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The structure and infrared spectrum of AlP04-8, the 18-ring aluminophosphate VPI-5, and related structures are simulated 
using atomistic potentials and a generalized valence force field. The various topologies theoretically possible for the VPI-5 
structure indicate that hexagonal prisms and cubes in the structure increase its lattice energy, thus decreasing the plausibility 
of the structure. This is not the only energy-determining feature; the relative orientation of neighboring tetrahedra also has 
an effect. The calculated differences in lattice energy between the 14-ring structure AlP04-8, the 18-ring structure VPI-5, 
and a hypothetical 24-ring structure are mainly due to density differences; no direct effect of the ring size on the lattice 
energy has been observed. Both VPI-5 and AlPO4-8 show a shift of layers when their lattice energy is minimized by optimizing 
the crystallographic coordinates and unit cell parameters. The hypothetical 24-ring structure does not show such a shift. 
This is probably due to the flexibility of the 24-rings that can completely accommodate strains in the initial structure. This 
is also indicated by the large loss of symmetry of the structure. The simulated infrared spectra reproduce essential differences 
between the experimental spectra of AlP04-8 and VPI-5. The highest frequency modes, however, are calculated to be too 
high. Spectra calculated with the structures obtained by lattice energy minimization agree better with experiment than those 
calculated with experimental structures. This can be explained by the presence of more physically acceptable angles in the 
relaxed structures compared with the experimental structures. The calculated spectrum of the hypothetical 24-ring structure 
is clearly distinguishable from that of VPI-5. 

Introduction 
One of the most spectacular zeolitic structures known today 

is VPI-5. This AlP04 material has pores with rings existing of 
18 tetrahedra (called 18-rings), thus causing a pore diameter that 
is greater than 12 A. The first reports of this structure,12 in 1988, 
received much interest because of the need for large-micropore, 
well-defined catalytic materials. The XRD pattern of VPI-5 is 
very similar' to that of the SAPO structure MCM-9, which was 
patented in 1987.4 Analogies between VPI-5 and AlPO4-8, which 
was first made in 1982,5 have been noted3 as well. At that time, 
it was suggested that MCM-9 and AlP04-8 also contain 18- 
membered rings. MCM-9 is a mixture of Si-VPI-5 and the 
10-ring-containing structure SAPO-1 1 .'p6 AlPO4-8 has also been 
suggested to consist of 18-membered rings in layers that are shifted 
relative to each other' (Figure I), thus explaining its lower ad- 
sorption capacity.' Although by now the sizes of the rings in 
AlP04-8 and VPI-5 are beyond discussion, the details of their 
structures are still uncertain. Experimental structure refinements 
have shown that AlP04-8 actually contains 14-r ing~,~ as was 

suggested for an early DLS ~tructure .~ The observed transfor- 
mation'O of VPI-5 to AIPQ-8, be it reversible or not, also indicates 
a close relation between the two structures. Vi je  et al." observed 
that rather large conversions of VPI-5 to AlPO4-8 result in minor 
changes in X-ray diffractograms, even though the pure VPIJ  and 
AlP04-8 structures each show some unique features. They hy- 
pothesize from powder XRD and HR-TEM the general existence 
of unrearranged VPI-5 in AlP04-8, which of course obscures the 
structure determination of the latter. This apparently contradicts 
the conclusions of Davis et al.3 based on a combination of argon 
adsorption isotherms and powder XRD experiments that A1p04-8 
does not contain extra large pores. The experimental data can 
also be explained by pore blocking. Another impurity often 
hindering the structure refinement of VPI-5 and AlP04-8 is the 
AlP04 hydrate H3.9*'2913 Theoretically, modeling of AlP04 
structures can help to solve these problems. 

The VPI-5 topology is part of an infinite range of hexagonal 
(4;2) networks with increasing pore size designated 81,81( l), and 
81(2)14-'5 (Figure 2). Net 81 corresponds to the 12-ring structure 
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Figure 1. Two structures for A1PO4-8 as suggested by Sorby et al.' 

8 1  81 (1 )  81 (2 )  

Figure 2. Nets 81, 81(1) = 520,'' and 81(2). 

AlP04-5, which is discussed in a previous paper,16 net 8 1 (1) equals 
VPI-5, and net 81(2) results in a 24-ring structure. There are 
several ways to generate a 24-ring s t ruc t~re , '~  one of which will 
be discussed in this paper in order to investigate the feasibility 
of ultrawide pore structures. The 13 ways to derive an 18-ring 
structure in the enumeration of Richardson and co-workersl'Js 
will all be evaluated here. These structures look the same when 
projected along the c axis but differ significantly when viewed 
in other directions. 

