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Five new open-framework zinc phosphates, encompassing the entire hierarchy of open-framework structures,
have been synthesized hydrothermally in the presence of triethylenetetramine. The structures include one-
dimensional ladders, two-dimensional layers, and three-dimensional structures as well as a zinc phosphate where
the amine acts as a ligand.d4H22]0 {ZN(HPOy)2] (1): monoclinic, space group2i/c (no. 14),a = 5.2677(1)

A, b =13.3025(1) A,c = 14.7833(1) A8 = 96.049, Z = 4. [CsNzH250.5Zn2(HPQy)3] (I1): triclinic, space
groupP1 (no. 2),a = 7.515(1) A,b = 8.2553(1) A,c = 12.911(1) A o = 98.654(1), B = 101.274(1), y =
115.791(19, Z = 2. [CsN4H22]0.5ZN2P20g] (111): triclinic, space groufPl (no. 2),a = 8.064(1) A,b = 8.457(1)

A, ¢ =19.023(1) A,a = 111.9(1), 8 = 108.0(1}, y = 103.6(1}, Z = 2. [CoN4H25]0.4ZNn3(POs)2(HPQ)] (IV):

triclinic, space groufPl (no. 2),a = 5.218(1) A,b = 8.780(1) A,c = 16.081(1) A,a = 89.3(1), B = 83.5(1},

y = 74.3(1F, Z = 2. [CsN4H20]0dZn4P401¢] (V): monoclinic, space group2i/c (no. 14),a = 9.219(1) A,

b = 15.239(1) A,c = 10.227(1) A, = 105.2(1),Z = 4. The structure of is composed of Zn@and HPQ
tetrahedra, which are edge-shared to form four-membered rings, which, in turn, form a one-dimensional chain
(ladder). Inll, these ladders are fused into a layer. The structurél$é @ndlV comprise networks of ZnQand

PO, tetrahedra forming three-dimensional architectured/,lthe amine molecule coordinates to the Zn and acts

as a pillar supporting the zinc phosphate layers, which possess infinit©Z@n linkages. The 16-membered
one-dimensional channel v and the Zn@N pillar, along with infinite Zr-O—2Zn linkages inV, are novel
features. The structure of the open-framework zinc phosphates is found to depend sensitively on the relative
concentrations of the amine and phosphoric acid, with high concentrations of the latter favoring structures with
lower dimensions.

Introduction the formation of the open-framework phosphates in more ways

Open-framework metal phosphates are generally synthesizednan One. It has been recognized that the pH of the medium
under hydrothermal conditions in the presence of an afine. a1d the [, of the amine are important parametérhe
Among the several metal phosphates with open architecture thatMPortance of these two factors is understandable, since the
have been synthesized, the family of zinc phosphates is quiteprotonated amine generally contrlbupes to the stability of the
large2-8 Despite the success of the hydrothermal methods in framework structure th.rough H-bonding. The dual rlole of the
generating these materials, the role of the amine is not entirely 2@MiNe as a structure-directing agent and also as a ligand to the

understood. It is, however, likely that the amine is involved in metal_ ha_s been repo_rted f?ce“t'y in zinc phosphatés.
examination of the available literature suggests that the number

of amino groups in the amine may play a role in the formation
of these materials as well. Thus, in the case of the zinc
phosphates, the use of a diamine or a triamine seems to be more
effective than monoamines in yielding materials with open
architecture’:® To investigate the role of multiple amino groups

in the organic amine, we have employed triethylenetetramine
(TETA), NHz(CHz)zNH(CHz)zNH(CH2)2NH2, for the SyntheSiS

of open-framework zinc phosphates. The study has indeed
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Table 1. Synthesis Conditions and Analysis for Compoumhetd/

analysis
synthetic conditiorfs EDAX TGA®
ZnO:HCEHPOLTETAIH, O T(K) time(h) pH  ZnP amine % —OH % formula yield
| 1:2:6:2:100 353 50 2(3) 12 iBlsH22) 0. fZN(HPQW)7] 65
I 1:2:4:1:100 353 50 2(3) 1:1.5 16.20(15.50) 5.2 (5.58) gN#Ezz]odZna(HPOy)3] 40
1} 1:2:6:4:100 353 50 6(6) 11 18.71 (18.94) ofGH22]0.4ZN2(PQOy)2] 65
\Y; 1:2:1:0.5:200 353 50 4(4) 32 14.42 (13.46) 1.3 (1.61) eNgE2olodZns(POy)(HPQy)] 70
\% 1:2:0.5:1:100 353 50 6(6) 4:3 13.84 (11.92) olNzH20]0. ZN4(PQy)s] 55

21n all the reaction mixtures, the amount of ZnO was 4 mmol. The HCI used was 35 wt %, andRfk Was 85 wt %.° Numbers in the
parentheses denote the final pHNumbers in the parentheses denote the calculated weight!l6ssnpound! also appears as a contamination
with compoundll . ®Yield has been calculated with respect to Zn.

Table 2. Crystal Data and Structural Parameters for Compounrds

parameter | 1] 1l \Y \%

formula ZnB0gN2CsH13 ZnpP3012N2C3H14 Zn,P,0gN2CsH11 Zn3P3012N2C3H12 Zn4P3012N2C3H10

space group P2,/c (no. 14) P1 (no. 2) P1 (no. 2) P1 (no. 2) P2;/c (no. 14)

T(K) 293(2) 293(2) 293(2) 293(2) 293(2)

AA) 5.267(1) 7.515(2) 8.064(1) 5.218(1) 9.219(1)

B (A) 13.302(1) 8.255(1) 8.457(1) 8.780(1) 15.239(1)

C(A) 14.783(1) 12.911(1) 9.023(2) 16.081(1) 10.227(1)

o (deg) 90.0 98.6(1) 111.9(2) 89.3(1) 90.0

p (deg) 96.0(1) 101.2(2) 108.0(1) 83.5(1) 105.2(2)

y (deg) 90.0 115.7(2) 103.6(1) 74.3(1) 90.0

volume (£A3) 1030.2(1) 681.6(1) 498.1(1) 704.7(1) 1386.3(3)

4 2 2 2 4

formula mass 332.46 483.81 395.8 557.2 620.5

pealc (g cnT3) 2.144 2.406 2.639 2.626 2.973

w (mmY) 2.727 3.938 5.172 5.472 7.254

R(Fd [0 >20(1)] R1=0.02 R1=0.0% R1=0.04 R1=0.04 R1=0.04
wWR2=0.07 wR2=0.09 wR2=0.12 wR2=0.11° wR2=0.09

R(F? (all data) R1=0.03 R1=0.04 R1=0.05 R1=0.05 R1=0.04
wR2=0.09 wR2=0.10 wR2=10.11 wR2=0.12 wR2=0.10

aR1 = Y||Fo| — |Fell/3|Fol. PWRy = {S[W(Fo? — FAA/ 3 [W(FA)A} Y2 w = 1/[64(Fo)? + (aP)? + bP]. P = [max(Fo? 0) + 2(Fc)?)/3, wherea
= 0.0531 and = 0.7829 forl, a = 0.061 andb = 0.0 forll , a = 0.0653 ancb = 1.181 forlll , a= 0.0735 and = 0.0 for IV, anda = 0.0319
andb = 6.9206 forV.

revealed that TETA vyields a variety of open-framework zinc fraction (XRD) patterns on the powdered crystals indicated that the
phosphates encompassing a one-dimensional ladder at one engroducts were new; the pattern is entirely consistent with the structure
and a three-dimensional structure with a 16-membered channeldetermined by single-crystal X-ray diffraction. .

at the other. Furthermore, the structure of the products seems_ 1 hermogravimetric analysis (TGA) of compourlils-V was carried

to depend on the relative concentrations of the amine and Ut Under nitrogen atmosphere in the range between 25 and00

hosphoric acid. with comparable concentrations of the amine TGA study ofl was difficult, as the decomposition of the amine around
P P R pe . : .~ 250°C was highly exothermic and caused the sample to eject out of
and the acid yielding three-dimensional structures and high acide ¢rycible. All the other compounds showed one sharp mass loss in

concentrations yielding structures with lower dimensions. Inthe the region 356-450°C. The mass losses correspond to the loss of the
extreme case, when the amine concentration is far in excess ofamine in all the cases and agree well with the calculated values (see

the acid, the amine molecules bind covalently with the zinc.

