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Raman spectroscopy, thermo-gravimetry and NMR together with EEM-Monte Carlo calculations are used to
elucidate the properties of water in Metavariscite, AIPBI3, AIPO,-8 and VPI-5. The framework density

of the aluminophosphates decreases along this sequence, the pore size increases, and the water is less confined.
The Raman vibrations of water in different aluminum phosphates reflects the polarization by Al and the
number, and the type of hydrogen bonds in which they participate. Metavariscite ang-AtRBMave well-

defined symmetrioon doublets in the region between 3000 and 3450 mmorresponding to structural water
molecules. AIP@—H3 has additional free water withoy at 3505 and 3563 cm. In AIPO,-8 and VPI-5 the
majority of the water is zeolitic, and the corresponding feature is a broad band around3®@cn™. The
differences between Al-coordinated and zeolitic water is also evidenced by EEM-Monte Carlo calculations.
For the octahedral AR’Al NMR is used to probe the different types involved. Mapping between principle
hardness from electron population normal modes and force constants from the vibrational normal modes
relates the influence of the environment of the water on the position and shape of the Raman bands.
Perturbations imposed on water by the lattice A < 3350 cnm?) and H bonding by O atoms aloneg

> 3400 cnm?), change the symmetric OH-stretching polarization and decrease the principle hardness. The
vou Vibrational frequency and the principal hardness splits as a result of different types of hydrogen bonding.
When the number of interacting water molecules increases (Metavarisé@t®O,-H3 — VPI-5) a broadening

of the Raman bands and the hardness distribution of the OH polarization is seen. This EEM-Monte Carlo

approach is used for the semiquantitative interpretation of Raman data.

Introduction water plays a crucial role within the crystalline lattice of
aluminophosphaté&since most of these structures are, in fact,

The structure of water in different states, e.g., bulk water, AIPO, hvdrates in which at least part of the alumi
water clusters, aqueous solutions of ions or organic molecules,; 4 hydrates in which at least part of the aluminum occurs

and adsorbed water, has been a major research topic for]years.In octahedral AIQ(OH,), coordination. In thi$ case, two water
It is also a prime example of the fruitful combination of molecules are bound to a framework aluminum in addition to

experimental and theoretical methods. Spectroscopic methods Ul framework oxygen atoms. As a result, water in alumino-

such as IR, Ramars or NMR* spectroscopy can provide useful phos_phates_usually exhibits a higher degree of °Tder than in
information about the local environment of water molecules. 2€°lies. Th|_s fallows a more stra:gfhtforward assignment of
X-ray5 or neutrofl diffraction give information about the long- ~ SPECtroscopic features to structural features.

range arrangement of the water molecules. However, as a result The AIPQ structures under investigation cover a broad range

of the poor long-range order of the above-mentioned systems,0f structural density and differ substantially with respect to the
the derivation of structural models from the experimental data concentration of framework-bound and nonframework-bound

is not as straightforward as, e.g., in crystalline systems. Water. Whereas Metavariscités an aluminum dihydrate, Al

Theoretical methods can be helpful here in two respects. Ab (OHz)2 with Al-bound water, the AIP@H3'8 contains alternat-
initio or semiquantitative calculations on water molecules in iNg AlO4 tetrahedra and Alg§OH;), octahedra linked by PO
different environments assist in the interpretation of spectro- tetrahedra. From the 1.5 molecules of crystal water per formula
scopic datd:8 Molecular modeling tools such as Molecular unit in AIPO;-H3, 1.0 molecule is present in the form of
Dynamics or Monte Carlo simulation can generate reasonable@luminum dihydrate and 0.5 molecules are loosely held in the
models for the behavior of aqueous Syst@ﬁ%_ micropores. In VP|-5',9'20 the Al atoms located between the
In the present paper we focus on the interaction of water with double four-rings are aluminum dihydrate sites, representing
crystalline aluminophosphatés!2 Unlike in zeolitest3.1415 one-third of the total aluminum content. Only two of the seven
water molecules in the asymmetric unit of VPI-5 are bound to

:To whom correspondence should be addressed. these sites. The remaining molecules are strongly organized in

, California Institute of Technology. the 18-ring channels of VPI-5 in the form of a H-bonded triple
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be obtained about the structure of the non-Al-bound water in 0.38 ALO4/1 P,0O4/388 H,0O

this case, probably due to the high degree of stacking disorder

which leads pore blockage and hinders a regular occupation ofWere refluxed for 48 h. The pH was held constant at 0.9. The
all water adsorption sit¢$ Metavarisite, AIPQ—H3, and VPI-5 precipitate was then washed and dried at’60

can be synthesized by nearly identical procedgtésAIPO,— Metavariscite was obtained by the same procedure as AIPO
H1 exhibits striking similarities with the VPI-5 structu#e. ~ H3 but at drastically higher concentrations. The synthesis gel
Metavariscite and H3 are therefore often found as coproductshad the composition:

in VPI-5 synthesig€’ The AIPQ-8 is formed by structural 0.38 ALOJ/1 P.O/110 HO

transition of VPI-5, if the latter contains a high density of ' 2-8 = 2Ty H

defects, upon thermal treatméfit. Characterization Techniques. Solid State NMR.Prior to

Raman spectra of the lattice vibrations of aluminum phos- the measurement, the samples were placed in a)CNgxsicator
phates have previously been reporféd’he features in the  at room temperature for 24 h. TR8AI magic angle spinning
Raman spectra relate to the structural properties of the water(\AS) NMR spectra were recorded on a Bruker MSL 400
molecules. In intermolecular hydrogen bonding-¢¥X), spectrometer working at 9.4 T. A recycle delay of 0.1 s was
perturbations of the H-bonding by a group Y affects the HX ysed. Typically 3000 scans were accumulated. For2fAé
stretch vibratiori? 313233 |ectron-acceptor neighbors (Z) that  gouble rotation (DOR) NMR measurements, the pulse length
bind or ligate X (Y---HX---Z) such as coordinating ions or  was 3us, corresponding to a flip angle of approximately’ 30
proton-donor groups also affect the HX stretch vibratidie A recycle delay 61 s was used. The respective DOR probes
tight connection between the structure of water (experimental ysed, the outer rotor spinning rate, and the number of scans
neutron diffraction G-H distances in liquid water are distributed  (NS) for each spectrum are given as follows: VPI-5 (900 Hz
around a well-defined peak at 1.85 A at 277 K, consisting of Bruker probe, NS= 216); AIPQ:-8 (800 Hz Bruker probe, NS
about 1.8 H atoms at a distance of 2.35 A and@distributions = 2000); AIPQ-H3 (700 Hz Chemmagnetics probe, NS
have a well defined peak at 2.975 A consisting of 4.5 oxygen 1000), Metavariscite (700 Hz Chemmagnetics probe, NS
atoms at a distance of 3.3 A from an oxygen at the origin (Oa)) 1000). The inner rotor spinning rate was 6 kHz.

and the appearance of the water-B stretching spectra has X-ray Diffraction (XRD). X-ray diffraction patterns were
been manifest from Raman studies on stoichiometric hydrates,recorded on a Philips HTK-KC diffractometer with a CaK
chlathrathes and layered materialiguids 33435 and icé® or X-ray source, linked to a Philips 386 computer.

