Figure S3B). Moreover in solutions the uranyl
excited states are known to be collisionally quenched by most
of the transition metals having unpaired d-electrons which
effectively depopulate both excited singlet and triplet states of
the fluorophore.>® This allows us to look for more insight into
the interaction of UO,(NO;), with the metalloligands [CuL']
and [Cul?] using them as a suitable quencher of uranyl
fluorescence in solution.
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Il. Steady State and Time-Resolved Fluorescence
Quenching Studies of UO,(NO;), Using [Cul'l or
[CuL?]. The UV absorption at A, (424 nm) and steady-state
fluorescence spectra of UO,(NO,), in acetonitrile were
recorded in the absence and in the presence of different
concentrations of quencher, that is, the metalloligands. The
typical absorption and fluorescence spectra in acetonitrile in the
presence of increasing concentration (0.0—3.5 X 107> M) of
individual metalloligands are shown in Figure 2A and 2B. From
the spectra, the following observations are made: (i) the
fluorescence intensity of UO,(NO,), decreases with the
increasing concentration of quencher, (ii) the shape and band
maxima of absorption and fluorescence spectra remain the
same, and (iii) no other emission band of the fluorophore
toward longer wavelength appears. These observations suggest
that the fluorophore—quencher interaction does not alter the
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Figure 4. ORTEP diagrams of complexes 1—S. Two other units of S, which are equivalent to units A and B, are shown in Supporting Information,

Figure S4. Ellipsoids are drawn at the 20% probability level.

spectral properties of the fluorophore and consequently the
formation of any emissive complex, for example, uranyl Schiff
base complex™ or exciplex is discarded.>® The Stern—Volmer
(S=V) plots for steady-state fluorescence quenching obtained
by using the experimentally determined values of I and I are
found to be nonlinear with positive deviation (Figure 2E and
2F). This aspect of the plots suggests the presence of both
dynamic and static quenching. Therefore the data are analyzed
by the modified Stern—Volmer equation for static and dynamic
quenching (eq 1 and eq 2), in which the normalized
fluorescence intensity (Ip/I) is a function of both static (K)
and dynamic quenching (Kp) terms:
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(I/1) = (1 + Kg[Q])(l + Kp[QJ) (1)

{(I/1) - 1}/[Q] = (Kg + Kp) + Kg'KD[Q] (2)
where K, and Kj, (Kp = kqto; kg is the bimolecular quenching
rate constant and 7, is the excited lifetime of uranyl nitrate in
the absence of the quencher) are the Stern—Volmer constants
for static and dynamic quenching, respectively, and Q is the
quencher (metalloligand) concentration. Equation 2 is valid for
a single species undergoing both dynamic and static quenching
describing a quadratic dependence upon the quencher
concentration and consequently a positive deviation of the
graph Iy/I versus [Q]. Hence the linearity of these plots
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obtained from the nonlinear S—V plots suggests that static and
dynamic quenching model is well applicable for this system
(Figure 2E inset and 2F inset).>

Evidence for dynamic quenching of uranyl fluorescence was
obtained from time-resolved fluorescence spectroscopy where
the average lifetime of excited uranyl decreased with increasing
concentration of the individual metalloligands (Figure 2C and
2D). Linear Stern—Volmer plots (Figure 2E and 2F) for
dynamic quenching were obtained for both the quenchers from
lifetime (7) measurements according to the eq 3,

(zo/7) =1+ KplQJ 3)

Where 7, and 7 refer to the lifetime of the excited uranyl ion in
the absence and presence of the quencher, respectively. The
linearity of the S—V plots for dynamic quenching as well as the
fitting of the lifetime decay profiles with biexponential functions
for both the quenchers (see y*> values in Supporting
Information, Tables SS and S6) indicates dynamic quenching
of the excited state lifetime of the fluorophore. Also from the
S—V plots (Figure 2E and 2F) it is evident that the slope
obtained from the steady-state fluorescence quenching experi-
ment (Kgy) is much higher than the slope obtained from time-
resolved fluorescence quenching experiment (Kp) (Supporting
Information, Table S7) indicating the presence of both static
and dynamic quenching.?’ From the above experimental
results, static quenching constants (Kg) can be derived from
eq 4,

