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The synthesis and crystal structure of a novel layered aluminophosphate and its two high temperature variants are
described. All three structures were solved from powder X-ray diffraction data. The as-synthesized material (UiO-
15-as), with composition [NH;(CH,),NH,]?> *[AL,(OH),(PO,),(H,0)]>"-H,0, crystallizes in the space group P1
with a=10.37490(13), 5=6.60775(8), ¢=9.90937(11) A, 2=90.762(1), f=115.265(1) and y=90.162(1)°. In the
aluminophosphate layers the five- and six-coordinated aluminium polyhedra form infinite chains along [010] that
are crosslinked by phosphate groups. These layers are held together by a complex hydrogen bonding scheme
involving the terminal oxygen atoms of the phosphate groups and the nitrogens of the ethylenediammonium ions. A
high temperature variant exists around 125 °C (UiO-15-125). This compound, with composition
[NH;(CH,),NH;]**[Al,(OH),(PO,),]* ", crystallizes in the monoclinic space group P2,/c with a=10.28899(23),
b=6.75080(13), c=9.62527(20) A and p=116.124(1)°. The transformation to UiO-15-125 involves removal of an
interlamellar water molecule and another water molecule which is coordinated to aluminium. The infinite chains of
aluminium polyhedra along [010] and the hydrogen bonding scheme of UiO-15-as is maintained in UiO-15-125.
Another high temperature variant exists around 225 °C (UiO-15-225). This compound, with composition
[NH;(CH,),NH;**[AL,O(PO,),]*", crystallizes in the monoclinic space group P2,/c with a=9.42781(37), b=
6.91370(19), c=9.40823(27) A and p=113.002(1)°. The transformation to UiO-15-225 involves the release of a
water molecule from UiO-15-125 and the formation of tetrahedral AlI-O-Al bonding. UiO-15-225 is therefore the
first compound among the aluminophosphates violating Loewensteins rule.

Introduction

The search for new microporous compounds in the alumino-
phosphate system may at the same time lead to the discovery
of new layered aluminophosphates. Known compounds of the
latter type are composed of anionic 2D-aluminophosphate
layers separated by protonated amine (or metallo-organic)
cations where typically a complex hydrogen bonding scheme
to the anionic layers is responsible for the 3D-integrity of the
structure. The anionic aluminophosphate layers show a range
of stoichiometries with P:Al molar ratios of 1:1,! 5:4,2
4- 3’3—155 3 :2,16—19 and 2 1414,20—22

Structural transformations at elevated temperatures are
well-known phenomena among the open-framework alumino-
phosphates. Examples include AIPO,-21/AIPO,-25,2 AIPO,-
H,/AIPO,-C/AIPO,-D** and VPI-5/AIPO,-8.>° There have
been few studies on the thermal behaviour of layered alumino-
phosphates; most reports concentrate on the crystal structures
of the as-synthesized materials. The importance of thermal
studies on such materials is illustrated by the recent work of
Oliver et al. which has revealed the existence of a high
temperature aluminophosphate chain to layer transform-
ation.!® On the basis of their study they have proposed a
model for the formation of aluminophosphates in which two-
and three-dimensional structures are formed upon hydrolysis
and condensation of an initial chain structure.?®

This paper reports the hydrothermal synthesis of a novel
layered aluminophosphate with a molar P:Al ratio of 1:1.
The as-synthesized room temperature variant is denoted UiO-
15-as. The thermal behaviour of this water and template
containing material has been investigated. On dehydration,
two high temperature variants appear, one around 125°C

T For Part I, see ref. 1.

(Ui0O-15-125) and a second around 225 °C (UiO-15-225). Their
crystal structures have been solved from powder X-ray diffrac-
tion data. Special emphasis is put on describing temperature
induced changes in Al-coordination and in Al-polyhedra
connectivity.

Experimental

UiO-15-as was prepared by hydrothermal synthesis under
autogeneous pressure. The reactants were hydrated aluminium
hydroxide (55% Al,O;, 45% H,O, Aldrich), phosphoric acid
(85%, Merck), ethylenediamine (97%, Fluka) and water. The
molar composition of the starting gel was 1 Al,05:3.5
H;PO,:3 ethylenediamine:40 H,O. The crystallization took
place at 150°C in a Teflon-lined autoclave over 12 h. The
obtained polycrystalline product was filtered off, washed with
water and dried in air at 80 °C overnight.

The high temperature variants of UiO-15 were obtained by
calcination at 125 and 225°C in a nitrogen atmosphere for
10 h, giving UiO-15-125 and UiO-15-225 respectively.

