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Noncentrosymmetry in New Templated Gallium Fluorophosphates
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Two new noncentrosymmetric polar gallium fluorophosphates have been synthesized under mild hydrothermal
conditions through the use of enantiomorphically pure sources of either R-2-methylpiperazine or S-2-methylpiper-
azine. A centrosymmetric analogue was also prepared using a racemic source of the amine. Novel [Ga3F(PO4)4]n

4n-

layers, constructed from [Ga3O3F(PO4)4] building units, are observed in all three compounds. 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 the amines. Second harmonic generation measure-
ments were performed on [(R)-C5H14N2]2[Ga3F(PO4)4] 3 5.5H2O and [(S)-C5H14N2]2[Ga3F(PO4)4] 3 4.75H2O, both of
which display type 1 phase-matching capabilities and exhibit activities of ∼50 � R-SiO2. The structures of these
compounds were determined using single crystal X-ray diffraction, infrared spectroscopy, and thermal analyses.
[C5H14N2]2[Ga3F(PO4)4] 3 5.25H2O, a = 13.0863(5) Å, c = 9.9023(4) Å, trigonal, P-3 (No. 147), Z = 2; [(R)-
C5H14N2]2[Ga3F(PO4)4] 3 5.5H2O, a = 13.0887(2) Å, c = 29.9439(4) Å, trigonal, P31 (No. 144), Z = 6; [(S)-
C5H14N2]2[Ga3F(PO4)4] 3 4.75H2O, a = 13.0871(2) Å, c = 29.8350(6) Å, trigonal, P32 (No. 145), Z = 6.

Introduction

Materials that possess crystallographic noncentrosymme-
try (NCS) are of great interest to researchers because they can
exhibit several desirable physical properties,1 including non-
linear optical activity such as second harmonic generation
(SHG) or frequency doubling and piezoelectricity. Despite
the crystallographic requirements for the possibility of these
properties, the performances of specific compounds are
determined by structure and composition.
The ability to formNCS structures fromchiral components

was first observed qualitatively by Pasteur.2,3 The orientation
of the hemihedral facets in crystals of sodium ammonium
tartrate reflected the chirality of the tartrate anions as well as
noncentrosymmetry and enantiomorphism of the three-
dimensional structure (space group P21212).

4,5 However, the
extension of this technique to systems containing metal oxide
components is both more desirable and more difficult.
Noncentrosymmetric compounds containing metal oxide

bondsareof specific interestbecauseof theirhighpolarizabilities,

the suspected source of the unusually high SHG responses in
materials such as KTiOPO4 (KTP)6,7 and LiNbO3.

8 Such
materials have been synthesized using chiral components, either
through direct incorporation of chiral coordination complexes,9

amino acids,10 and organic amines11-15 or through induction
using chiral ionic liquids.16 Other strategies for the formation of
novel NCS compounds include the use of second-order
Jahn-Teller cations,6-8 main group cations with stereochemi-
cally active lone pairs,17-19 and inherently acentric metal oxide
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fluoride anions.20,21 In addition, several metal organic frame-
works containing acentric linkers,22,23 compounds composed of
mixed ionic and covalent sublattices synthesized using salt-
inclusion reactions,24,25 and structurally related tungsten
bronzes,26 borates,27-29 and KTP-type gallium fluorophos-
phates30,31 are noncentrosymmetric.
A host of organically templated gallium phosphates and

fluorophosphates havebeen reported in thepast 15 years.32-39

This mature system contains an exceptionally diverse range of
inorganic architectures and has yielded valuable information
about formation mechanisms in such compounds.34,40,41 We
report the use of chiral organic amines to direct crystallo-
graphic noncentrosymmetry in a series of novel gallium
phosphates. The synthesis, structure, and characterization of
three neworganically templated gallium fluorophosphates are
reported. A previously unreported [Ga3F(PO4)4]n

4n- layer
topology is observed in each compound. [C5H14N2]2[Ga3-
F(PO4)4] 3 5.25H2O (1) was synthesized using racemic
2-methylpiperazine and is centrosymmetric, while the non-
centrosymmetric compounds [(R)-C5H14N2]2[Ga3F(PO4)4] 3
5.5H2O (2) and [(S)-C5H14N2]2[Ga3F(PO4)4] 3 4.75H2O (3)
were synthesized using enantiomerically pure sources of (R)-
2-methylpiperazine and (S)-2-methylpiperazine, respectively.
Compounds 2 and 3 are both active for second harmonic
generation and display type 1 phase-matching capabilities,
and efficiencies of approximately 50 � R-SiO2.

