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Abstract: The synthesis, structure, and acid function of solid phosphoric acid (SPA) catalyst were studied in
detail. 3P and?°Si MAS NMR and X-ray powder diffraction identified the following crystalline silicon
phosphate phases in SPA:sG{PQy)s, hexagonalSiP,0;, Si(HPQ),-H20, and SiHRO:e. The acidity of

SPA is due to a liquid or glassy solution of phosphoric acid oligomers supported on the silicon phosphate
phases. N MAS NMR of adsorbed pyridiné®N and 13C MAS NMR of adsorbed acetor#!3C showed
Brgnsted acid sites and no Lewis acid sitdsl—N—31P and!H—13C—3!P double cross polarization MAS

NMR of the probe molecules provided a rare opportunity to use NMR to unambiguously localize chemisorption
sites; the probe molecules are complexed to phosphoric acid and pyrophosphoric acid but not to the silicon
phosphate phases. In situ NMR of the oligomerization of propene on SPA suggests that propene quantitatively
reacts with phosphoric acid and its oligomers to form isopropyl phosphate, and formation of this very stable
intermediate accounts for the lower olefin oligomerization activity of SPA relative to acidic zeolites. Theoretical
calculations including geometries at B3LYP/6-31G&(d,p) and chemical shifts at GIAO-MP2/tzp/dz were
used to model complexation of acetone or propene to SPA, and these support our conclusions.

The application of modern experimental and theoretical been proposed that the acid function is incidental to a redox
methods is providing an understanding of the structure and mechanisni>
function of the solid acid catalysts used in chemical processes. For our first NMR and theoretical investigation of an SLP
Considerable progress has been made in the characterizatioratalyst we selected solid phosphoric acid (SPA). This catalyst
and reaction chemistry of isolated Brgnsted sites in alumino- was developed in the 1930s and is used to this day in a number
silicate zeolited;® but less is known about other solid acid of processes including propene oligomerization and alkylation
catalysts. Supported liquid-phase (SLP) catalysts are secondf benzene with propene to form cumeie?? Remarkable for
only to zeolites in numbers of materials, processes, patents, anda highly successful solid acid catalyst, the literature reports no
journal publications. SLP catalysts can be very straightforward previous systematic investigation of SPA using modern spec-
materials, liquid acids dispersed on metal oxide supgoisit troscopic or theoretical methods and especially no solid-state
consider sulfuric acid dispersed on zirconia, sulfated zircbhia. NMR studies. Here we report a thorough investigation of SPA
This alkylation and cracking catalyst resists both characterization using multinuclear NMR, X-ray powder diffraction, and ab initio
and consensus; there is little agreement regarding surfacetheoretical methods. A large number of SPA samples were
structurel! nature!? and strength of acidit{®14and it has also ~ prepared with different synthesis conditicis2°

We find that only ca. 60% of the phosphorus in SPA is
present as free acids, and much of that is oligomerized. In
agreement with previous repofs2*we confirm the presence
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Solid Phosphoric Acid Catalyst

of crystalline silicon orthophosphate £€S(PQy)s) and hexagonal
silicon pyrophosphate (SiP;) in SPA. We extend the
identification of silicon phosphates in SPA to include silicon
hydrogen phosphate monohydrate (Si(HR®,0)%627 and
silicon hydrogen tripolyphosphate (SikPi).2¢6 We also

synthesized the silicon phosphates as either pure or majority
phases and surveyed their NMR behavior, which is exceptional

due to the presence of octahedral silicon in these phases.

J. Am. Chem. Soc., Vol. 120, No. 33, 183883

With the exception of SiH§D;,, the crystalline components of SPA
were synthesized ir 95% purity, as measured by quantitatiie MAS
NMR. SisO(PQ)s was synthesized by heating an evacuated quartz
ampule containing 5.0 g of silica and 11.8 g of phosphorus pentoxide
to 858 K for 24 h. Si(HPG),-H,O was prepared by heating a slurry
of 5.0 g of silica and 19.2 g of 85% phosphoric acid to 473 K in a
shallow-form dish for 336 h. The hexagonal polymorph of,8iRvas
prepared by heating a mixture of 5.0 g of silica with 28.8 g of 85%
phosphoric acid to 873 K for 48 h3P and?°Si MAS NMR and powder

The nature and strength of the acid sites on SPA was XRD were used to confirm the identity and purity of each silicon
investigated by measuring the NMR spectra of common probe phosphate phase.

molecules and in situ NMR of propene oligomerizatioff.

Propene oligomerization on SPA occurs at much higher tem-

SPA catalyst samples were prepared in 70 mL of shallow-form,
quartz-coated alumina dishes (Coors) from viscous pastes consisting

peratures than on zeolite acid catalysts, because it first reactsCf 5.0 g of silica and 28.8 g of 85% phosphoric acid (Si:P mol ratio of

with phosphoric acid to form isopropyl phosphate. The probe

molecule studies reveal that all of the acid sites on SPA are prepared SP

Brgnsted; there are no Lewis sitestH—1*N—3P and
1H—13C—31P double cross polarization experiments prove that

1.0:3.0). This mixture was heated to 573 K for 48 h to form “as-
A,

Cold water washes of SPA catalyst were used to remove phosphoric
acid and oligomerized phosphoric acids without hydrolysis of silicon
phosphate phases. Typically, 10 mL of deionized water/g of catalyst

the basic probe molecules are complexed to phosphoric acidyas vigorously stirred for 10 min, followed by vacuum filtration and

and its oligomers. The chemical shift of acetone is larger on
SPA than on zeolite HZSM-5, suggesting that SPA is the
stronger acid. This interpretation is counter to the conventional

ordering of acid strengths based on propene oligomerization

activity. Quantitative conversion of propene to isopropyl

phosphate on SPA accounts for the difference in oligomerization
activity on the two media. We used theoretical methods to better
understand the acid strength of SPA. We optimized a number
of geometries of acetone or propene complexed to speciestromethane)’ sodium hexafluorosilicafasj,

drying the resultant solid in an oven at 473 K for 10 mifiP MAS
NMR showed that>98% of phosphoric acid is removed from the
catalyst without degradation of the silicon phosphate phases.

