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Toward the Design and Synthesis of Lithium-Ion Intercalation into a
Coordination x®—nx Framework Host
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Abstract: A m-stacked coordination
solid,  [{[(VO),(OH),(C,0,)(phen),]-
H,0},] (1: phen = phenanthroline), was
synthesized by hydrothermal methods
and structurally characterized by X-ray

groups; the dimensions of the windows
are about 5.38 x 7.55 A along the ¢ axis.
Surprisingly, the porous framework with
hydrophilic and hydrophobic character-
istics was thermally stable up to 250°C,

as indicated from powder X-ray diffrac-
tion patterns and thermogravimetric
analysis. Further investigation of lithi-
um-ion intercalation into the channel
matrix of 1 was conformed by ’Li NMR

single-crystal diffraction. The structure
of 1 adopts a neutral open framework in
which channeling apertures and win-
dows are surrounded by four oxovanad-
yl dimers, two squarates, and two pairs
of w—m interactions of phenanthroline

vanadium

Introduction

Insertion of electron donors such Li* or H* into a host lattice
is technically important as electrodes for solid-state batteries
and in electrochromic devices.'*! The creation of micro-
porous structures as lithium-ion insertion materials is an
attractive research field for the storage and transport of
lithium ions.*% In addition to graphite, a wide variety of
inorganic solids, such as layered metal oxides and zeolites,
have been investigated in great detail."° Recently, the world
of crystalline porous materials has emerged as an exciting area
of supramolecular chemistry.'® "l The discovery of new
families of porous coordination materials has raised hopes
that such materials could be tailored for new applications, for
example, in catalysis, separation, ion-exchange processes,
sensors, and nano-technology.'> 31 Coordination polymers
constructed from transition metals and bridging organic
ligands have afforded new types of robust crystals with high
degree of porosity.'*'7l However, the goal in the research for
porous coordination framework is not simply to mimic
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spectroscopy and cyclic votammetry
measurements. The present case repre-
sents the first example of a porous
coordination solid that possesses polar
channels capable of mediating lithium-
ion insertion.

synthesis
squaric

inorganic materials, such as graphite and metal oxides, and
the reports of lithium-ion intercalation into such coordination
hosts are exceedingly rare or lacking. The correspondence
study has been hampered by some inherent properties, such as
low thermal stability and low crystal energy in organic ligands
that act as structural buttresses. Therefore, a rational synthetic
strategy is a key point for the creation of porous coordination
polymers that intercalate lithium ions. We propose that the
following basic requirements are necessary for a candidate
lithium-ion-insertion material:

1) A polar environment in cavities that can be filled with
ionic species to increase the crystal energy,'®! affording
large free energy of intercalation reactions (A*+e” +
[ML,] — [AML,], AG=—nFe: A, M, and L are alkali,
transition metal, and organic ligands, respectively).

2) Oxygen-rich metal centers, affording redox intercalation
conditions.

3) Robust host and suitable size matrix, affording a pathway
for facile lithium-ion diffusion.

Encouraged by our success in using polyfunctional squarate
ligands as a rigid tether for the construction of extended solids
under hydrothermal conditions,'”] we have turned our atten-
tion to introduce noncovalent st — gt interactions in the metal —
squarate phases to generate new classes of coordination
zeolites with hydrophilic and hydrophobic void character-
istics.l'”] By adopting this strategy and exploiting the efficiency
of the hydrothermal synthetic technique, we have now been
able to prepare and isolate new types of coordination w—m
networks constructed from bimetal —squarate phases incor-
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Scheme 1. Schematic representation of the coordination w—m networks constructed from bimetal—squarate

phases incorporating phen molecules.

porating organic molecules (Scheme 1). Herein we describe a
novel coordination polymer, [{[(VO),(OH),(C,O,)(phen),]-
H,0},] (1: phen = phenanthroline) that adopts a neutral open
framework with a two-dimensional, intersecting system of
channels containing disordered water molecules. These dis-
ordered water molecules can be driven out of the structure
without deformation of the crystalline. Moreover, the key
features of compound 1 rest on the reducible V!V centers and
polar cavities or channels. Such benefits have prompted us to
study the feasibility of using the novelty of the channel
structure of 1 as a lithium-ion insertion material.