(Io/DX(z/75) = (1 + K Q) (4)
The K, values are thus obtained from the plots (Figure 3A and
3B) for both the metalloligands. Although the values are much
higher compared to the association constants (K,) determined
from the UV—vis analysis of CT complex formation between
uranyl nitrate and metalloligands (Supporting Information,
Table S7), but both experiments indicate the formation of a
stable Cu—UQ, heteronuclear core in solution with moderate
formation constants for both the metalloligands in acetonitrile.
The accessibility of fluoroprobe to the individual quencher
(metalloligands) in acetonitrile has been calculated using eq 5,

(I/AD) = 1/f + 1/Kf [Q] s)
Where AI = I, — I, Kg = corresponding Stern—Volmer
constant, and f, = fraction of the fluorophore which is accessible
to the quencher ([CuL'] or [CuL?]). The plots with good
linearity have been obtained for both the metalloligands (Figure
3C). The profiles of the fraction of fluoroprobe to the
individual metalloligand quencher are 1.1 and 1.2 corroborating
the formation of 1:1 Cu—UO, heterodinuclear core in
acetonitrile.

For the heterometallic TM—UO,** complexes (TM
transition metal), deduction of the mechanism of quenching
needs rigorous theoretical and experimental analyses. At room
temperature the oxidation potentials of ground state square
planar Cu®* complexes are in the region of +0.8 to +1.0 V but
that of photoexcited UO,(NOj,), reaches a value of about +2.6
V* favoring photo induced electron transfer.** However, the
fluorescence band of uranyl nitrate at higher wavelength region
(445—630 nm) merged on the d-d transition bands of the
respective complexes (550—800 nm) suggesting the possibility
of quenching through energy transfer.*' Moreover the phenyl
rings of the metalloligands may also play important role as they
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are known to be responsible for dynamic quenching of excited
U0, 31b#2

Structure Description of the Complexes. The structures
of all complexes 1—5 (Figure 4 and Supporting Information,
Figure S4) contain a heterodinuclear core Cu—UO, formed by
the coordination of the two phenoxido oxygens of the
“metalloligand”, [CuL], to the uranyl group. In complex 1, a
mirror plane which passes through the Cu and U atoms bisects
the complex. The copper atom shows a square-planar geometry
being coordinated by two phenoxido oxygen atoms O(11) and
O(11)* (symmetry code: * = x, 1/2 — y, z) and the two imine
nitrogen atoms N(19) and N(19)* (Supporting Information,
Table S1). The root mean squared (r.m.s.) deviation of the four
coordinating atoms from the mean plane passing through them
is 0.00 A because of the mirror plane. The copper atom deviates
0.013(4) A from this plane. This square-planar geometry is also
verified by the so-called 7, index that measures the distortion
between a perfect tetrahedron (7, = 1) and a perfect square
planar geometry (7, = 0) with the formula: 7, = [360° — (a +
b)]/141°, where “a” and “b™ (in degrees) are the two largest
angles around the central metal in the complex (Supporting
Information, Table $2).* The 7, value for Cu(1) in complex 1
is 0.129, confirming a slightly distorted square planar geometry
for this metal center.

