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Two new noncentrosymmetric polar zinc sulfates have been synthesized by slow evaporation
through the use of enantiomorphically pure sources of either (R)-2-methylpiperazine or (S)-2-
methylpiperazine. A centrosymmetric analog was also prepared using a racemic source of the
amine. The 3-D structure networks for these compounds consist of isolated [Zn(H,0)q]*"
[CsH14No**, and SOi’ linked by hydrogen bonds. The use of racemic 2-methylpiperazine
results in crystallographic disorder of the amines and creation of inversion centers, while using a
single enantiomer destroys the inversion symmetry and orders of the amines. These structures
were determined using single-crystal X-ray diffraction, infrared spectroscopy, and thermal
analyses. Crystal data are as_follows: [CsH4N,][Zn(H20)6)(SO4)> (1), a=16.5988(1) A,
b=10.9613(2) A, c=12.5479(2) A, B=101.385(1)°, V'=889.75(3) A3, P2i/n (No. 14), Z=2;
[(R)-CsH4N,][Zn(H,0)6)(SO4)>  (2), a=10.8665(2) A, b=7.8600(1)A, ¢=11.7029(2) A,
B=116.283(1)°, V'=896.22(3)A3, P2, (No. 4), Z=2; [(S)-CsHuN2][Zn(H,0)e](SO4)> (3),
a=6.58192)A, b=11.00142)A, ¢=12.52293)A, B=101.489(1)°, V'=888.62(4)A% P2,
(No. 14), Zz=2.

>

Keywords: Noncentrosymmetric; Single enantiomer; Hydrogen bonds; Supramolecular
structures; Thermal decomposition

1. Introduction

Inorganic—organic hybrid materials have undergone vast progress. Careful design of
these materials can provide substances with unusual structural characteristics as well as
extraordinary physical properties [1, 2]. Some simple cations, such as K+, Rb*, Cs™,
and NHJ , have been found to influence the structures of hybrid materials [3—5] and play
significant roles in the assembly of molecular components. One approach has exploited
organic amines where these simple cations are structure-directing agents [6, 7].

A host of organically templated metal sulfates have been reported [6, 8—13]. This
mature system contains an exceptionally diverse range of organic—inorganic architec-
tures and has yielded valuable information about formation mechanisms in such
compounds [14]. We report the use of chiral organic amines to direct crystallographic
noncentrosymmetry in a series of hexaaqua-zinc sulfates. The synthesis, structure, and
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characterization of three organically templated zinc sulfates are reported. [Zn(H,0)]*"
and SO?{ are observed in each compound. [CsH4N»>][Zn(H,0)6](SO4)> (1) was
synthesized using racemic 2-methylpiperazine and is centrosymmetric, while the
noncentrosymmetric compounds [(R)-CsH4N,][Zn(H>0)¢](SO4)> (2) and [(S)-
CsH4N5][Zn(H>0)4](SO4)» (3) were synthesized using enantiomerically pure sources
of (R)-2-methylpiperazine and (S)-2-methylpiperazine, respectively. Thermal decom-
position shows crystalline anhydrous phases upon dehydration.

2. Experimental

2.1. Materials

ZnS0Oy4-TH,O (98%), H,SO4 (96%), 2-methylpiperazine (95%, 2-mpip), (R)-(—)-2-
methylpiperazine (97%, R-2-mpip), and (S)-(4)-2-methylpiperazine (99%, S-2-mpip)
were purchased from Aldrich and used as received. Deionized water was used in these
syntheses.

2.2. Synthesis

Compounds 1-3 were synthesized using a ““slow evaporation” procedure of an aqueous
solution. The clear solutions were stirred 15min and allowed to stand at room
temperature. After a few days, single crystals were formed. Reaction yields ranged
between 60% and 70% based upon zinc. The products were filtered and washed with a
small amount of distilled water.

