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Oxyfluorinated Microporous Compounds
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Hitherto unknown Ga,,(PQ,),,{HPO,),(OH),F;, [H;N(CH,),
NH,]4, 6 H,O was obtained by hydrothermal synthesis (453 K, 24
hr, autogeneous pressure) from a mixture of Ga,0;, P;05, HF,
1,6-diaminohexane, and HyO in the ratio 1:1:2: 1 80. It is ortho-
rhombic (space group P22,2, (No. 18)) with @ = 10.252(2) A,
b = 18.409(4) A, c = 24.639%(7) A, V = 4649.8(9) A%, Z = 4. The
three-dimensional network is built up from three types of basic
building units; the first, close to that already encountered for
ULM-3 and -4, consists of corner-linked [Ga,(PO,),(HPO,)F,]
hexameric units composed of two PO, tetrahdra, one HPO, tetrahe-
dron, two GaQ,F trigonal bipyramids, and one GaO,F, octahe-
dron, with fluorine atoms shared between the gatlium polyhedra;
the second is very similar to the first except that one of the trigonal
bipyramids is replaced by a tetrahedron GaO;(OH); the third is
octameric Ga,(PO,), and can be considered in a first approximation
as formed by a cube of corner-linked GaO, and PO, tetrahedra,
which encapsulate a fluorine atom. It is shown that this fluorine
is bonded in fact to two of the four gallinm of this cube. For the
first time, both bonding and encapsulated F~ are present in the
same structure, The framework delimits 16- and 6-membered ring
channels along [100] and 8-membered ones along {010]. The dipro-
tonated amines are inserted in the 16-membered ovoid channels,
whose free aperture is 12.20 x 8.34 A. The water molecules are
in the 6-membered tunnels. © 1994 Academic Press, Inc.

INTRODUCTION

Since the discovery of a new series of microporous
aluminophosphates AiPQ,-n (1), synthesized by using or-
ganic amines or quaternary ammoniums cations as tem-
plates, numerous phosphate-based molecular sieves have
been reported (2-4). Several years ago, Guth et al. (5)
developed a new route of synthesis in the presence of
fluorine. The addition of fluoride ions in the reaction me-
dium seems to induce mineralization and allows the crys-
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tallization of zeolites at neutral or acidic pH and the partial
substitution {6) of silicon by other tri- or tetravalent met-
als. Moreover, as encountered in many phases (7), fluo-
rine is also incorporated to the open frameworks. The
best example is cloverite (8), with three-dimensional 20-
membered ring channels, in which the fluorine is located
at the center of a double four-ring (D4R) cage.The same
configuration for fluorine surrounding is observed in other
compounds such as the pure-silica octadecasil (AST) (9)
or the LTA-type GaPO, (7).

Recently (10-15), we focused our attention on the syn-
thesis a new series, labeled ULM-n (12-15), of fluorinated
alumino- and gallophosphates in the systems M,0, (M =
Al, Ga)~P,0,—HF-template-H,0. In these phases, the
situation of fluorine is different since it is directly involved
in the coordination sphere of M, as also observed in
GaAsQ, -2 (16). In ULM-3 and ULLM-4 (14, 15), linear
diamines were used from ethylenediamine to 1,5-diamino-
pentane. 1n order to see the influence of the length of the
diamine on the structure of the corresponding com-
pounds, we carried out experiments with amines
H,N(CH,)}, NH, (n > 5). We report here the preparation
and characterization of the new phase synthesized with
diaminohexane (hereafter noted DAH) as template:
Ga(PO,),,(HPO,),(OH),F,;, [H;N(CH,;){NH;],, 6 H,O
or ULM-5.

EXPERIMENTAL

Synthesis and Thermal Analysis

The title compound was prepared by hydrothermal syn-
thesis under autogeneous pressure. The reactants were
gallium oxide (Ga,0,, Merck 99%+), phosphoric acid
(85% H,PQ,, Prolabo RP Normapur), hydrofluoric acid
(40%% HF, Prolabo RP Normapur), and 1,6-diaminohe¢xane
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(H,N(CH,)¢NH,, Aldrich 99%+). The starting mixture
corresponding to the molar composition 1 Ga,05, 1 P,0;,
2 HF, 1 DAH, and 80 H,0 was placed without stirring in
a Teflon-lined stainless-steel autoclave, heated at 453 K
for 24 hr, and then cooled to room temperature for 24 hr.
The pH of the synthesis rises from 2 before heating to 4
at the end of the reaction. The obtained crystalline product
was filtered off, washed with distilled water, and dried at
room temperature, Table 1 gives the calcutated X-ray
powder pattern of the title compound.

TGA measurements were performed on a Per-
kin-Elmer thermoanalyzer under argon flow with heating
rate of 3°C/min between 300 and 973 K.

