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Lead(n) chloride ionic liquids and organic/inorganic
hybrid materials — a study of chloroplumbate(i)
speciationt
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Kenneth R. Seddon and Matgorzata Swadzba-Kwasny*

A range of chloroplumbate(i) organic salts, based on the two cations, 1-ethyl-3-methylimidazolium and
trihexyl(tetradecyl)phosphonium, was prepared by ionothermal synthesis. Depending on the structure of
the organic cation and on the molar ratio of PbCl, in the product, yppci2, the salts were room-temperature
ionic liquids or crystalline organic/inorganic hybrid materials. The solids were studied using Raman
spectroscopy; the crystal structure of [C;mim]{PbCls} was determined and shown to contain 1D infinite
chloroplumbate(i) strands formed by edge-sharing tetragonal pyramids of pentacoordinate (PbCls) units.
The liquids were analysed using 2°’Pb NMR and Raman spectroscopies, as well as viscometry. Phase
diagrams were constructed based on differential scanning calorimetry (DSC) measurements. Discrete
anions: [PbCl,]>~ and [PbCl5]™, were detected in the liquid state. The trichloroplumbate(i) anion was
shown to have a flexible structure due to the presence of a stereochemically-active lone pair. The relation-
ship between the liquid phase anionic speciation and the structure of the corresponding crystalline
products of ionothermal syntheses was discussed, and the data were compared with analogous tin(i)

www.rsc.org/dalton systems.

Introduction

Salts comprising of organic cations and halometallate anions
are of interest in several fields of material sciences. For
example, crystalline chloroplumbate(n) systems may be con-
sidered as organic/inorganic hybrid compounds, with a ten-
dency to form 2D perovskites and low-dimensional crystalline
materials with electro-optic characteristics (photolumines-
cence, electroluminescence and nonlinear optical properties)."
Lower melting organic halometallates have been investigated
as soft materials (ionic liquid crystals” or ionic liquids).> Both
solids and liquids have been studied quite extensively by solid-
state and ionic liquid chemists, but each group adopts their
own research methodology and approaches. In the solid state,
the focus is on crystal structure and material properties. Chloro-
metallate ionic liquids, on the other hand, have been used for
electrochemistry,” catalysis® and separations,® their anionic
speciation has been thoroughly investigated,” *® but they have
rarely been used for inorganic syntheses,'" and never for the
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systematic study on the ionothermal preparation of organic/
inorganic hybrid materials (i.e. direct crystallisation from the
molten ionic liquid). It would be interesting to adopt a more
holistic approach: to prepare a set of halometallates based on
the same metal halide, and (through changes of the cation
and the reactant ratios) access both groups of materials: ionic
liquids and crystalline organic/inorganic hybrid materials. In
this study, chloroplumbate(u) salts were chosen as a model
system, due to their flexibility in structural arrangements, with
varying coordination numbers and stereochemistry.">"?

Solid state perspective

The structural organisation of homoleptic chloroplumbate(n)
anions with organic cations is governed by: (a) the very flexible
coordination sphere of lead(n), influenced by the ‘inert elec-
tron pair’ and relativistic effects,'* (b) the flexible coordination
environments of halide anions, and (c) steric and hydrogen
bonding effects deriving from the cation. This has given rise to
a plethora of chloroplumbate(u) structures, from rare discrete
51% to much more common 1D strands™'” and 2D
often forming perovskite-type

anions,
sheets of
materials.™?

In order to tune the electro-optic properties of these
materials, attempts have been made to modify the solid-state
structures of chloroplumbate(r) materials in a controlled

polyanions,
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manner. This can be achieved by using deliberately selected
cations, able to form strong hydrogen bonds or to induce
specific steric effects. For example, amine-functionalised
cations (e.g. 2-methylpentane-1,5-diammonium or N,N-
dimethylpiperazinium) were demonstrated to direct the crystal
packing by hydrogen bonding,'*"'*"” while the combination of
hydrogen bonding and steric effects deriving from cations has
been shown to induce the formation of discrete chloroplum-
bate(n) anions, e.g. [PbCl;]>7,"> [PbClg]*” or [Pb,Cl;0]°,"° or
extraordinary arrangements of the chloroplumbate(n) units,
such as channel polymers.'® Besides the influence of cation,
the choice of halide (Cl, Br, or I) was reported to have some
effect on the structural arrangement.'® Noteworthy, the molar
ratio of the reactants (expressed as mole fraction of lead(u)
halide, yppx2) Wwas not considered as a key variable in the
syntheses.

Chloroplumbate(i1) organic/inorganic hybrid salts are typi-
cally prepared by crystallisation from acidic aqueous solu-
tions.">"® Tonothermal syntheses from ionic liquids*® have
been limited to two publications,™** reporting jointly five
structures based on 1-alkyl-3-methylimidazolium bromoplum-
bates(u), but none based on chloroplumbates(u). From this
perspective, it appeared interesting to make the first attempt
to prepare chloroplumbate() organic/inorganic hybrid
materials via the ionothermal route. Furthermore, it seemed
worthwhile to analyse the influence of yppcy, Of the melt on the
structure of the crystalline products.

