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Three new amine-templated zinc phosphates, [C4N,H14][ZN(HPO,);]-H20, AU-I, [C4N2H14][Zn2(Ho 5P O4)2(H2PO,))],
AU-II, and [C4NzH14][Zns(H20)(PO4)4], AU-IIl, are prepared by hydrothermal synthesis using an organic amine,
N, N -dimethylethylendiamine CH;NHCH,CH,NHCHj, as structure-directing agent. The three materials are prepared
from the same reaction mixture, 1Zn(CHzCO,),:3.05H3P0,4:2.25CHsNHCH,CH,NHCH3:138H,0 (pH = 5.1), AU-| at
RT, AU-Il at 60 °C, and AU-IIl at 170 °C. The materials are built from corner-sharing ZnO, and PO, tetrahedra
forming chains, layers, or framework structures for AU-I to Ill, respectively, and are linked together by hydrogen
bonds via the diprotonated amine ions. The complete hydrogen-bond scheme is resolved for these new compounds
and reveals some interesting phenomena, for example, a hydrogen shared between two phosphate groups in
AU-II, thereby forming HosPO4 groups. Furthermore, the water molecules are different; that is, in AU-I they act as
hydrogen-bond donor and acceptor, whereas they act as ligand in AU-IIl with coordination to Zn. The structures
of the compounds are determined by single-crystal X-ray diffraction analysis. AU-I, [C4N;H14][Zn(HPO4)2]-H-0,
crystallizes in the triclinic space group P-1, a = 8.215(2), b = 8.810(3), ¢ = 8.861(3) A, a. = 88.001(4)°,
B = 89.818(5)°, and y = 89.773(5)°, Z = 2. AU-II, [C4N2H14][Zny(Ho5PO4)2(H2PO4)], is monoclinic, P2/n, a =
11.7877(4), b= 5.2093(2), ¢ = 12.2031(4) A, 8 = 98.198(1)°, Z = 2. AU-III, [C4N,H14][Zns(H.0)(PO,)s], crystallizes
in the orthorhombic space group Pna2; with lattice parameters, a = 20.723(2), b = 5.2095(6), ¢ = 17.874(2) A,
Z = 4. The phase stability investigated by systematic hydrothermal synthesis is presented, and the materials are
further characterized by 3'P solid-state MAS NMR, for example, by determination of 3P chemical shift anisotropies
for AU-IIl, while the thermal behavior is investigated by thermogravimetry (TG).

Introduction intensively due to a number of potential applications, for

Design and development of new synthetic routes for novel €xample, in catalysis, ion-exchange, gas adsorptiory, etc.
materials with open structures have received much attention Considering amine-templated transition metal phosphates,
in the past two decades. Since the first open structuredthe zinc phosphates have the richest structural chemistry and
aluminum phosphate was discovered in the early 1980s, anShow a variety of materials with different structural dimen-
extreme variety of novel architectures are observed within Sionality. The first members of this still growing family of
phosphate chemistfy.Novel nanoporous materials with ~Materials were discovered in the early 1990%e inorganic

channels and cavities of molecular dimensions are exploredmoiety of these materials can form chainlike (1-D) struc-
tures? layered (2-DY, or framework structures (3-0).

Interrupted three-dimensional frameworks with very large
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channels, consisting of 20 or 24 tetrahedra, can also beclusters of ions, or larger fragments of an amorphous gel
found’ In some cases, several new materials are preparedthat react. Furthermore, at elevated temperatures, the pH of
with the same amine as structure-directing template, for the solution and the solubility of the gel-phase change as
example, the cyclic amines Dabco (1,4-diazabicyclo[2.2.2]- well as the autogenous pressure of the closed reaction vessel
octane) and piperazine with high degree of symmetry and (autoklave). These secondary effects caused by increased
relatively high charge density, providing at least eight and synthetic temperatures are difficult to quantify and might
seven new zinc phosphate-based materials, respecti¥ely. influence which products are formed.
The amine triethylenetetramine added five new members to In this work, we present a series of three new materials
this family, and these materials have one-, two-, and three- prepared from the same reaction mixture treated at different
dimensional structurés. temperatures. These materials are an interesting example of

