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assignments of the principal components in the molecular frame. 
The orientation of the chemical shift tensor on the molecule may 
be related to theoretical electron distributions using standard 
quantum mechanical methods. Moreover, the current ab initio 
results agree sufficiently well with the previous calculations using 
a semiempirical model" that these later methods may be used, 
especially for certain orientational information, for very large 
systems in which ab initio calculations may not be feasible. 
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Abstract: The principal values of the 13C chemical shift tensor were measured for the aromatic carbons of 1,4,5,8-tetra-
methylnaphthalene, 1,2,3,6,7,8-hexahydropyrene, and pyracene using the variable angle spinning technique. Ab initio calculations 
of the complete shielding tensors are also reported and provided the orientation of the principal values in the molecular frame. 
Good agreement between theory and experiment is obtained. The chemical shift principal values and orientations of these 
substituted naphthalenes correspond to those found in naphthalene; the observed differences can be rationalized in terms of 
the strain introduced by the alkyl substituent. In the naphthalenic derivatives studied, the bridgehead carbons exhibit relatively 
extensive ir-electron derealization not found in some bridgeheads in more highly condensed aromatic systems. 

Introduction 
Although polycyclic aromatic hydrocarbons (PAHs) are of great 

interest in many areas of chemistry, there still exists only a limited 
amount of chemical shift tensor information on this class of 
molecules. The lack of tensor data on PAHs is in part due to the 
newness of the field, but also to the experimental difficulties some 
of these compounds exhibit. The extremely long relaxation times 
of many PAHs has proved a serious hurdle for their study. The 
majority of data available for aromatic carbons is on substituted 
benzene compounds, i.e., molecules with only one aromatic ring.1 

The only polycyclic aromatic compounds for which the 13C 
chemical shift tensor or its principal components have been 
measured are naphthalene,2 pyrene,3 coronene,4 and most recently 
buckminsterfullerene (C60).5 In addition, phenanthrene and 
triphenylene have also been recently studied in our laboratory, 
and these results are reported in the preceding paper in this series.6 

PAHs are important as substructures in the aromatic clusters 
found in coal. Both coal and coal liquids are currently being widely 
studied by NMR, and much information is being gained on the 
composition of various coals in terms of structural features.7 

However, the majority of the current solid state NMR studies 
of coal are only concerned with the isotropic chemical shifts. The 
anisotropic information, due to its three-dimensional nature, can 
be used to differentiate carbons that may have similar isotropic 
chemical shifts but very different tensor components. However, 
before this type of information on the coals themselves will be 
useful, more tensorial information must be obtained in repre
sentative "model" compounds of known structure which exhibit 
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structural features, such as the substituted PAHs, believed to be 
found in coals. Aromatic carbons in these compounds can be 
divided into four groups: protonated, alkyl substituted, oxygen 
substituted, and bridgehead or condensed, with each of these 
carbon types having a distinctive line-shape reflective of its local 
electronic environment. Our primary goal is to establish a data 
base of chemical shift values for each of these classes of carbons 
in order to explore the structural factors that influence the in
dividual tensor components and to possibly obtain structure-tensor 
component relationships similar to the correlations that were 
observed years ago for the average chemical shifts observed in 
liquids. The set of chemical shift tensor components presented 
in this paper is for the following substituted naphthalenes: 
1,4,5,8-tetramethylnaphthalene, 1,2,3,6,7,8-hexahydropyrene, and 
pyracene. 

Experimentally, there are a number of methods available that 
can be used to obtain the shielding tensor components.8 In this 
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work the tensor components are measured using the technique 
of variable angle spinning (VAS).9,10 By obtaining multiple 
spectra at several nonmagic angles and simultaneously fitting them 
while locking the average shift values to those obtained from a 
magic angle spectrum, one can extract the tensor components of 
four or possibly five shielding tensors with similar isotropic 
chemical shifts. This is an improvement over the two or three 
distinct patterns that can be extracted from a static powder pattern, 
making VAS the preferred method for many compounds. In the 
compounds studied here, VAS removes the overlap observed in 
static powder patterns between the <r33 component of the aromatic 
shielding tensor and any aliphatic signals, improving the accuracy 
of the (T33 determination. 

