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New polar vanadium tellurite enantiomers have been synthesized under mild hydrothermal conditions

through the use of sodium metavanadate, sodium tellurite and enantiomerically pure sources of either

R-3-aminioquinuclidine or S-3-aminioquinuclidine. [R-C7H16N2][V2Te2O10] and [S-C7H16N2][V2Te2O10]

contain [V2Te2O10]n
2n� layers constructed from [(VO2)2O(TeO4)2] monomers. Steric effects associated

with the hydrogen-bonding network between the [V2Te2O10]n
2n� layers and [C7H16N2]2þ result in polar

structures and crystallization in the space group P21 (no. 4). Electron localization functions were

calculated to visualize the tellurite stereoactive lone pairs. Both iterative and non-iterative Hirshfeld

techniques were evaluated as means to determine atomic partial charges, with iterative Hirshfeld

charges more accurately representing charge distributions in the reported enantiomers. These charges

were used to calculate both component and net dipole moments. [R-C7H16N2][V2Te2O10] and

[S-C7H16N2][V2Te2O10] exhibit dipole moments of 17.37 and 16.62D, respectively. [R-C7H16N2][V2Te2O10]

and [S-C7H16N2][V2Te2O10] both display type 1 phase-matching capabilities and exhibit second harmonic

generation activities of �50�a-SiO2.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Materials that possess crystallographic noncentrosymmetry
are of great interest to researchers because they can exhibit
several desirable physical properties [1], such as second harmonic
generation (SHG) and piezoelectricity. Specific attention is paid to
compounds that crystallize in one of the ten polar crystal classes,
which results in a permanent dipole moment and enables the
possibility of ferroelectricity [2] and pyroelectricity [3].

The strategies that are most commonly employed for the
creation of new polar materials involve the use of asymmetric
building units [4–10]. Specific approaches include the use of
d0 early transition metals (Ti4þ , V5þ , Mo6þ , etc.) and lone pair
cations (such as Sn2þ , Sb3þ , Se4þ , etc.), which adopt asymmetric
geometries in oxide coordination environments owing to second-
order Jahn–Teller distortions [11–13]. Vanadium selenites and
tellurites have been the focus of recent attention, owing to the
presence of multiple asymmetric building units [7,14–21]. In
addition, the metal oxide bonds contained in such compounds
ll rights reserved.
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exhibit high polarizabilities, and are the suspected sources of the
unusually high SHG responses in materials such as KTiOPO4 (KTP)
[22,23] and LiNbO3 [24]. Other example systems include the use
of early transition metal oxide fluoride anions [25–27], the
synthesis of organic frameworks containing asymmetric linkers
[28,29] and the preparation of new borates [30–32].

Two fundamental questions are posed by the formation of a
new polar material. First, why is the compound polar? Identifica-
tion of the interactions that induce polarity is paramount in
understanding the formation mechanisms of the given material.
Second, how do the component dipole moments contribute to the
net moment in the compound? This information requires one to
calculate both component and net dipole moments and to analyze
the mechanisms of their partial (or total) cancellation. While the
symmetry of a given material generally dictates the orientation of
the net dipole moment, the magnitudes and directions of compo-
nent dipole moments in polar structures are of great interest
because the degree of their cancellation significantly impacts
many properties, such as second harmonic generation [33,34].

The strategy employed in this study utilizes three low symmetry
building units: a chiral organic amine, V5þ and Te4þ . We report on
the synthesis, structure and characterization of a pair of new polar
enantiomers, [R-C7H16N2][V2Te2O10] and [S-C7H16N2][V2Te2O10].

www.elsevier.com/locate/jssc
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Table 1
Crystallographic data for 1a and 1b.