Nanoporous materials are usually prepared under mild the correlation between the temperature for the synthesis and
conditions as they can be considered as thermodynamicallythe density/structural dimensionality of the synthetic products
metastable, meaning that the higher is the synthesis temperthat may be obtained.
ature, the higher is the density of the product expected to
bel® A well-known example is the synthesis of zeolite A Experimental Section
performed at temperatures below ca. T@ Treating the Hydrothermal Synthesis. The three new materials presented
same reaction mixture or a suspension of solid zeolite A at here, [GN,H14[ZN(HPOs)2]-H.0, AU-I, [CaNoH1d[Zn(Ho.s
temperatures higher than ca. 1@ produced sodalite. The PQy)2(HoPQy)], AU-II, and [GN2H14][Zns(H,0)(PQy)4], AU-IIT,
term hydrothermal synthesis is restricted to temperatureshave been prepared from the same reaction mixture. Zinc acetate
higher than 100C and water used as solvéASolvothermal dihydrate, Zn(CHCO,)2-2H0 (6.875 g), was dissolved in water
synthesis is a more general term used for syntheses with ar{50 mL). N,N'-Dimethylethylenediamine, CMH(CH,),NHCHs;
arbitrary solvent and synthetic temperature. Furthermore, it dmen(8.0 mL), was added with stirring followed by addition of
usually implies that the nucleation and crystal growth are H:PQs 85% (11.009 g), diluted with water (25 mL), giving a molar
solution mediated by dissolving the gel with an arbitrary 210 Of the reactants 12n(GR0,),:3.05HPQ;:2. 25imen138H0,

. . pH = 5.1 (measured 30 min after mixing) at RT. A portion of the

solvent. Information on the exact mechanism for a solvo-

.. S . _gel was left at room temperature (ca. Z%), and another portion
thermal synthesis is usually not accessible; while the reaCt'ngwas kept at 60C, both in closed glass bottles to avoid evaporation.

species (solid or in solution) are unknown, it can be ions, The remaining reaction mixture was divided into four portions, and
(4) (a) Harrison, W. T. A.; Phillips, M. L. FChem. Mater1997, 9, 1837. each was heated at 100, 170, 200, and“Z26or 24 h, respectively,
(b) Harrison, W. T. A.; Bricsak, Z.; Hannooman, L.; Zhang, Z. in Teflon-lined steel autoclaves. After a few days, crystallization

Solid State Cheml99§ 136, 93. (c) Rao, C. N. R.; Natarajan, S.;  \as noticed in the brown gel, both at RT and at 8D, and
Neeraj, SJ. Am. Chem. So€00Q 122, 2810. (d) Chidambaram, D.;

Neeraj. S.. Natarajan, S.: Rao, C. N. R.Solid State Cheni999 crystalline material formed after approximately-2 weeks at 60
147, 154. °C and 6-8 weeks at R. After that time, crystallization apparently
(5) (a) Neeraj, S.; Natarajan, S.; Rao, C. N.Ghem. Mater 1999 11, stopped and the products were washed with water, recovered using

(lc?sggé(rﬁ)scl)\lr?e\rﬁj,TS.;AN.aEarriijsznk, lﬁzt..JHIannonrg(.)nl\ﬁI:;eruil.gé)g”iLj, gg{e vacuum filtration, and dried under ambient conditions. Powder

Chem 1997, 134, 148. (d) Natarajan, S.; Attfield, M. P.; Cheetham,  X-ray diffraction (PXD) patterns and data from thermogravimetric

A. K. J. Solid State Chen1997, 132 229. (TG) measurements are available as Supporting Information
(6) (a) Feng, P.; Bu, X.; Stucky, G. Bngew. Chem., Int. Ed. Endl995 ;
34, 1745. (b) Harrison, W. T. A.; Hannooman, Angew. Chem., Int. (Figures Sl.and S2). . .
Ed. Engl 1997, 36, 640. (c) Kongshaug, K. O.; Fjellv&g, H.; Lillerud, Systematic syntheses were performed in a similar way as
K. P.J. Mater. Chem1999 9, 3119. described above to investigate the crystallization fields of the
(7) (a) Rodgers, J. A.; Harrison, T. A. Mater. Chem200Q 10, 2853. different materials formed in the system 1Zn({D,),:nHa-
(b) Yang, G. Y.; Slavi, C. SJ. Am. Chem. Sod999 121, 8389. PQL2 25 140H0 using diff { : (f & d3
(8) (a) Feng, P.; Bu, X.; Stucky, G. Bingew. Chem., Int. Ed. Engl995 _04- -cdmen~ 14 HO using different amounts of 4RO, and a
34, 1745. (b) Patarin, J.; Marler, B.; Huve, Eur. J. Solid State Inorg. fixed temperature in the range 2020°C, 2.08< n < 4.54, giving
ghenlt19'§34élih9‘?$t92£- (©) L\évanlatu’ %;grifr%zl;(d\;vgﬁﬂeh I, pH in the range 3.36.8. The synthetic products are presented as
aullet, P.; Gu . L.; Auve, LLeolites . . avez, R H .
A. V.; Nenoff, T. M.; Hannoonman, L.; Harrison, W. T. A. Solid a phase stability diagram, Figure 1. . . .
State Chem1999 147, 584. (e) Ahmadi, K.; Hardy, A.; Patarin, J.; The syntheses were performed using the following commercial
guvg L. Eur. J.S Sogd StaCte'I\lnog. Cherﬂlc9r?5 32,I 209Ié gégNQe%rgJ, chemicals: zinc acetate dihydrate, Zn(CH,),-2H,O (Fluka,
.; Natarajan, S.; Rao, C. N. Rngew. Chem., Int. , AT : ; 0 N
3480. (g) Chidambaram, D.; Neeraj, S.; Natarajan, S.; Rao, C. N. R. 9.9 ), OrthOPhOSphon? acid,HQ, (85%, Fluka, extra pureN,NO
J. Solid State Chen1999 147, 154. dimethylethylenediamine, GNH(CH,),NHCHjs (Lancaster, 95%).
(9) (@) Choudhury, A.; Natarajan S.; Rao, C. N.IRorg. Chem 200Q Single-Crystal Diffraction and Structure Determination. Data