2.2.1. [CsH4Nz|[Zn(H,0)6l(SOy), (1). Compound 1 was synthesized through reac-
tion of 0.2875g (1.00 x 10~*mol) of ZnSO4-7H,0, 0.1000g (1.00 x 10~ *mol) of
2-mpip, 0.1962g (2.00 x 10 mol) of H,SO,, and 4.9860g (2.77 x 10~ mol) of
deionized water. White prismatic crystals were produced. IR data (cm™'): N-H 1451,
1634; C-H 3012; S-O 1098, 1110; O—H 3344.

2.2.2. [(R)-CsH4N,l[Zn(H,0)6l(SO4)2 (2). Compound 2 was synthesized through
reaction of 0.2875g (1.00 x 107> mol) of ZnSO, - 7H,0, 0.3000 g (3.00 x 10> mol) of
R-2-mpip, 0.2943¢ (3.00 x 10~*mol) of H,SO,, and 4.9140g (2.73 x 10~ 'mol) of
deionized water. White prismatic crystals were produced. IR data (cm™'): N-H 1466,
1501; C-H 3012; S-O 1093, 1201; O-H 3411.

2.2.3. [(S)-CsH4NLl[Zn(H,0)6l(SOy4)» (3). Compound 3 was synthesized through
reaction of 0.2875g (1.00 x 107> mol) of ZnSO,-7H,0, 0.3000g (3.00 x 10> mol) of
S-2-mpip, 0.2943g (3.00 x 10 >mol) of H,SO,, and 4.9860g (2.77 x 10~ mol) of
deionized water. White prismatic crystals were produced. IR data (cm™'): N=H 1462,
1509; C-H 3020; S-O 1098, 1207, O—H 3415.
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2.3. Single-crystal X-ray diffraction

The X-ray diffraction data were collected on a Nonius Kappa CCD, Bruker Smart
Apex II diffractometer using Mo-Ka radiation (A =0.71073 A). Single crystals were
mounted on a glass fiber. Intensity data sets were collected through the program
COLLECT [15]. Corrections for Lorentz-polarization effect, peak integration, and
background determination were carried out with the program DENZO [16]. Frame
scaling and wunit cell parameter refinement were performed with the program
SCALEPACK [16]. Analytical absorption corrections were performed by modeling
the crystal faces [17]. The heavy atom positions were determined using SIR-92 [18]. All
other non-hydrogen sites were located from Fourier difference maps. All non-hydrogen
sites were refined using anisotropic thermal parameters using the full-matrix least-
squares procedures on F2 with I > 30(I). The water hydrogen atoms were located in a
difference map and refined with O-H distance restraints of 0.85(2)A and H---H
restraints of 1.39(2)A so that the H-O-H angle fitted to the ideal value of a
tetrahedron. Hydrogen atoms bonded to C and N were placed in geometrically
idealized positions. Relevant crystallographic data are listed in table 1. Selected bond
distances are presented in table 2.

Table 1. Crystallographic data for 1-3.

Compound 1 2 3
Empirical formula Cs5H»6ZnN>O0 4S5 CsH»6ZnN,O 4S5 CsH»6ZnN»O 4S5
Formula weight 467.77 467.77 467.77
Temperature (K) 293(2) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073 0.71073
Space group . P2;/n (No. 14) P2, (No. 4) P2; (No. 4)
Unit cell dimensions (A, °)
a 6.5988(1) 10.8665(2) 6.5819(2)
b 10.9613(2) 7.8600(1) 11.0014(2)
¢ 12.5479(2) 11.7029(2) 12.5229(3)
B . 101.3850(1) 116.2830(1) 101.4890(1)
Volume (A%), Z 889.75(3), 2 896.22(3), 2 888.62(4), 2
Calculated density (gcm ™) 1.746 1.733 1.748
Absorption coefficient (mm™") 1.684 1.672 1.686
Flack parameter - —0.028(9) —0.015(11)
R? 0.0446 0.0302 0.0354
WwR,® 0.1232 0.0775 0.0965
Ry = BN\ Fol = [Fll/EIF,|; PwRy = [2w(F] — F2P)[Ew(FD) 2.
Table 2. Selected bond lengths (A) in 1-3.
Compound 1 2 3
Zn-Owl 2.066(2) 2.086(2) 2.058(2)
Zn-O0w2 2.066(2)"! 2.098(2) 2.107(3)
Zn-Ow3 2.111(1) 2.113(2) 2.122(3)
Zn-Ow4 2.111(1)"! 2.103(2) 2.111(3)
Zn-Ow5 2.117(2) 2.081(2) 2.071(2)
Zn-Ow6 2.117(2)"! 2.105(2) 2.099(3)