Experimental Section

Materials.Ga(NO3)3 3H2O (99.9%), H3PO4 (85%), 2-methyl-
piperazine (95%, 2-mpip), (R)-(-)-2-methylpiperazine (97%,
R-2-mpip), (S)-(þ)-2-methylpiperazine (99%, S-2-mpip), and
HFaq (48%) were purchased from Aldrich and used as received.
Deionized water was used in these syntheses.

Synthesis.All reactionswere conducted in 23mLpoly(fluoro-
ethylene-propylene) lined pressure vessels. Reactions were
heated to 150 �C over 30 min and allowed to soak for 4 days.
The reactions were then cooled to room temperature at a rate of
6 �C h-1 to promote the growth of large single crystals. Auto-
claves were opened in air, and products were recovered through
filtration. Reaction yields ranged between 55-60% based on
Ga. No additional reaction products other than those described
below, crystalline or amorphous, were observed.

[C5H14N2]2[Ga3F(PO4)4] 3 5.25H2O (1). Compound 1 was
synthesized through the reaction of 0.0740 g (2.70 � 10-4 mol)
of Ga(NO3)3 3H2O, 0.2552 g (2.90 � 10-3 mol) of 2-mpip,
0.3085 g (3.18 � 10-3 mol) of H3PO4, 2 drops (∼0.2 g, 1.0 �
10-3 mol) of HFaq, and 3.0087 g (1.67� 10-1 mol) of deionized
water. Colorlessblocks.Elementalmicroanalysis for 1obsd (calc):
C 13.66(13.24); H 4.16(4.25); N 6.20(6.18). IR data: N-H 1465,
1499, 1629 cm-1, C - H 3020 cm-1, P - O 1022, 1102 cm-1.

[(R)-C5H14N2]2[Ga3F(PO4)4] 3 5.5H2O (2). Compound 2 was
synthesized through the reaction of 0.0758 g (2.77 � 10-4 mol)
of Ga(NO3)3 3H2O, 0.2565 g (2.91 � 10-3 mol) of R-2-mpip,
0.3057 g (3.12� 10-3mol) ofH3PO4, 2 drops (∼0.2 g, 1.0� 10-3

mol) ofHFaq, and 3.0057 g (1.67� 10-1mol) of deionizedwater.
Colorless blocks. Elemental microanalysis for 2 obsd (calc): C
13.52(13.17); H 4.19(4.28); N 6.14(6.15). IR data: N - H 1466,
1499, 1628 cm-1, C - H 3019 cm-1, P - O 1020, 1096 cm-1.

[(S)-C5H14N2]2[Ga3F(PO4)4] 3 4.75H2O (3).Compound 3was
synthesized through the reaction of 0.0746 g (2.73 � 10-4 mol)
of Ga(NO3)3 3H2O, 0.2575 g (2.93 � 10-3 mol) of S-2-mpip,
0.3029 g (3.09 � 10-3 mol) of H3PO4, 2 drops (∼0.2 g, 1.0 �
10-3 mol) of HFaq, and 3.0029 g (1.67� 10-1 mol) of deionized
water. Colorless blocks. Elemental microanalysis for 3 obsd
(calc): C 13.40(13.37); H 4.15(4.18); N 6.10(6.24). IR data:
N-H1458, 1496 cm-1,C-H3019cm-1, P-O1022, 1100cm-1.

Single Crystal X-rayDiffraction.Datawere collected using an
Oxford Diffraction Xcalibur3 CCD diffractometer with an
Enhance Mo KR radiation source (λ = 0.71073 Å). A single
crystal was mounted on a glass fiber using N-paratone oil and
cooled in situ to 110(2) K for data collection. Frames were
collected, indexed, and processed, and the files were scaled using
CrysAlis RED.42 The heavy atom positions were determined
using SIR92.43 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 onFo

2 with I>3σ(I). Hydrogen atomswere
placed in geometrically idealized positions. All calculationswere
performed using Crystals.44 Relevant crystallographic data are
listed in Table 1.

