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ABSTRACT

Fluorine substituent effects have been used to probe the nature of
the transition states for the several elementary reaction steps
occurring on metal surfaces. The reactions described include
f-hydrogen elimination in adsorbed alkoxide and alkyl groups,
coupling of alkyl groups, and dehalogenation of alkyl chloride and
iodides. The substituent effect method can provide a connection
between heterogeneous catalysis, surface science, and computa-
tional molecular simulation of surface reactions.

Introduction

The transition state of an elementary chemical reaction
has been the object of intense interest and investigation
since classical transition state theory was first proposed
in the mid-1930s.1? The zero-point energy difference
between the reactant and the transition state is the
activation barrier (AE,) and dictates the reaction rate.
As such, understanding the transition state lies at the heart
of catalytic science. Catalysts increase reaction rates by
opening reaction pathways with lower effective activation
barriers than those in the gas phase. Consider the simple
one-dimensional potential energy surfaces of Figure 1,
which depict a prototypical reaction leading from reactant
(R) to product (P) via both gas-phase and surface-cata-
lyzed pathways. Each pathway passes through a transition
state ([TS]¥). The goal of the research program described
in this Account has been to probe the nature of the
transition states for surface reactions with a view to
providing the fundamental understanding that will ulti-
mately lead to rational approaches to lowering the barriers
to surface-catalyzed reactions.

Within the framework of transition state theory, the rate
constant (ky) for the elementary gas-phase reaction of
Figure 1 is given by'™*

KgT |
kg = (T)q—R exp
The partition function for the reactant is given by gg, while

g: is the partition function for all degrees of freedom in
the transition state other than the reaction coordinate. The
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FIGURE 1. Schematic potential energy surfaces for the reaction R
— P. The dashed line represents the gas-phase pathway, which
proceeds via a single elementary step through the gas-phase
transition state [TSJ). The surface-catalyzed reaction proceeds via
three elementary steps: (1) reactant (R) adsorption, (2) conversion
of Rag) 10 Peag) Via an adsorbed transition state [TS[*aq, and (3)
product (Pg) desorption. As a result, the effective activation barrier
to the surface-catalyzed process (AE 5 is lower than the activa-
tion energy to the gas-phase reaction, AE 2.

surface-catalyzed reaction cannot be elementary since it
must consist of a minimum of three sequential elementary
steps: reactant adsorption, reaction, and product desorp-
tion. The adsorption step is characterized by an equilib-
rium constant (K,q), while the reaction and desorption
steps are characterized by elementary rate constants k;
and kg, respectively. Under conditions in which R is
equilibrated with a low coverage of R(q) and the product
desorption is fast (kq > k;), the effective catalytic rate
constant is

K i Keldkr

€

The effective activation barrier is

AE ;= AE  — AE Yy

and the catalyst has opened a reaction pathway with
AE 3 < AE J..° The transition states and energy barriers
to surface reactions pervade the framework used to think
about catalytic phenomena. However, despite their im-
portance, the transition states of surface-catalyzed reac-
tions remain poorly described. Understanding of the
nature of these transition states provides a key to unlock-
ing a much deeper understanding of catalytic reaction
kinetics.

This Account describes an approach to probing the
transition states of surface-catalyzed reactions by using
careful measurements of substituent effects on AE . In
a number of surface reactions, the reactants can be
modified by substitution of fluorine for hydrogen atoms
in a way that influences AE }, without changing the
reaction mechanism. Surface science methods allow care-
ful measurement of AE : for elementary steps of such
reactions. The effects of fluorine substitution then provide
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Table 1. Observations of Fluorine Substituent Effects on Metal Surfaces