Structure Determination

A prismatic-shaped single crystal was selected from the
sample for structural analysis by X-ray diffraction. Its
quality was tested by optical observation and Laue photo-
graphs. Intensity data collection was performed with a
Siemens AED-2 four-circle diffractometer with conditions

TABLE 1
Calculated Interplanar d-Spacings (A)and
Calculated Intensities for Gay(PO,),(HPO,),
(OH),F;, 4 HN-(CH,),NH,, 6H,0 (ULM-5)

LR dcalc Ica]c
011 14.74 100
002 12.32 82
020 9.20 ]
022 7.37 12
112 7.24 21
121 6.598 6
103 6.4098 8
004 6.1597 5
033 4.9158 3
211 4.8416 3
015 4.7602 7
202 4.7327 ]
040 4.6023 5
213 4.2321 2
141 4.1389 3
006 4.1065 2
134 4.0023 4
125 4.0001 4
215 3.4881 3
152 3.3357 8
107 3.3291 3
j12 3.2415 8
321 3.1769 4
3013 3.1551 5
037 3.0532 4
154 3.0201 3
118 2.9125 3
019 2.7079 4
352 2.4545 4
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of data collection summarized in Table 2 and lcad to a
description of the structure with the space group P22,2,
(No. 18). The noncentric character was confirmed by SHG
measurements. The data were corrected for Lorentz po-
larization and absorption effects. The scattering factors
and anomalous dispersion corrections were taken from
the ‘“‘International Tables for X-ray Crystallography™
(17). The structure was solved by using the direct method
analysis of the SHELXS-86 program (18). Gallium and
phosphorus atoms were first located. The anions of the
matrix were then found by different Fourier maps. Re-
finement was performed by full-matrix least-squares anal-
ysis of SHELX-76 (19). The location of the fluorine atoms
was deduced from valence bond calculations (20) and
examination of the thermal parameters. At this stage of
the refinement, some the nonhydrogen atoms of the amino
group became visible. The refinement with anisotropic
thermal parameters for Ga, PP, O, and F and isotropic ones
for C and N give R, = 0.050 and R = 0.044 for the
good enantiomer. The other gave worse R factors (0.063).
Further Fourier difference syntheses did not provide real-
istic positions for the hydrogen atoms.

The atomic coordinates with isotropic thermal parame-
ters and selected bond distances and angles are listed in
Tables 3 and 4, respectively, Table 5 povides the valence
bond analysis of the compound. The list of U, and of
structure factors can be obtained upon request to the au-
thors.

DESCRIPTION OF THE STRUCTURE

The main feature of the structure appears on the per-
spective view close to the [100] direction (Fig. 1}: the
existence of very large ovoid channels formed by the
stacking of 16-membered rings and, between three of
them, the appearance of a 6-membered one. The space
filling representation in Fig. 2 gives a better view of the
large dimensions of the channel: 14.9 x 11.14 A between
the nuclei determining the two diagonals of the oval, rep-
resenting a free aperture of 12.20 x 8.34 A for the inserted
species. Orthogonally, 8-membered ring channels exist
(Fig. 3) along [010] (free aperture, 3.11 X 3.19 A).

The largest pores are built up from three different types
of secondary building units (hereafter noted sbu) shared
by corners. Their common feature is a strict Ga—P alterna-
tion within the unit, but also between them. Two of them,
denoted A and B, are hexameric with 3Ga + 3P; the third
is an octamer GadP4. If the coordination of phosphorus
atoms is tetrahedral as usual, with P-0O distances within
1.486—1.594 }i, the diversity of the coordination polyhedra
around gallium (three types) and the nature of the ligands
forming these polyhedra as well requires a detailed de-
scription for each of them.
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TABLE 2
Conditions of the X-Ray Data Collection of Ga,,(PO,),,(HPO,),F,(OH),,
4 H;N-(CH;),~NH,, 6H,0 (ULM-5)

Determination of cell parameters
Space group
Cell dimensions

Volume/Z
Wavelength/monochromator
Temperature

Scan mode

Step scan

Aperture

Crystal dimensions

Natural faces

Absorption corrections
Transmission factors
Absorption coefficient
Angular range of data collection
Range of measured &, &, [
Standard reflections {3)
Measured every

Measured reflections
Independent reflections (| F| > 6o (| F]))
Weight

Secondary extinction
Number of refined parameters
Final Fourier residuals

R./R

30 reflections at 26 = 30°

P22.2, (No. 18)

a= 102522 A

b = 18.409(4) A

¢ = 24.639(7) A

4649.89) AYZ =2

0.71073 A (Mo Ka)/graphite

2931 K

w-28

37 = N = 41, every (.035° and 4 sec
3 x 3 mm?

