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Abstract

The dynamnics and the reaction of small guest molecules adsorbed in NagPMo;2049
crystal were investigated by solid state NMR method to clarily the catalytic mechanisim
of the heleropoly compound. The simplest and basic guest for this compound is wa-
ter molecule; at first the dynamic property of water and deuterated water adsorbed in
NagPMo12040 - nH;0 and NagPMo;;040 - nD30 was studied over wide temperature range
in order to examine the nature of the guest-host interactions. The water molecules in fully
hydrate materials with n = 29 and deuterated hydrate with n = 20 behave at room tem-
perature like those in bulk water . Below room temperature four phase transitions occur
in these substances and the motional freedom of water molecules are lost successively on
cooling through the transition points. The motional modes of the water in each phase were
assigned by the 'H, 2H, and 2*Na NMR spectra and relaxation time measurements. Elab-
orate dehydration brought about the hexahydrate and deuterated hexahydrate. In these
malerials only a restricted motion occurs from room temperature down to 120 K, suggest-
ing that the water molecules are bound tightly t some special site or sites, far separated
{rom each other, and there is no significant interaction between them.

The reaction of methanol adsorbed in NazgPMo;;04 was traced by 'H, and 3'P,
and 3C CPMAS NMR spectra. The dynamics of the adsorbed methanol and the crystal

structure of the NagPMo;3049 - 6CH30H is similar to the hexahydrate.



The conversion of methanol to dimethylether in NagPMo;3040 - 9CH30H occurs at 570 K.
The intermediate state of the reaction was revealed to be methoxy carbon bonded to the
heteropoly anion. A new mechanism was proposed for catalytic dehydration of alcohol in

the heteropoly compounds in the absence of acid.



1. Introduction

The heteropoly compounds have been well known for long time. Especially 12-
heteropoly acids (H,XM;,049) have well defined composition and a variety of studies has
been conducted on these structures, physical properties, and especially catalytic activities
so far. The structure of these heteropoly anion was clarified by Keggin by the use of
powder X-ray diffraction method[l]: Twelve MOg octahedra surround an XO, tetrahedron
and construct a bulky “spherical” anion (Fig. 1.1). The central hetero-atom X can be P,
As, B, Si, or Ge, and the surrounding metals M, which are so-called poly-atoins, are Mo
or W but a part of them can be substituted by Ti, V, Zr, etc. These acids are all classified
to strong acid because all of = protons dissociate perfectly in aqueous solution. ‘The salts
of these heteropoly acids with large cation such as Cst and ammoniums are insoluble
in water although the acids themselves and the sodium salts show very high solubility.
Sodium salts are also soluble in many polar organic solvents such as alcohols, ethers, acids,
etc. The anhydrous crystals of the sodium salts can adsorb considerable amount of the
solvent molecules. The anion structure, so-called the primary structure of the heteropoly
compound, is not affected by the sort and the amount of the guest solvent in the crystal
lattice. On the other hand the secondary structure, i.e., the three dimensional arrangement
of the anion, cation, and the crystallization water or other guest molecules is influenced
by the sort and the amount of the guest solvent.[2,3] It is known that the adsorbed guest
molecules have high mobility which is comparable to that in the bulk liquid; and the guest

solvent in the crystal is so-called pseudoliquid.[4]



clure of the 12-heteropoly anion.

Fig. 1.1 The Keggin stru



Recently it was found that 12-heteropoly compounds have high catalytic activity
for various organic reactions such as oxidation of methacrolein{5], hydrolysis of alkenes(6],
and polimerization of tetrahydrofuran. They have been used as both homogeneous and
helerogeneous catalysts. The high activity and high selectivity arise from the strong acidity
and oxidizing ability. Furthermore possible circulation of the pseudoliquid phase makes it
possible for each guest molecule to contact to the acidic active sites, thus the elfective
reaction area is largely extended even in bulk solid phase. Although it is unknown that
only the 12-heteropoly and its related compounds show high activity whereas other many
heteropoly and isopoly compounds which have similar composition do not.

The room temperature structure and the dynamics of the water in H3PMo;1304 -
nll,0 were studied by Chidichimo et al. using *H and *'P NMR methods.[7,8] They
stated that two orthorhombic structures exist at high water content and the acid protons
penetrate into the Keggin cage. It has been known that two water molecules and the
acid proton in HzPMo3040 - 6H;0 combine to form a hydronium ion H5O§.[9] Slade et al.
investigated the dynamic process of proton conduction and dynamics of the H;OF ion in
H3PMo,304 - nll,0 crystals with n = 6 and 14 by neutron scattering and 'H NMR.[10,11]

On the other hand the salts of the heteropoly acids have only a little studied. In the
case of trisodium salt NazPMo;304g it is considered that Na* ion in the crystal occupies the
position of H* in the acid crystal and forms a hydrated cation. Hence the water molecules
in the sodium salt are expected to behave in a quite different manner from the water in

the acid because of the large size of the solvated cation. In addition, this salt has no acid



proton but shows a catalytic activity. The detail of reason for such oxidizing property has
not been clarified.

It is important to examine the static and dynamical behavior of the structural water
in the heteropoly compound crystal from the microscopic point of view in relation to the
catalytic activity of the compounds. [or this purpose nuclear magnetic resonance (NMR)
on the water molecule and the cations is very effective. However most of the previous
experimental works such as NMR[11,12,13], measurements of absorption-desorption process
of the guest molecules[14], etc. on the 12-tungsto- or 12-molybdophosphoric acids and their
salts have been conducted at room temperature and above. At such temperatures NMR
gives information on only motionally averaged properties of the “pseudoliquid” phase. In
order to obtain the information about the microscopic behavior of the structural water as
well as the nature of the host-guest interaction which brings about the catalytic activity
of heteropoly compounds present NMR experiments at low temperatures were conducted.
The second guest material adopted in this paper for examining the catalytic reaction in
heteropoly compounds is methanol which is one of the essential materials undergoing simple
organic reaction; this compound thus most suitable guest to trace the re@ction process in
the heteropoly compounds.

In chapter 2 the results of 'H, 2H, and Na NMR measurements over wide tem-
perature range will be presented and the dynamics of the crystallization water in a rep-
resentative heteropoly compound, NazgPMo,304 - nH;0 will be discussed. Furthermore

the reaction process of methanol which is the most simple organic compound absorbed in



NazgPMo;3040 crystal is explored by solid state !3C cross-polarization magic angle spinning
(CPMAS) NMR and 'H and 3P MAS NMR. The experimental results and discussion of

the reaction mechanism will be represented in chapter 3.
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2. The dynamics of the water molecules
2.1 Experimental

Sodiumn dodecamolybdophosphate, NagPMo,3 Q49 nll;0, was purchased from Wako
Pure Chemical Co. Ltd. The water content of this material as received was determined
gravimetrically. Approximately 500 mg of the bright yellow small crystals were placed in
a glass weighing bottle and heated at 620 K for 4h. The weight loss attributed to the
desorption of crystallization water. The water content was determined to be n = 29. This
is the value of the fully hydrated material.

Samples as received and dehydrated in vacuo at room temperature were powdered
and used for the 'II and Na NMR measurements. The water content of latter was de-
termined to be n = 6 by the gravimetric method. Deuterated specimen was prepared by
repeated recrystallization from 99.9% heavy water (Aldrich). The extent of deuteration is
higher than 99%. The product had the composition, NagPMo,;3 Q40 - 20D,0. This sample
and the sample dried in vacuo in which n = 6 were used for the 2H NMR measurement.
Herealter we call the substances as {ollows:
29-hydrate: NagPMo;3,04 - 29H,0
hexahydrate: NazPMo13049 - 6H,O
deuterated 20-hydrate: NagPMo;3;04 - 20D,0

deuterated hexahydrate: NazPMo;;04 - 6D,0

The 'H spin-lattice relaxation time, T}, was measured by using a MATEC 5100



spectrometer at 1H Larmor frequency of 18.1 MHz between 170 and 340 K in the heating
direction. All other NMR measurements were carried out by a Bruker MSL—200 NMR
system with the Larmor frequencies of 200.14, 30.7, and 52.94 MHz for 'H, 2H, and **Na,
respectively. The quadrupole echo sequence was used for the 'H and 2H spectrum mea-
surements. All T}’s were measured by 90°-7-90° and/or 180°-7-90° pulse sequence.