The structure of VPI-5 is strongly influenced by adsorbed 
species, e.g., water.l+*' Usually a small amount of silicon is present 
(about 5%). This study, however, is restricted to the bare AlP04 
framework, which is also called A1Po4-54.I' 

Methods and Models 
To select from a set of comparable structures, the most plausible 

one, generally lattice energy, is used as a For silica 
systems, a wide variety of potential parameter sets have been 
developed in order to calculate this energy. For AlPOis, this is 
not the case. In this study, a potential set is used that is derived 
by van Beest et al. on the basis of quantum chemical calculations 
of the potential surface of small molecular in com- 
bination with some crystal data. The model consists of Coulomb 
terms using partial charges (1.4 for Al, 3.4 for P, and -1.2 for 
0) and twebody terms of the Buckingham type for S i 4  and 0-0 
interactions. The potential parameters have been applied before 
to some zeolitic A1P0is.26,31.32 They form a consistent set with 
parameters for silicas derived in a similar way. 

Because of the low ability of this model to predict vibrational 
spectra," a generalized valence force field (GVFF33) has been 
applied for the calculation of infrared spectra. This force field 
consists of harmonic nearest-neighbor stretching and bending 
forces and interactions between them. The force constant values 
have been derived by us16 from the experimental spectra of a- 
berlinite. 

Lattice energy minimizations are done with the THBREL 
code.23~24~w A "constant pressure" relaxation was performed; i.e., 
the unit cell vectors as well as the atomic positions are optimized 
to "ize the lattice energy. No symmetry constraints are used 
in the relaxation. Ewald summations are applied for the Coulomb 
term in the energy. The short-range terms are only calculated 
within a region of 10 A around each atom of the unit cell. 

Calculations of spectra using a generalized valence force field 
are performed with the VIBRAT program of D o ~ t y . ' ~ * ~ ~  The 
program uses the harmonic approximation for zero wave vector 
modes. Symmetry is explicitly used for solving the dynamical 
matrix. Infrared line strengths are calculated using formal ionic 
charges. For all spectral peaks, line widths of 10 cm-' and a 
Gaussian line shape were assumed. Unrelaxed and energy-min- 
imized structures are both used for the calculation of infrared 
spectra. 

TABLE I: Results of the Lattice Energy Minimization of AIPO,.8 
expt 

ref 8' DLS 8' NDb 9 DLS, XRD calcd h.1. 
energy, kJ/mol TO2 -5690.58 

density, T/1000 A' 17.72 17.54 17.75 17.13 
a, A 33.0894 33.2900 33.29 34.275 
b, A 14.6832 14.7056 14.76 14.661 
c, A 8.3630 8.3860 8.257 8.364 

mean: A 1.593 1.623 1.727 1.748 
min, A 1.587 1.661 1.702 1.741 
max, A 1.598 1.738 1.769 1.753 

mean: A 1.593 1.623 1.515 1.509 
min, A 1.587 1.551 1.483 1.507 
max, A 1.598 1.738 1.532 1.511 

mean," deg 158.2 155.6 148.3 157.4 
min, deg 133.9 136.7 122.9 133.9 
max, deg 180.0 180.0 175.6 180.0 

QAIIC deg 2.271 13.61 1.727 5.584 
UP, deg 2.271 13.61 2.941 2.073 

"No distinction is made between aluminum and phosphorus. bPower 
neutron diffraction. 'Averaged per T site. dAveraged per 0 site. 
values are root-mean-square deviations from the ideal tetrahedron an- 
gle. 

symmetry Cg CE CE CE 

A 1 4  

P-O 

AI-O-P 

0-T-O 

TABLE 11: Root-Mean-Square Deviations from the Ideal Tetrahedron 
Angle (UT) for Dense ALP04 Phsses 

exptl calcd 

structure ref uAl UP OAl QP 

a-berlinite 42 2.4568 1.7962 3.8538 1.5370 
8-berlinite 41 0.9326 1.5304 3.4715 1.4023 
AlPO,-cristobalite 43 2.7221 0.0392 3.1407 0.6347 

Experimental Section 
VPI-5 was prepared as described in ref 37. A1P04-8 was 

prepared from VPI-5 by heating the sample at 110 OC in air 
overnight. Infrared spectra of AlPO4-8 and VPI-5 were recorded 
on a Biorad FTS 60 FTIR spectrometer. 