In addition to the experimental determination of the principal 
values, ab initio calculations of the complete shielding tensor for 
the three naphthalene derivatives are also presented in this paper. 
Calculations were also performed on naphthalene, a related PAH 
for which the complete chemical shift tensor has been determined 
experimentally,2 as well as on fluorene, biphenylene, and di-
cyclobuta [<&,(/'] naphthalene. Previously, the combination of the 
calculated and experimental shielding results has led to valuable 
insights into structure-shielding relationships.11 The calculations 
are also used to provide the information on the orientation of the 
chemical shift tensor components in the molecular frame, infor
mation not available from the powder experiment. 

In the case of aromatic carbons, some information about the 
orientation of the chemical shift tensor has been obtained from 
the NMR study of single crystals.2,3,12 From these studies it is 
known that <r33 is always perpendicular to the plane of the aromatic 
ring, and its value in the aliphatic chemical shift region reflects 
the fact that it is dependent on the a-electron structure and highly 
independent of the x-system. This forces the remaining two 
components to be oriented in the plane of the aromatic system. 
Semiempirical calculations performed on a number of aromatic 
systems13 indicated that the an component tends to be perpen
dicular to the bond with the largest ir-bonding character; this 
requires that an lie nearly along the C-H or aliphatic C-C bond 
for protonated and alkyl-substituted aromatic carbons, respectively. 
For condensed carbons, with all three bonds having similar T 
characters, the expected orientation is not easily rationalized. 
However, for the naphthalenic compounds studied in this paper, 
molecular symmetry requires that one of the in-plane components 
lie perpendicular to the central C-C bond. Only small, long-range 
intermolecular effects or actual deformations of the mmm na
phthalenic symmetry will moderate this requirement. 

Experimental and Computational Methods 
Materials. 1,2,3,6,7,8-Hexahydropyrene was prepared by the reported 

procedure.14 Pyracene was prepared as described inthe literature,15,16 

mp 206-220 0C, lit.15 214-217 0C. Purity of both compounds was 
confirmed by solid state CP/MAS spectra. 1,4,5,8-Tetramethyl-
naphthalene was prepared by the following procedure. 

l,4,5,8-Tetramethyl-3,4-dih)dronaphthalene. A solution of 3.60 g of 
1,4,5,8-tetramethyl-l-tetralol17 was refluxed with 20 mg of toluene-
sulfonic acid in 500 mL of benzene with the separation of water using 
a Dean-Stark separator for 4 h.18 The reported workup gave 2.42 g 
(73.9%) of a colorless liquid, bp 74-85 °C/(0.10 mm), lit.17 85-90 
°C/(0.05 mm). 
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Table I. Experimental and Calculated Tensor Components" 

carbon type au <r22 <r33 aiyg 

"Values given are experimental results with calculated results in 
parentheses. Experimental results are referenced externally to (C-
H3)4Si. Calculated values are referenced to CH4, with the CH4 abso
lute shielding being 221 ppm at the 4-3IG basis set level. 'Protonated 
values are averages of single crystal values, a chemical shifts are av
erages of C1 and C4 and /3 chemical shifts are averages of C2 and C3. 
The single crystal values exhibit inversion symmetry such that C, = C5, 
C2 = C6, etc. c Unknown compound. 

