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ABSTRACT: Three novel gallium phosphites, Ga-3, Ga-2, and Ga-1, have been
hydrothermally synthesized via the commercial 4-dimethylaminopyridine (DMAP) reagent
serving as a template in Ga-3 and Ga-1 and a ligand in Ga-2. These main-group-metal
phosphites present different topology from the first 3D framework containing extra-large 14-
ring (14R) channel (Ga-3) and then the second 2D organic—inorganic hybrid layer (Ga-2)
to the first 1D gallium phosphite chain (Ga-1). The structure detail of the three compounds,
examined by single-crystal X-ray diffraction (SXRD), is discussed to elucidate the topology

difference.

Inorganic open-framework materials, typically zeolites and
metal phosphate molecular sieves, have been extensively
explored and utilized in various conventional gas separation,
ion exchange, and catalysis processes. " An important
extension of the metal phosphate molecular sieve materials is
the metal phosphites achieved by replacing the anionic
[PO,]* tetrahedra with [HPO,]*~ pseudopyramids, which
have already attracted particular research interest due to their
diverse framework structures as well as novel properties such as
magnetism, fluorescence, and H, and CO, storage.” " Notably,
the P—H tails in the pseudopyramidal [HPO,]*~ groups could
greatly affect their linkages with the metal ions; this results in
the tendency to form exceptional interrupted open-framework
structures with extra-large channels (pore size larger than 12R)
beneficial to the potential applications on large molecules.”™""
Until now, numerous extra-large-channel metal phosphites
have been accquired, for example, Cr-NKU-24 with 24R
channels,”* NTHU-5 with 26R channels,"*> and NTHU-13
with 24R to 72R channels."* Nevertheless, almost all of these
metal phosphites with extra-large channels contain the
transiton-metal participants in their frameworks, also leading
to the largest number of phosphite structures. In sharp contrast
is the study into the pure main-group-metal phosphites, which
still remain seriously insufficient with much fewer kinds and
smaller channels."”™"”

Although only a very limited number of open-framework
gallium phosphites with 10R or 12R channels have been
reported in the last 30 years,'*™> unfortunately, there is only
one extra-large-channel gallium phosphite so far, i.e., NTHU-
15 with 18R channels.® Moreover, besides those small number
of 3D open-framework members mentioned above, the gallium
phosphites with lower dimensions, such as the 2D layers and
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1D chains, are even more scarce. Actually, in the gallium
phosphite system, there are only two reported 2D
structures,”®*’ but no 1D materials have ever been achieved.
Consequently, there still remains a great challenge to acquire
the novel gallium phosphites with more structure types as well
as different dimensionality, especially those with extra-large
channels, 2D or 1D structures, which are of significance for the
materials as well as structural chemistry of the metal phosphite
family.