Results 
The results of the lattice energy minimization of AlP04-8 are 

given in Table I together with the data of the original structure 
refinements. The structure given by Richardson and Vogts based 
on powder neutron diffraction data at 200 OC is used as a start 
for the energy minimization. The relaxed structure shows a larger 
distortion of the A104 tetrahedra than of PO4 tetrahedra, which 
agrees with the NMR experiments on mo4-5 by Miiller et a1?8 
This is quantified in Table I1 by means of uT, the root-mean-square 
deviation from the tetrahedral angle. The DLS structural data 
on AlP04-8 of Dessau et a1.9 show the opposite. The cause of this 
discrepancy is very clear. If water is adsorbed, some octahedral 
coordinated aluminum atoms can be present in most AlPO.,'s, as 
indicated by NMR.39v40 Both Miiller et al. and Dessau et al. give 
no information about the water content of their samples. Dif- 
fraction methods4143 and NMR experimentsu on dense, water- 
free, A P 0 4  phases do not show a distortion of the A104 tetrahedra 
of the size found in zeolitic AlP04 systems (Table 11). So water 
can account for the differences in A104 distortion between various 
experiments. Our calculations, however, represent dehydrated 
structures and should therefore show small AIO, distortions 
compared to most experiments. 

Structural data on VPI-5 are listed in Table 111. Also in this 
case, diffraction methods give lower tetrahedral distortions for 
A104 than for PO4. An exception is the structure given by 
McCusker et a1.21 in which aluminum atoms on one of the three 
crystallographic sites are coordinated by four framework oxygens 
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TABLE III: Results of the Lattice Energy Minimization of VPI-5 
expt 

ref 46” DLS 57b XRD 21b XRD 20 XRD 206 XRD calcd h.1. 
energy, kJ/mol TOz -5680.35 

14.54 14.18 13.71f density, T/1000 A3 14.2 1 14.22 14.25 
a, A 18.989 18.9777 18.9752 18.524 18.997 19.012 
c, A 8.1 13 8.1 155 8.1044 8.332 8.123 8.479 

G V  G V  c:,2 symmetry G V  G V  (2 

mean: A 
min, A 
max, A 

mean: A 
min, A 
max, A 

mean,” deg 
min, deg 
max, deg 

A1-0 
1.698 1.728 1.771 1.695 1.697 1.75 1 
1.687 1.692 1.704 1.69 1 1.694 1.747 
1.690 1.747 1.857 1.699 1.700 1.754 

1.548 1.520 1.513 1.555 1.556 1.510 
1.547 1.511 1.497 1.55 1 1.552 1.508 
1.549 1.529 1.547 1.558 1.561 1.512 

P-O 

A1-O-P 
160.0 154.4 148.7 160.6 160.9 158.0 
125.0 124.4 136.6 118.4 123.1 130.1 
176.7 178.4 166.7 179.7 1.772 178.9 

3.938 3.445 16.6 1 3.116 4.43 1 5.520 
4.48 1 4.350 2.313 3.330 4.821 2.875 

0-T-0 

a Uncalcined sample. Hydrated sample. Averaged per T site. “Averaged per 0 site. e uT values are root-mean-square deviations from the ideal 
tetrahedron angle. /The angle y of the relaxed structure is 12 1.1 O .  

Figure 3. Unrelaxed and relaxed structures of A1P04-8 viewed along the 
a and b axes. From top to bottom: the structure of Dessau et al.? the 
structure based on the neutron diffraction of Richardson and Vogt8 
(which is similar to the DLS structure), and the relaxed structure. 
Globes indicate aluminum atoms. 

and two water molecules. This octahedral coordination has been 
confirmed by do~ble-rotation~~ A1 NMR  experiment^.^^ A sili- 
con-containing VPI-5 structure derived by Crowder et a1.& from 
powder X-ray diffraction data is used as a start for the lattice 
energy minimization of VPI-5. The structure has a C& symmet? 
and unit cell axes a = 18.989 A and c = 8.113 A when it is 

Figure 4. Unrelaxed and relaxed structures of VPI-5 viewed along the 
a and c axes. From top to bottom: the structure of McCusker et a1.:’ 
the structure of Crowder et a1.,& and the relaxed one. Globes represent 
aluminum atoms. 