Experimental Section

Synthesis and Initial Characterization. Five new zinc phosphates,
|-V, were synthesized starting from a zinc phosphate gel containing

triethylenetetramine (TETA). The compounds were obtained as a pure

single-phase material by the adjustment of the synthetic conditions
exceptll, which always appeared in mixture with As a typical
procedure, the synthesis bis described. A 0.3255 g sample of zinc
oxide was dispersed in 7.2 mL of water and 0.7 mL of hydrochloric
acid (35%). A 2.6978 g sample of phosphoric acid (ag, 85 wt %) was
added to the mixture under stirring. Finally, 1.19 mL of TETA was
added, and the mixture was homogenized 80 min. The final
composition works out to be 1.0:2.0:6.0:2.0:100 ZnO:HGPA,:
TETA:H,O. The mixtures were transferred into a 23 mL PTFE bottle
(fill factor ~ 40%) and sealed in a stainless steel autoclave (Parr). The

complete synthesis conditions, yields, and compositions of the products

obtained by EDAX analysis are presented in Table 1. The resulting
products, which predominantly contained good-quality single crystals

Table 1). The loss of amine from the framework generally resulted in
the collapse of the open architecture and formed condensed zinc
phosphates, as determined by powder XRD. Thus, the calcined samples
of Il correspond tax-Zn,P,0; (JCPDS: 08-238), those ¢l andIV

to ZnpP,0O; (JCPDS: 39-0711), and those &f to o-Zng(PQu):

(JCPDS: 29-1390).

Single-Crystal Structure Determination. A suitable single crystal

» of each compound was carefully selected under a polarizing microscope

and glued to a thin glass fiber with cyanoacrylate (super glue) adhesive.
Single-crystal structure determination by X-ray diffraction was per-
formed on a Siemens Smart-CCD diffractometer equipped with a normal
focus, a 2.4 kW sealed tube X-ray source (Mo Kadiation,4 =
0.71073 A) operating at 50 kV and 40 mA. A hemisphere of intensity
data was collected at room temperature in 1321 frames avititans
(width of 0.3C and exposure time of 20 s per frame) in therange
of 3—46.5. Pertinent experimental details for the structure determina-
tions are presented in Table 2.
The structure was solved by direct methods using SHELX!S-86
and difference Fourier syntheses. An empirical absorption correction

suitable for single-crystal X-ray crystallography, were filtered and 10y sheldrick, G. MSHELXS-86 Program for Crystal Structure Deter-

minatiorny University of Gdtingen: Gitingen, Germany, 198@cta
Crystallogr. 199Q A35, 467.

washed thoroughly with deionized water. The single crystals were used
for all the subsequent characterization purposes. Powder X-ray dif-
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Table 3. Select Bond Distances and Bond Angles for
[C5N4H22]05[Zn(HPO4)2] (|)a
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Table 4. Select Bond Distances and Bond Angles for
[C6N4H22]0,5[Zn2(HPO4)3] (” )a

moiety distance (A) moiety distance (A) moiety distance (A) moiety distance (A)
Zn(1)-0(1) 1.913(3) P(1)0(6) 1.517(3) Zn(1)-0(1) 1.929(4) P(1)yO(4¢ 1.528(4)
Zn(1)-0(2) 1.924(3) P(1y0(7) 1.587(3) Zn(1)-0(2) 1.937(4) P(1)0(9) 1.586(4)
Zn(1)-0(3) 1.964(3) P(2y0(1) 1.515(3) Zn(1)-0(3) 1.963(4) P(2)O(5) 1.514(4)
Zn(1)-0(4) 1.969(3) P(2X0O(2) 1.508(3) Zn(1)-0(4) 1.991(4) P(2)O(1y 1.519(4)
P(1-0(@3) 1.527(3) P(2)O(4y 1.539(3) Zn(2)—0(5) 1.902(4) P(2)0(2) 1.525(4)
P(1)-0O(5) 1.509(3) P(2)O(8) 1.577(3) Zn(2)—0(6) 1.936(4) P(2)0(10) 1.588(4)

Zn(2)—-0(7) 1.951(4) P(3)0(6) 1.505(4)
organic moiety  distance (A)  organic moiety  distance (A) Zn(2)-0(8) 1.990(4) P(3)0O(11) 1.520(4)
_ P(1y-0(7) 1.524(4) P(3)O(8y 1.530(4)
NGO O Isoi)  O@oGP  issad ~ PWOE 15244  PGIOU2) 15914
N(2)-CE) 1.480(6) organic moiety  distance (A)  organic moiety  distance (A)
moiety angle (deg) moiety angle (deg) N(2)—-C(3) 1.495(7) C(1yC(2) 1.511(8)
O(1)-Zn(1)-0(2) 119.45(4) O(3}P(1)-O(7 107.0(2 N(2)—C(2) 1.502(7) CErCEy 1.509(11)
oﬁﬁ-z&ﬁ-oﬁs? 103.42%3% o%—é(z))_—o((l)) 113.7%2; N(1)-C() 1.510(7)
O(1)-Zn(1)-0(4) 111.40(4) O(H-P(2)-0O(4 112.0(2 - -
ogzg—anlg—o&g 109.14%1% 0517)\—|3((2))—_0(£1.)2)2 115.5&2% moiety angle (deg) moiety angle (deg)
O(2)-Zn(1)-0(4) 106.01(1) O(H-P(2)-0O(8) 104.8(2) O(1)-Zn(1)-0(2) 112.1(2) O((B)-P(2)-0(2) 112.9(2)
0O(3)-Zn(1)-0(4) 106.81(1) O(LyP(2)-0O(8) 107.1(2) O(1)-Zn(1)-0(3) 105.1(2) O(B-P(2)-0(2) 112.7(2)
O(5)—P(1-0(3) 113.2(2) O(H—P(2)-0(8) 104.8(2) O(2-Zn(1)-0(3) 114.2(2) O(B)-P(2)-0O(10) 110.5(2)
O(5)—-P(1)-0(6) 112.5(2) P(2y0(1)-2Zn(1) 138.6(2) O(1)-Zn(1)-0(4) 106.7(2) O(B-P(2-0O(10) 106.6(2)
O(5)-P(1)-0(7) 108.2(2) P(3y0O(3)-2Zn(1) 123.7(2) 0(2)-Zn(1)-0(4) 113.5(2) O(2yP(2)-0(10) 102.6(2)
0O(6)-P(1)-0(3) 110.9(2) P(2-0(4)-zZn(1) 127.2(2) 0O(3)-Zn(1)-0(4) 104.5(2) O(6)P(3)-0(11) 111.9(2)
O(6)—P(1)-0(7) 103.9(2) O(5)-Zn(2)-0O(6) 106.4(2) O(6)P(3)-0O(8y 112.7(2)
O(5)-Zn(2)-0O(7) 116.7(2) O(1LyP(3-O(8F  110.5(2)
organic moiety angle (deg)  organic moiety  angle (deg) O(6)-Zn(2)-0(7) 108.5(2) O(6)}P(3-0(12) 108.8(2)
CG3)-NQ2)—CQ) 1158(4) N C(1)-C@2) 113.9() O(5)-2Zn(2)-0(8) 115.7(2) O(BPR)\0(12) 109.2(3)
(A O(6)-Zn(2)-0O(8) 118.2(2) O(B-P(3)-0O(12) 103.3(2)
N@)-CE)-CEP - 110.305) O(7)-Zn(2)-0(8)  91.1(2) P(@A-0(1)-zZn(1) 129.1(2)
a Symmetry transformations in generating equivalent atoms:xi, O(7-P(1)-0(3) 110.7(2) P(2Y0O(2)—-2Zn(1) 132.9(2)
+1,-y+2-22 -X-y+2-23, -x+2,-y+2 —z+ 1. O(7)-P(1-0O(4r  112.2(2) P(1»O(3)-2Zn(1) 129.5(2)
O(3)-P(1)-0O(4)}  111.3(2) P(1)-O(4)-2Zn(1) 120.0(2)
based on symmetry equivalent reflections was applied for all the five O(7)-P(1)-0(9)  106.1(2) ~ P(2-O(5)-Zn(2)  134.9(3)
compounds using SADABSprogram. All the hydrogen positions for 8&2;1_%(1%)__0&(93) 18;;% E%gggg_gﬂgg ig?ggg
compoundd —V were initially located in the difference Fourier maps, B : 8 :
and for the final refinement, the hydrogen atoms were placed geo- O(y-P(2-0(1y 111.02) P(3)-0(8)-Zn(2) 128.6(2)
metrically and held in the riding mode. The hydrogen positions/for organic moiety angle (deg) organic moiety angle (deg)
though found in the difference Fourier map, have not been incorporated
due to the bonding nature of the amine as well as to the disorder of the C(3)-N(2)—C(2) 111.8(4) N(2)-C(2)-C(1) 113.5(5)
4 N(@)-C(1)-C(2) 112.2(5) N(2»C(3)-C(3y  109.3(6)