NMR Spectroscopy. H, 13C, N, 2°Si, and®'P MAS NMR spectra
were obtained on either a Chemagnetics CMX-360 or a home-built
200 MHz instrument. All spectra were externally referenced with
acetoneH, 2.11 ppm relative téH in tetramethylsilane), HMB¢C,
methyl at 17.4 ppm relative t§C in tetramethylsilane), ammonium-
15N nitrate 5N, ammonium at—359 ppm relative to'*N in ni-
—188.6 ppm relative to

knOWQ to b? present in SPA and the_'n Calculgted theoret_ical 295j in tetramethylsilane), or @39)-chiraphos P, upfield resonance
chemical shift tensors. These calculations provide several linesat —13.3 ppm relative to 85% phosphoric acid). All Bloch decay
of evidence that the acid strength of SPA is greater than that of spectra reported used quantitative conditior¥d—3C—31P and

zeolites.

Experimental Section

Materials. Pyridine4®N (98+% °N), acetone2-1°C (99%*C), and
5.8 N ammoniumN hydroxide (98%2°N) were purchased from
Cambridge Isotopes. Propehé3C (99%1*°C) and propen@-*3C (99%
13C) were purchased from CDN Isotopes. Ammonitid-nitrate (99%
15N) was purchased from MSD Isotopes. 2-Propaéi€ (99%13C)
was purchased from Isotec. Kieséhg{91.9% SiQ), electronic grade
silicon(lV) oxide (Puratrem, 99.999%), sodium hexafluorosilicate
(99%), and (3,39)-chiraphos (99%) were purchased from Strem
Chemicals. Hexamethylbenzene (HMBYR®, (98%), pyrophosphoric
acid (85+%), and acetone (spectrophotometric grade, 99.5%) were
purchased from Aldrich. HPO, (85%) and phosphorus pentoxide
(99%) were purchased from EM Science. Ammonitid-dihydrogen

phosphate was synthesized from the dropwise addition of 5.0 g of 5.8

N ammonium®*N hydroxide to an ice-cooled solution of 3.34 g of 85%
phosphoric acid diluted in 10 mL of deionized water. The water was

evaporated on a stirred hot plate, and the remaining solid was dried in

an oven at 423 K.

Acid-washed kieselgu was prepared with 10 mL of 0.1 M HCl/g
of kieselginr to remove excess K8s. The slurry was then filtered
and dried at 473 K. This procedure was carried out a total of three
times. Following acid leaching, the kiesélgucontained 0.65 wt %
Fe, as determined by ICP/AE (Galbraith Labs).

Silicon Phosphate SynthesisCrystalline silicon phosphates were

synthesized with 85% phosphoric acid and either acid-washed kiesel-

guhr or electronic grade silicon(IV) oxide as sources of phosphate and
silica, respectively. The silica source was dried in air at 473 K prior
to use. After preparation, all materials were immediately ground with

guartz coated ceramic utensils and sealed to prevent adsorption of

atmospheric moisture.
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1H—15N—31P double cross polarization spectra were acquired at 198
K on a triple resonance probe from Otsuka Electronics spinning 7.5
mm zirconia rotors. All spectra presented used active spin speed
control.

X-ray Diffraction. X-ray powder diffraction patterns of silicon
phosphates were obtained on a Seifert-Scintag PAD V automated
diffractometer with Cu K radiation. The X-ray source was an anode
operating at 40 kV and 30 mA with a copper target and filtered with
nickel foil (1 = 1.5418 A). Data were collected betweehahd 62
in 26 with a step size of 0.04 The scan rate was 2.4 s/step. The
measured X-ray diffraction patterns were compared with those reported
in the JCPDS database.

Computations. All structures were fully optimized with density
functional theory (DFT) with use of the 6-3%(d,p) basis set.
Becke’s three-parameter hybrid methi8dising the LYP correlation
functional®* was used in all DFT calculations. Harmonic frequency
analyses were performed on geometries optimized at the B3LYP/6-
31G(d) level of theory with use of analytical second derivatives.

The method of gauge-invariant atomic orbitals (GIA&fwas used
for chemical shift calculations. We used Alricffdzp {51111/311/

1} (with 6 Cartesian d orbitals) on carbon and oxygen atoms, tzp
{5121111/51111M 0n phosphorus, and 81} on the hydrogens in

all of the chemical shift calculations*C chemical shifts were
calculated at the GIAO-RHF/tzp/dz level of theory and referenced
against tetramethylsilane calculated at the same level. All of the above
calculations were performed within the Gaussian 94 program paékage.
For small clusters, we also performed chemical shift calculations at
the GIAO-MP2/tzp/dz level of theo?§ with ACES 11.57

Results

31p and 2°Si MAS NMR of SPA Catalysts. We first studied
catalyst samples synthesized using kieSelgs the silica source
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Figure 1. 80.8 MHz3P MAS Bloch decay spectra of SPA samples
heated under vacuumrf@ h at theindicated temperature: (a) 298, (b)
413, (c) 453, (d) 493, (e) 533 K. All spectra were acquired at 298 K

and are the result of 12 transients utilizing a 60 s recycle delay and a

spinning speed of 5000 Hz. See text for assignments.

as in industrial preparatiod&1? At 298 K several of the’lP
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Figure 2. 80.8 MHz variable-temperaturéP MAS Bloch decay
spectra of a SPA sample evacuated at 373 K for 2 h. Phosphoric acid
(ca. 2 ppm) and oligomerized acids12 and—24 ppm) are in a glassy
state at 248 K and below, and in a solution state at higher temperatures.
Broadening at the highest temperatures studied may reflect chemical
exchange. All spectra are the result of 12 transients utilizing a 60 s
recycle delay and a spinning speed of 5000 Hz.

resonances were greater than 10 ppm in width, and those
assigned to phosphoric acid and its oligomers broadened witheffect. These downfield signals are due to phosphoric acid (ca.
increasing temperature so as not to be detected at 398 K and? ppm), terminal 12 ppm), and internaH24 ppm) phosphate

above. The total integrated intensity of the MAS spectra

strongly deviated from the Curie law at higher temperatures.