hydrated. Richardson et al.,” investigating the thermal and 
hydrothermal stability of the silicon-free A1P04-54, found values 
of 19.009 and 8.122 A for a hydrated sample and 18.549 and 8.404 
A for the dehydrated one. This shows there is virtually no in- 
fluence of the (small) amount of silicon on the unit cell dimensions. 
A very striking difference between the experimental and calculated 
structures is the large increase of unit cell size for the latter and 
the decrease of symmetry. The length of the c axis is in reasonable 
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TABLE Iv: Results of the Lattice Energy Wmizntioa of 18-Ring Nets 

netI7 
520 
523 
521 
524 
522 
525 
313 
560 
561 
528 
527 
5 26 
5 29 

ringsb 
18 
8, 18 
18 
18 
10,18 
8, 18 
8, 18 
18 
14, 18 
10,18 
10, 18 
10,18 
8, 12, 18 

unitsC 

l h  
2h 

lh  2c 
l h  
2h 
2h 
2h 2c 

a/aoe CICO' 

Cil. Clf 1.048' 0.999 

symmetryd 

1.056 
1.065 
1.066 
1 Mor 
1.062 
1.044 
1.078 
1.066 
1.078 
1.084 
1.090 
1.062 

1.050 
1.033 
1.029 
0.990 
0.995 
1.069 
1.032 
0.938 
1.025 
0.972 
0.875 
1.09 1 

energy,' kJ/mol of TO2 

36.37 -4.66 49.49 
42.63 -1.47 56.63 
43.08 -1.02 57.12 
44.8 1 0.82 59.13 
44.87 3.12 59.13 
45.55 0.77 60.53 
45.83 -0.78 61.32 
5 1.06 5.82 67.31 
52.00 13.25 68.81 
52.73 7.84 66.17 
54.24 1 1.43 66.28 
54.57 16.69 71.94 
54.92 5.85 68.91 

"Lattice energy for A m 4 ,  density-corrected AlPO, (formula l), and silica, respectively, relative to the energies of a-berlinite (5716.59 kJ/mol of 
TOz, corrected -5623.61 kJ/mol of TO2) and a-quartz (5628.76 kJ/mol of SiOJ. bNumber of T atoms in ring. Each net has four-membered and 
six-membered rings. cStructural units per unit a l l :  h = hexagonal prism (double six-ring), c = cube (double four-ring). dSymmetry before and 
after lattice energy minimization. 'u /u0  and c/co are the ratios between the lattice vectors of the minimized and hypothetical structures. The a, 
values are 18 A for all structures. The co length is 9 A for nets 313, 525, and 529 and 8.5 A for the other nets,17 but the relaxations were all strated 
with c axes of 8.404 A. 'The average of u and b is taken. 

agreement with the value for the dehydrated structures, but the 
a axis is too large and tends to go to the value for hydrated VPI-5. 
This is partly explained by the net increase of the T-O distance 
due to the fact that the lengthening of the A M  bond is larger 
than the decrease in the P-O distance. 

In the relaxed structures of AlP04-8 and VPI-5, one observes 
a shift of layers (Figures 3 and 4). This shift is about 0.8 A in 
the a direction for AlP04-8 and 0.7 A in the same direction for 
VPI-5. Dessau et al.9 also found a shift for AlPO4-8 (see Figure 
3), but in this structure, the phosphorus atoms are shifted to the 
pore, while in the relaxed structure the aluminum atoms are. The 
latter situation seems more reasonable in view of the usual water 
coordination of aluminum.'9940945 The presence of a deviation from 
C& symmetry of VPI-5 is in accordance with the observation of 
M a s k e r  et al.?' but the direction of the shift of layers is not. 
Figure 4 shows the VPI-5 structure of McCusker et al. the one 
given by Crowder et SI.,& and the relaxed VPI-5 structure. The 
shift of layers explains why the net increase in T-O distance has 
a larger effect on the length of the a unit cell vector than on the 
c vector. 

