JOURNAL OF CATALYSIS 79, 118-131 (1983)

Isotopic Exchange between Deuterium and 2,2-Dimethylbutane on

Platinum/Silica and Palladium/Silica

VICTORIA ESKINAZI AND ROBERT L. BURWELL, JRr.!

Ipatieff Laboratory, Department of Chemistry, Northwestern University, Evanston, Illinois 60201

Received March 30, 1982; revised September 21, 1982

Isotopic exchange between deuterium and 2,2-dimethylbutane (neohexane) has been investigated
on a series of Pt/SiO, (percentage exposed of metal, D, = 6.3-81%) and Pd/SiO, (D), = 13.8-96.7%)
catalysts at temperatures in the vicinity of 100°C. Catalysts were investigated after three different
pretreatments: standard: 0,,300°; H,,300°; He,450° and H,,450°: 0,,300°; H,,450° and H,,100°: O,,
300°; H;,100°. One might expect exchange into the methylene group to be subject to substantial
steric hindrance from the adjacent t-butyl group and the degree of steric hindrance to be less at edge
atoms than at atoms in (100) and (111) faces, i.e., relatively less on small crystallites than on larger
ones. In general, the effect of Dy, upon the relative yield of ethyl-ds in neohexane did not accord
with this expectation. A possible explanation is that the bounding faces of the crystallites are
defective and contain many vacancies which generate sites about equivalent to edge sites in the

degree of hindrance. If so, usual tests of structure sensitivity could be seriously affected.

INTRODUCTION

This paper is concerned with the charac-
terization of the surface of the metal parti-
cles in Pt/SiO, and Pd/SiO, by study of the
structure sensitivity of isotopic exchange
between deuterium and neohexane. It is ex-
pected that there would be substantial ad-
sorbate—surface hindrance in cleaving the
CH bond in the CH, group of neohexane.

Steric interactions between adsorbates
and the surfaces of heterogeneous catalysts
might be expected to be at least as impor-
tant to heterogeneous catalysis as are anal-
ogous steric interactions to other areas of
chemistry, because the steric bulk of a sur-
face is apt to be at least as large as that of
any molecular species. Such information as
we have on this matter derives primarily
from studies of hydrogenation reactions
where the effect of adsorbate—surface
strain on selectivities can be major (I). For
example, in the hydrogenation with deute-
rium of bicycloheptene on platinum (2, 3),
the methylene bridge offers less hindrance
to the adsorption of the double bond than
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does the ethylene bridge. Accordingly, the
bicycloheptene adsorbs so that the methyl-
enc bridge faces the surface, deuterium
adds from the methylene side, and the
product is heavily exo-dideuterobicyclo-
heptane.
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As a second example, in competitive hy-
drogenations of mixtures of cyclopentene
and cis-di-t-butylethylene (#), cyclopentene
is hydrogenated with high preference be-
cause the t-butyl groups in cis-di-t-butyleth-
ylene introduce substantial adsorbate~sur-
face strain in the adsorbed olefin. Such
strain is so severe in adsorbed trans-di-t-
butylethylene that the olefin alone is hydro-
genated very slowly unlike the case with
the cis compound.

On the other hand, steric effects in iso-
topic exchange between alkanes and deute-
rium have received little attention except
for occasional speculation about the possi-
ble occurrence of such an effect (5) and the
report (3) that bicycloheptane exchanges on
palladium at 200°C to give predominantly
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the same exo-bicycloheptane-d,, species B,
as formed in addition of deuterium to A.

It is clear from much work by several
groups on many hydrocarbons (see, for ex-
ample, Ref. (6)) that isotopic exchange be-
tween deuterium and hydrocarbons on
metal catalysts involves a number of pro-
cesses. The turnover frequency per surface
metal atom for the formation of all ex-
changed species plus the isotopic distribu-
tion pattern (the relative yields of d,, d,, ds,
. . .)have alarge information content from
which one may hope to extract important
mechanistic information, and in suitable
cases, information of a steric nature.

The fundamental processes in alkane ex-
change have usually been taken to be: (1)
dissociative adsorption of hydrogen, (2)
dissociative adsorption and associative de-
sorption of alkane, and (3) interconversion
of monoadsorbed and 1,2-diadsorbed al-
kane. These are illustrated below for an
ethyl group.

D, + x = 2D, 8}
R-CH,-CH; + 2% =
R-CH,-CH* + Hx, (2p)
R-CH,-CH; + 2% =
R-CH=*~CH; + H*, (2s)
R—CHz-—CHz* + 2x =
R-CH*-CH,* + Hx, (3s)
R-CH*-CH; + 2% =
R-CH*-CH* + H+. (3p)

The diadsorbed alkane could also be writ-
ten as a w-adsorbed alkene,

H H
—C=C.
4

sk

The correct electronic representation of
diadsorbed alkane is uncertain as is
whether binding is to one or several atoms
of metal. However, all representations in-
volve similar geometries for the adsorbate
and in the present paper it will make little
difference as to which is closer to the cor-
rect formulation.
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If reactions (3) are fast vs reactions (2),
the ethyl group can be converted to
—~CD,CDs in the initial product, i.e., in one
period of adsorption, provided that desorp-
tion of HD is fast so that the ratio, D+/H=,
is kept large. This is generally the case in
isotopic exchange between deuterium and
alkanes (6). It is also assumed that rotation
about the CH,—CH; bond is fast. If (3) is
slow vs (—2), the initial product would be
largely RCH,CH,D or RCHDCH,;. At tem-
peratures in the vicinity of 50-100°C, 1,1-
and 1,3-diadsorbed alkanes contribute
much less to isotopic exchange than do 1,2-
diadsorbed alkanes (6).

