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Photoacoustic spectroscopy in the infrared region (PAS-FTIR) has been used to study the
interactions of pyridine with 12-tungstophosphoric acid, H;PW,,0y, and the respective NH;, A+,
Na*, and pyridinium salts, heteropoly compounds which show interesting trends in activity and
selectivity in the conversion of methanol to hydrocarbons. At room temperature, the parent acid
readily sorbs up to 6 pyridine(py) molecules per Keggin unit, i.e., PW ;0% to form the dimer ion
salt (py,H);PW,,04, and exchange studies have revealed that the pyridine molecules in the dimer
ion are equivalent. Above 100°C, pyridine is desorbed to yield the pyridinium salt, (pyH);PW ,04,.
Sorption of pyridine into the salts is not as facile as NH;, showing marked dependence on the
cation and temperature. Steric factors are evidently important in controlling the diffusion rate of
this larger probe molecule into their bulk structures. The existence of the salts in partial (Brgnsted)
acid form has been confirmed, and the results of pyridine desorption studies indicate qualitative

differences in their acid strengths.

INTRODUCTION

Recent work (/) has shown that when a
photoacoustic (PAS) cell is interfaced to a
conventional Fourier Transform Infrared
(FTIR) spectrometer, good quality optical
absorption spectra can be readily obtained
from catalyst samples in opaque, fine pow-
der form. PAS-FTIR effectively circum-
vents the practical and interpretative diffi-
culties associated with the pressed disk
technique in conventional transmission
spectroscopy. The technique was found to
provide valuable qualitative and quantita-
tive information concerning the structure,
thermal stability, and acidity of 12-tung-
stophosphoric acid and related salts; he-
teropoly compounds which show interest-
ing trends in activity and selectivity in
methanol conversion (2, 3). When the cata-
lysts are exposed to gaseous ammonia, this
small basic molecule readily penetrates into
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their bulk structure and, thus, serves as a
good (quantitative) probe of total acidity.
However, it is generally considered that
ammonia is too strong a base to be of great
value in selective poisoning studies (4), al-
though it may be used as a stepwise poison
by dosing small quantities successively and
monitoring its mode of interaction with the
catalyst by spectroscopic techniques, e.g.,
as in the case of the aluminum salt reported
earlier (/). Nevertheless, the use of a
weaker base such as pyridine is generally
preferred (4). Moreover, from molecular
size considerations, methanol may be ex-
pected to show (bulk) diffusional behavior
intermediate between that of ammonia and
pyridine. Hence, studies of the interaction
of these heteropoly compounds with the
latter base may yield useful complementary
information concerning both their acidity
(acid type and strength) and bulk structure,
¢.g., the interstitial (cation) space.
Previous work using conventional ir
transmission spectroscopy has indicated
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that 12-tungstophosphoric acid sorbs large
quantities of pyridine (py) at room tempera-
ture, possibly resulting in the formation of
the pyridinium—pyridine (pyH*-py) dimer
ion (5).

In this paper, we report the application of
PAS-FTIR to study the interactions of gas-
eous pyridine with 12-tungstophosphoric
acid, H;PW,04, and the respective ammo-
nium, aluminum, sodium, and pyridinium
salts of the parent acid.

EXPERIMENTAL

PAS-FTIR spectra from 4000 to 550
cm~! were recorded on a Bomem DA3.02
Fourier Transform infrared spectrometer
equipped with a photoacoustic detector.
The instrumental layout and operating con-
ditions have previously been described (1),
as have the preparation and physicochemi-
cal characterization of the heteropoly com-
pounds under investigation (2, 3). The pyri-
dinium salt was prepared by adding
pyridine to an aqueous solution of
H;PW ;04 in stoichiometric proportions.