Zn atom to which it is attached. The last cycles of refinement include

atomic positions for all the atoms, anisotropic thermal parameters for

a Symmetry transformations to generate equivalent atoms:xH-

all the non-hydrogen atoms, and isotropic thermal parameters for all 1, -y + 1, -z 2, —x+ 1, -y, =z 3, =X, -y + 1,—z—1; 4, —x +
the hydrogen atoms. Full-matrix-least-squares structure refinement2, —y, —z — 1.

against|F?| was carried out using the SHELXTL-PLWyackage of
programs. Details of the final refinements are given in Table 2. The
selected bond distances and angles for products are presented in
Tables 3-9.

Results
[CeN4H22]0.9ZN(HPO 4)7] (1), with a Ladder Structure. The

1.535 A]. A framework structure of Zn(Pf would give a net
framework charge of-4. The presence of 0.5§8,H2,] would
account for thet-2 charge arising from the tetraprotonation of
the amine. The excess negative charge-@fis then balanced
by the protonation of the POnoieties, as given in the formula.
Bond-valence sum calculatiosndicate that P(£-O(7) and

asymmetric unit contains 16 non-hydrogen atoms as shown inp(2)-0(8), with distances of 1.587 and 1.577 A, respectively,

Figure 1a, with one Zn and two P atoms crystallographically

are formally—OH groups. Similar POH bond lengths have

distinct. The structure consists of a one-dimensional polymeric peen observed befofeBoth the PQ groups inl are, in fact,

zinc—hydrogenr-phosphate chain constructed from infinite edge-
shared four-membered rings of Zpé@nd HPQ tetrahedra. The
Zn atom is tetrahedrally coordinated to four oxygen atoms with
an average ZrO bond length 0f~1.942 A. The Zn atoms are
connected to the neighboring P viaZ0®—P linkages [(Zr-
O—P),y= 130.9]. The O-Zn—0 bond angles are in the range
of 103.4-119.# [(O—Zn—0),y = 109.3]. The two P atoms
are connected such that P(1) is linked to Zn by oreOP-Zn
linkage and P(2) is connected to Zn by three®-Zn linkages.
The two phosphorus atoms have © bond lengths in the range
of 1.508-1.587 A [(P(2)-O)ay = 1.527 A and (P(1)}O)ay =

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

HPO, groups. The structure ofis constructed from the linkages
involving ZnOy and HP(2)Q groups. The units are so connected
to form a four-membered ladder-like chain, and the HP§1)O
tetrahedra are grafted onto this chain. Thus, HP{BEs as a
pendant to the anionic one-dimensional chain (Figure 1b). A
qguadruply protonated TETA molecule in the middle of this chain
provides the charge balance. Extensive intrachain H-bonding
has been observed ininvolving the terminal-OH group, the
pendant HP® group, and the £0O oxygens. Additional
hydrogen-bond interactions involving the chain and the amine

(12) Sheldrick, G. MSHELXS-93 Program for Crystal Structure Solution
and RefinementJniversity of Gdtingen: Gdtingen, Germany, 1993.
(13) Brown, I. D.; Aldermatt, DActa Crystallogr.1984 B41, 244.
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Table 5. Select Bond Distances for [N4Hz2]0.5Zn.P.Og] (111 )2 Table 7. Select Bond Angles for [fNsH22]0.5Zn3(POy)(HPOy)]
moiety distance (A) moiety distance (A) vy
Zn(1)-0(1) 1.889(6) P(11O(1) 1.490(7) moiety angle (deg) moiety angle (deg)
Zn(1)-0(2) 1.947(5) P(1)yO(5)% 1.495(5) O(1)-Zn(1)-0(2) 113.1(2) O(2yP(1}-0O(5) 110.1(3)
Zn(1)-0(3) 1.939(5) P(1)yO(4y 1.505(6) O(1)-2Zn(1)-0(3) 117.3(2) O(2yP(1)-0O(10y 112.9(3)
Zn(1)-0(4) 2.109(7) P(1y0(8) 1.536(5) 0O(2)-2Zn(1)-0(3) 100.4(2) O(5yP(1)-0O(10y 112.4(3)
Zn(2)—-0(5) 1.934(5) P(2y0(6) 1.515(6) O(1)-Zn(1)-0(4) 114.0(2) O(2yP(1)y-O(11}y 108.2(3)
Zn(2)-0(6) 1.911(5) P(2y0(2y 1.522(5) 0O(2)-Zn(1)-0(4) 98.3(2) O(5rP(1)-O(11y 106.6(3)
Zn(2)-0(7) 1.952(5) P(2y0(3) 1.542(5) 0(3)-Zn(1)-0(4)  111.4(2) OQG-P(1)-O(11f 106.2(3)
Zn(2)—-0(8) 1.965(5) P(2O(7p 1.540(5) O(6)—2n(2)—0O(7) 115.6(2) O(¥—P(2)-0(9) 111.7(3)

0(6)-Zn(2)-0(5)  108.1(2) O(¥H-P(2)-0(3) 112.8(3)
organic moiety  distance (&)  organic moiety  distance (&)  O(7)-2Zn(2)-0(5) 108.5(2) O(9yP(2-0O(3) 106.6(3)

O(6)-Zn(2)-0(8)  108.6(2) O(H-P(2)-O@4F  111.2(3
N~ T 14990) o 1.207C.0) og7g—zzgzg—o§8; 110.2%23 OEE;;—P((Z))—_O(EW)E 110.3%33
ngg_c& 5 499((1%) (2rc@) -484(9) O(5)-Zn(2)-0(8)  105.4(2) O(}P(2-O(4F  104.0(2)

0(9)-Zn(3)-0(4)}  116.6(2) O(12yP(3-0O(6)  109.6(3)