39, 4295. (b) Liu, W.; Liu, Y.; Shi, Z.; Pang, WJ. Mater. Chem

2000 10, 1451, (¢) Neeraj, S.. Natarajan, S.- Rao, C. NJRSolid collgctlon was performed with a Slemen§ SMART dn‘fractpmeter
State Chem200Q 150, 417. equipped with a CCD detector and graphite-monochromatized Mo
(10) Francis, R. J.; O’Hare, D). Chem. Soc., Dalton Tran998 3133. Ko radiation ¢ = 0.71073 A)13 Data were collected at RT in

(11) g:r?sli_tt_ee? ((j)sftTL{:IZLJraent()j/p]_eé 5@%2?35?23“ggéf&%g%eﬂi rf‘zgmg}ll\’(o(fk frames covering 03in w in three sets with differeng angles
It . . | Wi . . .
atoms per 1000 A LTA has athree-dime)r;sional channel system with  COVering most of a hemisphere. The detector to crystal distance

ring sizes of 8, 6, and 4 atoms, whereas SOD $a a zero- was 40.0 mm. Experimental details for the data collection are given
dimensional channel system with ring sizes of 6 and 4toms. in Table 1. Absorption correction was made using Gaussian

Reference: (a) Baerlocher, Ch., Meier, W. M., Olson, D. H., Eds. ; ; _ 13 i ; ;
Atlas of Zeolitic structure typesElsevier: London, 2001. (b) integration forAU-I and-Il .13 An empirical absorption correction

http://www.iza-online.org/.

(12) (a) West, A. RSolid State Chemistry and its Applicatipdshn Wiley (13) Siemens 1995 SMART, SAINT and XPREP Area-Detector Control and
and Sons Ltd.: Chichester, 1984; p 41. (b) Barrer, RHydrothermal Integration Software Siemens Analytical X-ray Instruments Inc.:
Chemistry of ZeolitesAcademic Press: London, 1982. Madison, WI, 1995.
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Figure 1. The crystallization fields of zinc orthophosphates formed in
the system, 1Zn(C¥C0,),:nH3POy:2.25dmen~140H,0, at varying amounts
of phosphoric acidp, and temperature investigated by systematic hydro- B H2a

thermal synthesis. A chainlike structures{GH14][Zn(HPOs)2]-H20, AU-

|, was observed close to room temperature; see star symbakssyinbol
indicates slightly faster crystallization &fU-I (ca. 5 weeks) as compared

to the usual crystallization time of up to 8 weeks)([C4N2H14][Zn2(Ho 5
PQy)2(H2PQy)], AU-II (), is observed at ca. 6. An unidentified white
powder is indicated bya. [CaN2H14][ZNns(H20)(PQy)4], AU-III (@), is
obtained at relatively high temperatures, but decreasing pH (high values of
n) tends to give hopeite, Z(PO),-4H,O (O).

Table 1. Crystal Data and Structure Refinement Parameters for
[CaN2H14][Zn(HPOy);] -H20, AU-I, [CaN2H14][ZNn2(Ho sPOs)2(H2POy)],
AU-Il, and [GN2H14][Zns(H20)(PQy)4], AU-III @

