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Abstract In this work, immobilizing a series of ionic lig-
uids (ILs) 1-alkyl-3-methylimidazolium chloride [C,mim]Cl
(n =2, 4, 6, 8) on the layered zirconium phosphates were
investigated. [Cymim]Cl was used to explore in detail the
factors affecting intercalation. By comparing several start-
ing materials including o-zirconium phosphate (o-ZrP),
y-zirconium phosphate (y-ZrP) and the corresponding
alkylamine preintercalated composites, it was found that the
o-ZrP - 2BA (i.e., preintercalated BA were arranged in a
bilayer mode at the galleries of «-ZrP) was a suitable host for
intercalating ILs. Intercalation was verified with X-ray dif-
fraction (XRD), Raman, UV-Vis and other instrumental
approaches. pH effect on immobilization was investigated.
Other ionic liquids including [C,mim]Cl (n =2, 6, 8)
intercalation compounds were prepared. Based on XRD data,
the interlayer distances of the studied intercalation com-
pounds were similar, suggesting that the ionic liquids were
arranged in an approximately planar manner, as confirmed
by molecular modeling.

Introduction

For the last few years, ionic liquids (ILs), a class of organic
compounds with extraordinarily low melting temperatures,
have received significant attention. In addition to being in
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the liquid phase at room temperature, ILs exhibit a negli-
gible vapor pressure, remarkable solvation and coordina-
tion properties. There are one million binary ionic liquids
and 10'® ternary ionic liquids available for various appli-
cations. Because ILs are considered as ‘‘green’” or
‘‘designer’’ solvents, many studies have been done to
explore potential industrial applications including synthesis
media, catalysis reactions, and extraction [1-6]. Because
industrial processes would use large quantities of ionic
liquids, recycling to reduce cost would be desirable. And
separation of catalyst from reactant and products is one
important processing step. The technology named Sup-
ported Ionic Liquids Catalysis (SILT) has been investi-
gated [7, 8] with one of the key steps being the effective
immobilization of ionic liquids into suitable materials.

As proper hosts, layered inorganic materials such as
clays, layered double hydroxides (LDHs) and group (IV)
metal phosphates had unique features. The interlayer gal-
lery of these layered matrices could be expanded and
modified to accommodate almost any size entity from
small ions to macromolecules. Zirconium phosphate (ZrP)
has been one of the most extensively investigated layered
materials. ZrP exhibits important characteristics for inter-
calation chemistry due to its reactivity, which arises from
the high acidity in its protonic form and the weak inter-
actions between the layers [9]. A number of guests in
galleries of zirconium phosphate have been reported [10-
13], but there has been no published work on immobilizing
ILs into the gallery of zirconium phosphates.

In this study, we explored the intercalation behavior of a
series of ionic liquids [C,mim]CIl (n =2, 4, 6, 8) (see
Fig. 1) into layered zirconium phosphates. o and y-ZrP,
alkylamine pre-intercalated o and y-ZrP were examined as
starting materials for intercalation of ILs. Experimental
results of XRD, Raman and UV-Vis spectroscopy



J Mater Sci (2007) 42:7738-7744

7739

CH; CH; CHj3 CH;
1!1+ cr 1!1" cr I!I+ cr 1!30'
4 [ /
EN/> EN/> EN> N
[C,mim]Cl
[C4mim]Cl
[Cgmim]Cl

[Cgmim]Cl

Fig. 1 Molecular structure of [C,mim]Cl (n = 2, 4, 6, 8)

confirmed that o-ZrP - 2BA was the most appropriate host
for intercalation. Orientation of intercalated guests in the
galleries of the layered host was proposed based upon XRD
results and molecular modeling calculation.

Experimental
Materials

Layered zirconium phosphates o-ZrP [14] and y-ZrP [15],
were prepared. Ionic liquids, 1-alkyl-3-methylimidazolium
chloride, [C,mim]Cl (n = 2, 4, 6, 8), were purchased from
Aldrich. N-butylamine (BA), N-octylamine (OA) and other
chemicals were analytical grade. Purified water was used
throughout the study.