The accuracy in the temperature measurements was 0.1 K for the proton T mea-
surement and +1 K for other measurements. The uncertainty in the relaxation times was
estimated to be within 10 % in all measurements.

Diflerential thermal analysis (D'TA) was also conducted on the hydrates with n = 29
and 6 (hereafter abbreviated as 29-hydrate and hexahydrale, respectively) and deuterated
hydrate speciinen with n = 20 (deuterated 20-hydrate) to examine the phase transitions.

X-ray diffraction was carried out on powdered specimens by Rigaku diffract-

meter at room temperature.



2.2 Results
2.2.1 X-ray diffraction and DTA

DTA measurement on the 29-hydrate revealed that there exist four phase transitions
al 257 K and at about 190 K, 180 K, and 170 K in the heating direction. The DTA
peaks of the lower three transitions overlapped each other and therefore the uncertainty
in the transition temperatures was large (£:3K). The highest transition showed a thermal
hysteresis of ca. 10 K, indicating that this transition is of first order. The five phases will
be named Phases I, 11, 111, IV, and V in the order of decreasing temperature. Deuterated
20-hydrate undergoes similar transitions at about 260 K, 220 K, 200 K, and 190 K. These
five phases will be defined as Phases I, II, III, IV, and V in the similar way to the 29-
hydrate. The protonic hexahydrate showed no evidence for any phase transition between
77 K and 300 K.

Fig. 2.1-4 shows the powdered X-ray diffraction (XRD) patterns of the four sub-
stances at room temperature. The patterns of the 29-hydrate and the deuterated 20-hydrate
resemble each other. From this fact and by taking account of the fact that trisodium
12-molybdophosphate contains unstructured water at high hydration level [13] it can be
considered that the 29-hydrate and the deuterated 20-hydrate assume similar structure to
each other. On the other hand, both hexahydrates, the protonic and the deuterated, give
almost the same pattern which is however largely different from that of the 29-hydrate.
The reflections were broad and weak at high angles and could not bevobserved at the an-

gle 20 > 40°, suggesting that the dehydration process brought about a large number of

10
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imperlections into the crystal lattice. This point of view may be supported by a fact that
the specimen with lower water content gives broader line in 3P NMR (6] because such
broadening comes usually from the broad distribution of the chemical shilt due to lattice

distortion.

2.2.2 TH NMR

The temperature dependence of the 'H NMR spectrum of the 29-hydrate is shown
in Fig. 2.5. At room temperature and up to 350 K the spectrum shows a simple sharp
Lorentzian peak with the full width at hall maximum(FWIIM) of 270 Ilz. This line shape
remains unchanged down to 210 K. Below 200 K the line becomes broader steeply and
another very broad component grows on cooling, the latter being characteristic of a two-
spin Pake pattern.[1] In other words, two kinds of water exist in the crystal below 200
K.

On the other hand the hexahydrate gives a spectrum which is broad and consists of
more than one component even at room temperature (Fig. 2.6), but the spectrum becomes
sharper at higher temperatures. At low temperatures the spectrum consists of a broad
single line and a distinct Pake pattern the width of which is about g of that in the 29-
hydrate.

Fig. 2.7 shows the temperature dependence of 11 T of the 29- hydrate at 18.1 MHz.
In the lowest temperature phase (Phase V), the free induction decay (FID) signal was too

short to deteriine the Tj value. Heating the sample up to Phase 1V (at 172.5 K) the FID

11
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Fig. 2.5 The 'HH NMR spectrum of NazgPMo;304 - 29H,0 at (a) 209 K, (b) 180 K, and

(c) 150 K.
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Fig. 2.6 The 'H NMR spectrum of NagPMo;3040 - 6H20 at (a) room temperature and

(b) 180 K.
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Fig. 2.7 The temperature dependence of 'H T; of NagPMo;;040 - 29H;0. The phase

transition temperatures determined by DTA are shown by broken lines.



became longer than 100 ps and T; became measurable. On farther heating the T) became
short and again the FID became suddenly longer at 182 K and abéve. However, the T}
did not show any discontinuity at 182 K. The T} assumed the minimum value of 11 ms at
about 207 K. At 270 K a discontinuous jump of 77 was observed. These temperatures,
172.5 K,182 K, and 270 K, correspond obviously to three of the four phase transition

temperatures.

2.2.3 2H NMR of 20- and hexahydrates

Fig. 2.8 and 2.9 show the 2H NMR spectra of the deuterated 20-hydrate and the
deuterated hexahydrate, respectively. The ?H spectrum of the 20-hydrate may be compared
with the 'H spectrum of the 29-hydrate (fig. 2.8): An extremely narrow peak was observed
at room temperature and it broadened out to give two components below 220 K, i.e.,
the broad central peak and outer one characteristic of significant quadrupole interaction.
However, while the central component of the 'H spectrum of the 29-hydrate is a simple
Lorentzian, the ?H spectrum of the 20-hydrate gives a broad, indistinct central component
at low temperatures. In the case of the hexahydrate the existence of two components are
discernible even al room temperature and the spectrum at low temperature consists of
several components (see in fig. 2.9).

Fig. 2.10 shows the temperature dependence of the 2 7} and 77 (inverse line width)
in the deuterated 20-hydrate. The recovery of the *H magnetization was non-exponential

and could be represented by the superpositions of two relaxation process below 200 K. And

12
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Fig. 2.8 The 2 NMR spectra of NagPMo;3040 - 20D,0 at (a) 300 K and (b) 120 K.
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Fig. 2.9 The ?l1 NMR spectra of NagPMo13040 - 6D20 at (a) 286 K and (b) 180 K.
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Fig. 2.10 The temperature dependence of the 2H T} (the circles) and the T (the trian-
gles) of NazgPMo13040 - 20D;0 at 30.72 MHz. The Tj is separated into two components
below 200 K. The short component (open circle) corresponds to the central peak in the 2H

NMR spectruin and long one (closed circle) the outer.



so the T could be separated into two components; the long T} corresponds to the outer
component and the short one to the central component of the spectrum. T; was estimated

using the relation,

1
Ay = ——,
YT Ty
where Av is the FWIIM of the Lorentzian peak above 200 K. 7; and T; coincided with

each other above 230 K.

2.2.4 BNa NMR

The temperature dependence of the 2*Na NMR spectrum and the T} at 52.94 MHz in
the 29-hydrate are shown in Figs. 2.11 and 2.12, respectively. 2*Na NMR spectrum consists
of a sharp peak at room temperature. Below 190 K the magnetization recovery became
non-exponential and the maximum intensity of FID was observed at half the original 90°
pulse length. The typical recovery curve of the 2*Na magnetization below 190 K are shown
in Fig.2.13. Furthermore the line broadened suddenly at 190 K on cooling. These facts
suggest that the *?Na nuclear quadrupole coupling constant is nearly zero above 190 K

whereas it assumes a finite value at lower temperatures.

13
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Fig. 2.11 2Na NMR spectrum of NagPMo;;04 - 29H;0 at (a) room temperature and

(b) 140 K.
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Fig. 2.12 The temperature dependence of the 2Na T} of NagPMo;;04 - 2911,0 at 52.94
MHz. The recovery of the magnetization was heavily non-exponential and the Ty could not
be determined below 200 K . This is characteristic of the spin I > 1 nuclei with non-zero

quadrupole coupling.
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Fig. 2.13 The typical recovery curve of the Na magnetization below 200K; this data

was accumnulated at 147 K.



2.3 Discussion

The NMR line shapes of the Il and 2H are generally governed by the nuclear
maguetic dipole-dipole interaction and the electric quadrupole interaction, respectively.
These interactions are modulated by molecular motions. Thus the analysis of the individual
line shape brings about the information on the type and the rate of the motion of the water
molecules in present material.

