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It is generally accepted that the chemisorption of triphenylmethane on silica- 
alumina involves hydride ion abstraction and constitutes evidence for a few (5 x 
10’2/cmz) strong Lewis acid sites. Observations oontrary to this interpretation in- 
clude (1) about ten molecules of NH, or n-butylamine per “Lewis site” are required 
to poison the reaction; (2) protonic acids mounted on silica also catalyze this reac- 
tion; (3) 90% or more of the chemisorbed trityl ion is recovered as triphenylcarbi- 
nol, not triphenylmethane; (4) the rate of formation of trityl ions is strongly 
accelerated by light; (5) the generation of trityl ions by SiOz + BF, does not 
proceed at a significant rate in the dark, and triphenylcarbinol is a product of the 
light reaction. 

The evidence suggests that triphenylmethane is oxidized to triphenylcarbinol, fol- 
lowed by reaction with a Bronsted acid to generate the trityl ion. In support of this 
interpretation, Ph,CH and Ph,COH give substantially the same endpoint when used 
as indicators in the titration of catalyst acidity with n-butylamine. 

Evidence is also presented that in the reaction of perylene with silica-alumina to 
form the perylene cation radical, Bronsted sites catalyze the reaction with some 
form of chemisorbed oxygen which acts as the electron acceptor. The spin concen- 
tration is therefore not a measure of the number of strong Lewis acid sites. 

INTRODUCTION place on Lewis acid sites. The spin concen- 
The reaction of triphenylmethane with a tration has been reported to be 1.6 to 2 X 

silica-alumina catalyst to form a chemi- 101z/cm2 (db, 4) ; it has been proposed that 
sorbed triphenylcarbonium ion has been the spin concentration is a measure of the 

interpreted by Leftin and Hall (I) as a number of Lewis acid centers on the cata- 
hydride abstraction by Lewis acid sites on lyst surface (3b, 4). Brouwer (2b) and 
the surface. It was proposed that the num- Rooney and Pink (Sb) have advanced the 
ber of chemisorbed trityl ions, about 5 X hypothesis that the identical Lewis sites 
1012/cm2, is a measure of the number of are responsible for the conversion of tri- 
strong Lewis acid sites (1) . These observa- phenylmethane to the triphenylcarbonium 
tions have been rather widely accepted as ion and the oxidation of perylene and other 
proof of the presence of strong Lewis acid polynuclear aromatic hydrocarbons to the 
sites on cracking catalysts. corresponding radical ions. 

More recently, it has been shown (2, 3, As part of a research program designed 
4) that perylene is chemisorbed on silica- to help elucidate the nature, strength, and 
alumina as a positive radical ion and it concentration of the acid sites present on 
was suggested that this interaction takes silica-alumina and other acid catalysts, we 

*Presented at Symposium on “New Tools in have studied the reaction of triphenylmeth- 
Heterogeneous Catalytic Research” at New York ane and perylene with silica-alumina. Sev- 
Meeting of the American Chemical Society, Sep- era1 significant observations are detailed 
tember, 1963. below which do not appear to be consistent 
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with the view that a small population of 
strong Lewis sites removes hydride ions 
from triphenylmethane or acts directly to 
accept electrons in the formation of peryl- 
ene radical ions. It is the intent of this 
paper to present the evidence for an alter- 
native explanation of the nature of these 
reactions. In the case of triphenylmethane, 
the evidence favors the reaction: 

PhtCH + 0 -+ PhaCOH 

(1) (11) 

The implications of these and other obser- 
vations on t,he question of the nature of 
the surface acid sites will be discussed. 

EXPERIMENTAL 

Equipment and procedures. Optical 
spectra of catalysts were determined using 
an improved technique involving transmis- 
sion through a thin wafer (~0.6 mm) of 
catalyst immersed in solvent approximating 
it in refractive index. This procedure mini- 
mizes scattered light, and transmissions of 
over 507% in the visible can be obtained. 
This technique has been independently 
suggested by Hall (4). 

Powdered catalyst, sieved to minus 325 
mesh, was pressed into a 30-mm disc using 
pressures of 30-80 tons/sq. inch as de- 
scribed by Webb (5). These discs were 
trimmed into approximately square wafers 
of about 3 cm2 area and mounted into 
rectangular quartz cells using a platinum 
wire screen support with a circle of 1 cm 
diameter cut out for the light beam. The 
weight (after activation, usually at 500”) 
and area of the wafer were determined be- 
fore mounting. Spectra were obtained with 
a Cary Model 11 recording spectrophotom- 
eter, using a blank catalyst wafer in the 
reference beam. If necessary, calibrated 
screens were used to adjust the transmis- 
sion of the reference beam. 

In some cases where rigorous exclusion of 
air or moisture was not required, the cata- 
lyst wafers were mounted in standard 3 X 
3 X l-cm rectangular quartz cells which 
were placed perpendicular to the long axis 
of 5 x 25-cm Pyrex test tubes fitted with 
50/50 female standard taper joints. A 
short 5-mm side tube fitted with a serum 

cap was located near the joint, and in- 
dentations were provided so that the quartz 
cell could be properly positioned to inject 
liquids into the cell via a hypodermic 
syringe. The male joint was fitted with a 
two-way vacuum stopcock and standard 
taper joint for attachment to a vacuum 
line equipped with a molecular sieve trap 
and capable of reaching 1O-6 mm of mer- 
cury or better. The catalyst wafer was ac- 
tivated at 450” in VCXUO, the quartz cell 
filled with the desired solution through the 
serum cap, then the quartz cell was re- 
moved from the activation tube, covered, 
and the spectrum obtained. 

For spectral measurements requiring 
rigorous exclusion of air and moisture a 
3 X 4 X 1.6-cm rectangular quartz cell was 
sealed to one end of a 40-mm quartz tube, 
and a 65/40 Pyrex O-ring joint to the 
other. A 5-mm quartz tube fitted with a 
serum cap was attached at an angle near 
the top of the quartz tube so that the cell 
could be filled via a hypodermic syringe. 
The catalyst wafer was mounted in a 2.5 X 
5 X 1.2-cm inner cell equipped with hooks 
to facilitate lowering into the rectangular 
cell attached to the activation tube. The 
other half of the O-ring joint was provided 
with a two-way vacuum stopcock and a 
gas-inlet tube ring-sealed to the stopcock 
and extending to just above the quartz 
inner cell when the assembly was closed. A 
special cell holder and cover were con- 
structed for use with the Cary Model 11. 
Buna N O-rings were employed. 