1,4,5,8-Tetramethv!naphthalene. Dehydrogenation of 6.61 g of the 
above dihydronaphthalene over 1.2 g of 10% Pd/C at 275-300 0 C gave 
3.44 g (52.7%) of oily light yellow crystals. This, combined with 4.28 
g of picric acid and crystallized from 95% ethanol, gave 2.56 g of red 
picrate, mp 155-158 0C, lit.16 154.6-155.4 0C; 1.07 g of colorless ma
terial was recovered from the picrate in the usual manner, mp 124-130 
0C, lit.17 132-133 0C. Purity was greater than 95% by 13C NMR. 

NMQR Measurements. All spectra were recorded at room temperature 
on a Bruker CXP-100 spectrometer with a home-built doubly tuned 
MAS probe19 using variable angle spinning9,10 and standard cross-po
larization techniques with high power decoupling.20 A proton 90° pulse 
width of 5.5 ^s, 3 ms contact times, and a recycle time of 3 s were 
generally used; 256 data points were collected and the FID was zero filled 
to 1K points before the FT. The spinning angle was determined from 
the position of a L of the aromatic carbon powder pattern in hexa-
methylbenzene (HMB) recorded under the same conditions. All spectra 
were referenced externally to a MAS spectrum of HMB, with the ali
phatic peak being 17.6 ppm relative to (CH3)4Si. For each sample a total 
of five spectra were recorded: two at angles larger than the magic angle, 
one at the magic angle, and two at angles less than the magic angle. 

The spectral analysis was completed using a POWDER routine based 
on the SIMPLEX method that has been previously described.21 The four 
non-MAS spectra were fit simultaneously, with the fit locked to the 
isotropic chemical shift values obtained from the MAS spectrum. 

Calculations. Calculations of the chemical shielding tensor were 
performed on an IBM 3090-600S using the LORG program22,23 with a 

(19) Jiang, Y. J.; Woolfenden, W. R.; Alderman, D. W.; Mayne, C. L.; 
Pugmire, R. J.; Grant, D. M. Rev. Sci. Instrum. 1987, 58, 755. 

(20) Pines, A.; Gibby, M. G.; Waugh, J. S. J. Chem. Phys. 1973, 59, 569. 
(21) Alderman, D. W.; Solum, M. S.; Grant, D. M. J. Chem. Phys. 1986, 

84, 3717. 
(22) Hansen, Aa. E.; Bouman, T. D. J. Chem. Phys. 1985, 82, 5035. 

Naphthalene* 
protonated (a) 
protonated ((S) 
condensed 

protonated 
substituted 
condensed 

protonated 
substituted 
condensed 

protonated 
substituted 
condensed 

protonated 
substituted 
condensed 

protonated (C1) 
protonated (C2) 
protonated (C3) 
protonated (C4) 
substituted (C4a) 
substituted (C9a) 

protonated (C1) 
protonated (C2) 
substituted 

225 (245) 
228 (245) 
209 (201) 

140 (144) 
139(147) 
202 (222) 

23 (20) 
11 (5) 

-6 (-3) 

1,4,5,8-Tetramethylnaphthalene 
235 (248) 
231 (245) 
204 (213) 

123 (131) 
161 (155) 
202 (201) 

32(31) 
14(18) 
1 (17) 

1,2,3,6,7,8-Hexahydropyrene 
221 (240) 
230 (239) 
202 (213) 

129 (137) 
167 (160) 
197 (192) 

Pyracene 
209 (223) 
226 (236) 
202 (205) 

142 (143) 
166 (163) 
192 (200) 

24(19) 
11 (7) 
- 5 (1 ) 

19(15) 
36 (33) 
24 (23) 

Dicyclobuta [de,ij] naphthalene' 
(210) 
(254) 
(219) 

(155) 
(174) 
(197) 

Fluorene 
(235) 
(241) 
(244) 
(241) 
(251) 
(256) 

(154) 
(144) 
(149) 
(145) 
(169) 
(173) 

Biphenylene 
(222) 
(242) 
(271) 

(157) 
(154) 
(165) 

(19) 
(H) 

(7) 

(13) 
(7) 
(6) 

(H) 
(39) 
(25) 