On the other hand, it is well-known that the organic
structure-directing agents (OSDA) with versatile functions
play the most crucial role in the synthesis of open-framework
materials.”” Although the commercial DMAP reagent has
already been reported to template several novel open-
framework structures, such as the aluminophosphate SSZ-51
and the germanosilicate IM-18 and PKU-16,"*"" it has never
led to 1D chained structures nor been utilized in the metal
phosphite system. Until recently, it was employed as the
OSDA to construct a 14R-channel aluminophosphite PKU-
25Al, indicating its feasibility in synthesizing the main-group-
metal phosphites.”’ Thus, following this idea, by introducing
the DMAP ingredient into the gallium phosphite system for
the first time, we herein report three novel various dimensional
gallium phosphites with distinct structures, ie., the first 3D
extra-large 14R-channel Ga-3 ([(C,H{;N,)(H;0)3;]-
[Ga;(HPO;),,(OH)(H,0),]), the second 2D organic—
inorganic hybrid layered Ga-2 ((C,H,(N,)GaF(HPO;)), and
the first 1D chained Ga-1 ([C,H;;N,];[(GaF);(H, PO;)s]).
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Ga-3, Ga-2, and Ga-1 are all hydrothermally synthesized
from the mixtures containing raw materials with different ratios
in the Teflon-lined stainless autoclaves at 433 K for S days (see
Supporting Information for synthesis details). Ga-3 and Ga-1
have been prepared as pure phases, but unfortunately, the
minor Ga,0; reactant exists as the impurity in the Ga-2
product (Figure SS). Structural analyses by SXRD reveal that
Ga-3, Ga-2, and Ga-1 crystallize in the P31¢, R3, and P1 space
group, respectively (see Supporting Information for structure
details, Table S1), and thus the resultant crystals exhibit
hexagonal plate morphology for Ga-3 and Ga-2 and rod
morphology for Ga-1 (Figure S6). Consequentially, the various
dimensional crystal structures of Ga-3, Ga-2, and Ga-1 are
thus determined, all of which possess structures constructed
from the Ga-based octahedra, the pseudopyramidal phosphite
groups, and the organic DMAP molecules. The bond lengths
of the inorganic species in Ga-3, Ga-2, and Ga-1 all agree well
with those from other gallium phosphites.*'*~*’

Ga-3 possesses a 3D open-framework structure, almost
consistent with the previously reported PKU-25Al from their
similar powder X-ray diffraction patterns (PXRD) (Figure
§5).”" The asymmetric unit of Ga-3 is shown in Figure Sla.
Similarly, the S-connected GaOg octahedra and the [HPO,]*~
groups are first alternately connected to construct the ABAB
stacked hcb layers with 12R in the ab plane.”’ ~** The bonding
of the 4- and 6-connected GaOg octahedra with the [HPO;]*~
groups constitutes the particular chains with unprecedented
face-sharing GaO, octahedra dimers formed by three —O(9)H
groups connecting two Ga(3) atoms along the c-axis (Figure 1a
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Figure 1. Crystal structure of Ga-3. (a) 3D open-framework structure.
(b) 2D honeycomb-like 14R-channel system shown as dark gray
sticks. (c) Dumbbell-shaped 14R-channel window. (d) Unprece-
dented face-sharing GaOg4 octahedra dimer with 50% probability.

and b), as verified by the SXRD refinement (Figure 1d) and
the bond valence sum (BVS) calculations. Meanwhile, apart
from PKU-25Al, no obvious structural disorder of the face-
sharing GaOy octahedra dimers in Ga-3 is observed from the
SXRD refinement.”" Although the bonding of two Ga atoms by
—OH groups has been reported previously,””*” it has only led
to the formation of corner-sharing GaOg octahedra. Con-
sequently, such face-sharing GaOy4 octahedra dimers are very
rare, and have appeared in another relatively dense gallium
phosphite.'”

Eventually, by stringing the gallium phosphite layers via the
chains through the 12R, the 3D inorganic open-framework
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structure of Ga-3 is therefore accomplished with a distinct
topology (Figure la), in which a 2D honeycomb-like extra-
large 14R-channel system running in the ab plane is also
achieved (Figure 1b). To the best of our knowledge, Ga-3 is
the first gallium phosphite with extra-large 14R channels,
whose dumbbell-shaped channel window is shown in Figure
lc. Meanwhile, the particular 9/14 ratio of Ga/P in Ga-3 is
also obtained in a single phase for the first time.>'*~>73473"
Similar to PKU-25Al, numerous clover-like chiral 4=1 units
(Figure S2a) as well as chiral channel motifs (Figure S2b) also
exist and are alternately arranged.’’ The protonated DMAP
molecules reside in a disordered arrangement in the locations
near the 14R-channel windows and interact with each other
and the inorganic framework through 7—n interaction and
hydrogen bonding, respectively (Figure S2c),”' which are
further distributed in the channel voids of Ga-3 with a rare
triangular pattern (Figure S2d).

