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Abstract

Two organically directed titanium sulfates (C4N3H6)s (H30)[TiO(SO4),>]s'15H,0 (I) and (C4N,H5)g [TiO(SO4),]s:23H,0 (II), have
been synthesized and characterized. I crystallizes in the orthorhombic space group Pnma, crystal data: a = 16.5834 A, b=199129 A,
c=29.1383 A, ¥=9622.15A° and Z=4; 1 crystallizes in the monoclinic space group C2/c, crystal data: a =23.1596(17) A,
b =28.786(2) A, ¢ =20.7720(15) A, p =121.0930(10)°, V= 11858.6(15) A3 and Z = 4. Two compounds are featured as uncommon dis-
crete [TiO(SO4), s wheel clusters encapsulating different amines. The amines with linear and cyclic structures are located in different posi-

tions, respectively, involving host—guest interaction.
© 2008 Published by Elsevier B.V.
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1. Introduction

Design and synthesis of wheel clusters have attracted
intense interest because of their architectural beauty and
their fascinating physical properties [1]. So far, most
known wheel clusters have been assembled by using
organic ligands in the periphery [2] or inside surface of
the wheel [1], leading to discrete or continuous structures,
respectively. Relatively, study of discrete inorganic metal
wheel-cluster is undeveloped [3], although various rings
have been observed in silicate and phosphate frameworks
[4]. In the past few years, many organically directed metal
sulfates have been reported and reviewed by Rao et al. [4].
Due to the low electric density of SO,?~ compared to
SiO,* and PO,* groups, the TM (transition metal) sul-
fates tend to form low dimensional framework [4]. This
tendency provides a way to obtain discrete sulfated clus-
ters. However, the discrete wheel-cluster sulfate is very
rare, especially tetravalent metal(IV) sulfates.
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On the other hand, a very wide range of transition
metals (Sc, Zr, V, Fe, Co, Ni, Zn, Cd, Mo, etc.) and rare
earth elements have been incorporated into the sulfate
frameworks. However, Ti-based sulfates are unknown
to date. Of particular interest is that incorporation of
Ti elements may lead to crystal materials with interesting
redox properties and photocatalytic activity [5-8]. In
terms of crystal design, linear Ti—-O-Ti connectivity has
widely been observed in the known Ti-based compounds,
but ring-like Ti—-O-Ti connectivity was rarely reported
[9,10].

Recently, we are interested in the synthesis of organi-
cally directed metal sulfates, and have introduced tetrava-
lent Zr(IV) ions into metal sulfate system under room
temperature and have separated three isolated ZrSOy4
monomers [11]. Using tetrabutyl titanate as Ti source to
react with sulfuric acid in the presence of organic amine,
we have separated two new titanium sulfates, (C4N,H,)s
[TiO(S04)2]s23H,0 (I) and (C4N3H;6)s(H;0)[TiO(SO4)
>’ 15H,O (II). They both exhibit uncommon anionic
[TiO(SO4),)'~ wheel cluster encapsulating different
organic amines.
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2. Experimental
2.1. Synthesis and initial characterizations

All manipulations were carried out under the room tem-
perature using analytical grade chemicals. Two compounds
were prepared by the reaction of piperazine/diethylenetria-
mine, tetrabutyl titanate, sulfuric acid and distilled water
with a molar ratio of 1:1:15:555. After evaporating for a
few days, colorless blocked crystals were harvested (yield
50% to Ti). The compounds were characterized by IR spec-
troscopy and single crystal X-ray diffraction, powder X-ray
diffraction (PXRD), thermogravimetric analysis (TGA),
and CHN analysis.

X-ray powder diffraction data were recorded at room
temperature on a D8X diffractometer equipped with mono-
chromatized Cu Kol (1 =1.541 A) radiation. Data were
collected in the range of 4° < 20 < 40°. The powder X-
ray diffraction patterns were in good agreement with the
simulated patterns generated from the single-crystal XRD
data, respectively, indicating the pure phases. Two com-
pounds were given satisfactory elemental analysis on the
PE2400 CHN element analyzer, conforming stoichiometry
of organic amine. For I, Anal. Caled, C 8.37%, N 7.33%, H
3.97%, Found, C 8.40%, N 7.23%, H 3.79%; For 11, Anal.
Caled, C 12.13%, N 7.08%, H 4.48%, Found, C 11.93%, N
6.9%, H 4.4165%. The infrared (IR) spectra were recorded
within the 4004000 cm ™! region on a Nicolet SDX spec-
trometer using KBr pellets. For I: 3436(s), 3174(m),
2930(s), 2855(w), 1633(s), 1535(s), 1404(m), 1207(s),
1130(vs), 989(s), 665(m), 602(m), 508(m); for II: 3445(vs),
3118(vs), 1624(s), 1512(s), 1240(s), 1135(s), 991(s), 696(w),
595(w), 482(w). The characteristic peaks conformed the
presence of lattice waters, organic amines and sulfate groups.