Ionic liquid perspective

Ionic liquids based on halometallate anions are characterised
(in their liquid phase) by dynamic equilibria between several
anionic species.”'® The presence and concentration of each
species is known to depend on the metal, and on the mole
fraction of metal halide, yumxy, Whereas ‘standard’, i.e. non-
functionalised, organic cations were typically found not to
affect the liquid-state anionic speciation (viz. for example
abundant work on chloroaluminate(u) systems based on
various cations).”> Consequently, the variables taken into
account when studying halometallate ionic liquids differ from
those investigated routinely by solid-state chemists. Impor-
tantly, in the liquid state, only discrete chlorometallate anions
(monomers, dimers, or sometimes trimers and tetramers) may
be present; the formation of polyanionic structures naturally
results in the crystallisation of a solid.’

There have been no room-temperature chloroplumbate(n)
ionic liquids reported to date. This study presents an exciting
opportunity to prepare and investigate a new group of metal-
based ionic liquids.

Approach and methodology in this work

In this paper, a range of chloroplumbate(un) organic salts,
based on two cations: trihexyl(tetradecyl)phosphonium,
[Ps 6 6 14] and 1-ethyl-3-methylimidazolium, [C,mim]’, was
prepared via the ionothermal route. The variables taken into
account were: the mole fraction, yppciz, and the organic cation
structure. Depending on their melting point, the products
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were studied as ionic liquids, as crystalline materials and,
where possible, in both states. The relationship between the
speciation of chloroplumbate(n) anions in the liquid state, and
the structure of crystalline materials synthesised via the
ionothermal route, was studied.

Experimental

Lead(u) chloride, (ex BDH Chemicals Ltd., 99%), was dried
under high vacuum (120 °C, 3 d, 107> mbar) and stored in a
dinitrogen-filled glovebox (MBraun LabMaster dp; <0.1 ppm
O, and H,0). Trihexyl(tetradecyl)phosphonium chloride
(97.7% by *'P NMR spectroscopy) was provided by Cytec Indus-
tries, Inc., benzyl(triphenyl)phosphonium chloride was pur-
chased from Sigma-Aldrich. 1-Ethyl-3-methylimidazolium
chloride®! was prepared as described elsewhere, dried under
high vacuum (75 °C, 7 d, 10~> mbar) and stored in the
glovebox.

Synthesis of chloroplumbate(u) systems

Chloroplumbate(i) systems based on [P ¢ ¢ 14]" and [C,mim]"
were prepared for a wide range of compositions (0.05 < yppciz
<0.75).

Syntheses were carried out in the glovebox. Typically, an
appropriate amount of [cation]Cl was weighed into a sample
vial (10 ecm®) containing a PTFE-coated stirring bar. An appro-
priate amount of lead(u) chloride was then carefully added to
achieve the desired ratio of the reactants. Subsequently, the
sample vial was closed with a cap, placed in a multi-well
heater-stirrer, and stirred vigorously (80-150 °C, overnight).
The samples were stored in the glovebox prior to study.
Accurate masses of reactants are given in Table 1.

Analytical methods

Raman spectroscopy. Raman spectra were recorded using a
PerkinElmer Raman Station 400F spectrometer, with a 785 nm
focused laser beam. The neat samples were loaded in the

Table 1 Mass of reactants (m/g) for the synthesis of [cation]Cl-PbCl; systems
[C,mim]Cl-PbCl, [P 6 6 14]C1-PbCl,

XpPbCl2 M[c2mim]cl Mppcl2 M[pe6 6 6 14]CI Mppcl2 XPbCl2
0.05 2.2734 0.2270 0.10 2.8313 0.1683
0.10 2.0623 0.4346 0.20 2.6458 0.3555
0.20 1.6961 0.8043 0.25 2.5422 0.4556
0.25 1.5320 0.9686 0.30 2.4434 0.6503
0.30 1.3774 1.1197 0.28 1.6304 0.3386
0.33 1.2929 1.2079 0.33 2.3933 0.6309
0.40 1.1033 1.3952 0.37 1.5342 0.4827
0.45 0.9795 1.5201 0.40 2.2206 0.7927
0.50 0.8636 1.6381 0.45 2.0894 0.9151
0.55 0.7529 1.7455 0.50 1.9624 1.0501
0.60 0.6515 1.8537 0.55 1.8043 1.1806
0.65 0.5581 1.9660 0.60 1.6699 1.3459
0.67 0.5148 1.9825 0.65 1.5176 1.5102
0.75 0.3736 2.1259 0.67 1.4386 1.5640
— — — 0.75 1.1465 1.8422

This journal is © The Royal Society of Chemistry 2013
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glovebox to quartz cuvettes, which were subsequently sealed
with parafilm and removed from the glovebox immediately
prior to the measurement. Unless otherwise stated, forty
2-second scans were recorded for each composition.

[Ps 6 6 14]CI-PbCl,, was stirred overnight with a small
amount of activated charcoal (80 °C, overnight) to remove
fluorescent impurities. The charcoal was allowed to partially
settle (but was not removed) prior to the Raman measure-
ments; its presence did not interfere with the measurements.

This system and a solid [C,mim]CI-PbCl, system were
measured at ambient temperature. To obtain Raman spectra
of molten samples of the [C,mim]CI-PbCl, system, the
samples (sealed in quartz cuvettes) were heated with a heat
gun above the melting point (150 °C), and two 4-second scans
were immediately recorded. The temperature drop measured
within this time (for a sample outside of spectrometer) was
4 °C, hence the temperature of the experiment is assumed to
be 148 + 2 °C. For comparison, several samples of the [Ps ¢ ¢ 14]-
CI-PbCl, system were also tested under these conditions.