With respect to Ga-2, it exhibits a 2D hybrid layered
structure. The asymmetric unit of Ga-2 is shown in Figure S1b.
Every Ga atom is first coordinated with three O atoms from
three [HPO,]*~ groups, two F atoms, and one N atom from
the pyridine ring of the DMAP molecule, resulting in the novel
hybrid 4-connected GaO;F,N octahedron and further the
GaO;F,(C,H,(N,) unit, while all the [HPO,]*~ groups are still
3-connected with three GaO;F,N octahedra. The hybrid
GaO4F,(C;H(N,) units are then corner-shared with the
[HPO,]*~ groups via the bridge O atoms and edge-shared with
the other GaO;F,(C;H,(N,) units via the bridge F atoms to
construct the unique single organic—inorganic hybrid layer
(Figure 2c). Such layers could also be considered to be
constituted separately by two kinds of independent SBU. One
is designated as SBU-1 with 3-connectivity and generated by
the alternate corner-sharing of three GaO;F,(C,H (N,) units
with three [HPO,]*~ groups, further leading to the 6R (Figure
2a). Meanwhile, the three DMAP molecules in every SBU-1
are on the same side and almost perpendicular to the 6R,
interact with each other via the T-shaped 7—7 interaction,*’
and later form two kinds of three-leaf windmill-like trimers
with opposite configurations (Figure 2a and Figure S3a). As is
known to all, the aromatic DMAP molecules usually adopt the
n—n stacked mode to reside in materials,****~** while other
special existences, such as the triangular arrangement in Ga-3
(Figure S 2d) and PKU-25Al or existing as an individual in IM-
18,°%*! have also been reported. However, no such three-leaf
windmill-like trimers of the DMAP molecules in Ga-2 have
ever been observed (Figure S3a). The other SBU, denoted as
SBU-1" with 4-connectivity, is acquired directly by bonding
two edge-sharing GaO,F,(C,H,(N,) units and two [HPO;]*~
groups, in which the two DMAP molecules are on the opposite
sides, as shown in Figure 2b.

Subsequently, adjacent SBU-1 with the opposite config-
urations of the three-leaf windmill-like DMAP trimers stretch
to the opposite directions and are connected via corner- and
edge-sharing, leading to the single hybrid layer of Ga-2 in the
ab plane with 6R and large 12R encircled by the alternate six
octahedra and six pseudopyramides (Figure 2c). Meanwhile,
such a layer could also be constructed alone by the corner-
sharing of SBU-1'. Further simplifying the layer structure
would result in the hcb (6° net) or kgm (kagomé net) topology
when separately considering SBU-1 or SBU-1" as the node
(shown resgectively in Figure 2d as the purple or yellow
lattice).” ~** Later, the hybrid layers are ABCABC arranged
along the c-axis with their DMAP trimers stretching to the 12R

DOI: 10.1021/acs.cgd.9b00725
Cryst. Growth Des. 2019, 19, 6011-6016


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00725/suppl_file/cg9b00725_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.9b00725

Crystal Growth & Design

Communication

Figure 2. Crystal structure of Ga-2. (a) SBU-1 with opposite configurations of three-leaf windmill-like DMAP trimers. (b) SBU-1". (c) Single
hybrid layer with large 12R. (d) Layer topology with the hcb and kgm net shown, respectively, in the purple and yellow lattice. The accumulated
layered structures viewed along the b- and c-axis are shown in (e) and (£), respectively. (g) Layer accumulation pattern shown by the hcb topology
with the red, green, and blue lattice representing the layers from top to bottom along the c-axis.