The geometry around copper centers in complexes 2 and 3 is
square-pyramidal, with four equatorially coordinated atoms are
O(11), O(31), N(19), and N(23) of the Schiff base and an
axially coordinated acetonitrile (in 2) or acetone (in 3) solvent
molecules at distances 2.342(6) and 2.409(11) A, respectively.
The Cu-phenoxido and Cu-imine bond distances lie in the
ranges of 1.945(4)—1.965(9) A and 1.966(13)—1.991(6) A
respectively (Supporting Information, Table S1). The r.m.s.
deviation of the four basal atoms from the mean plane for
complex 2 is 0.015 A with the metal atom 0.187(1) A from this
plane toward the axially coordinated nitrogen atom N(71). The
same deviation for complex 3 is 0.025 with the metal atoms
0.164(2) A from the plane toward the coordinated solvent
molecule. The Addison parameter of Cu(l) atom in the
complexes 2 and 3 are 0.031 and 0.041 respectively; indicating
negligible amount of distortion toward trigonal bipyramid
geometry.** Complex 4 contains a plane of symmetry
perpendicular to the crystallographic b axis passing through
the Cu and U atoms like 1. However, unlike 1 the geometry
around the copper center in 4 is square-pyramidal being
coordinated equatorially by two phenoxido oxygen atoms
O(11) and O(11)* (symmetry code: * = x, 1/2 — y, z) and the
two imine nitrogen atoms N(19) and N(19)* (Supporting
Information, Table S1) with axially coordinated acetonitrile
molecules at a distance of 2.415(7) A. The metal atom deviates
0.215(2) A from the mean plane passing through the four
coordinating atoms toward the axially coordinated nitrogen
atom N(71).

Complex § consists of four asymmetric dinuclear Cu(UO,)
units, namely, A, B, C, and D. The structures of the units A and
C are equivalent having the same molecular formula [{CuL?}-
UO,(NO;),], with some differences in bond angles and
distances. Similarly units B and D are equivalent with the
formula [{CuL?(CH;COCH,)}UQ,(NOs),]. The structures of
units A and B are shown in Figure 4 together with the atomic
numbering scheme whereas the same for units C and D are
shown in the Supporting Information, Figure S4. The copper
atoms in each heterodinuclear unit (Cu(1), Cu(2), Cu(3), and
Cu(4) respectively) are coordinated by two phenoxido oxygen
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atoms and two imine nitrogen atoms from the Schiff base
forming a basal plane as in complexes 1—4. These bond
distances are in the range of 1.935(12)—1.960(10) A for
phenoxido oxygen atoms and 1.944(14)—1.968(16) A for
imine nitrogen atoms. Among the four copper atoms, Cu(2)
and Cu(4) in units B and D show a square pyramidal geometry
with axially coordinated acetone molecules at a distance of
2.73(3) and 2.572(19) A, respectively (Supporting Information,
Table $3). Cu(1) in unit A shows a square planar geometry (7,
= 0.118); the r.m.s. deviation of the four basal atoms from the
mean plane is 0.046 A with the copper atom only at 0.022(2) A
from this plane. The nearest nonbonded O(29) of a nitrato ion
is at 3.257(17) A from the Cu(Il) indicating no ancillary
interactions between them. Cu(3) in unit C also shows a square
planar geometry but with an ancillary interaction at the distance
of 2.822(15) A with the oxygen atom O(49) of the nitrato
ligand of the unit D. These kinds of ancillary interactions also
take place between O(15) and O(39) of the nitrato ligands of
units A and C and Cu(2) and Cu(4) of units B and D with
slightly longer distances of 2.912(19) and 2.905(19) A,
respectively. The deviation of the copper atoms from the
mean N,O, basal plane seems to be a good indicator of axial
interactions. This deviation is the highest (0.114(2) A toward
O(49) of the nitrato ligand for Cu(3)) in which the axial
interaction is only from one side but is considerably less
(0.035(2) and 0.027(2) A for Cu(2) and Cu(4) respectively) in
units B and D where axial bonds or ancillary interactions are
from both sides of the equatorial plane. The 7, value for Cu(3)
is 0.145 confirming slight tetrahedral distortion for this metal
center. The Addison parameters of Cu(2) and Cu(4) are 0.061
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and 0.007, respectively, indicating that these metal centers have
negligible amount of distortion toward trigonal bipyramidal
geometry.

One of the important structural variations among complexes
1-5 is the different coordination numbers and modes in the
copper center due to change of the Schiff base which adopt a
“boat-like” conformation making the shape of the complexes as
a “bowl”. In case of complex 4 the solvent molecule
(acetonitrile) coordinates to the copper center along the
convex part of the bowl whereas for complexes 2, 3, and § the
solvent molecules (acetonitrile, acetone, and acetone, respec-
tively) coordinate along the concave part (Figure 4 and
Supporting Information, Figure S4).