Compound [R-C7H16N2][V2Te2O10] (1a) [S-C7H16N2][V2Te2O10] (1b)

Formula C7H16N2O10Te2V2 C7H16N2O10Te2V2

fw 645.29 645.29

Space-group P21 (No. 4) P21 (No. 4)

a (Å) 6.0376(10) 6.0405(11)

b (Å) 20.075(3) 20.084(4)

c (Å) 6.1332(10) 6.1369(11)

b (1) 97.071(2) 97.094(3)

V (Å3) 737.7(2) 738.8(2)

Z 2 2

rcalc (g cm�3) 2.905 2.901

l (Å) 0.71073 0.71073

T (K) 100(2) 100(2)

m (mm�1) 5.198 5.191

Flack parameter 0.02(3) �0.02(4)

R1
a 0.0274 0.0373

WR2
b 0.0621 0.0765

a R1¼S99Fo9�Fc99/S9Fo9.
b WR2¼[SW(Fo

2–Fc
2)2/[SW(Fo

2)2]1/2.
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Electron localization functions [35,36], and both component and net
dipole moments are calculated for each enantiomer, and their
respective SHG activities are reported.

2. Experimental

2.1. Materials

NaVO3 (99.5%), Na2TeO3 (99.5%), (R)-(þ)-3-aminoquinuclidine
dihydrochloride (98%, R-aqn) and (S)-(-)-3-aminoquinuclidine
dihydrochloride (98%, S-aqn) were purchased from Aldrich and
used as received. Deionized water was used in these syntheses.

2.2. Synthesis

All reactions were conducted in 15 mL polypropylene screw
top bottles. The pH of each reaction gel was adjusted to 8 using
2 M HCl and it was stirred for 10 min before heating at 90 1C for
60 h. Bottles were opened in air, and products were recovered
through filtration. Powder X-ray diffraction patterns of each bulk
sample match the pattern generated from the respective single-
crystal X-ray structure data.

[R-C7H16N2][V2Te2O10] (1a) was synthesized through the reaction
of 0.1532 g (1.26�10�3 mol) of NaVO3, 0.2789 (1.32�10�3 mol)
of Na2TeO3, 0.1639 g (1.30�10�3 mol) of R-aqn and 6.05 g
(3.36�10�1 mol) of deionized water. Yellow rods were obtained
in 61% yield, based on Te. Elemental microanalysis for 1a obsd
(calc): C 13.36(13.02); H 2.46(2.50); N 4.29(4.30); V 15.12(15.79);
Te 38.31(39.56). IR data: N–H 1470, 1525, 1634 cm�1, C–H
3008 cm�1, V¼O 863 cm�1, Te–O–Te 657 cm�1.

[S-C7H16N2][V2Te2O10] (1b) was synthesized through the reaction
of 0.1537 g (1.26�10�3 mol) of NaVO3, 0.1668 (7.88�10�4 mol)
of Na2TeO3, 0.1670 g (1.33�10�3 mol) of S-aqn and 5.99 g
(3.33�10�1 mol) of deionized water. Yellow rods were obtained
in 47% yield, based on Te. Elemental microanalysis for 1b obsd
(calc): C 13.32(13.02); H 2.40(2.50); N 4.29(4.30); V 15.02(15.79);
Te 37.24(39.56). IR data: N–H 1470, 1525, 1635 cm�1, C–H
3008 cm�1, V¼O 863 cm�1, Te–O–Te 658 cm�1.

2.3. Single crystal X-ray diffraction

Data were collected using a Bruker AXS Smart Apex CCD
diffractometer with MoKa radiation (l¼0.71073 Å). Single crys-
tals were mounted on a Mitegen micromesh mount using a trace
of mineral oil and cooled in-situ to 100(2) K for data collection.
Frames were collected, indexed, processed and the files scaled
and corrected for absorption using APEX2 [37]. The heavy atom
positions were determined using SIR92 [38]. All other non-
hydrogen sites were located from Fourier difference maps. All
non-hydrogen sites were refined using anisotropic thermal para-
meters using full matrix least squares procedures on Fo

2 with
I43s(I). Hydrogen atoms were placed in geometrically idealized
positions. All calculations were performed using Crystals [39].
Relevant crystallographic data are listed in Table 1.