R H3C CHj3
l \ /
C!HZ C

CH HpC  CHj
I I

* *

1,1-diadsorbed 1,3~-diadsorbed

Thus in the initial products of the ex-
change of neohexane, one expects to find
CHzD—C(CH;)z—C2H5 and (CH3)3C—C2H4D
-+ + (CH;3);C-C,Ds but no CsHgDs. How-
ever, exchange of neohexane involves a
feature absent in simpler alkanes. The hy-
drogen atoms in the methylene group are
adjacent to the bulky t-butyl group, i.c., the
hydrogen atoms are at a neopentyl position,
and significant steric hindrance should lead
to slower rates in reactions (2s) and (3s). If
slow enough the only exchanged ethyl
group in the initial product would be
—-CH,CH,D. That is, the t-butyl group
should disfavor I vs II. The diadsorbed al-
kane III should form less readily than from
unbranched alkanes like butane and cyclo-
pentane. The adsorbate—surface strain in
IIT would be like that in adsorbed cis-di-t-
butylethylene although smaller.

One might expect that rates and selectivi-
ties in heterogeneous catalytic reactions
would depend upon the surface morphol-
ogy of the catalytic component of sup-
ported metallic catalysts and, in particular,
upon the distribution of M, (surface atoms
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of metal) among various C.N. (coordination
numbers). In the absence of methods to de-
termine surface morphologies, one has as-
sumed that the metal crystallites are
bounded by more densely packed planes
like (100) and (111) of fcc (we shall later
advance doubts regarding this assumption).
On this assumption, the ratio of edge atoms
(low C.N.) to face atoms (larger C.N.)
would decrease with increasing particle
diameter which can be measured by X-ray
diffraction, electron microscopy, or chemi-
sorption. At larger crystallite diameters,
even at 4 nm, most M, would be assumed to
be located in planes of high C.N., whereas
the contrary would be true at ~1.4 nm. A
structure-sensitive (insensitive) reaction on
a particular type of catalyst is then one in
which the rate or the selectivity varies
(does not vary) significantly with particle
size or percentage exposed of the metallic
component. Thus, in structure-insensitive
reactions, and most reactions at lower tem-
peratures have been reported to belong to
this class, M; of both low and high C.N.
lead to nearly the same rates and selectivi-
ties.

Since the steric bulk at an atom in an
edge should be much less than that at one in
a face (4), formation of I from neohexane
(g) or from III would be relatively more fa-
vored on small than on large platinum crys-
tallites. Therefore, the initial product of ex-
change should contain more extensively
exchanged neohexane on smaller than on
larger crystallites of platinum. In competi-
tive hydrogenation of cyclopentene and di-
t-butylacetylene on supported platinum cat-
alysts (4), the degree of inhibition by
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cyclopentene of the hydrogenation of the
acetylene steadily decreased (although al-
ways large) as the particle size decreased.
We had available a set of Pt/SiO, cata-
lysts (7) of a wide range of particle sizes
which had been rather extensively charac-
terized by physical methods and upon
which a number of reactions had been stud-
ied (8-11). It appeared, therefore, of inter-
est to study isotopic exchange between
deuterium and neohexane on these cata-
lysts. This work was extended to a set of
Pd/SiO, catalysts. Because previous work
had indicated that variation in the condi-
tions of pretreatment of Pt/SiO, catalysts
could lead to larger effects than variation in
D, (percentage exposed of metal), we in-
vestigated all of the catalysts after exposure
to three pretreatments: standard, i.e.,
0,,300°,0.5; He,300°,0.25; H,,300°,1; He or
Ar,450°,1; cool in He or Ar, H,,100° i.e.,
0,,300°, 0.5;He, 300°,0.25;H,,100°,1, and
H,,450°, i.e., 0,,300°0.5;He,300°,0.25;
H;,450°,1; cool in H;. In the pretreatment
code, 0,,300°, 0.5; He,300°,0.25 means that
the catalyst was exposed to flowing O, at
300°C for 0.5 hr and then to He at 300°C for
0.25 hr. The first pretreatment is called
standard because this is the pretreatment
which must precede measurement of Dy, by
hydrogen chemisorption. The exchange re-
actions were investigated at temperatures
near 100°C and with D,/neohexane =10.

EXPERIMENTAL METHODS
Catalysts
The catalyst support was the wide-pore

Davison grade 62 (7). Its iron content was
48 = 15 ppm as determined by neutron acti-
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vation analysis on the Triga Mark I reactor
at Reed College, Portland, Oregon and 40
ppm as determined by atomic adsorption
spectroscopy on a solution of the gel in hy-
drofluoric acid. To illustrate the meaning of
the catalyst code, 81-Pt-IonX had a per-
centage exposed of Pt of 81% and it was
made by ion exchange of Pt(NH;)s* with
silica gel. PtCl rather than IonX indicates
preparation by impregnation with H,PtCls.
These catalysts had been characterized by
hydrogen chemisorption at 25°C, X-ray line
profile analysis, and transmission electron
microscopy (7, 12).

Some of the Pd/SiO, catalysts were pre-
pared by ion exchange at 25°C with a solu-
tion which contained a known quantity of
Pd(NH;)4(NO;), and which was brought to
a pH of 9.5 by the addition of ammonia aq.
The catalysts were then washed thoroughly
with redistilled water. In 49.8-Pd-1V, the
percentage exposed is 49.8% and IV desig-
nates the method of preparation just de-
scribed. Method II was the same but it used
Pd(NH,),Cl,.

In method I, ion exchange was effected
by exposing silica gel to a solution of PdCl,
in concd ammonium hydroxide at 70°C for 1
hr (/3). Extracting the Pd** from several
catalysts with 0.1 M HNO, followed by
analysis for Pd(II) polarographically gave
good checks for content in Pd with that ob-
tained by assuming complete ion exchange
of the added Pd(II). In addition, analysis by
uv absorption spectroscopy always showed
that the supernatant solution from ion ex-
change was free of Pd.

In method II, silica gel was impregnated
to incipient wetness with a benzene solu-
tion of Pd(acetylacetonate), followed by
drying in a mechanically rotated beaker il-
luminated with an infrared lamp (7). The
low solubility of the Pd(acac), in benzene
necessitated several successive impregna-
tions to attain the desired content in Pd.