Symmetry transformations used to generate equivalent atoms: ' —x, —y, —z.
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2.4. IR spectroscopy

Infrared (IR) measurements were obtained using a Perkin-Elmer FT-IR Spectrum from
400 to 4000 cm™~'. Samples were diluted with spectroscopic grade KBr and pressed into
pellets.

2.5. Thermal analyses

Differential thermal analyses-thermogravimetric (DTA-TG) investigations were per-
formed using a ‘“‘multi-module 92 SETARAM” analyser operating from room
temperature to 1000°C at a constant rate of 5°C min~' under flowing air.

2.6. Powder X-ray diffraction

Temperature-dependent X-ray diffractions (TDXD) for 1 and 3 were performed with a
D5005 powder diffractometer (Bruker AXS) using Cu-Ko radiation [A(Key)=
1.5406 A, MKan) =1.5444 A] selected with a diffracted-beam graphite monochromator
and equipped with an Anton Paar HTK 1200 high-temperature oven camera. Powder
X-ray diffraction was used to support the structure determination and to identify the
crystalline phases of 1-3. The thermal decompositions of 1 and 3 were carried out in air
with a heating rate of 7°Ch™" from ambient to 600°C. Temperature calibration was
carried out with standard materials in the involved temperature range.

3. Results

[CsH1aNo][Zn(H20)6)(SO4)> - (1), [(R)-CsH1aNoJ[Zn(H20)6)(SO4)2  (2), and  [(S)-
CsH4N>][Zn(H>0)4](SO4), (3) are constructed from octahedral metal cations coordi-
nated by six water molecules, [Zn(H,0)¢*", isolated sulfates, (SO4)>~, and organic
cations, all held together through extensive hydrogen-bonding networks. Zn—O,, bond
lengths range between 2.066(2)-2.117(2) A, 2.081(2)-2.113(2) A, and 2.058(2)—
2.122(3)1& for 1, 2, and 3, respectively. These values are in agreement with values
calculated from the bond valence program VALENCE [19] for a six-fold oxygen
coordinated Zn', 2.109(2)A and 2.113(2)A in 1, 2, and 3, respectively.

The structures of 1-3 are closely related. Indeed, the asymmetric units in each
compound consist of either racemic or chiral sources of 2-methylpiperazinediium, SO;~
and one Zn" cation octahedrally coordinated by six water molecules, similar to the
well-known Tutton’s salt, AoM(H»0)XO4)> (A =monovalent cation, M = bivalent
cation, X =hexavalent cation) [20-23]. However, their symmetries differ greatly.
Compound 1, which was synthesized using racemic 2-mpip, crystallizes in the
centrosymmetric space group P2;/n (No. 14). In contrast, 2 and 3 crystallize in the
noncentrosymmetric polar space group P2; (No. 4). The primary differences between 2
and 3 are the presence of only R-2-mpip in 2 and only S-2-mpip in 3 and in the
molecular arrangement. The 3-D packing of 1 is shown in figure 1, while packing
images of 2 and 3 are depicted in figures 2 and 3, respectively.
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Figure 1. 3-D packing in 1. The unit cell is shown. Hydrogen atoms have been removed for clarity.

Figure 2. 3-D packing in 2. Hydrogen atoms have been removed for clarity.