The Al and P contents in UiO-15-as were determined from
energy dispersive X-ray analysis (EDX) with a Philips SEM.
They corresponded to a molar P: Al ratio of 97:100. Thermal
analyses were performed with a Rheometric Scientific STA
1500. The sample was heated in a nitrogen gas flow at a rate
of 5K min~1.

High temperature powder X-ray diffraction data (HT-
PXRD) were collected using a Biihler furnace on a Siemens
D500 instrument in Bragg—Brentano geometry with Cu-Ko
radiation. The sample was smeared on a platinum filament
and data were collected at 25 °C and between 100 and 400 °C
in steps of AT=25°C.

High resolution powder X-ray diffraction data were collected
in transmission mode at 25°C with a Siemens D5000
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diffractometer with monochromated Cu-Ka, radiation (1=
1.540598 A) selected with an incident-beam germanium mono-
chromator. The detector was a Brown PSD. The powder
samples were loaded into 0.5 mm diameter borosilicate capil-
laries. The diffraction patterns were collected over the 20 range
8-90°. Total counting time was around 36 h.

Characterization and structure determination
Structure determination of UiO-15-as

The powder diffraction pattern was autoindexed with the
TREOR-90 program?’ on the basis of the first 20 Bragg
reflections. The best solution (FOM =70) indicated a triclinic
unit cell with dimensions a=10.368, b=6.605, ¢=9.907 A, o=
90.77, p=115.31 and y=90.15°. Integrated intensities were
extracted from the pattern assuming space group P1 by means
of the FULLPROF program.?® This program applies the Le
Bail method?® for extraction of intensities. The intensities were
introduced into SIRPOW.92,3° a direct method program
specially designed for structure solution from powder data.
By means of the Cerius? graphical software®! all Al, P, O, C
and N atomic positions in the structure were located from the
E-map with the highest figure-of-merit. These atomic positions
were thereafter used as starting models for Rietveld refinements
using the GSAS program.®* After initial refinement of zero
point, scale, background and unit-cell parameters, atomic
coordinates were refined with soft constraints being intro-
duced: d(Al-0)=1.85(+2), d(P-0)=1.53(+2), d(Al-P)=
3.15(£5) (for angle restraints), d(C-N)=148(£2) and
d(C-C)=1.52(+2) A. At this stage successive difference
Fourier maps revealed the positions of two additional water
molecules. The refinement progressed well with these two
positions added to the model. In the next stage of the
refinement common isotropic displacement parameters were
adopted for phosphorus, aluminium, oxygen and template
nitrogen and carbon. However, this resulted in a negative
value for the displacement parameter of the template.
Hydrogen positions were therefore added with soft constraints
d(N-H)=1.03(+1) and d(C—H)=1.08(il)A and given a
constant common isotropic displacement parameter of 0.05 A2.
Hydrogen atoms were also added to the two water oxygens
along with soft constraints d(O-H)=1.03(£1) A and the
same common displacement parameter of 0.05 A% This
resulted in a marked improvement in the displacement param-
eter refinement and in the overall refinement. In the last stage
of the refinement the weight of the soft contraints could be
relaxed, and the refinement involving 146 parameters con-
verged to satisfactory residual factors R;*=0.029 and
R,,=0.029.

Experimental conditions and details of the Rietveld refine-
ment are reported in Table 1. Fig. 1 shows the observed,
calculated and difference diffraction profiles from the Rietveld
analysis. Atomic coordinates and isotropic displacement par-
ameters are given in Table 2 and selected bond distances and
angles are presented in Table 3.

Thermal behaviour of UiO-15

A three-dimensional representation of the progressive change
in the high temperature powder diffraction patterns which
occur over the temperature range 25-400 °C is shown in Fig. 2.
The patterns clearly reveal that the decomposion of UiO-15
proceeds through three stages. The same three stages corre-
spond to three rather distinct weight losses as evident from
the TGA curve (Fig. 3). The first weight loss of approximately
10% corresponds to the release of two water molecules (calcu-
lated 9.58%). The same dehydration process can be identified
from Fig. 2 where the anhydrous phase has emerged fully at
125°C (UiO-15-125) with a diffraction pattern distinctly
different from that of the as-synthesized variant. The next
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Table 1 Experimental conditions and relevant data for the Rietveld
refinements of UiO-15-as, UiO-15-125 and UiO-15-225