2.2. X-ray crystallography study

Suitable single crystals were carefully selected under a
polarizing microscope and glued to a thin glass fiber with
cyanoacrylate adhesive. Single-crystal data were collected
on a Bruker SMART-CCD diffractometer [graphite-mono-

chromated Mo Ka radiation, 2= 0.71073 A (T =298 K)].
Absorption corrections based on symmetry-equivalent
reflections were applied using SADABS [12]. The structures
were solved by direct methods using SHELXS-97 [13] and
difference Fourier synthesis. The direct methods solution
readily revealed the heavy atom position (Ti and S) and
enabled us to locate the other non-hydrogen positions (O,
C, and N) from the Fourier difference maps. The hydrogen
atoms of amines were generated theoretically and those of
the lattice water molecules were not found at last. The last
cycles of refinement included atomic positions for all the
atoms, anisotropic thermal parameters for all non-hydro-
gen atoms, and isotropic thermal parameters for all hydro-
gen atoms. In II, besides of the fully protonated amines,
charge balancing requirements necessitated a protonated

Table 1

Crystal data and refinement parameters of I and II

Structural 1 1

parameters

Empirical formula (C4N2H12)8 (C4N3}’I]6)5(I_I30)+

fw 3167.684 2868.3204

Temperature (K) 298(2) 298(2)

Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Orthorhombic

Space group C2/c Pnma

a (A) 23.1596(17) 19.9129(12)

b (A) 28.786(2) 29.1383(18)

¢ (A) 20.7720(15) 16.5834(10)

o (deg) 90 90

B (deg) 121.0930(10) 90

7 (deg) 90 90

vV (A3) 11858.6(15) 9622.2(10)

Z 4 4

0 range, deg 1.41-26.00 1.60-25.00

Reflections 26469/11506 47210/8550
collected/unique

R (int) 0.0455 0.1299

*R1=Y|Fo| = [F/SIFo: wR2 = [Sw(| Fo | — | Fe?/ S oFg)".

water. Details of the final refinal refinements are given in
Table 1. Selected bond distances and angles, and hydro-
gen-bonding interactions for two compounds are given in
the Supporting information. Crystallographic data for
structural analysis have been deposited with Cambridge
Data center, CCDC reference number: 271330 for I and
271331 for IL.

3. Results and discussion

Single crystal X-ray diffraction showed that I and II
have the similar anionic [TiO(SOs),l,'*" rings encapsulat-
ing different amines. The asymmetric unit of
(C4N,H 5)g[TiO(SOy),] §23H,0 contains four crystallo-
graphically distinct Ti atoms and eight S atoms. Each of
Ti(IV) centers is coordinated to six O atoms in a distorted
octahedral geometry (Table 2). Eight TiOg octahedra share
corners in their all-cis positions to form a Ti8OS ring-like
structure. The titanium atoms are nearly situated at the
vertices of a regular planar octagon and p-O atoms are
positioned alternatively above and below the plane of the
ring in a staggered manner. A pair of sulfate groups bridge
adjacent Ti sites and such repeated motifs give an anionic
[TiO(SO4),]s'%~ wheel clusters (Fig. 1). These bridging sul-
fate groups can be subdivided into two distinct groups by
their orientations. One type of SO4 group stretches out-
ward from the rim of the wheel and the others are perpen-
dicular to the Ti8 plane. These Ti8 clusters are stacked
parallel to each other along the a axis and ¢ axis (Fig. 2).
Such array is repeatedly stacked along the b axis following
AA sequence. It is worthy to note that some piperaziniums
reside above and below the center of the Ti8 rings involving
host—guest interaction, the rest of piperaziniums are
located in common positions like lattice water molecules
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Table 2