Instruments

X-ray diffraction (XRD) analyses were done with Rigaku
Dmax 2000 diffractometer (Japan) with Ni-filtered Cu Ku
radiation. The UV-Vis and Raman spectra were obtained
with a Hitachi U-3010 spectrophotometer and Nicolet
Raman 950. Dupont 1090B was used for thermogravi-
metric analysis (TGA). Immobilization was done under
controlled temperature using Haerbin Dongliang HZQ-
F160 incubator.

Synthesis of a-ZrP/y-ZrP-alkylamine intercalation
compounds

The pre-intercalated compounds were obtained by reaction
of 0.25 g layered zirconium phosphate with 10 mL aque-
ous alkylamine solution with concentration in the final
(expressed in ratio r) as 2 and 4 for BA and 8 for OA in
mmol, respectively, to 1 g host. Then the suspended solu-
tions were ultrasonically vibrated at room temperature for

20 min. The resulted compounds were filtered, washed
with purified water, and air-dried.

Note: To simplify the expressions, materials corre-
sponding to r=2 (for BA to o-ZrP) were denoted
o-ZrP - BA, r = 4 (for BA to o-ZrP/y-ZrP) were denoted
o-ZrP - 2BA or y-ZrP - 2BA, and r = 8 (for OA to o-ZrP/
y-ZrP) were denoted o-ZrP - 20A or y-ZrP - 20A [16].

Synthesis of [C,mim]Cl intercalation compounds

The intercalation reactions were carried out by addition of
30 mg of different starting materials including o-ZrP, o-
ZrP - BA, o-ZrP - 2BA, o-ZrP - 20A, y-ZtP, y-ZrP - 2BA
and y-ZrP - 20A to 20 mL aqueous solution of ILs (the
molar ratio of starting materials and guests was about 1:4).
After pH was adjusted to 7.5, the suspensions were shaken
in HZQ-F160 incubator at 50 °C for 1 day. The resulted
products were collected by centrifugation, washed with
purified water and air-dried.

The effect of pH on intercalation of [C4mim]Cl

Thirty milligrams of «-ZrP - 2BA was added to 20 mL
aqueous solution of [C4mim]Cl (the molar ratio of starting
materials and guests was about 1:4) with pH adjusted from
5.5 to 10.0. Suspensions were shaken in HZQ-F160 incu-
bator at 50 °C for 1 day. The resulted products collected by
centrifugation were then washed with purified water until
[C4mim]Cl in supernatant was not detected by UV
absorption at 210 nm. The intercalative amount of
[C4mim]Cl was calculated by subtracting [Cymim]Cl
remaining in the supernatant from the amount applied.

Preparation of [C,mim]Cl (n = 2,6,8) intercalation
compounds

Thirty milligrams of «-ZrP - 2BA was added to 20 mL
aqueous solution of ILs (the molar ratio of starting mate-
rials and guests was about 1:4). After pH was adjusted to
7.5, suspensions were shaken in HZQ-F160 incubator at
50 °C for 1 day. The resulted products were collected by
centrifugation, washed with purified water and air-dried.

Desorption of intercalation compound

Thirty milligrams of intercalation compound [C4mim]Cl-o-
ZrP was mixed with 20 mL hydrochloric acid solution
(1:10 by volume ratio). Suspensions were shaken in HZQ-
F160 incubator at 50 °C for 6 days. After centrifugation,
the resulted solid products were collected and characterized
using XRD. The UV-Vis spectra of supernatants were
recorded to compare with that of 1 mol/L HCl and
[C4mim]ClI in 1 mol/L HCI aqueous solution.