(10) 
(5) 

(56) 

129(136) 
126(132) 
135 (140) 

130(137) 
135(139) 
136(144) 

124(132) 
136 (135) 
131 (135) 

124 (127) 
142 (144) 
139 (143) 

(128) 
(146) 
(141) 

(134) 
(131) 
(133) 
(132) 
(153) 
(151) 

(128) 
(134) 
(164) 
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Figure 1. The 4-3IG optimized heavy atom bond lengths and angles in 
(a) 1,4,5,8-tetramethylnaphthalene, (b) 1,2,3,6,7,8-hexahydropyrene, (c) 
pyracene, and (d) bicyclobuta[de,(/]naphthalene. 

4-3IG basis set.24 The calculated results are referenced to calculated 
results of CH4 with the same basis set (221 ppm) being 0 ppm. It should 
be noted that these calculations are among the largest calculations of this 
type, with 176 basis set functions used for 1,2,3,6,7,8-hexahydropyrene. 
For naphthalene,25 fluorene,26 and biphenylene,27 the experimental ge
ometries were used; for the remaining molecules, the geometries were 
optimized using the routines in the GAUSSIAN86 package28 at a 4-3IG 
basis set level as no experimental geometries have been reported. The 
optimized heavy atom bond lengths and angles are shown in Figure 1. 

Results and Discussion 

Both the experimental and calculated principal values for 
naphthalene, 1,4,5,8-tetramethylnaphthalene, 1,2,3,6,7,8-hexa
hydropyrene, and pyracene are listed in Table I. The experimental 
results for naphthalene are from a single crystal study.2 Exper
imentally, the symmetry of the isolated naphthalene molecule is 
not maintained in the crystal, and, therefore, slightly different 
chemical shift tensor components were obtained for carbons that 
are considered equivalent in the isolated molecule (C2 symmetry); 
however, for the purposes of this work the average of these similar 
components is used. Calculated results on fluorene, biphenylene, 
and bicyclobuta[<&,//']naphthalene are also included in Table I. 

Several observations can be made from the experimental results. 
For the condensed or bridgehead carbons, ax, and <r22 are nearly 
equivalent, with the largest difference, 10 ppm, observed in py
racene. As discussed in the preceding paper in this series,6 this 
is an indication that the three adjoining ir-bonds to the bridgehead 
carbon in the compounds studied here have similar electronic 
densities suggesting that a delocalized ir-electronic structure is 
realized. Furthermore, the data indicate that the alkyl substituents 
do not significantly change the ir-electronic structure of the parent 

(23) Bouman, T. D.; Hansen, Aa. E. Chem. Phys. Lett. 1988, 149, 510. 
(24) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 
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(26) Burns, D. M.; Iball, J. Proc. R. Soc. London 1955, A227, 200. 
(27) Fawcett, J. K.; Trotter, J. Acta Crystallogr. 1966, 20, 87. 
(28) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; 
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C. M.; Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; 
Fluder, E. M.; Pople, J. A. Gaussian 86; Carnegie-Mellon Quantum Chem
istry Publishing Unit: Pittsburgh, PA, 1984. 
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Figure 2. Least squares fit of calculated versus experimental chemical 
shielding tensor components for the substituted naphthalenes, tri-
phenylene, and phenanthrene. The triphenylene and phenanthrene data 
are reported elsewhere.6 Circles are <rn values, squares U22, and triangles 
on-