UiO-15-as UiO-15-125 UiO-15-225
Pattern range 26/° 8-90 8-90 8-90
Step size A20/° 0.015552 0.015552 0.015552
Wavelength/A 1.540598 1.540598 1.540598
Space group Pl P2,/c P2,/c
a/A 10.37490(13)  10.28899(23)  9.42781(37)
b/A 6.60775(8) 6.75080(13) 6.91370(19)
c/A 9.90937(11) 9.62527(20) 9.40823(27)
o/° 90.762(1) 90 90
B/° 115.265(1) 116.124(1) 113.002(1)
y/° 90.162(1) 90 90
zZ 2 4 4
VA3 614.272(13) 600.266(23) 564.482(35)
No. observations 5264 5258 5258
No. reflections 1063 542 517
No. refined params. 146 84 81
R, 0.0286 0.0344 0.0380
Ry 0.0289 0.0450 0.0492
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Fig. 1 Observed, calculated and difference diffraction profiles for
UiO-15-as.

phase transformation is completed around 225°C (UiO-15-
225) and is accompanied by another weight loss (Fig. 3). The
total weight loss of 14.8% at this stage is consistent with the
release of a third water molecule (calculated 14.37%). Again
this transformation results in a diffraction pattern distinctly
different from those of the other two phases (Fig. 2). Finally,
on further heating UiO-15-225 transforms into an amorphous
phase when the ethylenediammonium ions leave the material
at around 300°C. For the amorphous phase, the observed
total weight loss is 30.68% (calculated 30.89%).

Structure determination of UiO-15-125

The first dehydration step of UiO-15-as is irreversible, and
therefore high resolution powder X-ray diffraction data could
be collected at 25 °C for a sample of UiO-15-125 obtained by
calcination at 125 °C. Its diffraction pattern was indexed from
the first 20 Bragg reflections with the program TREOR-90,%’
leading to a monoclinic unit cell: ¢=10.286, b=6.75, ¢=



Table 2 Atomic coordinates and isotropic displacement parameters
for UiO-15-as derived from Rietveld refinement in space group Pl.
Calculated standard deviation in parentheses

Atom X ¥ z U, /A2
P 0.69788(32)  0.1078(5) 0.5136(4) 0.0237(9)
P2 0.71125(31)  0.4095(5) 0.03001(35)  0.0237(9)
All 0.5409(4)  0.1718(6) 0.7280(4) 0.0290(9)
Al2 0.5211(4) 0.3303(6) 0.2106(4) 0.0290(9)
ol 0.8566(7)  0.0736(10)  0.5884(6) 0.0189(7)
02 0.6648(6) 0.2735(10) 0.3930(6) 0.0189(7)
03 0.6121(6) 0.9093(9) 0.4471(6) 0.0189(7)
04 0.6542(6)  0.2052(9) 0.6305(7) 0.0189(7)
05 0.8676(6) 0.4503(9) 0.1241(6) 0.0189(7)
06 03583(6)  0.6978(9) 0.8784(7) 0.0189(7)
07 0.6934(6)  0.2576(10)  0.8956(7) 0.0189(7)
08 0.3694(6) 0.3960(10) 0.0372(7) 0.0189(7)
09"  0.5426(6)  09411(10)  0.8296(6) 0.0189(7)
010° 0.4366(6) 0.3894(9) 0.7301(6) 0.0189(7)
OWl1 0.6232(8) 0.6493(12) 0.6825(8) 0.033(3)
OW2  02230(7)  00864(12)  0.8002(8) 0.053(3)
N1 0.9762(8) 0.2524(11) 0.3985(8) 0.030(2)
N2 0.9672(9)  0.2310(11)  0.8826(9) 0.030(2)
cl 0.0533(10)  0.4214(15)  0.5028(12)  0.030(2)
C2 0.0467(11) 0.0977(15) 0.0096(12) 0.030(2)
HI 0.958(6) 0.161(7) 0.784(3) 0.05¢

H2 0.025(5) 0.362(5) 0.894(6) 0.05¢

H3 0.866(3) 0.253(9) 0.873(5) 0.05

H4 0.889(4) 0.210(8) 0.411(6) 0.05¢

H5 0.947(6) 0.309(6) 0.290(2) 0.05

H6 0.043(4) 0.132(5) 0.406(6) 0.05

H7 0.142(5) 0.465(10) 0.475(7) 0.05¢

HS8 0.109(6) 0.335(10) 0.602(5) 0.05

HO 0.948(7) 0.807(10) 0.899(6) 0.05¢
HI0O  0.848(4) 0.909(12)  —0.013(8) 0.05¢

HIT  0.692(6) 0.535(8) 0.680(8) 0.05
HI2  0.645(8) 0.756(8) 0.617(7) 0.05¢
HI3  0319(5) 0.093(12) 0.786(8) 0.05
HI4  0273(7) 0.098(12) 0.918(2) 0.05

“Fixed. "Probably OH.