First we consider the ' line shape of a single water molecule which undergoes some
particular type of motion. The dipole-dipole interaction between the protons in a H;0

causes the splitting of the resonance line by an amount [3a],

37h

(Sl/n_“ = -2"73-(3 0082 0 — 1),

where v is the gyromagnetic ratio of the prolon, r the interproton distance, and 0 the
angle between the static magnetic field and the vector which connects the two protons. In
a system consisting of randomly oriented static molecules, i.e., in a powdered specimen,
the splitting is averaged over the spatial distribution of the 'H —! H vectors and then the
spectrum gives a Pake pattern (I'ig. 2.14a). Actually, the spectrum is broadened by the
intermolecular dipole-dipole interaction which must be large in the case of the 29-hydrate.
The theoretical line shape for the rigid water molecules with the Gaussian broadening
of 10.6 kHz is also shown in Fig. 2.14d. Fig. 2.14b and c are the line shapes for H,0O
molecules undergoing fast rotation around the molecular C;-axis and fast isotropic rotation,
respectively.

The spectrum of the 29-hydrate between 109 K and 209 K can be represented by the

14
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Fig. 2.14 The simulated *H NMR line shape for H,0 molecules in some particular cases:
(a) randomly oriented static molecules, (b) the molecules undergoing fast rotation about
the molecular C, axis, (c) the molecules undergoing isotropic rotation, and (d) the same

as (a) with 10.6 ki{z Gaussian broadening. See text for details.



superposition of a Pake pattern with the Gaussian broadening and a single Lorentzian line;
the full width is 112 kHz and the Gaussian broadening is 9.8 kHz at 109 K. The theoretical
line shapes which give best fit to the experimental line shapes at individual temperatures
are shown in Fig.2.15-22 and the fitting parameters are listed in Table 2.1. The outer
component is attributed to the static water molecules in which the interproton distance
is 1.47A, and the central component to the molecules undergoing the isotropic rotation.
However the possibility that the apparently ”static” molecules undergo the 180° flip can
not be ruled out at present because we can not distinguish a rigid and a 180°-flipping
molecule by the 'II NMR spectrum. Later it will be shown that these two states can be
distinguished by the 2H line shape analysis.

The spectrum of the 29-hydrate at room temperature consists of an extremely narrow
peak which corresponds to the case where the intermolecular dipole interaction with the
strength of 6.4 kllz at 150 K is quenched. This fact indicates that the water molecules
undergo not only the isotropic rotation but fast translational diffusion; this means that
the water is in the pseudoliquid state as suggested in ref. 1. The spectrufn changes from
the single peak to one with two components at about 190 K on cooling. This temperature
coincides with the transition temperature from Phase 1l to Phase III. It can be defined as
the "freezing” temperature of the pséudoliquid water.

The temperature dependence of the line width of the simulated central component
is shown in Fig. 2.23. The line width increases linearly with decreasing in temperature

from 209 K to 171 K. This line broadening indicates that the rate of the water motion
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Fig. 2.15 Experimental and theoretical 'H spectrum: The solid line is the observed

spectrum at 209 K and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.
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Fig. 2.16 Experimental and theoretical 'H spectrum: The solid line is the observed
spectrum at 199 K and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.
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Fig. 2.17 Experimental and theoretical 'H spectrum: The solid line is the observed
spectrum at 189 I and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.
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Fig. 2.18 Experimental and theoretical 'H spectrum: The solid line is the observed

spectrum at 180 K and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.



AL ] 1 J L 1 1

“—900 0 700

Fig. 2.19 Experimental and theoretical 'H spectrum: The solid line is the observed
spectrum at 171 K and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.
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Fig. 2.20 Experimental and theoretical 'H spectrum: The solid line is the observed
spectrum at 157 K and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.
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Fig. 2.21 Experimental and theoretical 'H spectrum: The solid line is the observed
spectrum at 150 K and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.
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Fig. 2.22 Experimental and theoretical 'H spectrum: The solid line is the observed

spectrum at 109 K and the broken line represents the best fit; the fitting parameters are

given in Table 2.1.



outer Pake pattern central lorentzian
T [/ K | Av [ kHz [ broadning /[ kHz | ratio | FWHM / kHz | ratio
109 112.4 9.8 0.966 6.39 0.034
150 102.2 10.6 0.940 6.39 0.060
157 97.9 10.6 0.898 4.26 0.102
171 93.7 10.6 0.573 4.26 0.427
180 93.7 10.6 0.403 2.13 0.597
189 93.7 10.6 0.375 0.68 0.625
199 85.2 9.4 0.322 0.30 0.678
209 85.2 6.4 0.330 0.15 - 0.670

Table 2.1 The fitting parameters for the 'H line shape of NazgPMo;3040 - 20H,0. Av is

the peak-topeak splitting of the Pake pattern.
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Fig. 2.23 The plott of the theoretical line width of the central component which are

listed in Table 2.1 versus temperature.



decreases stochastically on cooling. The line width Av can be related to the correlation
time for the motions as [3a]

Av ~ 1/[T; = (bwp)?7,
where dwpy is the spread in {requency corresponding to the spread of dipolar local field.

Assuming the Arhenius activation process,

7, = Toe~ B/IT

the activation energy for the motion of water molecule is estimated to be 26.5 kJ mol~!.
At lower temperatures below 171 K it seems that the line width remains constant, but
since the ratio of the central component is extremely low and the fitting parameter for it
is less reliable in these lowest temperature region. Two motional modes of H,O molecule
can be considered to govern the line width below 209 K; one is the isotropic rotation of
the water molecule and the other the translational diffusion. Because the intramolecular
dipolar interaction is averaged out and only the intermolecular dipolar width (6.4 kHz)
remains at 171 K. The former motion do not give rise to further narrowing. Hence the
mode which contribute to the narrowing above 171 K is assigned to the diffusion of H,0
molecules.

The proportion of the central component to the total intensity at each temperature
was estimated by the above simulation of the line shape and is plotted in Fig. 2.24. The
ratio changes continuously with temperature. It is approximately cpnsta,nt in the region
between 180 K and 200 K and below 140 K. The plot implies that there are more than two

kinds of water molecules in the crystal; one is easy to freeze and quite mobile. Its fraction
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to the total intensity of 'H NMR spectrum of NazgPMo;;04 - 29H,0 below 200 K. The
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is about 70% above 180 K, decreases sharply at low temperatures to a negligible amount
below 140 K. Another kind is relatively rigid, the fraction of which increases on cooling.
Providing that the gross structure of the trisodium dodecamolybdophosphate is analogous
to that of the dodecatungustophosphoric acid [4], we can distinguish various different sites
for the water molecules, i.e., sites at close proximity of the Na*t ion, interstitial sites between
anions, and intermediate sites between these sites. However, we can not distinguish which
one among these sites is the mobile site in the present stage. This point will be discussed
later.

In the case of the hexahydrate the line shape varies continuously with temperature
and it is still significantly broad even at room temperature, implying that the highly mobile,
pseudoliquid water molecules have been lost in the material. The motional state of the
water molecule will be discussed later together with the analysis of 2H resonance.