The uranium atom in all five complexes (1—5) adopts an
octa-coordinated UQ;g environment with distorted hexagonal
bipyramidal geometry. The axial positions are occupied by the
oxygen atoms of uranyl ion with short U—-O distances in the
range 1.727(11)—1.767(4) A (Supporting Information, Tables
S1 and S3) which are typical of the double uranyl bond,
commonly found for hexavalent uranium.*> The trans OUO
angles (Supporting Information, Tables S2 and S4) which are
in the range 179.4(2)°—176.2(4)° show slight deviation from
linearity. Two of the six oxygen atoms in the equatorial plane
belong to the phenoxido oxygen atoms of the metalloligands,
and the other four oxygen atoms to two nitrato coligands that
coordinate as chelated bidentate ligands. The U-phenoxido and
U-nitrato bond distances of all five complexes are in the ranges
of 2.386(18)—2.446(11) A and 2.450(11)-2.548(12) A,
respectively (Supporting Information, Tables S1 and S3). The
chelating angles to the uranyl center by the metalloligands lie in
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Table 2. C—H--7r Interaction for Complexes 1, 4, and §

interaction atoms distances H--C, (A) £ C—H:-C, (deg) distances C(H)--C, (A) symmetry code
Complex 1
C—H:-+x (side chain) C(9)—H(9B)--Cy(5) 3.20 130 3.90 xy,—1+z
C—H-x (phenyl) C(4)—H(4)-~-Cg(5) 3.04 132 3.73 xy,—1+z
Complex 4
C—H--7 (methyl) C(62)—H(62C)~Cy(4) 3.11 158 401 —l+xyz
Complex 5
C—H-z (methyl) C(53)-H(53C)--C,(17) 3.10 122 3.71 %9,z
C(63)—H(63C)Cy(8) 3.08 136 3.83 X,z
the range of 62.2(3)°—64.6(3)° whereas those of nitrato Table 3. C—H-O Interaction for Complexes 1—5
ligands are in the range of 49.5(4)°—51.3(2)° (Supporting _ ‘
Information, Tables S2 and S4). The UQO; coordination dl;ffrfg‘s AEC_)H gl(sgjl cecs) ey
polyhedron shares an edge with the Cu coordination atoms (&) (deg) (A) code
polyhedron through the phenoxido oxygen atoms where the Complex 1
Cu—U distance lies in the range of 3.422(1)—3.429(1) A for C(3)=H(3)--0(5) 274 140 351 x4z
complexes 2—4 whereas the same for complex 1 is 3.276(4) A. Complex 2
However the Cu—U distances (3.365(2)—3.400(2) A) in all C(12)=H(12C)~-0(7) 2.56 148 341(1)  —l+xyz
units of complex § are slightly lower than those for complexes C(16)—H(16)--0(20) 2.40 168 332(1) -1/
2, 3, and 4 but are higher than that in complex 1. 2+x,1/
The packing of the molecules in complex 1 is controlled by 2yl-z
C—H--w and C—H:--O interactions. There are two types of C— Complex 3
H---7 interactions, namely, C—H--x (side chain) and C—H---x C(16)-H(16)--0(20) 245 159 334 _;ix,l/
(phenyl), between the neighboring molecules to generate a 2-y,—z
two-dimensional (2D) supramolecular network (Figure S upper C(22)—H(22B)--0(10) 2.59 149 3.52 —1/
panel). In the first case two C—H--7z interactions are i‘tx’i/z
established between the hydrogen atoms H(9B) of the side Complex 4 »
chain of rgethylene group an_d the phenyl rings of the Schiff C(62)~H(62B)--0(6) . 154 3.60 51/2—y—
base forming a one-dimensional (1D) column where the liz

distance between H(9B) and the centroid of the ring is 3.20 A
and the C(9)—H(9B)---Cg angle is 130° [Cg = centroid of the
phenyl ring]. Further, these columns interact with each other
through C—H---z (phenyl) interactions where the aromatic
hydrogen atom H(4) interacts with the phenyl group of the
adjacent molecule forming a 2D sheet. The distance between
H(4) and the centroid of the ring is 3.04 A and the C(4)—
H(4)---Cg angle is 132°. The oxygen atoms of nitrato coligands
and uranyl moiety also take part in C—H---O hydrogen bonding
with different types of C—H bonds which ultimately leads to
the three-dimensional (3D)-supramolecular architecture (Fig-
ure S upper panel; Table 2 and 3).