9.62 A and p=116.12° (FOM =76). A careful inspection of
the powder pattern indicated extinguished reflections 0kO for
k=2n+1 and /0/ and 00/ for /=2n+ 1. This is consistent with
space group P2,/c. The unit cell dimensions are clearly related
to those of UiO-15-as, and hence a starting model for the
structure of UiO-15-125 could be built. By means of the
InsightIT software,® two water molecules and the template
ethylenediammonium ions were removed from the structure of
UiO-15-as, the unit cell was transformed from the triclinic to
the monoclinic crystal system and the space group was changed
from P1 to P2,/c. Bond distances and angles were thereafter
optimized using the DLS program.3*

This starting model was transferred into the GSAS program
for Rietveld refinements. Soft constraints were introduced:
d(Al-0)=1.83(%2), d(P-0)=1.53(+2), d(Al-P)=3.15(+ 5) A
(for angle restraints). Refinement of scale, background, zero
point, lattice parameters and atomic positions for Al, P and
O was followed by successive difference Fourier maps which
located the template carbon and nitrogen atoms. Soft con-
straints were also introduced for these atoms: d(C—N)=
1.48(+2), d(C-C)=1.52(+ 2)A, and the C and N positions
were refined. In the next stage of the refinement, isotropic
displacement parameters were refined and common parameters
were introduced for aluminium, phosphorus, oxygen and tem-
plate carbon and nitrogen. As for UiO-15-as the refined
displacement parameter for C and N was negative. Hydrogen
positions were again introduced along with soft constraints
d(N-H)=1.03(+1) and d(C-H)=1.08(+1)A and given a
constant common isotropic displacement parameter of 0.05 A2
The refinements converged to satisfactory residual factors
R;2=0.045 and R,,,=0.034. The weight of the soft constraints
was relaxed during the last cycles of the refinement, which

Table 3 Bond distances (A) and selected bond angles (°) for UiO-15-
as. Calculated standard deviations in parentheses

Distances Angles
P1-0O1 1.509(6) 01-P1-02 109.1(4)
P1-02 1.559(6) 01-P1-03 112.4(4)
P1-03 1.555(6) 01-P1-04 107.7(4)
P1-04 1.546(6) 02-P1-03 111.9(4)
02-P1-04 104.2(4)
03-P1-04 111.1(4)
P2-05 1.507(6) 05-P2-06 111.2(4)
P2-06 1.555(6) 05-P2-07 109.2(4)
P2-07 1.603(6) 05-P2-08 111.7(3)
P2-08 1.532(7) 06-P2-07 106.4(3)
06-P2-08 110.0(4)
07-P2-08 108.1(4)
All-03 1.854(6) 03-All-04 91.6(3)
All-04 1.827(6) 03-All1-07 177.8(4)
All-07 1.820(6) 03-All-09 95.0(3)
All-09 1.834(7) 03-Al1-010 87.2(3)
All-010 1.808(6) 04-Al1-07 86.6(3)
04-Al1-09 122.6(4)
04-Al1-010 115.4(3)
O7-Al1-09 86.0(3)
07-Al1-010 92.5(3)
09-Al1-010 121.8(3)
Al2-02 1.831(6) 02-A12-06 91.0(3)
Al2-06 1.822(6) 02-A12-08 175.1(4)
Al2-08 1.826(6) 02-A12-09 93.7(3)
Al2-09 1.887(7) 02-A12-010 85.8(3)
Al2-010 1.927(7) 02-AI2-OW1 88.4(3)
Al2-OW1 2.176(7) 06-A12-08 93.6(3)
06-A12-09 93.2(4)
06-A12-010 97.3(3)
06-A12-OW1 177.7(4)
08-AI2-09 87.5(3)
08-AI2-010 92.2(3)
08-AI2-OW1 87.0(3)
09-A12-010 169.5(4)
09-A12-OW1 84.58(3)
010-A12-OW1 84.9(3)
N1-Cl 1.488(12) N1-CI-C1 108.5(1)
N2-C2 1.479(13) N2-C2-C2 107.7(1)
Cl-Cl 1.504(16)
C2-C2 1.573(15)

involved 84 parameters. For details of the refinements, see
Table 1. The observed, calculated and difference diffraction
profiles from the refinement are shown in Fig. 4. Final atomic
coordinates and displacment parameters are presented in
Table 4, with selected bond distances and angles in Table 5.

