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A luminescent homochiral uranyl succinate coordination polymer
with unprecedented three-directional helices was synthesized
hydrothermally via spontaneous symmetry breaking, and fully
characterized. Its homochirality has been confirmed by single
crystal x-ray diffraction and solid state circular dichroism (CD)
spectra. The polymer exhibited a Stokes shift greater than 180 nm.

The exploration of coordination topologies and architecturesin
coordination polymers and metal-organic frameworks have been
exponentially increased in the past decades, not only because they
are naturally beautiful but also because they are crucial in
understanding the fasinating peroperties and functions of the
cooresponding coordination complexes. Up to now, many
topologies in coordination polymers have been reported, and
several reviews on this topichave been published." Among the
various coordination topologies, helical structures” are arguably the
most interesting architectures, due to their paramount existence
and important roles in biologically systems. They also often lead to
chiral coordination polymers, which have gained a lot of attention
recently because of their potential applications in such as
enantioselective catalysis and chiral molecular recognitions.?
Currently, many helical structures containing single and double
directional helices have been reported. However, no literature
about three-directionalhelices was published thus far.

There are basically two approaches to the synthesis of chiral
coordination polymers. One is to use chiral ligands or chiral
reagents/solvents; the other is relied on spontaneous resolution
and symmetry breaking during crystallization without any optically
active ligands or reagents.4 Clearly, the second approach is more
attractive since it does not need chiral compounds, which generally
are expensive and often require laborious synthesis. In spite of

recent progress, chiral, especially homochiral coordination
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polymers synthesized from achiral precursors are still uncommon.

In the past decade, uranyl-containing polymers‘r”6 have gained
much momentum. Besides their potential applications shared by
other common coordination polymers, these polymers possess
remarkable optical properties such as long luminescence lifetime,
large Stokes’ shift, line-like emission band and negligible
concentration quenching.” They also play an important part in
nuclear waste treatment and extraction/separation of uranium
from natural uraninium resources.’ Additonally, uranyl has a unique
spatial arrangement, in which the terminal oxygens are usually in
axial positions and other ligating atoms in equatorial positions, thus
frequently forming square, pentagonal and hexagonal pyramidals.9
This gives chemists some degree of control on the
topologies.Several research groups have exploited this structural
feature and disclosed quite a few U-frameworks with diversity
topologies, including helical architectures.”

Inspired by these promising results, we recently initiated a
program on the synthesis of uranyl-containing polymers possibly
withunique topologiesor even chirality from achiral ligands. Our
strategy is to pair UOZ2+ with similarly semi-rigid organic ligands
together. This combination may increase the chance of symmetry
breaking. Similar principle has been convincingly demonstrated
recently.”" Gratifying, we have successfully synthesized a novel
helical uranyl succinate coordination polymer,
{[(UO,)4(Suc),(HSuc)4]-2H,0},(1, H,Suc = succinic acid) from UO, and
achiral butanedioic acid under hydrothermal condition. The
complex is not only homochiral, but also features three-directional
helices, which has never been reported before, to our best
knowledge. In this contribution, we report the synthesis, its crystal
structure and luminescence properties.

Results and discussion

Synthesis and Crystal Structure

Coordination polymer | was synthesized by reaction of succinic acid
with uranyl nitrate, which was generated in situ by oxidation of
uranium dioxide with nitric acid at pH~2.5 under hydrothermal
condition at 170°C(see ESI). The pH was adjusted by ammonia
aqueous solution. This reaction condition was carefully chosen to
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Fig.1 The molecular structure, R- helical chains and self-assembly of coordination polymer(water molecules are omitted)

increase the coordination chance between U022+ and succinates
based on the following considerations: " (1) uranyl may exist in
multiple forms resulted from polymerization and hydrolysis. The
isolated UOZ2+ form is the major one only in strong acidic medium
(pH<3);13 (2) hydrothermal condition decreases the chance of H,0
to coordinate with U022+; (3) Unnecessary solvents such as DMF
and DMSO may compete for coordination with U022+; and (4)
Other metal ions such as Na* and K" may compete for coordination
with succinate ligands. The use of ammonia as pH adjuster served
the purpose well since NH; becomes NH," in acid solution, which
has low coordination capability. The elemental analysis of | clearly
showed | is consisted of only UOZ2+ and succinates. It should be
noted that this composition is different from those of U-
frameworks obtained from uranyl with longer aliphatic diacids,
which have formula UO,[ 00C(CH,),CO0 (n = 3-8).°""

The structure of complex | was confirmed by single crystal x-ray
diffraction. revealed that complex |
crystallized in a trigonal system, chiral space group P32 (145) with a
Flack parameter of 0.086, which is close to zero. This clearly
indicates that this complex is homochiral." It is noteworthy that

The structure analysis

there are no chiral materials involved in the whole synthesis. This
self-assembly process leading to homochiral crystals from achiral
precursors via spontaneous symmetry breaking is a fascinating
approach as stated above. However, very few chiral uranium
coordination polymers constructed solely from achiral compounds
have been reported thus far.’