Sample pretreatment was performed on a
conventional vacuum system capable of an
ultimate dynamic vacuum of 1073 Torr. Re-
agents pyridine (J. T. Baker Chemical Co.)
ammonia (anhydrous, 99.99%; Matheson),
pyridine-ds and D,0 (99.5% and 99.7% min-
imum isotopic purity, respectively; Merck,
Sharpe & Dohme) were subjected to sev-
eral freeze—pump-thaw cycles to remove
contaminant gases prior to use. Pyridines
were kept dry over activated molecular
sieve 3A, while ammonia was also predried
by trap-to-trap distillation. Uptakes were
measured volumetrically (to a precision of
typically =0.5%) and expressed, for con-
venience, as molecules sorbed per Keggin
unit (PW,;;03 ion) calculated on a dry
weight basis. Powder X-ray diffraction data
were obtained using a Philips diffractome-
ter (Model PW-1011/60) at 40 kV and 30 mA
using Ni-filtered CuKa radiation. Elemen-
tal analyses (samples preevacuated at
150°C) were obtained from Galbraith Labo-
ratories Inc.
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FiG. 1. (a) H;PW,,04 (preevacuated at 250°C); (b)
after exposure to excess pyridine at 25°C and evacua-
tion; (c) as (a) exposed to a controlled dose of pyridine
(0.94 py/KU); (d) as (a) exposed to a larger dose
of pyridine (2.7 py/KU); (¢) as (d) after heating
under static vacuum at 100°C; (f) pyridinium salt,
(pyH);PW ;04 (preevacuated at 200°C) for compari-
son.

RESULTS
1. Pyridine on H;PW ;04

After preevacuation at 250°C (Fig. la),
exposure of H,PW ;04 to excess pyridine
at 25°C resulted in a fairly rapid initial up-
take, followed by a slow continuous sorp-
tion reaching a total limiting value of ~6 py/
KU in 1 h. The PAS spectrum after
evacuation at 25°C (Fig. 1b) exhibits new
bands associated with sorbed pyridine
(1700-1100 cm~!) and the band envelope
characteristic of the Keggin unit (/) in the
range 1100-600 cm™!, superimposed on a
background whose intensity continuously
increases with decrease in wavenumber.
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On preliminary inspection, the spectrum in-
dicates that the formation of the pyridinium
ion is inhibited. The background continuum
(also present in H;PW;,04) has already
been attributed to the presence of mobile
protons (/), and a band at 1540 cm™! char-
acteristic of the pyridinium ion is hardly de-
tectable. Instead, major bands are observed
at 1605, 1489, 1443, and 1425 cm™!, indica-
tive of the association of pyridine in hydro-
gen-bonded form(s) (6). However, when
dosed in controlled amount (0.94 py/KU) at
25°C (completely sorbed in 15 min), the
PAS spectrum (Fig. 1c) exhibits strong
bands at 1640, 1610, 1537, and 1485 cm™!,
characteristic of protonated pyridine. Com-
parison of relative peak intensities with
those of pyridinium salts in the literature
(7) and the absence of bands characteristic
of other types of bound pyridine (6) indi-
cates that all the sorbed pyridine has been
converted to pyridinium ion. Upon dosing
the stoichiometric amount (3 py/KU) at
25°C, most of the pyridine (2.7 py/KU) was
sorbed in ~2.5 h. The PAS spectrum (Fig.
1d) reveals the presence of the pyridinium
ion as the major species but the 1540-cm™!
band appears selectively suppressed and a
band characteristic of H-bonded pyridine is
also present at 1443 cm™!. When this sam-
ple was heated under static vacuum up to
100°C, the PAS spectrum (Fig. 1e) showed
a significant enhancement of bands attribut-
able to the pyridinium ion, and attenuation
of both the 1443-cm~! band and the back-
ground continuum, a result which implies
the conversion of that fraction of pyridine
in H-bonded form to the protonated spe-
cies. The spectrum now resembles closely
that of the pyridinium salt (Fig. 1f). Upon
exposure of the same sample to excess
pyridine at 25°C (sorbing a further 2.6py/
KU in 0.5 h, an amount equivalent to that
already sorbed) the PAS spectrum appears
almost identical to that obtained by direct
exposure to excess pyridine at 25°C without
the intermediate heating step (Fig. 1b). On
evacuation at 100°C, the spectrum charac-
teristic of the pyridinium salt is regener-
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ated. This series of experiments demon-
strates that when dosed in substoi-
chiometric amounts, pyridine readily
penetrates into the bulk of H;PW ;04 at
25°C to form the (partial) pyridinium salt.
At stoichiometric loading or above, how-
ever, pyridine interacts with the pyridinium
ion to form a H-bonded complex, possibly
involving two pyridine molecules and one
proton. A similar conclusion has been
reached by other workers based on less ex-
tensive studies by conventional FTIR
transmission spectroscopy (5). The occur-
rence of the (py,H)* ion in solution has
been established spectroscopically by
Clements and Wood (8), and certain fea-
tures in their ir transmission spectrum ap-
pear to correlate with those in the PAS
spectrum of the system examined here.
Two broad absorption bands centered at
2500 and 2100 cm™! in the former may cor-
respond to similar bands in the PAS spec-
trum, centered at 2500 and 2000 cm™' (Fig.
1b). The above authors attribute these fea-
tures to N—H stretching vibrations without
any explanation as to the occurrence of the
doublet. In addition, they observe selective
suppression of the band at 1540 cm™', con-
sistent with our observations. Parry (6)
states that this band is diagnostic of the N-
H grouping and is, hence, unique to the
pyridinium ion. More specifically, Cook (7)
has assigned it to an in-plane skeletal defor-
mation mode (v,95) which includes the N-H
grouping. Hence, the suppression of this
band, together with the simultaneous re-
duction of the N-H stretching band at 3100
cm~! may be expected to result from
the formation of a species such as
(pyH...py)". In support of this, the back-
ground continuum, which develops in the
presence of excess pyridine, is not now
considered to originate from intermolecular
migration of protons as in the case of
H;PW .04 (I) but is more likely related to
the pyridinium/pyridine complex. From ex-
tensive studies in solution, Zundel (9) has
concluded that ir continua can result from
the induced-dipole interactions of easily po-
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Fi1G. 2. (a) H;PW ;04 (preevacuated at 250°C) after
sorption of ds-pyridine (2.5 ds-py/KU) at 150°C; (b) as
(a) after sorption of pyridine (2.5 py/KU) at 25°C and
subsequent evacuation at 180°C; (c) detail of (a) with
wavenumber scale expanded for clarity; (d) corre-
sponding detail of (b).