0(9)-Zn(3)-0(10)  115.0(2) O(12}P(3)-O(7f  108.0(3)

moiety angle (deg) moiety angle (deg)  5ap-"7n(3)-0(10) 110.1(3) O(BYPE)-O(7f  113.5(3)
O(1)*—Zn(1)-0(3) 95.9(4)  O(1)yP(1)-O(57 108.9(5) 0(9)-Zn(3)-0O(11) 102.5(2) O(12P(3)-0O(8y 110.4(3)
O(1}-Zn(1)-0(2) 111.6(3) O(L}P(1}-O(4¥  106.2(6) 0(4y—Zn(3)-0(11) 112.5(2) O(6)YP(3-0O(8Y 113.5(3)
0(3)-Zn(1)-0(2) 110.7(2) O(5-P(1)-O(4F 110.8(3) O(10)-Zn(3)-0O(11)  98.4(2) O(B-P(B)O(8Y  108.9(3)
O(1}-Zn(1)-0O(4) 131.0(4) O(1L)}P(1-0O(8) 112.0(4) P2F-0O(1)-zn(l)  139.8(3) P(3}0O(6)—Zn(2) 132.2(3)
0O(3)-Zn(1)-0(4) 104.1(2) O(5)-P(1-0O(8)  111.5(3) P(1)-0(2)-zn(1) 137.03) P(3-O(7)-Zn(2)  136.0(3)
0(2-Zn(1)-0(4)  102.3(2) O(H-P(1-0O(8)  107.3(3) P(2)-0(3)-zn(1) 132.4(3) P(3-0(8)-Zn(2)  120.4(2)
0(6)-zZn(2)-0O(5)  111.9(3) O(6YP(2-O(2f  110.5(3) P(2F-O(4)-Zn(1)  109.6(2) P(2r0(9)-Zn(3) 143.1(3)
O(6)—2Zn(2)—-0(7) 108.4(3) O(6YP(2-O(7y 110.5(3) P(2F—0O(4)-Zn(8¢ 127.6(3) P(1)-0O(10)-Zn(3) 123.4(3)
O(5)-2Zn(2)-0(7) 104.6(3) O(-P(2)-O(7y 110.8(3) Zn(3Y—0(4)-Zn(1l) 116.5(2) P(B-0O(11)-zZn(3) 127.4(3)
0(6)-Zn(2)-0(8)  101.6(2) O(6YP(2)-0O(3) 106.8(3) P(1)-0(5)-2n(2) 127.9(3)
O(5)-Zn(2)-0(8)  107.4(2) O(@-P(2-0O(3)  109.6(3) B —
O(7)-Zn(2)-0(8)  123.0(2) O(A-P(2-0O(8)  108.6(3) organic moiety  angle (deg)  organic moiety  angle (deg)
P(1-0O(1)-zn(1y 153.1(5) P(13-0(5)-Zn(2) 135.3(4) N(1)—C(1)-C(2) 113.8(6) C(1¥C(2)-N(2) 112.4(6)
P(2Y-0(2)-zn(l) 120.1(3) P(2}O(6)-zZn(2)  149.3(3) N(D)— _
PO-OGLzn() 14043 P-OUr-znG) 123203 C(2-N(@2)-C(3) 113.1(6) N(2yC(3)-C(3Y  111.1(7)
P(1F—0O(4)-2Zn(1) 110.1(4) P(%yO(8)-2Zn(2) 135.9(3) a Symmetry transformations to generate equivalent atoms 4,

l,y—-1,z2,x—1y+1,z3,x,y+1,z4, —x+1, -y, —z5,
organic moeity angle (deg) organic moiety angle (deg) —x,-y,-z6,—x —-y+1,-z+1;7,—x—1,-y+1,-z+1;8,

N-C()-C(2)  1114(6)  C(C@)-N@)  112.4(6) Xxy=1z9 —x+1 -y -z+1
C@FNE@)-CE)  1121(5)  NEyCEFCE)  110.7(7) Table 8. Select Bond Distances for §84Hzq]o5ZNnsP:01] (V)2

a Symmetry transformations to generate equivalent atoms, i,

122Xy~ 1 -2~ 13 X~ 1~y —~ 1, ~7— 2: 4 —x moiety distance (A) moiety distance (A)
Y, —72— 25, % —y—1,-2—2,6,%y— 1,27, —x+ 1, —y+ Zn(1)-0(1) 1935(5)  Zn(4AYO(11}  1.853(5)
12 Zn(1)-0(2) 1.967(5)  Zn(4AYO(10  1.909(5)
Zn(1)-0(3) 1.981(4)  Zn(4AYO(12) 2.019(5)
Table 6. Select Bond Distances for §84H25]oZNns(POy)2(HPO)] %28:82‘51; igﬁggg é?l(_‘;gﬁ(blf\'o()?) 21%%%((75))
) _ _ _ _ Zn(2)-0(6) 1.916(5)  P(LO(LF 1.517(5)
moiety distance (A) moiety distance (A) Zn(2)-0(4) 1.979(4) P(LO(9) 1.541(5)
Zn(1)-0(1) 1.921(5) P(10(2) 1.506(5) gn(Zg—_%U% i-gég@) E(Pfg(g) i-S%(S)
Zn(1)-0(2) 1.939(5) P(1yO(5) 1.513(5) zn (3)_o (g) 1-944(2) P(27‘0(1)2 1-227(2)
Zn(1)-0(3) 1.949(4) P(LyO(10y 1.542(5) Zn(3 )—o § ) 1-971(4) P(Z-}O(S ) 1.537(5)
Zn(1)-0(4) 2.052(4) P(LO(117 1.585(5) zﬂ§3§-oE3§1 Lo ((4)) . ((fioﬁsﬁa o ((5))
%28:8% }33223 E%ggg 11553%((55)) Zn(4-0O(10f  1.961(5)  P(3}0(2) 1.520(5)
Zn(2)-0(7) 1.928(5) P20(3) 1544(5) Zn(4y-0(12) 1.962(5) P(3Y0(11) 1.521(5)
Zn(2)-0(8) 2.012(4) P(2yOlaF 1569(5) Zn(4-O(11F  1.963(5) P(3YO(5) 1.531(5)
Zn(@)-0ay 1.965(4) PGIO(12) 1520(%) Zn(4)-N(1)y* 2.085(7)  P(3}0(7) 1.577(5)
%283:882)) igggg{)) E((?)SE%G 11553?;)((55)) organic moiety  distance (&)  organic moiety  distance (A)
Zn(3)-0(11) 2.030(5) P(3YO(8Y 1.577(5) N(1)-C(1) 1.506(13) C(B-C2) 1.534(14)
C(2)-N(2) 1.493(12) N(2)C(3) 1.512(13)
organic moiety  distance (&)  organic moiety  distance (A) C(3)-C(3¢ 1.51(2)
N(1)—C(1) 1.483(9) C(1yC(2) 1.510(11) a Symmetry transformations used to generate equivalent atoms: 1,
C(2-N(2) 1.501(9) N(2C(3) 1.490(9) X+ 1,y = Yo, =2+ Y5 2, =X,y — Yo, =2 — Uy, 3, —x + 1, -y, —Z;
CE-CEY 1.49(2) 4,% =y =Yy z— Uy 5, —x+1,-y+1,-z6=X —y+ Yoz —

a Symmetry transformations to generate equivalent atoms< 4, U2, 1% =y + Yo 2= Yz 8, =X, —Y, —Z

1,y—-1,z2,x—1,y+1,z3,x,y+1,z4, —x+1,-y,—z5,

X, -y, -26,—x -y+1,-z+1,7,xy— 1,z to TETA. There are two crystallographically distinct Zn atoms

and three P atoms. The structure is essentially constructed from

molecules have also been observed. The selected list ofthe vertex linkage of Zn@and HPQ tetrahedra forming

hydrogen-bond interactions is presented in Table 10. macroanionic layers. The Zn atoms are all tetrahedrally coor-
[CeN4H 220 dZNn 2(HPO)4] (1), with a Layer Structure. The dinated to four oxygen atoms. The Z0@ distances are in the

asymmetric unit ofl contains 22 non-hydrogen atoms (Figure range of 1.9021.991 A [(Zn(1)-0)ay = 1.955 A and (Zn(2)

2), of which 17 atoms belong to the framework and five atoms O)a, = 1.944 A], and the @Zn—0 angles are in the range of
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Table 9. Selected Bond Angles for iBlsHz0]0.5Zn4P:017] (V)2
moiety angle (deg) moiety angle (deg)