To ensure that the surface of the silica
gels in the various catalysts should all be as
similar as possible, i.e., to have the same
degree of dehydroxylation, catalyst reduc-
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tion and pretreatment should not involve
steps with temperatures exceeding 450°C.
In catalysts prepared by methods I and II,
calcination at 400-450°C before reduction
did not lead to lower percentages exposed
(Dy) as had been the case with Pt/SiO, cata-
lysts and a variety of procedures for reduc-
tion all led to large Dy. It was then found
that the presence of water vapor during re-
duction led to lower Dy,. In method 1V, cat-
alysts were reduced in a fluidized bed and,
in some cases, the hydrogen used for reduc-
tion was saturated with water (14).

Percentage exposed of Pd was measured
with hydrogen at 60°C using a pulse tech-
nique (7, 14). Values of Dy, for catalysts I
and II were determined before the tech-
nique for measurement of D, for Pd/SiO,
had been standardized and may be of lower
accuracy.

Table 1 presents data regarding prepara-
tion and values of Dy, for the Pd/SiO, cata-
lysts employed in this paper. Values of Dy
are given to more significant figures than
are warranted so as to serve in the catalyst
code. Some water was added to 13.8- and
29.3-Pd-IV before starting the reduction
procedure (14).

Isotopic Exchange Procedures

Exchange runs were made in a grease-
free apparatus of the type previously de-
scribed (9). Deuterium was purified by pas-
sage through a Deoxo unit, SA sieve, and
grade 62 silica gel at —196°C. H, passed
through a Deoxo unit, SA sieve at —196°C,
and Cr(II)/SiO, (7). Helium was similarly
purified except that CaCl, replaced the
Deoxo unit. All gases also passed through a
Mn(II)/SiO, trap located immediately be-
fore the saturator. The Cr(I1)/SiO, was peri-
odically regenerated with H, at 500°C and
the Mn(II)/SiO; trap at 350°C.

Neohexane (Chemical Samples Co.,
99.9% purity) was refluxed and then dis-
tilled from a sodium—potassium alloy under
nitrogen and stored under nitrogen. A mix-
ture of deuterium (684 Torr) and neohexane
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Palladium Catalysts

Catalyst Pd Reduction procedure?
(wt%)

13.8-Pd-1V 2.09 [H, + H,0(25%], 25°,0.5; H,,300°,%; H,,450°,1¢
29.3-Pd-IV 2.09 [Hz + H,0(25%], 25°,0.5; H,,250°,?; H,,450°,c14
49.8-Pd-1V 1.56 [(H, + H,;){40%)], 40°,0.5; H,,450°,%1
65.5-Pd-1V 2.09 [He + H,0(25%], 25°,1; H,,450°,1¢
79.1-Pd-1V 0.49 He,300°,1; cool to 50° in He; H,,450°,14
i8.8-Pd-I 0.38 Air,630°,6; H,,300°,11; H,,650°,5¢
31-Pd-1 0.17 H,,650°,4; He,650°,2; air,650°, cool to 25°; H,,300°,2
54.4-Pd-1 0.17 Air,120°,12; H,,300°,11; He,300°,44
79.2-Pd-1 0.17 H,,300°,22; cool to 25° in vacuo; H,,400°,1.5
94.7-Pd-1 0.17 H,,300°,¢2; cool to 25° in vacuo
96.7-Pd-11 0.38 Vacuum, 25°,2; 0,,25°,0.5; 0,,400°,%3; H,,25°,2; H,,135°,2
22.5-Pd-111 1.52 Air,300°,°2; He,cool to 50°,H,,300°,3

7 The treatment code is the same as the pretreatment code. [H, + H,0(25°)] means treatment

with hydrogen saturated with water at 25°C.

b The rate of temperature rise was 0.5-1°C/min.

< The rate of temperature rise was 4°C/min.

4 Cooled after the last hydrogen treatment in helium, otherwise in hydrogen.

¢ The rate of temperature rise was 30°C/min.

(66 Torr) was prepared by passing deute-

rinm thraiioh o tfitha Af Riltrae FA_14AN
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(14-40 mesh) (9) maintained at —9.6°C by a

slush bath of dodecane.

We tried to keep conversions in isotopic
exchange large enough to get reliable mea-
surement of the yieids of the various ex-
changed species but small enough so that
distortion of the initial isotopic distribution
patterns by further adsorption and ex-
change of already exchanged molecules
was small. If x is the fraction of molecules
of neohexane exchanged, then, at lower

convercinng the ratin aof donhlv ta cinolvy
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reacted molecules is x/2 (15). We attempted
to keep total conversions near 6% where x/
2 is 0.03, but some runs with conversions of
~10% were employed Conversions were

bUllll uucu Uy dUJubLlllClll, Ul lllC cuuuuuL Uf
catalyst (0.036-0.24 g for Pt/SiO, and
0.18-1.2 g for Pd/SiO-) and by the flow rate
of D, (3-60 cm? min~!). The catalyst was
near the bottom of one arm of a U-tube of -
in. fused silica and it was preceded and fol-
lowed by small layers of Mn(II)/SiO; which
prevented access of oxygen to the catalyst.
In the standard pretreatment, the Mn(1l)/

SiO, layers which were near the top of the

T1T_tuha wara raoanaratad durine the
UCluoT WCIC TOECiCraiicd GUllilg  ulil
H,,300°,1 period. In the H,,100° and

H,,450° pretreatments, the layers were re-
generated by the use of auxiliary heating of
the layers to ~350° during the H;,100°,1 and
H,,450°,1 periods. The iayers were exposed
to O, only at 25°C in all cases. Before iso-
topic exchange runs, the catalysts were
pretreated in situ in one of the three ways
given in the Introduction, standard,
H,,100°, or H,,450°.