Next we will examine the 2H NMR spectrum. The line shape of the 2H is governed
mainly by the nuclear quadrupole interaction and the magnitude of the quadrupole split-

ting is given in ref. 3b as follows:

3e?Qq
by = —
4 h

(3cos’ B — 1 — nsin? A cos a),

2

where is the quadrupole coupling constant and (e, 3,7) the Euler angles to convert

3
the coordinate system from the laboratory fixed frame to the principal axis system of the

electric field gradient (EFG) tensor. 7 is the asymmetric parameter for the EFG which is

17



defined as

n= (Vxx - Vyy)/vzz-

by using the components V,, = P02’ etc., of the EFG tensor, where V is the electrostatic
potential at the probing nucleus. In a D0 molecule the direction of the principal z-axis
coincides with the O-D bond direction and 7 can be assumed to zero. In this case the EFG

tensor can be written in a very simple form,

Ver O 0 —521 0 0
V = 0 ‘/yy 0 frad 0 —321 O
0 0 V, 0 0 eq

Then the quadrupole-perturbed line shape for the randomly oriented rigid D,O molecules
is calculated as shown in Ilig. 2.26a. In the case that the molecule undergoes some rapid
motion the EFG tensor is averaged in the characteristic manner to the motional mode.
For example, when the molecule undergoes fast 180° flipping about the molecular two-fold
axis, the EFG tensor between the directions, z1 and z2, is averaged as shown in Fig. 2.25;

the averaged EFG tensor is then represented in the principal axis system Ozyz by

|7 0 0
yave — 0 Vipcos?0+V,,sin?0 0
0 0 Vyysin?0 + V,, cos? 0
eq 1 0 0
= ——=| 0 cos?f —2sin?0 0 Y
0 0 sin? @ — 2 cos? @

where 0 is the half of the bond angle, /D-O-D and is 52.26° for H;O. Then the new z-axis

of the EI'G tensor comes on the z-axis of the original EFG tensor, and so the quadrupole

2
h

Fig. 2.26b-d are the simulated powder line shapes for a D;0 molecule when it undergoes

coupling constant becomes 3 the asymmetry parameter is is changed to n = 0.75.
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a varjous kind of fast motion. The experimental line shape of the outer component of

the 20-hydrate below 200 K in Fig. 2.8c fits the theoretical one for rigid molecule with
e’Qq
h

~ 220 kHz; this value agrees with the reported value, 216.4 kHz, for D,0 ice [5]. At
room lemperature the spectrumn shows a sharp peak, indicating that the D;O molecules
are in the pseudoliquid phase and undergo rapid isotropic rotation in the 20-hydrate. The
central component below 200 K has a structure and the most part corresponds to the
molecules undergoing the 180°-flipping about the C; axis, but is superimposed by some
other fast motion.

From these observations we can model a structure of waters in the crystal lattice:
I the water-saturated crystals the most [raction of water molecules come together to form
a pseudoliquid phase at room temperature. This phase freezes cooperatively below ca. 200
K to form a rigid, ice-like hydrogen bonded structure. In the hexahydrate, on the other
hand, the water molecules are bounded probably at the active sites ol the host lattice.
They are isolated [rom each other and do not experience any cooperative force by other
water molecules. The motion is governed only by neighboring ions and so depends very
weakly on temperature.

We will next analyze the 'l T of the 29-hydrate in Fig. 2.7. It assumes the
minimum value of 11 ms at 207 K due obviously, from the spectrum (Fig. 2.5) discussed in
a previous section, to the isotropic rotation of the water molecules. In the case where the

molecular isotropic rotation governs the dipolar relaxation of the 'l Tj is given by [3a]

T, 4 4,
I14w?r? 1+ 4w?r?

Tl_1 = A{ }’
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where w is the proton Larmor [requency, 7. the correlation time of the motion, and r
the interproton distance. Using r = 1.47 A the theoretical minimum value of the T, at
5 = 18.1 MHz is 7.6 ms. The experimental value 11 ms is larger than this value. This fact
suggesls that some [raction of structural water molecules are static and do not contribute
to the relaxation.

The fitting of the above equation to the experimental 77 in Fig. 2.7 leads to activation
energy for the isotropic rotation of 25.9 kJmol~! between 172 K and 240 K. The pre-
exponential facltor 7o was calculated to be 0.12 s using the relation wr, =~ 0.616 at the
minimum. The two transitions, Phases 1I « 1II and 1II « IV, exist in this temperature
region but do not affect the water motion.

It is interesting to see that the E, for the isotropic rotation agrees with the value
estimated [rom the temperature dependence of the line width of the central component
which was assigned to the activation energy for the translational diffusion; this means that
rapid rotation (~ 1078 l1z) and slow diffusion take place with alinost the same activation
energy. In the Phase | above 270 K the value of the activation energy is reduced to 12.4
kJmol=!. On the other hand a constant value 21.3 kJmol~! was obtained by »*Na 7T
between 210 K and 330 K (Fig. 2.12). This value agrees fairly well with the I, for the
isotropic rotation of water molecule determined above by the 'H T; measurement below
240 K. Therefore the mode of the molecular motion which governs the 'H T} in Phase

1 above 270 K is different from the isotropic rotation; comparing the activation energy,

20



12.4 kJmol™! with 15.4 kJmol™! [6] for the translational diffusion of water molecule in
bulk water, it may be attributed to the translational diffusion of water molecules which
are free from the hydrated spherical cation in the pseudoliquid phase. This sort of water
was called before “intermediate water”. It is interesting to see that the activation energy
for the diflusion is lower than that for the molecular isotropic rotation in the pseudoliquid
waler.

"T'he relaxation of 211 is governed by the nuclear quadrupole interaction. The quadru-
polar spin-lattice relaxation is mostly caused by molecular reorientation or rotation. The
translational motion does not generally contribute it. The relaxation rate, 711:, for spin
I = 1 nucleus can be represented by the same formulae as for the dipole-dipole relaxation

but the prefactor A is given by [3D],

A= 2aa Ly

eZQq )2
80 3 ’

h

where 7 is the asymumetric parameter of the electric field gradient. The minimum value
w

o 30.7 MHz using

of T for the isotropic rotation of D0 is predicted to be 1.6 ms at

2
920 kilz and n1=0. This agrees well with the experimental value, 1.6 ms

the values L
al 200 K as can been seen Ilig. 2.10. The value of the activation energy for the motion
above 230 K, 41.8 kJ mol~*, which is very large compared with the value 25.9 kJ mol™! in
29-hydrate. This large dilference in E, can be interpreted by considering that the some of
water molecules are bounded to Na‘t to form the hydrated sphere. In concentrated solution
contains Nat such as NaOIl the structure of the water around the cation is very similar

to the hydrate water in crystal such as Na,SOy - 10H;0(7]; the average O-Na*t distance is
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2.43 A. The coordination number is diflerent for various substances but generally equal
to 5 or 6. The pseudoliquid water in 12-molybdophosphate crystal is the intermediate
state between the concentrated solution and rigid crystal, thus it is considered that this
value is also available for this case. Because moment of inertia of this hydrated cation
becomes large by deuteration , about 1.07 times , the larger activation energy is necessary
for Nat - £D,0 to cause the rotation if z is the same. In this case the difference of the
activation energy is too large to attribute to the dillerence of moment of inertia, but the
difference of hydration number is important factor: When 6 water hydrate to Na*, there
are scarcely interstitial water for deuterated 20hydrate.

The two components of the T} below 190 K have the same temperature dependence
and give the activation energy of 16.5 kJmol™! below 170 K. This activation energy is
altributed to the reorientation or 180°-flip of the D, O molecule about its molecular C; axis
by relerring to the 2l NMR spectrum.

Although it was pointed out before that the Il line shape measurement can not
distinguish between the rigid (static) water molecule and the molecule undergoing 180°-
flipping, *H resonance can distinguish 180°-flipping molecule from static one. It is likely
that 180°-flipping occurs in 29-hydrate at room the lowest temperature.

In the case of deuterated hexahydrate the spectrum shows somewhat complicated
spectruin even at room temperature (see Fig. 2.9a) analogous to the 'H spectrum of hex-
aliydrate. The spectrum changes continuously with temperature and it is likely to converge

to the line shape when the water undergoes fast rotation around molecular two-fold axis
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(I'ig. 2.26¢). At low temperature the spectrum shows that the water molecules are rather
mobile than deuterated 20-hydrate. This is come from the absence of the hydrogen bonding

between water molecule.