Compound 1 is isostructural with the related cobalt and manganese [24] phases. The
metal cations are located in special positions on crystallographic inversion centers and
each coordinated by six water molecules of which three are crystallographically
independent. These [Zn(H,O)]*" octahedra are slightly distorted. Bond angles of
O-Zn-O fall in the range 86.15(6)-93.85(3)°, again analogous with other organically
templated metal sulfates [20-23]. The Zn(Ow)ys octahedra are isolated with shortest
distance Zn - --Zn=6.599(2) A, which are shorter than those found in related Mn and
Co analogs [12, 13, 24-26]. The 2-methylpiperazinediiums are located about crystal-
lographic inversion centers, with all atoms located in general positions. In the structure,
a single disordered [CsH;4N,J*" was observed with two orientations of both
[R-C5H14N2]2+ and [S—C5H14N2]2+ enantiomers. The carbons and nitrogen atoms are
distributed between two positions related by the symmetry center with a refined site
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Figure 3. 3-D packing in 3. Hydrogen atoms have been removed for clarity.
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Figure 4. Neighboring sulfates in the environment of [Zn(H,O)s] in 1 (a), 2 (b), and 3 (c).

occupancy factor equal to 0.5. For 1, the N—C distances and the C—N—C angles range
from 1.475(7) to 1.508(6)1& and from 111.7(4) to 112.2(4)°. These values are in
agreement with those found in related amine complexes [21, 27, 28]. The sulfates are
stacked such that they form anionic layers parallel to the cationic ones and play an
important role in stability of the crystal structure by linking organic and inorganic
cations via OyHy---O and N-H---O hydrogen bonds. The arrangement is an
alternation of cationic and anionic layers along [101]. Hydrogen bonds are fairly strong,
with donor—acceptor distances between 2.560(4) and 2.841(5)A in O,—H,---O and
between 2.664(2) and 2.910(3) A in N-H---O. Each Zn" octahedron is surrounded by
six sulfates H-bonded in a bidentate manner. Figure 4(a) shows neighboring sulfates in
the environment of 1.

Strong similarities in both structures are observed in 2 and 3. These two materials
crystallize in the noncentrosymmetric space group P2; (No. 4), for which the only
symmetry elements are a series of 2; screw axes. However, despite the similarities in
compositions in 2 and 3, distinct differences in 3-D packing are observed. The Flack
parameters refined to —0.028(9) and —0.015(11) for 2 and 3, indicating absolute
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configurations. The enantiomeric structures are inverses of one another and are
isostructural with related metal phases [26]. The local coordination environments
around [Zn(H,0)¢]*" in 2 and 3 are shown in figures 2 and 3. The octahedra of Zn'
cations are not regular (table 2), as seen in other isostructural metal sulfates [29]. The
cis-O-Zn—0 angles range from 85.05(8)° to 94.80(7)° in 1 and between 85.87(1)° and
95.61(1)° in 2, while the trans-O-Zn—O angles deviate from the ideal value by
approximately 3° for 2 and 3, respectively.

In 2 and 3, the [Zn(H,O)¢]*" cations are separated through two short, four
intermediate and four long distances, with approximate values of 5.359 x 2, 6.582 x 2,
7.063 x 2, 7.860 x 2, 10.862 x 4 A. These M''...M'" distances are both shorter and
longer than analogous phases containing other diammonium cations, 7.303A for
[diazabicyclo[2.2.2]octaneH,]*" [13, 21], 6.544 A for [piperazineH,]** [12, 29], and
8.095 A for [1,4-butanediamineH,]*" [30]. The trend in these distances mirrors the sizes
of the included organic cations.