Results and Discussion

Synthesis and characterizations of 1: Crystals of 1 were grown
from a mixture of V,0;, H,C,O,, phen, and H,O in the molar
ratio 2:2:1:888 kept at 200°C for 96 h. The hydrothermal
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synthesis provides an opportu-
nity to obtain high yield (74 %)
and was highly reproducible.
Compound 1 was formulated
D from elemental analysis and

structurally characterized by
single-crystal X-ray diffraction.
The X-ray structural analysis of
1 reveals an extended structure
composed of the building block
shown in Figure 1. The dimeric
octahedral oxovanadyl centers
(VV=0, dy_o=1.596(2) A) are
bridged by two hydroxides,?’]
and each metal is coordi-
nated by a phen ligand and
linked by squarate anions in a
U, 3-bridging mode. The

= Mz

Figure 1. An ORTERP plot of a section of two adjacent infinite chains (50 %
probability ellipsoid; hydrogen atoms are omitted for clarify), showing the
architecture of an open window formed through coordination bonds and
noncovalent -7 interactions. Selected bond lengths [A] and angles [°]:
V(1)-N(1) 2.136(3), V(1)-N(2) 2.351(3), V(1)—O(1) 2.051(2), V(1)—O(3)
1.596(2), V(1)—O(4) 1.971(2), V(1)—O(4a) 1.955(2), V(1)—V(1a) 3.036(1),
C(1)-0(1) 1.253(4), C(2)—0(2) 1.242(4), C(1)—C(2) 1.467(2), C(1)—C(2a)
1.480(2); O(3)-V(1)-O(4a) 105.3(1), O(3)-V(1)-O(4) 103.0(1), O(4)-V(1)-
O(4a) 78.7(1), O(1)-V(1)-O(3) 95.6(1), O(1)-V(1)-O(4a) 93.6(1), O(1)-
C(1)-C(2) 130.9(3), C(2)-C(1)-C(2a) 91.0(3).

{O=V(u-OH),V=0} core has been observed in our previous
work['”l and also elsewherel?']. The bond-valence sum (BVS)
of vanadium is 3.98.2l Moreover, compound 1 has a magnetic
moment of 1.63 uy at 300 K, which is comparable to those in
the oxovanadyl (VO?**) complexes.?!l The structure of 1 may
be described as one-dimensional inorganic infinite chains,
{-C,0,~(VO(OH)),—C,0,-},, which incorporate the phen
ligands. These incorporated phen rings, however, play an
important role in the construction of a m-stacked layer
structure between adjacent crystallographically symmetry-
related chains. Within the layer there are “rectangular”
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windows with dimensions of about 5.38 x 7.55 A (interplane xt
distances and O -+ O distances, respectively), each of which is
surrounded by four oxovanadyl dimers, two u,;-squrate
anions, and two pairs of t-groups of phen rings. Furthermore,
adjacent layers are stacked on top of each other along the ¢
axis and are glued by cooperative CH -+ 7 interactions. This
sort of mw—m networks gives rise to two types of infinite
microchannels. The main channels are those that run along
the c axis as a consequence of the stacking of the rectangular
windows (Figure 2a). The other small channels enclosed by
phen moieties run along the b-axis (Figure 2b).

Figure 2. Perspective views of crystal structure along a) the ¢ axis and
b) the b axis, showing the disordered water molecules located at the
intersection of the channels.

An interesting feature of 1 is the presence of disordered
water molecules trapped at the intersection of channels. In
order to examine the thermal stability of this porous network,
thermogravimetric analysis (TGA) and measurements of
powder X-ray diffraction patterns (PXRD) were carried
out. The TGA reveals that the water guests are liberated
below 150°C, a weight loss of 2.7 % consistent with one H,O
per formula unit. No weight loss was observed in the
temperature range 150—-290 °C. For the purpose of examining
the porous functionality of 1, desorption—adsorption water
cycling study between 40— 150°C was conducted. TGA traces
for heating and cooling scans, measured with a rate of
2°Cmin~!, are given in Figure 3. It reveals a reversible water
sorption cycle in the channels of 1. Moreover, the PXRD
patterns and a pattern simulated on the basis of the single-
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Figure 3. TGA profile of the water reversible desorption-adsorption
study on 1. The sample was initially heated to 150°C at 2°Cmin~! in a dry
N, flux. The sample was then cooled to 40 °C, maintained at 40°C for 0.5 h
in a H,O vapor/N, carrier; a gradual weight increase was observed that
reached ~2 wt%. Subsequently, repeated heating-and-cooling processes
were conducted between 40-150°C, revealing a reversible water desorp-
tion — adsorption cycle.