Infra-Red studies on gas-phase clusté¥s. Scanning Electron Microscopy (SEM).SEM images were

Here we present for the first time a systematic Raman study ghtained with a JEOL Microprobe 733 after gold coating.
of the OH-stretching region in hydrated aluminum phosphates.  Thermogravimetric (TG) and Differential Thermo-Anal-
To obtain more structural information, the Raman measurementsysis (DTA). Thermogravimetric and differential thermal analyses
were supplemented by other methods sensitive to the wateryere recorded on a Setaram TG-DTA 92 thermobalance using,
structure such as XRD, DOR/MAS NMR, and DTA/DTG. typically, 30 mg of sample and a He flow of 35 mL/min. The

Further evidence was obtained by a combined EEM-Monte temperature was increased at a rate 8€8nin from 20 to 800
Carlo calculation (EEM: Electronegativity Equalization °c,

Methodf®-**and the Sensitivity Analysis (SA}.*In that way, Raman SpectroscopyThe Raman spectra were recorded on
the properties of water molecules in different sites (charge, a Renishaw Raman Microscope. The zeolite samples, in powder
electronegativity, hardness) were calcul&té@*‘and correlated  form, were placed on a glass microscope slide. The power on

with the spectroscopic data:® the sample was about 2mW/rinThe collection time varied
. _ from sample to sample and was between 15 and 20 min. The
Experimental Section spectra were background-corrected and a Fourier deconvolution

Synthesis. All syntheses were done using the following Procedure, described elsewhérejas applied to resolve the
compounds: pseudoboehmite (Vista Chemicals), orthophos-0verlapping bands in the OH stretching region. o
phoric acid (ACROS chimica, p.a. 85 wt % solution in water), ~ Computational Methods. The Electronegativity Equalization
deionized water, and dipropylamine (ACROS chimica, 99%). Method (EEM) and a Sensitivity Analysis (SA) based thereon

VPI-5 was synthesized by a modified procedure of Davis et Were applied to investigate the effect of the environment on
al#” The synthesis gel had the following molar composition ~ the electronic properties of the water molecules inside the AIPO

structures. The EEM is derived from the Density Functional
0.8 ALO,/1 P,O/1 DPA/50 HO Theory (DFT)*9-56 |t describes the energy of a system in atomic
resolution as a function of the atomic charges

Dipropylamine (DPA) is used as the organic template. m n Oy m N qﬂJ
Pseudoboehmite was suspended in 25 parts of water and heatede = * * * 2 -
to 40°C. The phosphoric rfcid was also diluted with 25 parts of € Z Z ERECURE T 8re, JZ ﬁ;ai Rus )
water. After mixing both solution and suspension, the resulting o
gel was aged for 2 h. Then DPA was added. The synthesiswhere the summation runs over all atom#n all molecules i.
mixture was autoclaved for-424 h at 135°C. After crystal- The functional dependence of the internal energy of each atom
lization, the samples were washed with water and dried at room o. on its atomic charge is characterized by the three coefficients
temperature. Then they were treated under vacuum for 12 h atE", 5", andy". These have been calibrated for several atom types
20 °C and for 24 h at 100°C, to avoid the irreversible  so as to reproduce ab initio (STO-3G) charges (obtained by a
transformation to AIP@8. Mulliken population analysis) and energies in a number of model

AIPO4-8 was obtained by heating VPI-5 at 150 for 24 h. compounds. The interatomic interactions are described by simple

AIPO,—H3 was synthesized by a method proposed by F. Coulomb interaction between the atomic charges. In infinite
dYvoire.*® In a closed vessel a mixture of diluted phosphoric systems like, e.g., the crystalline aluminophosphates, the latter
acid, pseudoboehmite, and water with the molar ratios term has to be extended by a Madelung type summation.
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The DFT states that in a molecule in its ground state the reciprocal eigenvalues of the internal softness matrix are called
electronegativity, i.e., the derivative of the energy with respect internal principal hardness values. They are formally analogous
to the electron density at a position r, has to be equal to the force constants of normal modes in the theory of
everywhere. Translated into the framework of EEM this means molecular vibrations. It was shown recently that there exists a
that the atomic electronegativities close relationship between the vibrational modes and the normal

modes of the electron redistributi®h®® Generally, each vibra-

dE 1 m 0 O tional normal mode is accompanied by one normal mode of
Yo, = || = xzi + 277Ziq(1i +— z — (2) the electron redistribution. The corresponding eigenvalues, i.e.,
dqa, v Arey T f= Rulﬁj the force constants and the internal principal hardness values

are linked semiquantitatively. If an electron-redistribution mode
have to be equal for all atoms in a molecule or any other becomes harder, the force constant of the corresponding
subsystem i with free internal charge transfer. The electro- vibrational normal mode will increase as well, resulting in a
negativity equation does not take effect, however, between blue shift of the corresponding IR band.
subsystems i and j if no charge transfer is allowed, e.g., between  As is obvious from eq 1, the EEM calculations require the
two isolated molecules or between an adsorbent and a purelyknowledge of the position of each atom in the system. The
physisorbed adsorbate: calculations were done on the basis of crystallographic data
given in the literature for metavarisct@AIPO,-H3,1° and VPI-
517 The AIPQy-8 was not included into the theoretical inves-
tigations since too little is known about the positions of the
water molecules inside this structure. While the positions of
Mhe lattice atoms are generally well-known, with respect to the
water molecules three situations can be encountered: (i) the

Lia = Xig =" =i =L Z Xja ==X % A (3)