[Zn(H,0)e]*" stack along the [101] directions in 2 and form inorganic pseudolayers
with the (S04)*~ in the be-plane. [Zn(H,0)g]* " in 2 is surrounded by two monodentate,
two bidentate, and two tridentate SO?{ anions, as shown in figure 4(b). The geometries
of these interactions differ from 1 and 3, as each [Zn(H,0)s]*" donates hydrogen bonds
to six adjacent SOf{ tetrahedra in a bidentate manner. As in 2, the organic cations also
donate hydrogen bonds to neighboring SO?[ tetrahedra. The N-H - - - O distances range
between 2.737(3) and 2.913(3) A, while the Oy—H - - - O distances range between 2.664(2)
and 2.819(3) A. These values agree with those currently observed in inorganic salts
containing the organic groups [9, 26]. Extended, supramolecular structures are
constructed from these molecular units by hydrogen-bonding. While 3 contains
[Zn(H,0)¢]*" cations stacked along the [101], [100], and [010] directions and are
separated by SOff and [S-CsH 4N,J*" (figure 4c). Each [Zn(H,0)¢]*" cation donates
hydrogen bonds to six adjacent SOZ* groups, each of which accepts hydrogen bonds
from at least two H,O ligands on the same Zn. The [S-CsH,4N,]** cations also donate
hydrogen bonds to nearby SOﬁ_ groups, creating an extended, supramolecular
structure. The cation—anion distances range between 2.673(3) and 2.804(4) A for N-
H--- O interactions and between 2.670(4) and 2.983(4)A for Oy—H - - - O interactions.

4. Thermal decomposition

Thermal properties of 1 and 3 were probed using TG, DTA, and 3-D representation of
the powder diffraction patterns (TDXD) obtained under flowing air (figures 5 and 6).
Thermal decompositions of the compounds are complex and take place in several steps.

Figure 5(a) shows the TG-DTA curves obtained during decomposition of
[CsH14N>][Zn(H,0)4](SOy4), from 20°C to 900°C. The TG curve shows that the
dehydration occurs between 50°C and 150°C and corresponds to loss of six water
molecules (observed and theoretical weight losses, 23.51% and 23.08%). This is
accompanied with an endothermic peak on the DTA curve, at 118°C. The TDXD plot
(figure 5b) reveals that the precursor is stable until 120°C and then transforms into the
anhydrous phase, [CsH4N,JCu(SOy), (crystalline phase Cr). Decomposition of the
anhydrous compound starts at 300°C and leads to a mixture of crystalline Zn;O(SOj,),
and ZnO (PDF no. 01-071-2475). This transformation is accompanied, on the DTA
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curve, by two endothermic peaks observed at 305°C and 350°C, respectively. The last
transformation starts at 690°C and corresponds to total decomposition of Zn;O(SOy),
into ZnO (PDF no. 00-036-1451) (observed weight loss, 83.21%; calculated weight loss,
82.61%).

Figure 6(a) and (b) shows successive weight losses for 3. Dehydration of
[S-CsH 14N,][Zn(H,0)6](SO4), occurs in three stages. First, a weight loss of 2.52% at
95°C corresponds to the departure of 0.75 H,O (theoretical weight loss, 2.88%). The
second stage of the dehydration takes place between 127°C and 150°C and corresponds
to loss of 2.5 H,O (observed weight loss, 9.43%; calculated weight loss, 9.62%). The
third transformation starts at ~152°C and corresponds to loss of the last 2.75 water
molecules (observed weight loss, 9.98%; calculated weight loss, 10.58%), leading to the
anhydrous phase [S-CsH4N»]Zn(SO4),. These phenomena are accompanied by three
endothermic peaks on the DTA curve, maximum at 195°C. The TDXD plot shows that
[S-CsH4N5]Zn(SO,), is a crystalline phase. The decomposition of the anhydrous phase
starts near 310°C, includes loss of the organic moiety, and leads to a mixture of
crystalline Zn3O(SOy4), and ZnO (PDF no. 01-071-2475). This transformation is
accompanied, on the DTA curve, by two endothermic peaks observed at 330°C and
360°C, respectively. The last stage corresponds to the total decomposition of the zinc
sulfate, starting at about 700°C, and gives zinc oxide ZnO.