NMR spectroscopy. In the glovebox, neat ionic liquids were
heated to decrease viscosity and loaded into NMR tubes
(5 mm, borosilicate glass) containing sealed capillaries with
de-dimethylsulfoxide (an external lock). The tubes were closed
with a standard cap, sealed with parafilm, and removed from
the glovebox immediately prior to measurement.

All spectra were measured at 80 °C, using a Bruker DRX 500
spectrometer. The **’Pb NMR spectra of the [Pg ¢ ¢ 14]CI-PbCl,
system were recorded at 104.8 MHz. Lead(u) nitrate in D,O
(1.0 M solution) was used as an external reference (5§ =
—-1963 ppm). **’Pb is a spin 1/2 nucleus, characterised by
medium sensitivity (2.00 x 107° relative to 'H natural
abundance).*

Viscosity. Viscosity measurements were carried out using a
Bohlin Gemini cone-and-plate viscometer and rheometer with
a Bohlin Instruments Peltier temperature control and a stain-
less steel 4/40 spindle. The measurements were taken at temp-
eratures between 20 to 100 °C, in 5 °C increments. Tested
samples were loaded in syringes in the glovebox, transferred
immediately to the apparatus. The measurements were carried
out under a stream of dry nitrogen gas.

Differential scanning calorimetry (DSC). All scans were
obtained using a TA DSC Q2000 model with a TA Refrigerated
Cooling System 90 (RCS) and an autosampler. The samples
were sealed in the glovebox in TA Tzero alodined pans with
hermetic alodined lids. The DSC chamber was filled with dry
dinitrogen.

For [Ps 6 ¢ 14]CI-PbCl,, the temperature was ramped four
times between —90 and 80 °C, at 5 °C min™*, each time stabi-
lised for 5 min at minimum and maximum temperature. All
scans for the liquid samples were modulated. For [C,mim]Cl-
PbCl,, the temperature was ramped three times between —90
to 200 °C, at 5 °C min™", each time stabilised for 5 min at
minimum and maximum temperature.

Crystallography. Single crystals were grown directly from the
melt. Samples of [C,mim]CI-PbCl, salts were cooled in air-
tight vials and removed from the golvebox. They were placed in

This journal is © The Royal Society of Chemistry 2013
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a heating block with a computer-controlled heating/cooling
regime, heated to 150 °C and cooled at 1 °C h™" to ambient
temperature.

Crystal data for [C,mim[{PbCl;} were collected using a
Bruker Nonius KappaCCD diffractometer with a FR591 rotat-
ing anode and a molybdenum target at ca. 120 K in a dinitro-
gen stream.”® Lorentz and polarisation corrections were
applied. The structure was solved by direct methods. Hydro-
gen-atom positions were located from difference Fourier maps
and a riding model with fixed thermal parameters (Uij =1.2Ucq
for the atom to which they are bonded, 1.5 for methyl), was
used for subsequent refinements. The function minimised
was X[w(|F,|> — |F|*)] with reflection weights o' = [¢* |F,|> +
(g1P)> + (g.P)] where P = [max|F,|* + 2|F.|*]/3. The SHELXTL
package and OLEX2 were used for structure solution and
refinement.””*

Results and discussion
Synthesis

The [C,mim]CI-PbCl, system was chosen to study because the
[C,mim]" cation is a popular motif in design of ionic liquids
and, at the same time, the [C,mim]Br-PbBr, system is known
to give organic/inorganic hybrid materials which exhibit non-
linear optical behaviour.>® Although analogous materials
based on the [C,mim]CI-PbCl, system are not known, this
system was expected to yield materials of similar properties.

The [Pg 6 6 14JCI-PbCl, system, incorporating a bulky cation
with long, flexible alkyl chains, was designed to give room-
temperature ionic liquids, facilitating liquid-state speciation
studies.

A range of compositions of both systems was prepared. In
the course of ionothermal synthesis (i.e. at 80-150 °C) homo-
genous melts were obtained for ypnci, < 0.45. FOr yppcrp > 0.45,
samples contained a white powder, identified as unreacted
lead(n) chloride by Raman spectroscopy.

At ambient temperature, all samples of [C,mim]Cl-PbCl,
were crystalline solids, whilst all compositions of [Pg ¢ ¢ 14]Cl-
PbCl, were viscous liquids (see Fig. 1), apart from the lead(u)
chloride suspended in yppci, > 0.45. These are the first room-

Fig. 1 Photographs of the room temperature ionic liquids of the selected
samples of the [Pg 6 ¢ 14]CI-PbCl, system; (a) xppci2 = 0.28 and (b) yppci2 = 0.37.

Dalton Trans., 2013, 42, 5025-5035 | 5027
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temperature ionic liquids based on chloroplumbate() anions
reported to date.

[C,mim]CI-PbCl, system

Solid state speciation. All compositions of the [C,mim]Cl-
PbCl, system had well-defined melting points; more than one
melting point was found for several samples.t Based on DSC
measurements, a phase diagram has been constructed (Fig. 2);
four crystalline phases (A-D) were detected. Phase A (found for
xebclz < 0.30) can be assigned to [C,mim]Cl and phase D
(detected for yppcip > 0.45) to lead(u) chloride. The remaining
phases, B and C, are presumably two different chloroplum-
bate(ir) compounds.

Analysing the phase diagram alone, the crystal structures of
phases B and C are expected to be polymeric, rather than
contain discrete anions. This is supported by relatively high
melting points, as well as by incongruent melting of both
phases. Based on the stoichiometry, general formulas of
[C,mim],{PbCl,} and [C,mim|{PbCl;} could be tentatively
suggested for phases B and C, respectively.