2.4. Powder X-ray diffraction

Powder diffraction patterns were recorded on a GBC-Difftech
MMA powder diffractometer. Samples were mounted on alumi-
num plates. Calculated powder patterns were generated from
single crystal data using ATOMS v. 6.0 [40].

2.5. Infrared spectroscopy

Infrared measurements were obtained using a Perkin Elmer
FT-IR Spectrum 1000 spectrophotometer. Samples were diluted
with spectroscopic grade KBr and pressed into a pellet. Scans
were run over the range of 400–4000 cm�1.

2.6. Thermogravimetric analysis

Thermogravimetric analyses (TGA) were conducted using a
Q500 thermogravimetric analyzer from TA instruments. Samples
were contained within a platinum crucible and heated in
nitrogen at 10 1C min�1 to 950 1C. TGA traces are available in
the Supplementary Data.

2.7. Nonlinear optical measurements

Powder SHG measurements were conducted using a modified
Kurtz-NLO system, with a 1064 nm light source [33,41].
Polycrystalline [R-C7H16N2][V2Te2O10] (1a) and [S-C7H16N2][V2Te2O10]
(1b) were ground and sieved into distinct particle size ranges: o20,
20–45, 45–63, 63–75, 75–90 and 90–120 mm. Crystalline a-SiO2

was ground and sieved into identical particle size ranges in order
to compare the SHG properties of 1a and 1b to known materials.
All powders were placed in separate capillary tubes, and no index-
matching fluid was used in any experiment. The SHG, i.e. 532 nm
light, was collected in reflection and detected using a photomultiplier
tube. A 532 nm narrow-bandpass interference filter was attached to
the tube in order to only detect the SHG light.
3. Calculations

3.1. Electron localization functions (ELFs)

Solid-state electronic structure calculations were performed
using version 47 of the Stuttgart tight-binding linear muffin-
tin orbital, atomic sphere approximation (TB-LMTO-ASA) code
[35,36], which replaces the core electrons with a pseudopotential.
It is known that the valence-electron-density ELF quantitatively
differs from all-electron values, but does not alter the qualitative
results except for the lack of core basins [42]. To focus more
clearly on the anion, only the [V2Te2O10] components (using the
experimental crystal structure) were included in these calcula-
tions. We have previously demonstrated that amines do not
modify the location of the Te lone pair [43]. Consequently, the
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discussion of ELF isosurfaces will be restricted to qualitative
properties.
3.2. Partial charges and dipole moments

Solid-state electronic structure calculations were performed using
ABINIT 6.0.3 [44,45], using the Perdew–Burke–Ernzerhof generalized
gradient approximation (PBE-GGA) exchange-correlation functional,
norm-conserving Trollier–Martins pseudopotentials, a planewave
basis set with an energy cutoff of 25 hartrees and utilizing the
experimental crystal structures. Calculations using Te pseudopoten-
tials both with and without 4d-electrons included in the valence
were performed. Small differences in atomic charges were observed,
on the order of 9%. All charges and dipole moments presented below
were calculated from Te pseudopotentials that included Te 4d

electrons. Sampling of the Brillouin zone was performed with a
6�6�6 Monkhorst-Pack grid. Hirshfeld [46] and iterative Hirshfeld
(Hirshfeld-I) [47,48] atomic partial charge determinations were
performed on the self-consistent valence electron density using the
Cut3D program and promolecule all-electron atomic charge densities
generated using the HF96 atomic Hartree–Fock code [49]. Dipole
moments were calculated from the partial charges and atomic
positions using a methodology described earlier [9,25,26].
Fig. 1. Ball-and-stick representation of the [(VO2)2O(TeO4)2] monomers in 1a and

1b. ELF isosurfaces are shown with a boundary condition of 0.78. The black arrows

indicate the approximate directions and magnitudes of the dipole moments for

the TeO5 and VO5 polyhedra. The large black arrow represents the direction of the

net dipole of the [(VO2)2O(TeO4)2] monomer.