For certain experiments where it was 
necessary to exclude oxygen from the solu- 
tion added to the activated catalyst wafer, 
a glass tube closed with a Teflon-bore 
stopcock was attached to the serum-cap 
fitting by a short piece of Tygon tubing. 
The desired solution was placed in this 
tube, degassed by evacuation with alter- 
nate freezing and thawing, and pressured 
with purified nitrogen to superatmospheric 
pressure. The stopcock was closed, and af- 
ter activation of the catalyst, the solution 
was admitted to the evacuated spectrome- 
ter cell by opening the stopcock with the 
tube inverted. Using this technique with a 
disc of M-46 hydrogenated at 45O”C, the 
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oxidation of perylene to the cation radical 
was inhibited to about the same degree as 
reported by Fogo (6) employing rigorous 
high-vacuum technique and break seals; 
the procedure was therefore considered 
adequate for studies of the oxidation of 
triphenylmethane. 

In solution spectroscopy, extinction coef- 
ficient and absorptivity values are usually 
based on a l-cm light path and concentra- 
tions expressed in g/liter. Concentrations 
of species adsorbed on catalyst wafers were 
expressed in units of mg/cm* in order that 
calculated absorptivity and Q values would 
be numerically equal to those in solution. 
(In l-cm cells, a solution of 1 g/liter con- 
centration contains 1 mg of solute per cm2 
of area exposed to t,he light beam.) 

In some cases, e.g., NH,, gases were 
admitted to the activated catalyst by 
means of a gas syringe and the serum-cap 
fitting. In some cases it was possible to 
replace the rubber serum cap after punc- 
ture; in others, it was sealed wit.h glyptal 
to prevent leaking. 

Treatment of silica with HF or BF, was 
carried out by placing the powdered cata- 
lyst in the bottom of one of the Pyrex 
activation tubes (omitting the quartz Cary 
cell) and activating by heating under vac- 
uum. The HF or BF, was weighed into a 
small stainless steel bomb equipped with a 
needle valve, and rapidly admitted to the 
evacuated tube through the stopcock. Even 
so, HF reacted sufficiently with the Pyrex 
to cause the stopcock tube to become warm. 
The powdered catalyst was shaken during 
admission to promote uniform reaction. 
The tube was reevacuated after allowing 
30 min for reaction. 

Sulfuric and perchloric acids were 
mounted on silica by adding sufficient 
water to form a thick slurry with the silica, 
mixing thoroughly, and drying at 120°C. 

Catalysts. The M-46 and S-34 are com- 
mercial silica-alumina catalysts containing 
about 11% alumina, and obtained from 
the Houdry Process Corp. The surface area 
of M-46 was 280 m’/g, measured by nitro- 
gen adsorption. Davison Chemical Co. No. 
55-280 fluid silica-alumina, grade C-l-25, 
contains about 25% alumina. 

The silica used for mounted acids and 
for HF and BF, treatment was Mallinc- 
krodt silicic acid designated ‘lfor chro- 
matographic purposes according to the 
procedure of Ramsey and Patterson.” 

Reagents, The triphenylmethane and 
perylene used were commercial products 
purified by recrystallization. The source of 
the arylmethanol indicators and the ~1- 
butylamine titration procedure have been 
described elsewhere (7). The trifluoro- 
acet,ic acid was Eastman White Label 
purified by an efficient fractionation. Re- 
agent grade benzene was dried by percola- 
tion through freshly activated molecular 
sieves. 

Analysis for triphenylmethanol in the 
presence of triphenylmethane. Triphenyl- 
methanol is immediately and quantit,a- 
tively converted to the trityl ions by 80.- 
85% H,SO,, whereas triphenyhnethanc 
does not react (except for a slow photo- 
catalyzed oxidation which requires several 
hours for development of a visible color). 
Concentrated H,SO, converts both species 
to the carbonium ion. Two aliquots are 
evaporated to dryness in volumetric flasks, 
the residue dissolved in a few drops of 
glacial acet,ic acid, and SO-85% H,SO., 
added to one flask while concentrated 
H,SO, is added to the other. Trityl ion 
concentrations are measured spectrophoto- 
metrically, the 85% acid being run within 
a few minutes after mixing. The difference 
in absorbance between the two solutions is 
a measure of the triphenylmethane in the 
sample. This procedure may not differ- 
entiate bet,ween Ph,COH and Ph,COOH. 

RESULTS AND DISCWXION 

Molar extinction coefficient of trityl ion 
chemisorbed on silica alumina. Before an 
accurate measurement of the concentration 
of a carbonium ion chemisorbed on a catn- 
lyst surface can be made by spectrophoto- 
metric measurements, it is necessary to 
know the molar extinction coefficient E of 
the chemisorbed ion. To our knowledge, no 
such data have been reported; hence meas- 
urements of the extinction coefficient of the 
adsorbed ion were carried out. 

One procedure used was to equilibrate a 
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pressed disc of M-46 silica-alumina acti- 
vated at 450” with a known amount of tri- 
phenylmethanol dissolved in benzene or 
cyclohexane and measure the absorbance. 
Correcting for the small amount of tri- 
phenylmethanol not adsorbed by the disc 
and assuming the adsorbed Ph,COH is 
quantitat,ively converted to adsorbed trityl 
ions, an E of 28 000 was calculated. 

The second method used was to mount 
the disc in a standard rectangular quartz 
cell, treat with a solution of Ph,COH as 
before, then transfer the cell and its con- 
tained disc to a Soxhlet extractor and ex- 
tract overnight in a closed system with 
benzene refluxing over CaH, to remove all 
physically adsorbed Ph,COH from the 
catalyst. A blanket of dry purified nitrogen 
was maintained. The spectrum of the disc, 
immersed in benzene, was then measured. 
The disc was completely covered by ben- 
zene during transfer to exclude moisture. 
The disc was again extracted overnight 
using a 50:50 v/v mixture of methanol and 
benzene. The amount of Ph,COH recovered 
was determined by measurement of the ab- 
sorption spectrum of a cont. H,SO, solution 
of the ext,ract. The average of three l deter- 
minations by this method was 31 000 
(30 100, 29 200, 33 400). 