Elemental analysis showed that SPA prepared with kiéselgu

contained 3600 ppm iron. We observed similar temperature-

dependentP NMR line widths for a 0.036 M Fegl(3400
ppm Fé") solution in 85% HPQO,. To obtain NMR results

groups in phosphoric acid oligomeis. These assignments were
confirmed by solution NMR studies of washes of the catalyst
samples with anhydrous ethanol, MAS NMR studies of solid
98% HPO, and pyrophosphoric acid, and other standard
procedures. The average chain length of the phosphoric acid
species on the catalysts,, can be determined from the

free of paramagnetic broadening, we synthesized SPA samplesntegrated intensities of the three signals:

using high purity, electronic grade silicon(IV) oxide. X-ray

powder diffraction (vide infra) showed that the crystalline phases

Nay = (AH3PO4 + Aterm. + Aintem)/(AH_,,PO4 + 0'5Aterm)

were identical for catalysts prepared from either silica source,

and other than paramagnetic broadening, the NMR results wereas-prepared SPA has an average chain length of 2.0 (pyro-

identical as well. All NMR results for SPA catalysts reported phosphoric acid) and samples evacuated at 453 K and above

be]ow were obtained with use of electronic grade silicon(IV) have average chain lengths approaching 3.0 (tripolyphosphoric

oxide. acid). The concentrations of very strong phosphoric acid
Figure 1 show$'P MAS spectra measured at 298 K for five  solutions are commonly reported on a perceiddbasis, and

catalysts that were heated under vacuum at various temperatureghe acidic phase of as-prepared SPA corresponds to ap-

prior to sealing in MAS rotors under an anhydrous N

proximately 80% BOs.

atmosphere. Processes using SPA require careful control of Figure 2 reports variable-temperat3® MAS spectra of an

the water content in the feéd# and the large changes in the
downfield signals in the NMR spectra as a function of drying
conditions motivate the molecular-level interpretation of this

(35) Gaussian 94, Revision E.2. Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; T.
Keith; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham,
M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,

J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.; Pittsburgh, PA, 1995.

(36) Gauss, JChem. Phys. Lettl992 191, 614-620.
(37) ACES I, an ab initio quantum chemical program system: Stanton,
J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett, R. J.

SPA sample that was treated by evacuation at 373 K. The
signals due to phosphoric acids broaden considerably at tem-
peratures below 298 K. The pure acids are low-melting solids
(e.g., 100% HPO, melts at 315 K), and mixtures of phosphoric
and pyrophoshoric acids are viscous liquids at 298 K. The low-
temperature NMR behavior in Figure 2 is consistent with the
freezing out of various conformations and intermolecular
interactions as in polymers below their glass transitions.
Residual dipolar broadening is also a potential contributor to
line broadening at reduced temperature. The signals due to

(38) Crutchfield, M. M.; Callis, C. F.; Irani, R. R.; Roth, G. Gorg.
Chem.1962 1, 813-817.
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ppm Figure 4. 71.5 MHz?°Si MAS Bloch decay spectra. (a) SPA contains

Figure 3. 80.8 MHz variable-temperatuf@P CP MAS spectra of a silicon in both tetrahedral{119 ppm) and octahedral (c&.210 to
SPA sample evacuated at 373 K for 2 h. Relative cross polarization —217 ppm) environments. (b) Si(HRRH2O contains only octahe-
efficiencies, estimated by the comparison of these spectra with the drally coordinated silicon at-210 ppm. Unreacted silica#) is also
corresponding Bloch decay spectra (cf., Figure 2), reflect both the present at-109 ppm. (c) SO(PQ;)s shows isotropic peaks at119,
presence or absence of protons and the extent of dynamical averaging—213, and—217 ppm in the 2:2:1 intensity ratio predicted from the

All spectra are the result of 64 transientsiwit 1 ms'H—3P contact crystal structure. Quantitativ&Si spectra in each case required 256
time utilizing a 10 s recycle delay and a spinning speed of 5000 Hz. tra_nsi_ents and a 20 s recycle delay. All spectra were acquired with a
Asterisks denote spinning sidebands. spinning speed of 5000 Hz.

phosphoric acids also broaden above 448 K; possible dynamicsphases for NMR characterization. Figure 4 repé?& MAS
at high temperatures may include chemical exchange of NMR spectra of our preparations of SPA, silicon hydrogen
phosphate units between various oligomers, but we did not phosphate monohydrate, (Si(HP®H,0), and silicon ortho-
investigate this any further. phosphate, (8D(PQy)s); the?°Si spectra are also compared with
The upfield signals in Figures 1 and 2 are due to crystalline that of a SPA sample. A similar procedure yielded the SR
silicon phosphate phases formed by chemical reaction betweerassignment. The upfief#Si chemical shifts (ca. 220220 ppm
phosphoric acid and silica. The evidence for these assignmentsn Figure 4) are fronoctahedrally coordinated silicof. For
is described below. These signals are due to silicon orthophos-example, Clearfield and co-workers previously used powder
phate (§§O(PQy)s, —44 ppm) and smaller amounts of silicon methods to solve the crystal structure ofs&iPQy)s and
hydrogen phosphate monohydrate (Si(HR,0, —31 ppm) determined that the unit cell contains five silicon atoms: two
and silicon hydrogen tripolyphosphate (SR, —35 ppm). equivalent tetrahedral sites, two equivalent octahedral sites, and
A very small amount (typically<1%) of hexagonal silicon  a second octahedral site. The2°Si spectrum of SO(PQy)s is
pyrophosphate (S§,, —52 ppm) can also be observed in the thus completely assigned by comparison to the crystal structure.
3P MAS spectra of many SPA samples. Silicon pyrophosphate (SiP-) is a minority species in SPA,
The structure and dynamics of the components of SPA byt its characterization caused us a disproportionate amount of
catalyst are also reflected in the signal intensities observed introuble due to the existence of a number of polymo3h&
H—31P cross polarization spectra (Figure 3). The signals due we synthesized pure samples of the four well-established
to phosphoric acids effectively cross polarize only at low polymorphs and found that theéitP spectra (Figure 5) were in
temperatures; at 298 K and above these species are in aagreement with their solved crystal structures. Our NMR work
liquidlike environment. The relative cross polarization efficien- has found only the hexagonal polymorph of SR in SPA.
cies of the various silicon phosphate phases reflect the presencerincipal components of th&P chemical shift tensors were
or absence of protons; thus, the signals due to Si(HP,0 determined by the method of Herzfeld and Bef§éor most
and SiHROyp are greatly emphasized relative to the quantitative

i (39) Weeding, T. L.; de Jong, B. H. W. S.; Veeman, W. S.; Aitken, B.
Bloch decay spectra (Figure 2) and the peak-44 ppm due G. Nature 1085 316, 352-53,

to SkO(PQy)s is by comparison attenuated. The latter phase ™ (40 poojary, D. M.; Borade, R. B.; Clearfield, Anorg. Chim. Acta
must containsome hydrogen as impurities or inclusions; 1993 208 23-29.

otherwise there would be no cross polarization response, as we &13 Eissert, %; I\L/liebglu, ZNatgrvaissgnschgft“emgGﬁ 5|€|3i 2C1|2. el A
oojary, D. M.; borade, R. b.; Campbell, F. L., ll] earrield, A.
observe for the pure compound. J. Solid State Cheni994 112, 106-112.