AU-I AU-II AU-III
empirical formula QH18N2- C4H17N2- C4H15N2-
OngZn Olngzng 017P4Zn5
fw 365.53 508.89 814.91
T(K) 295 295 295 C o3
space group P1(No.2) P2/ih(No.13) Pna2; (No. 33)
alA 8.215(2) 11.7877(4) 20.723(2)
biA 8.810(3) 5.2093(2) 5.2095(6) =k
c/A 8.861(3) 12.2031(4) 17.8741(19) P2 Jd o8
a/deg 88.001(4) 90 90 QY7 Hiwb g
Bldeg 89.818(5)  98.1980(10) 90
yldeg 89.773(5) 90 90
VIA3 640.9(3) 741.68(5) 1929.6(4) P
z 2 2 4 4 5
Dcad(g cnm3) 1.894 2.278 2.805 N
ulmm-t 2.206 3.623 6.548 04 pr H1c o1p  Haa
R(F6)? 0.0326 0.0267 0.0341 H1b P QL ca Hab
[Fo? > 20(Fo?)] l H2b gzr:}a 5
Ru(Fo)? 0.0874 0.0730 0.0661 Kl 2 X? JHdo
F2> 20(F.2 ¢ \% OH2nb
[Fo* > 20(Fo?)] Hinb J )é,
aAU-1: w= 1/[03(F? + (0.048%)2 4 0.5666°], whereP = (Fo? + Hoa (a0 bHab

2FA)/3. AU-Il - w= 1/[o4(Fo?) + (0.0486°)2 + 0.396P], whereP = (F;2
+ 2FAI3.AU-IIl : w = 1/[6%(Fo?) + (0.0276)2 + 1.388(P), whereP =
(F2 + 2F /3.

Figure 2. ORTEP style drawings showing the 50% probability thermal
ellipsoids and the atom labeling for (A) JN2H14][Zn(HPOy)2]-H20, AU-

I, (B) [CaN2H14][Zno(Ho sPOx)2(H2POy)], AU-II, and (C) [GN2H14][ZNns-
(H20)(PQy)4], AU-1II , all in (010)-projection.

based on symmetry-equivalent reflections was performed with the
program SADABS forAU-I1I .24 Direct methods and the programs
SIR97 @AU-I) and SHELXS-97 AU-Il and-IIl ) were used for

the initial structural solution, and the structural models were further . ) i .
refined with SHELXL-9735.16 All hydrogen atoms on carbon in related positions. Figure 2AC shows ORTEP style drawings with

the organic moiety were placed on calculated positions, whereas20% probability thermal ellipsoids and atom labeliidrawings
hydrogen atoms participating in hydrogen bonding coordinated to of the crystal structures were prepared using the program Atoms

18
nitrogen or oxygen were located in the difference Fourier maps. A ver. 5.0° ) o )
Spectroscopic Investigation.Solid-state3'P CP/MAS NMR

spectra were recorded at 161.8 MHz on a Varian INOVA-400 (9.4
T) spectrometer using a home-built CP/MAS probe for 5 mm o.d.

difference Fourier map fohU-Il revealed hydrogen positions close
to O1 and O6. That on O6 points toward O3, and that on O1 points
toward a symmetry-related O1, disordered between two symmetry-

(14) Sheldrick, G. M.SADABS Siemens Area Detector Absorption Cor-
rection Program University of Gdtingen: Gitingen, Germany, 1994.

(15) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco-
vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,

(17) Burnett, M. N.; Johnson, C. K. ORTERI. Report ORNL-6895, Oak

R. J. Appl. Crystallogr 1999 32, 115.

(16) Sheldrick, G. MSHELXTL Siemens Analytical X-ray Systems Inc.:

Madison, WI, 1995.
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Ridge National Laboratory, TN, 1996.
(18) Dowty, E. Program ATOMS version 4.0, Shape Software, 521 hidden
Valley Road, Kingsport, TN 37663, 1997.
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SisNy4 rotors (110uL sample volume) and a spinning speed of
vr = 1800 or 4000 H2? The 3P CP/MAS experiments employed

a RF field strength ofBy/27 = yB,/27 = 40 kHz, a pulse width

of 5 us for the first'H pulse, a relaxation delay of 16 s, and typically
2048 scans. These conditions were found to give quantitative
reliable intensities in thé!P CP/MAS NMR spectra. An aqueous
solution of PO, (85%, Fluka, extra pure) was used as external
standard. Simulation of the solid-st&® CP/MAS NMR spectra
was performed on a SUN ULTRA 5 workstation using the STARS
solid-state NMR software package, developed earlier for analysis
and least-squares fitting of CP/MAS or MAS NMR specttdahe
chemical shift anisotropy (CSA) is defined by the parameters

6iso = /3(6xx + 6yy + 61)

0,=10

S

iso ~ Ozz Mo = (Ogx— 6yy)/6a (1)

where the principal elements of the chemical shift tersgroyy,
andd,; are defined a$0,, — Jisol = [Oxx — Oisol = [dyy — Oisal-