Fig. 2. The [V2Te2O10]n
2n� layers in 1a and 1b. ELF isosur
4. Results and discussion

[R-C7H16N2][V2Te2O10] (1a) and [S-C7H16N2][V2Te2O10] (1b)
are enantiomers. As such, their respective connectivities are
identical, with each being the inverse of the other. Their inorganic
components are constructed from [(VO2)2O(TeO4)2] monomers
that contain two [VO5] trigonal bipyramids and two [TeO5]
distorted square pyramids, as shown in Fig. 1. These monomers
are connected to one another through shared oxide ions, creating
[V2Te2O10]n

2n� layers. See Fig. 2.
While other reported templated vanadium tellurites [43,50–52]

and hybrid compounds [53] contain either [V2Te2O10]n
2n� chains or

layers, those observed in 1a and 1b are novel. The chains present in
[C4H14N2][V2Te2O10] [43] and layers in [C2H10N2][VTeO5]2 [50],
[C2H10N2][(VO2)(TeO3)] �H2O [51], [C4H12N2][(VO2)(TeO3)]2 �H2O
[51] and (C4H13N3)[(VO2)(TeO3)]2 �2H2O [52] all contain tellurite
dimers that are linked by [VO4] or [VO5] polyhedra, with no
observed V–O–V connections. The layers present in Cu(C14H8N4)V2-

Te2O10 [53] and Cu(C18H10N4)V2Te2O10 [53] contain Cu–O–Te lin-
kages and distinctly different layer topologies.

The V–Oterminal bonds in 1a and 1b are short, ranging between
1.628(6) and 1.667(7) Å, while V–Obridging bonds vary more
widely and are generally longer with an observed range of
1.907(5)–2.174(9) Å. The intra-monomer Te–O bonds range
between 1.884(5) and 2.337(5) Å. Longer Te–O–V connections
are observed between monomers, with long Te–O bonds
(2.694(4)–2.782(4) Å) and short V–O bonds (1.642(6)–
1.651(6) Å). Selected bond lengths are given in Table 2 and 3.

1a and 1b were analyzed using bond valence sums [54,55]. The
calculated SSi values for each cation correspond to their assigned
oxidation states, with V5þ and Te4þ sums ranging between 4.94 and
5.00 and between 4.10 and 4.14, respectively. The second-order Jahn–
Teller (SOJT) [11–13] distortions in the Te4þ cations are manifested in
their asymmetric coordination geometries. Full tables of calculated
bond valence sums are given in Supplementary Data.
faces are shown with a boundary condition of 0.78.

Table 2

Selected bond lengths (Å) in [R-C7H16N2][V2Te2O10] (1a).

V1–O1 1.632(4) Te1–O2 1.887(4)

V1–O2 1.922(4) Te1–O3 2.335(3)

V1–O3 2.150(6) Te1–O4 2.694(4)

V1–O4 1.642(4) Te1–O8 1.899(4)

V1–O5 1.910(3) Te1–O10 1.964(3)

V2–O3 2.022(5) Te2–O3 2.255(3)

V2–O6 1.640(4) Te2–O4 2.782(4)

V2–O7 1.656(4) Te2–O5 1.886(3)

V2–O8 1.945(3) Te2–O9 1.897(4)

V2–O9 1.947(3) Te2–O10 1.964(3)



Table 3

Selected bond lengths (Å) in [S-C7H16N2][V2Te2O10] (1b).