larizable H-bonds [in groupings such as
(BH...B)*, where B = base] with their en-
vironment. In the case of pyridine, the pro-
ton affinity is probably large enough to cre-
ate a double-minimum potential well. Two
limiting configurations may be hypothe-
sized for the (py,H)* species, one in which
the proton is shared by and can oscillate
between two equivalent pyridine molecules
(py...H...py)*, and a second in which
the proton may be associated with the origi-
nal pyridine molecule, with strong interac-
tion of the second pyridine molecule being
precluded, possibly by steric effects. In or-
der to distinguish between these two forms,
a simple pyridine exchange study was car-
ried out. A sample of H;PW ;04 was ex-
posed to an excess of ds-pyridine at 150°C
until a significant uptake was measured (2.5
py/KU) and the remainder was removed by
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pumping. The PAS spectrum (Fig. 2a)
shows features characteristic of the ds-
pyH* pyridinium ion, particularly in the
region 1600-1200 cm~' (Fig. 2c), which
contains bands originating from ring-
deformation modes (7). The peaks cen-
tered at 1586, 1468, 1346, and 1316 cm™!
are considered to be the deuterated analogs
of those at 1620 (Vga, ng), 1537 (V]Qb), 1485
(v192), and 1333 (¥3) cm™!, respectively, the
former positions and assignments correlat-
ing well with those reported by Clements
and Wood (8). After an almost equivalent
amount of pyridine (2.5 py/KU) was sorbed
onto this sample at 25°C and the tempera-
ture raised slowly to 180°C under static vac-
uum, a similar amount was desorbed. After
evacuation, the PAS spectrum (Fig. 2b)
showed clear evidence for pyridine ex-
change. In the region 1700-1200 cm~! (Fig.
2d), the original peaks are attenuated and
new peaks characteristic of the undeutera-
ted (Hs—pyH*) pyridinium ion appear, in-
cluding the doublet centered at 1537 cm~!.
The peak area ratio A;s37/A g0 indicates that
almost half the original ds-pyridine has been
exchanged (see later), providing strong evi-
dence in favor of the formation of a dimer
ion in which the two pyridine molecules are
equivalent. Successive treatment with pyri-
dine as above resulted in its continuous en-
richment at the expense of the ds-analog.
Concerning the possibilities of using pyri-
dine as a quantitative probe of Brgnsted
acidity in the heteropoly salts, in comple-
mentary manner to NH; (/), it appears
necessary that the calibration curve be
constructed by dosing pyridine onto
H;PW,,04 and heating to a temperature at
which the dimer is unstable, i.e., above
100°C. Certainly, there is no spectral evi-
dence for coordinately bound pyridine (one
would expect residual bands at 1580 and
1450 cm™!) characteristic of Lewis acidity
(6), a result consistent with that obtained
using NH; (7). Evidence both in the litera-
ture (6, 7) and in previous PAS spectra in-
dicates that the 1537-cm™! band is unique to
the pyridinium ion and is, hence, the most
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F16. 3. (a) pyridinium salt, spectral detail illustrating
splitting of bands centered at 1610 and 1537 cm~!; (b)
as (a) after exposure to D,O at 150°C; (c) as (b) after
exposure to D,O at 305°C.