Results and Discussion

Systematic Hydrothermal SynthesisSome new materi-
als were prepared and initially identified by their powder
diffraction profiles in this work (PXD data are available as
Supporting Information, Figure S1). A number of syntheses
were then performed with variation of the amount of
phosphoric acidp, 1Zn(CHCGO,),:nH3PO,:2.25dmen~140-
H,0, and of the synthetic temperature. The crystallization
fields of the observed phases are presented in Figure 1. The
one-dimensional material, [8>H14[Zn(HPQOy),]-H-0,
AU-I, crystallized only at low temperatures close to room
temperature, and most of the gel was transformed to
crystalline material after a relatively long time, typically
1.5-2 months (e.g. in Figure 1). However, a precursor Figure 3. The crystal structure of [{NloH14[Zn(HPOg)z]-H20, AU-I.. (A)
phase (white powder) with a powder pattern similar to that Theb,c-projection, revealing a one-dimensional structure of the inorganic
of AU-I forms immediately (see Figure S1). The formation moiety. (B) Thea,c-projection, showing chains of B@nd ZnQ tetrahedra

. : . . running in thea direction. ZnQ are light and PQare dark tetrahedra, water

of AU-I can be observed by visual inspection of the reaction oxygens are shown as large circles with square pattern, C and N are medium
mixture placed in a closed transparent glass container. Holessize light and dark gray circles, respectively, and hydrogen are small size
were clearly visible in the white gel phase with a crystal in black circles.
the bottom of each hole “eating” the gel. This phenomenon
can be interpreted as dissolution of the gel followed by partly transformed gel as product. It was not possible to
crystallization of AU-I, that is, a solution-mediated phase assign the resonances in the observed solid-SteteCP/
formation. A very similar process was observed for the MAS NMR spectra fromAU-I and AU-Il as these two
transformation of gel taAU-II by visual inspection of the ~ samples are not phase pure and contain one or more
reaction mixture placed at 6, but the crystallization time ~ unidentified phases. Therefore, only NMR data Ady-1lI
was only about 1 or 2 weeks. At ca. 100, an unidentified ~ are reported here.
material is formed but only as a white powder that has not ~ Crystal Structure of [C 4N2H14][ZN(HPO 4)2]-H20, AU-
yet been further characterized (see Figure S1). At high |. The material [GN2H14[Zn(HPOx)z]-H-O, denotedAU-1,
temperature and low pth(> ca. 4), a dense zinc phosphate, IS triclinic and crystallizes with the symmetry-1. The
hopeite, ZB(PQ,)»*4H;0, is observed. Reaction mixtures structure is built from regular tetrahedra of one Zrédd
with composition 2< n < 4 and treated af > 170°C are two PQ, in the asymmetric unit, where each phosphate has
fully converted to phase pure samplesidd-1ll within less ~ one prolonged PO bond indicating a hydroxyl group. The
than 2 days. It is observed that the nucleation and crystal-ZnOxs tetrahedra are connected to four P@trahedra by
lization time decrease as the reaction temperature is increascorner sharing to form chains. Figure 3Apa-projection,

ing for AU-I to AU-III . Notice that the crystallization of ~ clearly shows that the inorganic moiety &U-I forms a
AU-1 and-Il apparently stopped after some time, giving a ©ne-dimensional structure. Zn and P tetrahedra are connected