0.2662 x 0.0532 x 0.076 mm’
{100}, {—10-2} = {010}, ={001}
Gaussian method

Toin = 0.770, T = 0.963
w=492cm™!

26 = 50°
0<h=12,0=<k=21,0=]!=29
4010, -4010,600

60 mn

4594

2876

w = 0.599/(c2(F) + 0.01226F%)
X=11x107

344

—1.71t0 1.68 e- A~}
0.050/0.044

FIG. 1. Perspective view of ULM-5 close to [100]. The amino groups have been omitted for clarity.
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TABLE 3
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Atomic Coordinates and Equivalent Isotropic Factors in
Gay4(PO,),,(HPO,),(OH),F,, 4 H;N-(CH;);NH,;, 6H,0

(ULM-5)

x y z B (A%
Ga(l) 1142(2) 0860(1) 4328(1) 1.27(7)
Ga(2) 0772(5) 3507(1) 1602(1) 5.12)
Ga(3) 3807(2) 9331(1) 4417(1) 1.02(7)
Gal(d) 3978(2) 4205(1) 2653(1) 0.70(6)
Ga(5) 4071(2) 6745(1) 1541(1) 0.88(6)
Ga(6} 1035(2) 6095(1) 2601(1) 0.75(6)
Ga(7) 0823(2) 8000(1) 2241(1) 0.78(6)
Ga(8) 42242) 2307(1) 2311(1) 0.73(6)
P(1) 1023(4) 4376(2) 2678(2) 1.0(2)
P(2) 4158(4) (980(2) 4383(2) .81
P(3) 9164(5) 4159(2) 0623(2) 1.1(2}
P@) 6056(4) 0928(2} 2326(2) 08(1)
P(5) 9008(4) 1703(2) 3601(1) 0.9(1)
P(6) 4182(5) 3590(2) 1451(2) 1.0(2)
P(7) 6224(4) 3229(2) 2987(2) 09(2)
P(8) 1248(4) 2078(2) 2085(2) 09(2)
F(1) 8323(9) 2140(5) 2460(4) 1.4(4)
F(2) 3321(10) 3153(5) 2630(4) 1.6(5)
F(3) - 4227(9) 1912(5) 3067(4) 1.3(4)
F(4) 7301(13) 3 0 1.5(6)
o(l) 1310(13) 4171(6) 2076(5) 1.8(3)
02 2379(10) 4372(6) 2956(4) 1.0(2)
0(3) 0425(10) 5133(6) 2682(5) 1.42)
0(4) 0177(11) 3834(7) 2968(5) 1.5(2)
0(5) 5314(11) 4037(6) 9969(5) L42)
06} 5821(14) 4772(6) 9115(4) 1.702)
0(7) 7215(10) 3723(6) 9385(4) 0.9(2)
0(8) 4979(12) 3497(6) 9077(4) 1.3(2)
O9) 0126(12) 3681(8) 0933(5) 1.%(2)
0(10) 7756(12) 3895(6} 0723(5) 1.702)
o(11) 9314(17) 4924(7) 0844(5) 2.84)
0(12) 9567(12) 4065(7) 0021¢5) 2.103)
0(13) 5183(11) 1496(7) 2051(5) 1.4(2)
O(14) 631211 1078(6) 2933(5) 1.3(2)
0(15) 5416(10) 0186(6) 2269(5) 1.2(2)
0(16) 2595(11) 5944(6) 2964(4) 1.0(2)
(17 9271(11) 2487(6) 3445(4) 1.1(2)
0(I®) 9927(13) 1522(7) 407245) 17D
0(19) 7637(12) 1574(6) 3806(5) 1.5(2)
O(20) 0638(11) 3849(6) 8129(4) 1.1
o) 4388(10) 4130(6) 1921(4) L1(2)
0(22) 4223(12) 2799(6) 1609(4) 1.42)
0(23) 2826(12) 3748(7) 1171(6) 2.6(4)
0(24) 5265(14) 3704(7) 1034(5) 2.13)
0O(25) 6100(12) 2742(6) 3493(4) 1.2(2)
0(26) S828(11) 2813(6) 2474(5) 1.4(2)
oen 5325(10) 3904(6) 3092(5) 1.002)
0(28) 7578(12) 3504(6) 2920(5) 1.42)
o9 2621(12) 1786(7) 2176(5) 2.003)
0(30) 1189(12) 2556(6) 1575(5) 1.6(2)
o@D 0368(12) 1419(6) 1984(5) 1.6(2)
0(32) 0801(11) 2528(6) 2569(5) 1.6(2)
0(33) 9093(14) 3370(6) 1989{4) 1.9(5)
Oow(l) 7204(16) 4570(9) 1958(6) 3.603)
Ow(d)  1869{20) 0836(11) 3413(8) 4t
Ow(3) 250232 S067(17) 0677(15) 4t