During exchange runs, the catalyst tem-
nerature was controlled to =0.2°C. At the
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start of a run, D, was passed over the cata-
lyst for some minutes and then diverted
through the saturator with the effluent mix-
ture bypassing the catalyst. After 5-6 min
during which a steady state was reached,
flow of D,—neohexane over the catalyst was
started. Four to five successive samples of
exchanged neohexane were collected for 1
to 5 min periods in traps kept at —196°C.
The sampies were analyzed by mass spec-
troscopy on a CEC-10-240 mass spectrome-
ter using a nominal ionizing voltage of 20 V.

Preliminary experiments indicated that
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TABLE 2

Reproducibility of Mass Spectroscopic Analysis

mle

71 72 73 74 75 76

Run 1¢

Intensity (100) 9.01 0.85 0.52 032 0.31
Run 2¢

(100) 8.89 0.81 050 030 0.29

% On fresh catalyst given the standard pretreatment;
0.0726 g of 40-Pt-PtCl-Large, 100°C, flow rate of D, =
15 ¢cm® min~'. This is not the same catalyst as 40-Pt-
PtCl-Small of Table 3.

b On catalyst of run 1 reexposed to the standard
pretreatment and run under the same conditions as in
footnote a.

the temperature which appeared to give the
most information as to differences among
isotopic distribution patterns of the various
catalysts lay near 100°C. Runs were made
at 86.5, 100, and 110°C for Pt/SiO, and at 90
and 105°C (and occasionally at 115 and
125°C) for Pd/SiO,.

Mass spectrometry. Since nechexene
gives only trace intensity at the parent
peak, isotopic analyses depended upon the
t-butyl and the t-amyl carbonium ion peaks.
Table 2 provides data which typify the re-
producibility of runs. The initial content in
H of the D,, 0.3%, was increased by iso-
topic exchange between D, and neohexane.
Correction for the small isotopic dilution
was made as previously described (/6).

The analysis of the t-butyl ion peak gave
directly the isotopic yields in the (CH3);C—
group. The isotopic yields for the ethyl
group were obtained by subtracting two-
thirds of Dy, D,, and Ds of the t-butyl group
from the isotopic yields in the t-amyl group.
This calculation assumes that there is no
isotope effect in the fragmentation of
neohexane and that all deuterium atoms in
the t-butyl group are on the same methyl.
Because of the small values of D,/D; and
D4y/Dy in t-butyl, errors resulting from the
latter assumption must be very small. It
was further assumed that no isotopic rear-
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rangement accompanied formation of
(CH;3),C-d; and (CHi),(C,Hs)C-d;*. Since
such rearrangement could lead to substan-
tial error, (CH3)3(C,Ds5)C was prepared and
examined mass spectrometrically. Five cu-
bic centimeters of 3,3-dimethyl-1-butyne
(Chemical Samples Co., 99% purity) was
isotopically exchanged twice with 6 cm? of
D,0 (in which 0.02 g of sodium had been
dissolved) to give (CH;3);C—C=CD of
98.9% isotopic purity (NMR). This was hy-
drogenated with D, using 81-Pt-IonX as the
catalyst to give a product which exhibited a
single peak in NMR, that due to the nine
methyl protons. Mass spectrometric analy-
sis of the t-butyl ion revealed the presence
of small amounts of d; and d, and small
amounts of deuterium appeared to have
been lost from the t-amyl ion. We conclude
that isotopic rearrangement occurred in
fewer than 5% of the (CH;);(C,Ds5)C* ions.
Errors introduced by such a degree of iso-
topic rearrangement are not serious.

EXPERIMENTAL RESULTS
Isomerization and Deactivation

Samples isotopically exchanged on 40-Pt-
PtCI-S at 100°C and on 11.7-Pd-IonX-III at
125°C were examined by gas chromatogra-
phy using a flame ionization detector. Since
no isomerized hexanes could be detected,
the exchange reaction was at least 20 times
faster than any isomerization reaction. Plat-
inum is known to catalyze the isomeriza-
tion of neopentane at ~275°C, much above
the temperature range employed in the
present work (I7). Palladium is usually
much less effective (17).

The activity of catalysts declined with
time on stream, approximately linearly for
the first ~6 min and then more slowly. At
10 min, declines in activity were ~15%.
The listed rates in this paper are initial rates
obtained by extrapolating to zero time. The
isotopic distributions were independent of
time on stream.

Scatter in D;-ethyl (see below) was rather
large because D-(ethyl) = D;-(t-amyl)-%¢ D;-
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(t-butyl) and both of the quantities on the
right are somewhat uncertain because of
substantial corrections for 3C. Therefore,

we usually exclude d;-(ethyl) from the iso- For ethyl we usually give D/,

topic distribution patterns. We define D; to
mean the percentage of t-butyl-d; or t-amyl-
d; in the isotopically exchanged ion, i.e.,

TABLE 3

5
D} = d, / > d.
i=2

Isotopic Exchange between D, and Neohexane on Pt/SiO,

Catalysts T D} Dj D, Dj t-bu/et? N X 102
°C

Standard pretreatment
6.3-Pt-PtCI-S 86.5 26 39 19 16 1.3 1.4
21.5-Pt-IonX-F 22 38 19 21 1.2 1.5
40-Pt-PtCI-F 24 28 20 28 2.0 1.6
63-Pt-IonX-F 27 28 21 24 2.0 1.8
81-Pt-IonX-F 27 28 21 24 2.3 13
40-Pt-PtCl-F¢ 81 9 11 6 74 — 9.0
6.3-Pt-PtCl-S,S 100 22 38 21 20 1.5 3.0
21.5-Pt-IonX-S 21 33 21 24 1.5 3.4
40-Pt-PtCl-S 22 29 22 26 2.0 3.5
63-Pt-IonX-S 25 29 22 24 1.9 3.2
63-Pt-IonX-F¢ 24 27 23 27 1.9 3.1
81-Pt-IonX-F 21 28 23 28 2.3 3.1
81-Pt-IonX-S,S,S¢ 24 26 2 28 2.2 3.1
6.3-Pt-PtCI-S,S,S 110 17 36 23 24 1.5 6.5
21.5-Pt-IonX-S,S 20 31 24 26 1.4 6.9
40-Pt-PtCI-F 18 27 23 32 2.0 6.9
63-Pt-IonX-S,S 22 26 22 30 1.9 7.6
81-Pt-IonX-F 21 25 23 31 1.9 8.0