in alternation to form four-rings connected perpendicular to

(19) iglgolasgn, Ht'J'i g%gg%digggLangerJM\/lagn- Resanl98§ 76, each other to form a chain running along thexis; see
; U.S. paten , . . . . . S . .
(20) Skibsted, J.: Nielsen, N. C.. Bildsge, H.; Jakobsen, H. Magn. Figure 3B. These inorganic chains are similar to chains in
Reson 1991 95, 88. the structure of [@N2H14][Zn(HPO4)]-2H,0.2* Half of the
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diprotonated aminegd(ner) are lying in thea,b-plane, and
the other half are in thé,c-plane. The inorganic moiety,
the chains, is connected by a complex hydrogen-bonding
network via the organic moiety, the diprotonated amines,
and water molecules. Each phosphate has two free corners
participating in hydrogen bonding acting either as acceptor
for two hydrogen bonds or having a dual role of both
donating and accepting a hydrogen bond; see Figure 3B. The
water molecule acts as donor for hydrogen bonds to the
phosphate oxygens O(3) and O(7) and is acceptor for a
hydrogen bond from the protonated nitrogen atom in the
amine. Thereby, water and the protonated amines form a
hydrogen-bond network.
Crystal Structure of [C 4NzH 14)[ZN 2(Ho.5PO4)2(H2PO4)],
AU-IIl. This new zinc ortho phosphate with composition
[C4N2H14][an(H0.5PO4)2(H2PO4)], denotedAU-II , is mono-
clinic and crystallizes in the space groBg/n. The inorganic
part of the structure is built from fairly regular tetrahedra of
ZnO, and two PQ. One phosphorus atom, P2, is in a special
position on the 2-fold rotation axis. Therefore, half the nearest
oxygen (O5 and O6) and one hydrogen (H60) are symmetry
generated resulting in a ;AQ, group. Two refineable
hydrogen positions close to O1 between the two P1 tetrahedra
were observed, and based on electroneutrality of the material
this is interpreted as a shared hydrogen, meanings2®,
group, for the P1 tetrahedra. Therefore, the occupancy of
H10 is 0.5. Figure 4A4,c-projection) shows thaAU-Il is
a layered material. Figure 4B illustrates the motif of one layer
in a (101) projection. The layer consists of 4-rings and
squeezed 8-rings; the latter due to phosphate P2 tetrahedra
have a pendant oxygen and a hydroxyl group. The layers
are stabilized by intralayer hydrogen bonding through-P2
0O6—H60. Figure 4A describes the interlayer connectivity
where the inorganic layers are attached to each other by
hydrogen bonds through the nitrogen atom and via®1—
H10---O1—P1 bridges. The diprotonated amines are placed
as spacers between the layers and are oriented flat in the
(101) projection; see Figure 4B.
Crystal Structure of [C sNzH14)[ZNn 5(H20)(POy)4], AU-
IIl. The formula for the new framework material f&H14]-
[Zns(H.0)(PQy)4] is denotedAU-1lI . The primary building
units are four relatively regular RQetrahedra and five
slightly distorted ZnQ@ tetrahedra in the asymmetric unit
forming a framework by corner sharing. One zinc tetra-
hedron, Zn5, has a water molecule as ligand. Figure 5A
illustrates that Znt4 are linked together to form a secondary
building unlt_ lying parallgl to_ th_ea_-aX|s. These tetramers of Figure 4. The crystal structure of [lH1g[Zna(Ho PQs)a(HsPOY)], AU-
Znl—4 are in fact forming infinite chains by-Zn1-0O— Il. (A) Thea,c-projection illustrating the hydrogen-bonding scheme in this
Zn2— bridges along thé-axis. Figure 5A is a view in the layered material. (B) The (101)-projection revealing a layered structure of
(001) direction revealing a dense network of tetrahedra. :‘r‘z ';‘ggﬁ’;‘fs’}‘z‘;'elghtzgﬁgrzgﬁ’(hgf‘;f (':gfgse ‘:22;:3:32@“;5 r?;(;jr(')\lgen
Figure 5B shows that these pseudo layers are connected tQre small size black circles. Hydrogen, H10 with occupancy 0.5 are shown
form an open framework with 10-ring channels in thaxis as small open circles.
direction containing the diprotonated amine ions. The nitrogens are donating a hydrogen bond each (via HINa and
framework is interrupted by a pendant oxygen, O(12), acting H2Na) to the same acceptor (012). The water molecule
as a double hydrogen-bond acceptor for two amine protons.acting as ligand also donates two hydrogen bonds to the
The diprotonated amines are lying in tae-plane, and both acceptors O7 and O14.
(21) Ayi, A. A.: Neeraj, S.: Choudhury, A.: Natarajan, S.: Rao, C. N. R. The framework is “interrupted” not only by a pendant
J. Phys. Chem. Solid2001, 62, 1481. phosphate oxygen but also by a zinc tetrahedron having a
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Figure 5. The crystal structure of [fN2H14][Zns(H20)(PQy)4], AU-IIl . (A) Condensed nets formed by corner-sharing Zia®d PQ tetrahedra of the
inorganic moiety visible in tha,b-projection with chains of Zn1 and Zn2 tetrahedra with pendant Zn3 and Zn4 tetrahedra running-dithetion shown
below. (B) Thisa,c-projection showing one-dimensional 10-ring channels with the protonated templateaf@ght and P@are dark tetrahedra, C and
N are light and dark gray circles, respectively, and hydrogen are small size black circles.