@ Springer



7740

J Mater Sci (2007) 42:7738-7744

Modeling methods
Construction of [C4mim]Cl intercalation compounds

The two layers of o-ZrP forming one interlayer (24 x
100 A) were constructed with the help of the HyperChem
program package [17]. The interlayer distance was defined
as 17.9 A according to the XRD data of [C4mim]Cl-a-ZrP.
Fifty six [C4mim]CI molecules were positioned in the way
of 4 X 14 into the galleries of «-ZrP (Fig. 2). In order to
identify orientation of intercalated [C4mim]Cl, eight pos-
sible modes (Fig. 3) were designed based on the following
aspects: (1) for ionic liquid intercalation compounds, the
net interlayer spacing was 11.6 A because the thickness of
one o-ZrP layer (6.3 A) was subtracted. Based on XRD
data and the dimension of ILs, guests in the gallery should
be either a monolayer tilted to the host layer or a bilayer
roughly parallel to the host sheets. Then the angle between
the imidazole ring of [C4ymim]ClI and the zirconium phos-
phate sheets was assigned to three typical geometrical
occurrences including planar (mode a, b, ¢ and d), 45° (e
and f ), and 90° (g and h); (2) for adjacent [C4mim]Cl
molecules in the planar mode in host, there were two
possible modes. The head-tail mode (mode a and b) re-
sulted in high density of the guests intercalated, and the
head-head mode (mode ¢ and d) resulted in the lower
density compared to head-tail mode; (3) configuration
difference of [C,mim]Cl dictated a difference between
mode a and b, ¢ and d, e and f, as well as g and &h. Based
on potential minimum perspective, there existed two opti-
mum configurations for [Cymim]Cl with very close
potentials at 30.26 and 30.22 kcal/mol, corresponding to
trans and gauche configuration, respectively. The trans
configuration showed that the angle between NI1-C1-C2
and C1-C2-C3 was 180° (as shown in mode a, ¢, ¢ and g).
The gauche configuration showed that the angle between
N1-C1-C2 and C1-C2-C3 was 60° (as shown in mode b, d,
fand h).

Computational procedure
For free [C4mim]Cl, the structure was obtained by energy

minimization in MM+ force field without any restraints.
The structure of o-ZrP layers was optimized in a similar

4> 14=56
|Cymim|Cl

IUO;\ 20A

Fig. 2 Stylized representation of [C4mim]Cl into o-ZrP
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way. The interlayer distance was manually adjusted to
179 A and fixed. The optimized [C4mim]Cl was then
manually assembled into the galleries of «-ZrP. In the
intercalation procedure, there was no bond breaking or
formation. The intercalative potential was then approxi-
mately equal to the difference between the potential of the
assembled system ([C4ymim]Cl-a-ZrP), and the collective
value from both free host (a-ZrP) and free guests
([C4mim]Cl). Since a-ZrP layers were fixed only to provide
a specified intercalative circumstance for guests
[C4mim]Cl, the potential values of a-ZrP layers were kept
unchanged pre and post intercalation. Therefore, the in-
tercalative potential was simply equal to the potential dif-
ference of the intercalated [C,mim]Cl with and without
o-ZrP layers. In this study, potential values were derived
from energy minimization with a conjugate-gradient opti-
mizer at a convergence criterion of 0.5 kcal mol™ Al Al
calculations were performed on a 2.4G PC utilizing MM+
force field in HyperChem 6.0 using default settings con-
sistently (Assigning a dielectric constant of 1.0).

Results and discussion
Preparation of [C4mim]Cl intercalation compounds
Selection of suitable hosts

In the technology SILT, one of the key steps is to identify a
suitable host to efficiently accommodate ILs. Zirconium
phosphates and alkylamine pre-intercalated compounds
including o-ZrP, «-ZrP - BA, a-ZrP - 2BA, o-ZrP - 20A,
y-ZrP, y-ZrP - 2BA, and y-ZrP - 20A were examined as
starting materials for intercalating [C4mim]Cl. Table 1
gives the interlayer distances of the studied materials be-
fore and after interaction with [C;mim]Cl. Amongst the
host materials investigated, it was clear that o-ZrP - 2BA
was one suitable host because the interlayer distance
changed from 16.4 to 17.9 A, resulting from [C4mim]Cl
intercalation. Other hosts did not show the intercalation
effect for the guests because XRD patterns showed that
interlayer distances of hosts were substantially unchanged
after reaction. By comparing intercalation behavior of
different materials listed in Table 1, it could be suggested
that: (1) direct intercalation into layered zirconium phos-
phates was not successful, therefore spacer (such as
alkylamines) was necessary to pre-expand the original
small d-spacing in order to incorporate guests. This indirect
intercalation route has been confirmed and adopted in
many studies [10-13, 18, 19]; (2) interlayer distance was
not the main intercalation factor because starting materials
with larger d-spacing such as o-ZrP - 20A (d = 27.9 A)
and y-ZrP - 20A (d=253 A) could not incorporate
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Fig. 3 Hypothetical modes of
intercalated [C,mim]Cl into
o-ZrP