Powder X-ray Diffraction. Powder diffraction patterns were
recorded on a GBC-Difftech MMA powder diffractometer.
Samples were mounted on aluminum plates. Calculated powder
patterns were generated from single crystal data using ATOMS
v. 6.0.45

Infrared Spectroscopy. Infrared measurements were obtained
using a PerkinElmer 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.

Thermogravimetric Analysis. Thermogravimetric analyses
(TGA) were conducted using a TGA 2050 thermogravimetric
analyzer from TA Instruments. Samples were contained within
a platinum crucible and heated in nitrogen at 10 �C min-1 to
800 �C.TGA traces are available in the Supporting Information.
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Nonlinear Optical Measurements. Powder SHG measure-
ments were conducted using a modified Kurtz-NLO system
with a 1064 nm light source.46,47 Polycrystalline [(R)-
C5H14N2]2[Ga3F(PO4)4] 3 5.5H2O and [(S)-C5H14N2]2[Ga3F-
(PO4)4] 3 4.75H2O were ground and sieved into distinct particle
size ranges: < 20, 20-45, 45-63, 63-75, 75-90, and 90-120
μm. Crystalline R-quartz was ground and sieved into identical
particle size ranges in order to compare the SHG properties of
[(R)-C5H14N2]2[Ga3F(PO4)4] 3 5.5H2O (2) and [(S)-C5H14N2]2-
[Ga3F(PO4)4] 3 4.75H2O (3) 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 at-
tached to the tube in order to only detect SHG light.

Results

[C5H14N2]2[Ga3F(PO4)4] 3 5.25H2O (1), [(R)-C5H14N2]2-
[Ga3F(PO4)4] 3 5.5H2O (2), and [(S)-C5H14N2]2[Ga3F(PO4)4] 3
4.75H2O (3) all contain [Ga3O3F(PO4)4] secondary building

units34,40 through which crystallization is thought to occur
via a charge density matching process48,49 (Figure 1). The
Ga-F bond lengths range between 2.116(4) and 2.400(5) Å.
Ga-O bonds that are trans to fluoride positions exhibit
longer lengths [1.859(6)-1.892(6) Å] and otherGa-Obonds
[1.807(6)-1.851(6) Å]. Condensation of the [Ga3O3F(PO4)4]
units results in the formation of [Ga3F(PO4)4]n

4n- layers,
which are previously unreported (Figure 2). While the
[Ga3O3F(PO4)4] monomer units in compounds 1-3 have
been observed previously in Mu-34,50 the layers in Mu-34
contain [Ga3O3F(PO4)4] and [Ga3O3(PO4)4] motifs and ex-
hibit a distinctly different layer topology with respect to
compounds 1-3. Bond valence sums51,52 were calculated for
compounds 1-3. The values on the Ga3þ and P5þ centers
range between 3.10 and 3.19, and 4.73 and 4.92, respectively,
in good agreement with the assigned oxidation states.

Table 1. Crystallographic Data for Compounds 1-3

compound [C5H14N2]2[Ga3F(PO4)4] 3 5.25H2O (1) [(R)-C5H14N2]2[Ga3F(PO4)4] 3 5.5H2O (2) [(S)-C5H14N2]2[Ga3F(PO4)4] 3 4.75H2O (3)

formula C10H38.5FGa3N4O21.25P4 C10H39FGa3N4O21.5P4 C10H37.5FGa3N4O20.75P4

fw 906.56 911.06 897.56
space group P-3 (No. 147) P31 (No. 144) P32 (No. 145)
a (Å) 13.0863(5) 13.0887(2) 13.0871(2)
b (Å) 13.0863(5) 13.0887(2) 13.0871(2)
c (Å) 9.9023(4) 29.8439(4) 29.8350(6)
R (deg) 90 90 90
β (deg) 90 90 90
γ (deg) 120 120 120
V (Å3) 1468.59(10) 4427.71(11) 4425.31(13)
Z 2 6 6
Fcalc (g cm-3) 2.006 2.026 2.000
λ (Å) 0.71073 0.71073 0.71073
T (K) 110(2) 110(2) 110(2)
μ (mm-1) 3.048 3.036 3.034
Flack parameter - 0.019(14) 0.063(16)
R1

a 0.0373 0.0411 0.0421
wR2

b 0.0742 0.1370 0.1005

aR1 =
P

)Fo|- Fc )/
P

|Fo|.
bwR2 = [

P
w(Fo

2 - Fc
2)2/[

P
w(Fo

2)2]1/2.

