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isopropylation of chlorobenzene. The "chelate" is characterized 
by the electrostatic interaction of the cation with both the n 
electrons of the substituent and the ir system of the ring, e.g., 

" H2N-H3C I + I" H2N-H3C x 1* 

III IV 

Such electrostatic complexes can be conceivably formed by 
C2H5

+, /-C3H7
+, /-C4H9

+, CH3CO+, and even by (CHj)2F+, which 
is probably characterized by a planar structure similar to that of 
a carbenium ion.28 

While the "chelates" III formed by carbenium ions cannot be 
distinguished on the grounds of their mje ratios from the anilinium 
ions I or the arenium ions II, it is tempting to assign the "chelate" 
structure IV to the (M + (CH3)2F+) ion actually observed, if with 
low abundances, in the CH3F CI spectra of aniline. 

The electrostatic "chelate" can evolve into different ionic species, 
i.e., protonated aniline, the N-substituted ion I, or the arenium 
ion II, whose relative proportions depend on the nature, the 
structure, and the charge distribution of the electrophile involved. 
Thus, the "assisted" ring-substitution mechanism can be expected 
to contribute little to ortho acetylation, since CH3CO+ would tend 
to bind preferentially to the hard N base of aniline. Consequently, 
the relatively low proportions of ortho-acetylated isomers from 
aniline, as well as from phenol and anisole,32,34 are likely to reflect 

(37) Stock, L. M.; Brown, H. C. Adv. Phys. Org. Chem. 1963, /, 35. 

Introduction 
Infrared multiphoton absorption by polyatomic molecules to 

induce chemical reactions has been demonstrated to be a fairly 
general phenomenon.1 In a typical experiment, a gas-phase 
sample at relatively low pressure is placed in the beam path of 
an infrared laser and excited to some high vibrational level of the 
electronic ground state. If sufficient energy has been deposited 
in the sample, chemical reaction can occur. It is possible to exert 
some control over the reactivity of the sample by controlling 

(1) (a) Danen, W. C; Jang, J. C. In "Laser-Induced Chemical Processes"; 
Steinfield, J. I., Ed.; Plenum Press: New York, 1981. (b) Bloembergen, N.; 
Yablonovitch, E Phys. Today 1978, 31, 23. (c) Schultz, P. A.; Sudbo, Aa. 
S.; Krajnovich, D. J.; Kwok, H. S.; Shen, Y. R.; Lee, Y. T. Amu. Rev. Phys. 
Chem. 1979, 30, 379. 

essentially the rate of the direct attack on the ortho positions of 
the ring. 

Conclusion 
It is customary to close the discussion of any given gas-phase 

aromatic substitution with a comparison involving the corre
sponding reaction occurring in solution. Such comparison is 
difficult in the present case because of the meagerness of data 
on the reactivity of aniline in substitution processes occurring in 
solution, whose study is complicated by the basic properties of 
the amine. In fact, the electrophilic species behaving as Bronsted 
or Lewis acids interact with the amino group, changing the very 
nature of the substrate and preventing the kinetic study of the 
free amine.37 As a consequence, most of the data from solu
tion-chemistry experiments refer to derivatives of aniline, such 
as AyV-dimethylaniline or acetanilide, whose reactivity is of course 
entirely different from that of the free amine. 

In conclusion, perhaps is not unwarranted to claim that the 
results of this gas-phase study provide the first data on the in
tramolecular selectivity of the electrophilic attack on free aniline, 
irrespective of the reaction environment, at least as far as sub
stitution by electrophilic carbon is concerned. 
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irradiation variables. Choices for these parameters, like laser 
power or frequency, in turn control which components of a complex 
mixture absorb radiation and the number of photons they absorb.2 

Nevertheless, the resulting homogeneous decomposition usually 
leads to products predominantly via the lowest energy reaction 
pathway of the absorbing species.3 

In principle, the chemical versatility of this activation method 
could be substantially enhanced through the use of heterogeneous 
gas/solid reaction channels.4"6 This added variable, a catalytic 

(2) Farneth, W. E.; Thomsen, M. W.; Schultz, N. L. Davies, M. A, J. Am. 
Chem. Soc. 1981, 103,4001. 