On the basis of eqs 2 and 3 and taking into account that the
sum of all atomic charges has to be constant, each subsyste
can be described at the atomic level by the following matrix

equation: positions of both the oxygen atom and the hydrogen atom are
e My -1 el e known from c_rystallographiq_studies (water in Metg\_/ariscite and
- n -l g X‘f water | anq Ilin AIPQ—HS_, (i) only the oxygen positions could
po 0 o 5 Mo be determined by diffraction methods (water Il in AIPEH3
o . - o | ) and waters +VI in VPI-5), (iii) the position of the water
A e 'q"' molecule is uncertain (water VII in VPI-5). In case (i) the

hydrogen atoms were added assuming a standard geometry for
water (see Table 2); in case (iii) water molecules with standard
geometry were placed initially on reasonable sites within the
pore of the AIPQ structure. The position of these water
molecules within the aluminophoshate was optimized subse-
guently using a combined Monte Carlo/EEM procediirin
case (ii) only rotation around the center of mass was allowed
while in case (iii) the molecule could move freely in the channel,
including undergoing translation. This procedure followed a
classical Metropolis algorithm using the total energy calculated
the quantitie; andg are the equalized electronegativity and 1y EEM as the criterion for the acceptance of MC step®1A

the total charge of the subsystem, respectively. Equation 5 symmetry was assumed for the hydrogen positions. The simula-
contains the unknown atomic charges and the equalized elec+jon was performed at a temperature of 300 K in a canonical
tronegativity. It can be solved by inverting the matrix: (NVT) ensemble until equilibrium was reached. Then, the

The elements of the matrix in eq 4, the so-called hardness
kernels representing the second-order coefficients from eq 1,
are given by

of dqadqﬂ Vv dqﬂ Vv 4-77:60R(1ﬁ |f oZ ﬂ

i f,

temperature was reduced © K and maintained at this until

Saw Sup Sen Ll g |da equilibrium. In the EEM/MC calculations no charge transfer

S Sp S ; fo =xp |2 was allowed between the different water molecules and between
, ' L % A 6 water molecules and the AIRGstructure. For the resulting

|§fa iﬁ o i fﬁ ‘—_;_n_ ?731 structure, the atomic charges, the electronegativity of the water
o B n L

molecules and the aluminophosphate structure, the total energy

) o of the system, and the interaction energies of the water molecules
The extension to systems containing more than one closedyere calculated. The latter are defined as the sum of all

subsystem is straightforward. Equation 6 can be used to calculates|ectrostatic interactions of water molecules with all other atoms
charge distribution in the system as we[l as the electrpnegatlv!ty of the system. Furthermore, the above-mentioned sensitivity
of the system. The elements of the inverted matrix contain parameters, the normal modes of polarization of the system,
additional information about the electronic properties of the and the corresponding internal principle hardness values were
system, the so-called sensitivity parameters. The internal softnesggjculated. Thereby, we focused on the symmetricalHO

kernels §; = (dd«/dy,)d describe the internal charge redistribu-  polarization of the water molecules which corresponds to the

tion caused by an external perturbation, the Fukui Indiges symmetrical G-H stretch vibration which was investigated by
(dg./dq) describe the local effect of a charge transfer to and Raman spectroscopy in the present study.

from the system and are considered as local reactivity indices
for nucleophilic or electrophilic attacks. Finally, the global
hardnesg; = (dy/dg) is the resistance of the system against a
charge transfer. The softness kernels form the internal softness The synthesized products (Figures 1 and 2) are fine needles,
matrix. Its eigenvectors are the normal modes of the electron associated as ‘wheat-sheaves’ in the case of VAR&>152
redistribution (polarization) or the “electronic vibration” in  AlPO4-8 forms irregular aggregates. AIROH1 is always
analogy with the normal modes of the nuclear vibrations. The contaminated with AIP@-H226 and other phases. For AIR©

Results
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TABLE 1: Structural Parameters of the Alumino-Phosphates

IUPAC framework density, window size pore/cage

structure symmetry composition T-atoms/nm (MR = member ring) structure T:0 C:Ad ref
VFI P63 AIPQ:"/3(2)H,0 14.4 18 MR 1D 2/1 2:5 49
(VPI-5) tubular (4)
AET Cmc2 AIPO,"H,0 17.7 14 MR 1D 2/1 2:n 51
(AIPO,—8) tubular (?) (?)
APC Pbca AlIPQ.1.5 HO 17.4 8 MR 2D 1/1 2:1 52
(AIPO4—H3) tubular
Metavariscite Pdn AlIPO4.2H,0 19.2 0/1 2.0 54

2 The cross-sections for the windows are 1.25 nm (18MR), &. 7887 nm (14MR), and 0.34 0.37 nm and 0.5% 0.29 nm (8MR).? (tetrahedral
+ octahedral) sites/1000%A¢ Ratio between tetrahedral (T; Al(IV){and octahedral (O; Al(IV)@OH,),) coordinated aluminum in the framework.
dRatio between water in the first coordination sphere of framework aluminum (C) and adsorbed or occluded water (A).

[counts] =)

14004

200
| A
0.0

T T T T T T T T
10 20 ac 40 [27} 50

Figure 1. XRD of metavariscite (a), AIPE-H3 (b), AIPO-8(c) and
VPI-5(d).

TABLE 2: Internal Geometry of the Water Molecules
O—-H1(A) O-H2(A) H1-O-H2() Ar

H.0O (standard) 0.96 0.96 104
metavariscite

H0 (1) 0.84 0.81 110 0.03
H0 (2) 0.85 0.86 110 0.03
AlPO,—H3

H.0 (1) 0.85 0.85 109 0.03
H20 (2) 0.85 0.85 109 0.03
H.0 (3) 0.96 0.96 104

VPI-5

H.0 (1-7) 0.96 0.96 104

. . . . . . Figure 2. SEM of metavariscite (a), AIPS-H3 (b), AIPQ-8(c) and
H3, short prisms or thick plates with six to eight sides were V§|_5(d). (@), AIPSH3 (b), AlPQ-8(c)