oMo At Ay
i Nl i

imidazole ring =
ror
A
Al Ao b An

e e ot
(a)

Ay A Ay
B i e e e

e o
I PO o

b i e o s ol
(c)

Al AL A
Gt ot

A

Aude Aado Ao
i o e
(e)

NG T s
. e e 7 e i

trans
configuration
-~

Ao do Ao do A
W T
(2)

.1 head-head mode

A Al Ay
T ik e T

head-tail modeJ 5 R\JM -

N3 atom

e
XA

(b)

b Al
N B e . e

J L-:
- r‘“l"kfl“"l\fl"'
YN
(d)

Al LA
o Tkl b s e

2y

T L T I vy
e M e i T
®

sl Ao\
e T ik

E 5 H § gauche configuration

oLt B X
ke M
(h)

Table 1 Interlayer distances of starting materials and [C,mim]Cl
intercalation compounds

Zirconium phosphates Interlayer distances (A)

Before interaction After interaction

o-ZrP 7.6 7.7
y-ZrP 12.0 12.1
o-ZrP - 20A 27.9 28.5
o-ZrP - BA 104 10.7
o-ZrP - 2BA 16.4 17.9
y-ZrP - 2BA 18.3 18.0
y-ZrP - 20A 25.3 25.6

[C4mim]Cl. Long alkyl chain formed stable hydrophobic
area in the gallery of the host, which made it difficult to
exchange with hydrophilic ILs. Therefore, a suitable spacer
should be able to not only expand the interlayer distance
but also be easily exchanged with guests.

pH dependency of [C,mim]Cl intercalation

Figure 4 shows the effect of pH on the intercalative content
of [C;mim]Cl into o«-ZrP. The intercalative content of
[C4mim]CI remained constant from acid pH (5.5) to basic
pH (9.50), thus pH had little effect on the intercalative

@ Springer
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Fig. 4 The effect of pH on intercalative content of [C;mim]Cl into
o-ZrP

content. In subsequent study, pH 7.5 was adopted to
intercalate [C,mim]Cl.

Characterization of [C4mim]CI intercalation
compounds

XRD characterization

Figure 5 shows typical X-ray powder patterns of the
starting materials (o-ZrP and o-ZrP - 2BA) and the pro-
duced ILs intercalated material. XRD pattern recorded for
o-ZrP (Curve a) indicated that the compound was obtained
in a single crystallographic phase corresponding to inter-
layer distance at 7.6 A. %-ZrP - 2BA showed a new peak at
d=164 A (Curve b) indicating that a double amine layer
formed with alkyl chains roughly inclined at 60° to the

Intensity (arbitrary units)

a=7.6A

(a)

T T T T T T T T N T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18
26 (degrees)

Fig. 5 The XRD patterns of «-ZrP (a), o-ZrP - 2BA (b), and
intercalation compound of [Cymim]Cl-a-ZrP (c)
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plane of the host layer [16]. The new peak at d = 17.9 A
(Curve c) and simultaneous disappearing of d = 16.4 A
proved the complete conversion from starting material o-
ZrP - 2BA to ILs-intercalated phase. It was proposed that
[C4mim]Cl was intercalated by exchanging with pre-
intercalated BA bilayer. Sharp and narrow peak suggested
that guests were orderly arranged between the sheets of
layered phosphate.