Table IV shows structural data and calculated lattice energies 
for the nets enumerated by Richardson et al." The symmetries 
and unit cell dimensions apply to the AIP04 systems. Lattice 
energies are given for the ALPO, and silica systems. The calculated 
energy shows a spurious density dependence, which can be cor- 
rected by the following empirical formula for AIP04 systems:28 

E, = E + 3.79207nfr (1) 
where E, is the corrected energy (kl/mol of TO2), E is the 
calculated energy (kl/mol of TOz), and nfr is the framework 
density (T atoms/lOOO A3). The density dependence is due to 
an overestimation of the rd term in the Buckingham potential 
for nonbonded atoms because these parameters were essentially 
derived for bonded interactions. In general, the correction can 
be expressed by 

where C, is the 0-0 rd potential parameter, CTo is the T-O 
P potential parameter (T = AI, P, Si), a is the upper limit of 
the relevant range of the rd terms, R, is the cutoff radius of 
short-range potential (10 A), nfr is the framework density (T 
atoms/1000 A3). The energy correction does not influence the 
internal coordinates of the relaxed structure because of its low 
geometry sensitivity. Previous studies on the relaxation of silica 
polymorphs22-28~1~4749 have shown that the unairrected potential 
predicts crystal structures very well. For silica polymorphs, the 
need for the energy correction can easily be verified because of 
the availability of experimental data for the lattice energy. This 
is illustrated in Figure 5, where the correction is applied to the 

70 
60 a 'k Par t i a l  Charge 1 
50 A* 

E 

I 
I -20 

-30 
-40 : : : : : "  ' : ' ,  . , , :  ' : ?  ' : . :  : .  

0 IO 20 30 

Density (T-atoms/lOOO A 3 )  
Hgure 5. Calculated lattice energies as a function of framework density 
of relaxed structures. The crosses represent the shell model results, the 
triangles give the partial charge model values, and the dots represent 
experimental data. The structures used are the same 89 those in ref 28. 
The energies are given relative to a-quartz (the absolute energy of a- 
quartz is -12417.28 kJ/mol of Si02 for the shell model and -5628.76 
kJ/mol of SiOz for the partial charge model). (a) Not corrected for 
density dependence. (b) Corrected for density dependence. 

silica partial charge potential, which is comistent with the A P 0 4  
potential applied here, and to the so-called silica shell model. 

The corrected values of the lattice energy are also included in 
Table IV. From this table, one can conclude that net 520 is the 
most plausible. This is in complete agreement with a 
between simulated and experimental powder diffraction patterns 
of the nets and A"04-54 (the pure aluminophosphate analogue 
of VPI-5), respectively. The table also shows the influence of 
double rings (hexagonal prisms and cubes) on the lattice energy. 
The presence of these substructm, however, is not the only factor 
determining the lattice energy. More subtle structural differences 
must account for the energy gap between net 520 and the nets 
521,523, and 524 and the presence of net 313 in the intermediate 
energy range. The structural feature playing a major role in this 
case is the presence of crankshaft's chains which, in contradiction 
to the suggestion of BrunnerIso make a structure more favorable. 
Only net 520 shows a complete alternation of tetrahedra pointing 
"up" and "down" (with respect to the c axis), while in all other 
nets adjacent tetrahedra pointing in the same direction occur. In 
other words, net 520 is the only structure in this enumeration that 
is completely composed of crankshaft chains. The energy trends 
for silica and AIPO, systems are comparable. The corrected 
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Figure 6. Relaxed structure of Super-VPI-5. Globes represent aluminum 
atoms. 

TABLE V Results of the Lattice Energy Minimization of 
Super-VPI-5 

energy, kJ/mol TOz -5670.64 A1-O-P 
symmetry ct mean: deg 155.4 
a, A 24.019 min, deg 128.8 
c, A 8.676 max, deg 179.0 

mean: A 1.754 uAl: deg 6.731 
min, A 1.728 up: deg 3.137 
max, A 1.780 

mean: A 1.511 

max, A 1.527 

A 1 4  0-T-O 

P-O 

min, A 1.497 

OAveraged per T site. Averaged per 0 site. uT values are root- 
mean-square deviations from the ideal tetrahedron angle. 

energy values suggest that some structures might be more stable 
than a-berlinite. The influence of the initial symmetry on the 
structure relaxation was tested by randomizing the initial atomic 
coordinates of net 520 with an amplitude of 0.1 A in each direction. 
Relaxation resulted in the same structure as found before. 