Blank experiments indicated that under 
the conditions used recovery of adsorbed 
Ph,COH from the catalyst disc by benzene- 
methanol extraction was about 95%; hence 
c values obtained by the second method 
might tend to be somewhat high. An aver- 
age of the values obtained by the two pro- 
cedures, 29 500, is probably the best value 
for E of the chemisorbed trityl ion. 

Determination of the E value at 432 rnp 
for the trityl ion in cont. H,SO, resulted in 
a value of 38 700. This is in good agree- 
ment with the 38 400 reported by Harmon 
(8). The E value for the trityl ion adsorbed 
on silica-alumina catalyst is about 77% of 
the value in cont. H,SO,. 

Similar measurements on the trianisyl- 
carbonium ion and the diphenylcarbonium 
ion adsorbed on silica-alumina led to l 

values of 75-80s of those measured in 
cont. I&SO+ 

Capacity of silica-alumina for chemisorp 

tion of trityl ions. In another paper (7) we 
have described the use of a series of aryl- 
methanol indicators in the determination 
of the acid strength distribution of solids 
by nonaqueous titration with n-butylamine. 
One of the indicators used is Ph,COH, 
which requires 50 wt % H,SO, for half 
conversion to the carbonium ion. Using this 
indicator, and titrating to the disappear- 
ance of the chemisorbed trityl ion from the 
catalyst, M-46 was found to have a titer of 
about 0.21 meq/g (4.6 X 1Ol3 sites/cm*). 
This figure is almost ten times the number 
of chemisorbed trityl ions reported by Lef- 
tin and Hall (1). 

Several methods were used to recheck 
the capacity of M-46 for chemisorption of 
trityl ions, using the same lot of catalyst as 
employed in the acidity titrations. Consid- 
erable dilution with an inert material is 
required in the spectrophotometric meas- 
urements of the concentration of chemi- 
sorbed trityl ions because of the very high 
optical density of a thin wafer of pure 
M-46 saturated with trityl ions. In all 
cases the catalyst, after activation at 500”, 
was saturated with trityl ion by equilibrat- 
ing with a solution containing a large excess 

TABLE 1 
CHEMISORPTION OF TRITYL ION BY M-46 

SILICA-ALUMINA 

Method 

Pressed disc, 27% M-46 in Cabosila 15 
Pressed disc, 5. I $& M-46 in silicic 13.7, 12.6 

acid” 
1% M-26 in KBr discb 13.1, 14.0 
Slurry of 5.1% M-46 in silicic acidc 13.3 
Extractiond 12.2, 12.1 

a Absorbance measured with disc immersed in 
cyclohexane. 

b M-46 powder eaturated with trityl ion, then 
dried in vucuo before mixing with powdered KBr 
and pressing. 

c Slurry suspended in decalin. 
dSevera1 discs saturated with trityl ion, ex- 

cess physically adsorbed triphenylmethanol re- 
moved by 24-hr extraction with benzene reflux- 
ing over CaH2. Chemisorbed material recovered 
by 24-hr extraction with CHsOH-benzene, residue 
dissolved in cont. H&Oh, and trityl ion determined 
spectrophotometrically. 
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of triphenylmethanol. The results obtained 
by the several procedures are summarized 
in Table 1, and range from 1.2 to 1.5 X 
lo-* meq of trityl ion per gram of catalyst. 
A value of 1.5 x 1CV meq/g corresponds to 
3.2 X 1Ol2 ions/cm2, somewhat less than 
the figure of 5 x 1Ol2 reported by Leftin 
and Hall (1). These data confirm the ex- 
istence of a fourteenfold discrepancy be- 
tween the capacity of the catalyst to chem- 
isorb trityl ions and the number of acid 
sites sufficiently acidic to stabilize trityl 
ions as measured by butylamine titration 
employing the trityl ion as indicator. 

Effect of NH, on trityl ion concentration. 
In an attempt to shed some light on the 
discrepancy in the number of sites able to 
stabilize trityl ions, the effect of NH, on 
the concentration of chemisorbed trityl was 
determined. The catalyst wafer was acti- 
vated, then NH, added to the evacuated cell 
and equilibrated overnight before covering 
the disc with a solution containing excess 
Ph::COH. The results are plotted in Fig. 1 

amine titration. The slope of this curve 
corresponds to the loss of one trityl ion for 
each 13 NH, molecules added. 

The data suggest that the number of acid 
sites is measured by the butylamine or 
NH, titer and not by the number of chemi- 
sorbed trityl ions. Steric considerations 
(5b) plus electrostatic repulsion between 
adjacent charged ions would be expected to 
limit the number of chemisorbed trityl 
ions. The diameter of the trityl ion is 
about 14A. If 0.21 meq/g of sites were 
uniformly distributed on the surface of 
M-46 in a square checkerboard array, the 
distance between sites would be 14.8 k; the 
actual distance is undoubtedly less than 
this and might be about 5 A if the picture 
proposed by Danforth (9) is correct. Fur- 
ther, the data do not support the view (1) 
that silica-alumina contains 5 x 1012/c~~~’ 
(0.02 meq/g) strong Lewis sites able to 
abstract hydride ions from triphenylmeth- 
ane or react with triphenylmethanol to 
form chemisorbed trityl ions. The strongest 

FROM SLOPE, ONE TRITYL ION LOST 

PER 13 NH3 MOLECULES ADDED 

0.05 0.2 
MIL‘IM00ik NH;): M-46 

FIG. 1. Effect of ammonia on trityl ion concentration. M-46 silica-alumina. 

and show that the trityl ion concentration Lewis sites should be the first to chemisorb 
is a linear function of the amount of NH, NH, and thereby become poisoned aftcl 
added. Extrapolation of this plot to zero the addition of about 0.02 meq/g of NH:,. 
trityl ion concentration gives a value of Trityl ions adsorbed on t,he surface of 
0.21 mmoles/g of NH,, which is identical M-46 have a greater affinity for NH:: than 
with the visual endpoint obtained by butyl- the catalyst acid sites. A disc of M-46 
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containing 1 pmole/g of trityl ion (and 
about 205 pmole/g of acid sites) was 
treated with 5.9 pmole/g of NH,, reducing 
the trityl ion concentration by 30% to 0.7 
pmole/g. On the basis of the number of 
sites involved, the trityl ion has about an 
11 times greater selectivity for reaction 
with NH,. The significance of this observa- 
tion is that basic substances present in too 
small a concentration to neutralize more 
than a small fraction of the acid sites pres- 
ent can considerably lower surface car- 
bonium ion concentrations and thereby 
have a disproportionate effect on the rates 
of catalytic reactions which involve car- 
bonium ion intermediates. 