suitable analyte peak for quantitative analy-
sis. The P-O stretching fundamental at
1080 cm~! was once again selected as refer-
ence (/). After dosing pyridine succes-
sively at 25°C onto H3:PW;04 (preeva-
cuated at 250°C) and heating above 100°C in
a closed system (to convert any dimer to
monomer), the calibration curve for the
peak area ratio Ajs;/Ajgge versus sorbed
pyridine showed good linearity up to 1.5py/
KU, with negative deviation at higher load-
ings characternistic of the onset of signal sat-
uration.

Compared to that of the NH3;/H;PW ;04
system (I), this curve shows an earlier on-
set, and greater degree, of signal saturation
despite the optical extinction coefficients
(at the peak maxima) of the respective ana-
lyte peaks being similar, as indicated by
their peak heights with respect to that of the
reference peak at equivalent (and low) ana-
lyte loadings. This apparent inconsistency
is believed to be associated with differences
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in bandshape, as semiquantitative theoreti-
cal calculation indicates that saturation ef-
fects would be expected to be manifest un-
der the experimental conditions utilized
here. This phenomenon, which is consid-
ered a minor analytical problem, is dis-
cussed in some detail elsewhere (10).
Particularly intriguing features in the
PAS spectra of the pyridinium salt (Fig. 3a)
are the splitting of the peaks centered at
1610 and 1537 cm™! into doublets at 1615,
1604 cm~!, and 1543, 1531 ¢m™!, respec-
tively, details not reported elsewhere in the
literature. If the assignments of Cook (7)
are correct, these bands are in-plane skele-
tal deformation modes vg, (B;) and v g, (B)),
respectively, and, hence, nondegenerate.
N-deuteration, effected by exposure of this
salt to D,O (Figs. 3b,c), causes significant
reduction in intensity of these doublets and
the development of new bands at 1585 and
1490 cm~!, confirming that both doublets
are associated with the N-H grouping.
Changes observed in these bands as pyri-
dine is dosed stepwise onto H;PW 1,04 sug-
gest that the splittings are associated with
distortion of the crystal structure. Initially,
only single bands are evident at 1610 and
1537 cm™! but splitting becomes just dis-
cernible at ~1 py/KU (Figs. 4a,b). On fur-
ther addition, the doublets develop pro-
gressively until the spectrum ultimately
resembles closely that of the pyridinium
salt (Figs. 4c,d,e). In support of this, the
XRD pattern of the salt is not characteristic
of a cubic system but shows many peaks,
implying a lowering of crystal symmetry
(11), possibly in order to facilitate the ac-
commodation of these relatively large cat-
ions. However if, as the results suggest,
pyridinium ions in the (stoichiometric) salt
occupy two crystallographically distinct
sites in roughly equal numbers, it is difficult
to explain why similar splittings are not ob-
served in the corresponding peaks (at 1585
and 1490 cm™') for the N-deuterated com-
pound. This phenomenon evidently re-
quires further investigation. To confirm
that the curvature in the calibration plot
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Fi1G. 4. Spectral details of H;PW ;04 after sorption
of pyridine: (a) 0.61 py/KU; (b) 0.97 py/KU; (c) 1.56
py/KU; (d) 2.0 py/KU; and (e) pyridinium salt for com-
parison.

was a genuine saturation effect and not as-
sociated with the splitting of the 1537-cm™!
band, the adjacent band at 1485 cm™! was
selected as a reference, showing no split-
ting. The peak area ratio A;s;;/Ajsgs re-
mained constant within experimental error
(1.8 +£ 0.1) across the whole range of pyri-
dine loading, as would be expected for sin-
gle bands of similar initial height (extinction
coefficient) and ir (modulation) frequency
(12).