A 24-ring structure, here referred to as Super-VPI-5, can be 
made from the 18-ring structure by replacing the crankshaft 
common to the 24-rings in VPI-5 by a double crankshaft. A 
double crankshaft has the same external connectivity as a single 
one, so this procedure could be repeated infinitely. This Super- 
VPI-5 structure is not equal to net 8 l(2) of Smith and Dytrych14J5 
because it does not show a complete alternation of up- and 
down-pointing vertices. The topological symmetry of the Su- 
per-VPI-5 structure is Djd, while net 8 l(2) has D& symmetry. 
When the alternation of aluminum and phosphorus is taken into 
account, this reduces to C30 for Super-VPI-5 and G6, for net 81(2). 
Smith15 estimated the 24-ring pore diameter to be 15 A. The 
relaxed structure of Super-VPI-5 is shown in Figure 6. Its 
symmetry is very low (C:), but the unit cell is still hexagonal. No 
shift of layers occurs. The results of the energy minimization are 
given in Table V. The lattice energy difference between AlPO4-8 
and VPI-5 is equal to the difference between VPI-5 and Super- 
VPI-5 (10 kJ/mol of TOz). The lattice energies corrected ac- 
cording to formula 1 are -5625.96, -5628.36, -5628.27, and 
-5628.66 kJ/mol of TO2 for AlP04-8, VPI-5, net 520, and Su- 
per-VPI-5, respectively. So the energy differences decrease sig- 
nificantly by the correction; AlP04-8 is now the less stable 
structure. This indicates that a reversible VPI-5-A1P04-8 
transformation is thermodynamically allowed. The 24-ring Su- 
per-VPI-5 is energetically allowed, so ultralarge-pore AlP04 
structures might exist. 

The infrared spectra of AlP04-8 and VPI-5 are shown in 
Figures 7 and 8. The spectra are calculated for both unrelaxed 
and relaxed (energy-minimized) structures. The calculated 
bending and symmetrical stretching modes (those below 800 an-') 
are in good agreement with experiment. The asymmetrical 

I * . ' . ' . ' . ' . ' ~ ' l  
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Figure 7. Calculated and experimental infrared spectra of A1P04-8. (a) 
Calculated using the experimental structure given by Richardson and 
Vogt* based on neutron diffraction. (b) Calculated using the relaxed 
structure. (c) Experimental. 
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Figure 8. Calculated and experimental infrared spectra of VPI-5. (a) 
Calculated using the DLS structure given by Crowder et a1.46 (b) 
Calculated using the relaxed structure. (c) Experimental. 
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Figure 9. Calculated infrared spectrum of relaxed Super-VPI-5. 

stretching modes, however, differ extensively from experiment. 
The spectra obtained from the relaxed structures are slightly better 
than those obtained from the experimental, unrelaxed Structures. 
This is probably due to the more feasible angles and distances 
present in the relaxed structures and the influence of water on 
the samples used for the experimental spectra. The calculated 
infrared spectrum of relaxed Super-VPI-5 is shown in Figure 9. 
Comparing the spectra calculated for the relaxed AlP0,-8, VPI-5, 
and Super-VPI-5 structures, one observes a merging of the two 
peaks in the bending region (400-550 cm-l) and an increase of 
the number of peaks that can be distinguished in the symmetrical 
stretch region (650-800 cm-I). 

Conclusions and Discussion 
For various structures presented here, relaxation results in a 

lower symmetry then used in the experimental structure deter- 
minations. The question arises whether this is due to artifacts 
in the potential set or to inaccuracies in the experiments. In the 
structure determination of AlP04-8, five T sites are present in 
a 1:2:2:2:2 crystallographic multiplicity ratio. The 31P NMR 
spectra" of hydrated samples show three peaks in a 1:2:6 ratio. 
This is not necessarily a contradiction; three crystallographic sites 
may show a close resemblan~e.~' For AlPO.,'s and alumino- 
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TABLE YI: Multiplicities and Mean P U A I  Angk of P Sites in 
Experimental uul Relaxed AW),-8 

PQAl 
site multiplicity XRD9 DLS8 ND8 calcd 
P1 2 141.2 155.7 167.7 157.6 
P2 4 158.6 161.1 165.1 157.7 
P3 4 144.2 151.3 146.6 157.0 
P4 4 146.5 152.7 149.9 154.2 
P5 4 146.4 155.8 149.7 159.3 

TABLE MI: Multiplicities rod Mean P U N  Angles of P Sites in 
VPI-5 

P-0-A1 
site multiplicity XRD& XRD2" calcd 
P1 2 148.2 147.5 149.4 
P2 4 154.4 
P3 4 162.9 163.1 163.2 
P4 4 156.5 
P5 4 159.8 

Dehydrated sample. 

silicates, a relation exists between the average of the T U T  angles 
a T atom takes part in and the NMR shift of that atom.44~52*s3 
So the mean T-0-T angles can be used to estimate whether NMR 
peaks of various T sites will differ. Multiplicities and average 
T 4 - T  angles for the P sites in A1P04-8 are given in Table VI. 
The experimental and calculated structures do not exactly result 
in three NMR peaks with the intensity ratio given above. From 
diffraction data, a 1:2:2:4 ratio seems most probable, while our 
calculations suggest three peaks in a 2:2:5 intensity ratio. The 
diffraction data are not really incompatible with the NMR ex- 
periment. 