reaction constant

reaction chemical equation surface (p), keal/mol refs
p-hydrogen elimination in alkoxides RCH20(ad) = RCH=0(aq) + Haq) Cu(111) 36 25, 26, 30
Cu(100) 26, 54
Cu(110) 26
Ag(110) 26
pB-hydrogen elimination in alkyls RCH2CHz(ad) — RCH=CH2ad) + Haq) Cu(111) 55
p-fluoride elimination in fluoroalkyls RCF2CH2@d) — RCF=CH2 (ad) + F(ad) Ag(111) 14
alkyl coupling 2RCH2,(ag) — RCH2>—CH:R Ag(111) 18 30, 33
phenyl coupling 2RCgHa,ad) — R(CeHa)—(CsH4)R Cu(111) 42
dechlorination RC—Cl@d) = RC(ad) + Cl(aq) Pd(111) -0.5 45, 46, 48
deiodination RC I(ad) i RC(ad) + I(ad) Pd(lll) -0.3 48, 50
Ag(111) —-2.9 48, 49
deprotonation RCOzH(ad) i RCOzv(ad) + H(ad) Ag(llO) 56, 57
Ag(111) 57

a glimpse into the nature of the transition states for these
elementary steps. The primary purpose of this Account is
to give the reader a clear picture of the progress that has
been made along this exciting new avenue into the
understanding of reactions catalyzed by metal surfaces.
A second purpose is to show that this approach forges
links between experimental surface science, theoretical
studies of surface transition states, and our understanding
of heterogeneous catalysis.

Probing the Transition State

The study of transition states to surface reactions of
catalytic interest is in its infancy.®” From both an experi-
mental and a theoretical perspective, the environment of
a metal surface is complex. Furthermore, many catalyti-
cally interesting reactions are complex multistep pro-
cesses, and the total number of such surface reactions for
which the mechanism is known is quite limited. How-
ever, the field of mechanistic catalytic surface chemistry
is very active, and the number of well-defined surface
reaction mechanisms is growing continuously. From a
theoretical perspective, calculating potential energy sur-
faces for reactions on metals is complicated by the need
to include large numbers of electrons. Again, rapid
progress is being made in this field; however, the theoreti-
cal descriptions of transition-state structure and electronic
structure contain a level of detail which cannot be verified
experimentally.

The substituent method for probing the electronic
characteristics of a surface transition state has been
borrowed from physical organic chemistry.8~1° Imagine a
reaction of the form

R-G-Y — R-G-Y'

where Y is the portion of the molecule undergoing
reaction, G is the molecular framework, which is fixed,
and R is the substituent, which is varied systematically.
The activation energy for the reaction will depend on the
characteristics of the substituent (AEY.) and can be
compared to the activation energy for the same reaction
with hydrogen as the substituent (AE ';'Ct). The effects of
the substituent can be quantified by
AER — AEH = po"

act act
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where R is an empirically determined “substituent con-
stant” that reflects the properties of the substituent and
is independent of the nature of the reaction. The quantity
p is particular to the reaction under study and quantifies
the susceptibility of the reaction energetics to the proper-
ties of the substituents. Modern work in this area has
divided the substituent properties into four types: field
effects, electronegativity effects, resonance effects, and
polarizability effects.2~1% As an example, in reactions with
transition states that are electron deficient with respect
to the initial state reactant,

R—G—Y < [R-G-Y°T

AE, is increased by substituents such as fluorine with
high field effect substituent constants (or). These energeti-
cally destabilize the cationic transition state with respect
to the initial state. Thus, the response of AE,y to the
substituents can be used as a means of probing the
electronic nature of the transition state.

Application of Substituent Effects on Surfaces

Substituent effects have been applied successfully to the
study of surface reactions through the use of fluorine as
the substituent of choice. Table 1 gives a comprehensive
list of the elementary surface reactions for which fluorine
substituent effects have been observed. As the prototypical
example, consider the g-hydrogen elimination reaction in
alkoxides on a Cu(111) surface.