Structure determination of UiO-15-225

The second step in the dehydration of UiO-15-as via UiO-15-
125 into UiO-15-225 is also irreversible. Hence, high resolution
powder X-ray diffraction data could be collected at 25 °C for

400°C,

Intensity

Fig. 2 3D-representation of high-temperature powder X-ray data for
UiO-15.
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Fig. 3 TGA curve for UiO-15, heated in nitrogen at a rate of
5K min~'.

Table 5 Bond distances (A) and selected bond angles (°) for UiO-15-
125. Calculated standard deviations in parentheses

Distances Angles
P-O1 1.511(5) O1-P-02 108.0(3)
P-02 1.506(5) O1-P-03 109.7(4)
P-03 1.552(6) O1-P-04 108.6(4)
P-0O4 1.576(6) 02-P-03 113.0(4)
02-P-04 108.0(4)
03-P-04 109.4(3)
Al-02 1.763(4) 02-A1-03 104.0(3)
Al-03 1.811(4) 02-Al-04 99.9(3)
Al-04 1.781(5) 02-Al-05 102.0(3)
Al-0O5 1.881(6) 02-Al-05 106.8(3)
Al-0O5 1.867(5) 03-Al-04 156.0(3)
03-Al-05 84.1(3)
03-Al-05 91.6(2)
04-A1-05 89.3(2)
04-A1-05 82.8(3)
05-A1-05 150.1(2)
C-N 1.492(12) N-C-C 106.9(8)
Cc-C 1.576(15)
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Fig. 4 Observed, calculated and difference diffraction profiles for
UiO-15-125.

Table 4 Atomic coordinates and isotropic displacement parameters
for UiO-15-125 derived from Rietveld refinement in space group
P2,/c. Calculated standard deviation in parentheses

Atom  x y z U,o/A2
P 0.70115(29) 0.4161(5) 0.03495(29) 0.027(1)
Al 0.53473(34) 0.1565(5) 0.7307(4) 0.030(1)
ol 0.8628(5) 00751(9)  0.5883(5) 0.021(1)
02 0.3257(5) 0.6138(8) 0.8248(6) 0.021(1)
03 0.6295(5) 0.8931(9)  0.4434(6) 0.021(1)
04 0.6395(6) 02697(9)  0.4264(6) 0.021(1)
05* 0.4864(5) 0.4236(10) 0.6768(5) 0.021(1)
N 0.0275(7) —02522(11)  0.5977(7) 0.031(2)
C —0.0567(8) —04210(14)  0.4991(10)  0.031(2)
H1 0.113(4) —0.215(7) 0.579(5) 0.05¢
H2 0.057(5) —0.291(6) 0.711(2) 0.05¢
H3 —0.049(4) —0.140(5) 0.575(5) 0.05¢
H4 0.134(4) 0.372(6) 0.614(3) 0.05¢
H5 0.127(4) 0.457(7) 0.446(4) 0.05°

“Fixed. *Probably OH.
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a UiO-15-225 sample obtained by calcination at 225°C. The
pattern was indexed with the DICVOL91 program,* and the
best solution gave a monoclinic cell: a=9.431, b=6.917, c=
9.420 A and p=112.97° (FOM =33). The extinguished reflec-
tions 0k0 (k=2n+1), h0/ and 00/ (/=2n+1) suggested the
space group P2,/c. The crystal structure of UiO-15-225 was
solved with the EXPO program®® which integrates the Le Bail
method based program EXTRA3 for the extraction of intensit-
ies with SIRPOW.92.3° EXPO ran several cycles using frag-
ment information in the extraction process before a solution
emerged where all Al, P, O, C and N atoms could be located
from the peaks in the E-map by means of the Cerius® graphical
software.3!

The determined atomic positions were introduced into
the GSAS program>? for Rietveld refinements. The refine-
ment proceeded with variation of the scale, background, zero
point and unit cell parameters. Atomic coordinates were
subjected to soft constraints: d(Al-O)=1.75(%+2), d(P-O)=
1.53(+2), d(Al-P)=3.15(£+5), d(C-N)=1.48(+2), d(C-C)=
1.52(£2) A. Isotropic displacement parameters were refined
and common parameters were adopted for oxygen and tem-
plate carbon and nitrogen atoms. Coordinates for hydrogen
positions were again subjected to soft constraints d(N-H)=
1.03(+1) and d(CfH):1.08(i1)A with non-refinable iso-
tropic displacement parameters of 0.05 A2 This gave satisfac-
tory residual factors R,*=0.049 and R,,,=0.038 with a total
of 81 refinable parameters. The weight of the soft constraints
could not be removed without unrealistic bond distances
emerging in the structure, and was therefore kept at a value
of 750 in the last cycles of the refinement. For further details,
see Table 1. Atomic coordinates and isotropic displacement
parameters are given in Table 6, and selected bond distances
and angles in Table 7. The observed, calculated and difference
diffraction profiles from the refinement are shown in Fig. 5.