As shown in Fig. 1A, there are four crystallographycally unique
uranium centers, four mono-deprotonated succinic acids (HSuc),
two doubly deprotonated succinic acids (Suc), and two free H,0 in
the asymmetric unit. Each uranium center is coordinated with two
terminal oxygens and six carboxyl oxygens from three different
succinate ligands, and each acid ligand links two uranium atoms
through its carboxyl groups in a chelate fashion. All uranium centers
have slightly distorted hexagonal bipyramidal
geometries as expected. The two terminal oxygens locate in the

coordination

axial position as usual, and the carboxyl oxygens form three chelate
rings and locate in the equatorial position. All of the three
quaternion rings, consisting of a carboxyl group and uranium, are
not coplanar, with dihedral angle values of 0.329°-23.716°. The
large radius of U reduces the tension of the quaternion rings to
some extent, and thus increases the stability of the quaternion
rings. The U=0 bond lengths are in the range of 1.686(11)to
1.824(10) A with an average value of 1.777A, which is good

This journal is © The Royal Society of Chemistry 20xx

accordance with literature values of 1.758-1.777 A."”® The 0=U=0
angles (178.3(4), 177.5(4), 176.2(4), 172.2(5)°) are slightly deviated
from the theoretical value of 180°, possibly due to the hydrogen
bonds between the terminaloxygens and water molecules. The
bond lengths of U-Ocyrpoxyi are 2.326(9)-2.543(9)A, which is within
the range of reported values.'® The carbon chains in succinates are
close to adopt gauche conformation along the two middle carbons
with varying dihedral angle values of 46-74 degree as measured in
Mercury.

The most remarkable structural feature of complex | is that the
complex is composed of three directional right-handedness helical
chains: From the direction approximately parallel to b axis, unit
U(1):+-U(2)---U(3)***U(1)*-U(2)*--U(3) (Fig.1B) forms a helical
channel. There is another helical chain in the direction of Fig.1C. In
the above two helices, the helix unit length is not equal to the unit
cell parameters, so the helix axis is not parallel with either a axis or
b axis. Along the ¢ axis, because helical unit (U(1)-:-U(3)-:-U(1))
length is equal to the unit cell parameters of ¢ (11.7929A), the helix
axis parallel to the c axis (Fig.1D). Three helical chains self-assemble
into stable three-dimensional molecular structure, as shown in
Fig.1E. The hydrogen bondings between free H,0 and terminal
oxygens should also play a role in stabilizing the 3D structure.
Especially, it is easily seen from the direction of c axis, each helical
channel containing U(1), U(2) and U(3) is surrounded by three axes
that are made up of U(4) through U(1), U(2) and U(3), respectively.
And similarly, each U(4) axis is encompassed by three
U(1)+++U(2)**-U(3) helical channels. The gauche conformations of
the carbon chains in succinate ligands as discussed above are
beneficial to the formation of the helices. The above data
demonstrates that the combination of semi-rigid metal center with
semi-rigid ligand serve two purposes well: it allows coordination to
occur, but the self-assembly process is not totally free. This
constraint is believed to be the main reason for the unique
architecture and homochirality of complex I.

CD/UV spectrum

The homochirality of complex | was further confirmed by solid-state
circular dichroism (CD) spectra, which was obtained from KCl pellets
using a single crystal(Fig. 2). The splitting peak is observed in the
single crystal. The first Cotton effect is positive, and the second is
negative, proving that coordination polymer I is R-chiral.”’
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Fig.2 The solid-state circular dichroism (CD) spectra of coordination polymer

Fig.3 UV spectra of coordination polymer (nitric acid as the reference solution)
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Fig.4 The measured and simulated X-ray powder diffraction patterns of

coordination polymer

The UV spectrum(Fig.3) of the compound exhibits two absorption
peaks at 331 and 400-450 nm in HNOj solution with HNO;3 as
reference. The former peak is strong and sharp, which can be
ascribed to the charge transfer adsorption of 0->u."

The latter is weak and broad, which may arise from the
symmetric stretching vibration of O=U=0. This is in accordance with

the formation of coordination bonds between uranyl and succinates.

Powder x-ray diffraction

As shown in Fig. 4, the powder xrd pattern of | is in good agreement
with the calculated one derived from the single crystal structure,
except for small differences in the intensity of diffraction peaks,
which may be caused by the spatial orientation of the crystal. This
immediately implies that product | is in a pure phase.

Fluorescence spectrum

Under excitation of 325nm UV light at ambient temperature,
fluorescent emission was observed at 510.5 nm (Fig. 5). It is caused
by the electron transition of uranyl ion from the first excited state

Notes and references

¥ Crystal data for I: CyH,303,Us2H,0, M,=1816.62, trigonal, P32
(145), @=19.0913(3)A, b=19.0913(3) A, ¢=11.7929(5)A, «=90.00°,
6=90°, y=120°, V=3722.4(2)A%, peoi=2.431 g-cm, Z=3, F(000)=2448,
Flack=0.086(11), T=291(2)K, Ri= 0.036, R,=0.0440(/>20(l)), wR; =
0.1154, GOF=1.056, CCDC 899501.
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Fig.5 Fluorescence spectra of coordination polymer

to the symmetric and antisymmetric stretching vibrational energy
levels. Due to the spin orbit coupling effect remarkable, the metal
to ligand charge transfer(MLCT) was detected in fluorescence
spectrum.lgA Stokes shift greater than 180 nm was observed, which
may be causedby vibrational relaxation and solvent effect.

Conclusions

In summary, a novel three dimensional uranyl succinate
coordination polymer was synthesized from achiral materials and
fully characterized. Its homochirality has been confirmed by single
crystal x-ray diffraction and solid state circular dichroism (CD)
spectra. It also possesses unique three-directional helices. The
approach described here, leading to the unique architecture and
chirality by using semi-rigid metal center and semi-rigid ligand as
precursors, has been successfully demonstrated. We believe this
approach increases the chance of spontaneous symmetry breaking
and should be very useful in preparing chiral coordination polymers
from achiral ligands.
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