H,,100° pretreatment
6.3-Pt-PtCI-S 100 20 42 23 16 1.3 4.8
21.5-Pt-IonX-F 24 35 24 18 1.8 0.9
40-Pt-PtCI-F 30 36 17 17 1.8 0.5
63-Pt-lonX-F 32 32 21 15 1.8 0.4
81-Pt-IonX-F 26 33 20 21 1.8 0.5

H,,450° pretreatment
6.3-Pt-PtCI-F 100 26 24 22 28 2.1 8.0
21.5-Pt-lonX-L,L 24 28 23 25 1.9 9.1
40-Pt-PtCI-L 28 26 20 27 2.1 8.8
63-Pt-IonX-S,S 25 29 19 27 2.2 9.0
81-Pt-IonX-H 24 29 20 28 2.1 17.0

< F at the end of the code indicates a fresh catalyst, S indicates that the catalyst had been exposed to the
standard pretreatment and repretreated, L indicates a catalyst previously treated H,,100°, and H indicates one

previously treated H,,450°.
b Ratio of exchanged t-butyl groups to exchanged ethy! groups.
¢ Turnover frequency per Pt for exchange into t-amyi in sec™!.

4 D for isotopic exchange between cyclopentane and D, (9). D, was 6.5, D¢ 6.0, D; 4.2, Dy 3.7, D5 2.6, and Dy,

20.1%.
¢ These runs are included to show typical degrees of reproducibility.
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TABLE 4

Isotopic Exchange between D, and Neohexane on Pd/SiO; at 105°C

Catalyst D5 D} D, D5 t-bu/et N, x 103
Standard pretreatment
13.8-Pd-1V-S 10 11 37 42 0.39 3.0
29.3-Pd-1V-S 10 14 32 44 0.32 3.3
49.8-Pd-IV-L 5 8 25 62 0.69 2.8
65.5-Pd-1V-S 9 12 29 50 0.56 33
79.1-Pd-IV-S 9 13 32 46 0.29 7.6
96.7-Pd-11-S,S 8 10 35 47 0.35 8.9
18.8-Pd-1-S 4 8 12 76 1.0 0.7
32-Pd-1-S 3 7 17 73 0.9 1.2
54.4-Pd-1-LL 7 9 29 55 0.5 3.4
79.2-Pd-1-S 8 12 35 45 0.4 3.8
94.7-Pd-1-S 9 13 35 43 0.4 3.0
22.5-Pd-111-S 3 S 14 78 0.5 2.9
H,,100° pretreatment
13.8-Pd-1V-§S,S8,S 9 12 28 50 0.43 0.9
29.3-Pd-1V-§,S.S 7 11 28 54 0.49 1.0
49 8-Pd-1V-F 4 6 18 71 0.80 1.1
65.5-Pd-1V-S,S,S 5 9 22 64 0.43 0.9
79.1-Pd-IV-F 9 11 30 50 0.37 2.2
96.7-Pd-11-S,S,S,S 8 11 29 52 0.42 3.4
H,,450° pretreatment
13.8-Pd-IV-§,S,S,L 14 21 36 29 0.26 3.9
29.3-Pd-1V-S,S,S,L 9 12 34 46 0.38 4.0
49.8-Pd-IV-S,L 8 9 31 53 0.47 3.4
65.5-Pd-IV-S§,S,S,L 6 11 32 51 0.43 33
79.1-Pd-1V-§,S,L 11 15 31 43 0.28 10.0
96.7-Pd-11-F 12 14 35 40 0.27 7.2

Tables 3 and 4 present values of D] for
the catalysts. Table 3 includes duplicate
runs on 63.5- and 81-Pt-IonX at 100°C, stan-
dard pretreatment, which typify the repro-
ducibility of runs. In general, values of D/
are subject to errors of about +2 percentage
units.

Pt/SiO,

For the standard pretreatment, D-(ethyl)
was 23+10% for catalysts of the smallest Dy,
and it increased to 42+10% for those of the
largest Dy. H,,100° led to similar results,
but H,,450° led to about the same value of
D, for all D,, about 40%.

As expected, D,-(t-butyl) was small and
Ds-(t-butyl), very small. After correction
for double adsorption, D;-(t-butyl) was

92-97% following the standard pretreat-
ment, but slightly larger, 95-99%, following
H,,100°, and H,,450°. Ds-(t-amyl) was es-
sentially zero (no (CH;),(CH;D)C(C;Ds))
whence there were negligible concentration
gradients of exchanged hydrocarbon in the
catalyst pores (21).

Catalysts which had been used in runs
after any of the pretreatments and then
treated H,,450° gave results indistinguish-
able from those with a fresh catalyst.
H,,100° gave the same results on a fresh
catalyst as on one previously given the
standard or the H;,,100° pretreatment. How-
ever, the standard pretreatment following
H,,450° gave values of N, about 50% higher
than those on a fresh catalyst given the
standard pretreatment and D was a little
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higher. However, this matter was only ca-
sually investigated.

Increasing the temperature of exchange
runs led to an increase in D% and D%-
(ethyl), particularly the latter, at the ex-
pense of D5 and D), particularly the
former. This is shown in Fig. 1 for 21.5-Pt-
IonX after the standard pretreatment. In-
crease in the relative yield of more highly
exchanged alkanes with increasing temper-
ature is common in isotopic exchange on
metals. Similar effects of temperature were
found in runs after H,, 100° and H,,450° al-
though the increase was only about one-
half as large after H,,450° as in the other
cases. In general, then, ry/r_, increases with
increasing temperature.