(3) Danen, W. A., In ref la, p 45. 
(4) George, T. F. /. Phys. Chem. 1982, 86, 10, and references therein. 
(5) Lin, M. C; Umstead, M. E. J. Phys. Chem. 1978, 82, 2047. 
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Abstract: The heterogeneous decomposition of 2-propanol vapor in the presence of CuO solid has been induced by infrared 
laser radiation. The reaction produces both acetone by dehydrogenation and propene by dehydration. Yields and branching 
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Decomposition of 2-Propanol with CuO 
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material, would allow one to control not only the energy distri
bution in the reacting ensemble through laser variables, but also 
the potential energy surface over which reactions occur through 
the appropriate choice of a catalytic substance. We wish to report 
experiments designed to probe the utility of IR multiphoton ac
tivation as a means of initiating heterogeneous chemistry at 
gas/solid interfaces. The system we have chosen to examine is 
the oxidation of 2-propanol to acetone and propylene over cupric 
oxide. Thermal activation of this heterogeneous reaction has been 
examined,7 and it has found some industrial use.8 In this paper 
we demonstrate that considerable control over the product ratios 
can be obtained by changing and/or combining variations of the 
following parameters: CuO quantity, orientation of the CuO 
surface relative to the incident beam, laser fluence, and frequency. 

Experimental Section 
2-Propanol, certified ACS Spectranalyzed grade (99.9%), was ob

tained from Fisher Scientific Co. It was stored in a gas bulb, and used 
after several freeze-thaw cycles. CuO was prepared by direct oxidation 
of Cu metal. Sheet metal was sanded with silicon carbide paper until 
visibly shiny. Samples were checked for impurity levels by X-ray pho-
toelectron spectroscopy X-ray (PES). In general, oxygen was the chief 
impurity at ~ 16% levels. The polished metal was formed into ~ 1-cm2 

plates or hexagonal prisms with faces ~ 1 cm in width. The polished 
metal forms were oxidized in a quartz pyrolysis tube for 18 min by 
heating the samples from room temperature to 300 0C under an O2 flow 
of ~2 L/min.9 The resulting samples were black green in color, indi
cative of CuO. X-Ray PES analysis showed CuO with little or no 
Cu2O.10 

The excitation source was a grating tuned Lumonics TEA 101 CO2 
laser operated at 0.5 Hz. The beam was focused with a 15-in. focal 
length ZnSe lens. Qualitatively reproducible beam profiles were obtained 
by checking the beam quality with thermal sensitive paper. Frequencies 
were determined with an Optical Engineering 16A CO2 spectrum ana
lyzer. The power was monitored by a Scientech 362 power-energy meter. 
Fluences were determined from the measured laser power and the 
cross-sectional area of the beam at a surface. The cross-sectional area 
was determined from the measured diameter of the burn pattern on 
thermal paper. The reaction vessel was a 250-mL round-bottom flask, 
modified with the approriate gas inlet ports and fitted with laser quality 
NaCl windows. The catalyst was mounted on a rotatable stopcock at the 
center of the cell so that it could be moved in and out of the iaser beam 
(for CuO flats) or turned to expose new faces (for CuO hexagons). The 
cell was filled to a known pressure of material from 40 to 500 mtorr on 
a vacuum line equipped with a Baratron 227 capacitance manometer. 
Reactions were carried out by mounting the cell within the laser beam 
path. Conditions which were varied included laser frequency, power, gas 
pressure, catalyst geometry relative to the beam, and the number of 
pulses. The reaction mixture was analyzed by GC (Varian 2400 fitted 
with a gas injection port, interfaced with a Hewlett-Packard 339OA 
integrator) utilizing either a 10% Carbowax 1540 on Chromosorb W 
column for separation of the hydrocarbons from acetone and 2-propanol 
or a 10% /3,/8' on Chromosorb W column to separate the hydrocarbons 
from one another. Identification of the major components was estab
lished by GC coinjection, gas-phase FTIR (Digilabs FTS-20) and GC-
MS (Finigan 4000CI). 