Selected bond distances (A) and angle (°) for I and II

Compound 1

Ti(1)-0(3) 1.814(2) Ti(2)-0(35)
Ti(1)-O(12) 1.829(4) Ti(2)-O(21)
Ti(1)-O(5) 1.971(4) Ti(2)-O(26)
Ti(1)-O(6) 2.014(4) Ti(2)-0(27)
Ti(1)-0O(10) 2.042(4) Ti(3)-0O(1)
Ti(1)-O(13) 2.076(4) Ti(3)-O(4)
Ti(2)-0(12) 1.807(4) Ti(3)-0(11)
Ti(2)-0(2) 1.833(4) Ti(3)-O(16)
05-Til-06 171.08(17) 012-Ti2-026
03-Til-010 168.47(12) 02-Ti2-027
012-Til-013 170.87(16) O11-Ti3-016
035-Ti2-021 175.06(17) O1-Ti3-017
Compound 11

Ti(1)-0(3) 1.824(4) Ti(3)-0(13)
Ti(1)-O(7) 1.997(4) Ti(3)-0O(12)
Ti(1)-O(16) 2.071(4) Ti(3)-O(11)
Ti(2)-0O(5) 1.822(4) Ti(3)-0(4)
Ti(2)-O(15) 1.992(4) Ti(4)-0(3)
Ti(2)-O(14) 2.053(4) Ti(4)-0(2)
Ti(3)-0(2) 1.812(4) Ti(4)-O(6)
Ti(3)-O(1) 1.847(4) Ti(4)-O(18)
O(7)#1-Ti(1)-0(7) 171.5(3) 0(5)-Ti(2)-O(14)
O(3)-Ti(1)-O(16) 165.38(17) O(1)-Ti(3)-O(11)
O(3)#1-Ti(1)-O(16)#1 165.38(17) O(13)-Ti(3)-0(12)
O(15)#1-Ti(2)-O(15) 171.2(3) 0(2)-Ti(3)-0(4)
O(5)#1-Ti(2)-O(14)#1 169.33(17) 0(6)-Ti(4)-O(18)

1.989(5) Ti(3)-O(17) 2.067(4)
2.015(4) Ti(3)-0(9) 2.069(4)
2.033(4) Ti(4)-O(4) 1.818(4)
2.064(4) Ti(4)-0(2) 1.834(4)
1.817(2) Ti(4)-0(24) 1.993(4)
1.817(4) Ti(4)-O(18) 1.996(5)
1.995(4) Ti(4)-0(15) 2.047(4)
2.003(4) Ti(4)-0(22) 2.068(4)
164.56(18) 04-Ti3-09 169.33(16)
167.17(15) 024-Ti4-0O18 173.53(16)
175.82(17) 02-Ti4-015 166.11(16)
166.53(13) 04-Ti4-022 168.87(18)
1.977(4) Ti(4)-0(21) 2.034(4)
2.009(4) Ti(4)-O(36)#1 2.067(4)
2.041(4) Ti(5)-O(1) 1.804(4)
2.073(4) Ti(5)-O(5) 1.837(4)
1.816(4) Ti(5)-O(17) 2.006(4)
1.817(4) Ti(5)-O(8) 2.007(4)
2.001(4) Ti(5)-0(10) 2.044(4)
2.002(4) Ti(5)-0(19) 2.068(4)
169.33(17) 0(3)-Ti(4)-0(21) 167.87(17)
166.71(16) 0(2)-Ti(4)-O(36)#1 167.09(18)
172.54(19) O(17)-Ti(5)-O(8) 170.96(18)
169.18(17) 0(5)-Ti(5)-0(10) 167.74(17)
174.13(19) O(1)-Ti(5)-0(19) 171.02(17)

#1 —x, y, —z+1/2.

Fig. 1. The ORTEP with 30% probability of Ti8 rings which is
constructed from tancoite-type unit [TIO(SO4),P~ with all-cis
connectivity.

(Fig. 3a). Such host—guest interaction is comparable to a
similar neutral wheel clusters [TiO(O,CCgF5) »]5[9] encap-
sulating two toluene molecules that one above and one
below the ring in the molecular cavity. The diprotonated
piperazine molecules and lattice water interact with Ti8

Fig. 2. Parallel packing modes of wheel clusters both along a axis and ¢
axis in I, piperaziniums are located between the cluster. (The lattice water
are not drawn for clarity).

wheel clusters via hydrogen bonds to stabilize the 3D
assembly.