TABLE 3—Continued

Xx ¥y Z ng (A2)
N1} 2561(20) 0227(10) 1394(T) 3.4(4)
N(2) 2330(23) 3371(11) 0017(9) 4.3(4)
C(ly 2084(26) 0050(14) 1349(9) 4%
C2) 2988(43) 0366(22) 0955(17) 4*
C(3) 2703(62) 1103(26) 0764(20) 4%
C(4) 2998(47) 1370¢22) 0221(18) 4t
C(5 3286(33) 2149(19) 0154(16) 4b
C(6} 2110(28) 2574(12) 0094(12) 4b
N3} 7118(17) 2490(9) 1419(7) 2.3(3)
N(4) 7847(18) 2324(10) 8612(8) 2.93)
(7 6991(55) 1974(32) 0929(21) 4b
C(8) 8476(55) 1885(32) 0865(24) 44
C(9) 7747(90) 1329(56) 0499(27) 4t

C(10) T609(55) 1129(30) 9895(20) 4t
can 8317(66) 1681(38) 9517{22) 4t
C(12) 7383(53) 1754(23) 9035(16) 4%

Note. The table Uy can be obtained upon request.
@ Special position 2b,
® Thermal parameters are fixed.

Hexameric Units

In each (100) plane, sbu are of the same kind at the
same level: A species at x ~ 0 and B units at x ~ 1/2.
Sbu A (Fig. 4a) provides a unique example of a trimer of
gallium polyhedra which is composed of a central octahe-
dron (Ga(7)Q,(OH)F, with (Ga(7)-0,, = 1.947 A and
Ga(7)-F = 1.953 A), a trigonal bipyramid (Ga(6)O,F with
(Ga(6)-0,, = 1.863 A and Ga(6)-F = 2.039 A), and a
tetrahedron (Ga(2)0,(OH) with (Ga(2)-0,, = 1.843 A).
The octahedron shares its fluorine atom with the bipyra-
mid and the (OH) group with the Ga(2) tetrahedron. The
central PO, tetrahedron shares three of its corners with
the three gallium polyhedra, while the external ones are
linked to two of the three gatlium polyhedra via corners.

Sbu B (Fig. 4b}is very close to the unit already encoun-
tered in ULLM-3 and -4 (14, 15). The gallium atoms present
two different coordinations: Ga(R) is octahedrally coordi-
nated with four oxygens (Ga(1)-0,, = 1.929 A) and two
fluorine atoms (Ga(l)-F,, = 1988 A). The polyhedra
around Ga(4) and Ga(5) are distorted trigonal bipyramids
with a distance for Ga-F (2.051 and 2.018 A) longer than
that for Ga-0 (1.827-1.919 A for Ga(4) and 1.828-1.974
A for Ga(5)). The two types of gallium polyhedra are
linked together via the fluorine atoms and the resulting
trimers Ga,0,,F, of gallium polyhedra (two trigonal bipyr-
amids and one octahedron) are isolated from each other
by phosphorus tetrahedra. The only difference is that in
ULM-3 and -4, all the phosphorus tetrahedra were PO,
which shared all their vertices between the sbu, whercas
in the title compound, P(6), corresponds 1o a HPO, entity,
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TABLE 4

Selected Interatomic Distances (A) and Angles (%) in

Ga,5(PO,),(HPO,),(OH),F,, 4 HyN~(CH,)~NH,, 6H,0 (ULM-5)

P(1)0, tetrahedron (sbu A)

P(i) O Q3) 0(2) o)
O4) 1.503(13) 2.506(17) 2.465(16)  2.562(17)
) LLL9(T) 1.523(12) 2.536(15)  2.488(17)
o) 107.7(N 111.3(6} 1.550(11) 2.458(16)
o) 113.6(7) 107.7(7) 104.5(7) 1.559¢13)
{P(1)-0) = 1.534(12)
P(2)0O, tetrahedron (sbu C)
P{2) O(8) O(7) Q(6) 0(5)
Q8 1.50%(1%) 2.450{16) 2.503(16)  2.437(1T)
N 108.5(7) 1.510(11) 2.493(16)  2.491(16)
O(6) 110.6(7) 110.0(7) 1.534(12) 2.555(16)
0O5) 106.0¢7) 109.4(6) 112.3(6) 1.542(13)
(P(2)-0) = 1.524(12)
P(3)0O, tetrahedron (sbu C)
P(3) O(l1y 09 O30 0{12)