water oxygen as a corner. The framework dengityis used Comparison with Related Materials. The structural motif
to describe how porous zeolite materials are, by the numberformed by the inorganic part of the three new materials
of tetrahedra atomd,, in the framework per 10008 Open investigated in this workAU-I to Il , can be viewed as

structured materials have less than ca. 21 framework chainlike, layered, and framework, that is, increasing struc-
tetrahedra per 1000342 The materialAU-III , with T= P tural dimensionality, 1-D to 3-D. These materials are
and Zn, has a framework density pf = 18.8 T/1000 A3, prepared from the same reaction mixture, and the structural
The solid-state’’ CP/MAS NMR spectra acquired for  dimensionality increases with the synthesis temperature. This
AU-IIl at two different spinning frequencies (1800 and 4000 is a consequence of the general thermodynamical metastabil-
Hz) are displayed in Figure 6, and each show four distinct ity of nanoporous materials; that is, the lattice energy of the
3P resonances in accordance with the four different phos- structure increases with increasing density, which is 1.894,
phorus positions in the asymmetric unit. Iterative fitting and 2.278, and 2.805 g/chfor the seriesAU-I to -l , respec-
the simulations corresponding to the optimized parameterstively.
(Table 2) for these spectra are shown in Figure 6b and 6d. The syntheses presented here can be compared to previous
Excellent agreement between the experimental and simulatedvork. The materials- and-LiZnPO,+H,0 can be prepared
spectra is observed for the optimized parameters determinedrom the same reaction mixture as microcrystalline powder
(Table 2). We note that the constant small differencédn  or as larger crystals, respectivéRThis was proposed to be
of about 0.27 ppm is most likely related to a temperature caused by the different time scales of nucleation and crystal
dependence odis, for either the external reference or the
solid AU-IIl sample itself caused by frictional heatifrg. (22) Bjerholm, T.; Jakobsen, H. J. Magn. Reson1989 84, 204.
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Figure 6. Experimental (a) and (c) and simulatéd®® CP/MAS NMR
spectra (9.4 T, 161.8 MHz) cAU-Ill obtained using spinning speeds of
v = 4000 Hz (a), (b) and, = 1800 Hz (c), (d). The experimental spectra

were recorded using a relaxation delay of 16 s, 75 scans (a) and 2048 scan

(c). The optimized simulations in (b) and (d) employ i CSA parameters
listed in Table 2.

Table 2. 3P Isotropic iso) and Anisotropic §, andz,) Chemical

Shifts Parameters fohU-IIl [CaN2H14][Zns(H20)(PQy)4] As

Determined fron?P CP/MAS NMR Experiments at 9.4 T (161.8 MHz)
and Two Different Spinning Speeds;)

site v (Hz) dise? (Ppm) dc° (ppm) 1,° (PPM)
1 1800 5.06:0.10 —34.9+20 0.55+ 0.05
1 4000 5.33:0.10 —36.842.0 0.56+ 0.05
2 1800 416+ 010  —34.4+2.0 0.56+ 0.10
2 4000 444010  —355+2.0 0.41+ 0.08
3 1800 1.93:0.10  —450+20 0.44+ 0.05
3 4000 220£0.10  —47.0+£2.0 0.44+ 0.05
4 1800 1.44:0.10  —40.8+£2.0 0.58+ 0.05
4 4000 1.70:0.10  —42.1+20 0.52+ 0.05

a|sotropic chemical shifts are relative to an external sample of 85%
H3sPQu. ® The definition of the anisotropic chemical shift parameters is given
in eq 1.

growth for a- and $-LiZnPQO,H,0; that is, theoa-form

crystallizes within some hours as micrometer scale crystal-

lites, whereas thg-phase grows to millimeter-sized crystals
within weeks or months. Furthermore, the density of the

(23) (a) Jensen, T. Rl. Chem. Soc., Dalton Tran4998 13, 2261. (b)
Harrison, W. T. A.; Gier, T. E.; Nicol, J. M.; Stucky, G. D. Solid
State Chem1995 114, 249.
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pB-phase is slightly higher than that far, so the existence

of o- is due to faster kinetics rather than thermodynamic
stability 2%21n this respect, the precursor phase observed here
resemblesu-LiZnPO4H,O (only obtained as a white mi-
crocrystalline powder), andAU-I and Il resemble the
B-phase, which forms as larger crystals.

The reaction mechanism leading to the new matefibld
andll is solution mediated observed by visual inspection of
the reaction container. This is in contrast to a building-up
process proposed by structural relationships identified be-
tween different amine-templated zinc phosphates. Hydro-
thermal treatment experiments also showed that some low
dimensional zinc phosphates transform to other phases with
higher structural dimensionalif.In this case, there is no
direct structural relationship between the structureAldf
to -lll .