crystal structure are presented in Figure 4. The positions of
the diffraction peaks of 1 (Figure 4b) compared well with
those in the calculated one (Figure 4a), indicating that the
sample of 1is a pure phase. Furthermore, after the sample of 1
had been heated at 250 °C for four hours, the diffraction peaks
remained unchanged relative to unheated sample of 1 (Fig-
ure 4c). The good agreement between PXRD patterns
demonstrates that the porous framework was retained even
after the partial loss of water molecules. Therefore, we
conclude that the 7t — buttresses are robust enough to sustain
such an open space in the crystal. Owing to the stability of the
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Figure 4. X-ray powder patterns a) calculated from single crystal structure,
b) recorded at room temperature, and c) recorded after the treatment by
heating at 250 °C for four hours.
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porous framework, compound 1 can be considered a “zeolite
analogue” material with hydrophobic (phen groups) and
hydrophilic (four oxygen atoms from the pendant groups of
the squarates pointed toward the channels, see Figure 2)
moieties covering the walls of the channels. The size of the
channels is similar to those observed in some zeolite
molecular sieves, such as, analcime (2.2 A) in which water
(kinetic diameter is 2.8 A) is known to penetrate and diffuse
into the channels.”®) Having the reducible V'V center as well as
the functionalized voids that would benefit the bonding
interactions of Li-+O and Li---m, the present of vacant
channels of 1 afford potential sites for lithium-ion intercala-
tion.

Lithium-ion intercalation of 1: Investigation of lithium-ion
intercalation into channel matrix of 1 may provide interesting
materials, for example, cathode materials in solid-state
batteries. Scheme 2 illustrates that compound 1 could be
intercalated with lithium reagents to give reduced phases,
Li-1. Both cations and electrons transferred to the host
possess considerable mobility in Li-1 phases, rendering them
mixed ionic—electronic conductors. Many examples of top-
ochemical lithium-ion incorporation into inorganic frame-
work materials have been reported.>?*l Among these syn-
thetic techniques, a lithiating reagent such as n-butyllithium
can be used for the formation of reduced phases and to
provide efficient lithium-ion intercalation (xC,H,Li+1 —
Li-1+,C¢H s+ xH,0). The best known example of alkali
metal ion intercalation is that of the lithium ion into TiS, to
give Li,TiS,.?4 Lithium-ion intercalation of 1 using n-butyl-
lithium was carried out in a similar fashion. Crystals of 1
change from orange to deep black upon lithium-ion inter-
calation. The presence of Li* in Li-1 was determined by "Li
NMR spectroscopy, as a signal was observed at ¢ =0.072
relative to that of free LiNO;. Moreover, IR studies offer
further information on the possible interactions of Li--- O and
Liesesw in Li- 1. The FTIR spectrum of 1 exhibits two broad
envelopes of features at around 1450-1650 and 2800-
3000 cm™!, due to the hydrogen-bonding between squarate
and free lattice water molecules and the m-m networks
between phen molecules. The broad features were almost
totally removed due to the interactions of Li---O and Li---7
in Li-1, thus giving more intense and relatively sharp features
at about 1377, 1420, 1470, 1513 v(C=C, C=0) and 2853, 2924,
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Scheme 2. a) Schematic representation of the lithium-ion intercalation reaction of 1 (xC,HyLi+1 — Li-1+
*,C¢H,s + xH,0). b) Reduction potentials for oxovanadyl host lattices relative to the lithiating reagents.!
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2955 cm~! »(C—H). It is noteworthy that PXRD pattern of
Li- 1 shows that the positions of the most intense lines remain
unchanged relative to the simulated pattern based of the
single-crystal data of 1; this indicates that the channel
crystallinity was retained in the course of intercalation.
Furthermore, we want to exam whether the oxidation number
of oxovanadyl centers decreases upon intercalating lithium
ions into 1. By employing cyclic voltammetry (CV), the
oxidation numbers of vanadium ions were deduced (Figure 5).

The voltammogram recorded for Li-1 exhibits
£l
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Figure 5. Cyclic voltammogram of 1 (upper) and Li*-1 (lower) in
CH;COOH at a scan rate of 100 mVs~'. Arrows indicate the decrease in
intensity of the VI/VI' (—0.19 V) band, and the increse in intensity of the
VI/VIY (0.33 V) band in the course of oxidation scans.

three peaks at 0.8, 0.33, and —0.19 V versus Ag™/AgCl in the
course of oxidation scans. This observation has been attrib-
uted the vanadium ions in Li- 1 being in mixed-valence states
of +4, 43, and +2, that is, the reduction of VIV to VI and V!
is accompanied by lithium-ion intercalation of 1. Moreover,
correlation between the VI/VI and VII/V! oxidative bands is
clearly seen (indicated by the
arrows); during the oxidation
scan the intensity of VIV
band decreases, whereas that
of VIV band increases. As
anticipated, compound 1 can be
intercalated with lithium ions to
give the reduced vanadium
phase, for which the solid-state
structure remains unchanged.
Further characterizations in-
L cluding ionic conductivity and

reversible cycling are in prog-
ress.
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Conclusion

We summarize here the main points of the present inves-
tigation and their significance for the further development of
the related fields.