O(11) 1.518(13) 2.445(20) 2.496(19)  2.585(18)
o9 106.9(8) 1.527(14) 2515017 2.424(18)
O(10)  109.3(8) 110.1(7 1.543(13)  2.557(17)
012y  114.8(N) 104.0(7) 111.5(7) 1.549(13)

(P()Y-0) = 1.534(13)
P(4)Q, tetrahedron (sbu B}

P{4) O(15) 0(13) 0O(14} Ql6)
Q(15) 1.522(12) 2.482(17 2.493(16}  2.537(15)
0O3)  108.6(7 1.534(13) 2.580(17)  2.495(16)
O(14)  108.97 11397 1.543¢13)  2.490{16)
OQ16)  111.0(6) 107.6(6) 106.9(6) 1.557(12)

{P(4)-0y = 1.539(12)
P(5)0, tetrahedron (sbu A)

P(5) O(19} o7 0(18) 0020)
oy 1.512(13) 2.534(16) 2.439(18)  2.553(16)
o3un 113.5(5) 1.518¢12) 2.448(17)  2.581(16)
o) 166.5(7)  106.8(7) 1.532(13)  2.450016)
oo 110.9(6) 112.5(6) 106.0¢7) 1.586(11)

{(P(5)-0) = 1.537(12)
HP(6)O, tetrahedron (sbu B}

P(a) Q22) Q(24) Qe 023)
0(22) 1.508(12) 2.434(317) 2.574(16)  2.504(18)
O24)  106.6(N 1.527(14) 2.490{16)  2.524020)
Ozl 115.2(6) 108.5(7) 1.541(11)  2.544(18)
0023}  108.4(7) 108.7(8) 109.3(7) 1.579(15)

{(P(6)-0) = 1.539(13)
P(T)Q, tetrahedron (sbu B}

P 0(28) 0(26) 0(23) oezn
028) 1.487(13) 2.459(17) 2.501(16)  2.457(16}
06)  109.0(7) 1.533(13) 2.530(16)  2.572(16)
Q25 11147 110.8(6) L.541(11)  2.485(16)
027y 107.2(6) 112.2(7) 106.2(7) 1.566(12)

{P(7}-0) = 1.532(12)

407
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TABLE 4—Continued

P(8)0, tetrahedron {sbu A)

P(8) 0(32) 029 o3 o(3M

0(32) 1.523(13) 2.507(17) 2.538(16)  2.482(17)
0029  110.8(7) 1.523(13) 245317y 252117
o1  112.4(7) 106.8(7) 1.532(12) 2.471(16)
O(30)  108.5(7) 111.0(7 107.3(7) 1.535(13)

{P(8)-0) = 1.528(13)
Ga(1)0O, tetrahedron (sbu A)

Ga(l) oD O(18} o 0(12)

O(l11) 1.835(13) 3.050(1%) 3.340(18)  2.841(18)
O(18)  111.6(6) 1.853(13) 3.063(17) 2.628(18)
o 125.6(6) 111.3(5) 1.856(11) 2.944(16)
0(12)  100.5(6) 90.1(6) 104.7(5) 1.861(13)

(Ga(1)-0) = 1.851(13)
Ga(2)0, tetrahedron (sbu A)

Ga(2) Oty QG 09 0(33)

o(1) 1.7718(12) 3.22(16) 3.197(18)  2.718(19)
0(30) 128.2(6) 1.803(11) 2.825(18) 2.811(18)
(o) 126.3(6) 103.0(6) 1.805(13) 2.867(16)
O(33) 92.3(5) 95.7(5) 98.2(6) 1.984(14)

Ga(2)-0{23), 2.400(15) and O(1)-0(23), 2.827(19); {Ga(2)-0) = 1.843(12)

Ga(3)0, tetrahedron (trigonal bipyramid with F(4)) (sbu C)

Ga(3) O(10) o5 (6} 024 F(4)
O10) 1.825(12) 3.129(17) 318117 2.689(19)  2.744(12)
O5) 117.1(5) 1.842(12) 2.555(16) 2.695(17)  2.702(15)
0(6) 119.8(6) 119.4(5) 1.851(11) 2.886(17)  2.690(14)
024) 93.6(6) 93.3(5) 102.0(5) 1.863(13) 4.067(15)
F(4) 85.2(2) 83.2(4) 82.5(4) 175.3(4) 2.200(7)
{Ga(3)-0) = 1.845(12)

Ga(4)O,F trigonal bipyramid (sbu B}
Ga(4) 0(2) (8104)} o210 O(15) F(2)
o) 1.827(10) 2.572(10) 3.308(14) 2.768(15) 2.572(14)
027y 119.0(5) 1.843(11) 3.071(16) 2.635(16)  2.729(15)
021y  127.8(5) 112.2(5) 1.857(10) 2.793(16)  2.736(14)
O(15) 95.2(5) 88.9(5) 95.4(5) 1.919(11) 3.968(14)
F(2) 82.9(5) 88.8(4) 88.7(4) 175.8(5) 2.051(9)