Raman spectra characterization

Raman spectra of host a-ZrP, guest [Cymim]Cl and inter-
calation compound [Cymim]Cl-o-ZrP are shown in Fig. 6.
o-ZrP showed peaks at 287 and 1051 nm. [Cymim]ClI
showed two peaks at 1413 and 2964 nm. The peaks of
[C4mim]Cl-o-ZrP combined peaks of both the host and
guest, indicating occurrence of the intercalation. The
maintenance of the characteristic peaks of a-ZrP illustrated
that o-ZrP layers were rigid during intercalation. Com-
paring with the peaks of the host and guest in their free
forms, the bands of the assembled system [C,mim]Cl-o-
ZrP shifted slightly, indicating interactions between the
host and guest.

TGA characterization

TGA curve of [C4ymim]Cl-o-ZrP is shown in Fig. 7, pro-
vided supporting information about intercalation of
[C4mim]Cl. There was a 20.96% weight loss process from
200 °C to 400 °C. The weight loss was close to the content
of intercalated [Cymim]Cl (intercalative content of
[C4mim]Cl per 30 mg host = 6.95 mg/30 mg = 23.00%
with 6.95 mg obtained from Fig. 4). It was inferred that
[C4mim]Cl intercalated into a-ZrP was thermally degraded
during TGA scanning. The weak loss peak around 100 °C
should be attributed to the loss of interlayer water.

Mim}Cl-a-ZrP

w J/L’VL [C 4mim] Cl

o-ZrP

Intensity (arbitrary units)

T T T T T T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Fig. 6 The Raman spectra of «-ZrP, [C4ymim]Cl and [Cymim]Cl-o-
ZrP
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Fig. 7 Thermogravimetric analysis (TGA) diagram of [C4mim]Cl-
o-ZrP

Desorption characterization

Based on the fact that guests can be exchanged with H* due
to the exchangeable and swelling properties of a-ZrP [20],
the desorption experiment was designed to clarify further
that [Cymim]Cl was intercalated into o-ZrP. Produced
material [C,mim]Cl-o-ZrP was washed until there was no
[C4mim]Cl in the supernatant observed (Fig. 8, Curve a),
thus there were little ILs on the surface of intercalation
compounds. Curve b shows the absorption peak of hydro-
chloric acid at 202 nm. Curve c shows the absorption peak
of 202 and 210 nm of hydrochloric acid and [C4mim]Cl,
respectively. Similar to Curve c, there were two peaks at
202 and 210 nm in Curve d, demonstrating that the

Absorption(arbitrary units)

(a)

T T
200 250
wavelength (nm)

Fig. 8 The UV spectra obtained in desorption experiment. (a)
spectrum for supernatant after intercalation; (b) spectrum for HCI
(1 mol/L) solution; (¢) spectrum for [C4mim]Cl in HCI (1 mol/L);
and (d) spectrum for desorption solution

supernatant of desorption study contained both excess
hydrochloric acid and de-intercalated [C4mim]Cl previ-
ously presented in the gallery of «-ZrP. After the desorp-
tion in hydrochloric acid, the XRD pattern (Figure not
shown) showed that the peak corresponding to [C4mim]Cl-
a-ZtP (d =179 A) disappeared, while a single phase
corresponding to «-ZrP (d = 7.6 A) appeared, indicating
decomposition.

Other ILs intercalation compounds

In order to clarify the relationship between the intercalation
behavior and structural characteristics of ionic liquids, a
series of ionic liquids [C,mim]CI (n =2, 4, 6, 8) with
varied alkyl chain length were interacted with «-ZrP - 2BA
as exchange intermediate. Table 2 presents the interlayer
distances of a-ZrP - 2BA before and after interaction with
ionic liquids. The interlayer distances of the host changed
after interaction, indicating that all of the studied ILs could
exchange with the pre-intercalated BA and be intercalated
into the gallery. Moreover, the interlayer distances of the
series of ionic liquid intercalation compounds were almost
identical (d = 18.0 A), suggesting that the interlayer dis-
tances of intercalation compounds were irrelevant to the
length of the alkyl-substituent of ILs and guests should be
roughly parallel with host sheets. The orientation of
intercalated guests was explored in detail as follows.