Using X-ray powder diffraction measurements, other workers — (43) Liebau, F.; Bissert, G.; Koppen, M. Anorg. Allg. Chem1968
have previously reported that SPA contains silicon orthophos- 359(3211)131'(34. el Chim. AGta1967 50, 399405
H 23,24 i i _ akart, H.Helv. im. Acta A A .
phate (SIO(PQy)e). A careful examination of our X raY. (45) Hartmann, P.; Jana, C.; Vogel, Jgda C.Chem. Phys. Letll996
powder data on SPA samples suggested other specific siliconysg 197-112.

phosphate phases, which we then synthesized as pure or majority (46) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021-6030.
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Figure 5. 80.8 MHz3'P MAS Bloch decay spectra of four polymorphs pem

of SiP,07. In each case the parenthetical information denotes reaction Figure 6. 36.5 MHz!*N MAS and 145.6 MHZ'P MAS spectra of a
temperature, reaction time, and initial Si:P molar ratioc(#)ic-SiP,O; SPA sample evacuated at 298 K followed by adsorption of 1.6 mmol/g

(1273 K, 4 h, 1.0:3.0) shows that many of the 11 crystallographically PYridine*N. The *N MAS spectrum (298 K shown) has a single
distinct phosphorus nuclei are resolved. noclinieSiP:0; (1273 resonance at182 ppm, indicative of coordination to a Brgnsted site.

K, 4 h, 1.0:4.0) shows two resonances-a6.9 and—49.1 ppm. (c) We used the!™N spin on pyridine as means of determining which
tetragonatSiP.0; (973 K, 4 h, 1.0:1.0) shows two resonances-46.7 phosphorus atoms in the catalyst were close in space to the adsorbed

and—54.3 ppm. (dhexagonalSiP,0; (773 K, 48 h, 1.0:3.0) shows a  base. To obtain efficieti—N—3'P double cross polarization (4 ms
single resonance at52.7 ppm. Each spectrum is the result of 512 H—'*N contact, 6 ms°N—3P contact), we measured tht> MAS

transients utilizig a 2 srecycle delay and a spinning speed of 5000 NMR spectra at 153 K using a spinning speed of 3600 Hz. This
Hz. Asterisks denote spinning sidebands. experiment shows unambiguously that the pyridine is complexed to

phosphoric acid and its oligomers, not to the silicon phosphate phases.

of the silicon phosphate phases and are reported in thelH—>31P cross polarization andP Bloch decay spectra acquired under
P P p p similar conditions are shown for comparisok, a, and ® denote

Supporting Information. spinning sidebands of phosphoric acid, terminal groups of oligomerized
NMR Characterization of Acid Sites and Reaction Mech- acid, and silicon orthophosphate, respectively.

anism. The above structural characterization of SPA suggests

little potential for Lewis sites on this catalyst; nevertheless, there 6 also reports the'H—5N—31P double cross polarization

are anecdotal accounts of Lewis acidity for silicon phosphates. spectrum of this sample. Cross polarization is a “through space”

We investigated this hypothesis using 8 MAS spectrum  method of polarization transfer, and its rate is highly dependent

of adsorbed pyridirfé as a profile of SPA acidity. We studied ypon distance. The double cross polarization spectrum is

a number of samples with various pyridine loadings and expected to report only tho$éP spins that are within a few

measured théN spectra over a range of temperatures to guard angstroms of @5N spin. Indeed, only phosphoric acids are

against dynamical averaging. The pyridine studies revealed only ohserved when the magnetization is transferred though pyridine.

Bronsted sites and no evidence of Lewis sites. PyritfNe-  The adsorbed base is not associated with the silicon phosphate
on SPA provides the NMR spectroscopist an unusually straight- phases.

forward opportunity to locate an a}dsorbate molecul_e oN @ ° Most of the processes that use SPA convert propene into other
complex heterogeneous catalyst. Figure 6 reports various CP/

MAS spectra measured at 153 K of a sample of 1.6 mmolig of products. This olefin and associated intermediates and products

pyridine45N on a SPA sample prepared by evacuation at 298 have been the subject of detailed in situ NMR studies of
K for 30 min. In these spectra the spinning speed was reactions on zeolites and metal halide aéft¥. Propene is

deliberately set to a low value, 3600 Hz, to improve cross readily adsorbed into the channel structures of zeolites, even at

polarization efficiency, with the consequence that¥eMAS the lowest temperatures. On acidic zeolites, propene forms a
spectra are crowded with spinning sidebands. Nevertheless, the® cpmplex with the Bransted _S'te at.cryogenlc temperaiures,
isotropic3!P signals for phosphoric acid (ca. 0 ppm), terminal which is _observgd as a downfield shift of the C-2 resonance.
phosphates—<12 ppm), and several silicon phosphate phases The zeolite studles_ also show that propene reversibly forms a
are clearly resolved. QuantitativeN Bloch decay MAS NMR framework bound isopropoxyl species below room tempera-

shows that all of the pyridine is protonated82 ppm)* Figure ture?%49 This process results in 1,%3C label scrambling, but
not 1, 2, 313C scrambling as is seen on frozen supera€ids

(47) Haw, J. F.; Chuang, |.-S.; Hawkins, B. L.; Maciel, G. E.Am.
Chem. Soc1983 105, 7206-7207. (49) Nicholas, J. B.; Xu, T.; Haw, J. Hop. Catal.1998 6, 141-149.