{Ga@)-(Q, F)} = 1.899(10)

Ga(5)O4F trigonal bipyramid (sbu B}
Ga(5) 0O(14) O8) [8]pA)) 19 F(3)
0(14) 1.828(12) 32517 3.367(16) 2.703(17)  2.652(15)
O(8) 122.2(5) 1.840(13) 2.915(16) 2.767(17)  2.724(16)
0O25)  132.8(5) 104.6(5) 1.846(11) 2.775(16)  2.669(15)
09 90.5(5) 93.0(5) 93.1(5) 1.974(13)  3.991(15
F(3) 87.1(5) 89.7(5) 87.3(5) 177.1(5) 2.018(9)

{Ga(5)(-0, Fp) = 1.901(12)

Ga(6)O,F trigonal bipyramid (sbu A)
Ga(6) 0{20) 0(16) 031 03 F(1)
020 1.847(10) 3.380(15) 3.044(16) 2.748(16)  2.677(14)
O(16)  131.9(5) 1.853(11) 3.164(17) 2.768(15)  2.612(14)
031 110.3(5) 116.7(5} 1.863(12) 2.635(16)  2.745(15)
o3 94.7(5) 95.4(5) 89.2(5) 1.889(11) 3.927(14)
F(1) 86.9(5} 84.2(4) £9.3(4) 178.1(5) 2.0359(9)

{Ga(6)-(O,F)) = 1.898(11)




TABLE 4—Continued

Ga(7)OsF octahedron (sbu A)

Ga(7) Of4) 028) 032) o7 F(1) 0(33)
O(4) 1.917(13) 2.735(17) 2.675(17) 2.897(17) 3.861(16)  2.790(16)
0(28) 90.8(5) 1.925(12) 3.859(17 2.862(16) 2.859(15)y  2.781(17)
0(32) 88.0(5) 117.2(5) 1.936(12) 2.669(16) 2.653(15) 2.741(17)
O{17 97.4(5) 95.6(3) 87.1(5) 1.939(10) 2.691(14)  3.943(14)
F(l1) 172.0(5) 95.0(4) 86.0(4) 87.5(4) 1.953(%9)  2.664(15)
0]kX)] 90.3(5) 89.7(5) 87.8(5) 170.6(5) 84.3(4) 2.018(10)
{Ga(7)-(O,F)y = 1.948(11)
Ga(8)O,F, octahedron (sbu B)
Ga(8) 0O(13) 0(29) O(26) 0(22) F(2) F(3)
013 1.899(13) 2.698(17) 2.721007) 2.812(17% 3.871(16)  2.795(16)
029 89.5(5) 1.932(13) 3.863(17) 2.851(17) 2.846(16)  2.754(16)
026) 90.5(5) 177.8(5) 1.932(11) 2.693(16) 2.673(15) 2.753(1%
022} 93.8(5 94.4(5} 87.8(5) 1.952(10) 2.738(14)  3.946(14)
F(2) 175.5(5) 93.5(4) 86.3(5) 89.2(4) 1.975(9) 2.691(13)
F(Q3) 91.6(5) 88.9(5) 88.9(5) 173.7(4) 85.2(4) 2.000(10)
{Ga(8)-(0,F)) = 1.948(11)
Template
1,6-diaminohexane (DAH) 1
N(1)-C(1) 1.47(3) N(1}-C(1)-C(2) 108(3)
C{(1)-C2) 1.46(5) C()-C(2)-C(3) 117H4)
C(2)-C(3) 1.47(6) C(2)-C(3)-C{4) 124(4)
C(3)-Ci4) 1.46(7) C(3)-C(4)-C(5) 118{4)
C(4)-C(5) 1.47(5) C(4)=-C(5)-C(6) 112(3)
C(5)-C(6) 1.44(4) C(5)-C(6)-N(2) 115(2)
C(6)-N(2) 1.50(3)
1,6-diaminohexane (DAH) 2
N(3)-C(7) 1.54(6) N(3)-C(73-C(8) 94(4)
C(T)-C(8) 1.54(8) C(NH-C(B)-C®) 70(5)
C(®)-C) 1.55¢(10) C(8)-C®-C(10) 140(7)
C(9)-C(10} 1.54(8) C(9)-C(10)-C(11} 112(5)
C(10)-C(11) 1.56(8) C(10}-C(11)-C(12)  103(5)
C(11)-C(12) 1.53(8) Ci11)-C(12)-N{4) 113(4)
C(12)=N(4) 1.55(5)
Distances water molecules—framework
OW(1j-0033) 2.94Q2) OW(2)-0O(7) 2.7002)
OW(1)-0021) 3.00(2) OW(2)-0(20) 2.73(2)
OwW(1)~0(28) 3.10(2) OW(2)-0(11) 2.76(2)
OW(1)-0(33) 3.24(2) OW(2)-0(18) 2.86(2)
OW(3)-0(23) 2.74(4) oOw(3)-0(11) 3.30(4)
OwW(3)-0(19)  3.06(3) OW(3)-0(6) 3.45(4)
Distances template—framework®?
N{1-0029) 2.95(2) N{)-0(28; 3.21{2)
N{1)-0(15}) 3.05(2) N(1)-0{3) 3.24(2)
N(1)-0(31) 3.152) N(1)-0(2T) 3.26(2)
N(2)-0(23) 3.97(3) N(2)}-0(9) 3.24(3)
N(2)-0(19) 2.99(3) N(2)-0(18) 3.29(3)
N(2)-0(12) 3.11(3) N(2)-0(5) 3.30(3)
N{3)-F(1) 2.92(2) N(3)}-0{22) 3.06(2)
N(3)-0(33) 2.95(2) N(3)-0(26) 3.08(2)
N(3)-0028) 2.98(2) N(3)-0(22) 3.12(2)
N{4)~-F(2) 2.84(2) N(#=-0(17) 3.00(2)
N(4)-F(3) 2.88(2) N{4)-0(7) 3.27(2)
N(#)-0(32) 2.93(2) N(4)-0(18) 3.32(2)
Distance scheme of F(4) (trapped in the octameric unit sbu C)
F(4)-Ga(3) 220D . F({4)-Ga(l) 2.792(9)
F(dy-P(2) 2.793(10) F(4)-P(3) 2.899(10)
F(4)-0(6) 2.690(14) F(4)-O(7) 2.798(11)
F(4)-0(5) 2.702(15) F(4)-0(12) 2.892(17)
F(4)-0(10) 2.744(12) F(4)-0(11) 2.933(18)