1) The synthesis of a new coordination n— 7 framework that
contains hydrophilic and hydrophobic cavities has been
described.

2) This study indicates that the cooperative mt— 7 scaffolding
is a powerful strategy for producing ordered materials with
cavities or channels.

3) This study demonstrates that robust coordination poly-
mers that contain polar channels and oxygen-rich metal
centers are promising materials for a new range of
applications in redox metal-ion intercalation.

4) The above interesting results encouraged us to throw more
light on the development of lithium-ion intercalation into
such polar channels of 1, which could lead to a new cathode
material for rechargeable lithium batteries as well as a new
Li* sensitive electrode for determination of lithium ions in
body fluids.

Experimental Section

Techniques: Powder XRD patterns were collected on a Siemens D-5000
diffractometer and with Cuy, (A=1.5408 A) radiation. ’Li NMR spectra
were recorded at 233.162 MHz (14.1 T) on a Varian Unity Inova600 NMR
spectrometer with 5.5 p pulses, and recycle delays of 1 s. Chemical shifts are
quoted in ppm relative to LiNO;. Infrared spectra were recorded on a
Bruker Equino 55 FTIR spectrophotometer with a resolution of 4 cm™, by
using samples with KBr. Thermogravimetric curves were measured on a
Perkin - Elmer TGA 7lab instrument. Electrochemical experiments were
performed by employing a BAS CV-50W voltammetric analyzer in a three-
electrode cell with a Pt working electrode, platinum wire counter electrode,
and Ag/AgCl reference electrode.

Synthesis of 1: The reaction was carried out in a 23 mL Parr Teflon-lined
acid digestion bomb, heated in a Linberg/blue programmable electric
furnance. A reaction mixture of V,0; (0.0749 g, 1.0 mmol), H,C,O,
(0.1708 g, 1.5 mmol), phen (0.0992 g, 0.5 mmol), CsOH (0.3 mL), and
H,O (8 mL) was sealed in a 23 mL Teflon-lined stainless autoclave, heated
at 200°C for 96 h, and cooled to 70°C at 9°Ch~". Orange crystals were
filtered off and washed with deionized water. The yield of crystalline
material was 74 % (0.1224 g) based on phen, and the synthesis was highly
reproducible. Energy-dispersive X-ray fluorescence analysis shows that no
Cs present in the orange crystals. A sample (1572 mg) heated by IR
radiation (Mark2 HP moisture analyzer) reveals weight loss of 2.36 %
below 200°C, indicating that compound 1 contains one H,O molecule
(caled 2.7%) per formula unit. Selected IR bands: =968 (m, V=0),
1468-1600 (s, C=C, C=0), 3061 (m, C—H), 3538-3620 cm~' (m, O—H,
water). Elemental analysis calcd (%) for C,sH,N,O0V,: C 51.04, N 8.51, H
3.04; found: C 50.47, N 8.50, H 2.75.

Crystallography: The X-ray diffraction data were collected on a CAD4
Enraf-Nonius diffractometer with the graphite monochromated Moy,
radiation (A =0.71069 A) in the w/20 scanning mode. Crystal size 0.12 x
0.12 x 0.22 mm, monoclinic, space group C2/c, a=20.707(3), b =9.331(2),
c=17050(5) A, B=123.85(2); V=2736(1) A3, Z=4, F(000)=1336,
Peatea = 1.598 Mgm =3, u =746 cm~'. 20,,,,=50°; 2402 unique reflections;
1537 observed reflections [/>20(I)]; 235 parameters; R;=0.0351,
wR,(F?)=0.0897, and GOF=0.955; residual electron density between
—0.36 and 0.27 e A3, Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-408643. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Lithium-ion intercalation of 1: Lithium-ion intercalation of 1 was prepared
according to the reported procedures with certain modifications.? All
reactions were carried out under a vacuum system. A mixture of 1 (50 mg)
and LiNO; (350 mg) was thoroughly mixed and heated at 110°C for 5 h.
After dehydration, the mixed powder was cooled down to room temper-
ature, then frozen instantly with ice bath. Upon cooling to 0°C, n-
butyllithium (5 mL) was added dropwise. Over a period of 3 h the solid
changed from orange to very dark black. After stirring for overnight over a
water bath, the resulting dark black Li-1 solid was filtered off, washed
thoroughly with diethyl ether (to remove CgH,s) and then with deionized
water, and dried at room temperature.
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