TABLE 2 
ACIDITY TITRATIONS USING TRIPHENYLMETHANE 

AND PERYLENE AS INDICATORS 

n-Butylsmine titers 
bedd 

Catalyst PhEOH Ph,CH Perylene 

The above observations are not in agree- 
ment with the findings of others (1) that 
approximately one ammonia molecule was 
required to destroy one carbonium ion. A 
possible reason for this difference is a dis- 
crepancy between the number of trityl ions 
reported to be present, and the measured 
absorbance at 405 rnp (1). (If one assumes 
1 cm2 as the cross section of the platelet, an 
absorbance of 1.6 corresponds to only 2.3 
X 1O’l ions/cm2 rather than 8 X 1012.) 

SiOt + H2S04 1.35 1.05 - 
SiOn + HClOa 0.93 0.72 0.72 
M-46 0.22 0.21 0.21 
M-46 + quinoline, 0.08 0.04 0.08 

3OO”a 
M-46 + NH,, evac. 0.16 0.11 0.14 

200” 
M-46 + 0.1 meq/g 0.21 0.19 0.14 

NHac 
M-46 + NaAc (0.25 N) 0.17 0.14 0.17 
s-34 0.14 0.14 0.14 
Davison Fluid (25% 0.30 0.30 - 

ALOd 

o Catalyst equilibrated at 300” with excess quin- 
oline, then swept with a stream of purified nitrogen 
at 300” for 3 hr. 

b Excess NH8 added at room temperature, evacu- 
ated for 18 hr at 200”. 

c NH8 added at room temperature to catalyst in 
closed evacuated tube, equilibrated for 1 hr at 65’. 

Triphenylmethane and perylene as indi- 
cators for butylamine titrations. Triphenyl- 
methane and perylene have been employed 
as indicators in the butylamine titration of 
acid sites in a manner similar to that de- 
scribed using arylmethanol indicators (7). 
In the case of triphenylmethane, the cata- 
lyst was allowed to react several hours af- 
ter addition of the indicator, if necessary, 
to permit development of the yellow color 
characteristic of the adsorbed trityl ion. 
The butylamine titers of a number of cata- 
lysts are given in Table 2 along with data 
for Ph,COH as indicator. The following 
conclusions emerge from these data: 

considerable additional base must be added 
to suppress these reactions. 

3. Addition of 0.1 meq/g of NH, to M-46 
or base exchange with 0.25N sodium ace- 
tate only moderately reduces the butyl- 
amine titer. 

4. Both the perylene and Ph,CH end- 
points are about the same as, or more often 
slightly lower than, the Ph,COH endpoint. 
Comparison of the perylene titer with. a 
plot of the titers obtained with a series of 
arylmethanol indicators shows that on a 
variety of catalysts perylene is oxidized to 
the radical ion whenever H, acidity 
stronger than about 55-60% H,SO, is 
present. 

1. The protonic acids H,SO, and HClO, 
mounted on silica react with both Ph,CH 
and perylene to form the chemisorbed tri- 
tyl ion and perylene radical ion. 

5. In order to poison the reaction of 
Ph,CH with M-46, at least ten molecules 
of base must be added for each “Lewis 
site” as measured by the chemisorption of 
trityl ions. 

2. M-46 poisoned by quinoline at 300” or 6. In order to poison the oxidation of 
by adding NH, and evacuation at 200” perylene by M-46 about 40 molecules of 
have no cracking activity, but both poi- base must be added for each “Lewis site” 
soned catalysts not only form chemisorbed as measured by the spin concentration of 
ions from both Ph,CH and perylene, but 1.6 x 1012/cmZ (db). Therefore, it is un- 
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likely that a few strong Lewis sites are 
directly involved as electron acceptors in 
the formation of perylene radical ions, or 
that the spin concentration is a measure of 
the number of such Lewis sites present. 

disc of M-46 immersed in cyclohexane wit11 
the results shown in Fig. 2. Exposure of the 

Effect of light on reaction of triphenyl- 
methane with silica-alumina. The rate of 
trityl ion generation in the reaction of tri- 
phenylmethane with silica-alumina has 
been found to be strongly photocatalyxed 
both when the reaction takes place in 
vucuo on the dry catalyst and when the 
cat,alyst is immersed in a solution of tri- 
phenylmethane. The rate of the reaction 
was followed spectrophotometrically on a . . . .,I 

Reaction of triphenylmethane with SiO,- 
HF. A key argument in the case for :I 
hydride abstraction mechanism for the 
chemisorption of triphenylmethane was thr 
observation (1) that silica treated with 
HF failed to generate any trityl ions while 
silica trcatcd with BF, did chemieorb tri- 
phenyhnethane. We have found, however. 
that silica treated with HF does chemisorh 
triphenyhncthane in low conccmration pro- 
vided the water formed in the react’ion is 
pumped off so that it dots not poison the 
remaining acid sites. 

to silica activated by evacuation at 300”, 
allowed to react for 30 min, then rc-cvacu- 

In one experiment, 7.5 wt s HF (3.5 
mmole/g) was added at room temperature 

M- 46 SiOZ-A1203 DISC 0 

$ 
1.0 - CYCLOHEXANE SOLVENT 

i 

/ 0 

m 

iz 0 EXPOSED TO 

ROOM LIGHT 
W’ 
g 0.5 - 

2 
0 

E 

IN DARK, EXCEPT / 

DURING ABS. MEAS. /O 

0-O -0 1” 

o/O-o 
/O--O-- 

1 
O/ I I I 

I 2 3 

TIME IN HOURS 

FIG. 2. Effect of light on Ph,CH rrxction. 

disc to room light between absorbance 
measurements caused a sevenfold increase 
in the rate of the reaction. In another ex- 
periment the disc was exposed for 1 min on 
each side to the light of a Hanovia mer- 
cury arc; this illumination increased the 
rate by a fact,or of more than 500 times. 
While it is conceivable that a hydride ab- 
straction could be photocatalyzed, this light 
sensitivity strongly suggests the poesibil- 
ity of a free-radical oxidation to triphenyl- 
methanol (or perhaps to triphenylhydro- 
peroxide). 

ated to remove water. A benzene solution 
of triphenylmethane, degassed by alternate 
freezing and melting under vacuum, was 
introduced into the evacuated chamber 
containing the catalyst.. A faint yellow 
color was observable in about 1 min. The 
reaction was allowed to proceed overnight, 
NH, added to kill the carbonium ions, and 
the catalyst extracted with cthanol-ben- 
zene. The product was found to contain 
4.6 X IO-” mmole/g of triphenylmcthanol. 