Pd/SiO,

13.8- and 29.3-Pd-IV have been charac-
terized by X-ray line profile analysis (I8).
The crystallites are approximately equi-
axed, i.e., they could be approximately in-
scribed in a sphere, and they have a micro-
strain density which is equivalent to about
4 x 10" dislocations cm~2, whereas only
6.3-Pt-PtCl had detectable strain density in
the Pt/SiO, catalysts. The distribution of
particle sizes is rather broad. The calcu-
lated particle sizes were in good agreement
with Dy,. This is also true for 49.8- and 65.6-
Pd-1V although, because of the small parti-
cle size, the X-ray data are less complete
9.
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D-(t-butyl) was 94-98% after correction
for double reaction, and it appeared to be
larger for runs in which D% was larger. Ds-
(t-amyl) was negligible.

The ratio, t-bu/et, averaged about 0.5 and
appeared to be larger on 49.8-Pd-1V than on
the other catalysts. No effect of tempera-
ture upon t-bu/et could be detected. The ef-
fect was investigated in more detail on 49.8-
Pd-IV than on any other catalyst. With
three samples of catalyst and between 90
and 125°C, t-bu/et was 0.65 + 0.10 without
trend. D;-(ethyl) was 9 + 5% with no clear
effect on D, of D,, the temperature of the
run, or the pretreatment.

For all catalysts given the standard pre-
treatment, D5 increased with increasing
temperature at the expense of D%, D4, and

4 as illustrated for 65.5-Pd-1V in Fig. 2. In
general, elevation of the temperature of
runs from 90 to 115°C led to an increase in
D’ of about 8 percentage units. Catalysts
given the pretreatments, H,,100° and
H,,450° were investigated only at 105°C.

The effect upon the D;’s occasioned by
changing from the standard to the H,,100°
pretreatment was the same for preparations
L, II, and I1I as for IV, that is, D’ increased
~8 percentage units. 22.5-Pd-III which had
a very large D% (78%) was an exception; the

65.5-Pd-IV

1 1 1 1
2 3 4 5
D atoms in ethyl

FiG. 2. D} vs i in ethyl-d; for isotopic exchange on
65.5-Pd-1V after standard pretreatment. At 115°C dou-
bly dashed line; at 105°C solid line; at 90°C singly
dashed line. 63-Pt-lonX at 100°C after standard pre-
treatment is shown for comparison.
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effect was negligible. Compared to the stan-
dard, the pretreatment H,,450° led D’ to be
lower by about 8-10 percentage units ex-
cept for 94.7- and 79.2-Pd-I, in which case
the change was negligible.

DISCUSSION

As has long been known, there are at least
two classes of hydrocarbon species on the
surfaces of metal catalysts during catalytic
reactions between hydrocarbons and hy-
drogen at lower temperatures: one kind re-
acts with hydrogen and desorbs rapidly to
give the observed products of the catalytic
reaction; the other reacts and desorbs much
more slowly. In reactions in the vicinity of
0°C, the more slowly reacting species are
liberated in flowing hydrogen at a tempera-
ture slightly above the temperature of the
catalytic reaction without change in the
number of carbon atoms of the reactant, for
example, in the hydrogenation of ethylene
on Pt/SiO, at —31°C (liberated as ethane)
and in the hydrogenolysis of cyclopropane
at 0°C (liberated as propane) (20). In reac-
tions at higher temperatures, fragmented al-
kane products are liberated in addition but
only at T = 300°C or above. For example,
in isotopic exchange between deuterium
and cyclopentane and pentane at 81°C, 90%
of the residue is liberated as the original
alkane at 100°C but 10% appears as meth-
ane at about 300°C (9). Presumably, at
50-125°C there is slow formation of those
hydrocarbon species which are involved in
hydrogenolysis at ~300°C. There was no
indication that slowly reacting residues be-
have as catalytic sites in any of these reac-
tions.

In cyclopentane exchange, the decline in
N, from its initial value was rather small
compared to the value of C/Pt, and the iso-
topic distribution patterns were indepen-
dent of time on stream. The catalyst was
regenerated by the standard pretreatment
during which residues were oxidized to CO,
(9). Similar statements apply to isotopic ex-
change of neohexane. In particular, after
runs at about 100°C on both Pt/SiO, and Pd/
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Si0,, most of the slowly reacting residues
were liberated at 100-200°C as neohexane
and methane appeared only at 300°C. The
rate of formation of exchanged neohexane
was at least 100 times that of the slowly
reacting species. We do not know whether
the slowly reacting residues consist of spe-
cial species adsorbed at any point on the
surface of the metal or of more common
species, for example, a 1,2-diadsorbed al-
kane, adsorbed on special sites, nor do we
know what fraction, if any, of the residue
has been transferred to the silica support.

Isotopic Exchange of Neohexane on
Pt/SiO;

Some of the results accord with the ex-
pectations presented in the Introduction,
but, in general, the expected effects of
change in Dy, were not found.

In the first category, there is the rela-
tively low value of neohexane-ds vs cyclo-
pentane-ds as shown near the top of Table
3. The hydrogen atoms on one side of a cy-
clopentane ring constitute a model for the
exchange of five atoms in unhindered posi-
tions, because distortion of the isotopic dis-
tribution pattern occasioned by the forma-
tion of d¢—d;o by rollover should be rather
small. This low value of neohexane-ds is
support for the presence of steric hindrance
in forming I and III.

Hindrance to formation of I and III is
also evidenced in the low rate of initial ad-
sorption into the -CH,- group of
(CH;);C-CH,-CHis. The relative rate of ad-
sorption into the CH; of ethyl can hardly be
less than that into each CH; of t-butyl, but it
could be larger. Let us assume that the rela-
tive rates are the same. Then, t-bu/et = 1.5
if exchange into —-CH,— is the same as that
into CH, and 2.0 if that into ~CH,- is 0.5
that into CH;. From Table 3, t-bu/et = 1.5
for Dy, = 6.3-21.5%, 2.0 for 40-63%, and
2.2 for 81%. Thus, as an upper limit, ex-
change into —CH,- is as fast as that into
CH,;, but exchange into secondary positions
is usually much faster than that into pri-
mary positions (22). Seen in another way,
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FIG. 3. N, X 10? in sec™! at 100°C vs D, for Pt/SiO,
after standard pretreatment (solid line, S), H,,450°
(doubly dashed line, H), and H,,100° (singly dashed
line, L).

at 86.5°C, N (turnover frequency after the
standard pretreatment) for exchange into
the five methylene groups of cyclopentane
is 40-80 times larger than that into the sin-
gle methylene of neohexane (0.16 vs
0.002-003 sec~!) using the assumptions em-
ployed above. However, exchange into
—CH,- should be relatively favored by an
increase in the proportion of edge atoms,
i.e., by increasing Dy. The opposite trend
was found.