(48) Xu, T.; Kob, N.; Drago, R. S.; Nicholas, J. B.; Haw, J.JF.Am. (50) Nicholas, J. B.; Xu, T.; Barich, D. H.; Torres, P. D.; Haw, JJF.
Chem. Soc1997 119 1223%+12239. Am. Chem. Sod 996 118 4202-4203.
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of the carbonyl carbon of aceto2e!*C on a SPA sample prepared by

evacuation at 298 K. Measurements were performed at 153 K to obtain
spectra in the slow-exchange regime. Equivalent loading is defined as
the ratio of acetone molecules to phosphate units in phosphoric acid

<— 131 ppm

253K
JU and its oligomers.
134 ppm — NMR study carried out in a sealed rotor. In some in situ
k experiments (not shown) we observed low concentrations of
173K J free propene immediately prior to the onset of oligomerization.

[T T T T T T This presumably reflects the decomposition of isopropyl phos-
300 200 100 0 phate at higher temperatures.
P Acetone2-1C is widely applied be molecule for th
i 1C in situ MAS NMR study of the reactions of cetone=- . (8 WItely applied as a probe molectlie for the
Figure 7. 90.5 MHz y . study of solid acid48°? In the case of Bransted sites on zeolites,
propene2-1°C on a sample of SPA prepared by evacuation at 373 K e . . .
the shift is commonly interpreted in terms of conventional

followed by adsorption at 153 K. Propene is excluded from the catalyst . . . .
at low temperatures, and reacts with the catalyst to form isopropyl notions of relative acid strength. For the case of zeolite HZSM-

phosphate (C-2 at 80 ppm) at 273 K and above. Oligomerization occurs 9, @ strongly acidic zeolite, this_ value is ca. 223 ppm. We
at 398 K. observed that acetone has a shift of 228.5 ppm when a very

low loading is adsorbed on SPA evacuated at 298 K, and values

that reversibly form a free isopropyl carbenium ion. On zeolites @s high as 231 ppm were obtained for samples evacuated at
propene oligomerizes in the vicinity of room temperature; on higher temperatures. On solid 98%R0, and solid 85-%
SPA propene oligomerization occurs at higher temperatures. Pyrophosphoric acid, we found acetone shifts of 228.1 and 229.8

This has been used to argue that SPA is a weaker acid tharPPm, respectively.
zeolites. The possibility of a role for the crystalline components in

We carried out a number of in situ NMR studies of propene the downfield shifts observed for acetone on SPA was ruled
oligomerization on SPA using methods very similar to our Out by several experiments. We used a literature procétiure
zeolite studies. Figure 7 reports representative results from into remove the phosphoric acid component of SPA with cold
situ studies of propen2-13C on SPA prepared by evacuation Water washings followed by drying and observed that acetone
at 373 K. A Signa| at 134 ppm is observed for propene on has a chemical shift of Only 213 ppm on such materials. The
SPA at low temperature; this is almost identical to the solution distance dependence of magnetization transfer by cross polariza-
or gas-phase value. For comparison, a chemical shift of 146 tion was exploited to establish unambiguously that basic probe
ppm was observed forr complexes of propene on zeolite molecules on SPA are complexed to phosphoric acid species
HZSM-5. We carried out a number of experiments to establish and are not associated with the mineral phases~*3C—3%'P
the environment of unreacted propene on SPA at low temper-double cross polarization experiments were carried out for
atures; for example, we observed no spinning sidebands and@cetone2-3C on SPA. These were analogous to the
little cross polarization efficiency. We conclude that propene *H—'*N—3!P double cross polarization experiments with py-
is not dissolved into the glassy phosphoric acid phase at low fidine-*N reported in Figure 6. Th&H—!C—3P experiments
temperature. At 273 K propene began to react with the catalyst (reported in the Supporting Information) show that acetone on
to form isopropyl phosphate. This reaction was complete at SPA is complexed to phosphoric acid species and is not
298 K. The phosphate ester was very mobile at 298 K, but associated with the silicon phosphate phases.
when the sample was cooled to 173 K, we readily observed We explored the loading dependence of fi@isotropic shift
spinning sidebands and a strong cross polarization response foff acetone on SPA evacuated at 298 K (Figure 8) and found,
this Speciesl Similar in situ experiments with propeﬂ'@c not Surprisingly, that SPA has a distribution of apparent acid
(not shown) established that propene does not undergd3C, 3~ strength, especially at higher loading$C NMR measurements
label scrambling prior to formation of isopropyl phosphate, as Were performed at 153 K to eliminate chemical exchange
is the case for the reversible formation of surface-bound alkoxyl between acetone in different coordination environments. At
species in zeolites. The irreversible nature of isopropyl lower loadings, there was a single resonance at ca—228
phosphate formation at these low temperatures also underscoreBPM. At higher loadings, a second resonance appeared at ca.
the stability of this species. The ester is indefinitely stable on 222 ppm. Figure 8 suggests that acetone may form complexes
SPA at moderate temperatures, but it reacts at approximatelyWith different species present in the concentrated phosphoric
398 K to yield a complex mixture of products characteristic of acid solution that is the acidic component of SPA.

“conjunct polymerization”. The complex mixture of reaction (51) Xu, T.; Munson, E. J.; Haw, J. B. Am. Chem. S0d.994 116,
products generated is a result of the long reaction times in an1962-1972.
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Ab Initio Calculations. We used theoretical methods to
model the complexation of either acetone or propene with some
of the species expected to be present in a concentrated
phosphoric acid solution. The acetone study was more detailed,
because we were especially interested in trying to understand
the large chemical shift of acetone on SPA. For the best
imaginable calculation of this type, one would like to explicitly
include several solvation shells of phosphoric and pyrophos-
phoric acid as well as long-range electrostatics, but this level
of treatment is not currently feasible. Instead, we do what is
most commonly done for calculations of adsorption on zeo-
lites: use computationally manageable clusters to approximate
the acid site and model interactions as if in the gas phase.