V1–O1 1.628(6) Te1–O2 1.886(5)

V1–O2 1.907(5) Te1–O3 2.258(4)

V1–O3 2.174(9) Te1–O4 2.781(6)

V1–O4 1.651(6) Te1–O8 1.904(6)

V1–O5 1.926(6) Te1–O10 1.968(5)

V2–O3 1.995(8) Te2–O3 2.337(5)

V2–O6 1.639(6) Te2–O4 2.698(6)

V2–O7 1.667(7) Te2–O5 1.884(5)

V2–O8 1.955(6) Te2–O9 1.907(6)

V2–O9 1.944(6) Te2–O10 1.948(5)

Table 4
Calculated dipole moments in [R-C7H16N2][V2Te2O10] (1a) and [S-C7H16N2][V2Te2O10]

(1b) using Hirshfeld-I charges.

[R-C7H16N2][V2Te2O10] [S-C7H16N2][V2Te2O10]

Species Dipole moment

(D)

Species Dipole moment

(D)

[V(1)O5] 9.72 [V(1)O5] 9.95

[V(2)O5] 8.36 [V(2)O5] 8.06

[Te(1)O5] 13.56 [Te(2)O5] 13.55

[Te(2)O5] 12.49 [Te(1)O5] 12.52

[V2Te2O10]n
2n�

layer

19.04 [V2Te2O10]n
2n�

layer

18.68

[R-aqnH2]2þ 2.30 [S-aqnH2]2þ 2.26

net moment 17.37 net moment 16.62
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ELF isosurfaces were calculated for 1a and 1b. Lobelike,
monosynaptic ELF basins are observed near each Te4þ cation,
consistent with stereoactive lone pairs. Isosurfaces for the
[(VO2)2O(TeO4)2] monomers and [V2Te2O10]n

2n� layers in 1a are
shown in Fig. 1 and Fig. 2, respectively. While the ELFs are
determined by the charge densities and their nodal characteris-
tics, rather than electron pairing per se [56], they correspond to
chemical intuitions of localized bonds and lone pairs [57]. All
stereoactive lone pairs within a given [V2Te2O10]n

2n� layer are
roughly aligned for each structure (see Fig. 2).

There are many arbitrary methods of assigning atomic partial
point charges. The Hirshfeld scheme has certain conceptual and
technical advantages, but tends to underestimate the magnitude
of the partial charges, a particularly relevant example being
that of polyoxometallate anions recently studied by Courcot and
Bridgeman [58]. This is corrected in the iterative Hirshfeld
(Hirshfeld-I) scheme, described by Bultinck et al. [47,48] by self-
consistently refining the promolecular atomic densities used in
the partitioning calculation. Benchmarking studies on small
molecules indicate that this corrects for the systematic defects
of the (non-iterative) Hirshfeld scheme, and that the resulting
charges yield accurate electrostatic potentials [59]. To our knowl-
edge, the only prior application of the Hirshfeld-I scheme to
periodic systems is the study of paramagnetic adsorbates on
graphene by Leenaerts et al. [60]. The Hirshfeld-I scheme requires
a set of neutral, cationic and anionic atomic charge densities;
since atomic anions are unstable in GGA-PBE theory, Hartree–
Fock theory was used to obtain the atomic promolecular charge
densities. The partial charges calculated for both the iterative and
the non-iterative schemes are shown in Tables S3 and S4 for 1a
and 1b, respectively. As in the example of formaldehyde dis-
cussed by Bultinck et al. [47], the Hirshfeld-I partial charges are
generally greater in magnitude than the non-iterative result. The
vanadium charges calculated using the Hirshfeld-I scheme (1.603–
1.688) are approximately fifteen times larger than the Hirshfeld
charges (0.091–0.128). The tellurium charges increase by approxi-
mately three fold between the Hirshfeld-I (1.978–2.009) and
Hirshfeld (0.607–0.613) schemes. Similar increases are observed
in the oxygen charges for the Hirshfeld-I (�0.552 to �1.071) and
Hirshfeld (�0.195 to �0.299) schemes. In each case, the Hirsh-
feld-I charges are in better agreement with chemical intuition.
Increases are also observed in the nitrogen, carbon and hydrogen
charges with one exception. C3 becomes slightly more positive
from �0.0183 and �0.0167 in 1a and 1b to 0.006 and 0.002,
respectively. The Hirshfeld-I partial charges appear to represent
the charge distribution in these compounds more accurately.