2 All distances carbon-framework are greater than 3.40 A.
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TABLE 5
Valence Bond Analysis of Ga{PO,),(HPO,),(OH),F;, 4 H;N-{CH,)NH;, 6H,0 (ULM-5}
Ga(l) Ga(2) Ga(3) Ga4) Ga(5) Ga(6) Ga(7) Ga(8 Py P2y P3) P4) PG5) Pe6 P7) P8 z Charge
O(1} 0.878 1.170 2.048 2
2) 0.769 1.199 1.968 2
00) 0.651 1.255 1.906 2
Oy 0.603 1.361 1.964 2
O(5) Q4.739 1.225 1.964 2
[81()] 0.721 1.251 1.972 2
o 0.711 1.335 2.046 2
O(8) 0.743 1.339 2.082 2
09 0.817 1.275 2.092 2
010} 0.774 1.221 1.995 2
o1 0753 1.307 2.060 2
012y  0.702 1.202 1.904 2
0(13) 0.633 1.251 1.884 2
(14) 0.767 1.221 1.988 2
0(15) 0.600 1.293 1.893 2
O(16) 0.7117 1.176 1.893 2
o7 0.568 1.307 1.875 2
o(18y  0.717 1.258 1.975 2
0O(19) 0.517 1.328 1.845 2
o220 0.729 1.087 1.B16 2
o221 0.709 1.228 1.937 2
0(22) 0.549 1.343 1.892 2
023) 1.108 1.108 2
Q(24) 0.698 1.275 1.973 2
0(25) 0.731 1.228 1.959 2
0(26) 0.579 1.255 1.934 2
0627 0.737 1,148 1.885 2
Q(28) 0.590 1.400 1.990 2
0029 (.579 1.289 1.868 2
O30) 0.821 1.248  2.069 2
O(31) 0.698 1.258 1.956 2
Q(32) 0.573 1.289 1.862 2
0Q33) 0.503 0.459 0.962 2
F(1) 0.322  (.407 0.730 1
F(2) 0.313 0.383 0.696 1
F(3) 0.341 0.358 0.699 1
Fi4) 0.205 0.410 i
= 2.883 3.019 3.137 3.128 3.099 3,117 3.200 3.081 4.985 5150 5.005 4.945 4980 4,954 5031 5084 — —
Charge 3 3 3 3 3 3 3 3 5 5 5 5 5 5 5 5 — —_—

Norte. The results refer to the equations s = exp[R, — d)/0.37] (20) with Ry = 1.703, 1.620, and 1.617 for Ga(D), Ga(F), and P, respectively.

the O(23)H hydroxy group being terminal. The association
of the three types of phosphorus tetrahedra with the pre-
viously defined trimers leads to the basic asymmetric unit

[Ga,;(HPO,HPO,),F.] ™.