2. Pyridine on the Heteropoly Salts

Previous studies (1), using NH; as probe,
have revealed that the ammonium, alumi-
num, and sodium 12-phosphotungstates as
prepared (3a) exist in (partial) Brgnsted
acid salt form, which may account for their
intrinsic activity in methanol conversion.
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Characterization using pyridine should pro-
vide valuable complementary information
concerning the type, amount, and relative
strength of acidic sites in these salts. By
analogy with the NHJ salt examined earlier
(1), the relative peak heights in the PAS
spectra of the pyridinium salt (outgassed at
various temperatures) and those obtained
by dosing pyridine onto H;PW,;04 indi-
cated that this salt also might be substoi-
chiometric. When peak area ratios were
measured and reference made to the cali-
bration curve, this was indeed found to be
the case, with values of 2.6, 2.7, 2.2, and
2.0 pyH*/KU, determined after evacuation
at 25, 150, 250, and 350°C, respectively.
The adjusted molecular formula for this salt
from elemental (CHN) analysis (preevac-
vated at 150°C) was (CsHsNH),,Hgy:PW),
Oy, in good agreement with that estimated
by PAS under the same pretreatment condi-
tions. The apparent trend of decreasing
pyridinium ion content with increasing tem-
perature of evacuation suggests the occur-
rence of pyridine desorption, a process
which may possibly serve as an index, al-
beit qualitative, of the Brgnsted acid
strength of this salt. When a sample (2.0
pyH*/KU) was exposed to excess pyridine
directly at 250°C, the limiting volumetric
uptake was significantly less than that re-
quired to form the stoichiometric salt and
the peak area ratio, measured after evacua-
tion at 150°C, confirmed that the pyridinium
ion content was still less than stoichiomet-
ric (2.2 pyH*/KU). However, when sam-
ples were given treatment similar to that
undergone by H;PW ;04 in the generation
of the calibration curve, i.e., exposure to
pyridine at room temperature followed by
heating up to 150°C and evacuation, the
stoichiometric pyridinium salt was ob-
tained. As the evacuation conditions, after
exposure, were identical in both methods,
the discrepancy cannot be accounted for by
thermal desorption. Hence, instead of the
effect expected from higher temperature
exposure, i.e., that of increasing the rate of
pyridinium ion formation by accelerated
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TABLE 1
Nominal Residual proton content (H*/KU)
molecular using pyH* formation
formula

Adjusted molecular formula

Calculated from

Calculated from

(BET surface Treatment 1 Treatment 2 pyH* formation elemental analysis
area, m? g~ (PAS; treatment 2, {in parenthesis]¢
Exposed Exposed at 25°C, 150°C evacuation)
at 250°C, heated to stated
cooled to temperature, and
150°C, and evacuated
evacuated
150°C  250°C  350°C
AIPW ,04 0.26 (1.35) 1.24 1.10 1.06 Al ssH1 2PW (304 Aly.ssH 2PW 1,04
(5.5) (3a) [0.55% Al]
(NH,):PW ;04 0.22 (0.40)% 0.25 0.22 0.18 (NHy)27sHo2sPW1,04  (NHy)a (Hy fPW 3,04
(~130) (3b) [2.6% N]
Na3PW12040 0.07 (032)b 0.35 0.25 0.06 " Nay ¢sHg 3sPW 1204 Naz‘gsHo.uPleOm
(6.2) (3a) [2.25% Na]

¢ Values quoted are the means of duplicates.