Having obtained the atomic partial charges, dipole moments
were calculated for each bond in 1a and 1b, using the Hirshfeld-I
charges. Dipole moments were calculated for each [VO5] and
[TeO5] polyhedron using Hirshfeld-I charges, and are shown in
Fig. 1 as arrows. The direction and length of the arrows are
representative of the calculated dipole moment vectors. The
magnitudes of these vectors are listed in Table 4. As shown in
Fig. 1, the dipole moments on the [VO5] polyhedra are nearly
aligned with the V–O3 bonds. The dipole moments on the two
[VO5] polyhedra in each [(VO2)2O(TeO4)2] monomer largely can-
cel with one another. In contrast, the dipole moments on the
[TeO5] polyhedra are more aligned. These moments point ‘away’
from the stereoactive lone pairs and toward the more negatively
charged oxide ligands. The main components of the net dipole
moments on the [(VO2)2O(TeO4)2] monomers are based upon the
‘additive’ [TeO5] dipole moments. The calculated [TeO5] dipole
moments range between 12.27 and 13.56D, which is consistent
with other reported values [9,61]. The small differences in partial
atomic charges and both component and net dipole moments
reflect small differences in atomic positions. As only the dipole
moment components along the b-axis contribute to the net dipole
moments of 1a and 1b, the small bond dipole magnitudes and
orientation differences result in slightly different net dipole
moments of the two enantiomers.

While it is known that chiral components are useful in the
formation of new noncentrosymmetric materials [62–68],
researchers often value compounds that crystallize in polar space
groups more highly. Of the twenty-one noncentrosymmetric
crystal classes, only the ten polar crystal classes contain perma-
nent dipole moments, which enables the possibility of ferroelectri-
city [2] and pyroelectricity. [3]. While the chirality of [R-aqnH2]2þ

and [S-aqnH2]2þ imparts noncentrosymmetry to 1a and 1b, it is the
nature of the hydrogen-bonding networks between these cations
and [V2Te2O10]n

2n� layers that is responsible for crystallization in the
polar space group P21 (No. 4, crystal class 2).

The [R-aqnH2]2þ and [S-aqnH2]2þ cations are aligned perpen-
dicular to the [V2Te2O10]n

2n� layers in order to maximize the
strength of the hydrogen-bonding networks (see Fig. 3). The
sterically hindered tertiary amines on the [aqnH2]2þ cations
hydrogen bond to the [V2Te2O10]n

2n� layers on the face opposite
the bulky stereoactive lone pairs. In contrast, the less crowded
primary amines hydrogen bond to the [V2Te2O10]n

2n� layers on the
face containing the stereoactive lone pairs. This has two effects.
First, all [R-aqnH2]2þ or [S-aqnH2]2þ cations in a given inter-layer
spacing have the same orientation because the orientations of
the stereoactive lone pairs in a given layer are aligned. Second,
neighboring layers are also aligned because each [aqnH2]2þ cation
interacts with two different faces of adjacent [V2Te2O10]n

2n� layers.
The result of this is the formation of a polar structure.

While the calculation of dipole moments on individual polar
units in a compound is illustrative, the degree to which neighbor-
ing dipoles cancel with one another shares equal importance. As
stated above, the alignment or misalignment of neighboring
dipoles directly affects the physical properties of a given com-
pound. The major contributors to the net dipole moments in 1a
and 1b are the [V2Te2O10]n

2n� layers. See Fig. 3 and Table 4.



Fig. 3. Three-dimensional packing in 1a. ELF isosurfaces are shown with a

boundary condition of 0.78. Hydrogen atoms have been removed for clarity. The

black arrows indicate the approximate directions and magnitudes of the dipole

moments for the [(VO2)2O(TeO4)2] monomers and [aqnH2]2þ cations. The large

black arrow represents the net dipole moment in 1a.