In a second experiment, silica was cvac- 
uated to lo-: mm at 400°C with a boat 
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containing powdered triphenylmethane 
placed in the cold end of the tube. The 
Ph,CH was mixed with the cooled silica, 
heated to 100’ for 30 min, cooled, and an- 
hydrous HF admitted. It was allowed to 
react, then water removed by reevacuation 
to 10e5 mm. A yellow color was visible af- 
ter about 3 hr. The reaction was allowed to 
proceed for 3 days. At that time, benzene 
was admitted to the evacuated cell and the 
cell opened. By extraction with EtOH- 
benzene, 6.8 X 1O-5 mmole of Ph,COH/g 
of catalyst was recovered. 

Silica treated wit,h HF was found to give 
a strong yellow color when treated with 
tritolylmethanol but only a weak yellow 
color with Ph,COH indicator. This is very 
significant, for it means that Si02-HF has 
many acid sites which are stronger than 
36% H,SO,, but very few (<O.Ol meq/g) 
as strong as 50% H,SO, and thus able to 
stabilize a chemisorbed trityl ion on the 
surface (7). 

Reaction of triphenylmethane with SiO,- 
BF,. Silica treated with 4 mmole/g of BF, 
was found to have much stronger acidity 
than SiO,-HF. Titration with n-butyl- 
amine using Hn indicators revealed the 
presence of 0.47 meq/g of acidity stronger 
than 77% H,SO, and 1.41 meq/g of 
acidity using Ph,COH as indicator (7). 

In daylight, contacting SiO,-BF, with a 
benzene solution of triphenylmethane re- 
sults in a strong yellow color in 5-10 min, 
and Ph,COH was recovered from a ben- 
zene extract of t,he catalyst. On the other 
hand, when the reaction is allowed to pro- 
ceed in the dark, only a trace of color was 
observed after 3 days, and this was un- 
doubtedly due to brief light exposure dur- 
ing mixing. Thus, if SiO,-BF, is a Lewis 
acid, it is incapable of removing a hydride 
ion without the intervention of light. 

It is at least open to question whether 
the reaction products of BF, with a hy- 
droxylated silica surface would retain 
strong Lewis acidity. Coordination of the 
boron atom with an oxygen atom in a hy- 
droxyl group would eliminate the Lewis 
acid center and make the hydrogen atom 
strongly acidic. The above results suggest 
that it is at least unlikely that the trityl 

ion is formed by a hydride abstraction 
mechanism. 

Oxidation of triphenylmethane to trityl 
ion in Bronsted acids. Solutions of Bron- 
sted acids which have an H, acid strength 
greater than 50% H,SO, catalyze the oxi- 
dation of triphenylmethane to the trityl ion 
in the presence of light. The rate of oxida- 
tion in 60-80s H,SO, is relatively slow 
due to limited solubility. However, when a 
few crystals of triphenylmethane are added 
to either 57:32:11 or 44.5:44.5:11 v/v 
CFJZOOH-AcOH-C,H, and shaken, a 
perceptible yellow color appears almost im- 
mediately, and the solution is a deep yellow 
within 15 min. No color is observed in a 
similar experiment kept 4 days in the dark. 
A 2 M solution of trichloroacetic acid in 
benzene also oxidizes triphenylmethane. 
Since these latter acids are not oxidizing 
agents, and there is no possibility of hy- 
dride abstraction, it appears that triphenyl- 
methane is oxidized by dissolved molecular 
oxygen to the carbinol or hydroperoxide 
which is then protonated to generate the 
trityl ion. The isolation of a product con- 
verted by 80% H,SO, to trityl ion indicates 
that a similar oxidation reaction takes 
place on the surface of acid catalysts. 

The rate and extent of oxidation in 
CF,COOH-AcOH-C&H, mixtures was 
shown to increase with the acid strength; 
however, a small amount of triphenylmeth- 
ane was oxidized to triphenylmethanol 
even in a 11: 78: 11 v/v solution whose acid 
strength (23639% H,SO,) is too low to 
convert any of the Ph,COH formed to the 
trityl ion. 

Recovery of chemisorbed triphenylmeth- 
ane as triphenyhnethanol. It has been re- 
ported (1) that upon addition of NH,, the 
chemisorbed trityl ions were reconverted to 
Ph,CH, although no quantitative data were 
cited to eliminate the possibility of excess 
unreacted Ph,CH. The following experi- 
ment was performed to provide such quan- 
titative data. 

A disc of M-46 mounted in the spectro- 
photometer cell was treated for 18-20 hr at 
450” in a flowing stream of hydrogen to 
remove chemisorbed oxygen, evacuated to 
1e5 mm, and allowed to react with a de- 
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gassed solution of triphenylmethane in 
benzene under air-free conditions to a suit- 
able trityl ion concentration. The disc was 
extracted in an atmosphere of purified 
nitrogen with benzene refluxing over cal- 
cium hydride to remove physically ad- 
sorbed and unreactcd Ph,CH. The trityl 
ion concentration on the disc was measured 
spectrocopically (under benzene). The 
benzene was removed by evacuation, anhy- 
drous ammonia in excess added to elimi- 
nate the trityl ions, and t,he disc extracted 
as before with benzene to remove the or- 
ganic material. The results of two such ex- 
periments were as follows: 

Recovery of trityl ion (%) % PhrCOH % PhrCH 

68 93 7 
73 99 1 

While complete recovery of the chemi- 
sorbed trityl ion was not accomplished, 
presumably because the extraction was not 
carried out long enough to remove all of 
t,he strongly adsorbed triphenyhnethanol 
from the interior of the disc, the material 
recovered contained very little triphenyl- 
methane. The small quantity found could 
result from incomplete extraction of unre- 
acted triphenylmethane from the disc. 
Since triphenylmethane is much less 
strongly adsorbed than triphenylmethanol, 
it is not likely that the unrecovered ma- 
terial contains much of the former. 