31P NMR spectra obtained by Davis et al.I9 indicate that the 
symmetry of VPI-5 is lower than given by diffraction experiments. 
The original structures based on XRD or neutron diffraction have 
two P sites, the one in the six-membered ring (S1 site) and the 
one in the two adjacent four-rings, in a ratio of 2 1. Davis observed 
three 31P NMR peaks in a 1:l:l ratio due to splitting of the S1 
site. This splitting is not caused by template molecules but still 
might originate from occluded water because it is not seen at high 
temperatures (1 50 OCS1) .  A NMR peak due to P-OH is some- 
times 0bserveds1J4 but can easily be discriminated from the "puren 
structural peaks. The VPI-5 structure derived by McCusker et 
a1.2I from powder XRD does contain thrce crystallographic P sites 
with equal multiplicities. Our relaxed structun, however, has five 
crystallographic P sites. This may be consistent with the change 
of the intensity ratio of the NMR peaks that is observed by Stbcker 
et al.51 for a carefully dried VPI-5 sample. 

Table VI1 shows the multiplicity and mean P U A l  angles of 
the P sites. It is clear that the relaxed VPI-5 structure gives at 
least four and most probably five peaks in the 31P NMR spectrum. 

If we ascribe the distortion of the A104 tetrahedra found in some 
experiments to the presence of water, the large distortion of the 
A104 tetrahedra compared with PO4 tetrahedra in our calculations 
has to be c a d  by a flaw in the interatomic potential. For silica, 
the presence of an 0-T-O bond-bending term has been shown 
to be e~sent ia l ,4 '~~~ at least for potentials using formal charges. 
The potential applied here does not have a bending term, but this 
does not have to be the reason for the distortion of the tetrahedra. 
A slight change of the (partial) charges used may have a large 
influence on the structural features. This has been observed for 
the absolute charge in the silica potential that is compatible with 
the AlP04 potential*' and for the P-A1 charge difference in the 
AlPO, potential.M An improvement of the potential by changing 
the charges is preferred over the inclusion of a 0-T-O three-body 
term. This will also affect the magnitude of the shift of layers. 
The absence of a layer shift in the relaxed Super-VPI-5 structure 
and the presence of such a shift in the relaxed A1p04-8 and VPI-5 
structures can probably be explained by a higher flexibility of the 
24-ring compnrcd with the 14- and 18-rings. Whereas the strain 
in the initial Super-VPI-5 structure can be accommodated by a 

deformation of the 24-rings (resulting in a very low symmetry), 
the rings in A1P04-8 and Super-VPI-5 are not changed and the 
reduction of energy is performed by the shift of layers. 

The discrepancy between calculated and observed infrared 
spectra can partly be caused by the silicon present in the exper- 
imental samples, although the silicon content is low, and by an 
artifact of the procedure for obtaining the generalized valence 
force field. The parameters for the AlP04 force field were derived 
by fitting the spectrum of a-berlinite.l6 Some peaks in the ex- 
perimental spectra of a-berlinite used are subject to discussion, 
especially the one at 1230 cm-l. Inclusion of the latter peak in 
the fitting procedure may have caused an overestimation of a 
stretching force constant. The discrepancy in bandwidth between 
calculated and experimental spectra has been observed befores6 
in the case of pure silica systems. Theoretidy, the Al-0-P angle 
size and distribution are reflected in the position and shape of the 
stretching peaks. This cannot be the cause of the discrepancy 
between calculated and experimental spectra because both the 
average and the extrema of the calculated angles are in good 
agreement with experiment and the experimental line widths would 
require angles that are improbable, The use of relaxed structures 
in the spectra simulations is to be preferred. The differences 
between experimental and calculated spectra do not obstruct the 
use of these calculations for identifying structures because the 
main differences between the experimental spectra of AlP04-8 
and VPI-5 are reflected in the simulations. 
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Transttion of Mixing Scheme in the Water-Rich Region of Aqueous 2-Butoxyethanoi: 
Partial Molar Volumes and Their Derivativest 