(C4N3H )5 (H30)[TiO(SO4),Js: 15H,0 (II) possesses the
same anionic [TiO(SOs),ls'®" rings. These rings are
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Fig. 3. Viewing different encapsulation behaviors for different amines: (a) piperazinium reside above and below the Ti8 ring; (b) diethylenetriamines cross

through the Ti8 ring.

arranged parallel to each other along the ¢ axis, but unpar-
allel along the a-axis with an angle of ca. 64.72° between
neighbored Ti8 plane (Fig. 4). Such array is further stacked
along the b axis following AB sequences. Similarly, besides
the diethylenetriamines which are located in common posi-
tions like lattice water molecules, the other types of diethy-
lenetriamines cross through the center of Ti8 rings
(Fig. 3b), and such an encapsulation behavior is similar
to a linear NH(Et), molecule crossing through the center
of [FegFg(Me;CCO,) 4] [14] ring. In addition, there are
lots of lattice water molecules in II as well as in I, leading
to a great deal of hydrogen bonds to stabilize 3D assembly
[10,15].

Besides octanuclear analogues mentioned above, similar
host—guest interaction has also been observed in a neutral
[NH4]EtOEt][Cog(MeCO,)g(OMe);4][PFs] [15] wheel clus-
ter encapsulating a small cationic ammonium in the center
of the 8-membered rings. It is notable that small ammo-
nium can be trapped in the center of 8-membered ring,
while some linear amines cross through the center of ring
and some cyclic molecule/amine reside above and below
the ring. Therefore, size effect should be a main factor for

Fig. 4. Packing array of wheel clusters and amines in ac plane for II:
parallel along the ¢ axis and unparallel along the « axis and linear amines
cross through the wheel and reside around it. (water molecules are not
drawn for clarity).

host—-guest interaction in these neutral wheel clusters.
Besides of size effect, however, static effect and N-H---O
hydrogen-bonding interaction are other two important fac-
tors here. (Detailed hydrogen-bonding information is in the
Supporting information).

For the known TM sulfates, many low dimensional
structures have been observed commonly when organic
amines were introduced into the reaction system. This
can also be resulted from the low negative charge of
SO,* compared with SiO,*~ and PO~ group. In view
of crystal engineering, this octanuclear wheel cluster
[TiO(SO4),)s'*~ has a SBU [TiO(SO4),]* denoted as
tancoite-type unit [ML(TOy),] (M is a octahedral, L is a
ligand, T is tetrahedal) [16]. Such unit [ML(TO,),] has
widely been observed in sulfate [4], arsenate[17] and phos-
phate[18]. For example, the [TiO(POy),] unit has assembled
into linear tancoite-type TiPOy4 [19] and chiral TiPO [20],
via the different linking modes of p-O atoms with all-trans
and trans—cis—cis fashions, respectively. However, other
type of topologies constructed from [ML(TO,),] units is
unknown. Herein, all-cis fashion of the p,-O atoms of
[TiO(SO4),] leads to a new ring-like [TiO(SO4),] '®"
topology.

3.1. Thermal analysis

Thermogravimetric analyses (TGA) of the title com-
pounds were performed on a ZRP-2P thermal analyzer.
Single-phased sample was heated with a heating rate of
10 °C/min from room temperature (30 °C) to 600 °C at
N, atmosphere. Two TGA curves show similar shapes
but different weight losses in each temperature range
(Fig. 5). For I, the weight loss of H,O molecules is from
50 to 230°C [obsd = 13.5%, calcd =13.08%], and the
weight losses for SO; and amine are from 326 to 570 °C
[obsd = 65.50%, calcd = 66.73%]. For 11, a gradual weight
loss from 50 to 170 °C corresponds to the loss of H,O
[obsd = 8.9%, calcd = 10%], and a major loss from 268 to
511.65°C corresponds to SO; and the amine
[obsd = 67.16%, calcd = 67.72%]. The residues of two com-
pounds after calcination at 600 °C were TiO,, indicated by
XRD pattern (ICSD #24780) [9]. The curves of TGA show
that the total weight loss is close to the calculated value,
conforming the right formula.
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Fig. 5. TGA curves for I and II.
4. Conclusion

Uncommon inorganic octameric oxo titanium wheel
clusters encapsulate different amines has been separated
under room temperature. Such host—guest interaction has
also been compared with analogue octamers to reveal a size
effect as a main factor. [TiO(SO,),s'%" is a rare anionic
octanulcear wheel cluster, especially in inorganic com-
pounds. The hydrogen bonding interaction involving
amines and waters play an important part in the formation
of 3D supermolecule.
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