5. Discussion

Compounds 1-3 were obtained by slow evaporation of solutions containing either
racemic or chiral diamine. Initial studies were conducted using a racemic source of the
amine 2-mpip, from which 1 was formed. Subsequent reactions focused on studying the
effects of using enantiomorphically pure sources of either R-2-mpip or S-2-mpip. As
noted above, use of chiral organic amines favors formation of new noncentrosymmetric
materials [26, 31-34]. However, the progression from syntheses using racemic to
enantiomorphically pure chiral amines is complex. The role of crystallographic order
and disorder must be addressed.

The molecule 2-mpip was selected for this study because this rigid diamine is not
likely to exhibit orientational disorder, owing to its low molecular flexibility and
multiple points of interaction between each cation and the inorganic components.
Despite this, only one disorder mechanism is observed in [CsH 4N,J** in 1. Inversion
symmetry within the cations results in superimposition of both [R-CsH4N,]** and
[S-CsH,4N,]*" (figure 7). Such disorder is found in the related manganese and cobalt
phases [24]. The use of a single enantiomer destroys these centers of symmetry and
crystallographically orders the cations. The elimination of this inversion symmetry
results in ordering of all [CsH;4N,]*" cations in 2 and 3 and forces a reduction in
symmetry from P2;.

The possibility of pseudosymmetry in 2 and 3 was investigated. The organic cations
were removed from the crystallographic models and PLATON [35] was used to probe
for missing symmetry. The ADDSYM command suggests the possibility of a missing
additional symmetry leading to the P2;/c space group (No. 14), with inversion
symmetry directly between the metal centers. The position of the methyl groups on the
2-methylpiperazinediium cation rings violates the pseudosymmetry found by PLATON,
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Figure 7. Disorder mechanism present in the [2-mpipH,]** cations in 1.

and does not recognize the contribution of a single —CHj; group over the rest of the
structure. In addition, the systematic absences are not correct for P2;/c. Specifically, the
expected 1=2n+ 1 absences in /0l reflections are not present. These results confirm
the crystallographic noncentrosymmetry in 2 and 3.

Counterpoints to the role of template disorder in 1 can be found in related systems
based upon the templated copper sulfate compound [CsH 4N,][Cu(H>0)4](SO4), - H,O
[11], which was synthesized using the same amine under slow evaporation conditions
and crystallized in the centrosymmetric space group P2;/n (No. 14). A single
[CsH 4NoJ*t is present in the asymmetric unit, while both [R-CsH4N,J*" and
[S-CsH 4N,J*" cations are generated through a series of inversion centers in the
structure. Identical syntheses using either enantiomorphic R-2-mpip or S-2-mpip result
in the noncentrosymmetric compounds [9, 31].

The three systems presented above display similarities and differences. The use of a
racemic 2-mpip results in disordered [CsH,4N,]** cations in 1, ordered [R-CsH4N,]*T,
and [S-CsH 4N,]*" cations in [CsH4N,][Cu(H,0)4](SO4), - H,O. However, the use of
enantiomorphically pure sources of 2-mpip in 2 and 3 directs crystallization to
noncentrosymmetric space groups and crystallographically orders the organic cations.

The thermal analysis (DTA-TG and TDXD) curves for 1 and 3 show that there are
similar changes in the decomposition of precursors with small differences, which could
be associated with the difference of dehydration temperatures.

6. Concluding remarks

Directed synthesis of noncentrosymmetric zinc sulfates is possible through incorporation
of enantiomerically pure chiral amines. Despite the presence of crystallographic disorder
when using a racemic source of the amine, syntheses containing either R-2-mpip or S-2-
mpip result in two new noncentrosymmetric hybrid compounds. Thermal analyses
studied by TG-DTA and TDXD for 1 and 3 show that there are similar changes in
decomposition of precursors with somewhat small differences, which could be associated
with the structural variations. Specifically, dehydration temperatures are affected by
both the strengths and topologies of the extensive hydrogen-bonding structures.

Supplementary material

Crystallographic data (excluding structure factors) for the structures reported in this
article have been deposited with the Cambridge Crystallographic Data Center as
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supplementary publication Nos CCDC 859888-859890. Tables of hydrogen-bond
details for all compounds are available in the Supplementary material.
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