¢ Corresponding values (H*/KU) determined using NH; under the same conditions.

diffusion of pyridine through the bulk, this
treatment, on the contrary, appears to in-
hibit penetration by some other overriding
mechanism, possibly structural or steric in
origin. Turning to the other salts, the above
behavior was found to be the general case
and not specific to the pyridinium salt. Af-
ter preevacuation at 350°C and exposure to
pyridine directly at 250°C, followed by
evacuation at 150°C, the estimates of Brgn-
sted acidity via formation of the pyridin-
ium ion (Table 1, column 1) were mark-
edly lower than the corresponding values
obtained using NH; (in parentheses). To
emphasize the difference in absorptive be-
havior between pyridine and NH; under
these conditions, the A’ salt (Fig. 5a) was
first exposed to excess pyridine at 250°C for
1h, (Fig. 5b) followed by exposure to NH;
under the same conditions (Fig. 5¢). The
residual proton content determined from
NH; ion formation (~1.2 H*/KU) was
much greater than that obtained from pyH™*
formation (~0.2 H*/KU) and only slightly
less than that measured in the absence of
presorbed pyridine. However, when the
salts were exposed to pyridine at 25°C and

then heated up to 150°C and evacuated, the
estimates for the AI’* and Na®* salts were
increased ~fivefold (Table 1, column 2),
now showing good agreement with the val-
ues obtained using NH;. Curiously, the re-

(©) as(t) + NH3(250")

(b) +py(250°%)

NORMALIZED PAS SIGNAL

@ AL*sait (3509

2000, 3700, 7id0. T506; 00, cn-1
FiG. 5. (a) Al*~ salt (preevacuated at 350°C); (b) as

(a) after exposure to excess pyridine at 250°C and

evacuation at 150°C; (c) as (b) after exposure to excess

NH; at 250°C and evacuation at 150°C.
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Fi1G. 6. AI3* salt (preevacuated at 350°C) after expo-
sure to excess pyridine at 25°C, followed by evacua-
tion for 1 h at (a) 100°C, (b) 150°C, (c) 250°C, and (d)
350°C.

sidual proton content of the NH{ salt thus
determined showed virtually no improve-
ment, remaining at about half of the NH;
value. Volumetric uptakes were generally
consistent with the PAS data (except in the
case of the AP+ salt), confirming that only
the protonated species was formed with no
evidence for other types of bound pyridine.
Adopting the latter treatment as the most
reliable for probing total proton content us-
ing pyridine, the adjusted molecular for-
mula for the AI** salt (assuming charge bal-
ance by AP%)is in good agreement with that
estimated by elemental analysis (assuming
charge balance by protons). The proton
content in the Na* salt, estimated using
pyridine, is also believed to be accurate as
it is in close agreement with that deter-
mined using NH; (/). The minor discrep-
ancy between the molecular formulae de-
termined by PAS and elemental analysis is
thought to arise from an erroneous assump-
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tion that the salt is completely pure. Spec-
tral evidence for the CO}™ ion has already
been observed (1), and in view of the wide
(x50) difference in the formula weights of
CO?%™ and PW,,0%;, even slight contamina-
tion by the former ion would produce an
artificially high Na* content and introduce
an error in the formula calculated from ele-
mental analysis. The most serious discrep-
ancy occurs in the NH{ salt and the use of
pyridine to determine proton content in this
case would appear ill-advised. Possible rea-
sons for the anomalous behavior of the
NH; salt will be discussed later.

In the AI** salt, a band characteristic of
coordinately (Lewis)-bound pyridine (6)
was evident at 1450 cm~! after evacuation
at 100°C (Fig. 6a), in addition to the familiar
bands due to the pyridinium ion. Figures
6b—d illustrate the effect of evacuation for 1
h at 150, 250, and 350°C, respectively. The
band at 1450 ¢cm™! is reduced already at
150°C but is still just detectable at 350°C. As
evidence has already been found, using
NH;, for Lewis acidity in this salt, and as-
cribed to AP ions in the bulk (/), the band
at 1450 cm™! may originate from the corre-
sponding AP : py species.