Qctameric Unit

Sbu C (Fig. 4c) is completely different from the two
others and is closely related to the cage existing in Linde
A (7). cloverite (8), and in octadecasil (9). Atafirst approx-
imation, it can be considered as a cube of corner shared
tetrahedra, alternatively occupied by P and Ga, which
encapsulate F~ions. In sucha hypothesis, fluorine is at the

center of a cubooctahedron of oxygens (Fig. 5}, distorted
owing to the size of F~. However, when the distances
around fluorine are examined (Table 4) it clearly appears
that F~ is off-center within the cube and approaches Ga(3)
at 2.207 A (i.e. 0.21 valence units in the bond valence
analysis of Table 5), while the other distances to cations
are larger than 2.80 A (i.e., 0.02 v.u.). This means that
F~ tends to participate to the coordination polyhedron
of Ga(3), transforming it into a trigonal bipyramid. The
comparison (Fig. 6 and Table 4) of the two polyhedra
around Ga(l) and Ga(3) of the cage clearly show that,
while Ga(1)0O, remains a tetrahedron, with a distance of
0.556 A between Ga and the basal plane of the tetrahe-
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FIG. 2. Space filling representation of the (100) projection of the structure of ULM-35, with the dimensions of the free aperture of the tunnel.

dron, the existence of a Ga(3) O,F bipyramid is obvious,
the distance between Ga and the basal plane being reduced
to 0.202 A. Another fact corrborates this tendency of
Ga(3): if one considers the M-0O bonds (M = P, Ga)
diametrally opposite to M—F ones, these M-Q bonds are
always the shortest of the considered polyhedron, except

V[;(:‘ AL XS
NV ORRY OV, IS\ b
AV AOAVIIA

S

Yo /Y3 /X
oy oy

c _
AK AN/
a B A B A

FIG. 3. [010] projection showing the eight-membered ring channels. -

for Ga(3), where it is the longest. This allows us to con-
sider the situation of the encapsulated fluorine as different
from that existing in Linde A (7}, cloverite {8}, and octade-
casil (9), where all the distances are equal. Here, F~ is not
equally distributed between the polyhedra, but belongs to
one of them. A further solid-state NMR study, currently
in progress, will show the difference between the two situ-
ations.

The three-dimensional network is built up of the linkage
of these units and occurs via corners occupied by oxygens
shared by both gallium and phosphorus atoms, except for
P(6), which has a terminal OH. The connection of the
three different asymmetric units is shown in Fig. 7. Cross-
linked 16- and 8-membered channels are then formed
along [100] and [010], respectively, with a strict Ga—-P
alternation for the polyhedra forming the channel. As
mentioned at the beginning of this description, the associ-
ation of the three different sbu leaves 8-membered ring
channels along [010], but two types of channels along
[100]: 6-membered ones within which the water molecules
of the structure are located and very large tunnels, limited
by 16 polyhedra. If the MCM-41 (21} family is excepted,
this pecularity situates ULM-5 at the third rank for the
largest pores evidenced up to now, behind 20-membered
rings of cloverite (8) and JDF-20 (22), and the 18-memb-
ered rings of VPIL-5 (23).



FIG. 4. Perspective view of (a) sbu A, (b) sbu B and (c) sbu C in both polyhedral and ball and stick representation. Gray spheres, P; large
open circles, O; small open circles, Ga; small gray circles, F except in (a), where the asterisk on the gallium tetrahedron corresponds to OH.

FIG. 5. Perspective view of the distorted cubooctahedron of oxygens around the encapsulated F in ULM-5.
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FIG. 6. Perspective view of the Ga(1) and Ga(3) polyhedra showing the influence of the proximity of Alurcine on the change of coordination

from tetrahedron to trigonal bipyramid for Ga(3).

The amines are located within the largest pores and
clearly act, via strong hydrogen bonds (deduced from the
very short distances between nitrogens and the oxygens
of the framework), as bidentate templates in the tunnels.
Their curved topology is represented on Figs. 8a and 8b.
Unfortunately, we were not able to localize the hydrogen
atoms of the organic molecule to describe quantitatively
the hydrogen bond scheme in this new structure type.
However, the negative charge of the framework obliges

us to consider that the amines are diprotonated to satisfy
the electroneutrality of the compound.

Finally, the TGA curve of ULM-5 (Fig. 9) shows that
the water molecules first evolve the structure between
300 and 600 K (weight foss, calc, 4.3%; exp, 4.4%}. The
amine leaves the structure after, probably in a compli-
cated way. The structure is maintained up to 780 K and
destroyed above this temperature.

FIG. 7. The connection between sbu A, B, and C.
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