As described in the introduction, chloroplumbate(u) struc-
tures based on organic cations feature a plethora of various
structural arrangements. The known compounds are character-
ised by various yppc, values, and their structure depends
strongly on the cation. Unfortunately, in the literature, there
are no chloroplumbate(n) structures based on the imidazolium
cation. Six bromoplumbate(n) crystalline materials based on
imidazolium cations, five synthesised ionothermally*"** and
one grown from an aqueous solution,>® are listed in Table 2.

Four of them were isostructural, containing 1D chains of
pentacoordinate (PbBrs) units in the form of bridging basal
chlorine atoms from tetragonal pyramids, effectively giving
[C,mim]{PbBr;} stoichiometric compounds (ypppr> = 0.50), as
shown in Fig. 3a. Another structure®® of [C,mim]{PbBr;}
formula and ypppr, = 0.50 stoichiometry formed 1D strands of
face-sharing octahedra (PbBrg), as shown in Fig. 3b. Finally, a

190
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Fig. 2 Phase diagram of the [Comim]Cl-PbCl, system; A — [Comim]Cl, B —
[Comim]x{PbCl4}, C— [CmimK{PbCls}, D — lead(n) chloride and L — liquid.
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Table 2 Bromoplumbate(i) organic/inorganic hybrid compound synthesised
via ionothermal method

Product chracteristics

Cation Jpbera Bromoplumbate(u) structure Ref
[Csmim]* 0.33  Trimers, [Pb;Br;,]°~ 21
[C,mim]" 0.50  Strands of face-sharing octahedral (PbBrs) 28
[C,mim]" 0.50  Strands of edge-sharing (PbBrs) 21
[Csmim]" 0.50  Strands of edge-sharing (PbBrs) 22
[Canymim]™  0.50  Strands of edge-sharing (PbBrs;) 22
[Cemim]” 0.50  Strands of edge-sharing (PbBrs) 22

[C,mim]" - 1-alkyl-3-methylimidazolium cation, where 7 is the carbon
number in the alkyl chain.

(a) Br Br

Br Br Br Br
~ N,
Pb Pb Pb Xoer2 = 0.50
Br# \Br>;|\Br/ S
oy
(b)
Br Br
Br
i PbZBr N \PbéBlr Zooma = 0.50
PbBr2 = vV«
Br S §5r7 S
Br n Br
(c)
Br Br
Br Br
Br § S Pb é Br § —
/ Pb NS / ~ - Pb \ Xpber2 = 0.33
Br \ Br/ Br \ Br
Br Br

Fig. 3 Connectivity in bromoplumbate(ii) oligomeric or polymeric chains found
in bromoplumbate(i) organic/inorganic hybrid materials based on the [C,mim]*
cation.?'2%28

structure of a different stoichiometry (ypppr» = 0.33), featuring
a trinuclear [Pb3Br;,]®” anion depicted in Fig. 3c, was deter-
mined for [C,;mim]¢[Pb;Bry,].>" In all structures, there was a
dense network of hydrogen bonds between the bromoplum-
bate(n) strands and the surrounding cations.

In analogy, it may be expected that phases B and C in the
[C,mim]-PbCl, system (Fig. 2) contain polymeric 1D strands:
[C,mim],{PbCl,} and [C,mimPbCl;}, respectively.

To determine the precise structure of the anion, a single
crystal was grown directly from the molten yppcip = 0.40 compo-
sition. Its structure contained infinite chloroplumbate(i)
strands formed by edge-sharing tetragonal pyramids of penta-
coordinate (PbCls) units (Fig. 4), with an overall stoichiometry
of [Comim{PbCl;}, yppciz = 0.50. This confirms that phase C
(Fig. 2) is isostructural with the analogous bromoplumbate(i)
salt,> shown in Table 2 and Fig. 3a. In particular, the mean
Cl,p~Pb-Cl, at 88(6)° is the same as that of the analogous
Br,,~Pb-Breq at 89(5)°, and both structures show strong evi-
dence for the existence of a stereochemically active lone pair,

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 A section of the {PbCls}, strands along the a-axis in the crystal structure
of [Comim]{PbCl3} showing the hydrogen bonding interactions with the
surrounding [C;mim]* cations.

not interacting with any of the cationic hydrogen-bond donor
sites.

The asymmetric unit contains one Pb atom, three different
Cl” anions and one imidazolium cation. The Pb atoms form
three shorter bonds to chloride anions ranging from 2.629(1)
to 2.778(1) A, and have two longer contacts at 3.074(1) and
3.108(1) A (Fig. 5). Four of the five chloride anions are p,-brid-
ging to the neighbouring Pb atoms and link the five-coordi-
nate, edge-sharing, distorted tetragonal pyramids into strands
along the g-axis. The sixth position of the ‘octahedron’ is
vacant in the crystal structure, and is presumably occupied by
a lone pair of electrons from the lead(u).

Two of the three ring protons of the [C,mim]" cations are
involved in C-H---Cl hydrogen bonding (see Fig. 6), with the
C2-H and C5-H protons showing relatively weak interactions
at 2.906(1) and 2.985(1) A, respectively. Shorter C-H---Cl con-
tacts to the {PbCls}, strands are found for the N-methyl
and terminal CH; group of the N-ethyl group, ranging from
2.697(7) to 2.885(7) A, respectively.