We considered the obvious cases of acetone complexed to
either one phosphoric acid or one pyrophosphoric acid; as
demonstrated below, we found two isomers of each. We also
considered acetone complexed to two phosphoric acid mol-
ecules. A less obvious choice was acetone complexed to
protonated phosphoric acid,,PIO;". We were motivated to
consider the latter by the work of R. A. Munson, who carried
out a detailed study of ionic equilibria in phosphoric a%id.
Two equilibria were considered in that investigation, autopro-
tolysis

Hydrogen
Carbon

s + — Oxygen
2H,PO, = H,PO," + H,PO,

Phosphorus

and self-dehydration
Figure 9. Complexes of acetone with one phosphoric acid molecule
via one hydrogen bond) and two hydrogen bond&)and the complex
of acetone with protonated phosphoric adad4). Geometries were

) ~ optimized at the B3LYP/6-31G(d,p) level of theory.
Munson used cryoscopic and EMF measurements to determined

the composition of 100% $POy and obtained molal concentra-
tions for the ionic species ahH,PO;t = 0.54, mH,PO;~ =

3H,PO, = H,0" + H,PO," + H,P,0,”

The geometries of eight structures, modeling acetone on acidic
species in SPA, are reported in Figures 9 and 10, and Figure
0.26, andmHsOt = mH,P,0,2~ = 0.28. Since 100% §POy 11 reports geometries of the lower energy structures modeling
is formally 10.2nin itself, the concentration of {fO;* reported complexation of propene. Several additional structures were
by Munson corresponds to 5.3% of the phosphate groups. lonicalso calculated to obtain deprotonation energies, the energies
equilibria have not been quantified for phosphoric acid solutions of various thermodynamic reference states, or for chemical shift
more concentrated than 100%,(R > 72.4%), and we are  calculations. These included,PIOs*, two isomers of HPO,,
unable to cite a literature reference specifying thé@,* the phosphoric acid dimer, two isomers of pyrophosphoric acid,
concentration expected for solutions in the concentration rangethe deprotonated states of the acids, acetone, protonated acetone,
of SPA. However, since SPA has a high concentration of and propene. Geometries of these latter species as well as some
pyrophosphoric acid, the following equilibrium should also be higher energy complexes of acetone or propene not reported in
important. Figures 9-11 are collected in the Supporting Information.
Energies for the more important geometries, including thermal
corrections, are compiled in Table 1.

The geometries in Figures 9 and 10 all show conventional
hydrogen bonding between hydroxyl groups on phosphoric acid
species and acetone. Structufesind 3 also suggest weak
C—H-0 hydrogen bonding. Structurésand2 (Figure 9) are
the two geometries we found for acetone hydrogen bonded to

In common with recent studies of adsorbates on zeolite a sinale molecule of phosphoric acid. The monodentate
Bronsted site$!we used density functional theory (DFT) to eomgtr 1 was the mos? stalgle at9.13 k-cal/mol relative to
determine the geometries of various complexes of acetone ord y . -
propene with phosphoric acids followed by ab initio chemical isolated acetone and phosphoric acid at the same level of theory,
shift calculations using the gauge-invariant atomic orbital and the bidentate structuPevas less stable at6.58 kcal/mol.

(GIAO) approach. All structures were calculated by using DFT WPT sgarqhed for other stable states |nclud|_ng, for example,
with the B3LYP exchange-correlation functional and the zwitterionic states of acetone and phosphorlc acid, but these
6-311+G(d,p) basis set. This level of theory has, in our spontaneously reverted to the geometries shown. We also found

. .
experience, provided reliable models of hydrogen bonding and two complexes with BPQ;"; 3 was the more stable, but the

; . . bidentate structurel was only 5.60 kcal/mol higher. The
acid—base chemistry at manageable computational expense. oxygen—oxygen distance in structu@ 2.41 A, indicates an

2H,PO, + H,P,0, = 2H,PO," + H,P,0,~

Thus, although we are uncertain of the concentration f H
POt in SPA, we are satisfied that it is sufficiently high to
warrant inclusion in the theoretical study.

(52) Munson, R. AJ. Phys. Chem1964 68, 3374-3377.

(53) Nicholas, J. B.; Haw, J. F.; Beck, L. W.; Krawietz, T. R.; Ferguson,
D. B. J. Am. Chem. Sod.995 117, 12350-12351.

(54) Beck, L. W.; Xu, T.; Nicholas, J. B.; Haw, J. . Am. Chem. Soc.
1995 117, 11594-11595.

exceptionally strong hydrogen bond. Also, the proton is closer
to acetone than to phosphoric acid; this is the only species we
observed for which proton transfer to acetone could be claimed.
Partial proton transfer occurs although the proton affinity of
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Figure 11. Complexes of propene with either phosphoric a&cuid
9) or protonated phosphoric acitl@) and the reaction product isopropyl
Figure 10. Complexes of acetone with either two molecules of PhosphateX1). Geometries were optimized at the B3LYP/6-313-
phosphoric acidg) or one of pyrophosphoric acié Gnd7). Geometries (d,p) level of theory.

were optimized at the B3LYP/6-33#1G(d,p) level of theory.

characterized by a hydrogen bond between a hydroxyl group

isolated HPO; (198.0 kcal/mol at B3LYP/6-31G(d,p)) is gnd thexr cloud of the olefin. The optimized geometry of
slightly higher than for isolated acetone at the same level of ISOPTopyl phosphatell, known to be the reaction product
theory (195.5 kcal/mol). between propene and phosphoric acid, is included in Figure 11

for completeness.

Chemical Shift Calculations. Chemical shift calculations
provide a bridge between experimental measurements and
theoretical geometries. We prefer the method of gauge-invariant
atomic orbitals (GIAO) and Ahlrichs’ basis sets for chemical
shift calculations. As was found previously by other work-
ers®6:57 treatment of electron correlation with the GIAO-MP2
method of Gauss is essential for accurk® chemical shifts
Sor carbenium ions and related charged species. Unfortunately,

Figure 10 reports the geometries we obtained for acetone with
either two phosphoric acid molecul€s, or acetone with one
molecule of pyrophosphoric acidg and 7. Species5 is
characterized by a chelated hydrogen bond, and there is
precedent for such bonds in the literatBfeWe also searched
for a geometry in which the phosphoric acid dimer formed a
conventional two-center hydrogen bond to acetone, but we were
unable to converge any such structure. We obtained structure

for two 1:1 complexes of acetone and pyrophosphoric acid, GIAO-MP2 calculations rapidly become prohibitive with in-

calculations of 1:2 complexes were not attempted on the basis . . . .
of the large computational resources necessary to obtain theSreasing numbers of basis functions. We obtained MP2/tzp/dz

smaller structures6 is the more stable species-a12.48 kcal/ irl'zfz;%rsa_cﬂogﬁé &rgtr?l?ritsgrsg??;s?s ?Jﬁgﬁgﬁs ir:d r?r%ritc]i\r/):eixes
mol relative to the isolated molecules, Biis similar at—11.57 ’ P

. : ired for structure5—7 exceeded the program limitations
kcal/mol. Pyrophosphoric acid hydrogen bonds to acetone more! cdulre :
strongly than does phosphoric acid; this is reflected in the for ACES Il, and these could not be obtained at MP2. However,

reaction enthalpies as well as by the internuclear coordinates,\f’(\;f :{F:ﬁ fflflto g;'ccﬁlg[g dtrsiiﬁtssr;:t; r?et SrltAeg-iﬁq'Z/tt)lzglngor
and is also consistent with the relative gas-phase deprotona’rionacetone com iexes and Table 3 for ropene complexes
energies of the acids. p prop p .