compound, naphthalene. In addition, <ri3 of the condensed or 
bridgehead carbons are also further upfield than (T33 of the pro-
tonated or alkyl substituted aromatic carbons. This trend is also 
observed in pyrene,3 triphenylene,6 and coronene.4 The downfield 
isotropic chemical shift arising from alkyl substitution of the 
aromatic carbon is primarily concentrated in <r22; however, on is 
also shifted slightly downfield while <r33 tends to shift upfield in 
going from a protonated to a substituted carbon. Again, pyracene 
is unique with <rn shifted downfield along with au and U22. The 
large downfield shifts observed in o-33 for both the substituted and 
condensed carbons in pyracene are the reasons for the isotropic 
chemical shifts of these carbons appearing several ppm downfield 
relative to the other compounds in this study. Similar downfield 
shifts in <r33 are found in the theoretical calculations for fluorene 
and biphenylene, making it reasonable to attribute this trend to 
the presence of strain in the attached C-C <r-bonds. However, 
calculations on the unknown compound of bicyclobuta [<&,(/]-
naphthalene do not show the isolation of the large downfield shift 
calculated for the isotropic shift in c3}. These results clearly 
indicate that the substituent effects are highly dependent on the 
nature and symmetry of the alkyl substituent. Efforts are un
derway to obtain experimental data on the chemical shift tensor 
components of aromatic carbons in fluorene and biphenylene as 
well as in other compounds containing four- or five-membered 
rings. 

The excellent agreement between the experimental and cal
culated results noted in Table I may be seen in Figure 2. A least 
squares fit to the line in Figure 2 has a slope of 1.07, an intercept 
of-2.5 ppm, and a correlation coefficient of 0.990. The only major 
differences between experiment and theory are observed in trn, 
with the calculated values nearly always 10 to 20 ppm further 
downfield than the observed values. This is reflected in the effect 
of the 1.07 correlation slope as the ^33 values cluster in the region 
of CH4 (0 ppm) where the experimental and theoretical values 
are put into correspondence with each other. This trend has been 
previously observed for unsaturated carbon29 and nitrogen30 

chemical shieldings and is believed to reflect an inadequacy of 
the theory and the possible need for electron correlation in the 
calculations. 

The calculated orientations of the principal axis system for all 
the compounds are shown in Figure 3. For all carbons (T33 is found 

(29) Orendt, A. M.; Facelli, J. C; Beeler, A. J.; Reuter, K.; Horton, W. 
J.; Cutts, P.; Grant, D. M.; Michl, J. J. Am. Chem. Soc. 1988, 110, 3386. 
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Figure 3. Orientation of calculated principal axis system of the chemical 
shielding tensor in (a) naphthalene, (b) 1,4,5,8-tetramethylnaphthalene, 
(c) 1,2,3,6,7,8-hexahydropyrene, (d) pyracene, and (e) bicyclobuta[rfe,-
ij]naphthalene. For clarity of presentation only (Tn is shown; (T22 is also 
in the aromatic plane and perpendicular to <rn while <r33 is always cal
culated to be perpendicular to the aromatic plane. 

to be perpendicular to the aromatic plane. For clarity only the 
orientation of an is shown in the figure; <r22 is in the aromatic 
plane and perpendicular to (T11. In all of these molecules, molecular 
symmetry dictates that for the bridgehead carbons au must lie 
either along or perpendicular to the central C-C bond; however, 
because of the similarity of au and <r22 the determination of which 
one of these two directions the <rn component should lie along 
lacks reliability at the present level of theoretical development. 
Early theoretical predictions13 at the MNDO level for naphthalene 
essentially agreed with the single crystal results, but more recent 
ab initio calculations presented here disagree with these simpler 
calculations. Because an and <r22 are nearly identical in the 
naphthalenic derivatives, there remains no theoretical basis for 
dealing with this minor discrepancy at this time. 