obtained. The prisms or plates are stacked in piles. Metavariscite
forms fibers of a few millimeters, either isolated or associated 50 °C of adsorbed water; the structural water, bound to
in radial structured spheres. The formation of variscite occurs octahedral Al and bound to the lattice by hydrogen bonding,
when the solutions are more diluted than in the case of leaves the structure around 126 leading to a transition to
metavariscite. The crystallinity of the as-synthesized samples AIPO,—C that at 200°C transforms in AIP@-D.4157 VPI-5
was confirmed by XRD (Figure 1). No amorphous or crystalline shows a more gradual dehydration in three steps. Water leaves
impurities (e.g., AIP@11 in the samples of VPI-5) are present. the 18MR (1.25 nm) channels at 40, 95, and 200 Three
Thermoanalytical data are shown in Figure 3. Most water types of water are removed from the three-water-layer “onion-
leaves the structure between 20 and 18D, except for skin”, leading to the structural collapses into AIR& The water
metavariscite that still loses water at higher temperatures. Totalnearest to the framework is harder to remove than that near the
amounts of lost water are 20.5, 19, 20, and 15% for meta- center of the cavity. In AIP@8 dehydration maxima occur at
variscite, AIPQ—H3, VPI-5, and AIPQ@-8, respectively. Only 40, 80, and 95C. From VPI-5, more water desorbs than from
for metavariscite different dehydration steps are clearly dis- AIPO4-8, the strength of binding is also higher for VPI-5 then
cerned: 7% to 118C, the amount decreasing with increasing for AIPO;-8.
crystallization time. The structural water within the metavariscite ~ Solid State MMR Spectroscopy. The 27Al MAS NMR
lattice is lost in two equal steps at 170 and subsequently at  spectra of the four samples in Figure 4 show that the ratio of
215°C. From the structural data water with two strong single octahedral versus tetrahedral Al follows the sequence: meta-
hydrogen bonds is more strongly withheld than water with two variscite 100%, AIP@-H3 50%, VPI-5 (or AIPQ—H1) and
bifurcated hydrogen bonds. This is followed by a gradual weight AIPO,-8 33%.
loss of 3.5% to 800C with a structure conversion to AIRO The2’Al MAS NMR spectrum of metavariscite shows double
tridymite at 500°C. AIPO,—H3 shows minor dehydration at chemical shift £10.8 and—8.4 ppm) in the octahedral Al



2414 J. Phys. Chem. A, Vol. 104, No. 11, 2000

10 %

(a)

(b)

(c)

weight loss (%)

(d)

1
1
|

0 200 400 600 800
Temperature (°C)
Figure 3. TGA plots of VPI-5(a), AIPQ-8(b), AIPQ,—H3(c) and

metavariscite(d).
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Figure 4. 27Al MAS NMR spectra of VPI-5(a), AIP@8(b), AIPQ—
H3(c) and metavariscite(d).
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Figure 5. 27Al DOR NMR spectra of VPI-5(a), AIP@8(b), AIPQ,—
H3(c) and metavariscite(d).

The2’Al MAS NMR spectrum of AIPQ—H3 is characterized
by both a tetrahedral (41.2 ppm) and octahedral Al signal
(—12.6,—16.6, and—20.0 ppm). In double rotation (Figure 5)
the octahedral line at18.2 ppm is well-resolved, due to the
suppression of quadrupole interactions. The tetrahedral line is
again seen at 41.2 ppm.

In view of the fact that AIP@8 has 5 crystallographic T-sites
the2’Al MAS NMR spectrum is poorly resolved with two broad
lines at 38.2 and-12.1 ppm of, respectively, tetrahedral and
octahedral Al. However, the DOR spectrum in Figure 5 gives,
after deconvolution into Gaussian lines, 5 tetrahetlislllines
(39.7,37.4,35.9, 31.1, 27.9) and 4 octaheéfal lines (—11.2,
—13.3,—15.6,—19.4 ppm). Owing to the rotation-synchronized
experiments, only even-spinning sidebands appear at 61.6, 58.2,
55.1, 52.9, 51.0 ppm and 24.5, 21.8, 20.4, 15.7, 12.5 ppm.

In agreement with literature NMR data and with crystal-
lographic data for VPI-52 two tetrahedral Al sites occur in the
six-member rings (6MR) and one octahedral Al site in the four-
member rings (4MR). IA7Al MAS NMR, the octahedral signal
occurs at 41.1 ppm, that of tetrahedral Aat9 ppm; and the
DOR spectrum exhibits three peaks at 41.2, 40.4, at8.4
ppm in a 1:1:1 rati¢?

Raman Spectroscopy.The Raman spectra of the OH
stretching region (30003800 cntl) are presented in Figure 6.
The band maxima are summarized in Table 3. The Raman
spectrum ofmetavarisciteis characterized by two sharp bands
at 3110 and 3374 cm, the former with an ill-defined low-
frequency shoulder around 3000 cth{at 3008 cn') and the
latter with a well-defined shoulder at 3437 chBoth sharp
bands correspond to AKDH,), associated water, with hydro-

region. When the spinning rate is increased from 5 to 12 kHz gen bonding to lattice oxygen atoms. The region above 3500
the latter peak becomes dominant. For longer crystallized cm™, where O-H stretching vibrations of free water oscillators

samples with less superficially associated water the peal@at

are generally found, is clear of Raman bands since there is no

ppm is absent at 5 kHz and only appears at 12 kHz. Double channel structure or free void volume to contain free water.

rotation (Figure 5) gives a broadened.0.8 ppm line with two

In AIPO4-H3 spectra, three broad low-frequency bands are

asymmetric spinning sidebands. The nature of the broadeningobserved at 3379, 3225, and 3020¢mvhich can be assigned

will further be discussed.

to AlO4(OHy), associated water. The doublet consisting of very
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Figure 6. Raman Spectra of the-€H stretching vibrations in the 306B800 cn1? region of metavariscite (a), AIP&H3 (b), VPI-5 (c) and

AIPO4-8(d).
TABLE 3: Raman OH-Stretching Frequencies

IUPAC water donor

structure OH-stretching band positions
VFI 2958 3142 (sch) 3263 3405 3542
(VPI-5)
AET 2968 3110 (sch) 3263 3384 3537 (sch)
(AIPO4—8)
APC 3012 3255 3379 (sch) 3505 (s)
(AIPO4—H3) 3563 (s)

metavariscite 3008 3110 (s) 3374 (s) 3437 (sch) none
sharp bands in the region at about 3505 and 3563'@an be
associated with the water molecules in the channel.