Each imidazolium cation is hydrogen bonded (via both the
ring protons and two N-methyl protons) to the adjacent

ci2'

CI3

Cl2

Fig. 5 Coordination geometry of a Pb atom in a distorted tetragonal pyramid
in the crystal structure of [Comim{PbCl5}.
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Fig. 6 The C—H---Cl hydrogen bonding interactions of the [C;mim]* cations in
[C&mim{PbCls}.

Fig. 7 Packing in the crystal structure of [C;mim]{PbCls}.

{PbCl;},, strands, resulting in a three-dimensional C-H---Cl
network, shown in Fig. 7. The crystallographic data are sum-
marised in Table 3.

To confirm the identification of phase B, a single crystal
was grown (directly from the melt) from yppci, = 0.33. Unfortu-
nately, the crystalline material was extremely hygroscopic and
decomposed prior to measurement. Therefore, to gain a better
insight into the possible structure of phase B, Raman spectra
were recorded for a range of [C,mim]CI-PbCl, compositions.

In [C,mim{PbCl,} (higher yppcr, values, phase C), lead(u) is
pentacoordinate, with shorter Pb—Cl bonds and therefore blue-
shifted vibrational frequencies are to be expected. In
[C,mim],{PbCl,} (lower yppcio values), lead is anticipated to be
hexacoordinate, with longer Pb-Cl bonds, and therefore the
vibrational frequencies are expected to be red-shifted.>®

Bands characteristic of the Pb-Cl, (terminal) stretching
frequencies fall between ca. 200 and 300 cm™".** The ratio of a
bridging metal-halogen stretching frequency to a terminal

Dalton Trans., 2013, 42, 5025-5035 | 5029
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Table 3 Crystallographic data for [C;mim[{PbCl3}

[C,mim{PbCl;}
Formula CeH11CI3N,Pb
M,,/g mol ™ 424.71
Dimensions/mm 0.12 x 0.06 x 0.02
Crystal system Orthorhombic
Space group P2,2.24
alA 8.1267(5)
blA 9.1916(6)
c/A 14.8385(10)
al® 90.00
Bl° 90.00
7/° 90.00
VIA® 1108.40(12)
zZ 4
Deatelg cm™> 2.480
Crystal shape block
Crystal colour Colourless
u/mm™! 15.894
F(000) 733
Meas. reflections 8412
Unique reflections 2832
Parameters refined 111
Goof on F* 0.829
R, 0.0140
WR, 0.0319
R,(all data) 0.0149
WR,(all data) 0.0322
Flack parameter 0.007(4)
CCDC XXXXX

[C,mim]cl-Pbel, f 7
system (solid)
Hpbei2
1.00
0.65 \/\
0.55 \/\
- \/ A
1 L
i
0.45 i
WiV
0.40 s
163
0.30 J\
0.20 b ™,/
295 195 95

Raman shift / cm?

Fig. 8 Raman spectra of the [Comim]CI-PbCl, system (ambient temperature,
solid state), compared to the Raman spectrum of lead(i) chloride (main band
indicated in black). The bands indicated in red originate from [Comim]{PbCl4}
and those indicated in blue from [C;mimKPbCls}.

metal-halogen stretching frequency, ¢, is typically between
0.60 and 0.85.>° The relevant Raman bands recorded for the
[C,mim]CI-PbCl, system are detailed in Fig. 8 and Table 4.

5030 | Dalton Trans., 2013, 42, 5025-5035

View Article Online

Table 4 Raman frequencies (em™")? of the peaks related to Pb—Cl vibrations,
obtained for the solid [C;mim]CI-PbCl; system

xebciz [Comim]{PbCl,} [C,mim[{PbCl;} PbCl,
0.20  116(s), 163(m), 217(m)

0.30  117(s), 162(m), 216(m)

0.33  117(s), 163(m), 215(m)

0.40  117(s), 163(m), 218(m) 174(sh), 221(sh)

0.45 117(s), 161(sh), 220(h) 172(m), 225

(

( (sh)
172(m), 228(s)

(

(

0.50

0.55 173(sh), 226(s)  158(s)

0.65 229(m) 127(s), 157(s), 176(sh)
1.00 133(sh), 159(s), 179(sh)
1.00** 131(m), 157(s), 179(m)

“The intensities of the peaks are represented in parentheses (s =
strong, m = medium, and sh = shoulder).

For higher yppci, (phase C), a band for Pb-Cl; is found
around 226 cm™', and a band for Pb-Cl, (bridging) around
173 em™ ", with ¢ = 0.75. For lower ypnc1» values (phase B), both
Pb-Cl stretching frequencies are red-shifted to around
218 em™" and 163 em™', respectively, with ¢ = 0.77. Signifi-
cantly, Raman spectroscopy is less sensitive than DSC for the
detection of small amounts of new phases, and hence they are
detected at lower yppcio values in Fig. 2 than in Fig. 8.