The packing of the molecules in complexes 2 and 3 is
controlled by NO;™---NO;™ interactions and C—H--O hydro-
gen bonds. For complexes 2 and 3 the nitrato coligands from
adjacent molecular units interact mutually in antiparallel
fashion*® forming an infinite 1-D zigzag chain (Figure S
lower panel and Supporting Information, Figure SS). The
N--O distances of complexes 2 and 3 lie in the range of
2.929(19)—3.012(10) A. In complex 4 the N---O distances are
relatively long (3.078(6) A) indicating weaker interaction
compared to complexes 2 and 3 (Table 4). Detailed analyses of
these interactions are done in the theoretical part. The oxygen
atoms of nitrato coligands and uranyl moiety also take part in
unconventional C—H-+O hydrogen bonding with different
types of C—H bonds which ultimately leads to the 3D-
supramolecular architecture (Table 3) for all three complexes.
However, weak C—H::-7 and 7---7 interactions have also been
found in complex 4 (Supporting Information, Figure S6, Tables
2 and §).

Unlike complexes 1—4, complex S shows a different
molecular arrangement with uncommon U=O0--NO;~ and
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NO;™-NO;™ interactions. The U=0---NO;" interactions take
place between two adjacent units, namely, units A and B and
units C and D, to form two self-assembled dimers (Supporting
Information, Figure S7). The distances between the interacting
atoms, that is, oxygen atom of the uranyl moiety and nitrogen
atom of the nitrato coligand, lie in the range of 2.84(3)—
3.00(3) A, and the U=O0--N angles are in the range of
133.6(7)°—138.9(6)°. These self-assembled dimers further
interact through U=O0:-NO;~ and NO; ---NO;~. The
distances and angles of the U=0--N interaction are 2.86(2)
A and 133.2(6)° whereas those of the N=0--N interactions
are 3.07(3) A and 120.4(14)°, respectively (Table 6). Unlike
complex 3, the coordinated acetone molecules at Cu(2) and
Cu(4) atoms of complex S are leaning toward one of the
phenyl rings of the Schiff base probably because of the weak
C—H:-7 interaction between the hydrogen atoms H(53C) and
H(63C) of the methyl group of the two acetone molecules
(Supporting Information, Figure S7). The distances between
H(53C) and H(63C) and the centroids of the rings are 3.10
and 3.08 A, and the C—H:--Cg angles are 122° and 136°
respectively [Cg = centroid of the phenyl ring] (Table 2).
Theoretical Study. As described above, five new structures
containing the UO,*" core have been synthesized and
characterized by their X-ray structures, and they present very
interesting noncovalent interactions in the solid state. They are
U—Cu dinuclear compounds and are represented in Figure 4.
The organic ligand is denoted as [L'] in complexes 1, 2, and 3
and denoted as [L*] in complex 4. Complex 1 does not present
any solvent molecule coordinated to the Cu atom. Complexes 2
and 4 present an acetonitrile molecule coordinated to the Cu
atom. Interestingly, it is coordinated to the concave part of the
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Table 4. NO;++NO;" Interaction for Complexes 2, 3, and 4

measure atoms
distances (A) N(4)-0(7)’
N(3)—0(10)'/0(10)"/O(7a)"
N(4)—0(10)
N(3)-0(7)

0O(7)-N(3)—0(10)'/0(10)" /O(7a)"
0(7)'-N(4)-0(10)
N(3)-0(7)-N(4)'/N(3a)"”
N(3)'—0(10)-N(4)

angles (deg)

complex 2 complex 3 complex 4
3.01(1) 2.93(2)
3.01(1) 2.97(2) 3.08(1)
1.22(1) 1.22(2)
1.20(1) 1.19(2) 1.19(1)
83.7(5) 82.8(10) 70.1(3)
83.6(4) 84.5(9)
96.1(5) 97.3(10) 109.9(3)
95.6(4) 94.6(10)

“Symmetry element '=1—x,—1/2+y,1/2—z (for 2) and 2—x,1/2+y,1/2—z (for 3); "= 2—x, —1/2+y,1/2—z (for 3); "=—x,—y,—z (for 4).