As shown in Fig. 3 and Table 5, N for t-
amyl was nearly independent of D, as were
the E,’s, all about 70 kJ mol~!. One might
have expected the increasing proportion of
edge sites of lower hindrance to lead to an
increased rate of adsorption at methylene
and, thus, to some increase in N;° with in-
creasing Dy,. H,,450° led to larger values of
N, with that for D, = 81% being considera-
bly larger than the others and H,,110° led to
much smaller values of N, except that N,
for 6.3% was 10 times as large as the others.
What can cause the differences between the
standard pretreatment and H,,450°? If the
platinum crystallites were all bound by
close-packed planes, if the crystallites were
equiaxed, i.e., roughly inscribable in a
sphere (12), and if surfaces were fully re-
duced, values of N, should be determined
only by Dy,.

As shown in Table 5, rather similar ef-
fects of Dy and pretreatment have been
noted for isotopic exchange between deute-
rium and cyclopentane on these same Pt/
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TABLE 5
Isotopic Exchange on Pt/SiO,

Cyclopentane exchange Neohexane exchange

at 81°C at 100°C
Dy (%) 6.3 40-S 81 6.3 40-S 81
N 0.14 0.087 0.113  0.030 0.035 0.031
Ne(Hy, 100°UNS 2.9 1.0 0.23 1.6 0.14 0.16
N(Hp,450°UNS 1.0 0.86 1.35 2.7 2.5 5.5

@ Turnover frequency in sec ™! per Pt; after the standard pretreatment.

SiO; catalysts. Further, similar effects were
noted for the hydrogenolysis of methylcy-
clopropane at 0°C (8): after H,,300°, N, was
nearly structure insensitive; after H,,100°,
N, declined considerably with increasing
Dy; and after H,,450°, N, increased consid-
erably with increasing Dy, and to an extent
greater than that noted in the isotopic ex-
change of neohexane. Previous discussion
of possible effects of pretreatment appears
in Refs. (8, 9).

As shown in Table 3 and Figs. 1 and 4,
the isotopic distribution patterns usually
exhibited maxima at D% and Ds. On the
model for structure sensitivity of the Intro-
duction, D’ should increase with increasing
D, since edge atoms would provide sites for
adsorption with lower steric hindrance to
the formation of I and IIL. This is indeed
observed for the standard pretreatment as
shown in Fig. 4 for the two extreme cata-
lysts of D = 6.3 and 81%. However, after
H,,450°, the isotopic distributions including

P1/SiOy 1

2 3 4 5 2 3 4 5
D atoms in ethyl

F1G. 4. D; vs i in ethyl-d; at 110°C for 6.3-Pt-PtCl
(left) and for 81-Pt-IonX (right) after standard pretreat-
ment (solid line, S), H,,450° (doubly dashed line, H),
and H,,100° (singly dashed line, L).
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TABLE 6
N2 of Isotopic Exchange; Pd/SiO, vs Pt/SiO, at 90°C

t-Amyl* -CH,-* Cyclopentanec E,¢

(sec™") (sec™!) (sec™!) kD
40-Pt-S 0.019 0.003 0.19 70
49 .8-Pd 0.0010 0.0006 0.10 90

2 N9 of t-amyl in neohexane.

b N® for adsorption into the methylene group of
neohexane, i.e., for reaction (2s).

¢ NP for exchange of cyclopentane extrapolated
from 81°C for 40-Pt-S and from 70°C for 49.8-Pd from
Refs. (9) and (23), respectively.

4 These activation energies are applicable to all
three exchanges on all catalysts.

Di-ethyl were nearly structure insensitive
(except for 6.3-Pt-PtCl) and rather like 81-
Pt-IonX given the standard pretreatment.

PdISiO,

We consider first the results with Pd-
SiO,-1V and -II. Table 6 and Fig. 2 exhibit
some of the differences between the cata-
lytic characteristics of Pd/SiO, and Pt/SiO,.

The rate of exchange of cyclopentane at
90°C is only about 2 times larger on Pt/SiO,
than on Pd/SiO,, but that of neohexane is 19
times larger. This difference is primarily as-
sociated with the ratio,

(adsorption into CH;)/(adsorption
into CH, of cyclopentane),

being considerably larger on platinum.
Given that t-bu/et was ~0.5 for Pd/SiO,, the
assumptions used with Pt/SiO, lead to a
lower limit for the ratio for neohexane,

(adsorption into CHj3)/(adsorption
into hindered CH,),

of ~0.2, whereas the limiting ratio of 40-Pt-
S was 2. Initial adsorption into the five
methylene groups of cyclopentane is, then,
~160 times faster than that into the methyl-
ene group of neohexane. Thus, as with Pt/
SiO,, formation of species I on Pd/SiO; ap-
pears to involve considerable steric
hindrance. However, as exemplified in Fig.
2, Ds-(t-amyl) is much larger for Pd than for
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Pt. This indicates that r_s/r_s;, is roughly
unity and III is relatively stable so that rs/
r_, is large. In Pt/SiO,, r_3/r_s; is probably
large.