The spectra of AIP@8 and VPI-5 both have broad asym-
metric bands with maxima at 3400 ctaForAIPO -8, the most
prominent band in the spectrum is at 3384¢érand a second
at 3263 cml. The 3110 and 3537 cm shoulder has,
respectively, a lower and a higher intensity compared with those
for VPI-5. InVPI-5, the 3405 cm?! band is prominent; the 3263
cm~1 band (with a 3142 cmt shoulder) and 3542 cr# band
are of higher intensity than those for AIR®. The spectra of
the large-pore molecular sieves AlR® and VPI-5 are less

typical for hydrogen bonds (1-8L.9) as shown in part B of
Figure 7. For type 2 (dark blue), both hydrogen atoms interact
with two lattice oxygen atoms each with somewhat bigger
distances (2.42.4 A, see part C of Figure 7). The hydrogen
oxygen bonds within the water molecules are considerably
smaller than those of the free water molecule (6:886 A vs

0.96 A). According to the accuracy of the structure refinement,
this bond shortening should be significant, while the differences
between the molecules of type 1 and type 2 and especially the
asymmetry of the type 1 are within the margins of error. To
separate the effect of the internal water geometry from the
influence of the environment, i.e., the interaction with the AJPO
lattice, a number of additional calculations were done (i)
assuming a standard geometry for the water molecules and the
orientation as derived from the crystallographic data and (ii)
assuming a standard geometry of the water molecules but after
a re-optimization of their orientation via the EEM/MC proce-
dure. Finally, the EEM calculations were also done on free water
molecules with the bond lengths and angles found in the
metavariscite structure. The results are summarized in Table 4.

For AIPO:-H3 (Figure 8) only the orientation of the “free”,

structured, showing bands over a much broader frequency rangéd.e., non Al bound water (type 3, dark blue), had to be optimized

than those of the denser Metavariscite and A{PB3.
Computations. The structure of metavariscite, including the

water positions as taken from the literatdités shown in Figure

7. There are two types of water present in the metavariscite

structure differing in the way the hydrogen atoms interact with

the aluminophosphate lattice. For type 1 (red), both hydrogen

atoms interact with one lattice oxygen each with distances

by the EEM/MC procedure. The resulting structure is in close
agreement with the symmetry of the framewoRb¢a. The
water molecules of Al bound types 1 (red) and 3 form a chain
along the 8-ring channel of AIPS-H3 with a hydrogen of type

1 pointing to an oxygen of type 3 with an intermediate hydrogen
bond distance (1.952.1 A) and hydrogen of type 3 pointing
to lattice oxygen with somewhat larger distance@ (5 A, see
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Figure 7. EEM optimized structures of metavariscite (overview A, B, and C).

parts B and C of Figure 8). The molecules of type 2 stick into (red) obey the lattice symmetry nearly perfectly. For the first
the 6-rings, and the hydrogen atoms are solely bound to latticeshell of the non Al bound water molecules (type 3, blue and
oxygen atoms (1.8 and 2.0 A, respectively, see part D of Figure type 6, yellow), some slight deviations occur. The deviations
8). Again, the crystallographic data result in intramolecula-O from the lattice symmetry are more pronounced for the second
bond distances of about 0.85 A. This bond shortening is shell (type 4, magenta and type 5, cyan) while the central
significant, as well, and in good agreement with the results for molecules (type 7, orange) are distributed in the remaining void
metavariscite. The electronic properties of the lattice and the space in disordered fashion. Since no hydrogen positions could
different water molecules were calculated on this structure. They be determined for the water in VPI-5 all calculations were done
are shown in Table 5. assuming the standard geometry. The resulting electronic

The VPI-5 structure (Figure 9) required an optimization of properties can be found in Table 6.
the orientation of the water molecules-@ and a full optimiza-
tion, i.e., including translation, for the type 7 ones. Figure
shows the resulting arrangement of the water molecules in the Prior to a quantitative discussion of the calculated electronic
channel of VPI-5. As expected, structural disorder increases properties, one has to assess the role of the internal geometry
when going from the wall of the channel toward the center. of the water molecules. As stated above, changes in the
The Al bound water molecules of type 1 (green) and type 2 geometry of the water molecules found in the AlPSructures

9 Discussion
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TABLE 4. EEM Parameters in Relation to the Water Structure in MV

crystal water
metavariscite E (eV) % (V) q(e) no-n(Vie) x (V) q(e) No-H
H.0(1) 1.56 5.34 o= —0.92 3.88-3.96 5.48 o= —0.64 4.26
QH1 = 0.44 QHr = 0.31
Qu2 = 0.48 Qu2 = 0.34
H20(2) 1.16 5.41 Jo=—0.76 4.56-4.67 5.48 o= —0.55 4.93
Qn1 = 0.38 qu1 = 0.27
Qn2 = 0.38 qu2 = 0.28
AIPO, structure 3.22 ga = 1.39
Op =1.56
Jo=0.73-0.74
relaxed position free water
E(ev) x (V) q(e) 1o-H x (V) q(e) No-
H>0(1) 1.19-1.30 5.56-5.75 go = —0.58 t0—0.59 5.68-5.94 5.76 go= —0.38 7.13
6.70-6.79 gn1 = 0.19
Qu2 = 0.19
H.0(2) 1.15-1.17 5.85-5.92 0o = —0.57 to—0.58 5.68-5.94
6.70-6.79
AIPQ, structure 3.17 Qa = 1.37
gr =1.56
Jo=0.72-0.74

compared with those of free water molecules occur after these groups. However, because of the greater number of
coordination. In crystalline hydratesH bond distances of as  molecules in the unit cell and the wider variety of chemical
little as 0.89 A are reporte®. Furthermore, from the general  environments, the distribution of principal hardness is much
bond-length variation rules for electron don@cceptor interac-  broader. This is illustrated in Figure 10 for the three structures
tion stated by Gutmarthone would expect a bond lengthening  discussed here in comparison with different water clusters.

rather than a shortening. While there is some indication that The extent of the water coordination to Al is determined by
the interaction of a water molecule with a highly charged 274] NMR via the fraction of octahedral Al. For metavariscite

electron acceptor could course a considerable bond short€ning, only the latter is observed. In the literature metavaris&ité

the formation of hydrogen bonds with other water molecules pas NMR spectra are symmetrical with a chemical shift of
or lattice oxygen can result in a lengthening of as muchas 0.1 _13 » ppm (4.7 T), whereas for most other AlP@aterials

A. In the present case both effects should compensate each othe[rhey are asymmetr’icéﬁ When [H-27Al] CP-MAS NMR is

at least partially. Therefore, the observed bond shortening SeeM$mployed, the strongly cross-polariz&@l produces a sharp

to be at least somewhat exaggerated. The results in Table 4.,amical shift at-12.4 ppm (4.7 T). These values mediate the
allow estimation of the contribution of the bond shortening to