of the adjacent layers. In the meantime, the 7—n stacking
interactions between the DMAP molecules from neighboring
layers are also formed, which integrate all the hybrid layers and
generate a complex arrangement pattern of the DMAP
molecules (Figure S3b). As a result, the unique layered
structure of Ga-2 with inaccessible small 6R channels along the
c-axis is achieved (Figure 2e and f). The layer accumulation
pattern is also analyzed by the hcb topology and reminiscent of
the famous multilayer graphene (Figure 2g). Up to now, there
is only one organic—inorganic hybrid gallium phosphite; thus,
Ga-2 is the second hybrid and also the third layered gallium
phosphite with an exceptional structure.”**’

As for Ga-1, it is a 1D gallium phosphite with a chained
structure. The asymmetric unit of Ga-1 is shown in Figure Slc.
All the Ga atoms are bonded with four O atoms from four
[H,PO;]"*" groups and two F atoms, leading to the 6-
connected GaO,F, octahedra, while all the [H,PO,;]"*~
groups are 2-connected. Such low connectivity of the
pseudopyramidal phosphite groups is very rare, since it has
only been observed in two aluminophosphites.”” Meanwhile, it
is worth mentioning that each phosphite group in Ga-1
possesses a terminal —OH with 0.5 occupancy of the H atom,
as indicated by the SXRD refinement, charge balance, and
element analysis (EA, Table S3), thus resulting in the formula
of [H, PO;]*>". Each GaO,F, octahedron first corner-shares
with each other via the bridge F atoms to form a unique Ga—
F—Ga chain (Figure S4). Although the Ga—F—Ga connection
has been reported in several gallophosphates and gallium
phosphites,”***”***> such an infinite Ga—F—Ga chain in Ga-
1 is very rare and has only been discovered in one

fluorogallophosphate.*® Subsequently, the [H,;PO;]"~
groups connect two adjacent GaO,F, octahedra, and the
gallium phosphite chains with the formula [(GaF)-
(H,sPO,),]” are thus accomplished. These chains are further
arranged parallel along the [011] direction (Figure 3). Every
two protonated DMAP molecules with their N-dimethyl
groups stretching to the opposite directions are then z—x
stacked in the interchain voids, leading to the uncommon
DMAP dimers.”**"**~** Finally, the 1D chained structure of
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Figure 3. Crystal structure of Ga-1 viewed along the [011] direction
with the hydrogen bonds shown in the orange dashed line.
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Ga-1 is therefore achieved (Figure 3), which is also the first 1D
gallium phosphite and the first 1D material templated by
DMAP.

Another distinctive feature of the Ga-1 structure is the
presence of a large number of hydrogen bonds (Table S2).
Every DMAP molecule interacts with the O atoms of the
gallium phosphite chains via the protonated pyridine N atoms,
thus linking the organic and inorganic species; the gallium
phosphite chains are hydrogen bonded with each other via the
terminal —OH groups. Therefore, a 3D hydrogen-bonding
network is constructed by the gallium phosphite chains in the
Ga-1 structure, resulting in a pseudoporous hydrogen-bonding
framework with multidimensional 12R channels along the
[011] direction (Figure 3) and 8R channels along the a- and b-
axes as well as [021] and [311] directions (Figure S4). Such
abundant hydrogen-bonding interactions have been rarely
observed in inorganic materials,*”** indicating the uniqueness
of the Ga-1 structure, which are also vital for the structure
stabilization of Ga-1.