Figure 1. [Ga3O3F(PO4)4] secondary building units in compounds 1-3.
Green, blue, yellow, and red spheres represent gallium, phosphorus,
fluorine, and oxygen atoms, respectively.

Figure 2. Polyhedral representation of the [Ga3F(PO4)4]n
4n- layers

present in 1-3. Green trigonal bipyramids and blue tetrahedra represent
[GaO4F] and [PO4], respectively.
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Full tables of bond valence sums are available in the Support-
ing Information.
Compounds 1-3 all contain a significant number of highly

disordered occluded water molecules that occupy channels in
the structures. Packing figures showing these disordered water
molecules are available in the Supporting Information. The
number of occluded water molecules was determined for each
compound using elemental analyses, thermogravimetric ana-
lyses, and diffraction studies. Each compound exhibits a char-
acteristic mass loss between approximately 40 and 180 �C,
corresponding to the loss of disordered intrachannel water
molecules. Good agreement was observed between the calcu-
lated number of solvent waters using elemental analysis and
TGA data. These water levels were incorporated into the final
structural model on the basis of single crystal X-ray diffraction
data, resulting in converged refinements for each structure.
The structures of compounds 1-3 are closely related.

Each contains the same [Ga3F(PO4)4]n
4n- layers, similar

layer stacking, and channels occupied by disordered water
molecules and [2-mpipH2]

2þ cations. However, their sym-
metries differ greatly. Compound 1, which was synthesized
using racemic 2-mpip, crystallizes in the centrosymmetric
space groupP-3 (No. 144). In contrast, compounds 2 and 3
each crystallize in the noncentrosymmetric polar space
groups P31 (No. 144) and P32 (No. 145), respectively. In
addition, the unit cells for compounds 2 and 3 can be
considered supercells of compound 1, in which the length
of the c-axis is tripled (Figure 3). The primary differences
between compounds 2 and 3 are the presence of only R-2-
mpip in 2 and only S-2-mpip in 3 and the direction of the
screw axis. In both compounds, ordered [2-mpipH2]

2þ

cations and [Ga3O3F(PO4)4] monomers stack along either
31 or 32 screw axes (Figure 4).
The reduction in symmetry of compounds 2 and 3 with

respect to compound 1 is also reflected in the internal
structure of the [Ga3F(PO4)4]n

4n- layers. Inspection of the
Ga-F bonds in these compounds is particularly revealing. A
single unique Ga-F bond length of 2.2788(9) Å is observed
in 1. In contrast, six distinctGa-Fbonds are present in 2 and
3. In 2, theGa-Fbonds range between 2.224(4) and 2.308(4)
Å for F1 and between 2.116(4) and 2.395(4) Å for F2.
Similarly, the Ga-F bonds in 3 range between 2.119(5)
and 2.400(5) Å for F1 and between 2.215(4) and 2.300(5) Å
for F2. The marked asymmetry in the fluoride coordination
geometries in 2 and 3 is a direct result of the inclusion of

enantiomorphically pure amines and reflects a true reduction
in symmetry of the layers.
The SHG intensities versus particle size for 2 and 3 are

shown in Figure 5. Compounds 2 and 3 exhibit SHG
intensities that are ∼50 � R-SiO2 (the reference used in this
study), and both compounds display type 1 phase-matching
capabilities.