. ; ) values of—7.6 ppm for coordination to three R@etrahedra
the change of the electronic properties. The contraction of the and three water molecules in AlfB)y(HPQ;),(HPQy) and that
water molecule, as such, results in a change in the polarization,a,[_16 6 ppm for Al coordinated to six P@etrahedra in Al(k-

a slightly lower electronegativity, and a much lower principal PQy)3.59 When this structure retains superficially adsorbed water
polarization hardness than that in the standard water. One hasooth in27Al MAS NMR spectra andH-27Al] CP-MAS NMR

to notice here, however, that these effects are probably stronglyam additional chemical shift appears2il DOR NMR spectra

exaggerated. The calculauons were performed W'th asingle Seta broadening is seen. This extra shift (MAS) and the broadening
of parameters derived for standard geometry, i.e., a bond S
. . . (DOR) is indicative of the presence of a second type of
distance of 0.96 A in the case of water. It is to be expected that . : - .
ﬂgtahedral Al that has different dipolar interactions, due to outer-

these parameters, especially the atomic hardness, are depende . . -
on the bond distance. More specifically, the atomic hardness _sphere interactions of superficially adsorbed water, not canceled

will increase when the bond distance is shortened, therebyIrl the DOR gxperiment. .DOR only enhances spectr.al resol.ution
reducing the observed effects. The crystalline environment aIsoWhen line nglths_ are mainly rela_lted to quadrupolar Interactions.
causes a stronger polarization compared with that of the Poor crystal]|zat|on or gamples in a"'tfeous sta}te give the result
corresponding isolated water and a decrease of the principlethat all species are subjected to a continuous distribution of local

. . ) -
hardness, i.e., both the change in the internal structure and thesurroundmgs which broadens the lines, e.g’Al DOR NMR

i i 7 1 70
environment have, qualitatively, the same effect. A quantitative SPectra of cloverite, lines are as broad a&’Al MAS NMR.

discussion is, however, limited because of the uncertainty about™S @ result of high dipolar interactions in this very dense
the real extent of the bond length contraction and the effect of Structure and not extremely high quadrupolar interactions the
the latter on the electronic properties. double speciation thus results in a broadening oftA¢DOR

In AIPO—H3 the same trends are observed for the aluminum- NMR spectret®
bound water molecules. In this case, due to the similar internal ~ For AIPO,—H3, the?’Al MAS NMR ®* signal and it's shape,
geometry, the polarized modes are coupled for all of these waterconsisting of different maxima, can be attributed to octahedral
molecules even if the crystallographic geometry is used in the coordinated Al being subjected to quadrupolar interaction in
calculations. The third type of water, which is only hydrogen- an electrostatic field deviating from axial symmetry. In the
bound with the structure, exhibits a much lower interaction 2’Al DOR NMR such effects of quadrupolar interactions are
energy and principal hardness which are only slightly lower lifted, and a single peak is seen for the octahedral Al. The
than those in the free water molecule. The same is found for alternation between tetrahedral and octahedral coordinated Al
VPI-5. There is a clear gap between these quantities for Al bond is confirmed by the 1:1 ratio of the intensities of the two signals,
and non Al bond water, but no further differentiation within in the2’Al MAS NMR spectra. fH-2’Al] CP MAS NMR shows
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Figure 8. EEM optimized structures of AIP£H3 (overview A, B, C, and D).

both signals indicating that the protons are close to Al and that around 30%, or there are almost 3 hydrated T-atoms in the
the octahedra are part of the structfite. 14MR per nine T-atoms (See Figure 4 for the 5 tetrahedral and

For AIPOs-8, five different crystallographic T-atoms are 4 superposed tetrahedral types).
present. The observed chemical shift for the tetrahedral signal For VPI-5, there are three different crystallographic aluminum
is 38.2 ppm whereas that of octahedral aluminum12.1 ppm. sites, two (two-thirds of total amount) in the six-member rings
Previously by?’Al MAS NMR 83 on AIPQ,-8 the five types of and another (one-third of total) between two four-member
T-atoms were assigned, and B\l DOR NMR® the presence  rings>® The deconvolution of thé’Al DOR NMR in the case
of the these five types was verified by deconvolution of the of VPI-5 thus shows three Gaussian lines, two for the tetrahedral
DOR NMR into five Gaussian lines for the tetrahedral and four and one for the octahedral alumindfErom the?’Al NMR
Gaussian lines for the octahedral sites. The average waterintensities, 33% of the Al is octahedral.
content can be predicted from summation of #al NMR Raman-spectra of aluminum phosphates in the OH stretching
intensities of the octahedral aluminum Gaussian lines to be region in combination with EEM calculations give structural



Water in Crystalline Aluminophosphates J. Phys. Chem. A, Vol. 104, No. 11, 2002419

TABLE 6: EEM Parameters in Relation to the Water
Structure in VPI-5

VPI-5 E (eV) x (V) q(e) no-n(V/e)
H,0(1) 0.94-1.04 5.8-6.1 go=—0.55(1) 5.7+5.90
qu=0.28(1)  8.348.66
Q2 = 0.27(1)
H.0(2) 0.78-0.87 5.3-5.7 go= —0.53(1) 5.7+5.90
g =0.27(2) 8.348.66
H,0(3) 0.29-0.32 5.1-5.6 go= —0.45(05) 6.16-6.98
2 = 0.22(1)
H.0(4) 0.20-0.29 5.6-5.4 go= —0.44(1) 6.16-6.98
Qu1 = 022(1)
H,O(5) 0.25-0.35 4.7-5.3 go=—0.44(2) 6.16-6.98
QH1 = 022(1)
H.0(6) 0.28-0.36 5.1-5.6 Qo= —0.44(2) 6.16-6.98
e v i gnz = 0.22(1)
Figure 9. EEM optimized structure of VPI-5. Oz = 0.22(1)
H.O(7) 0.26.0.38 51455 go=-0.44(2) 6.166.98
TABLE 5: EEM Paramaters in Relation to the Water gr1 = 0.22(1)
Structure in AIPO ,—H3 Qw2 = 0.22(1)
AIPO; structure 3.49 gu=1.46(0)
crystal qa = 1.43 (T1)
AlIPO,—H3 EEV) x(V) q(e) no-n(V/e) Ou = 1.36 (T2)
H20(1) 112 545 go=—0.77 4.37-4.68 gi _ %:g? 83
0 Se b =175 (3)
H2 = U. =
H,O(2) 130 550 go=-0.79 4.37- 4.68 Go=0.75-0.84
g:: Z 8'28 increase with temperature and a growth of intensity in the 2800
H.0(3) 037 509 go=—0.46 6.92— 7.09 3000 cntt region® o
g = 0.23 From our experimental data a rough division can be made
Onz = 0.23 between the zone for water3350 cnt! where Al influences
AIPO; structure 344 G =1.38(T) the OH stretch and the zoe3400 cnt? which is not directly
Aa = 1.42 (0) affected by Al. A downshift in the OH stretch frequency thus
op=1.66 (1) - ; . oy
g =170 (2) indicates hydrogen is delocalized through Al polarization.
P . S . .
o = 0.74-0.80 Further splitting occurs due to different kinds of hydrogen