We found f tabl i ith imil _ In common with our other recent wdtkwe find that RHF
; € found four IS a de g.?r? mhe ”eﬁ’ wi v%ry If.'m' ar 1elnerg|ets shift calculations for the carbonyl carbon of acetone systemati-
or propene complexed with phosphoric acid. Figure L1 reports cally overestimate the MP2 result. Previous work strongly
the structures of the two lowest energy specBand9, while
the other two are reported in the Supporting Information. We 195(9576)1;(;'41(-)'(;5132{1?“ D. H.; Torres, P. D.; Haw, J. F.Am. Chem. Soc.

+ H A h .

_aISO found one c_omplex betweenm and propend0, which (57) Xu, T.; Torres, P. D.; Barich, D. H.; Nicholas, J. B.; Haw, JJF.
is also reported in Figure 11. All five propene complexes were am. Chem. Sod997 119, 346-405.
(58) Barich, D. H.; Nicholas, J. B.; Xu, T.; Haw, J. F. Theoretical Studies

(55) Frisch, M. J.; Pople, J. A.; Del Bene, J. E.Phys. Chem1985 of the 13C Chemical Shift Tensor of Acetone Complexed with Bragnsted
89, 3664-3668. and Lewis Acids. InJ. Am. Chem. Socsubmitted for publication.
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Table 1. Electronic Energies, Zero-Point Energies, and Thermal Corrections to Energies of Adsorption Coimplexes

species and electronic thermal
complexes energy ZPE correctiod total energ§
Acet —193.218179 0.084058 0.005425 —193.128696
AcetH" —193.539655 0.096374 0.005413 —193.437868
H3POy —644.281722 0.048162 0.006313 —644.227247
(HsPOy) —1288.601407 0.098237 0.013234 —1288.489936
H3P Oy HPO,~ —1288.097171 0.086860 0.012554 —1287.997757
H4P,0; —1212.106318 0.075028 0.009874 —1212.021416
H.PO,~ —643.753473 0.036827 0.005658 —643.710988
H3P,07~ —1211.616124 0.063897 0.009135 —1211.543092
H4sPO™ —644.606086 0.059277 0.006331 —644.540478
HsPOy-Acet (1) —837.517854 0.134598 0.012766 —837.370490
H3POy-Acet (2) —837.514107 0.135259 0.012415 —837.366433
H.POM-Acet (3) —837.876308 0.144526 0.012922 —837.718860
H,POM-Acet (4) —837.868218 0.145489 0.012797 —837.709932
(HsPOy)2+Acet (5) —1481.840734 0.186289 0.018870 —1481.635575
H4P,07-Acet (6) —1405.347238 0.160708 0.016537 —1405.169993
H4P,07-Acet (7) —1405.346300 0.161417 0.016335 —1405.168548
CsHs —117.945586 0.080089 0.004073 —117.861424
CsHerH" —118.243955 0.088458 0.004247 —118.151250
H3POy-CsHe (8) —762.234433 0.129756 0.011975 —762.092702
H3P Oy CsHe (9) —762.234222 0.129863 0.011938 —762.092421
H4PO; "+ CsHe (10) —762.573519 0.140045 0.011841 —762.421633
i-(CsH7)HoPO, (112) —762.250797 0.133896 0.010284 —762.106617

a All energies reported are in hartreésCalculated at the B3LYP/6-33#1G(d,p)//B3LYP/6-313-G(d,p) level of theory® Zero-point energies
were obtained without scaling at 298.15 K and 1 atm at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level of thEbeymal corrections were calculated
at 298.15 K and 1 atm at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level of thebfptal energy= E, + ZPE + thermal correction.

Table 2. Theoretical**C Isotropic Chemical Shifts(ppm) for the Table 3. Theoretical**C Isotropic Chemical Shifts(ppm) for
C-2 Carbon of Acetone for Acetone, Protonated Acetone, and Propene, Propene Complexed withR®, and HPO,*, and
Acetone Complexes Formed withgPiOs, HsPO,T, (HsPQy)2, and Isopropyl Phosphate
HaP.0r RHF-GIAO/tzp/dz/l  MP2-GIAO/tzpldzll
RHF-GIAO/tzp/dz/l  MP2-GIAO/tzp/dz// B3LYP/6-311-G(d,p) B3LYP/6-31H-G(d,p)
B3LYP/6-31H-G(d,p) B3LYP/6-31H-G(d,p) CaHe C 120.4 115.1
Acet 208.1 194.5 C 140.9 133.3
AcetH+ 263.7 256.8 Cs 19.7 21.8
HsPOyAcet (1) 223.7 210.1 HsPQy-CsHs (8) Cy 117.3 1131
HsPOy-Acet (2) 228.7 215.4 G 152.2 143.8
H4POy+-Acet (3) 250.4 239.9 Cs 19.5 22.0
H4POsH-Acet (4) 241.0 229.9 H3P Oy C3He (9) o] 131.8 117.2
(HsPQy)2+Acet (5) 233.1 gz 1;3-3 1;33
H4P:07Acet (6) 228.4 PO 3 : :
. POy -CsHg (10) Cy 1151 113.3
H4P,O:-Acet (7) 225.9 G 166.3 156.9
alsotropic chemical shifts are reported relative to TMS calculated Cs 20.5 23.0
at the same level of theory. The absolute shieldings (in ppm) of TMS i-(CsH7)H2POy (11) Gy 22.6 24.9
are 193.2 for RHF and 198.7 for MP2. C 66.9 76.7
Cs 20.5 25.6

suggests that MP2 shifts are reliable, even for “difficult” cases  2lIsotropic chemical shifts are reported relative to TMS calculated
such as carbenium 082657 while RHF calculations are at the same level of theory. The absolute shieldings (in ppm) of TMS
reliable for trends if not exact values. Acetone complexed to a '€ 193.2 for RHF, and 198.7 for MP2.

single phosphoric acid yields MP2 shifts of 210.1 ppm for . . .
and 215.4 ppm fog; these values are well below acetone in ©f iS0Propyl phosphate, 76.7 ppm, is in good agreement with
either SPA (up to ca. 231 ppm) or zeolite HZSM-5 (223 ppm). the 80 ppm result in Figure 7.