Discussion

Initial studies were conducted using a racemic source of the
chiral amine 2-mpip, from which compound 1 was formed.
Subsequent reactions were focused on the studying the
effects of using enantiomorphically pure sources of either
R-2-mpip or S-2-mpip. As noted above, the use of chiral
organic amines to favor the formation of new noncentrosym-
metric materials is known.11-15,53 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 compound 2-mpip was selected for use in this study

because this rigid diamine is not likely to exhibit orientational

Figure 3. Three-dimensionalpackingof1-3.White andblue spheres represent carbonandnitrogen, respectively.Occludedwatermolecules andhydrogen
atoms have been removed for clarity. Unit cells are shown.

Figure 4. 31 and 32 screw axis positions in (a) 2 and (b) 3.

(53) Hubbard, D. J.; Johnston, A. R.; Sanchez Casalongue, H.; Sarjeant,
A. N.; Norquist, A. J. Inorg. Chem. 2008, 47, 8518–8525.
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disorder owing to its low molecular flexibility and multiple
points of interaction between each cation and the inorganic
components. Despite this, two disorder mechanisms are
observed in the [2-mpipH2]

2þ cations in compound 1. Inver-
sion symmetry within the cations that reside between
[Ga3F(PO4)4]n

4n- layers results in the superimposition of
both [R-2-mpipH2]

2þ and [S-2-mpipH2]
2þ(Figure 6a). The

use of a single enantiomer destroys these centers of inversion
and crystallographically orders the cations. In addition, the
channels in compound 1 are occupied by disordered water
molecules and [2-mpipH2]

2þ cations. These cations are highly
disordered over six orientations, contain both R-2-mpip and
S-2-mpip, and reside on a central inversion center at the
origin. The elimination of these inversion centers at 0,0,0
results in the ordering of all [2-mpipH2]

2þ cations in com-
pounds 2 and 3 and forces a reduction in symmetry from P-3
to either P31 or P32. The outcome of this is the formation of
supercells in compounds 2 and 3, with respect to compound
1, through a tripling of the c-axis (Figure 3).
Counterpoints to the role of template disorder in com-

pound 1 can be found in related systems based upon
templated molybdates or sulfated molybdena compounds.

[C7H16N2]2[Mo8O26] 3H2O
15 was synthesized using racemic

3-aminoquinuclidine (aqn) under mild hydrothermal con-
ditions contains β-[Mo8O26]

4- anions,54 and crystallizes in the
centrosymmetric space group P21/n (No. 14). The asym-
metric unit in this structure contains a single-ordered [S-
aqnH2]

2þ cation, from which a corresponding [R-aqnH2]
2þ

cation is generated through inversion symmetry. Identical
syntheses using either enantiomorphically R-aqn or S-aqn
result in the noncentrosymmetric compounds [(R)-
C7H16N2]2[Mo8O26] and [(S)-C7H16N2]2[Mo8O26], respec-
tively. The asymmetric units in these structures each contain
two unique cations, either two [R-aqnH2]

2þ or [S-aqnH2]
2þ

cations. In addition, [(R)-C5H14N2][(MoO3)3(SO4)] 3H2O
13

and [(S)-C5H14N2][(MoO3)3(SO4)] 3H2O
14 were synthesized

using R-2-mpip and S-2-mpip, respectively. Both crystallize
in the noncentrosymmetric space groupP212121 (No. 19) and
contain a single ordered [2-mpipH2]

2þ cation. However, in
contrast to the aqn compounds, the use of racemic 2-mpip
does not result in a centrosymmetric analog. Instead, the
structure exists as an inversion twin and crystallizes inP212121.
The three systems presented above display similarities and

differences. The use of a racemic source of amines results in
highly disordered [2-mpipH2]

2þ cations in compound 1,
ordered [R-aqnH2]

2þ and [S-aqnH2]
2þ cations in [C7H16N2]2-

[Mo8O26] 3H2O, and the formation of an inversion twin in
[C5H14N2][(MoO3)3(SO4)] 3H2O. However, the use of enan-
tiomorphically pure sources of the respective amines in each
system directs crystallization to noncentrosymmetric space
groups, crystallographically orders the organic cations, and
results in SHG active compounds.

Conclusion

The use of chiral amines is an effective means for the
preparation of new noncentrosymmetric organic inorganic hy-
brid materials. 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 noncentrosym-
metric compounds with relatively strong SHG activities.
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