Yoshikata Koga 
Department of Chemistry, The University of British Columbia, Vancouver, British Columbia, Canada V6T I ZI 
(Received: February 14, 1992; In Final Form: September 8, 1992) 

The mixing scheme boundary proposed in paper 1 (J. Phys. Chem. 1990,94,3879) was extended to high temperatures. Using 
the data of the excess partial molar volumes in aqueous solutions of 2-butoxyethano1 (BE), VmE(i) (i = BE or H20), reported 
in paper 2 (J. Chem. Thermodyn., in press), the composition derivatives of VmE(BE), (aV,(BE)/an,E),, were calculated. 
nBE and nw are the amounts of BE and HzO in solution, respectively. It was found that these derivatives showed peak anomalies 
at the same loci of the mixing scheme boundary. In the water-rich region below the boundary, the behavior of the partial 
molar volumes and their derivatives was explained in a consistent manner as presented in previous papers (Can. J.  Chem. 
1989,67,671; J.  Phys. Chem. 1990,94,3879; J. Phys. Chem. 1991,95,4119). We took into account three effects on VmE(BE): 
(1) the size difference between BE and W molecules; (2) the packing density of solvent HzO (3) the progressive enhancement 
of the hydrogen-bond network of HzO as the concentration of BE increases. 

IntrodllCtiOO 
In the previous studies from this laboratory on aqueous solutions 

of 2-butoxyethanol (abbreviated as BE), the excess partial molar 
enthalpies, HmE(i) = (dliE/anJn,,l.2 and the excess partial molar 
entropies, SmE(i)? were determined. Here i stands for BE or H,O, 
and 4 is the amount of i-th substance in solution. These partial 
molar quantities provided direct information about the actual 
contribution of the i-th substance to the mixture in terms of 
enthalpy and entropy, respectively. They were determined ac- 
curately and in small increments in composition. It was therefore 
possible to evaluate compition derivatives, 

and 

with a reasonable accuracy, within several percent. Nis  the total 
amount of the mixture, and xi is the mole fraction of the i-th 
substance. (Note that these composition derivatives are the third 
derivatives of the Gibbs free energy.) They signify the effect of 
an additional i-th substance on the partial molar quantities of the 
existing i-th substance. Thus, it has been argued intuitively that 
they provide a measure of the i-i interaction in terms of enthalpy 
and entropy.'-3 Using these quantities, we have pointed out that 
there are three composition regions in the single-phase domain, 
in each of which the mixing scheme is qualitatively different from 

'This paper is dedicated to Professor Loren G. Hepler on the occasion of 

(aHmE(i)/Wn, = ((1 - X)/NJ(aHmE(i)/axi) 

(asmE(i)/Wn, = ((1 - ~ ) / N ( a s m ~ ( i ) / a ~ J  

his retirement. 

those in the other regions. Furthermore, we have pointed out that 
the c r w e r s  between the neighboring regions are associated with 
anomalies in the third or the fourth derivatives of the Gibbs free 
energy. In particular, the transition of mixing scheme from the 
water-rich to the intermediate regions is associated with peak 
anomalies in the third derivatives of the Gibbs free energy. In 
ref 1 (called paper 1 hereinafter) we contrasted these anomalies 
in the third derivatives with those associated with bulk phase 
transitions. Namely, the latter are accompanied by various 
anomalies in response functions, the second derivatives of Gibbs 
free energy. Since bulk phase transitions involve some changes 
in long-range order, we suggested that the transition in mixing 
scheme from the water-rich to the intermediate regions of BE-H20 
mixtures is related to a transition in short- to medium-range order 
and that it is associated with anomalies in the third derivatives 
of Gibbs free energy. In paper 1, we also presented the mixing 
scheme boundary in the temperature-mole fraction field (Figure 
3 in paper 1) that separates the water-rich from the intermediate 
regions as the loci at which all the available thermodynamic 
quantities proportional to the third derivatives of Gibb free energy 
show peak or cusp anomalies. 

We have therefore started a program of determining various 
thermodynamic quantities proportional to the third derivatives 
of Gibbs free energy in the water-rich region of aqueous solutions 
of BE. Recently, we measured the thermal expansivities (the 
second derivative) of the BE-H,O mixtures in small increments 
in mole fraction and took mole fraction derivatives thereof. The 
latter, the third derivative, showed peak anomalies at the same 
loci shown in Figure 3 of paper le4 
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