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Quantification of Primary Versus Secondary C-H
Bond Cleavage in Alkane Activation: Propane on Pt

W. HENRY WEINBERG* AND YONG-KUT SUNT

The trapping-mediated dissociative chemisorption of three isotopes of propane (C;Hg,
CH;,CD,CHj;, and C;Dyg) has been investigated on the Pt(110)-(1 X 2) surface, and
both the apparent activation energies and the preexponential factors of the surface
reaction rate coeflicients have been measured. In addition, the probabilities of primary
and secondary C—H bond cleavage for alkane activation on a surface were evaluated.
The activation energy for primary C—H bond cleavage was 425 calories per mole
greater than that of secondary C—H bond cleavage, and the two true activation energies
that embody the single measured activation energy were determined for each of the
three isotopes. Secondary C—H bond cleavage is also preferred on entropic grounds,
and the magnitude of the effect was quantified.

OTH DUE TO ITS EXTREME TECHNO-
B logical importance and its intrinsic

scientific challenge, the activation of
alkane molecules by both homogeneous tran-
sition metal complexes (1) and heterogeneous
surfaces (2—4) has been a very active area of
research during the past decade. Alkane activa-
tion by transition metal surfaces (C-H bond
cleavage resulting in dissociative chemisorp-
tion) has been studied by both molecular beam
scattering (5-8) as well as “bulb” chemical
reaction (9-13) investigations. Two fundamen-
tally different reaction mechanisms have
emerged from these studies of alkane activa-
tion. These two mechanisms are the following:
(1) direct dissociation; and (ii) trapping-medi-
ated dissociative chemisorption.

Direct dissociative chemisorption occurs
on the time scale of a collision between the
gas-phase molecule and the surface (10712
s), and the rate of this reaction depends
primarily on the translational and internal
energies of the gas-phase molecule (and to a
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lesser extent on the temperature of the sur-
face) (3, 4). In trapping-mediated dissocia-
tive chemisorption, the gas-phase molecule
is trapped in the potential field of the surface
(that is, it is adsorbed physically in the case
of an alkane) and it accommodates to the
temperature of the surface. The physically
adsorbed molecule may then either desorb
with a rate coeflicient k4 (With an associated
activation energy of desorption Eg) or it
may react (dissociate) with a rate coefficient
k. [with an associated activation energy of
reaction (E,) (4, 14-17)].- The rate of this
reaction is a function of the surface temper-
ature. The gas temperature is important only
insofar as it affects the probability of trap-
ping into the physically adsorbed state.
When a molecular beam of reactants with
sufficiently high translational energy im-
pinges on a surface, the direct mechanism
would be favored primarily because the trap-
ping probability becomes very small in this
case. In a bulb rather than a beam environment,
which one encounters more typically in tech-
nological processes, the trapping-mediated
mechanism is expected to dominate. An excep-
tion to this rule would occur if E, — E4 were
sufficiently large that the surface temperature
would have to be so high for the reaction to

occur that the residence time of the molecular
adsorbate is too short for accommodation and
reaction through this trapping-mediated mech-
anism. This appears to be the case, for example,
for the dissociative adsorption of methane on
low-index surfaces of nickel (3, 6, 11), but it is
not the case for methane on the Pt(110)-
(1 x 2) surface (13). For all alkanes with the .
possible exception of methane, in a bulb exper-
iment with a Maxwell-Boltzmann distribution
of velocities, one expects the trapping-mediated
mechanism to dominate.

The results of an investigation of the
dissociative chemisorption of propane on
the reconstructed and highly corrugated
Pt(110)-(1 x 2) surface (10, 13, 18) are
reported here, where the trapping-mediated
mechanism of chemisorption occurs. Three
different isotopes of propane (C;Hg, C3Dy,
and CH;CD,CHj,) were used to determine
the relative probability of primary (1°) ver-
sus secondary (2°) C-H bond cleavage in
linear alkanes such as propane, in which
there are two inequivalent kinds of C-H
bonds. Since the bond dissociation energy
of the 1° C-H bonds in propane is 97.9 + 1
kcal/mol whereas that of the 2° C-H bonds
is 95.1 £ 1 kcal/mol (19), and because it
seems unlikely that the bond dissociation
energies of the two platinum-propyls that
are formed in the reaction would have a
difference that is this great, one might expect
a priori a preference for the formation of
Pt—CH(CH3;), (17). Steric constraints might
also favor one reaction product over the other
in a heretofore unknown way. This is an im-
portant issue which has rather profound mech-
anistic implications insofar as selectivity in het-
erogeneous catalysis is concerned. As discussed
below, a propensity for the 2° C-H bond-
cleavage reaction for propane on this surface of
platinum has been confirmed and quantified.