O(1)-Zn(1)-0(2) 95.6(2) O(1B-Zn(4A)-O(10¢ 108.5(2)
0(1)-Zn(1)-0(3) 108.8(2) O(1B-Zn(4A)-0O(12) 109.6(2)
O(1)-Zn(1)-0(4) 121.0(2) O(10)-Zn(4A)-0O(12) 100.8(2)
0(2)-Zn(1)-0(3) 1155(2) O(1B-Zn(4A)-N(2)  99.9(3)
0(2)-Zn(1)-0(4) 101.0(2) O(10)-Zn(4A)-N(2)  100.9(2)
0(3)-Zn(1)-0(4) 1135(2) O(12}Zn(4A)-N(2)  135.1(3)

0(5)-Zn(2)-0(4) 101.1(2) O(10¥P(1)-O(1f 112.2(3)
0(5)-Zn(2)-0(6) 118.7(2) O(10YP(1)-O(9)f 109.3(3)
0(5)-Zn(2)-0(7) 112.4(2) O(B-P(1)-0O(9f 112.2(3)
0(6)-Zn(2)-0(7) 104.3(2) O(10YP(1)-0(4) 109.4(3)
0(6)-Zn(2)-0(4) 115.6(2) O(B-P(1)-0(4) 105.0(3)
0(4)-Zn(2)-0(7) 104.1(2) O(PH-P(1)-0(4) 108.6(3)
0(8)-Zn(3)-0(7) 106.7(2) O(6)P(2-0(12) 109.5(3)
0(8)-Zn(3)-0(9) 109.1(2) O(6)P(2-0(8) 112.5(3)
0O(8)-Zn(3)-O(3)!  108.2(2) O(12)-P(2)-O(8) 110.0(3)
0(9)-Zn(3)-0(7) 106.292) O(6YP(2-O(3f 108.9(3)
0(9-Zn(3-O(3)!  105.0(2) O(12)-P(2)-O(3)f 109.1(3)
O(7)-Zn(3-O(3)  121.2(2) O(8)P(2)-O(3yf 106.7(3)
O(10P—Zn(4)-0(12) 101.0(2) O(ZP(3)-0(11) 109.8(3)
O(10P—Zn(4)-O(11} 102.2(2) O(2}-P(3)-O(5) 113.23)
O(12)-Zn(4)-O(11f 107.5(2) O(11}P(3)-O(5y 108.4(3)
O(10P—Zn(4)-N(1)*  95.9(2) O(2)»-P(3)-0O(7) 107.3(3)
O(12)-Zn(4)-N(1y*  138.5(3) O(11}P(3)-0(7) 108.6(3)
O(11P—Zn(@)-N(1)* 105.5(3) O(5}-P(3)-0(7) 109.4(3)
P(1F—O(1)-Zn(1) 133.0(3) P(3Y0(7)-Zn(2) 121.3(3)
P(3-0(2)-Zn(1) 134.3(3) Zn(3)}0(7)-Zn(2) 118.8(2)
P(2y-0(3)-Zn(1) 125.0(3) P(2Y0(8)-Zn(3) 130.1(3)
P(2y-0O(3)-zn(3f  116.7(2) P(1}-0(9)-Zn(3) 136.7(3)
Zn(1)-0(3)-zZn(3f  118.0(2) P(1}O(10)-Zn(4A®  133.5(3)
P(1)-0O(4)-Zn(2) 122.6(2) P(1yO(10)-Zn(4y 172.3(3)
P(1)-O(4)-Zn(1) 110.7(2) P(3YO(11)-Zn(4A¥®  154.6(4)

Zn(2-0(4)-zn(1)  108.9(2) P(3rO(11)-Zn(4) 127.6(3)
P(3f-0(5)-Zn(2) 135.4(3) P(LyO(10)-Zn(4AY  133.5(3)
P(2)-0(6)-Zn(2) 129.6(3) P(LyO(10)-Zn(4y 172.3(3)
P(3)-0(7)-2Zn(3) 118.8(3)

organic moiety angle (deg) organic moiety angle (deg)
C(1)-N(1)-Zn(4y° 117.1(5) C(2}N(2)-Zn(4A) 120.0(6)

N(1)-C(1)-C(2) 111.3(7) C(3}N(2)-Zn(4A) 107.4(5) Figure 1. (a) ORTEP plot of [@N4H2zJo5Zn(HPQy)7] (I). Asymmetric
N(2)—-C(2)-C(1) 109.4(7) C(3—C(3)-N(2)  108.1(9) unit is labeled. Thermal ellipsoids are given at 50% probability. (o)
C(2-N(2)-C(3) 111.0(6) Structure ofl showing the four-membered ladder-like chain propagating

along thea axis. The figure also shows the H-bonding interaction
a Symmetry transformations used to generate equivalent atoms: 1,petween the amine and the chain.
X+ 1,y =Y =2+ Yy 2, =Xy — Y2, —2— U3 3, —x+ 1, -y, —Z
—yv —1 — 1. — — — — 1 — 1
;1’ i _§+ 1;2 §+ 1;;: g’ _))((I i’yj{flzl’_zzﬁ‘/;'g {;r y/ZJ’er/Z izz of 1.520 A, is a P=O unit. This assignment is consistent with
— Yy 10,% —y — Yy 2+ Yy 11, =X, —y, —2 ’ bond-valence sum calculatiok.

The connectivity between the ZnGnd HPQ tetrahedra
91.1-118.2 [(O—Zn(1)~O)ay = 109.3 and (O-Zn(2)—O)ay gives rise to four-membered rings, which are connected edge-
= 109.#]. Both the zinc atoms are connected to three wise, forming one-dimensional zigzag ladder-like chains. The
neighboring P atoms via four ZrO—P bonds with an average chains are joined via a phosphate group, as shown in Figure 3.

bond angle of 1293 Of the three P atoms, P(1) and P(2) make This results in the formation of a bifurcated 12-membered

three P-O—Zn bonds and possess one ® terminal linkage, aperture within the layer. The amine molecule, forming the
while P(3) makes two PO—2n linkages and has two-FO adjacent layer, sits in the middle of this aperture and interacts

terminal bonds. The three P atoms have@distances in the with the framework via hydrogen bonding (Figure 3). Thus,
range of 1.5051.591 A [(P(1)-O)w = 1.540 A, (P(2)-O) the layers inll are formed in such a manner that the cationic
—1536A .and (F;@O) — 1536 2'] and the G’P—O angl?evs and anionic layers alternate. The inorganic layers are stacked
e l av — 4. )

are in the range of 102:6112.9 [(O—P—0),, = 109.4 for all exactly one over the other in an AAAAA fashion, forming a
. . av — .

the P atoms]. These geometrical parameters are in goodpseudo-one-dimensional channel with the amine molecule sitting

agreement with those observed eartigr Assuming the usual in the middle of such channels.. A similar layer arrangement

valences of Zn, P, and O to be2, 15, and—2, respectively has been observed recently in an open-framework cobalt
’ ’ ’ ’ ’ ’ 4

the framework stoichiometry of 2(POy); creates a net ph‘?ﬁfgggi‘mensional Structures of [GNaHaslo 42N (PO)s]

framework charge of-5. Taking into account the presence of I 4 1C NJH Zn (PO (HPO (V). 1CaNJH

0.5[CsN4H22), the excess negative charge-68 can be balanced (I and [C 6NaH22]0dZn (POL)2(HPOA)] (IV). [CoNaHzdos

) " [Zn2P,Og] (I11) is a three-dimensional open-framework structure
by the protonation of the PQetrahedra. One hydrogen position g " . :
for each of the oxygens, O(9), O(10), and O(12), has been containing one-dimensional channels bound by eight tetrahedral