Table S. 7>z Interaction in Complex 4

distances
ring (i)  dihedral and  centroid (i) to between ring
— ring  slip angles (j, ring (j) centroids (i, j)  symmetry
G) j) (deg) distance (A) (A) code
R(4)— 000, 4848 3265 4.926(3) 1—x—
R'(4) »l-z

molecule in 2, where the ligand is methylated [L'] and,
conversely, to the convex part in complex 4 (nonmethylated
ligand, [L?]). This issue is further analyzed below. In complex 3
the coordinated solvent molecule is acetone, and the geometry
resembles complex 2. In complex S, four symmetrically
different dinuclear complexes (A—D) are present in the solid
state (bottom right part of Figure 4 and Supporting
Information, Figure S4). Two of them (A and C) do not
have a solvent molecule coordinated and the other ones (B and
D) have an acetone solvent molecule coordinated to the copper
metal center.

The theoretical study has been performed using DFT
calculations including the latest correction for dispersion
developed by Grimme (D3). The level of theory is BP86-
D3/def2-TZVP (for U the basis set is def2-TZVPP). Using this
level we have evaluated some interesting noncovalent
interactions observed in the solid state. We have analyzed the
different behavior of the complexes depending on the presence
or absence of a solvent molecule coordinated to the concave
part of the dinuclear complex. In complexes 2 and 3 an
unexpected and short NO;™---NO;~ interaction is observed.
This interaction is relevant since it greatly influences the crystal
packing (Figure 6). Intuitively it should be repulsive because of
signiﬁcant charge repulsion. However, since the nitrate anions
are coordinated to the uranium metal center, most of the
negative charge is transferred to the metal. In fact, we have
calculated the NO;™---NOj interaction in a neutral model, that
is, UO,(NO;),, and the computed interaction energy is
favorable (—2.8 kcal/mol). However, the real system is a
dinuclear complex where the presence of additional donating
bridging ligands causes a weakening of this interaction that is

—0.8 kcal/mol in 2 and —0.4 kcal/mol in 3. It should be
mentioned that the latter energy is close to the limit of the
intrinsic error of the theoretical method (<0.5 kcal/mol);
therefore, a definite conclusion cannot be extracted from this
value. However, the binding energies computed for compound
2 and the neutral model clearly support the stabilizing effect of
this interaction.

In complex 1, the absence of any coordinating solvent
molecule allows the formation of a totally different packing, as
previously shown in the description of the structures. In fact the
aliphatic chain that connects the nitrogen atoms of the ligand
occupies this cavity, generating a more compact packing
(Figure 7). As a consequence an infinite column is generated
where a combination of C—H/z and hydrogen bonding
interactions are established. The hydrogen atoms of the
aliphatic chain participate in the C—H/7 interactions, and the
hydrogen bonds are formed between the coordinated nitrate
anions and the aromatic hydrogen atoms. Since the nitrate
ligands participate in these hydrogen bonds (among others,
vide supra), they are not available to establish the NO;™--NO;~
interactions observed in complexes 2 and 3. As a matter of fact,
in those complexes the presence of the coordinated solvent
molecule prevents the formation of these compact infinite
columns. We have computed the interaction energy of a dimer
(Figure 8), which is —18.6 kcal/mol that corresponds to two
C—H/7 and two hydrogen bonding interactions. To know the
contribution of each interaction, we have computed a model
where the aliphatic chain has been replaced by two hydrogen
atoms in one molecule (Figure 7, bottom right). Thus, in this
model the C—H/x interactions are not present. The interaction
energy is reduced from —18.6 to —10.8 kcal/mol, which
corresponds to the strength of the hydrogen bonds. Thus, the
interaction energy of both C—H/r interactions is approx-
imately —7.8 kcal/mol. It should be mentioned that this is a
rough estimation since the structural consequence of replacing
the methylene group by a hydrogen atom is not taken into
account.