To eliminate any possibility that the 
source of the recovered triphenylmethanol 
could be the reaction of the chemisorbed 
trityl ions (generated by hydride abstrac- 
tion) with water in the benzene or with 
traces of oxygen during the extraction proc- 
ess, powdered M-46 was hydrogenated 18 
hr at 450’) evacuated to 1O-5 mm, cooled, 
and mixed with 0.05 meq/g of triphenyl- 
methane contained in a boat kept at the 
cold end of the tube. The catalyst was 
heated to 60” for 2 hr to promote reaction, 
then cooled in ice, and excess NH, added 
to eliminate t,he chemisorbed trityl ions. 
Ethanol was admitted to desorb the organic 
material, and the tube then opened and the 
catalyst filtered out. Measurement of the 
absorbance in 85% and 96% H,SO, showed 

that 30-40s of the material recovered was 
Ph,COH. In this case, oxygen and water 
were excluded until after all trityl ions 
were destroyed by NH,, yet a rather high 
yield of Ph,COH was still obtained. The 
most probable source is the oxidation of 
triphenylmethane with either strongly 
chemisorbed oxygen which is not removed 
by hydrogen treatment, or with oxygen ions 
in the silica-alumina lattice which are ac- 
tivated by irradiation. There are more than 
enough surface oxygen ions available to 
account for t’he amount of triphenylmeth- 
anol observed. 

Reaction of perylene with acid catalysts. 
Brouwer (2) has reported that fluorided 
y-alumina, silica-BF 3, and silica-alumina 
treated with sodium acetate all oxidize 
perylene to the cation radical, while y- 
alumina, silica, and fluorided silica all fail 
to do so. While sodium acetate drastically 
reduces the cumene-cracking (2) and 
propylene-polymerization (10) activity of 
silica-alumina it had only a small effect on 
the oxidation of perylene (2, 3b, 10). The 
conclusion has been drawn from these 
observations that Bronsted sites are re- 
sponsible for cumene-cracking (Rb) and 
polymerization (10) activity, while the 
oxidation of perylene to the cation radical 
takes place on independent Lewis sites, 
which are not readily interconvertible with 
the Bronsted sites (db, Sb, 10). We have 
found that all t,he catalysts reported by 
Brouwer (2) to oxidize perylene have H,t 
acidity stronger than 60% H,SO, as meas- 
ured by arylmethanol indicators; on the 
other hand, none of the group of catalysts 
which fail to oxidize perylene has acidity 
as strong as 557% H,SO,. It was also noted 
above for the group of catalysts in Table 2 
that the butylamine titer with perylene as 
an indicator corresponds to the titer with 
H, indicators at an acid strength of 55- 
605% H&SO,. 

Fogo (6) has observed that when silica- 
alumina is hydrogenated at 500” to remove 
adsorbed oxygen and treated with perylene 
in a high-vacuum system with rigorous 
exclusion of air, the oxidation of perylene 
to the cation radical is largely, though not 
entirely, suppressed. It was concluded that 
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oxygen, not a catalyst Lewis site, is the 
electron acceptor. We have also confirmed 
this result using the same apparatus em- 
ployed in the reaction of SiO,-HF and 
hydrogenated M-46 with triphenylmethane, 
which indicates air was rigorously excluded 
by our procedure even though sealed tubes 
equipped with breakseals were not used. 

Aalbersberg and co-workers (11) find 
that in the presence of Bronstcd acids 
perylcnc is oxidized to the cation radical 
by oxygen and that the equilibrium con- 
stant of the reaction 

M + 02 e M+ . Oz- 

is strongly dependent upon the acid 
strength of the medium, and decreases 
from 1000 in CF,COOH-benzene (89:ll 
v/v) to 5 in 57: 32: 11 CF,COOH-AcOH 
-C,H,, and 0.02 in a 44.5: 44.5: 11 v/v 
mixture. 

Using arylmethanol indicators, we have 
est.imated the H, acidity of these latter 
two acid solutions to be equivalent to ap- 
proximately 62 and 55-57 wt % H?SO,, 
respectively. Although it was reported (11) 
that the mixture containing 57% trifluoro- 
acetic required a high pressure of oxygen to 
oxidize the perylene to the cation radical, 
we observed a slow development of purple 
color at atmospheric pressure when a few 
crystals of perylene were shaken with this 
solution. After standing about 2 hr the ab- 
sorbance of the solution at 545 rnp (char- 
acteristic of the cation radical) was about 
one and continued to increase slowly. The 
44.5: 44.5: 11 v/v acid mixture did not de- 
velop an observable color with perylene in 
5 hr. 

The above facts point to the important 
conclusion that in the presence of Bronsted 
acidity stronger than about 60% H,SO,, 
perylene is converted to the cation radical 
in low but readily observable concentra- 
tions by oxygen acting as an electron ac- 
ceptor. Further, those solid acid catalysts 
which exhibit an H, acidity stronger than 
60% H,SO, all develop a purple color on 
contacting with perylene; those whose Hz 
acidity is significantly weaker than this do 
not. Removal of chemisorbed oxygen from 
silica-alumina by hydrogenation greatly 

reduces the concentration of the perylene 
cation radical (4, 6), and within experi- 
mental error, the decrease in the number 
of radical ions formed when the catalyst is 
reduced corresponds to the number of oxy- 
gen molecules removed (4). The following 
conclusions are indicated: 

1. Lewis acid sites, such as electron- 
deficient aluminum atoms, need not be 
postulated to explain oxidation of perylene 
by acidic solids. 

2. Acidic solids may oxidize perylene by 
a mechanism similar t,o that observed by 
Aalbersberg et al. (11) in CF,COOH- 
AcOH-C&H, solutions, i.e., a combination 
of strong Bronsted acidity and oxygen as 
electron acceptor (6). 

3. The spin concentration observed when 
perylcne is added to an acidic solid will 
depend both upon the II, (presumably 
Bronsted) acid strength and the concen- 
tration of electron acceptors such as 
oxygen. 

4. Adding BF, to silica is much more ef- 
fective than adding HF in catalyzing the 
oxidation of perylene, not because of the 
fact that it is a Lewis acid but because the 
H, acid strength of the treated siIica is 
much greater. 