The measurements were carried out in an
ion-pumped ultrahigh vacaum (UHV) mi-
croreactor (base pressure of 3 X 107'° torr,
volume of 30 cm®) (13, 20). The experi-
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Fig. 1. Initial probabilities of trap-
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Initial probability of dissociative chemisorption
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Proropane= 1.7 x 108 torr

ping-mediated dissociative chemi-
sorption of (a) CzHg (b)
CH;CD,CHj3;, and (c) CzDg on
Pt(110)-(1 x 2) as a function of
reciprocal surface temperature. The
slopes (—Efkg) and the intercepts
EO/D of these three lines are list-
ed in Tablc 1. The error bar repre-
sents the maximum variation in the
measured rate at each temperature.

3

1000/T (K1)

ments were carried out by flowing propane
ata pressure of 1.7 X 107 torr (a calibrated
flux) through the microreactor for a reaction
time T at various constant surface tempera-
tures with a flow rate that is much greater
than the rate of dissociation of the propane
(in order to maintain low conversions of the
propane). The surface temperature was var-
ied between 335 and 610 K, whereas the gas
temperature was always equal to the wall
temperature of the reactor, ~300 K; since
the mean-free path of the propane is much
longer than the dimensions of the microre-
actor. The number of carbon atoms on the
surface after the reaction N, which is pro-
portional to the probability of dissociative
chemisorption (21), was determined after
evacuation of the propane by counting mass
spectrometrically the number of CO, mole-
cules that are produced by titrating the
surface carbon atoms with oxygen. The sur-
face carbon was fully oxidized to CO, under
the titration conditions, and a number of
measurements were carried out with 13C-
labeled hydrocarbons to show that the oxi-
dation of background CO to CO, during
the titration contributes negligibly to the
measured CO,. The pressure of propane and
the reaction time (1) were chosen such that
the final coverage of carbon was between ~5
and 8% of a monolayer of carbidic carbon.
The lower limit ensures that our results were

Table 1.

separately ‘measured value of the desorption rate coefficient (10), kq = 103 &~

not dominated by reactivity at surface de-

fects, whereas the upper limit ensures that
we measured approximately the initial rate
of the activation reaction, that is, the rate
characteristic of a clean Pt(110)-(1 X 2)
surface. The probability of dissociative
chemisorption is given by

P, = NJ3tF 1)

where F is the impingement flux of propane
onto the surface on a per-site basis, and the
factor of 3 in the denominator accounts for
the fact that there are three carbon atoms per
propane molecule.

The measured values of In(P,) as a func-
tion of reciprocal surface temperature are
shown in Fig. 1 for C;Hg (line a),
CH;CD,CHj; (line b), and C;Dg (line c).
Three important conclusions may be drawn
from the data of Fig. 1. First, since the
reaction probability varies with surface tem-
perature while the gas temperature is con-
stant, the reaction clearly obeys a trapping-
mediated mechanism, as anticipated above.
Second, both 1° and 2° C-H bond cleavages
occur in the dissociation of propane on the
Pt(110)-(1 x 2) surface. This is seen easily
from the following considerations. If only 1°
C-H bond cleavage were occurring, then
line b would fall on top of line a in Fig 1;
whereas if only 2° C-H bond cleavage were
occurring, then line b would fall on top of

Rate parameters for the dissociative chemisorption of propane on PtSllO) (1 x 2). The

700 cal/mol)/ksT —l

was used in evaluating E, and k(?. As discussed in the text, E, — E, is the apparent activation
energy (with respect to a gas- phasc cncr%y zero) of dissociative chcmlsorptlon of the three isotopes

of propane, whereas E}) — E, and E@

Eq4 arc the true activation energies of 1° and 2° C-H

bond dissociation, rcspccnvcly (wnth rcspcct to thc same gas-phase energy zero).