Table 6. U=0-*NO;~ and NO; *NO; Interactions for Complex 5

units O---N atoms distances (A)
Aand B O(11)--N(27) 3.00(3)
0(20)---N(13) 2.87(3)
Cand D 0O(31)-+N(47) 2.84(3)
0(40)--N(37) 2.93(2)
Band C 0(21)--N(33) 2.86(2)
0(35)-N(24) 3.07(3)

“N—0O-N for NO;™---NOj~ interaction.
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N—-O:---N atoms angles (deg)
U(1)—0(11)--N(27) 138.9(6)
U(2)-0(20)---N(13) 137.3(7)
U(3)-0(31)-N(47) 134.8(7)
U(4)—0(40)---N(37) 133.6(7)
U(2)-0(21)--N(33) 133.2(6)
N(33)—0(35)--N(24)* 120.4(14)
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AE = =08 kcal/mol

74

Compound 3

AE = -0.4 kcal/mol

Figure 6. Left: Partial views of the X-ray structure of complexes 2 and 3 with indication of the NO;™--"NO;~ interactions. Right: interaction energies

associated to the NO; " NO;” contacts. Distances in angstrom (A).

AE = -18.6 kcalimol AE = -10.8 keal/mol

Figure 7. Top: Partial views of the X-ray structure of complex 1 with
indication of the C—H/7 (dashed lines) and the hydrogen bonding
(encircled) interactions. Bottom: Computational models used to
estimate the interaction energies associated to the noncovalent
contacts. Distances in angstrom (A).

Complex 4 is characterized by having the solvent molecule
coordinated to the convex part of the molecule, in sharp
contrast to complexes 2, 3, and 5 (Figure 8, left). The concave
part has the adequate size and shape to accommodate a methyl
group of another molecule for the formation of infinite columns
in the crystal structure (Figure 8, right). Interestingly, this 1D
column is formed by means of weak C—H/x interactions that
have a very relevant role in this structure, even in the presence
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1 S5

AE = 4.5 keal/mol

Figure 8. Left: X-ray structures of complexes 2 and 4. Right: infinite
1D column observed in the crystal packing of 4.

of strong hydrogen bonds. Each column is surrounded by four
columns, two of which in a parallel fashion and two in an
antiparallel fashion mostly govern the final 3D architecture of
this compound in the solid state. The columns interact with
each other by means of C—H---O hydrogen bonds and 7—7
interactions. The representation of parallel/antiparallel arrange-
ment of the columns in two directions of the crystal packing is
represented in Figure 9. We have computed the interaction
energy of this double C—H/7 interaction, which is —4.5 kcal/
mol (Figure 8, right). This interaction is likely enhanced by the
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Figure 9. Parallel (left) and antiparallel columns (right) observed in complex 4. The hydrogen atoms have been omitted for clarity.

AE = -8.6 kcal/mol

AE = -36.1 kealimol Compound §

Figure 10. Left: Partial view of the X-ray structure of complex 5. Distances in angstrom (A). Right: Theoretical model to evaluate the U=0---NO;~
interaction.

COJGUD10

IPIJEX RUWBER

Figure 11. X-ray structures retrieved from the CSD exhibiting U=0---NO;" interactions. Distances in angstrom (A).