Crystal structures and phase transformations
Crystal structure of UiO-15-as

The crystal structure of UiO-15-as, [NH;(CH,),NH;]**
[Al,(OH),(PO,),(H,0)]* -H,O0, is of a 2D-nature as shown
in Fig. 6(a). Layers of anionic aluminophosphate are stacked
along [100] separated by ethylenediammonium ions and water
molecules. In the aluminophosphate layers, aluminium is both
five- and six-coordinated whereas phosphorus is four-coordi-
nated. Both of the crystallographically distinct P tetrahedra
possess three bridging oxygens with average bond lengths of
d(P1-0)=1.553 and d(P2-0)=1.563 A and one terminal
oxygen each with bond lengths of d(P1-O1)=1.509 and



Table 6 Atomic coordinates and isotropic displacement parameters
for UiO-15-225 derived from Rietveld refinement in space group
P2,/c. Calculated standard deviations in parentheses

Atom X y z U,./A2
P 0.3061(4) 00510(6)  08023(4)  0.039(2)
Al 05186(5)  —02997(5)  0.9076(5)  0.030(2)
ol 0.1425(6) 00743(12)  07039(8)  0.025(1)
02 03438(6)  —0.1732(8)  0.8220(8)  0.025(1)
03 06530(7)  —0.1406(10)  1.0356(7)  0.025(1)
04 0.4122(7) 0.1477(11)  0.7341(7)  0025(1)
05 0.5000 0.5000 0.0000 0.025(1)
N —00230(10)  —02625(10)  0.5807(9)  0.050(3)
C 0.9388(7) 00729(12)  09509(12)  0.050(3)
Hi 0.024(4) —0.135(1) 0.563(7) 0.05°
H2 —0.138(2) —0.269(5) 0.508(4) 0.05°
H3 0.013(6) 0271(5) 0.306(2) 0.05°
H4 —0.121(5) 0.378(4) 0.521(5) 0.05°
H5 —0.145(5) 0.479(5) 0.343(2) 0.05°
“Fixed.

Table 7 Bond distances (A) and selected bond angles (°) for UiO-15-
225. Calculated standard deviations in parentheses.

Distances Angles
P-O1 1.466(5) O01-P-02 108.3(5)
P-02 1.585(4) O1-P-03 111.9(5)
P-03 1.549(4) O1-P-04 112.6(4)
P-0O4 1.536(5) 02-P-03 108.6(4)
02-P-04 108.8(4)
03-P-04 106.6(4)
Al-02 1.758(5) 02-A1-03 107.4(3)
Al-0O3 1.753(4) 02-Al1-04 108.6(4)
Al-04 1.737(4) 02-Al-05 112.2(3)
Al-0O5 1.6805(30) 03-Al-04 105.7(4)
03-Al-05 110.8(3)
04-Al-05 111.8(4)
N-C 1.482(5) N-C-C 106.8(7)
c-C 1.538(6)

1.0

Intensity/counts x 10%

00F _, T ;

A

10 20 30 40

3.0

1.0
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20/°

Fig. 5 Observed, calculated and difference diffraction profiles for
UiO-15-225.

Fig. 6 Polyhedral representation of (a) UiO-15-as, (b) UiO-15-125
and (c) UiO-15-225. All structures seen along the [010]. Al polyhedra
with darker shaking, PO,, tetrahedra with lighter shading, C atoms
with open circles, water oxygens with shaded circles, N atoms with
filled circles.

d(P2-05)=1.507 A. The five-coordinated aluminium (All)
forms a slightly distorted trigonal bipyramid with three bridg-
ing oxygens (O3, O4 and O7) to_phosphorus with bond
distances between 1.820 and 1.854 A and two oxygens (O9
and O10) connected to neighbouring aluminium octahedra at
distances of d(All-09)=1.834 and d(Al1-O10)=1.808 A.
Bond valence calculations®® suggest that protons should be
attached to the latter two oxygen atoms turning them into
bridging OH groups. The six-coordinated aluminium (Al2) in
octahedral surroundings is coordinated by three bridging
oxygens (02, O6 and OS8) to phosphorus at bond distances
between 1.822 and 1.831 A. Furthermore, there are bridging
OH groups (09 and O10) to neighboring aluminium trigonal
bipyramids at distances d(Al12-09)=1.887 and d(A12-010)=
1.927 A. The octahedron is completed by a sixth oxygen
associated with a water molecule at a distance of
d(A12-OW1)=2.176 A. A similarly distorted aluminium octa-
hedron is present in AolPO4—1539 where the aluminium-water
bond distance is 2.201 A. The OW1 water molecule participates
in intralayer hydrogen bonding to O3 [d(O---O)=2.88 A] and
04 [d(O---0)=3.01 A]. Also the interlamellar water molecule
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Fig. 7 Polyhedral representation of (a) UiO-15-as, (b) UiO-15-125
and (c) UiO-15-225. All structures seen along [100]. Al polyhedra
with darker shading, PO, tetrahedra with lighter shading.