E=E, - Eq (0)/4,(0) E, kQ EQ)-E, E% -E,

Reactant (cal/mol) kol (cal/mol) (s™h (cal/mol) (cal/mol)
CH, 1,460 61x107% 11,160 61x10° 1,650 1,225
CH,CD,CH, 1.800 61x107% 11500 61x10° 1650 2,095
CiD, 2,330 61x107% 12030 61x10° 2520 2,095
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line c. Line b falls between lines a and c,
however, which implies that some of the
propane molecules react through 1° C-H
bond cleavage, and the others that react do
so through 2° C-H bond cleavage (22). A
quantification of these two probabilities is
presented below. Third, because of the lin-
earity of these Arrhenius constructions, the
reaction probability P, may be written as

P, = P(Q¢ =~ ElksT )

where kg is Boltzmann’s constant and T is
the absolute temperature, with apparent ac-
tivation energies E given by 1460 + 200,
1800 + 200, and 2330 + 200 cal/mol for
C;Hg, CH;CD,CH;, and C;Dyg, respec-
tively. The uncertainties represent one stan-
dard deviation of a linear least squares fit to
all of the measured data. The apparent pre-
exponential factor P is 6.1 x 1072 for all
three isotopes.

In order to attach microscopic signifi-
cance to these rate parameters, it is necessary
to consider the mechanism of trapping-me-
diated chemisorption, namely,

EF
CHgCH2CH3(g) f: CH3CH2CH3(3)

CH3CH,CHj(a) ©4 CH3CH,CH,(a) + H(a)
CH3CH;CHj(a) “2 CH;CHCH;(a) + H(a)

where £ is the thermally averaged trapping
probability of the propane, which is approx-
imately equal to unity under our experimen-
tal conditions (4), k4 is the first-order de-
sorption rate coefficient of the physically
adsorbed propane, and k,, and k,, are the
reaction rate coefficients for 1° and 2° C-H
bond cleavage, respectively. Since the frac-
tional surface coverage of molecularly ad-
sorbed propane was extremely small (the
maximum fractional coverage, which occurs
at 335 K, is estimated to be ~1077), a
pseudo-steady-state analysis could be used
to determine the fractional coverage of the
adsorbed propane, and from this the prob-
ability of reaction (the ratio of the rate of
reaction to the rate of impingement) is given
by (4, 8, 15)

krl + kr2

Py = ——— &)
ko + ko + Ry

Since P, << 1 (compare with Fig. 1), it
follows that Eq. 3 may be written as
krl + kr2

- @

e =

On the basis of Eq. 4, one might expect
nonlinear Arrhenius plots in Fig. 1, which,
however, is not the case. Consequently, at
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the level of “resolution” of Fig. 1, Eq. 4 may
be rewritten as

Py =— (5)

where k, is an averaged (apparent) rate
coefficient for the dissociation reaction, con-
sidering the cleavage of both 1° and 2° C-H
bonds. Note that Eq. 5 serves to quantify
the rate parameters reported above, namely,
E=E,— E; and P9 =@k, where
£ and £Q are the preexponential factors
of the two reaction-rate coefficients. Since
the rate coefficient of desorption of molecu-
lar propane from Pt(110)-(1 X 2) has been
found to be kd = 10136_(9700 cal/mol)/ksT s—l
(10), a quantification of the preexponential
factor (k‘9) and the activation energy (E,)
of the surface dissociation reaction is possi-
ble: (Note that E, is measured with respect
to the ground state of the physically ad-
sorbed well.) These rate parameters for the
three isotopes of propane are collected in
Table 1, and, as expected (4, 17), the ratio
kQ/kQ is both independent of the isotope
and much less than unity.

We used the data of Fig. 1 to determine
the probability of 1° and 2° C-H bond
cleavage in reacting propane. We define Pr o
to be the probability of reaction of the i
isotope of propane, P, to be the conditional
probability of formation of a 1° Pt-propyl
given that the propane reacts, and
B, =1 - P, to be the conditional probabil-
ity of formation of a 2° Pt-propyl given that
the propane reacts. Thus, it follows that

P.cuPp + PrcpPs = Prcnyen,cn,  (6)

where the P,; are given, as a function of
temperature, in Fig. 1. Solving Eq. 6 gives
both P(T) and P(T) = 1 — B,(T); these
probabilities refer to a pure isotope of pro-
pane (C;Hg or C;Dyg). It is instructive to
introduce a related conditional probability
P, which is that of cleavage of a 1° C-H
bond, given that the propane molecule re-
acts (Py=1— P, is defined analogously).
The two probabilities, P, and B, are related
by the number of 1° and 2° hydrogen atoms
in propane:
6P, .
=T =~ br ?)
6P, + 2P

which permits an evaluation of PP(T) and

Py(T). All of these probabilities (Pp, Py, P,
and P,) may be written exactly in thc form
P = p©e~AE/ksT The derived slopes and
intercepts of the four Arrhenius construc-
tions implied by this relation are the follow-

ing:

P, =0.34 ¢~ (325 calfmol)/ksT

®)
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Ps = 0.66 e+(100 cal/mol)/kpT' (9)
I'jp = 0.61 e—(220 cal/mol)/kpT (10)
I'JS = 0.39 e+(205 cal/mol)/ksT (11)

Equations 8 to 11 quantify the probabilities
of 1° versus 2° C-H bond cleavage and 1°
versus 2° Pt-propyl formation for.a pure
isotope of propane. By taking ratios of these
probabilities, the difference in the activation
energies for 1° and 2° C-H bond cleavage
may be determined:

E =0.52e (425 cal/mol)/ksT (12)
s
p

;_ 1.56 e—(425 cal/mol)/ksT (13)
s

Equations 12 and 13 imply that the dif-
ference in activation energy of 1° and 2°
C-H bond cleavage, EX” — E2" is 425
cal/mol, and the data of Fig. 1 imply directly
that the difference in activation energy of
C-D and C-H bond cleavage, E®® — ED
is 870 cal/mol. With these constraints it is
possible to determine values of the two
activation energies that are contained within

.the single apparent value derived from Fig. 1

for each isotope and reported, for example,
as-E, — E,4 in the second column of Table 1.
Varying E” and E?” with the two con-
straints delineated above was carried out
with the goal of reproducing, self-consis-
tently, the measured data shown in Fig. 1

for all three isotopes of propane. The values |

of EX” and E?®), expressed as E) — E4
and E?” —E,, that are reported in the sixth
and seventh columns of Table 1, reproduced
the experimental data of Fig. 1 to within
1.5% for all three isotopes over the entire
temperature range. This is well within the
experimental uncertainty of the data. No-
ticeable disagreement with the experimental
data occurs if these energies are varied from
their optimized values by as little as 50
cal/mol.

Finally, it is also important to note that
the preexponential factors of Eqs. 12 and 13
give the ratio of conditional probabilities
that apply in the limit of infinite tempera-
ture. This allows an assessment to be made
of “steric” or entropic effects in the reaction.
If the entropic factors were identical for thc
two reactions, then %, Py/Py =1 and ™,
By/P, = 3. Consequently, entropy also fa-
vors 2° C-H bond cleavage on this surface
to the extent that the preexponential factor
of Eq. 9 is 0.66 rather than 0.5, and the
preexponential factor of Eq. 11 is 0.39
rather than 0.25.

The methodology that has been devel-
oped and presented here should have broad
applications to the analysis of surface chem-

ical reactivity that extend far beyond the
specific, but important example of alkane
activation. If linear Arrhenius constructions,
such as those of Fig. 1, are observed exper-
imentally, then all that is required is for a
selectively deuterated reactant to give a sta-
tistically different rate compared to the per-
hydrido- and perdeutero-reactants. This sce-
nario would be expected to be observed
frequently (23).
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Dimerization of Human Growth Hormone by Zinc

Brian C. CUNNINGHAM, MICHAEL G. MULKERRIN, JAMES A. WELLS*

Size-exclusion chromatography and sedimentation equilibrium studies demonstrated
that zinc ion (Zn?*) induced the dimerization of human growth hormone (hGH).
Scatchard analysis of %°Zn?* binding to hGH showed that two Zn>* ions associate per
dimer of hGH in a cooperative fashion. Cobalt (II) can substitute for Zn>* in the
hormone dimer and gives a visible spectrum characteristic of cobalt coordinated in a
tetrahedral fashion by oxygen- and nitrogen-containing ligands. Replacement of
potential Zn2* ligands (His'®, His*", and Glu'”#) in hGH with alanine weakened both
Zn2* binding and hGH dimer formation. The Zn>*-hGH dimer was more stable than
monomeric hGH to denaturation in guanidine-HCl. Formation of a Zn?>*-hGH
dimeric complex may be important for storage of hGH in secretory granules.