Results and Discussion 

We have observed two different reaction channels in these 
experiments as shown in Scheme I. The presence of acetone and 

(6) Chuang, T. J. J. Chem. Phys. 1980, 72, 63-3. 
(7) (a) Sheikh, M. Y.; Eadon, G., 1972, Tetrahedron Lett. 1972, 257. (b) 

Sheikh, M. Y.; Eadon. G., /. Am. Chem Soc. 1974, 96, 2288. 
(8) Thomas, C. L. "Catalytic Processes and Proven Catalysts"; Academic 

Press: New York, 1970; p 49, 50. 
(9) (a) Dunn, J. S. Proc. R. Soc. London, Ser. A 1926, 111, 212. (b) 

Hinshelwood, C. N., Ibid. 1922, 102, 318. 
(10) Mclntyre, N. S.; Cook, M. G. Anal. Chem. 1975, 47, 2208. 

Table I.0 Effect of Catalyst/Beam 

reaction geometry 

1. no CuO 
2. CuO laser parallel 
3. CuO laser perpendicularc 

Geometry on Product Ratio 

yield (%) 

44+ 5 
51 ± 6 
80 + 7 

branching 
ratiod 

43.0 
14.0 
7.4 

0 AU experiments at 40 mtorr 2-propanol, 1070.5 cm"1, 
0.54 ± 0.05 J/pulse, 500 pulses. The laser is focused to a fluence 
of ~8 J/cm2 at the focal point. b Focal point centered 5 mm 
above surface. c Surface blocks beam at focal point. 
d [hydrocarbon|/[acetone]. 

Table II.° Effect of Catalyst Position on Product Ratio 

CuO surface position6 

1. +8 
2. +5 
3. +3 
4. 0 
5. - 5 

yield (%) 

15 + 2 
3 8 + 4 
63 + 6 
80 + 7 
81 ± 7 

branching 
ratioc 

0.8 
3.8 
6.1 
7.4 
7.2 

a All experiments at 40 mtorr 2-propanol, 1070.5 cm"1, 
0.54 ± 0.05 J/pulse, 500 pulses. The laser is focused to a fluence 
of ~8 J/cm2 at the focal point. b In cm relative to the focal 
point at 0, where the CuO position in entries 1-3 is in front of the 
focal point and entry 5 is behind it. c [hydrocarbon]/[acetone]. 

propene in the product mixtures has been established by gas 
chromatography coinjections, and by FTIR and GC-MS analysis 
of the product mixture. In general, the mass balance by gas 
chromatography is adequate and no other significant reaction 
channels are implied. However, while acetone is stable under the 
reaction conditions, propene is not, and significant secondary 
chemistry of propene can occur under certain conditions. The 
secondary chemistry requires CuO and leads mainly to propane. 
Propane formation apparently employs hydrogen liberated from 
the alcohol in the oxidation to acetone. H2 and H2O are not 
analyzed by these flame ionization gas-chromatography-based 
techniques. 

Both total yield and branching ratio ([hydrocarbon]/[acetone]) 
are very sensitive to experimental parameters. Experiments have 
been carried out in two basic configurations; either the CuO 
surface is parallel to the laser beam as it passes through the cell 
or the CuO surface is perpendicular to and intercepts the beam. 
The results of experiments using a focused laser beam and these 
two reaction geometries are shown in Table I. In all cases an 
2-propanol pressure of 40 mtorr and a frequency of 1070.5 cm"1, 
P(08) 001-020, where 2-propanol is a fairly strong absorber was 
employed. Irradiation was carried out using 500 pulses with 0.54 
± 0.05 J delivered per pulse. The beam area at the focal point 
is approximately 10% that of the collimated beam, and in the 
parallel experiment the focal point is located ~ 5 mm above the 
CuO surface. The first entry of Table I shows that in the absence 
of CuO under focused conditions there is substantial laser-induced 
reaction of 2-propanol. This homogeneous reaction gives almost 
entirely propene. Addition of a cupric oxide surface in either of 
the two geometries has significant effects. The effect on both yield 
and branching ratio is more pronounced in the perpendicular 
geometry (entry 3) where the CuO surface intercepts the laser 
beam. Even in the parallel experiment, however, where the laser 
does not interact directly with the surface, enhancement of the 
dehydrogenation channel is evident. 