As described above, Ga-3, Ga-2, and Ga-1 all possess quite
special architectures with different dimensionality. Since they
are prepared under the same temperature and time, it is the
raw materials as well as their ratios that play the remarkable
roles in the formation of these diverse compounds. First,
although the absence of the HF mineralizer may affect the
crystallinity of Ga-3, it is indispensable for Ga-2 and Ga-1 due
to the participation of the F~ ions in their inherent structures.
For instance, decreasing the HF amount seriously hinders the
crystallization process of the Ga-2 products (Figure 4b).
Meanwhile, the various structural dimensions of Ga-3, Ga-2,
and Ga-1 are obviously related to the different ratios of
gallium, phosphorous acid, and DMAP. On the basis of the
Ga-3 preparation, increasing the amounts of phosphorous acid
or DMAP gradually reduces the resultants” dimension from the
3D Ga-3 to the 1D Ga-1, and the phosphorous acid is rather
dominant in such a transformation (Figure 4a). As for Ga-2
using a different gallium source, although no Ga-3 or Ga-1 has
been observed in its preparation, more phosphorous acid or
DMAP also interfers with the crystallization process, leading to
the low crystallinity of Ga-2 with some unknown impurites to
which more DMAP is favorable (Figure 4b). Previous studies
have reported that the ratios of raw materials seriously affect
the precursor gel due to the chemical equilibrium.”"*' Thus, it
is concluded that the excess gallium and phosphite groups also
greatly suppress the condensation reactions between the
gallium and phosphite groups at the very early stages, while
the excess 7— interacting DMAP molecules occupying a large
interspace can also prevent the inorganic components from
coming close enough to condense. These factors contribute
effectively to the transformation between Ga-3 and Ga-1 and
the changes in the crystallinity and phases of Ga-2, thus
affecting the products’ dimensions. Such results are also
meaningful for the synthesis of novel metal phosphites.

The EA results confirm the intactness of the DMAP
molecules, the validity of the Ga-3 and Ga-1 formulas, and the
amount of the Ga,O; impurity in Ga-2 (see Supporting
Information for characterization details, Table S3). The
thermogravimetric-differential scanning calorimetry (TG-
DSC) combined with in situ variable temperature PXRD
characterizations suggest that Ga-3, Ga-2, and Ga-1 are
thermally stable below the temperature of 503, 553, and 463 K,
respectively, above which the organic DMAP molecules would
decompose and/or evaporate, further leading to the structure
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Ga,0,: PO, : DMAP =1:24:6, pure Ga-3
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Ga2O3 : PZO3 :DMAP =1:24:8, Ga-3 + minor Ga-1

Intensity (a. u.)

Ga,0,:P,O,: DMAP =1:3.4:6, Ga-1+ Ga-3

63203 : P203 :DMAP =1:3.4: 8, pure Ga-1

GaZO3 : P203 :DMAP =2:24:6, pure Ga-2
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GaZO3 : PZO3 :DMAP =2:2.9: 6, Ga-2 + minor unknown impurities
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Figure 4. Synthesis explorations of Ga-3 and Ga-1 (a) and Ga-2 (b).
The amount of gallium and phosphorous acid is shown by their oxide
forms, while the peaks marked with red asterisks (*) and purple
pound keys (#) in (b) are attributed to the Ga,O; and unknown
impurities, respectively.

collapse (see Supporting Information for characterization
details, Figure S7). The fluorescence spectra of the DMAP
solid, Ga-3, Ga-2, and Ga-1 are basically identical and derived
from the DMAP molecules (Figure S8); the Fourier transform
infrared spectroscopy (FT-IR) verifies the existence of the P—
H bonds in Ga-3, Ga-2, and Ga-1 (Figure §9) 23141

In conclusion, three novel gallium phosphites with excep-
tional structures, including the first extra-large 14R-channel
Ga-3, the second organic—inorganic hybrid layered Ga-2, and
the first chained Ga-1, are hydrothermally induced by the same
DMAP reagent. Their syntheses, structures, and properties are
discussed and characterized in detail. The compounds
described here not only extend the materials chemistry for
the main-group-metal phosphite family but also demonstrate
the potential versatile templating effect of the commercial
DMAP reagent for various dimensional materials. Further
applying the DMAP template to the preparation of other metal
phosphites and phosphates is thus promising and in progress.
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Details of the syntheses, structures, and characterizations
of Ga-3, Ga-2, and Ga-1, including Figures S1—S9 and
Tables S1—-S3 (PDF)
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mentary crystallographic data for this paper. These data can be
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contacting The Cambridge Crystallographic Data Centre, 12
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