23



“Te3s&1o 0¥ ()TIOJA JERN I PoqIOSpe S[NOS[OW IoJeM 7Y JO UOHOW PaAIssqo oY, &'¢ o[qel,

§°9¢2 (H) 2V 111 602-TL1
Iajen

[N (Bo)*l I 0LZ < 931BIPOBIISIUL
. Jo uotsnizip

£°12 (BNe2) 'l 111 08€-012

81y (Hz) L 111 0£2 <
(s15yds pa3BIPAY)
6°5C (Rl AICIITCID 0%Z-2L1 uoljejol
o1dozjost
§°91 (Hz) 'l [11 0L1 > drii- 081
83RIpAUEBXIY 91RIPAU-(Q7

poleIainop 91IEPAUBXSY poJBILING(Q 23BIPAH-62

POUIaK eseyd ¥/ 1L opoll JBUOT3ON
108y / "7



2.4 Conclusion

The static and dynamic properties of water molecules in NagPMo;5040 - 11,0,
with n =6 and 29, and in NagPMo;304 - nD,0, with n =6 and 20 were examined by
NMR of 'H, ?H, and %*Na in this chapter. The 29-hydrate and the deuterated 20-hydrate
undergo four phase transitions below room temperature which may be associated with the
change in the dynamic nature of the water molecules. The mobility of the crystallization
water depends strongly on the hydration level as well as on temperature: The activation
energy lor several type of motional modes are listed in Table 2.2. The water molecules are
highly mobile and form a “pseudoliquid phase” in the crystal lattice of the 29-hydrate in
the highest temperature phase (Phase 1) above 257 K. In this phase both the isotropic
rotation and the translational diflusion are simultaneously activated. The Phase I of the
deuterated 20-hydrate have also the pseudoliquid water, for which the activation energy for
the isotropic rotation is considerably larger than that in the 29-hydrate due to the larger
moment of inertia of the hydrated cation. In the second phase (Phase II between 190
and 257 K for 29-hydrate) the water molecules undergo isotropic rotation in both the 29-
and the deuterated 20-hydrates. In the Phase 11l (between 180 and 190 K) two types of
water molecules exist. One type is highly mobile even at 120 K and another almost rigid,
reflecting the difference of the water sites with respect to the interaction between anions
and cations and hydrogen bohding. It is noted that the ”pseudoliquid” freezes at 190 K
in the 29-hydrate and 200 K in the deuterated 20-hydrate which are the transition point

between the Phases Il and 111
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In both the hexahydrate and the deuterated hexahydrate the water molecules un-
dergo hindered motions due probably to interactions with the cations and/or anions of
the host below room temperature down to 120 I{; NMR spectra of 'H and 2H do not give
any evidence of close interaction between water molecules such as hydrogen bonding. The
result suggests that the number of the most stable (low energy), bound sites for water are
limited to six per unit cell and these sites are far separated from each other, diminishing
the direct interaction between water molecules. On increasing the hydration level water
molecules occupy sequentially the sites with higher energies and form mobile clusters or
hydration spheres around the Na* ions. This finding will be of help to further studies of

the catalytic activities of heteropoly compounds.
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3. Catalytic reaction of methanol in NazgPMo;3049 crystal

3.1 Experimental

NazPMoy3040 - nCH30H was prepared by evaporation of the methanol solution of
Na3PMo,;3040-61130 under reduced pressure and the excess and part Qf adsorbed methanol
was condensed onto the cold trap. The content of methanol was controlled by keeping the
vapor pressure of methanol constant using a cold trap. ¥C enriched specimen was also
prepared by similar method using *C enriched methanol by 20 % which was obtained
by dilution of 99 atom% methanol-"*C (ISOTEC). Samples with n =6 and 9 were thus
prepared. These specimens were placed in a teflon container and heated to 200 °C in the
electric furnace to enhance the catalytic reaction of methanol. The specimens belore and
alter heating were powdered and packed in zirconia rotor with Kel-F cap to measure 11
and 3P MAS and '3C CPMAS NMR.

Na;lIPMo01;04p was prepared by neutralization of aq. solution of H3PMo;12040 by
stoichiometric Na;COy; yellow crystals were obtained by evaporation of the solution.
NayHPMo,,049 - nCH30H was prepared from this crystal dried in vacuo by the same
procedure as for trisodium salt. NazgPMo;2040 - nCI3OCH; was also prepared to identily
the reaction product: Dimethylether gas was blown into the flask cooled by the liquid
nitrogen to condense. Then the powder of NazPMo;;049 - 6H;0 was dissolved in the lig-
uid dimethylether and the specimen was obtained by evaporation of this solution at room

temperature.
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All NMR measurements were conducted by the use of Bruker MSL—200 and
MSL-300 NMR, system. The Larmor frequencies for 'H, 3C, and 3'P were 200.13 MHz,
50.32 MHz, and 81.01 MHz with MSL-200 system, respectively, and 300.13 Mllz, 75.46
Mllz, and 121.49 MHz respectively with MSL-300 system. The spin—lattice relaxation
time of both 'l and 3'P were short (< 100 ms). The chemical shiﬁ of 'H was measured
relative to external tetramethylsilane (TMS). Hexamethylbenzene and glycine were used
to the external standard for *3C chemical shift and converted to the TMS scale. The
Hartmann-Hahn matching condition for cross polarization (CP) of 13C was calibrated with
glycine, and both CP (0.5 — 1 ms) and decoupling (10 — 40 ms) were performed at the
same proton decoupling amplitude (w; /27 = 45.5 kHz) for both MSL-200 and MSL-300.
FID accumulation by 8 scans with a 4 ms recycle delay were used to obtain the spectrum
of the 3C enriched specimen before heating whereas more than 10000 scans were needed
for the speciinen after heating. 3'P chemical shift was measured relative to external 85 %

orthophosphoric acid.

28



3.2 Results
3.2.1 Countent of methanol and X-ray diffraction

The content of methanol in the sodium 12-molybdophosphate crystal was deter-
mined by the gravimetric method as was used to deterinine the amount of the crystalliza-
tion water in chapter 2. The methanol content was controlled by adjusting the temperature
of the cold trap which was used to keep the vapor pressure of methanol constant and to
remove the excess methanol. The sample containing 9 molecules per anion was obtained
by keeping the cold trap at 0°C. It took t about 1 week to achieve the equilibrium. On the
other hand the sample containing 6 molecules per anion was obtained by using the trap
kept in the vaporized liquid nitrogen. In this case the equilibrium achieved in a few hours.
The sample with n = 9 were used for NMR measurements.

Fig. 3.1 shows the powder X-ray diffraction pattern of NagPMo;;04 - 9CH30H at

room temperature.

3.2.2 NMR spectra

The reaction process of methanol in NazgPMo;,040 crystal has been traced by solid
state 13C, M1, and 3P NMR. The !3C static CP NMR spectrum of NagPMo,304¢-9CH3;OH
at-room temperature is shown in Fig. 3.2. It is likely consist of a sharp peak superposed by
a broad signal. The chemical shilt of the sharp peak is 52 ppm. The **C CPMAS spectrum
of the same specimen shows a single sharp peak at 52ppm perhaps two shoulders at low

field side at room temperature (Fig. 3.3). When this specimmen was heated up to 50°C,
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Fig. 3.2 13C static NMR spectrum of *C-enriched NazgPMo;3040-9CH30H at 50.32 M1z

at room temperature.
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Fig. 3.3 13C CPMAS NMR spectrum of ¥C-enriched NagPMo,304 - 9CH3;0H at room

temperature. The marked peaks (*) are the spinning side bands. The experimental condi-

tious are as follows; Larmor frequency: 50.32 MHz, spinning rate: 1.47kHz, 3C fraction:

20 %



the main peak splitted into two or three components. The peak position at the highest
field coincide with that at room temperature and its chemical shift remains constant up to
100°C. On the other hand the other peaks shifted to the lower field, all peaks broadened,
and their relative intensities increased with increasing temperature (Fig. 3.4). It seems
that this change is alinost reversible. On the other hand the spectrum of the sample which
was once kept at 200°C for 1h in an electric furnace and cooled down to room temperature
is much different (Fig. 3.5) from that of the sample belore heating; the spectrum consists
of considerably broad peaks at 52 ppm and 73 ppm and relatively sharp peak at 59 ppm.
The change in the spectrum from one in Fig. 3.2 to Fig. 3.5 was irreversible, indicating
some reaction of methanol proceeded at 200°C.