. ) ) T) atoms (T= Zn and P). The structure is built from ZpO
observed in the difference Fourier maps. Thus, PQ(9), () ( ) ueture 1s bul 9

o and PQ tetrahedra and is connected via-Z@—P bonds, the
P(2-0(10), and P(3)0(12), with distances of 1.586, 1.588, Q
and 1.591 A, respectively, are alHOH units. The second  (14) Rao, C. N. R.; Natarajan, S.; NeerajJSAm. Chem. So@00Q 122,
terminal P-O linkage, in the case of P(3) with af® distance 2810.
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Table 10. Important Hydrogen Bond Interactions in Compounds
=1V

moiety distance (A) moiety angle (deg)
I
O(8)-H(1) 2.1086(5)  O(8YH(1)—N(1) 146.2(5)
O(3)—H(2) 2.145(5) O(3rH(2)—N(1) 168.7(5)
O(5)—H(3) 1.789(5) O(5r-H(3)—N(1) 160.5(5)

O(6)-H(10)  1.806(5) O(6)H(10)~N(2) 165.6(5)
O(5)-H(11)  1.803(5) O(5¥H(11)-N(2) 164.4(5)
O(4)-H(20)  1.891(4) O(4)H(20)-0(7) 162.4(5)
O(6)-H(30)  1.885(4) O(6)-H(30)—0(8) 141.9(4)

O(3)—H(4) 2.391(7) O(3yH(4)—C(1) 154.8(6)

O(1)—H(7) 2.351(7) O(LyH(7)—C(2) 145.9(6)

O(5)—H(8) 2.584(6) O(5r-H(8)—C(3) 165.9(5)

I

O(3)—H(1) 2.216(6) O(3rH(1)—N(1) 143.3(6)

0O(8)—H(2) 2.136(6) O(8)H(2)—N(1) 164.9(6)

8%_:% %ﬂggg ggg:%_mgg igé%gg Figure 2. ORTEP plot of [GNsH2z]ogZn2(HPOy)4] (I1). Asymmetric
O(11)-H(9) 1.883(7) O(11FH(9)-N(2) 162.5(6) unit is labeled. Thermal ellipsoids are given at 50% probability.
N(1)—H(30) 2.086(7) N(1)-H(30)—-0(10) 166.1(6)

O(1)—H(4) 2.525(7) O(1yH#)—C(1) 144.0(6)

O(3)—H(6) 2.590(8) O(3)H(6)—C(2) 141.8(7)

I

O(8)—H(1) 2.115(2) O(8)-H(1)—Nk(1) 147.8(2)

O(4)—-H(2) 2.121(3) O(4rH(2)—N(1) 158.1(2)

O(3)—H(3) 2.147(2) O(3rH(3)—N(1) 131.7(2)

O(4)—H(8) 2.242(1) O(4¥H(8)-N(2) 140.4(3)

O(8)—H(8) 2.295(1) O(8)H(8)—N(2) 150.1(3)

O(7)—H(9) 2.001(2) O(7rH(9)—N(2) 158.7(2)

O(5)—H(6) 2.275(2) O(5r-H(6)—C(2) 161.2(1)

O(2)—H(7) 2.591(2) O(2yH(7)—C(2) 132.6(2)

O(8)-H(10)  2.599(4) O(8YH(10)-C(3) 139.5(2)
O(3)-H(11)  2.580(2) O(3YH(11)-C(3) 152.8(4)
O(6)-H(11)  2.382(4) O(6)H(11)-C(3) 135.7(2)

v
O(7)-H(B)  2.046(2)  O(T¥H(8)-N(2) 157.7(1) ,
O(12-H®) 2.399(2)  O(2}H®)-N()  134.8(2) ;
O(12)-H(9) 1.813(2) O(12YH(9)—N(2) 164.6(2) Figure 3. Layered structure df , with the protonated amine molecule
N(1)—H(20)  2.061(2) N(1)}-H(20)-O(12)  160.8(2) sitting in the 12-membered aperture. Dashed lines represent the
O(12)-H(4)  2.547(2) O(12yH(4)—C(1) 138.0(2) hydrogen-bond interactions.
O(5)—H(6) 2.587(2) O(5r-H(6)—C(2) 160.0(4)

O(6)-H(11)  2.353(3) O(6)H(11)-C(3) 138.8(2)

surrounding channels occupied by extraframework quadruply
protonated TETA cations. The 17 non-hydrogen atoms of the
asymmetric unit consist of 12 frameworks and five atoms of
the guest species (Figure 4). The asymmetric unit contains two
crystallographically independent zinc and phosphorus atoms.
The two zinc atoms inll are both tetrahedrally coordinated
by their O atom neighbors, with average zitaxygen bond
distances of 1.971 A for Zn(1) and 1.941 A for Zn(2). The
average G-Zn—0 bond angles are in the range of 95181.0
[(0—Zn(1)-0)a = 109.3 and (O-Zn(2)—0)a = 109.5]. d
Both zinc and phosphorus atoms make four-Z+P bonds to
two distinct P atom neighbors and have an average@nP
bond angle of 133% resulting from a fairly wide spread of
angles (Table 5). The-PO bond distances are in the range of sjonal sheets made by zZn(1), Zn(2), P(1), and P(2). The
1.490-1.542 A [(P(1}-0)ay = 1.507 A and (P(2) O)ay = 1.530 connectivity between these units is such that the oxygen
A], and the G-P—0 angles are in the range of 106.212.0 neighbors of both P(1) and Zn(1) are all connected within the
[(O—P—0)a = 109.5 for both P(1) and P(2)]. These structural plane, and P(2) and Zn(2) have three of the four possible
parameters are in good agreement with the results of previousconnections in the plane. The fourth connection needed for P(2)
structure determinations on similar compoufdsThe frame- and Zn(2) is garnered from adjacent layers forming the three-
work stoichiometry of Z(PQOs), would give a net framework  dimensional connectivity. Alternatively, the eight-membered
charge of—2, and the 0.5[eNsH2,] per formula unit balances  apertures are formed whenever the four-membered edge-shared

Figure 4. ORTEP plot of [GNsH2205ZnP20g] (Il ). Asymmetric
unit is labeled. Thermal ellipsoids are given at 50% probability.

this negative charge. Bond-valence sum calculatibos the ladders meet within the sheet. These apertures are linked via
framework agree with the above results. oxygen atoms, forming the eight-membered channél$ ifThe
The framework structure dfl is built from ZnQ, and PQ eight-membered channels along the [100] direction are shown

tetrahedra sharing vertexes to form four-membered rings. Thein Figure 5. The width of the channels is3.6 x 4.8 A. The
three-dimensional structure can be derived from two-dimen- quadruply protonated TETA molecule sits in the middle of this
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Figure 5. Polyhedral view of [@NsH2z]05ZNn2P.0g] (llI ) along the
[100] direction. Note that the connectivity produces an eight-membered
channel.

channel. Along the [010] and [001] directions, the connectivity
between the Zn@and PQ units also creates eight-membered
channels.

[CeNaH22]0.5[ZNn3(PQy)2(HPOy)], IV, is an anionic open-
framework zinc phosphate built from tetrahedral Zredd PQ
blocks connected via ZrO—P bonds. The channels, thus
formed, are occupied by quadruply protonated TETA molecules.
The asymmetric unit contains 28 non-hydrogen atoms, of which
23 belong to the framework and five to the guest species (Figure
6a). There are three crystallographically independent zinc and
phosphorus atoms. The Zn atoms are all tetrahedrally coordi-
nated by their oxygen atom neighbors, with average @rbond
distances of 1.965 A for Zn(1), 1.948 A for Zn(2), and 1.956 A
for Zn(3). The G-Zn—0O bond angles are in the range of 98.3
117.3 [(O—Zn(l)_o)av = 109.T, (O—ZH(Z)—O)av = 109.4,
and (O-Zn(3)—0),, = 109.2]. Additionally, Zn(1) is also
bonded to Zn(3) via a ZnO0—Zn Iinkage. The three Zn_ atoms Fioure 6. (a) ORTEP plot of " 2 (PO(HP "
are connected to three P at0m§ via-Zo- P !C)Ohd§ with an Tr?ermal ell(ip)soids are given aEG'S\é)tAJZE]?g[babsi(lityo.‘l)(i)() StrQL:)c]tlSre\)bf
average bond angle of 128 fsulting from a fairly wide spread  ghowing the 16-membered channel with the amine molecule. Dashed

of angles (Table 7). Of the three P atoms, P(1) and P(2) makelines represent the various possible hydrogen-bond interactions.
four P-O—Zn bonds, and P(3) makes three-®—Zn bonds

and possesses one terminal linkage. TheOFbond distances
are in the range of 1.5051.585 A [(P(1)-O)a = 1.537 A,
(P(2)-0)ay = 1.534 A, and (P(3Y0).y = 1.538 A], and the
O—P-0 angles are the range of 104.012.8 [(O—P—0)av
=109.5 for P(1), P(2), and P(3)]. These geometrical parameters
are in agreement with those observed eafliérAssuming the
normal valences of Zn, P, and O to be2, +5, and —2,
respectively, the framework stoichiometry of flACy)3 creates

a charge of—3. Taking into account the presence of the 0.5-
[CsN4H25 molecule, the excess negative charge-df can be
balanced by the protonation of one of the ,Pg@oups. The Figure 7. ORTEP plot of [GNsHadodZNsP:0] (V). Thermal
attachment of a proton with the terminal oxygen is suggested ellipsoids are given at 50% probability.