The fact that the structures are quite different for the series
AU-I to -lll, that is, 1D to 3D, is also reflected in the
hydrogen-bond scheme. In the triclinic, 1D, structure, the
greatest complexity is observed. The materiald;| to -1l ,
all have diprotonated amines in the structures, but the
phosphates have a different number of protons. In the 2D
structure, the two phosphorus groups have 1 half (H10) and
2 fully (H60) occupied hydrogen positions. On average, the
same HPQis used forAU-II as forl. A hydrogen shared
between two phosphates as foundAib-1l is rare but has
also been observed in the structure ofNgH12][C0o.14
Zn g(POy)(H1.5POy),].2° There is no direct correlation be-
tween the pH of the reaction mixture and the number of
protons associated with the phosphate groups, for example,
[CzHloNz][Zn(HPO4)2] and [CZH]_ONZ][ZnZ(HZPQl)Z(HPQ)Z]
prepared at pH-23 from the same reaction mixture at R,
There might be a tendency for fewer hydrogen bonds with
increasing temperature of the synthesis, that is, increasing
tlensity and phosphate groups with less hydrogen atoms, as
found for [GH12N2][Zn(HPOy)2(H2POy)2] and [GH12N2J-
[Zn(HPQy), prepared from the same reaction mixture at 95
and 160°C, respectively’

The structures oAU-I to AU-IIl are compared to another
family of zinc phosphates each prepared with the same
structure-directing agent; see Table 3. The compounds are
ordered with increasing structural dimensionalify, The
inorganic fraction of the materials is increasing with increas-
ing D, expressed as the ratio polyhedra/amines, that is, the
inorganic moiety relative to the organic moiety. The more
dense is the material, that is, the higlierthe more zinc is
present in the structure. The ratio PA®H, P=0) estimates
the degree of hydrogen bonding; that is, a value of 0.5 as
found for the chainlike structure®(= 1) shows that the
phosphate groups on average have two corners participating
in hydrogen bonding. Therefore, as noted earlier, the density

(24) (a) Choudhury, AJ. Mater. Chem2001 11, 1537. (b) Ayi, A. A.J.
Mater. Chem2001, 11, 1181.

(25) Chen, X.; Zhao, Y.; Wnag, R.; Li, M.; Mai, Z. Chem. Soc., Dalton
Trans 2002 3092.

(26) Chidambaram, D.; Neeraj, S.; Natarajan, S.; Rao, C. Nl. Bolid
State Chem1999 147, 154.

(27) Harrison, W. T. A.; Bircsak, Z.; Hannooman, L.; Zhang,JZ Solid
State Chem1998 136, 93.
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Table 3. Two Families of Zinc Phosphates Each Prepared with the Table 4. Synthesis and Structural Information éw-I to AU-III
Same Amines as Templéte
AU-I AU-II AU-III
polyhedra/ P/(P-OH, o
i i — Tsymhesis( C) 20 60 170
material amines Zn/P P=0) D ref tenstalization(WeeKs) =6 ~2 0.3
[CaN2H14[ZN(HPOy),]-H-0, 31 12 2/(22) 1 b dimensionality 1D 2D 3D
AU-I space group P1 P2/n Pna2;
[CaNzH14[Zn2(HosPOu)2(H2PQs)], 571 213 3/(330) 2 b o (glcn) 1.89 2.28 2.81
AU-II o o
[CaN2H14[ZNns(H20)(PQy)4], 9/1 5/4 4/0-1) 3 b via diprotonated amine ions. The complete hydrogen-bond
CAU-”' 200 P - scheme is resolved for these new compounds and reveals
{szj:ﬁg:[éﬂg?:%i] 5,0'2 %,3 3,§}1; % 28 some interesting phenomena, for example, a hydrogen shared
[CeNaH22]0.ZN2(PQy)2] 4/05  2/2 2/(6r1) 3 28 between two phosphate groupsAt-1l forming HysPOy
[CeNaH22]0.4Zn3(PQOy)2(HPOY)] 9/05 33 3/(H1) 3 28 groups. Furthermore, the water molecules are different; that
[CeNaH22]0.5ZNa(PQy)3]© 7/0.5  4/3 3/(6-0) 3 28

is, in AU-1 it acts as hydrogen-bond donor and acceptor,
& Structural description from the content of the asymmetric units. The whereas it acts as ligand iU-1ll and coordinates to Zn.

ratio between the organic and inorganic moiety is described by the ratio of : : e _

polyhedra relative to amine molecules in the structure (polyhedra/amines). The r.eactlons' leading to the new matlel’lb.ls.l and I_I are

The dimensionality of the framework is denotBd and the ratio P/(P solution mediated as observed by visual inspection of the
OH, P=0) describes the participation in hydrogen bondinghis work. reaction container. This work provides an example of the
¢The amine nitrogen is acting as ligand, forming Zhetrahedra. general metastability of nanoporous materials, resumed in
Table 4. These materials are usually prepared under mild
conditions. We observe here that the structural dimensional-
ity/density of the materialAU-I to AU-IIl , increases with

Conclusion the temperature of the synthesis.

of such materials will also increase with the ratio polyhedra/
amines and wittD.
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