The effect of increasing the evacuation
temperature up to 350°C, after exposure of
the heteropoly salts to pyridine, is appar-
ently to reduce systematically the residual
proton content (estimated as pyH", see Ta-
ble 1). However, as the salts were preeva-
cuated at 350°C, this effect cannot be due to
loss of H* (as pyH™) but rather is evidence
for thermal desorption of pyridine, an effect
already observed in the case of the pyridi-
nium salt. Hence, these figures may be con-
sidered to reflect the relative strength of
Brgnsted acid sites in the respective salts.
The AI’* salt evidently possesses the high-
est concentration of, and possibly the
strongest, acidic sites of all the salts under
examination, whereas the Na* salt has the
least, and weakest, acidic sites. The pro-
tons in the NH; salt appear to be of similar
strength to those in the AP* salt, albeit
fewer in number.
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DISCUSSION

1. Pyridine on Hy;PW,0j4

Previous work (/) has shown that the
small NH; molecule readily penetrates the
bulk structure of these heteropoly com-
pounds and quantitatively converts any
protons to NHj, thus providing the basis
for a valuable method to measure total
Brgnsted acidity. The results obtained in
the present investigations, however, demon-
strate that sorption of the larger pyridine
molecule into the bulk structure is a more
complex process, being apparently strongly
dependent on the secondary structure of
the heteropoly compounds, i.e., the struc-
tural arrangement of anions and cations,
which itself may vary with the nature and
number of sorbate molecules. This is well-
illustrated in the case of 12-tungstophos-
phoric acid, H;PW;;04, which readily
sorbs up to 6 pyridine molecules/KU to
form the dimer ion salt (py,H);PW;04.
The continuum in the PAS spectrum of this
salt extends across almost the entire mid-ir
region, 3600-550 cm™!, a feature character-
istic of groupings with symmetrical polariz-
able hydrogen bonds subject to a large sta-
tistical distribution of field strength (via
induced dipole interactions and/or proton
dispersion forces), conditions prevalent in
amorphous or liquid systems (/3). In con-
trast, in crystals, containing, e.g., HsO;,
the same crystal field is present at the H-
bonds and these (bonds) have the same dis-
tances and orientations to one another.
Thus, instead of a continuum, discrete,
though broad, bands are observed (I4).
Consistent with the PAS data, there is inde-
pendent evidence from XRD that the
crystalline structure of H;PW;,04 is lost
on exposure to excess pyridine (15), an un-
surprising result in view of the high solubili-
ties reported for heteropoly acids in polar
solvents (16).

The two broad absorption features at
2500 and 2000 cm~! in the spectrum of
H;PW ;04 exposed to excess pyridine
(Fig. 1b) cannot be readily assigned at this
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stage. Although corresponding peaks were
observed by Clements and Wood (8), they
reported no ir continuum and attributed this
doublet to the (N..H..N)* group in the
(py;H") dimer ion. As the bands in the PAS
spectrum appear to develop at the expense
of bands at ~2240 and 1640 cm™!, associ-
ated with lattice water (/), their origin in
species such as (PyH..OH;)* cannot be
ruled out. However, similar features have
also been observed in nonaqueous systems
by other workers (/7). Strong H-bonding
interactions with the anion in pyridinium
salts+ have been reported to cause shifts of

the N-H stretching vibration to below 2500
cm~! (7), and there is some evidence in Fig.
ib that the pyridinium ion is not entirely
converted to the dimer as weak bands are
still observed at ~3100 and ~1540 ¢cm™'.
Hence, it is possible that, in addition to the
(py-H)* dimer ion, relatively small amounts
of species such as (py,H...py,)" may be
formed in which the (N-H...N) band is
still relatively strong but asymmetrical and
less polarizable. Such bonds are known to
produce ir continua over a restricted range
or broad bands in the region characteristic
of those of the monomer perturbed by
strong H-bonding (9). Further work is evi-
dently required to elucidate this intriguing
phenomenon.