by the bond-valence sum calculations as Well.

The framework structure d¥ is built from ZnQ, and PQ planes are linked to each other via the oxygen atoms, forming
tetrahedra sharing vertexes to form four-membered rings. Thea 16-membered one-dimensional channel alongbthplane.
three-dimensional structure can be derived from two-dimen- The width of this channel is 5.& 13.6 A. The quadruply
sional sheets made by the networking between the Zn and Pprotonated TETA molecule is present in the middle of this
atoms. The connectivity between the Zygdd PQ units forms channel (Figure 6b).
four-membered rings. Thus, there are three types of such four- [CeN4H20l092Zn4P3017 (V), with the Ligating Amine.
membered rings iV ——those formed by Zn(1) and P(1), by  [CsNaH20]0.5ZNn4Ps014], V, is an unusual open-framework zinc
Zn(3) and P(2), and by Zn(2) and P(3). The linkages between phosphate built from Zng) ZnO;N, and PQ units and con-
the four-membered rings made by Zn(1) and P(1) and by Zn(3) nected via Zr-O—P bonds. The channels, thus formed, are
and P(2) form a one-dimensional edge-shared chain. Theseoccupied by doubly protonated TETA molecules extending from
chains are linked by a three-membered ring, formed by Zn(1), Zn centers. The asymmetric unit contains 24 non-hydrogen
Zn(3), and P(1), and a four-membered ring, made by Zn(2) and atoms, as shown in Figure 7. The Zn atoms are all tetrahedrally
P(3), forming a 16-membered aperture within the plane. These coordinated with respect to oxygens, except Zn(4), which is

[=il]

Nt
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rotate by 180 deg

I

ﬂ -H,PO,

rotate by
109.5 deg

N3N - pillar
Zn0y

Figure 8. Polyhedral view ofV along the [010] direction, showing . . .
pillaring of the zinc phosphate layer by ZgiD tetrahedra (both the Eé%ure 9. Schematic representation of the ladder-to-layer transforma-

disordered positions are presented). Such a connectivity forms an eight-
membered channel. o o
a framework stoichiometry of Z{PQy)3, giving a net framework

three coordinated with oxygens, and the fourth connection charge of—1. Charge compensation is attained by the presence
needed for the tetrahedral arrangement comes from nitrogen ofof 0-5[CeNaHzg]. It would appear that the amine is diprotonated
the amine. Zn(4) is disordered equally over two different I this phosphate. Th!s assignment is also consistent with bond-
positions with site occupancies of 0.49 and 0.51, and the disordervalence sum calculatioid The various geometrical parameters
causes different nitrogen atoms of the amine molecule to bind 0bserved folv are in good agreement with other similar open-
with the two disordered sites, a terminal nitrogen in one case framework zinc phosphatés?
[Zn(4)] and a middle nitrogen atom in the other [Zn(4a)].

The framework structure o¥ is built from ZnQ,, ZnOsN,
and PQ tetrahedral moieties sharing vertexes. The connectivity
between Zn@and PQ units is such that it forms infinite two-  [CeN4H22l0 5ZN(HPOy)2] (1), [CsNaH2lo.sZNn(HPOy)3] (11),
dimensional sheets along the plane. Within each sheet, the  [CeNaH22]0.4Zn2P20g] (111'), [CsNaH22]0.5ZNn3(POu)2(HPOy)]
linkages involve alternating three- and four-membered rings that (IV), and [GN4H20]0.5Zn4P:012] (V), have been obtained as
are connected edgewise. This layer may also be considered agood-quality single crystals by hydrothermal synthesis in the
a continuous corrugated chain of three-membered rings con-presence of the tetramine TETA. All the compounds exdept
nected by their edges and corners. This type of connectivity have been made in pure form by changing the ratio between
between the three-membered rings leads to the formation of athe amine and the phosphoric acid. This observation underscores

Discussion

Five new zinc open-framework phosphate materials,

one-dimensional ZzrO—Zn sinusoidal chains within théc
plane. InV, the sheets are covalently linked by Zf#Ctetrahedra
acting as a pillar, forming one-dimensional eight-membered
channels along thk andc axes. The eight-membered channel
along theb axis is shown in Figure 8. This type of channel
formed by the pillaring of Zn@N units, to our knowledge, is

observed in open-framework zinc phosphates for the first time.

The Zn atoms make three Z©O—P bonds with three P
neighbors, with a spread of ZTO—P angles (average, 127)9
as given in Table 9. The fourth connection for a tetrahedral
linkage in the case of Zn(1) to Zn(3) is obtained through-Zn
O—Zn linkages (average, 115)2and through a terminal N atom
in the case of Zn(4). Of the nine O atoms that are bound with
Zn(1) to Zn(3), three have trigonal coordination (25%), resulting
in infinite one-dimensional ZrO—Zn chains. The Zn(4) atom
with a terminal N linkage inV is disordered with a site
occupancy factor of~0.5. The Znr-O bond distances within
the layer are in the range of 1.942.019 A [(Zn(1)-0)a =
1.975 A, (Zn(2)-0)ay = 1.956 A, and (Zn(3YO)ay = 1.958
A}, and the 3-Zn—0 bond angles are in the range of 95.6
121.2 [(O—Zn(1)—0O)ay = 109.2, (O—Zn(2)—0O)ay = 109.4,
and (O-Zn(3)—0)a = 106.5]. The longest bond distances and

the importance of controlling the various synthesis parameters
that are responsible for the formation of open-framework struc-
tures. Although all the compounds involve linkages between
Zn0Oy, PQy,, and HPQ units, there are distinct differences
between them.

While the amine il —IV appears to be the fully protonated
form, it is diprotonated iV. We also notice that the phosphoric
acid is not fully deprotonated, especiallylimndll , and there
are—OH groups attached to phosphorus. Thus, the [Hi@s
inl, 1, andIV indicate that the phosphoric acid has lost only
two of its protons. Deprotonation of the acid and the protonation
of the amine appear to be related, both depending on the ratio
of the concentrations of the acid and the amine in the starting
synthesis mixture. Thus, in the syntheses ahdll, the acid
is far in excess of the amine, resulting in a fully protonated
amine but not a completely deprotonated acid and giving rise
to a solid with HPQ units. On the other hand, a comparable
ratio of the acid and the amine, aslih andIV, results in a
solid possessing predominantly P@nits. InV, the presence
of excess amine compared to the acid leads to the complete
deprotonation of the acid but not in the protonation of the amine.
This is also apparent in the net framework charges$-iVv

the largest bond angles are associated with the oxygens havingliscussed earlier.

trigonal coordination. The three independent P atoms are all

connected to Zn atoms within the layer via four-®—2Zn
linkages. The average+O distances of 1.536, 1.539, and 1.537
A result for P(1), P(2), and P(3), respectively. The-B®-0O
bond angles are in the range of 105113.2 [(O—P—0)a =

From the previously described structures, it would seem that
the structures off andll are closely related. Whileis formed
as a ladder comprising edge-shared four-membered 1ings,
formed by connecting such chains. In Figure 9, we show
schematically howll can be generated froh Compounds

109.5]. The usual valences for the Zn, P, and O atoms produce Ill andV consist of three-dimensional networks formed pre-
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dominantly by Zr-O—P linkages. In addition, ZrO—2Zn H;PO, : TETA
linkages are present iM. The Zn—O—Zn linkages inV are
due to ~25% of all the oxygen atoms being trigonally
coordinated. The presence of a large number of three-
coordinated oxygen atoms Vhleads to the formation of infinite
chains of Zr-O—Zn linkages.