Phase C, present for yppci, > 0.33, was unambiguously
identified as [C,mim|{PbCl;}, with pentacoordinate lead(n)
strands (Fig. 3-7). Raman spectra for phase B, present predo-
minantly for yppcr < 0.33, strongly suggest that lead(u) is hexa-
coordinate (viz. red-shifted bands, indicating longer Pb-Cl
bonds). The proposed structure of [C,mim],{PbCl,} contains
most likely one of the two structural motifs: 2D sheets (Fig. 9a)
or 1D strands (Fig. 9b). Perovskite-like, 2D chloroplumbate(ir)
layers shown in Fig. 9a are the dominant structural arrange-
ments in chloroplumbate(n) organic/inorganic hybrid
materials with yppcr, = 0.33 stoichiometry.*>*3%? Alternatively,
the presence of strongly hydrogen-bonding [C,mim]" cation

(a)

cl Pb Cl Pb Cl

cl Pb ca Pb cl

l a | a
al al
(b) a a al
cl | a | cl | a
e T S
~ ~
a | a | ~a | a
cl noq cl

Fig. 9 Proposed structure of the anion in solid [Comim]>{PbCl,}.
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may direct the formation of infinite 1D chloroplumbate(u)
chains with edge-sharing octahedra (Fig. 9b), in analogy to
bromoplumbate cations; however, such arrangements are very
rare in chloroplumbate(u) systems.**

Liquid state speciation. Although the solid-state speciation
for the [C,mim]CI-PbCl, system as a function of composition
has been resolved, no direct information about the speciation
of the melt has been provided as yet. Incongruently melting
polymeric structures of [C,mim],{PbCl,} and [C,mimKPbCls}
are expected to break down upon melting to form discrete
chloroplumbate(u1) anions, as it has been confirmed for other
chlorometallate systems,” but it remained unknown if there
would be a correlation between the anionic speciation in both
liquid and solid states.

Raman spectra of three molten samples of the [C,mim]Cl-
PbCl, system (Fig. 10) were recorded at 148 + 2 °C. The
absence of vibrations in the region associated with Pb-Cl,
(200-150 cm™") strongly suggests the presence of only mono-
nuclear anions in the liquid state.

There are a number of publications on the liquid state
speciation of molten chloroplumbate(1) inorganic salts; the
studies are typically carried out at temperatures above
500 °C.**>7*® For various systems, the existence of one or more
of the following chloroplumbate() species was suggested:
[PbCI]', [Pb,Cls], [PbCl;] ™, [PbCL,]*~, [PbCls]*~ and [PbCle]*~.*"
The Pb-Cl Raman stretching frequencies for liquid-phase
chloroplumbate(n) systems reported in the literature®*>® are as
follows: ca. 201 em™" for hexacoordinate lead(n) in molten lead(n)
chloride, 205 cm™" for [PbCls]*” in molten CsCl-PbCl,, ca.
232 em™" for [PbCL,J*~ in molten CsCI-PbCl,, and 249 em™"
for [PbCl;]” in the aqueous solution. As expected, with
decreasing coordination number the average Pb-Cl bond
length decreases, and therefore the blue shift is observed in
the relevant stretching frequencies. Noteworthy, the Pb-Cl
stretching frequency for [PbCl;]” was much lower in molten
CsCl-PbCl, (yppciz = 0.50) than in the aqueous solution. This

[C,mim]CI-PbCl,

system (liquid)

2374 224

Xpbci2

0.45

0.33

0.20 _\,,/

295

195 95
Raman shift / cm™?

Fig. 10 Raman spectra (148 + 2 °C, liquid state) of the [Comim]CI-PbCl;,
system. The bands indicated in red originate from [PbCl,]?~ and those indicated
in blue from [PbCl3]™.
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was attributed either to pseudo-tetrahedral (Cs,) geometry of
[PbCL;]™ in the CsCI-PbCl, system, with a sterically active lone
pair, or to the presence of equilibrated polyhedra clusters,
[Pb,Cl5, ]~ (x = 1-4), but no definitive conclusion was
reached.*

The observed Pb-Cl stretching frequencies were around
224 em™" for yppcr, = 0.20 and 0.33, and around 237 em™" for
aebcz = 0.45. In both cases, Pb-Cl vibrations in the molten
state (224 and 237 em™') were blue-shifted compared to the
Pb-Cl; vibrations for the same compositions in the solid state
(218 and 226 cm ™), suggesting lower coordination numbers of
chloroplumbate(n) anions in the melt.*® Considering both the
literature data and the stoichiometry of the samples (limited
chloride availability at higher yppc, values), it may be assumed
that [PbCl,]*~ is the predominant species for yppci, = 0.20 and
0.33, and [PbCl;]” dominates at yppciz = 0.45. This is also
logical, as upon crystallisation, these monomeric units would
naturally assemble into {PbCl,}” and {PbCl;}~ polymeric
chains, further proving a close relationship between the solid
and the liquid phase.

This Raman study gave an insight into the liquid-phase
anionic speciation of chloroplumbate(u) systems, but the dis-
tribution of the anions as a function of composition was not
resolved. To investigate this, different techniques, such as multi-
nuclear NMR spectroscopy, should be used. Therefore, room
temperature ionic liquid system based on the [Pg ¢ 6 14]" cation
was prepared.

[Pe 66 14]C1—PbC12 System

The [Ps 6 6 14] cation was selected to frustrate crystallisation;
DSC measurements revealed remarkably low first-order phase
transitions (=65 to —70 °C; 1 to 6 kJ mol™") for all compo-
sitions.f The partial phase diagram is shown in Fig. 11.
A single first-order found for the lower ypyc, values were tenta-
tively assumed to correspond to the formation of
[Ps 6 6 14)2[PDCly], lowering the melting point of [Ps ¢ ¢ 14]CL

30

25 A *

20

15 1

//

~
~

-55 1

-60 3

first-order transition temperature / °C

-65 1 . . . . ¢

-70 T T T T
0.0 0.1 0.4 0.5
Xpbiz

Fig. 11 Phase diagram of the [P¢ ¢ ¢ 14]ClI-PbCl; system.
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Fig. 12 2°’Pb NMR spectra (104.8 MHz, 80 °C, neat liquid) of the [Cgmim]Cl-
PbCl, system, referenced to 1.0 M solution of Pb(NOs); in D30, S =
—1963 ppm.