coordination of the acetonitrile to the Cu metal center that Finally, for complex § we have analyzed a peculiar
increases the acidity of the methyl hydrogen atoms. arrangement of the molecules observed in the solid state
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forming dimers, where the oxygen atom coordinated to the
uranium metal center is pointing to the nitrogen atom of the
nitrate anion at a distance shorter than 3.0 A (Figure 10) and
simultaneously the oxygen atom of the nitrate anion is close to
the Cu metal center of the other molecule, establishing an
ancillary interaction. This self-assembled dimer is stabilized by
the formation of one pair of each of the aforementioned
interactions. The interaction energy of the dimer is —36.1 kcal/
mol. To know the contribution of the uncommon U=
O---NO;" interaction, we have computed the binding energy of
a model dimer where the [CuL?] part has been removed. The
interaction of this model is —8.6 kcal/mol (Figure 10, right),
indicating that each U=0---NOj;" interaction is at least —4.3
kcal/mol. This value is probably underestimated since in the
real system the nitrogen atom of the NO;~ ligand is more
electrophilic because of the charge donation to the Cu atom. In
any case, for this compound this interesting interaction
contributes to the formation of the dimers observed in the
solid state, and the O---N distance is similar to the one observed
in compounds 2 and 3 where NO; ---NO;™ interactions
resembling an antiparallel stacking are formed (Tables 4 and 6).
Moreover, the NO;™---Cu distance is shorter in the Cu atom
that is not coordinated to the solvent molecule, and,
consequently, the U=0---NO;~ distance is also shorter.

As suggested by one referee, we have searched the
Cambridge Structural Database (CSD) to investigate if this
unusual U=0---NO;" interaction is also present in other X-ray
structures, to further demonstrate the existence and relevance
of this interaction. In the search we have found 12 structures
where this interaction is clearly observed and plays a very
relevant role in the crystal packing. The full list of structures is
included in Supporting Information, Table S9, and we have
selected four to illustrate the interactions which are shown in
Figure 11. In most cases the U==0---N distances are very short
(~ 3.0 A) and similar to those observed for compound §. In
addition, in the structures retrieved from the CSD there are not
additional Cu---O interactions as in $ and consequently the
formation of dimers or, in most cases, 1D infinite columns is
due to several simultaneous U=O---NO;~ interactions. The
importance of this previously unnoticed interaction should be
emphasized since it may have relevance in crystal engineering
or supramolecular chemistry fields.

B CONCLUDING REMARKS

Five heterobimetallic copper(II)—uranium(VI) complexes have
been synthesized by reacting Cu(Il)-derived metalloligands
with UO,(NO;),-6H,0 in 1:1 ratio by varying the reaction
temperature and solvents. Steady-state and time-resolved
fluorescence quenching experiments established the formation
of a 1:1 ground-state charge transfer copper(Il)—uranyl(II)
complexes in solution. The photophysical investigation is
proved to be a good experimental tool for characterization of
heteronuclear Cu(II)—U(VI) complexes in solution and may
be further extended to characterize the formation of
heterometallic complexes involving U(VI) and metal-chelates
which are known to be quenchers of uranyl fluorescence. X-ray
single-crystal structure reveals that each complex contains a
diphenoxido bridged Cu(II)-U(VI) dinuclear core with two
terminally coordinated nitrato coligands. The nitrato coligands
are labile and can be replaced by various ligands suggesting the
future perspective of applicability of these complexes as
heterobimetallic Cu-UO, tectons for high nuclearity hetero-
metallic clusters or coordination polymers. These complexes
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present a variety of solvation modes in the axial position of the
Cu(II) that influence the final solid state structure. The absence
of coordinated solvent molecules to the concave part of the
molecule, as in 1 and 4, causes the formation of infinite 1D
columns, which are stabilized by means of interesting C—H/x
interactions either using the aliphatic chain belonging to the
ligand (1) or the methyl group of the acetonitrile coordinated
to the convex part (4). In the other complexes the presence of a
solvent molecule prevents the formation of these columns and
other packing is observed, where uncommon NO;™---NO;~ or
U=O0--NOj;" interaction is established, resembling recently
described antiparallel and perpendicular carbonyl—carbonyl
interactions.”’” Characterization of these various uncommon
solid state interactions between NO;™+--NO3;~ or U=0---NO;~
may enlighten the solid state properties of UO,(NO,), clusters
which are one of the important precursors in nuclear waste
materials.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format. Further details are given in
Figures S1—S7 and Tables S1—S8. This material is available free
of charge via the Internet at http://pubs.acs.org.
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