Both compounds$ll andIV have a Zn:P ratio of 1:1, while
in V the ratio is 1.33:1. Despite the Zn:P ratio of 1:1, there are
no terminal P-OH linkages inlll andIV possessing a single
P—OH bond. The formation of framework protons o+B®H-
type linkages arise in these materials to obtain charge neutrality,
as it is difficult to pack enough organic cations into the available
extraframework voids. In the present material, the fact that the
framework is built from a 1:1 tetrahedral arrangement of Zn
and P atoms (at least in the caseslivf and IV) suggests
indirectly that the organic cations, which are linear, are arranged
in such a way that their charges balance in the framework. SuchT = Zn and P) is 16.1 folll , 17.0 forIV, and 20.2 forV.
zinc phosphate structures without terminat®H bonds have y '
been known in the literature and are usually templated by alkali
metals?® CompoundV, on the other hand, is unusual in that it
possesses eight-memebred channels similar to thdsle, dfut
at the same time, the amine molecule is bonded directly to Zn.
Thus, the structure possesses zinc phosphate layers pillared b
the ligated Zn@QN tetrahedra. Additionally, within each zinc
phosphate layer, the presence of three-coordinated oxygens an
the consequent ZrO—2n linkages appear to be unique in a
three-dimensional structure, though such features have bee
observed in layered Zn phosphaté$he pillaring of such sheets
by ZnOsN tetrahedra, to our knowledge, has been observed for
the first time in open-framework zinc phosphates. Other than

in Zn phosphates, ligation of amine molecules with the metal o maiority of the interactions are quite strong, as indicated

centers is known on!y in a gallium phosphéﬁe. by the short hydrogen-acceptor distanceg.¢ A) and a donor

The role of the amine molecule (TETA) in these compounds ,y4rogen-acceptor angle ofL5°. Hydrogen-bond interactions
merits some attention. From the survey of the available iy v are not presented in Table 10 because of the disorder in
literature?~8 it appears that the formation of open-framework the 711 atom [Zn(4)] to which the nitrogen is bonded.
zinc phosphates is facilitated by the use of diamines rather than \ye nave described the structures of five different open-
monoamines. The formation of more than one type of zinC framework zinc phosphates obtained by using TETA. We also
phosphate structure with varying Zn:P ratios has been showngptained another layer phosphate whose structure we have not
recently by Harrison et dk-°with guanidine as the amine. The  gescribed here for the purpose of brevity. In Figure 10, we show
amine of the nitrogen-rich guanidine cation, [C(J4§", was all the structures obtained with TETA, along with the relative
presumed to have a symmetrical, propeller shape. We have, onyoncentrations of the amine and the phosphoric acid employed
the ther hand, found that linear triamines such as diethyelene-j,, the synthesis. We see that the one-dimensional (ladder) and
triamine (DETA), NH(CH,):NH(CH,):NHy, favor the forma-  the two-dimensional (layer) structures are obtained when the
tion of dissimilar structures. Thus, we have synthesized zinc (g|ative concentration of phosphoric acid is high, with the ratio
phosphates with helical pofésind ladder-like layer and with of concentrations of the acid and the amine being in the range

the DETA acting as a ligand in a 10-membred, one-dimensional of 3:1-4:1. This is in contrast to the three-dimensional structures
channel structurg The formation of the spectrum of structures \yhere the ratio is in the range of 2:1:1. The ligation of the

from DETA could be due to the linear nature of the amine and amine to the metal occurs when this ratio is 1:2 or when the
the presence of a middle nitrogen atom, which, in addition t0 gmine concentration is very high: a low concentration of the
the terminal ones, can also favorably interact with the frame- metg) jons with respect to the amine would also favor ligation.
work. By using a tetramine in the present study, we have ap examination of the available literature also supports these
obtained three different three-dimensional structures, all of findings. Thus, chain and layer zinc phosphates are obtained
whlch.possess channgls. Thou_gh the exact mechanism ofiih ethylenediamine (erf), 1,3-diamino-2-hydroxypropane
formation of these architectures is far from being understood, (DAHP) 6 1,3-diaminopropane (DAP)and diethylenetriamine
it can be safely presumed that the nitrogens of the amine (DETA) 52where the phosphoric acid-to-amine ratio is high (3:
molecule play a vital role. 1-4:1); the ratio is close to 1:1 in the case of the three-
The “openness” of a structure is defined in terms of the dimensional structure. Metal ligation by the amine reported in

tetrahedral atom densty (framework density, FD), itself  zinc phosphates with diazabicyclo[2,2,2]octane (DABE®)
defined as the number of tetrahedral (T) atoms per 1000MA  pAP3 occurs when the relative amine concentration is high

the present materials, the number of T atoms per 1600 ére, (acid:amine~ 1:3—1:4).

1D ladder structure (I)

|
1D ladder (I) + 2D layer (I)
)| 2D layer with tubules +
_ 3D structure (I1I)

3D structure (IIT)

ZnO + HCI + HsPO,
+ TETA + H,O

3D structure (IV)
16-membered channel

3D structure (V)
with ligated amine

Figure 10. Relationship between the structures of the Zn phosphates
and the phosphoric acid-to-amine ratio.

These values are in the middle of the range of FD values
observed in aluminosilicate zeolit&swhere the presence of
channels is common. IV, the FD values are higher than in
the other three, thereby indicating that the bonding of the amine
probably leads to a denser framework.

Y It is well known that multipoint hydrogen-bond interactions
re necessary for the phase formation and stability of open
rchitectures. We find this to be so in the present study as well,

wherein strong interactions exist between the hydrogen atoms

httached to nitrogen and the framework oxygen atoms. In addi-
tion, the hydrogens attached to some of the carbons also seem
to form hydrogen bonds. The select hydrogen-bond interactions
for compoundd —IV are presented in Table 10. As can be seen,

(15) Reinert, P.; Patarin, J.; Marler, Bur. J. Solid State Inorg. Chem Conclusions
1998 35, 389. . .
(16) Atlas of Zeolite Structure TypesMeier, W. H., Olson, D. H., A variety of open-framework zinc phosphates have been

Baerlocher, C., Eds.; Elsevier: Boston, 1996. synthesized hydrothermally in the presence of a tetramine,
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TETA. The obtained compounds have a one-dimensional ladderpolyamine employed and monitoring the pH values before,
structure, two two-dimensional layer structures, three three- during, and after the reaction. In the meantime, however, the
dimensional structures with channels, and a three-dimensionaloperational guidelines indicated by the present study may serve
structure where the amine also acts as a ligand to the metal.a useful purpose in the synthesis of interesting open-framework
The structure of the open-framework phosphate appears to destructures.

pend on the relative concentrations of the amine and the phos-
phoric acid, with high acid concentrations generally favoring
structures with lower dimensions. A high amine concentration
is necessary to obtain structures where the amine acts as a ligan
While these observations are supported by recent synthetic Supporting Information Available: X-ray crystallographic files
reports in the literature with en, DAP, DABCO, and other and.flgures. This material is available free of charge via the Internet at
amines, it is important to carefully investigate this subject by hitp://pubs.acs.org.

determining the K, values of the various amino groups in the 1C000366C
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