111 NMR spectra were also measured to explore the mechanism of the above reaction.
Comparatively sharp peaks were observed at room temperature in the broadline spectrum
(static NMR, Fig. 3.6). Fig. 3.7a shows the 'Il MAS NMR spectrum of NagPMo;;04 -
9CII; 011 at room temperature. A sharp peak and a broad peak were observed at 3.8 ppm
and 6.7 ppm, respectively. The position of the broad peak at lower field was sensitive to
the temperature. It shifted to higher field on heating as can be seen in Fig. 3.7b. After
heating up to 200°C a sharp peak at 4.9 ppm and shoulder peak at 3.4 ppm appeared
which were superposed by a very broad signal (Fig. 3.7¢).

Fig. 3.8 and Fig. 3.9 show the P static and MAS NMR spectrum, respectively, of
NagPMo;2049 - 9CH;0H before and after heating at 200°C. The full width at half maxi-

mum of the static spectrum of the sample after heating considerably increased (14 ppm)
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Fig. 3.4 'The temperature dependence of the 3C CPMAS spectrum of 13C enriched

NagPMo;;040 - 9CH30H: (a) 320 K, (b) 350 K, (c) 370 K, and (d) cooled down to room
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MHz, spinning rate: 900 Hz, *C fraction: 20 %
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Fig. 3.5 Room temperature ¥ C CPMAS spectrum of 3C-enriched NazPMo;3,04 -
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9CH30H which has been kept at 573 K for 1 hour. The experimental conditions are

as follows; Larmor frequency: 75.46 MHz, spinning rate: 3.5 kHz, 3C fraction: 20 %
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Fig. 3.6 'H static NMR spectrum of NazPMo;3040 - 9CH;0H at room temperature at

Larmor frequency, 200.13 MHz.
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the 20 % 13C. The spinnig side bands are marked by *.
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Fig. 3.9 3'P MAS spectrum of (a) NagPMo;3049 - 9CH30H at room temperature, and

at the spinning rate is 4.1 kHz, and (b) after heating and at the spinning rate 2.9 kHz.



compared to that belore heating (3.4 ppm). The MAS NMR spectrum of the sample belore
heating consists of a strong sharp peak at —4.0 ppm and some other small peaks. On the
other hand two peaks were observed in the spectrum of the sample after heating at 200°C;
main peak is at —6.1 ppm a,ndrsmall peak is at —3.7 ppm. These peaks are somewhat
broader compared to the peaks in Fig. 3.9a before heating.

Na;HPMo,,040-nCH3;0H were also prepared to investigate the effect of the existence
of the acidic proton. 3C CPMAS and !H MAS NMR spectra in this substance are shown
in Iig. 3.10 and Fig. 3.11, respectively. *C CPMAS spectrum shows a peak at 53.0 ppm at
room temperature. This peak shifts slightly to higher field compared to that in trisodium
compound. In addition, a very broad peak centered at about 10 pbm was observed. I
MAS NMR gives a complicated spectrum: A sharp peak at 4.9 ppm and a broader one al

5.4 ppm were observed. Moreover, two shoulders appeared at 4.1 ppm and 8 ppm.
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Chemical shift / ppm

lH 13C SJ.P
N33PM012040
room temp. 3.8, 6.7 52 and two shoulders -4.0 and three small peaks
sharp broad
200° ¢ 4.9, 3.4 52, 59, 13 -6.1, -3.1
sharp shoulder broad sharp broad
NazﬂPMm 2040
room temp. 4.9, 5.4, 4.1, 8 53 ~60
sharp broad shoulder very broad

Table 3.1 The observed peaks by MAS NMR method for 'H, *C, and %P of

Na.3PM012040 . 90[1301[ crystal.



3.3 Discussion
3.3.1 Secondary structure of NagPMoj304 - nCH30H

The powder X-ray diffraction pattern of NagPMo;3040 - 9CH3OH resembles that
of NagPMo 204 - 6H,0 and the structure of the host framework is considered to be al-
most the same. This suggests that the guest molecules , i.e., water or methanol, are
absorbed into the space between the large anions and so the crystal structure is affected
only slightly depending on the sort of the guest molecules at low absorption level. The
methanol molecules are absorbed stepwise in particular molar ratio, i.e., 6 or 9 molecules
per anion, in NazgPMo;,04 crystal by varying the vapor pressure of methanol. The num-
bers of methanol molecules are integral multiples of the number of sodium ions. This
tendency is analogous to the case of crystallization water of NazgPMo;;049. In other words
methanol molecules in the crystal coordinate to the sodium ion and make up cluster like the
solvation sphere in the solution. Similar property is observed with respect to the guests ab-
sorbed in 12-tungstophosphoric acid[l]. It is thought that the crystal structure is changed
by increasing the gap between the ions for larger amount of the guest species and/or large
guest molecules.

In the case of NazgPMo;3049 - nH,0 the guest molecules are distributed over various
sites which have diflerent binding energy to the guest H,O molecule in the heteropoly
crystal. In the case of NagPMo;;049 - 9CH301 the C static CP NMR spectrum consists
of two components, one is sharp and centered al 52 ppm and another broad signal of which

FWIIM is about 40 ppm. This fact suggest that methanol molecules are also distributed
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at least at two energetically dillerent sites. Because the broad component merges into
the sharp line when the magic angle spinning is applied to the sample, as stated later,
the line broadening is caused certainly by the chemical shift anisotfopy of the methanol
and possibility of inhomogeneous broadening due to lattice imperfection is ruled out. It is
therelore suggested that the methanol molecules which give broad component are tightly
boux}d and so have low mobility whereas those correspond to the narrow component are

loosely bound and highly mobile.

3.3.2 Analysis of the NMR spectra

The shielding constant is generally represented by the sum of the three terms,|2]
o=0%4o"+ o,

where ¢ and o? are diamagnetic and the paramagnetic terms, and ¢’ represents contribu-
tions from neighboring atoms , inleratoinic currents and so on. The last term is usually
very small and can be neglected in the present work. The o is related to the electron den-
sity on the atomic nucleus in question and the o” is caused by the distortion from spherical
symmetry of the electron cloud. For 'H the chemical shift is governed by ¢? only and the
range of the shift is limited to within about 10 ppm. On the other hand ¥C atom has three
electrons in 2p orbitals which are largely apart from the spherical symmetry therefore the
o” term become important and the range of the shift spread over about 200 ppm. The
fact that '® has such large chemical shift is of advantage to identification of the chemical
species.
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At first the feature of the '*C and the 'II NMR spectra of the methanol adsorbed are
discussed. The observed *C CPMAS NMR spectrum of NagPMo;;040 - 9CI13011 consists
of the single main peak centered at 52 ppm which accompanied by two or more shouldered
components. However the differences of the chemical shift between these components are
very small and so it can be regarded the spectrum as consisting of sharp peak. The value
of the chemical shift of the main peak, 52ppm, is agrees well with 51 ppm in crystalline
methanol{3], but somewhat large compared with that in the bulk liquid methanol, 47.1 ppm
(Table 3.1). The 3C CPMAS spectrum of Na;HHPMo,,049 - nCH3O0H shows a peak at 53
ppm (see in Fig. 3.10). This value agrees well with the chemical shift of 51 ppm of methanol
adsorbed in a heteropoly acid salt, K3_.1,PMo3040.[4] The above ¥C chemical shift data
suggest strongly that the sort of cations nor the degrees of acidity of the heteropoly system
give signilicant eflect on the '3C chemical shilt of the guest methanol molecule. The
difference in chemical shift between the heteropoly materials and the bulk liquid methanol
may come from the difference in the bulk magnetic susceptibilities.