bonding and/or due to intermolecular coupling in analogy with

information about water siting. Lattice O atoms (polarized by the spectra of water in small clusters. The@bond distances
Al) or structures in which water is positioned so as to give short for Al—=Oy-H--O—Al increase from 2.67 for MV to 2.89 for
O--O distances result in hydrogen bonding. Experimentaip ~ AIPO;—H3; these are absent in VPIL5thus only for MV these
distances in liquid water are 2.759 A at 223 K, 2.840 A at 277 types of water molecules with delocalized hydrogen bonds are
K, and 2.975 A at 298 K, consisting of about 4.5 O at a distance €xPected. For AIPO-Hs, the 2.60 A distance between an
of 3.3 A. Binding of water with lattice Al affects the electronic @luminum-bound lattice oxygen and a free, but very confined,
properties of interacting water molecules much stronger than "onaluminum-bound water molecule, i.e.,AD-H—Oy—H

the formation hydrogen bonds with other water molecules. It ShOWs the effect of Al on 80 distances; analogously 2.57 and

causes strong polarization of the-® bond and a dramatic 2'1579 A distances are seen forAD--H-0u—H bpnds in VPI-
increase of the principal hardness of the symmetrieHD 5. For_the free water in VPI-5 that forms helices, analogous
polarization. These effects cause a decrease of the force constan(P:['O otl_|sta?70es are seen of 2.78 A in—@,—H-Oy—H

of the O—H bond leading to a downshift of the Raman band. Interactions.

) o For metavariscite two sharp bands of A(OH,), associated
Although hydrogen .bor?d formation has qualitatively the same OH stretches co-occur, at 3110 and 3374 &nand these can
effects, the polarization is less pronounced. When th®®ond

lengths are above 3.5 A no hydrogen bonding occurs, and Al be related to Al bound water molecules closely bound with two

o . lattice oxygen atoms by two hydrogen bonds (of 1.81 and 1.87
polarization effects, alone, affect OH properties for water that A) or in which the two OH stretches are involved in bifurcated
has hydrogen entirely localized on one water molecule.

hydrogen bonding to four lattice oxygen atoms (2.12, 2.20, 2.28
It is known that the intramolecular and the intermolecular and 2.39 A). Thus lattice O are involved in hydrogen bonding
coupling of OH oscillators are nearly equal in strength in with the Al associated water belong to different A{OH,),
crystalline ices in low-density amorphous solid water, and in gctahedra (Figure 7). The 3437 chshoulder may result from
liquid water. In low-density amorphous solid water two kinds partial intramolecular coupling in the water molecule involved
of disorder appear: the distribution of protons is disordered and in bifurcated hydrogen bonding. The interaction is promoted
an & distribution of O-0--O angles is seen. There are many by the equal strength in these two oscillators involved in
studies of the rate of change of the OH frequency with the bifurcated H-bonding. The shoulder at 3008 énmay result
average ©O separatiod*3> A literature reference givesufl from Al bound stretches, from a predominantly single donor
dRoo = 1843 cmY/A for Roo = 2.76 A34 The Raman OH stretch, due to a low percentage of imperfect siting. In this region
stretching of ice Ih at 3100 cm has a frequency and width  for all the AIPO structures a comparable band is seen. In MV
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TABLE 7: 27Al MAS NMR and %Al DOR NMR Chemical Shifts (ppm) of the Aluminum Phosphates

tetrahedral Al

octahedral Al

sample NMR
MV MAS none —10.8 —-8.4
DOR none —10.8
AlPO,—H3 MAS 41.2 -12.6 —-16.6 —20.0
DOR 41.2 —-18.2
AIPO,—8 MAS 38.2 —-12.1
DOR 39.7 37.4 35.9 31.1 279 -112 -13.3 -15.6 -19.4
VPI-5 MAS 41.1 —19.0
DOR 41.2 40.4 —-18.4
aFrom deconvolution.
T T T y T y T i T tinuum-broadening generally results from the embedding of a
(H,0)60 I state in the vibrational con.tinuum of states yvhich lie bglpw it.
H,0) LI In-homogeneous k_)road_enlng results fr_om imperfect siting or
27718 temperature variations in the local environment.
(H,0)q 1IN The Raman spectra of AIRE and VPI-5 are very similar
(H,0) 1] except for the differences in the intensities (and some of the
positions) of the corresponding bands. For AR the low
H,0 i intensity of the shoulder at 3110 chof the AIOy(OHy),
......................................................................................... associated water with very strong hydrogen bonding, results
Ml INEEEW W veis from the different way in which Al is bound with water
molecules before and after the structural transition and the
difference in interaction of coordinated water molecules with
il I 0 H3 those of the next shell. The double-donor OH stretches of the
AlO4(OHy), associated water with a vibration at 3263 ¢rare
not directed toward lattice oxygen atoms, since the separation
1 L Mv between an aluminum-coordinated water molecule and a lattice
. 1 T T 1 oxygen is large to be bridged in this structure. The prominent
4

principal hardness n [V/e]

Figure 10. Principal hardness of the symmetric-® polarization for
water in aluminophosphates compared with water in clusters of different
size.

there is no channel structure or free void volume to contain
free water, and thus, above 3500 ¢nmo O—H stretching
vibrations of free water oscillators are found.