Within the perpendicular geometry, significant control over 
yields and branching ratios is possible simply by changing the 
position of the surface relative to the focal point. The data are 
shown in Table II. As the surface is moved from in front of the 
focal point to beyond the focal point, the total product yield 
increases, and the product mixture becomes progressively richer 
in hydrocarbon. It is interesting that the data taken 5 cm beyond 
the focal point is roughly equivalent to the sum of the uncatalyzed 
experiment (entry 1, Table I) and the catalyst 5 cm in front of 
the focal-point (entry 2, Table II) experiment. The trends in the 
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Figure 1. Yields of acetone O, and hydrocarbon (propane + propene), 
D as a function of number of CuO surfaces exposed to laser (100 mtorr 
2-propanol, 600 pulses, 0.60 J/pulse, perpendicular geometry, +8 cm, 
1037.4 cm"1). 

data can be rationalized, at least qualitatively, by an increasing 
proportion of homogeneous reaction, unimolecular dehydration 
to propene, as the vapor is exposed to progressively increasing 
energy densities. An apparently homogeneous IR-laser-induced 
dehydration of 2-propanol has been previously observed.11 

With the surface 8 cm in front of the focal point (entry 1, Table 
II), reaction is essentially the exclusive result of heterogeneous 
effects. This conclusion can be drawn from the following ex
periments. When pure 2-propanol at 40 mtorr is irradiated with 
a telescoped laser beam at a fluence of 1.03 ± 0.05 J/cm2, only 
4.9 ± 0.8% decomposition occurs over 500 pulses. Under these 
conditions, the beam is collimated and is not significantly atten
uated (<5%) as it passes through the cell. Thus there exists a 
cylindrical volume of alcohol vapor uniformly exposed to the laser. 
In the heterogeneous experiment of entry 1, Table II, the CuO 
surface intercepts the beam halfway through the cell. The beam 
fluence through the irradiated volume never exceeds 1 J/cm2, 
which is the fluence of the pure 2-propanol experiment. But, the 
volume of vapor exposed to the laser is approximately only half 
as large. Therefore, a maximum homogeneous yield of 2.5 ± 0.8% 
would be expected for entry 1. The data show that sixfold higher 
yields are obtained. Furthermore, branching ratios rich in acetone 
relative to the homogeneous conditions are observed. The con
ditions of entry 1, Table II, where it is clear that the chemical 
outcome is dominated by the heterogeneous reaction channel, are 
used to generate the remaining data (Figures 1 and 2, and Table 
III). 

The nature of the solid surface has an important influence on 
the chemical outcome. If the beam is stopped with a nonoxidized 
copper surface, the extent of decomposition is small, roughly what 
one would expect from the homogeneous component alone. 
Furthermore, the catalytic activity of the oxidized surface depends 
strongly on the number of pulses delivered. This is demonstrated 
in Figures 1 and 2. In these two experiments "CuO hexagons" 
were employed. The data in Figure 1 show acetone yields and 
hydrocarbon yields where 600 pulses were divided evenly among 
some subset of the six available faces. Thus one face represents 
600 pulses at a single surface, two faces 300 pulses at each of two, 
etc. Clearly explosure of new CuO to the beam during photolysis 
enhances the yield. Both reaction channels increase roughly in 
direct proportion to the number of faces exposed to the laser. The 
data further imply that the effect of a single surface is exhausted 
in fewer than 100 pulses. This point is amplified by an experiment 
in which the number of pulses per face was varied between 5 and 
100. The data show virtually all chemistry occurs within the first 
five pulses delivered to a given CuO surface. During the course 
of reaction, it appears as though CuO is blown off the irradiated 
region exposing the bare metal subsurface. This in itself probably 

(11) Danen, W. C. J. Am. Chem. Soc. 1979, 101, 1187. 

Figure 2. Gas-phase 2-propanol spectrum (~2 torr) in the region of IR 
laser (900-1100 cm"1) with frequencies used in experiments on the 
spectrum. 