DISCUSSION 

The Nature of the &id Centers 

The nature of the active acid centers on 
a cracking catalyst has been a matter of 
dispute for some years. The pertinent lit- 
erature has been reviewed elsewhere (la). 
The results cited above can be construed as 
additional strong evidence for protonic 
acidity for reasons discussed below. 

The evidence against the hydride ab- 
straction mechanism for the chemisorption 
of triphenylmethane on silica-alumina may 
be summarized as follows: 

1. Up to 14 moles of base per hypotheti- 
cal Lewis site are required to poison the 
chemisorption. 

2. Strong protonic acids mounted on sil- 
ica also chemisorb triphenylmethane. 

3. In the presence of oxygen and light, 



liEACTION OF PH3CH ANI) PEHYI,E:SE WITH SI02-.\I,.jO:; 2-N 

solutions of strong Bronsted acids oxidize 
triphenylmethane to the trityl ion. 

4. The chemisorbed trityl ions are de- 
sorbed by NH, almost quantitatively as 
triphenylmethanol (or possibly the hydro- 
peroxide). 

5. Light greatly accelerates the rate of 
clicmisorption. 

6. Silica treated with BF, does not chem- 
isorb triphenylmethane in the dark, and 
Yh,COH is a product of the light reaction. 

7. Leftin and Hall (1) observed that af- 
tcr desorption of the chemisorbed triphen- 
yhnethane by adding water, 5 min pumping 
at room temperature completely restored 
the original concentration of trityl ions, 
whereas the original chemi?orption re- 
quired many days at 100”. Such behavior 
Jvould be cxpectcd only if the triphenyl- 
methane had been converted to triphenyl- 
methanol in a vcl-y slow reaction. 

The first three of the above arguments, 
substituting perylene for triphenylmethnne, 
also apply against the hypothesis that 
pcrylene is oxidized to the cation radical 
by these same strong Lewis sites. The oxi- 
dation of pcrylene in a solution of BF, also 
required photocatalysis (13). An atom or 
molecule of oxygen is required for each 
molecule of perylene oxidized by silica- 
alumina (4, 6). The reactions of triphenyl- 
methane and perylene w&h silica-alumina 
are not therefore good evidence for a few 
strong Lewis sites on this catalyst and can 
take place on sites inactive for catalytic 
cracking or polymerization. 

The observation that pcrylcne is no 
longer oxidized to tllc cation radical when 
the H, acidity falls below about 60% 
H,SO,, both in solutions of Bronsted acids 
and on the catalyst, surface, strongly sug- 
g&s the solid acids are also of the Bron- 
stcd type, i.e., aryhnethanols are convertetl 
to the carbonium ions on acid catalysts by 
the reaction 

ROH + H+;---’ It+ + H,O 

rather than by 

(1) 

ROH + L --t It+ + LOH- (2) 

where L is a Lewis acid. Even if Lewi:: 

acids on a solid surface gave rise to indica- 
tor color changes, t.he results could not be 
expressed in terms of a single acidity func- 
tion such as the H, or H, function, for the 
relative strengths of Lewis acids depend 
both on the solvent medium and the base 
used for reference (14). Were the solid 
acids of Lewis type, it is highly improb- 
able that the perylene endpoint would oc- 
cur at the same H, acidity as in the case 
of liquid Bronsted acids. 

Additional reasons for preferring reac- 
tion (1) are: 

1. In the absence of sites with a demon- 
strated capability of removing hydride 
ions, removal of hydroxide ions from aryl- 
methanols by Lewis acids is a less likely 
mechanism for generation of carbonium 
ions than reaction with a protonic acid ac- 
cording to Eq. (1). 

2. Titrations of acid catalysts with l,l- 
diphenylethylene as an indicator suggest 
that this olefin and arylmethanols are 
measuring the same type of acidity (7). 
Generation of a carbonium ion from this 
olefin is more readily explained on the 
basis of proton addition than Lewis 
acidity (sa). 

3. Treatment of alumina with HF greatly 
increases the acid strength toward H, in- 
dicators, but not toward Hammett indica- 
tors (7) ; the fluorided alumina is also able 
to convert l,l-diphenylethylene to the car- 
bonium ion. 

4. Ion exchange of Linde 13X zeolite 
with ammonium ions followed by heating 
to 400’ to drive off ammonia would be ex- 
pected to generate protonic rat,her than 
Lewis sites. The resulting catalyst has been 
found to convert arylmethanols including 
diphenylmethanol (77% H,SO,) to the rc- 
spective carbonium ions and to have a 
cumene cracking activity of the same order 
of magnitude as M-46 (15). 

The effect on H, acidity of ion exchange 
of silica-alumina with alkali and alkaline 
earth ions is a selective reduction of H,i 
acid strength without much change in the 
number of acid sites (7). If arylmethanols 
are converted to their respective carbonium 
ions by protonic acids, there follows the 
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important and surprising conclusion that 
ion exchange of silica-alumina with alkali 
and alkaline earth ions does not eliminate 
the protonic acidity but reduces the acid 
strength to a degree depending on the 
amount and identity of the exchanging ion. 
Bases such as quinoline and ammonia have 
an analogous effect. The poisoning of ac- 
tivity for hydrocarbon conversion reactions 
means that only very strong protonic acids 
have high activity for these carbonium ion 
reactions. 

The assumption of independent Lewis 
and protonic active sites on silica-alumina 
(bb, Sb, 10) need not be invoked to explain 
the different effect of the Na+ ion on 
perylene oxidation as compared to cumene 
cracking or propylene polymerization. Both 
types of reaction can be catalyzed by pro- 
tonic sites, but perylene oxidation is initi- 
ated at an acidity of 60% H&SO, while 
cumene cracking requires much stronger 
acidity, in the range of 77’88% H,SO, (7, 
15). The sodium-treated M-46 in Table 2 
has lost all acidity stronger than 88% 
H,SO, but still retains considerable acidity 
stronger than 77% H&SO,. It has been 
found (7) that all cracking catalysts have 
HE acidity stronger than 77% H&SO,, but 
aluminas and chlorided aluminas do not. 
Fluorided alumina does have acidity of 
this strength and is known to possess con- 
siderable cracking and isomerization ac- 
tivity. 