As shown in Fig. 5, NJY-(t-amyl) at 105°C
was about 0.0030 sec™! for all Pd-SiO,-IV
and -II except that it was larger for 79.1-Pd-
IV and 96.7-Pd-II, 0.0076 and 0.0085, re-
spectively. For comparison, N for cyclo-
pentane at 55°C increased steadily with Dy,
from 0.0015 sec™! for 29.3-Pd-IV to 0.0088
for 79.1-Pd-1V (23). H;,100° led to values of
N, about one-third those of N, but 79.1-
Pd-1V and 96.7-Pd-11 were relatively more
active. H,,450° led to values of N, slightly
larger than those of N°.

The values of D} increased steadily from

% to D%. For catalysts IV and 1, D’s maxi-
mized at Dy, = 49.8 as shown in Fig. 5. This
was true for all pretreatments. All D5 were
larger after H,,100°, but after H,,450° iso-
topic distributions were very similar to
those after the standard pretreatment ex-
cept that D5 was low on 13.8- and 49.8-Pd-
IV.

Unlike the case of Pt/SiO,, the standard
pretreatment and H,,450° led to very simi-
lar behavior. In general, the effect of pre-
treatment appears to be larger for Pt/SiO,
than Pd/SiO,. It should be noted that one
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Fi1G. S. Isotopic exchange at 105°C on Pd/SiO, after
the standard pretreatment. D5 on left axis, open sym-
bols; N in ksec~! on right axis, solid symbols; vs Dy
on x axis. Circles: Pd-II (extreme right only) and Pd-
IV. Squares and diamonds: Pd-1. Triangles: Pd-III.
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would not expect to form B-PdH with these
catalysts at the temperatures employed
19).

H,,100° and H;,450° were examined only
at 105°C. Consequently there are many
fewer data for each catalyst than after the
standard pretreatment.

Catalysts I and III suffer from the possi-
ble disadvantage that they were reduced in
a fixed rather than in a fluidized bed. Thus,
the concentration of water could have in-
creased in going through the bed with a
consequent accompanying decrease in Dy,
It is difficult to see how such nonuniformity
could have led 22.5-Pd-III (ex Pd(acac),) to
have exhibited the largest D% of any cata-
lyst. The isotopic distribution for 22.5-Pd-
III, but not N?-(t-amyl) or t-bu/et, is incom-
patible with catalysts IV and II.

The use of a fixed rather than a fluidized
bed should not have led to significant non-
uniformity in the highly dispersed 94.7-Pd-1
and probably not in 79.2-Pd-1. However, all
Pd-1 were exposed to rather strong base
during initial preparation which may have
led to redistribution of silica so as to encap-
sulate Pd crystallites in such a way that
some Pd surface was accessible to H; but
not to neohexane. In addition, 18.8- and 31-
Pd-1 were heated at 650°C in air and in hy-
drogen. However, it is difficult to see why
54.5-Pd-1 accords with the IV + II series
both in N and in D}, whereas the two Pd-I
of larger Dy, accord in D} but not in N® and
the lowest two with neither. In sum,
whereas one expects on the conventional
interpretation of structure sensitivity that
D’ should increase steadily as Dy, increases,
the data of Fig. S5 exhibit no accord with
such an expectation. Further, catalysts of
different preparation but the same Dy, have
given substantially different results.

The Apparently Anomalous Effect of
Percentage Exposed

In sum, there was clearly evident steric
hindrance in forming species I and III on
both Pd/SiO, and Pt/SiO,. However, the ex-
pected effects of Dy, upon D5 were not ob-
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served. Three explanations could be con-
sidered.

(1) The conventional mechanism for iso-
topic exchange of alkanes is wrong, but
even so, could one find a mechanism in
which substitution at a neopentyl position
was not less hindered at an edge than at an
atom in a complete surface plane?

(2) Extractive chemisorption. In a pre-
vious study, we found that N, for hydroge-
nation of di-t-butylacetylene on platinum
catalysts was nearly the same on large and
small particles of platinum, and, thus, on
the conventional interpretation, one must
conclude that the acetylene was adsorbed
and underwent hydrogenation on flat (100)
or (111) faces. Since adsorption on a flat,
closely or nearly closely packed face
should be difficult, we suggested tentatively
(4) that in chemisorption of the acetylene,
one or two atoms of platinum were pulled
above the initial level of the plane. This
would reduce adsorbate—surface hin-
drance.

(3) Absence of really flat surfaces. We do
know that the platinum atoms of the crys-
tallites in 21.5- and 27-Pt-IonX and 40-Pt-
PtCl are at correct lattice points in the fcc
lattice (/2), but there is no direct evidence
anywhere in the scientific literature that
such crystallites are bounded by complete
(111) or (100) planes. Indeed, there is evi-
dence primarily but not exclusively from
field ionization microscopy that surfaces
become increasingly defective above room
temperature (24, 25).

Incomplete (100) or (111) bounding sur-
faces would provide degrees of steric hin-
drance which depended upon the steric de-
mands of the reactant molecule and upon
the concentration and distribution of the
surface vacancies. The X-ray structure of
Pt(bicycloheptene); shows that the exo side
of the double bond faces the Pt atom (26)
just as in bicycloheptene adsorbed on plati-
num (see Introduction). Here then, even
one atom provides substantial steric hin-
drance and the hydrogenation of bicyclo-
heptene at atoms, at edges, in defective sur-
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faces, and in complete surfaces would
probably all lead to the same stereochemi-
cal result. On the other hand results with a
long nearly linear molecule like trans-di-t-
butylethylene would probably vary with the
nature of the surface imperfections.

Neohexane with but one t-butyl group
would probably fall between the above two
examples. Two adjacent vacancies or per-
haps even one would generate a site for ad-
sorption as species I and III with about the
same degree of hindrance as at edge atoms.

Should the surfaces of supported noble
metal catalysts indeed prove to have a sub-
stantial concentration of vacancies or other
defects which would have behaviors simu-
lating those of edges, then one could expect
that different concentrations and pretreat-
ments could lead to different fractions and
kinds of defects. This idea in a general
sense is, of course, ancient.

Further work to test explanation (3) is
desirable because, should it prove to be
correct, the basis for investigating structure
sensitivity would need to be altered.
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