Table III 

frequency 

931.05 
949.49 
969.15 
982.13 

1037.43 
1070.46 

without CuO6 

yield (%) 

24 ± 2 
12+ 1 
9 + 1 
5 + 1 
9± 1 

40 ± 4 

with CuOa 

yield 
acetone 

4.8 ± 0.5 
1.8 ± 0.1 
1.4 + 0.6 
3.9 ± 0.1 
4.1 ± 0.3 
3.0 + 0.4 

yield 
hydrocarbon (%) 

2.8 ± 0.1 
0.5 ± 0.1 
0.7 ± 0.3 
0.8 ± 0.2 
0.8 ± 0.2 
1.6 + 0.4 

0 CuO experiments at 100 mtorr 2-propanol, fluence -0.86 
J/cm2 at the surface, surface perpendicular to the laser beam at 
+8 cm, 500 pulses. b Total product yield (%) 130 mtorr 
2-propanol ~5.4 J/cm2 at the focus, no CuO. 

accounts for the loss of catalytic activity.12 X-ray PES confirms 
a substantially dimished oxygen content on the postphotolysis 
surface. The oxygen to copper ratio on a photolyzed catalyst was 
roughly equivalent to a preoxidized clean Cu surface. 

Yields and branching ratios also show some dependence on 
irradiation frequency. This is illustrated in Table HI, where yields 
for each pathway in the heterogeneous experiment as well as 
relative multiphoton decomposition yields from uncatalyzed 2-
propanol are listed. This heterogeneous experiment employed the 
perpendicular geometry at 100 mtorr of alcohol and a common 
fluence of 0.86 J/cm2 at the surface. Some reaction occurs at 
all frequencies. Although the differences are not large, it is 
interesting that the higher hydrocarbon yields are obtained at the 
same frequencies where multiphoton absorption in the alcohol 
vapor, as indicated by the yields of the uncatalyzed reaction, is 
maximized (931, 1070 cm"1). Acetone yields are also frequency 
dependent, but, except for the high yield at 931.05 cm"1, show 
no obvious correlation to either the gas-phase absorption spectrum 
of 2-propanol (Figure 2) or to the multiphoton decomposition yield 
in the pure vapor (Table III). 

(12) When pressed pellets of commercial CuO powder are used in place 
of the sheet oxidized metal, catalytic activity is maintained throughout a 
several hundred pulse experiment. In addition, a CuO catalytic surface 
irradiated in the absence of 2-propanol shows no catalytic activity upon ad
dition of alcohol and further irradiation. 



J. Am. Chem. Soc. 1983, 105, 1129-1135 1129 

Although at this point we have very little mechanistic insight 
into the C02-laser-induced heterogeneous chemistry of 2-propanol 
on CuO, it is apparent that controlled chemistry can be carried 
out this way. We have made no effort to maximize the yield of 
one reaction channel and are still in the process of investigating 
systematic variations in pressure, catalyst composition, and fluence. 
Nevertheless, even over this fairly limited investigation of the 
phenomenon, branching ratios ranging from 0.02 to 6 have been 
observed. At a minimum, our data require both homogeneous 
and heterogeneous pathways to products. The homogeneous 
reaction yields largely hydrocarbon, while the heterogeneous 
pathway gives principally acetone. Much of the tunability in the 
branching ratio appears to result from changes in the proportions 
of reaction from these two pathways that can be induced by 
altering reaction conditions. It would be very difficult to obtain 
comparable tunability in the branching ratio using normal thermal 
activation. Pyrolysis of alcohols in the presence of metal oxides 
usually leads preferentially to dehydrogenation.13 In the specific 
system we have employed, 2-propanol with CuO, quantitative data 

(13) (a) McCaffrey, E. F.; Klissuroki, D. C; Ross, R. A., Catal. Proc. 5th 
Int. Congr., 5th, 1972, 1973, 3-151. (b) Krylov, O. V. "Catalysis of Non-
metals"; Academic Press: New York, 1970. 