The 'H spectrum of adsorbed methanol in NazgPMo 3040 consists of a single sharp
peak at 3.9 ppm and a broad component at 7.1 ppm. The value of the chemical shift of
the high field peak agrees approximately with the value of the methyl proton in the bulk
methanol, 3.35 ppm. It is therefore assigned to the CHs group. However, another peak,
which should be assigned to the hydroxyl proton and undesired residual water, appeared at
very low field compared with the hydroxyl proton in the bulk methanol, 4.8 ppm, and the

water proton, 4.6 ppm. Proton chemical shift can be a measure of degrees of the electron
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transler as mentioned above. Lee et al. reported a large shift (9.5 ppm) of the hydroxyl
proton of ethanol absorbed in the 12-tungstophosphoric acid,[1] H3PW;,04 - 6C,15O11.
They explained that this large shilt is caused by the protonation of the acidic proton to
the methanol molecule. In the case of NazPMo;;049 the acid proton responsible for the
protonation is absent and therefore such mechanism can not have worked. It has been
recognized that the hydroxyl and carboxylic protons which form strong hydrogen bonds
give NMR signal at very low field[5]; it is therefore considered that the methanol molecule
forms a strong hydrogen bond with, perhaps, large anion in the crystal lattice.

As can be seen in Fig. 3.4a-c the peak of ¥*C CPMAS NMR spectrum splitted
into three components on heating. The chemical shift of the main peak remained almost
constant on heating but the other two components shifted to lower field with increasing the
temperature. It is hardly possible to interpret such a type of temperature dependence of
the chemical shift. Generally the methyl chemical shift in CH; — O — X ranges between 48
ppm and 58 ppin[6], where X stands for various organic groups like -, -CHO, -COOH, etc.
Therefore it is difficult to consider that small change in the environment of the methanol due
to temperature change brings about the significant down-field shift or shifts for particular
methanol molecules. It has been known that the lineshape varies drastically in narrow
temperature range when chemical exchange process take place. The phenomenon observed
in the present work is regarded as an opposite process to the chemical exchange; it suggest
therefore that some kind of recognization of the system or a cooperative phenomenon like

phase separations takes place in the fleshly prepared 12-heteropoly inclusion complex. If
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6§ /[ ppm reference

fiquid CHL011 7.1

MO(OCH;;)G 64.0 a
Na4[M08024(OCI’Ig)4] * 8H20 69, 72 a

[n e (C61’113)4N]20C1‘I3PM012039 74.7 a
I(x]:I;;_xOC}'I;;PMO]gO;;g 75.0 a
bond to HY-zeolite 55.7 b
bond to ZSM-5 60.7 c
CH;;OI‘I in N33PM012040 52 This work
CH3OII in Na2}IPM012040 53 st
CH;0CH; in NagPMo;;040 61 Z.

(a) W. E. Farneth et al., J. Am. Chem. Soc., 109 (1987) 4018,(b)
E. G. Derouane et al., J. Catal.,53 (1978) 40, (c) C. E. Bronnimann
and G. E. Maciel, J. Am. Chem. Soc., 108 (1986) 7154.

Table 3.2 '3C chemical shilt of methoxy carbon in various compounds.



such a process proceeds on lealing some rearrangement of methanol molecule as well as
the host framework which is accompanied by the down-field shift occurs and this dynamic
rearrangement may be regarded as a sort of chemical exchange. At about 100°C the
exchange the methanol molecules between the sites are enhanced, bringing about the line
broadening. The phenomenon is reversible with respect to temperature cycle and can
approximately be considered to be a simple thermal activation process.

After heating up to 200°C new !3C peaks were observed at 59, 61, and 73 ppm in
addition to the original main peak at 52 ppm as shown in Fig. 3.5. However the intensity
of these peaks are very low because of loose of methanol by desorption and by remarkably
line broadening. Dramatic change of the spectrum must be attributed to some catalytic
reaction of methanol in crystal at 200°. It is noted, however, that the values of the chemical
shift lie in the region of the *C chermnical shilt due to methoxy-carbons as summarized in
Table 3.1. The broad highest field peak with the shift of 52 ppm can obviously be assigned
to the original CH30H. The chemical shift of two closely spaced peaks, 59 and 61 ppm,
may be attributed to dimethylether which was produced from methanol at on above 200°C
in the NagPMo;,04 crystal. Indeed, it was confined in the present work that '3C in
dimethylether adsorbed in the NazgPMo;,049 gives a signal at 61 ppm as in shown in Fig.
3.12. The splitting of the signal into two at 59 and 61 ppm may be attributed to some
crystal field splitting at the CHj3 positions. The very broad peak at about 73 ppm can be
assigned to the methoxy carbon which is directly bonded to the heteropoly anion; this is

a sort of the ester of the heteropoly acid. It is surprising that neither a trace of aldehide
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nor carboxylic acid detected alter the catalytic reaction. The color of the specimen was
changed {rom bright yellow to dark blue by heating it up to 200°C and by cooling down
to room temperature. These color change indicates clearly that the heteropoly blue was
produced by the reduction of the heteropoly anion; the 12-molybdophosphate is known to
be reduced easily and in the present case a few among twelve Mo(V1) ions are reduced to
Mo(V) or Mo(IV) without significant change of the anion structure[7]. This heterogeneous
catalytic reduction of the heteropoly anion caused large inhomogeneous broadening of the
peak of the methoxy carbon bonded to the anion because the unpaired electrons in the
reduced specimens, Mo(V) or Mo(1V), brings about large chemical shift.

In order to examine the situation of the 12-heteropoly anions after the catalytic
reaction the broadline and MAS NMR of P were conducted. The ®'P chemical shift of
some heteropoly compounds has distinct characteristics as can be seen in Table 3.2 which
list the 3'P chemical shift values in various heteropoly compounds: 1) the chemical shift
is alimost independent of the sort of cation; 2) it is also independent of the number of the
guest molecules; 3) clear up-field shift occurs when Mo is reduced. The P MAS NMR
spectrum of NazgPMo; 3040 - 9CH;0I11 at room temperature in Fig. 3.9a consists of a sharp
main peak at -4.03 ppm and a few other small peaks around the main peak. These small
peaks appeared probably due to some lattice distortion associated to the inclusion of the
guest molecules. After heating up to 200°C the most part of the spectral components 3P
shifted to the value of -6.0 ppm, indicating that the most of the heteropoly anions were

reduced to Mo(V) or to Mo(IV). It is noted that there still remain a small peak at 3.6
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6 / ppm references

PMo,, 05, aquaous solution -3.9 a
PMogO%; ~14 b
PgMOlgog; -29~-34 a,Cc
PMO]]O‘;; —0.3 d
PMO]OVQOga —3.1 ~-3.8 €
PMoy;" 0% —6 f
PW,,03; ~14.9 ae
H3PMo;3040 - 3011,0 solid state -3.9 g
llaPM()]gO,ﬂ) ' 81120 —-3.6 g
NZL:)PMO]QO,“) —4.0 h
K3PM012040 —44 h

(a) R. Massqrt et al., Inorg. Chem.,16 (1977) 2916, (b) T. Aoshima, Thesis (Faculty
of Engenering, The University of Tokyo), (¢) L. P. Kazansky and M, A. Fedotov,
J.C.5. Chem. Commun., 1980, 644, (d) M. Ichida, Thesis (Faculty of Science, The
University of Tokyo), (e) S. E. O’Donnell and M. T. Pope, J.C.S. Dallon, 1976,
2290, () Acta Crystallogr., B31 (1975) 2688, (g) J. B. Black et al.,, J. Catal., 106
(1987) 1, (h) J. B. Black et al., J.C.S. Dalton, 1984, 2765.

Table 3.3 3'P chemical shift of various heteropoly compounds.



ppm indicating the existence of unreduced heteropoly anion; this peak corresponding to
the small peaks in the ®'P spectrum of the sample before heating (Fig. 3.9a).