Before considering the trends observed in the calculated ori
entations, a comparison between theory and experiment can be 
made for naphthalene, where the orientations have also been 
determined experimentally.2 For the bridgehead carbon of 
naphthalene the calculations place (T11 along and <r22 perpendicular 
to the central bond, in disagreement with the experimental results. 
Experimentally, a deviation of 10° from the symmetrical orien
tations is observed with <r22 being nearly along the central bond. 
This 10° rotation, with sizable relative errors, was attributed to 
either the effects of intermolecular interactions in the crystal 
and/or to deformations from mmm symmetry.2 The calculation 
on an isolated molecule with mmm symmetry has no basis to 
reproduce these minor deviations from the symmetry directions. 
The theory and experiment also differ in the magnitude of the 
component that is associated with the direction along the bond. 
This disagreement is probably related to a greater theoretical break 
from trigonal symmetry at the bridgehead carbon than reflected 
by the small experimental difference, 7 ppm, between an and <r22. 
This small difference, coupled with limits in the accuracy of the 
calculated values of an and ?22, could easily lead to the observed 
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reversal in orientations. Therefore, for the bridgehead carbons 
in the three substituted naphthalene compounds, no discussion 
about the relative directions of the an and <r22 axes is now possible. 

For the protonated aromatic carbons of naphthalene, an is 
always approximately along the C-H bond, rotated slightly away 
such that (T11 is closer to being perpendicular to the C-C bond 
with the highest ir-bond order.213 For both protonated carbons 
the calculated orientation of (T1 ] and <T22 shows the rotation in the 
same direction as the experimental results, and the calculated angle 
is within 4° of the experimentally determined angle. For the 
protonated carbons in the substituted naphthalene compounds 
studied, the C11 component is also always calculated to lie nearly 
along the C-H bond. The angle of rotation from the C-H bond 
is always in the same direction as observed for the same carbon 
(C2) of naphthalene, but as the substituent on C1 becomes more 
strained the angle between the (T1 j axis and the C-H bond in
creases. This suggests that it is the ?r-electron system in the 
associated ring which dominates the an direction. Unlike pyrene, 
phenanthrene, and triphenylene,6 the naphthalenic fused ring 
system allows for all the 7r-bonds to be reasonably highly popu
lated. An appreciation of this feature is readily obtained from 
a consideration of the regular Kekule structures possible for these 
various condensed aromatics and the corresponding ?r-bond 
population distributions. For highly fused systems, a given x-bond 
often may be populated only in a single Kekule structure. 

While experimentally determined chemical shift orientations 
are not available for any of the aliphatically substituted aromatic 
carbons studied in this paper, there is no reason to believe that 
the calculated orientations will not be as accurate as those for the 
protonated carbons. In addition, single crystal results of 
1,2,4,5-tetramethylbenzene (durene)12c place an nearly along the 
substituent C-C bond. In the three alkyl-substituted carbons, <xn 
is always rotated away from the saturated C-C bond such that 
it approaches the perpendicular to the same aromatic bond as the 
(T11 of the corresponding protonated compound. This is expected 
owing to the alternation of ir-bond order characteristic of aromatic 
systems, as (T1i tends to be perpendicular to the bond with the 
highest 7r-bond order in both the substituted carbon (C1) as well 
as in the protonated C2 carbon. As the strain in the alkyl sub
stituent increases, the angle of rotation away from the aliphatic 
C-C bond also increases. Calculations completed on dicyclo-
buta[<fe,y] naphthalene, an unknown compound in which the alkyl 
substituent is a four-membered ring, continue to support this 
general rule. 

Conclusions 
The valuable technique of variable angle spinning has been used 

to extract the principal values of the chemical shift tensor from 
molecules with three highly overlapping powder patterns as well 
as a strong aliphatic signal, a task that could not easily be ac
complished by a measurement on a static sample without resorting 
to isotopic enrichment. The chemical shift tensor components 
obtained for 1,4,5,8-tetramethylnaphthalene, 1,2,3,6,7,8-hexa
hydropyrene, and pyracene indicate that the aromatic structure, 
which dominates the value of an and O12 as well as their orientation 
in the molecular frame, does not vary much from unsubstituted 
naphthalene. The effects of the substitution on the components 
as well as their orientations in the molecular frame can be ra
tionalized in terms of substituent effects and the strain associated 
with four- and five-membered rings. 