Completely synthetic surfactant vesicles provide useful media 
for the development of chemistry based on membrane-mediated 
processes.5 Areas investigated in membrane mimetic chemistry 
include reactivity control,5"7 recognition,8 solar energy conversion,9 
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for both reaction channels have apparently not been reported, but 
it is clear that at relatively low temperatures (~200 0C) acetone 
is by far the principal product.7,13 At higher temperatures hy
drocarbon products become more prominent, but a range of at 
least several hundred degrees Centigrade would be required to 
duplicate the full range of branching ratios observed in the laser 
chemistry.14 Pyrolysis of the alcohol in the absence of metal oxides 
appears to give surface-initiated free-radical chemistry leading 
mainly to acetone.15 The estimated barrier for the homogeneous 
dehydration reaction is 67 kcal/mol, approximately 12 kcal/mol 
higher than the radical pathway for pyrolysis.15 
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drug delivery,10 and analytical applications.11 These studies have 
been considerably aided by the large surface potentials and charge 

(7) Fendler, J. H.; Hinze, W. /. Am. Chem. Soc. 1981, 103, 5439. 
(S) Lehn, J. M. Ace. Chem. Res. 1978, 11, 49; Pure Appl. Chem. 1977, 

49, 857; 1978, 50, 871; 1980, 52, 2303. 
(9) Thomas, J. K. In "Modern Fluorescence Spectroscopy"; Wehry, E. L., 

Ed.; Plenum Press: New York, 1976; p 196. Gratzel, M. In "Micellization, 
Solubilization, and Microemulsions"; Mittal, K. L., Ed.; Plenum Press: New 
York, 1977; p 531. Kalyanasundaram, K. Chem. Soc. Rev. 1978, 7, 432. 
Turro, N. J.; M. Gratzel, M.; Braun, A. M. Angew. Chem., Int. Ed. Engl. 
1980, 19, 675. Fendler, J. H. J. Phys. Chem. 1980, 84, 1485. 

(10) Romero, A.; Tran, C. D.; Klahn, P. L.; Fendler, J. H. Life Sci. 1979, 
22, 1447. Tom, B. H.; Six, R. H. "Liposomes and Immunology"; Elsevier; 
New York, 1980. Gros, L.; Ringsdorf, H.; Schupp, H. Angew. Chem., Int. 
Ed. Engl. 1981, 20, 305. 

Polymeric Surfactant Vesicles. Synthesis and 
Characterization by Nuclear Magnetic Resonance 
Spectroscopy and Dynamic Laser Light Scattering 

Donald Kippenberger,1 Kenneth Rosenquist,2 Lars Odberg,2 Pietro Tundo,3 and 
Janos H. Fendler*1 <* 

Contribution from the Swedish Institute for Surface Chemistry, S-IN 28 Stockholm, Sweden, 
and the Department of Chemistry, Texas A&M University, College Station, Texas 77843. 
Received December 11, 1981 

Abstract: [CH3(CH2)15][CH2=CH(CH2)8C0NH(CH2)6] [CH3J2N+Br (1), [CH3(CH2)14C02(CH2)2]2[CH3][CH2CH= 
CH2]N+Br' (2), [CH3(CH2)!4C02(CH2)2]2NCOCH=CHC02H (3), and [CH3(CH2)17]NCOCH=CHC02H (4) have been 
synthetized. Sonication of these surfactants led to the formation of vesicles. Vesicles could be polymerized by exposure to 
ultraviolet radiation or by the use of azoisobutyronitrile (AIBN) as an initiator. Vesicles prepared from 1 polymerized in 
their bilayers. Vesicles prepared from 2, 3, and 4 have double bonds on their headgroups and could, therefore, potentially 
polymerize both at the inner and outer surfaces or separately at either surface. Polymerization of vesicles prepared from 2, 
3, and 4 by ultraviolet radiation resulted in the closing of both surfaces. Conversely, addition of AIBN to a solution of these 
vesicles and subsequent incubation at 80° led to the selective "zipping-up" of the outer surface only. Following the loss of 
vinyl protons of the surfactant vesicles by 1H NMR spectroscopy provided evidence for polymerization. Presence of vesicles 
has been demonstrated by substrate entrapment, gel filtration, and dynamic laser light scattering. Increasing the sonication 
time led to smaller and less polydisperse vesicles. On polymerization, vesicles maintained the sizes of their nonpolymeric 
counterparts. Polymeric vesicles were found to be appreciably more stable than their unpolymerized analogues. Polymeric 
vesicles retained the fluidities of vesicles and underwent thermotropic phase transitions. Addition of KCl led to the growth 
of both unpolymerized and polymeric surfactant vesicles. 
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