2. The Value of Pyridine as a Probe of
Acidity in Heteropoly Salts

The use of pyridine, as a complementary
base to NH;, for the quantitation of
Brgnsted acidity in heteropoly salts ap-
pears possible only in certain cases and is
generally less convenient and reliable in
view of the more stringent experimental
conditions under which data must be ob-
tained. Nonetheless, studies of the interac-
tion of pyridine with the salts under investi-
gation has yielded data which are generally
consistent with those obtained previously
using NHj; (7). The nonstoichiometry asso-
ciated with the AB* salt and, to a lesser
extent, the Na* salt has been confirmed but
the restricted penetration of the larger pyri-
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dine molecule into the bulk of these salts at
elevated temperature is not readily under-
stood. A semiquantitative estimate of the
depth of penetration, in terms of molecular
layers of the catalyst, can be made on the
basis of its surface area and the fraction of
the total proton content probed by pyridine
at 250°C. It has been calculated (2) that a
molecular dispersion of H;PW ;04 may at-
tain a surface area of 650 m? g~!. Hence, the
measured surface areas for the AP** and
Na* salts (5 m? g7', see Table 1) indicate
that the crystallites contain roughly 100 mo-
lecular layers. Pyridine evidently detects
~20% of the available protons at 250°C (see
Table 1), implying that penetration to a
depth of ~20 layers is possible. Arguments
based on steric hindrance by the effect of
temperature on the aperture size of the
diffusional pathways through the bulk ap-
pear untenable if the analogy is drawn with
zeolites. The encapsulation of gases in mo-
lecular sieves by treatment at high tempera-
ture is a well-known phenomenon and has
been attributed to the effective increase in
aperture size resulting from the greater vi-
brational amplitude of oxygen atoms sur-
rounding the apertures (18). A better expla-
nation may be that the absorbed pyridine
itself acts as an effective block to diffusion
at the higher temperature due to its more
rapid reaction with protons and resultant
anchoring (as pyridinium ion) in the upper-
most surface layers. The anomalous behav-
ior of the NH; salt cannot be accounted for
in the same way, as the degree of penetra-
tion is virtually independent of the condi-
tions of absorption. Indeed, the high sur-
face area of this salt (>100 m? g~!, see
Table 1) indicates that penetration is much
more severely restricted, in this case to ~2
layers, a result which provides good evi-
dence in support of the earlier contention
(1) that the dimensions of diffusional path-
ways in the NHy salt may be less in view of
its smaller lattice parameter and larger cat-
ionic radius relative to the AP* and Na*
salts. The behavior of this system stands in
sharp contrast to that of H;PW,,0, and
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emphasizes the likelihood that heteropoly
compounds may exhibit a wide range of
(bulk) diffusional characteristics depending
on the catalytic reaction, i.e., the size dis-
tribution of reactant/product molecules, of
interest.

Despite these peculiarities, pyridine
complements, NH; by virtue of its weaker
basicity. The results of thermal desorption
of pyridine provide information on the rela-
tive Brgnsted acid strength of these salts
which is qualitatively consistent with data
from indicator methods (3a,b). Thus, the
low activity in methanol conversion but sig-
nificant dehydration activity exhibited by
the Na™* salt may be a consequence of its
weaker Brgnsted acid sites. By the same
token, the high activities of the NH; and
A" salts in methanol conversion may de-
rive from their strong acid sites. Similar
qualitative trends of acid strength with
cracking/polymerization versus dehydra-
tion reactions in general are well-docu-
mented (/9). In view of their similar acid
strengths and widely different capacities to
sorb pyridine, the origin of selectivity dif-
ferences in the NH; and AIP* salts may lie
in surface vs bulk factors, or the presence
of Lewis acidity in the latter salt, as dis-
cussed earlier (/). Final judgment, how-
ever, must await the results of selective
poisoning experiments.

In summary, it is evident that the sorp-
tion of pyridine into heteropoly compounds
is a relatively complex process in which the
nature of the cation exerts an important in-
fluence. The cation size, and charge (as re-
flected in the cation/anion stoichiometric
ratio) almost certainly play important roles
in establishing steric barriers to facile mi-
gration of pyridine, but may also exert indi-
rect control through perturbation of the
symmetry properties of the secondary
structure (as in the case of the pyridinium
salt), and through the capacity of the crys-
tal lattice to accommodate sorbates by ex-
pansion of the interstitial space, as gov-
erned by lattice energy considerations
(reflected in solubility data). The presence
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of protons may have the dual effect of en-
couraging diffusion via the establishment of
short-range attractive forces (on the lone
pair of electrons of the nitrogen atom in the
pyridine molecule) while inhibiting diffu-
sion through the steric barrier exerted by
the “‘anchored’” pyridinium ions so formed.
Whether the smaller methanol molecule,
and related intermediates and reaction
products, are also subject to such a degree
of diffusional control is yet to be explored.
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