For yppcr, > 0.40, a second peak was found at higher temp-
eratures, possibly corresponding to [Pg ¢ 6 14][PDCl;]. The rela-
tively high phase transition for an ionic liquid based on the
singly charged [PbCl;]” might be attributable to the presence
of a trigonal planar (D), rather than a pseudo-tetrahedral
(Csy) anion.

207pb NMR spectroscopy (which has a normal chemical
shift range from —5500 to 6000 ppm)*® was used to study
trends in the liquid state speciation as a function of compo-
sition. Spectra acquired for [Ps ¢ ¢ 14]CI-PbCl, (at 80 °C to
lower the viscosity) are shown in Fig. 12. Single peaks were
found for each composition, indicating the existence of
exchange between the chloroplumbate(i) species, rapid on the
NMR time scale. The **’Pb NMR signal is shifted within the
range 960 to 1360 ppm; peak width also changes noticeably.

To facilitate quantitative analysis of the spectroscopic data,
the chemical shift, §, and the peak width at half-height, Av),,
were plotted as a function of composition, yppci» (Fig. 13).

The 6§ value depends on the electron density on the **’Pb
nuclei, which in this study is related directly to the coordi-
nation number of chloroplumbate(n) complexes. The peak
width, Av,),, is influenced by the electronic environment of
the nuclei and by the viscosity of the medium. The electronic
environment is related to the geometry of the anion, which
depends on coordination number and on the stereochemical
activity of the lone pair. To identify the contribution of the
electronic environment, the viscosity of the samples at 80 °C
was plotted as a function of temperature (Fig. 13).

The § values increase from the starting plateau between
xpbciz = 0.05 and 0.15 to another plateau between yppci, = 0.45
and 0.55 (see Fig. 13, upper, with three ‘speciation zones’: A, B
and C). This indicates the existence of two chloroplumbate(ur)
species in equilibrium with each other, one predominant for
low yppciz (A), the other predominant for high yppcr, (C), and
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Fig. 13 Plots of: (®) chemical shifts, § (ppm), and (A) peak widths at half-
height, Av;,, (Hz), of the 2°’Pb NMR signals, as well as () viscosities (mPa s)
measured for the [Pg g ¢ 14]CI-PbCl, system at 80 °C, and plotted as functions of
composition, yppci2. Dashed trend lines and dotted lines at yppc> = 0.33 and
0.45 are only visual guidelines.

both present in significant concentrations for the intermediate
compositions (B), where they must be in dynamic equilibrium.
The ypparz < 0.30 compositions (A) contain high concentrations
of chloride; as expected, the **’Pb NMR signal is shifted
upfield, indicating higher electron density on the metal nuclei
(i.e. relatively high coordination number). In contrast, the
pbelz > 0.45 compositions (C) contain lower chloride concen-
trations, leading to lower coordination number of lead(u), and
hence a downfield shift in the **’Pb NMR signal.

Considering the viscosity of neat ionic liquids, signals for
Jpbclz < 0.30 (A) are relatively narrow (<100 Hz), as shown in
Fig. 12. This indicates high symmetry species, such as octa-
hedral [PbCls]*~ or tetrahedral [PbCl,]*". The increase in the
Avy, values for these compositions is paralleled by the
increase in viscosity, as expected when replacing the small
negative chloride ion with the larger, doubly or quadruply
charged chloroplumbate(u) anions (cf. ref. 9 and 10).

The peak width for yppc, = 0.30 is much greater than that
for lower yppcip values (A). Furthermore, for yppc, lying
between 0.30 and 0.45 (B), the Av,, values increase as the vis-
cosity of the samples decrease. This is indicative of the pres-
ence of a new species, characterised by lower charge inducing
the viscosity decrease. The signal broadening derives from the

This journal is © The Royal Society of Chemistry 2013
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dynamic exchange between two chloroplumbate(u) anions
(vide supra), and also may contain a contribution from the
lower symmetry species.

Signals corresponding to yppc, > 0.45 (C) are broad, with
the Avy), values reaching a plateau for the yppc, > 0.50 compo-
sitions. A plateau reached by both 6 and Av,/, may suggest the
existence of one predominant chloroplumbate(u) anion of low
symmetry, but more likely it points towards an equilibrium
state involving two chloroplumbate(u) anions, [PbCl,]*~ and
[PbCl;]7; since PbCl, precipitates for all yppcr, > 0.45 compo-
sitions, the composition containing exclusively [PbCl;]”
anions is never formed.

There is a paucity of >”Pb NMR data for chloroplumbate(i)
ionic liquids. Based on the evidence presented here, the most
plausible suggestion for the identity of chloroplumbate(u)
species would be: [PbCl,]*” in A, predominance of [PbCl,]
equilibrated with [PbCl,]>” in C, and a dynamic exchange
between the two anions in B. The [PbCl;]” anion is of the
lowest symmetry, D;p,, and its single charge would result in a
viscosity decrease. [PbCl,]*~ would produce more viscous ionic
liquids, with signals corresponding to higher symmetry.