Orientation of intercalated ionic liquids

To date, it has been very difficult to clarify orientation of
intercalated guests by currently available experimental
techniques. In this situation, molecular modeling was but
one possible approach to provide valuable information. To
elucidate the interlayer state of studied ILs, orientation of
intercalated [Cymim]Cl was explored by molecular
modeling.

Figure 3 presents eight hypothetical assembly modes of
[C4mim]Cl in the matrix. The intercalative potential values
were listed in Table 3. The potential level corresponding to
planar mode a was the lowest. Based on the arrangements
of intercalated [C,mim]Cl, it was deduced that the other
ILs studied including [Comim]Cl, [Cesmim] and [Cgmim]Cl
adopted an approximately planar mode, which was con-
sistent with the experimental results that the basal spacing
was almost identical (Table 2). The orientation adopted by
ILs could be that: (1) the planar arrangement adopted by
intercalated ILs was mainly attributed to the molecular
structure of ILs themselves, especially the distribution of
charge. For the studied ILs, the positive charges were
distributed over imidazole ring. In this situation, only in
bilayer planar manner could the charges of zirconium
phosphate layers be sufficiently countered by ionic liquids.
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Table 2 Interlayer distances of ionic liquid intercalation compounds

Intercalation compounds o-ZrP - 2BA [Comim]Cl-o-ZrP

[C4mim]Cl-o-ZrP [Cemim]Cl-o-ZrP [Cgmim]Cl-o-ZrP

Interlayer distances (1&) 16.4 18.0

17.9 18.1 18.0

Table 3 Intercalative potentials of [C4smim]Cl in assigned intercalation modes

Intercalation modes a b c

d e f g h

Potentials (kcal/mol) -21.32 -18.04 -16.64

-15.53 —20.88 -17.65 -19.45 -19.64

Thus, it was inferred that the structural character of inter-
calated guests was an important factor affecting their mode
of assembly. This was also confirmed by intercalation of
cationic porphyrins into o-ZrP. Cationic porphyrins such as
TMPyP  [5,10,15,20-tetrakis  (1-methylpyridinium-4-yl)
porphyrin] and TMAPP [5,10,15,20-tetrakis (N,N,N-tri-
methyl-anilinium-4-yl) porphyrin] were arranged with their
planes inclined to the host lamella [16, 18]. In porphyrins,
cationic groups were on substituents of the porphyrin ring,
thus the canted porphyrins could optimize electrostatic
interaction, whereas parallel porphyrins were not able to
counter charges on host layers. This also indicated that the
electrostatic interaction was the primary interaction be-
tween hosts and guests; (2) in optimal mode, adjacent
molecules adopted the head-tail mode. This resulted in
higher charge density compared with other modes, so that
charges on the zirconium phosphate layers could be ulti-
mately balanced by the guests.

The potential of free [C4;mim]Cl molecule with gauche
configuration and that with trans configuration were almost
the same (30.26 and 30.22 kcal/mol, respectively), deduc-
ing that similar configurations in bilayer planar mode,
mode a (trans) and mode b (gauche),mode c¢ and d, as well
as mode e and f, should be equally stable. However, our
modeling results showed that the modes with molecules
assembled in trans configuration (mode a, ¢ and e) were
distinctively more stable than those in gauche configura-
tion (mode b, d and f). It may be that the restriction of
o-ZrP layers cause the interaction between [Cymim]CI
molecules, which lead to steric interference. In this case,
trans configuration favored the close stack of [C4smim]Cl
molecules more than the gauche configuration.

Conclusions

This paper reported a new route for immobilizing ILs, 1-
alkyl-3- methylimidazolium chloride [C,mim]Cl (n = 2, 4,
6, 8) into layered materials. A series of intercalation
compounds were synthesized using an easy-to-prepare and
environment friendly host, «-ZrP - 2BA. It is our hope that
this work would provide a practical and easy approach for

@ Springer

immobilization of ILs and application in the green tech-
nology SILT. Moreover, both molecular modeling and
experimental results showed that ILs took an approxi-
mately planar mode in the galleries of a-ZrP. The results
obtained would be helpful for understanding the ILs
intercalation compounds.
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