(OW2) participates in intralayer hydrogen bonding to O6
[d(O---0)=2.89 A] and O8 [d(O---O)=2.97 A].

The aluminium polyhedra form infinite chains along [010]
[Fig. 7(a)] that are crosslinked by phosphate groups. The
resulting layer structure is closely related to those which exist
in a fluoroaluminophosphate,*’ in an aluminium methylphos-
phonate*! and in a vanadium hydrogenphosphate.*? In all
these cases the chains are just made of octahedra whereas the
chains in UiO-15-as consist of aluminium octahedra and
trigonal bipyramids. The layers can alternatively be considered
in terms of three-, four- and six-membered rings as illustrated
in Fig. 8(a).

The aluminophosphate layers are held together by a complex
hydrogen bonding scheme in which the terminal phosphonyl
oxygen atoms (O1 and OS5) and nitrogen atoms of the ethylene-
diammonium ions participate (Table 8). The ethylenediam-
monium ions are oriented parallel to the inorganic layers. One
of the two nitrogen atoms of the template ion participates in
two hydrogen bonds to the layer above and in one to that
below, whereas the second nitrogen participates in two hydro-

1596 J. Mater. Chem., 1999, 9, 1591-1598

Fig. 8 2D layer of (a) UiO-15-as/125 seen along [100], showing the
presence of three-, four- and six-membered rings, and (b) UiO-15-
225 seen along [100], showing the presence of four- and five-
membered rings.

Table 8 Probable hydrogen bond lengths in UiO-15-as

Hydrogen bond Distance/A
N1---01 2.92
N1---01 2.74
NI1---05 2.80
N2---01 2.82
N2.--05 2.73
N2---07 2.90

gen bonds to the layer below and one to that above (Fig. 9).
The terminal phosphonyl oxygens are hydrogen bond
acceptors. The diffraction data indicate that each Ol accepts
three hydrogen bonds whereas each O5 accepts two hydrogen
bonds. The last hydrogen bond connected to the nitrogen
atoms is directed towards the bridging oxygen O7.

Crystal structure of UiO-15-125

UiO-15-125, [NH;(CH,),NH;]**[Al,(OH),(PO,),]*", is the
anhydrous variant of UiO-15-as [Fig. 6(b)]. The transform-
ation of UiO-15-as to UiO-15-125 involves removal of both
the interlamellar water molecule and the water molecule
bonded to the aluminium octahedra, see above. The unit cell
symmetry changes from triclinic to monoclinic, but the cell
dimensions are clearly related (Table 1). The symmetry change
from P1 to P2,/c implies single crystallographic sites for both
Al and P. The coordination properties for the PO,-tetrahedra
remain as in UiO-15-as with three bridging oxygens (02, O3
and O4) to aluminium with an average bond length of
d(PfO)=1.545A (Table 5). The fourth oxygen of the tetra-
hedron is terminal, and is formally a double-bonded phos-
phonyl oxygen at a distance of d(P-O1)=1.511 A. The



Fig. 9 UiO-15-as seen along [001] showing the hydrogen bonding
scheme.

aluminium now becomes five-coordinated with three bridging
oxygens to phosphorus [d(Al-O) between 1.763 and 1.811 A]
and with two bridging OH groups (O5 and O5’; as assigned
from bond valence -calculations) to neighbouring Al
[d(Al-OH)=1.867 and 1.881 A].

There is only scarce information available on aluminophos-
phates containing solely five-coordinated aluminium: two lay-
ered aluminophosphates! and two MeAPOs**** are known.
The geometry of the aluminium coordination polyhedron in
UiO-15-125 differs significantly from the slightly distorted
trigonal bipyramid in UiO-15-as. The AlOs-coordination poly-
hedron in UiO-15-125 can best be described as a distorted
tetragonal pyramid having OS5, O5' (OH groups), O3 and O4
in the basal plane and O2 in the apical position (O3-Al-O4 =
156.0 and O5-A1-05'=150.1°).