To confirm this speciation, Raman spectra of the [Pg ¢ ¢ 14]
Cl-PbCl, system were recorded at ambient temperature.
Spectra of freshly prepared compositions were of very poor
quality due to fluorescence, deriving from impurities which
originate from the organic chloride precursor, [Ps ¢ ¢ 14|Cl. In
most cases, this could be solved by recrystallisation of [cation]-
Cl prior to the syntheses of chloroplumbate(u) systems, but
this is not practical in the case of [P ¢ ¢ 14]Cl, which is a com-
mercial room temperature ionic liquid (Cyphos 101). To tackle
this problem, the prepared compositions were stirred over-
night with activated charcoal. The presence of small amounts
of suspended charcoal did not interfere with the measure-
ments; acquired spectra were of acceptable quality and were
used in this work.

The regions of Raman spectra characteristic of Pb-Cl
vibrations are shown in Fig. 14. Two chloroplumbate(i) anions
were detected, one present in all compositions (band at ca.
245 ecm™"), and another found for yppc, > 0.33 (band at ca.
267 cm™ ). The vibrational frequencies are higher than typical
for Pb-ClI bonds; this indicates low coordination numbers and
very short bonds, supporting the presence of [PbCl,]*~ in all
compositions and [PbCl;]™ for yppc1n > 0.33.

In order to assess the temperature effect, several spectra for
the [Ps 6 6 14]C1-PbCl, system were recorded also at 148 + 2 °C,
but the changes in the stretching frequencies were negligible
(within 2 em™).

It is noteworthy that PbCl, precipitates for compositions
where yppcp > 0.45, although [Ps ¢ ¢ 14][PbCl;] might be expected
to form stoichiometrically at yppc1, = 0.50. This suggests that the
equilibrium concentrations of both chloroplumbate(u) anions
(see the equilibria shown in eqn (1)) are shifted quite strongly
to the left by the precipitation of lead (i) chloride.

cl- cl- .
PbCl, = [PbCl;] = [PbCly] (1)
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Fig. 14 Raman spectra (ambient temperature, liquid state) of the [Pg ¢ ¢ 14]Cl—
PbCl;, system, compared to Raman spectrum of lead(i) chloride (yppci> = 1.00).
The bands indicated in red originate from [Pg ¢ 6 14]2[PbCl4] and those indicated
in blue from [Pg 6 6 14][PbCl5].

Comparison of two ionic liquid systems

It is striking, that the Pb-Cl stretching frequencies for [PbCl,]*~
and [PbCl;]” in the liquid [Ps ¢ 6 14]CI-PDCl, system
(245 and 267 cm™', respectively) are strongly blue-shifted
compared to the same vibrations in molten [C,mim]CIl-PbCl,
(224 and 237 cm™"). This shows that the structures of
chloroplumbate(u) anions are very flexible, as is commonly
found for complexes containing a stereochemically active
lone pair. For example, the stretching frequency for [PbCl;]~
was found to be 237 cm™' in molten [C,mim]CI-PbCl,,
249 cm™" in aqueous solution®” and 267 cm™" in [P ¢ 6 14]Cl-
PbCl, (liquid). As already pointed out by Dracopoulos et al.,**
the trigonal planar structure of [PbCl;]” is expected to
have shorter Pb—Cl bonds than the pseudo-tetrahedral one.
Consequently, in the hydrophobic environment of [Py ¢ ¢ 14]Cl-
PbCl,, the structure of [PbCl;]” appears to be very close to
planar, with short lead-chlorine bonds. In an aqueous
solution, the anion distorts towards Cj;, symmetry. Finally,
in hydrophilic [C,mim]Cl-PbCl,, with well-documented
tendency of the cation to form strong hydrogen bonds
with halometallate anions," a pseudo-tetrahedral structure of
the [PbCl;]” anion is expected, with well-pronounced
influence of the free electron pair (for comparison, viz. the
analogous crystal structure of [C,mim][SnCl;],"° with a
dense network of hydrogen bonds and pseudo-tetrahedral
anion). However, in contrast to the tin(u) system, the lead(u)
anion forms infinite 1D chains upon crystallisation.
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Conclusions

The first examples of chloroplumbate(n) room temperature
ionic liquids are reported. Furthermore, the first organic/
inorganic chloroplumbate(n) materials prepared via the
ionothermal route are described.

At ambient temperature, the imidazolium system is in the
solid state, whereas the phosphonium system is in the liquid
state, giving the interesting opportunity to compare and con-
trast these systems. Based on the phase diagrams and Raman
spectra for both systems, on >°’Pb NMR spectroscopy of the
[Ps 6 6 14]CI-PbCl, system, and single crystal X-ray crystallogra-
phy of the [C,mim]CI-PbCl, system, it was established that
anionic speciation regions in the solid and liquid states mirror
each other, with major speciation changes at yppc, = 0.30 and
0.45. This indicates, that the solid-state anionic structure of
chloroplumbate(i1) polymeric strands is derived directly from
the liquid-state structure of chloroplumbate(u) monomeric
anions.

In the liquid phase, the geometry of chloroplumbate(u)
anions depends strongly on the cation. As shown by Raman
spectroscopy, in the hydrophobic environment of tetraalkyl-
phosphonium cations, [PbCl;]” is close to trigonal planar,
with extremely short Pb-Cl bonds, whilst in the presence of
strongly hydrogen-bonding [C,mim]" cations, pseudo-tetra-
hedral geometry, with well-pronounced influence of the free
electron pair, is favoured.
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