Fig. 4. SHG intensity versus particle size data for (a) 1a and (b) 1b. The curves

drawn are to guide the eye and are not fits of the data.
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The presence of 21 screw axes in each enantiomer, perpendicular
to the plane of layer propagation, results in a 1801 rotation of the
[V2Te2O10]n

2n� layers, the organic cations and their respective
dipole moments every b/2. This forces cancellation of any dipole
moment contributions in directions other than along the b-axis. In
fact, the direction of the net dipole is fixed along the crystal-
lographic b-axis by the symmetry of the structure. A significant
component of the dipole moments on the [V2Te2O10]n

2n� layers in
1a and 1b lie along the b-axis, resulting in net moments of 17.37
and 16.62D, respectively.

The observation that little cancellation occurs between the
largest component dipole moments in 1a and 1b is a result
of the [R-aqnH2]2þ and [S-aqnH2]2þ cations. While their dipole
moments are both significantly smaller than the inorganic layers,
these cations are responsible for alignment of the [V2Te2O10]n

2n�

layers along the b-axis, as described above. The net moments
in the anionic [V2Te2O10]n

2n� layers and either [R-aqnH2]2þ or
[S-aqnH2]2þ cations form attractive dipole–dipole electrostatic
interactions. In addition, an extensive hydrogen-bonding network
is formed between the organic cations and the [V2Te2O10]n

2n�

oxides, all of which are negatively charged and are possible
hydrogen bond acceptors.

Plots of the SHG intensities versus particle size for 1a and 1b
are shown in Fig. 4. These enantiomers exhibit SHG intensities
that are �50�a-SiO2 (the reference used in this study), and both
display type 1 phase-matching capabilities.

The use of racemic aqn in reactions that are identical to
those that resulted in the formation of 1a and 1b could result in
several possible outcomes. First, resolution of the [R-aqnH2]2þ and
[S-aqnH2]2þ cations could result in a mixture of 1a and 1b, in an
analogous fashion to Pasteur’s separation of sodium ammonium
tartrate [69,70]. Second, the formation of a distinct phase, in which
the [R-aqnH2]2þ and [S-aqnH2]2þ cations are related to one another
through inversion symmetry, could occur. This behavior has been
observed in templated polyoxomolybdates [65] and gallium phos-
phates [64]. Third, the [R-aqnH2]2þ and [S-aqnH2]2þ cations could
form domains within each crystal, resulting in an inversion twin, as
observed in some templated molybdenum sulfates [66,67].

The use of racemic aqn in this study resulted in the formation of
low quality crystals, despite repeated attempts to improve sample
quality. The powder X-ray diffraction patterns of the racemate are
essentially identical to those of 1a and 1b. In addition, the racemate
was found to display type 1 phase-matching capabilities and an SHG
activity essentially equivalent to 1a and 1b. This suggests either
the formation of inversion twins or the partial resolution of the
[R-aqnH2]2þ and [S-aqnH2]2þ cations and the formation of a
mixture of 1a and 1b. The formation of a distinct, centrosymmetric
phase in which the [R-aqnH2]2þ and [S-aqnH2]2þ cations are related
to one another through inversion symmetry did not occur because
such a phase would not be SHG active. Unfortunately, the low
crystal quality precludes additional structural characterization.
A plot of the SHG intensity versus particle size for the racemate is
available in the Supplementary Data.
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5. Conclusion

Hydrogen-bonding between either [R-aqnH2]2þ or [S-aqnH2]2þ

cations and [V2Te2O10]n
2n� layers results in the formation of

polar, noncentrosymmetric structures. The application of iterative
Hirshfeld charge partitioning to these organic inorganic structures
resulted in better atomic partial charges, from which both local and
net dipole moments were calculated.
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