The infinite chains of aluminium polyhedra along [010] in
UiO-15-as are maintained in UiO-15-125 as corner-sharing
chains of tetragonal pyramids crosslinked by phosphate groups
[Fig. 7(b)]. UiO-15-125 is described in terms of three-, four-
and six-membered rings, just as for UiO-15-as above.

The hydrogen bonding in UiO-15-125 is quite similar to
that in UiO-15-as (Table 9). The ethylenediammonium ions
retain their parallel orientation to the inorganic layers and the
previously described hydrogen bonding scheme. The only
difference is that all the terminal phosphonyl oxygens of UiO-
15-125 accept three hydrogen bonds from the nitrogen atoms
of the ethylenediammonium ions.

The transformation of UiO-15-as into UiO-15-125 can be
summarised as a dehydration process connected with small
atomic displacements which perturbs the bonds and bond
angles of the aluminium polyhedra and induces small changes
in the hydrogen bonding scheme.

Crystal structure of UiO-15-225

The high temperature phase UiO-15-225, [NH;(CH,),-
NH;?*[ALO(PO,),]*", is also a layered aluminophosphate

Table 9 Probable hydrogen bond lengths in UiO-15-125 and UiO-15-
225

Hydrogen Distance/ Distance/

bond A (UiO-15-125) A (Ui0O-15-225)
N1---01 2.77 2.79

N1---01 2.76 2.90

N1---01 2.96 2.78

Table 10 Bond valence analysis of UiO-15-225

P Al =
01 1.50 1.50
02 1.09 0.75 1.84
03 1.20 0.76 1.96
04 1.24 0.79 2.03
05 0.92/1.84 1.84
X= 5.03 3.22

as shown in Fig. 6(c) and 7(c). The phase is formed when
half of the bridging OH groups between the Al tetragonal
pyramids of UiO-15-125 are removed from the structure by
combining with hydrogen from the second OH so that a water
molecule is released. Thus both the OH bridges are broken
during the transformation. From the ring description point of
view, this implies that the three- and six-membered rings of
UiO-15-125 are converted into eight-membered rings. The
transformation is however first completed after the formation
of an Al-O-Al bond which closes each eight-membered ring
resulting in the formation of two five-membered rings
[Fig. 8(b)]. The transformation from UiO-15-125 to UiO-15-
225 involves both bond breaking and bond formation and is
of a topochemical nature.

The Al-O-Al bonds between Al-tetrahedra in UiO-15-225
are the first example of such bonding in an aluminophosphate.
Just as for the aluminosilicate zeolites, all aluminophosphates
discovered until now have obeyed Loewensteins rule*> with
the avoidance of tetrahedral Al-O-Al connectivity. Bridging
OH groups between five- and six-coordinated aluminium have
been observed in AIPO,-15%° and AIPO,-21 for example.*® In
AIPO,-14A% there are aluminium tetrahedra containing two
OH bridges to neighbouring Al octahedra. But no direct
Al-O-Al bond between tetrahedra has, to our knowledge,
been observed previously for aluminophosphates.

Ui0-15-225 has the same symmetry as UiO-15-125, and
hence single crystallographic sites for aluminium and phos-
phorus. The phosphate tetrahedra are again coordinated with
three bridging oxygens (02, O3 and O4) to aluminium with
an average bond distance of d(P-O)=1.557 A (Table 7). The
fourth is a terminal phosphonyl oxygen at a distance of
d(P-O1)=1.466 A. The aluminium tetrahedra also have three
bridging oxygens to phosphorus at an average distance of
d(Al-O0)=1.749 A. The last oxygen bridge to Al is shorter
d(Al-0O5)=1.681 A. The hydrogen bonding scheme of UiO-
15-225 is identical to that of UiO-15-125 (Table 9).

A bond-valence analysis*® of UiO-15-225 (Table 10)
indicates that the bridging OS5 between the Al tetrahedra is
only slightly underbonded. On the other hand the valence of
the Al atom is a bit above the nominal value of +3. There
seems to be a compromise between these effects in the crystal
structure. In other structures containing directly linked
AlO, tetrahedra, like the aluminate sodalites, e.g.
Cag(AlO,),(WO,),,*®* and in the mineral bicchulite
Cag(Al,Si04),(WO,),,4%° the bridging O atoms are more
clearly underbonded with respect to the contributions from Al
alone, but their valence is fulfilled by means of coordination
to the divalent cations. Such a stabilising effect is not present
in UiO-15-225 where the ethylenediammonium ions are
hydrogen bonded to the terminal O1 atoms only.
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