In AIPO4,—H3 spectra, one of the three bands, observed at
3379 cn! closely resembles that in metavariscite since it results
from Al bound water that shows hydrogen bonding to four lattice
oxygen atoms of which two, at 1.79 and 1.99 A, are close 4AIO
(OHy), associated water which does not show hydrogen bonding
to lattice oxygen atoms but to oxygen atoms of the third water
type (1.95 and 2.11 A apart) may result in a band at 3225'cm
The precise siting in the small channel-like voids of APO
H3 clearly defines interactions of non Al bound water molecules
with their surroundings (Figure 8). These water molecules show
interactions both through their O with two H atoms of water
molecules bound to Al (1.95 and 2.11 A apart) and through
their two H atoms with two lattice O atoms (2:2.23 and
2.25-2.26 A apart). This is a crystallographic clear case of a
molecule in which the two ©H stretches are involved in a
double donor interaction with two lattice oxygen atoms.
Correspondingly, the doublet consisting of very sharp bands in
the region above 3500 cri ~3505 and 3563 cri, can be
associated to double-€H donor stretching oscillators. The most

3384 cn1! band can either be assigned to water OH stretching
vibrations of single hydrogen-bound water molecules in the
channel or to doubly hydrogen-bound aluminum-associated
water, since the band is situated in the spectral transition region
between both species. As a result of the size of the channels of
AIPO,-8, both single- and double-donor hydrogen-bound water
molecules can be expected. The latter hydrogen-bound double-
donor water in the channels is observed as the shoulder at 3537
cm L,

The 3263 cm? band with a 3142 cmt shoulder of VPI-5 is
of much higher intensity than the comparable 3263 tband
with a 3110 cmi® shoulder in the AIP@8 structure. In ice, the
OH band covers the region between 3100 and 3300'cm
typical for very strong hydrogen bonds. The water molecules
located within the main 18 ring appear to form a series of three
layers, which are organized in a helical form, from the
framework atoms toward the center of the pore. They form a
weak H-bound network in which the five free and the two
lattice-bound (one interacts stronger than the other) water
molecules participate. From the references, the wateter
distances observed in ice {®---O distance of 2.77 %:34.39
and inside the channels of VPI-5 {®1-O distance of 2.78 &)
are similarly short. The Raman bands can be ascribed to single-
donor and double-donor €H bonds, respectively. However,
in the literature, upon refinement of the VPI-5 structure, sensible
convergent positions are obtained, which reflect the highly
ordered structure of the water molecules in the chahinél.
Such strong H bonding, in layer or helixlike structures, points

plausible explanation for the significant splitting observed for to bands at 3142 and 3263 chin analogy to the strength of

this doublet,—58 cnt?, is the intramolecular interaction,

the bands in ice. Here, especially in the region defined for Al-

promoted by the almost equal strength of the H bonds for the polarization of the G-H stretch (Table 3), short water-€H

two oscillators of the water molecule, correlating with their
almost equal length.
In other AIPQ structures the band pattern is broadened. When

stretches are obtained without Al polarization within the helical

layers it forms in the VPI-5 structure.
In analogy to AIPQ-8, the 3263 cm! band is one of AlGQ-

the channels are wider, water molecules show an increased(OHy,), associated water with double-donor bonding to water

mobility, resulting in a bandwidth increase (Figure 10). Con-

in the wide channels and either moving in-phase or out-of-phase.
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The important 3405 cmt band is associated with the single drop in hoy by about 2-3 V/e for the symmetric stretch
hydrogen-bound stretch vibration in the channel. The 3542cm  frequency upon aluminum coordination. In TGA aluminum-
band in VPI-5 is of higher intensity then the shoulder at 3537 bound water is only released above 1) for MV at about
cm 1 in AIPOs-8 with relative intensities of 0.82 and 0.53, 170°C and 215°C, whereas for AIP@H3 it is at about 125
respectively. In the helical layers water molecules are linked in °C.
chains. In these water molecules one hydrogen is involved in  Analogous to the division between single and double donor
hydrogen bonding in a linear arrdythe other hydrogen can  OH-stretching vibrations made for water in small clustefs,
either not interact with other water molecules (dangling ends) it is clear from the Raman data that an analogous division is
or undergo hydrogen bonding within the layer structure. Such possible for the Al bound and the nonAl bound water. Whereas
nonaluminum-bound water shows Raman bands in this region.this division for free water molecules is likely around 3450
Single- or double-donor hydrogen bonding is a function of 3550 cmi?, for the aluminum bound molecules it is expected
the binding distance. Whereas for aluminum-bound water low- to occur at 30563150 cnt!. The broadness of the principal
lying single-donor stretch vibrations (lowest between brackets) hardness region\yon for the OH stretch is a measure for the
occur for MV (3008 cm') and AIPQ—H3 (3012 cnt?), for number of modes that participate in the continuum forming the
AIPO4-8 (2968 cn?) and VPI-5 (2958 cmt) they are ultimately bond. If more geometries co-occur, an increasé\gby and
redshifted. Double donor stretch vibrations are present for MV broadening of the band is observed (Figure 10).
(3110-3374 cmY), AIPO,—H3 (3255-3379 cntl), AIPO,-8 Water hydrogen bound with the structure exhibits a much
(3110-3263 cn?), and VPI-5 (31423263 cnt?). Short lower interaction energy compared with aluminum bound water.
stretches for water in the helices in VPI-5 like those in ice are The principal hardness decreases only little from free to lattice
not affected by aluminum polarization. The layered association hydrogen bound water molecules; it is however severely lowered
causes a change in the number of single- versus double-donoffor aluminum-bound water molecules. There is a clear gap
stretching modes in the structure. For “free” water low-lying between these quantities for aluminum-bound and “free” water,
single-donor stretch vibrations are not seen for MV and APO  but no further differentiation within these groups. For a greater

H3, but are seen (lowest between brackets) for ABQ3384 number of molecules in the unit cell and a wider variety of
cm™) and VPI-5 (3405 cmb), and double-donor stretch  chemical environments, the distribution of the principal hardness
vibrations are absent for MV and are present for AIPBI3 is much broader as illustrated in Figure 10 for the structures

(3505-3563 cnl), AlPO4-8 (3537 cnl), and VPI-5 (3542 discussed here in comparison with different water clusters.
cm1). The complexity arising from co-occurrence of different The combination between the structural information (XRD,
possible stretching modes can only be untangled on the basiSEEM/SA) and information on the hardness of the OH stretching

of a clear model of the individual structures. vibration thus give valuable information to predict the Raman
data. This combined characterization in combination with
Conclusions thermogravimetric and NMR data give a complete image of

. the structure of water in the aluminum phosphate structures.
This work demonstrates the use of Raman spectroscopy phosp

combined with EEM/SA structure optimization in the charac-

terization of water structures in aluminum phosphates. The
physical models of the association of water with the lattice and
other molecules can be obtained from Raman, TGA, XRD, and
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