While good general agreement is obtained between experimental 
and theoretical chemical shift components, a problem still exists 
with orientational information in cases where two of the com
ponents are within about 10 ppm. Therefore, at the current level 
of theory no differences between the chemical shielding tensors 
of the bridgehead carbons of the compounds studied in this paper 
can be discussed. However, in cases where the separation of 
components is larger, as in the protonated and substituted carbons 
of these compounds, greater confidence in the calculated orien
tational information is warranted. 

Acknowledgment. This work was supported by the Department 
of Energy Office of Basic Science (Grant No. DE-FG02-



2836 / . Am. Chem. Soc. 1992, 114, 2836-2842 

86ER13510), by the Pittsburgh Energy Technology Center 
through the Consortium for Fossil Fuel Liquefaction Science 
(Contract No. DE-FC22-89PC89852), and by the National 
Science Foundation through the Advanced Combustion Engi-

Introduction 

Heteropoly acids are good cluster models of mixed oxide 
catalysts, and their catalyses can be described at the molecular 
level.1"5 At the same time, they are good starting materials for 
catalyst design based on their acid and redox properties.3 In fact, 
heteropoly compounds are used as catalysts for several industrial 
processes6 such as oxidation of methacrolein, hydrations of 
propene, n-butene, and 2-methylpropene, and polymerization of 
tetrahydrofuran. 

A very remarkable property of the heteropoly acids when they 
are used as solid catalysts is the formation of a "pseudoliquid 
phase" that we reported earlier.7 Higher activities of H3PW12O40 

at low temperatures for dehydration of alcohols,8-10 etheration," 
esterification,12 alkylation,13 and decomposition of ester14 than 
of SiO2-Al2O3 and other solid acids are closely related to this 
property. Polar molecules like H2O, alcohols, and ethers readily 
move into or out of the three-dimensional bulk phase, sometimes 
expanding or shrinking the distance between the anions.7'15,16 This 
behavior is due to the flexible nature of the secondary structure 
(or the three-dimensional arrangement of polyanions, counter 
cations, etc.) of the heteropoly acid in the solid state.5 This is 
not the adsorption in the micropores of the heteropoly acids (there 
are no micropores in the crystal structure17). A large number 
of alcohols were readily absorbed during the dehydration,1819 as 
revealed by the transient-response analysis using isotopically la
beled alcohols. This pseudoliquid phase behavior brought about 
high catalytic activities for a variety of reactions as cited 
above.8"14,20,21 Besides the activities, unique selectivities for 
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dehydration of ethanol22 and conversion of dimethyl ether to 
hydrocarbons23 have been reported. 
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Catalysis by Heteropoly Compounds. 20.' An NMR Study of 
Ethanol Dehydration in the Pseudoliquid Phase of 
12-Tungstophosphoric Acid 
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Abstract: Dehydration of ethanol in the pseudoliquid phase of 12-tungstophosphoric acid, H3PW12O40, was studied by means 
of solid-state NMR combined with IR, thermal desorption, and transient-response methods. It was confirmed by the tran
sient-response method using isotopically labeled ethanol that a large amount of ethanol was absorbed in the lattice of the catalyst 
bulk (pseudoliquid phase) under the reaction conditions, and the reaction proceeded in the bulk phase. Probable reaction 
intermediates of the ethanol dehydration such as protonated ethanol dimer ((C2H5OH)2H

+) and monomer (C2H5OH2
+) were 

directly identified in this phase by solid-state NMR spectroscopy. The assignments were supported by IR spectroscopy and 
stoichiometry of ethanol absorption. By comparison of the NMR data with the results of thermal desorption of ethanol, the 
dimer and monomer species are very likely the intermediates for diethyl ether and ethylene formation, respectively. The unusual 
pressure dependence observed for the dehydration of ethanol was reasonably explained by the changes in the concentration 
of these intermediates in the pseudoliquid phase. 
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