The protonic or Bronsted-like sites must 
be more sophisticated than a simple proton 
which can be replaced by ion exchange 
with complete elimination of acidity, and 
additional work is needed to elucidate their 
nature. The fact that these sites, do not 
behave as simple free protons may perhaps 
in part explain why infrared frequencies 
characteristic of the NH,+ ion are not 
prominent when NH, is chemisorbed on 
silica-alumina (16) or fluorided alumina 
(17). 

Hydrogenation of silica-alumina at 450- 
500°C appears to remove most, but not all, 
of the chemisorbed oxygen capable of oxi- 
dizing perylene, but does not greatly affect 
the oxidation of triphenylmethane. One 
possibility is that there is an equilibrium 

between the surface oxygen concentration 
and the perylene cation radicals similar to 
that reported in solution (II), and that if 
triphenylmethane is the more easily oxi- 
dized, a lower concentration of oxygen on 
the surface would be effective in oxidizing 
triphenylmethane than in the case of 
perylene. That triphenylmethane is indeed 
more readily oxidized is suggested by the 
observation that a 57: 32: 11 v/v mixture of 
CF,COOH-AcOH-C,H, is required for 
significant oxidation of perylene at atmos- 
pheric pressure while some oxidation of 
triphenylmethane took place with a 11:78: 
11 v/v mixture. Alternatively, if triphenyl- 
methane is more easily oxidized, there 
might be more than one type of available 
surface oxygen capable of oxidizing 
Ph,CH, only one of which is capable of 
oxidizing perylene. This latter type of site 
might be more susceptible to hydrogen 
treatment than the other kind or kinds of 
surface oxygen. The role of oxygen in 
these reactions needs further study; it 
should be determined whether hydrogena- 
tion affects the ability of HF- or BF,- 
treated silica to oxidize triphenylmethane. 

Very recently, Terenin et al. (18) stud- 
ied the reaction of perylene and other poly- 
nuclear aromatics with silica-alumina and 
its component oxides. Their experimental 
observations are consistent with our inter- 
pretation of the mode of formation of the 
perylene radical ion on silica-alumina al- 
though they claim to have “disproved the 
participation of oxygen traces in this phe- 
nomenon.” These authors appear to have 
considered only physically adsorbed oxy- 
gen or oxygen dissolved in organic solvents, 
and not oxygen so strongly bound that it 
can only be removed by hydrogenation at 
>45O”C. The failure of SiO, and Al,O, 
gels to generate perylene radical ions can 
be simply explained by the absence of 
Bronsted acidity of the requisite strength. 

Finally, we wish to briefly suggest some 
implications of these studies in regard to 
reactions during catalytic cracking. Cata- 
lytic cracking is generally considered to 
proceed via a carbonium ion mechanism. 
The chief routes which have been proposed 
for formation of the init’ial carbonium ions 
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are removal of a hydride ion from a satu- 
rated hydrocarbon, or the addition of a 
proton to an olefin or aromatic hydrocar- 
bon, In order to avoid postulating hydride 
ion removal by the catalyst, it has been 
suggested that saturates first undergo some 
thermal cracking to give olefins, which 
then become carbonium ions by simple pro- 
ton addition (19). Our results on the oxi- 
dation of Ph,CH suggest an alternate mode 
of initiation of paraffin cracking, namely, 
oxidation to an alcohol or hydroperoxide 
followed by protonation to produce the 
carbonium ion and water or hydrogen 
peroxide. Oxygen on the surface of a crack- 
ing catalyst may also contribute signifi- 
cantly to coke formation by generating 
radical ions from polynuclesr aromat,ic 
hydrocarbons, which ions condense furt’her 
in a series of reactions leading to coke. 

4. HALL, W. K., J. Catalysis 1, 53 (1962). 
6. WEBB, A. N., in “Actes Deuxieme Congr. In- 

tern. Catalyse, Paris, July, 1960,” Vol. 1, (a) 
p. 1289; (b) p. 1372. Editions Technip, 
Paris, 1961. 

6. Foco, J. K., J. Phys. Chem. 65, 1919 (1961). 
?‘. HIRSCHLER, A. E., J. Catalysis 2, 428 (1963). 
8. HARMON, K. M., AND HARMON, A. B., .I. Am. 

Chem. Sot. 83, 865 (1961). 
9. DANFORTH, J. D., Advan. Catalysis 9, 558 

(1957). 
10. S~PHARD, F. E., ROONEY, J. J., AND KEMB.~LL, 

C., J. Catalysis 1, 379-388 (1962). 
11. AALBERSBERG, I. J., GAAF, J., AND MacKoR, 

E. L., J. Che,m. Sot., p. 905 (1961). 
12. HIRSCHLEH, A. E., AND SCHNEIDER, A., J. Chem. 

Eng. Data 6, 313 (1961). 
13. AALBERSBERG, I. J., HOIJTINK, G. J., MACKOR, 

E. L., AND WEIJLAND, W. P., J. Chem. Sot., 
p. 3055 (1959). 

l/t. BENESI, H. A., J. Am. Chem. Sot. 78, 5490 
(1956). 

REFERENCES 15. 

1. LEFTIN, H. P., AND HALL, W. K., in “Actes 
Deuxieme Congr. Intern. Catalyse, Paris, 
July, 1960,” Vol. 1 (a), p. 1353, (b) p. 1307. 
fiditions Technip, Paris, 1961. 

2. BROUWER, D. M., (a) Chem. an,d Ind., p. 177, 
(1961) ; (b) J. Catalysis 1, 372 (1962). 

3. ROONEY, J. J., AND PINK, R. C. (a) Proc. 
Chem. Sot., p. 70 (1961); (b) Trans. Fara- 
day Sot. 58, 1632 (1962). 

16. 

17. 

18. 

19. 

SEITZER, W. H., AND HIRSCHLER, A. E., unpub- 
lished work. 

MAPES, J. E., AND EISCHEXS, R. P., J. Phys. 
Chem. 58, 1059 (1954). 

WEBB, A. N., Ind. Eng. Chem. 49, 261 (1957). 
TERENIN, A., BARACHEVSKY, V., KOTOV, E., 

AND KOLMOGOROV, V., Spectrochimica Acta. 
19, 1797 (1963). 

THOMAS, C. L., Ind. Eng. Chem. 41, 2564 
(1949) 