UMAN GROWTH  HORMONE
H (hGH) is synthesized and secreted
into storage granules before its
release from the anterior pituitary (1, 2).
Histochemical analysis of the anterior pitu-
itary indicates that Zn>* is present in high
concentrations in growth hormone secre-
tory granules (3). It has been suggested that
Zn** may modulate release of growth hor-
mone because high concentrations of Zn>*
inhibit growth hormone release (4-6).
However, the biochemical and structural
basis whereby Zn?* functions in storage or
release of hGH has not been elucidated.
After analyzing the binding of Zn?>* in
the complex between hGH and the extracel-
lular domain of the human prolactin recep-
tor (hPRLbp) [K, (dissociation constant) =
0.03 nM] (7), we measured the binding
affinity of Zn>* to each protein separately.
Equilibrium dialysis showed no specific
binding of **Zn"* to the hPRLbp, whereas
Scatchard analyses of binding studies per-
formed at two different concentrations of
hGH (3.3 pM and 4.8 pM) showed that
Zn>* forms a 1:1 complex with hGH (Fig.
1). The Scatchard plots curved upward,
indicating that binding of one Zn®* ion
promotes the binding of another Zn** jon
(positive cooperativity). From the linear
portions of these plots, we estimate an ap-

Department of Protein Engineering, Genentech, South
San Francisco, CA 94080.

*To whom correspondence should be addressed.
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parent K for the higher affinity Zn* site of

~about 1 pM. Cooperative binding with a

stoichiometry of 1:1 could be explained if
Zn>* induced hGH to oligomerize.

We used size exclusion chromatography
to determine if Zn®>* did indeed induce
oligomerization of hGH. Gel filtration of
hGH (15 uM) in EDTA (Fig. 2) showed
that hGH elutes as a symmetrical peak at a
position corresponding to a molecular size
of ~20 kD, approximately the size of mo-
nomeric hGH (22 kD). However, in the
presence of ZnCl, (50 pM) the hormone
chromatographed with an apparent molecu-
lar size that is 50% larger than in EDTA.
The asymmetry of this peak is characteristic
of a species that is dissociating on the col-
umn (8). At higher concentrations of hGH
and ZnCl, (~150 pM), the hGH chro-
matographed as a more symmetrical peak
with an apparent molecular size that is 1.85
times the monomeric hGH peak (9). Thus,
at higher concentrations the dimerization is
essentially complete. At lower concentra-
tions (0.15 wM), hGH runs only as a mono-
mer (9). These data indicate that at concen-
trations of hGH greater than micromolar,
Zn>* is able to promote the formation of an
hGH dimer.

Sedimentation equilibrium studies (Fig.
3) confirm that hGH forms a dimeric com-
plex (~44 kD) in the presence of, but not in
the absence of, ZnCl,. Moreover, the con-
centration dependence for dimer formation
allowed us to calculate an apparent dimer-
ization equilibrium constant for hGH (%

SD) of 2.6 = 0.1 pM in 20 uM ZnCl,
(Table 1).

To probe the structural environment of
the Zn2" sites in the hGH dimer, we sub-
stituted Co>*, a spectroscopically active
metal (10, 11), for Zn?**. Gel filtration
experiments showed that Co®* also induces
dimerization of hGH (9). Moreover, both
Zn?>* and Co®* produce similar ultraviolet
difference spectra on dimerization of the
hormone (9), suggesting that the Zn** and
Co?* hGH complexes are structurally simi-
lar, if not identical.

Titration of hGH with Co®* produces a
visible absorption spectrum with a maxi-
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Fig. 1. Equilibrium dialysis and Scatchard analy-
sis for binding of ®*Zn?* to hGH (O, 3.3 pM; @,
4.8 uM). We took precautions to minimize Zn>*
contamination in the buffers and dialysis cells as
described (7). The hGH was mixed with dialysis
buffer that contained tris, pH 7.5 (20 mM); NaCl
(140 mM); and MgCl, (10 mM). We added the
MgCl, to reduce nonspecific binding of Zn>* to
the dialysis cell membrane and hGH. The MgCl,
neither promoted nor inhibited dimerization of
hGH (9). Aliquots (100 ul) of the solution that
contained hGH (3.3 or 4.8 uM) were added to
one side of the dialysis cell. Serial dilutions (in
triplicate) of unlabeled ZnCl, that contained 0.3
pM %5ZnCl, (eight dilution steps ranging from 0
to a final ZnCl, concentration of 40 uM) were
added to the other side of the dialysis cell. Cells
were rotated slowly for 16:to 20 hours at 25°C.
Control experiments indicated this was sufficient
time to reach equilibrium. Aliquots (50 wl) from
each side of the dialysis cell were diluted into
scintillation cocktail and analyzed for $Zn?*
content. From these values the concentrations of
bound and free Zn?* were calculated. Error bars
indicate SD from triplicate determinations.
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