The structures for acetone complexed tgPBy" have MP2 ) .

shifts of 239.9 and 229.9 ppm f@rand4, respectively. These  Discussion

shifts bracket the largest experimental values for acetone on Solid phosphoric acid is more complex than phosphoric acid

SPA. ) . . supported on a silica source. Chemical reactions occur in the

Only RHF shift calculations were feasible for-7, and these  reparation of SPA to form various silicon phosphate phases;
were interpreted relative to the RHF shifts for4. Complex- s the true support material in SPA is a mixture of crystalline
ation of acetone with two molecules of phosphoric add,  reaction products. SPA does not contain Lewis sites, and the
produces a slightly larger shift than complexation with one prgnsted acid sites on this catalyst arise from a viscous solution
molecule of acid,2. Complexation with one molecule of glass (depending on temperature and composition) of
pyrophosphoric_acid§ and7, results in_ shif_ts little different phosphoric acid and phosphoric acid oligomers. The average
from complexation with one phosphoric acid. chain length of these acids is strongly sensitive to preparation

The results in Table 3 predict that C-2 of propene should and handling of the catalyst and this accounts for the water
show an appreciable downfield shift when dissolved in the acidic sensitivity of SPA in commercial processes. The acidity of the
phase of SPA, but recall that we observed a value of 134 ppm, phosphoric acid phase is not enhanced by the crystalline
much closer to the gas-phase value. The calculated C-2 shiftcomponents.
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The theoretical results in Figure 11 and Table 3 suggest that calculated deprotonation energies of the clusters considered here
propene is not dissolved in the acidic phase of SPA at low support the idea that SPA is a strong acid.
temperatures, in agreement with our interpretation of in situ ~ The geometries of the acetone complexes in Figures 9 and
studies such as those in Figure 7. Complexation of propene 10 show trends in the degree of proton transfer that generally
with phosphoric acid or other, more acidic species in SPA should reflect the deprotonation energies of the acids, which are in turn
result in appreciable downfield shifts of the C-2 resonance, reflected in chemical shift trends. The MP2 shifts of the
which are not observed. Propene is excluded from the glassy,complexes of acetone withyAO,", 239.9 ppm foi3 and 229.9
acidic phase of SPA at low temperatures, and when it does enteppm for4, bracket the largest shift we observed for acetone on
SPA, at 273 K and above, it reacts to form isopropyl phosphate. SPA, 231 ppm. We conclude that the acetone chemical shift
The in situ NMR identification of isopropyl phosphate supports reliably ranks the relative acid strengths of SPA and zeolites;
the classical mechanism for olefin oligomerization on SPA.  SPA is the stronger acid.
Ipatief was able to isolate phosphate esters using similar reaction On zeolites, propene is present either as free olefin,
conditions and showed that these produced oligomeric hydro- complexes with the acid site, or lower concentrations of
carbons upon heatirf§. framework-bound alkoxyl speci@$4® The latter species is

SPA is widely believed to be a weaker acid than zeolites, analogous to the phosphate ester formed on SPA in that each is
and we gave much thought to this comparison. The acid a covalently bound complex of propene and the acid site. The
strength of SPA is a straightforward problem with a rigorous essential difference in the propene oligomerization activity of
solution. The acid strengths of solutions and melts of phos- the two catalysts is the extent to which this intermediate forms.
phoric acid have been previously characterized over a very largeOn the zeolite, the alkoxyl is reversibly formed as a minority
concentration range by using the Hammett acidity function. At species, and other propene molecules are available to react with
298 K Hyg is —4.70 for 70% BPOs and —6.96 for 85% BROs.5° it to form oligomers. On SPA, the reaction to form isopropyl
Like other mineral acids, the Hammett acidity of phosphoric phosphate is quantitative at 298 K. At higher temperatures,
acid has a modest temperature dependence, becoming slightlghe ester is in equilibrium with olefin, and the position of this
larger (less negative) at higher temperatures. At 298 K our SPA equilibrium moderates the oligomerization activity.
samples have Hammett acidities in the range—&f to —7. .
Although the acid strength of SPA does not approach that of Conclusions
100% HSO4 (Ho = —12), SPA is unquestionably a strong acid. SPA is a supported liquid phase catalyst, a highly concen-

Unfortunately, the Hammett formalism cannot be applied to trated phosphoric acid solution on a support of crystalline silicon
zeolites with the same rigor as for phosphoric acid, but the phosphate reaction products. The acid function of SPA is purely
comparison of acid strengths can be made in other ways.Brgnsted in nature, and it is entirely due to the phosphoric acid
Experimental measurements of the deprotonation energies ofphase-the crystalline component functions purely as a support.
zeolites are in the range of 28818 kcal/molf! and values The acid strength of SPA exceeds that of typical zeolite
near 296 kcal/mol are commonly used in theoretical studies to catalysts; this is the reverse of the olefin oligomerization activity.
model isolated Brgnsted sités. The theoretical energies in  Propene oligomerization proceeds through analogous intermedi-
Table 1 permit us to calculate the deprotonation energies of ates on the two catalysts, but the phosphate ester formed on
some of the species we used to model SPA; smaller valuesSPA is so stable that this reaction goes to completion and higher
correspond to stronger acids. For a single phosphoric acidtemperatures are required to establish an equilibrium with free
molecule in the gas phase the deprotonation energy is fairly olefin. The differential stabilities of the intermediates in propene
large, 325.4 kcal/mol. However, the dimer of phosphoric acid oligomerization on zeolites vs SPA highlight an important aspect
has a value of 310.3 kcal/mol, indicating a significantly stronger of catalysis: the more active catalysts avoid pathways with
acid than the monomer. Our calculations also show that a singleexceptionally stable intermediates.
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