The static (broadline) 3'P spectra in Fig. 3.8 evidenced that the reduction of Mo
proceeded inhomogeneously: The virgin sample gave a narrow, relatively symmetric main
absorption line, indicating that the phosphorus atom is located at the center of the spherical
isotropic anion. There was detected no evidence for any defective Keggin structure such
as PMo;1O39. After heating up to 200° the absorption shiflted up-field to the position of
the signal of reduced heteropoly anion but its line width is extremely large. This fact
means that the environment of the phosphorus is neither spherically symmetric nor axially
symmetric. Such a asymmetry was certainly produced by reductions of Mo(VI) to Mo(V)

or Mo(1V) at random in a large anion.

3.3.3 Mechanisim of the reaction

It is known that the heteropoly compounds catalyze the oxidation reactions as men-
tioned before. It was also expected that NagPMo;3049 can be a good catalyst for similar
reactions. However this work revealed that NagPMo;,049 crystal has catalytic activity for
ouly the etherification of methanol; this work did not detected even trace of the carboxyl
or carbonyl compounds which should be reaction products of the oxidation of the alcohol.

Probable reason why oxidation does not occur in the crystals of NazgPMo,,049 is as follows:

1) Acidic protons are essential for the catalytic oxidation,
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2) Continuous supply of gaseous oxygen is necessary.

The condition 1) can be examined by repeating reactions under the same experimental con-
ditions as in the present work by using Nas_,H,PMo,,040. As to the second condition the
present reaction was carried out in a closed system without of oxygen supply. In practice,
special reaction vessel will have to be designed for supply gaseous oxygen into the sample
at high temperature and at high pressure without losing methanol or reaction products by
desorption and it will be a future project.

The last point in this work is to think about the mechanism of the conversion
of the methanol to dimethylether. A mechanism for the etherification of the methanol
catalyzed by K,3_,PMo;;049 has been proposed as shown in scheme 1.[4] Similar mech-
anism was also supported for the formation of ethylene from ethanol with HzPW ;304
as the catalyst.[1] The existence of intermediate like 2 was supported by the *C CP-
MAS NMR in present work. Thus it is likely that the dimethylether is also formed from
NazPMo;3040 - 9CH30H by similar mechanism, if the intermediate 1 can be formed in
the absence of acid protons. In the present work there is a possibility that some trace of
water remain in the crystal sample of Na3PM012040 after rigorous dehydration prior to
alcoholization of the sample. Then the water plays a role to produce 1 in a step given in
Scheme 2.

Another possible mechanism for etherification of alcohol is proposed as shown
in Scheme 3. In this scheme the reaction is driven by thel oxidizing activity of

the heteropoly anion Mo(VI) in a heteropoly anion take an electron away from a
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and is reduced to Mo(V), and meanwhile the methanol cation radical is bound to this
Mo(V), forming the intermediate 2. This mechanism is promising since a species which
corresponds to 2 has been detected in the present *C CPMAS experiment. The former
mechanism contains the formation of defected Keggin anion like PMo;; 0}y, however no
evidence for such a hydrolyzed heteropoly anion was detected by the present 3P NMR. On
the other hand 'I1 MAS NMR of NagPMo,;,040 - 9CH30H found a large down-field shift of
the hydroxyl proton. This fact suggests that the hydroxyl carbon forms a strong hydrogen
bond with some active site in the large anion. This is also a possibility that a complex
given iu the scheme 3 between Mo and methanol. The anomalous down-field shift of the
hydroxyl proton as well as anomalous broadening the spectrum may be accounted for by

the complex formation
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Fig. 3.10 '3C CPMAS spectrum of ¥C enriched Na;HPMo;3049 - nCH30H at room

temperature. The spinning rate is 3.6 kHz and Larmor frequency is 75.47 MHz.
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Fig. 3.11 'H MAS NMR spectrum of '*C enriched Na,HPMo,,04 - nCH3;0H at room

temperature at spinning rate, 1.5 kHz and larmor frequency, 200.13 MHz. The spinning

side band is marked by *.
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Fig. 3.12 The NMR spectrum of NagPMo;3040-nCH30CHj3 at room temperature; (a)'*C

CPMAS at the spinning rate 4.0 kHz and Larmor frequency 75.47 MHz, and (b)'H MAS

at the spinning rate 2.8 kHz and Larmor frequency 300.13 MHz.



3.4 Conclusion

In this chapter the dynamic structure and the reaction of the methanol, which is one of
the simplest organic compounds, absorbed in trisodium 12-molybdophosphate were inves-
tigated by solid state I, ¥CP/MAS, and 3'P MAS NMR measurements. It was found
that the materials NagPMo;;04 - nCH3;0H where n= 6 and 9 coﬁld be obtained from
the methanol solution of dehydrated trisodium 12-molybdophosphate by evaporating the
solvent methanol. The methanol content was controled by adjusting the vapor pressure of
methanol. ¥C broadline NMR spectrum of adsorbed methanol consists of two components;
one is attributed to relatively free and mobile methanol and another to bound tightly to
the host. This is analogous to the ocasion for the adsorbed water as mentioned in Chapter
2. The powder X-ray diflraction of n = 9 specimen at room temperature also shows al-
most the same pattern as that for hexahydrate, NagPMo;;040 - 6H;0, indicating that the
structure of the host {framework is not sensitive to the sort of the guest.

The methanol adsorbed in trisodiumn salt and in disodium salt, NazlIPMo;;040,
gave almost the same ®C CPMAS spectra. The *C CPMAS spectrum was changed
dramastically by heating NazgPMo;3040 - 9CH30H up to 200°C in closed vessel. It consists
of a couple of a new singla components at 60 ppm and 74 ppm, and of a weak component
at 51 ppm corresponding to the original methanol molecules. The first component 60 ppm
is due obviously to dimethylether which was produced by a oxidation reaction catalyzed

by [PMo;3049]>~ anion. The second component at 74 ppm can be assigned to a reaction

intermediate the structure of which may be somewhat like CH30-Mo=. The hetropoly
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anion was partly reduced by this reaction, indicating that it possesses strong oxidizing
activity.

The catalytic etherification in a heteropoly compound was explored by the present
work for the first time; a new mechanisim for this reaction was proposed on the basis of the

present NMR results.
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4. Summary

It has recently recognized that solid state NMR can be one of the most useful tools
for exploring the structure and dynamics of the molecules adsorbed on catalytic materials.
The solid state NMR methods have also been applied to trace some catalytic reactions
in situ and brought about a number of promising results. This work has been planed to
apply various solid state NMR techniques to the st.udy of the dynamic structure of guest
molecules, the microscopic nature of the guest-host interaction, and the mechanism of
possible catalytic reaction of guest materials in a series of 12-heteropoly compounds which
have recently been pained attention as a new kind of strong oxidizing agents.

Two systens, i.e., NagPMo,3040-nH30 and NagPMo;,040-nCH3OH were chosen as
the subject of the present work. These materials are both very basic subjects for examining
the static and dynamic behavior of adsorbate molecules from the microscopic of point
of view and especially the latter will be the fundamental materials for investigating the
catalytic activity of the heteropoly compounds. In order to study these systems a variety
of the solid state NMR techniques were applied and the usefulness qf these methods were
discussed. The methods being applied to the hydrate system are broadline spectrum and
the spin-lattice relaxation measurements of 'H and 2*Na. These methods were combined
successfully to derive information on the specific active sites in the host lattice, the variation
of motional states of the H,O molecules over wide temperature range, the nature of the
host-guest interactions, and the interrelation between the motional states of water molecules

and successive phase transitions which occur in the material. Broadline and high-resolution
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NMR techniques such as MAS and CPMAS on 'H, *3C, and 3'P were applied to trace the
catalytic reaction of the methanol inclusion complex. It was found that methanol converts
into dimethylether at about 200°C. ¥C CPMAS method revealed clearly that this reaction
proceeds via an intermediate reaction complex CH30-Mo=, the fact that Mo(VI) is reduced
in the process of the reaction by 3!'P broadline and MAS spectrum. A possible mechanism
for the catalytic oxidation of methanol was proposed for the first time in this work. This
work thus establishes an important methodology for the study of heterogeneous catalytic

reaclions in situ by the solid state NMR techniques.
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