Kk,
R'RCHO—Cu —> R'/RC=0 + H—Cu

Figure 2 shows three temperature-programmed reaction
spectra (TPRS) for -hydrogen elimination in fluorine-
substituted isopropanoxides. The TPRS show acetone
desorption and are measures of surface reaction rate
versus temperature. At this point, no interpretation is
necessary beyond the observation that, as the degree of
fluorination increases, the peak reaction temperature
increases, implying that the AE :, increases.'t
Translating the successful application of substituent
effects from homogeneous environments to the solid
surface requires attention to several issues. First, the
environment of the rigid solid surface is undoubtedly
more sterically hindered than that of the solution or gas
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FIGURE 2. Thermally programmed reaction spectra of the decom-
position of (CH3),CHOag), (CF3)(CH3)CHO(ag), and (CF3),CHOg) on the
Cu(111) surface. Decomposition by S-hydrogen elimination yields
acetones, which then desorb rapidly from the surface. Fluorination
of the methyl groups substantially lowers the rate of 5-hydrogen
elimination by raising the activation barrier AE .. This is mani-

act*
fested by the increase in acetone desorption temperature.

—
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phase. In this sense, the choice of fluorine as a substit-
uent is probably ideal in that it is relatively small and
thus does not significantly perturb the size or geometry
of the adsorbed reactant.’?'® Second, to interpret the
effects of substituents in a rational manner, the mecha-
nism of the reaction must be known, and fluorine sub-
stitution must not change the reaction mechanism. This
is certainly a reaction-specific criterion, and examples can
be cited in which fluorine substitution does, in fact,
change reaction mechanisms.#~1¢ The successful studies
reported in this Account were probably aided by the fact
that the C—F bond is relatively strong (~110—125 kcal/
mol).'” As a result, fluorine plays a passive role, influencing
reaction kinetics without opening alternate reaction chan-
nels such as C—F bond cleavage. Finally, fluorine-contain-
ing substituent groups have a wide range of substituent
constants and thus induce large variations in rate con-
stants.®1°

Methodology

This Account describes studies of the reaction kinetics of
hydrocarbon and fluorocarbon reactants on single-crystal
metal surfaces under ultra-high-vacuum conditions. The
approach starts by identifying hydrocarbon surface reac-
tions for which the mechanism is known. It is then
necessary to determine that fluorination of the reactant
does not change the reaction mechanism. This is ac-
complished by using spectroscopic measurements to
identify the adsorbed intermediates and mass spectrom-
etry to identify reaction products desorbing from the

surface. Having determined that the reaction under study
meets these necessary conditions for the rational inter-
pretation of substituent effects, we have measured reac-
tion rates (r), rate constants (k), and activation energies
(AE:.) using a broad a range of fluorine substitution.
The following sections describe three reactions for which
it has been possible to probe the transition state using

fluorine substituent effects.

P-Hydrogen Elimination

On many metal surfaces, alkyl groups and alkoxides with
C—H bonds in the g-position with respect to the surface
react by p-hydrogen elimination to yield olefins, alde-
hydes, or ketones.181°

RCH,CH,—M — RCH=CH, + H—M
RCH,0—M — RCH=0 + H—M

This is arguably one of the most important elementary
steps in hydrocarbon surface chemistry. It is a key step
in a number of partial oxidation processes, and its
microscopic reverse is the olefin insertion reaction which
initiates olefin hydrogenation.?0-24

The transition state for g-hydrogen elimination has
been probed by selective substitution of fluorine into the
terminal methyl groups of adsorbed alkoxides and alkyls.
Alcohol and alkoxide surface chemistry has been studied
extensively in investigations of partial oxidation catalysis
by Ag and Cu surfaces.?’?! Figure 2 shows the reaction
rate versus temperature during an experiment in which a
Cu(111) surface is first prepared with isopropanoxides and
then heated at a constant rate while acetone desorption
into the gas phase is monitored. The desorption rate is a
direct measure of the kinetics of 5-hydrogen elimination.
Fluorination of the methyl groups in isopropanoxides
increases the product’s peak desorption temperature by
almost 200 K, revealing a substantial decrease in the
reaction rate.

As a first step in the application of substituent effects
to the study of any surface reaction, it is important to
determine that fluorination of the reactant does not
change the reaction mechanism. For all the alkoxides
studied on the Cu(111) surface, the reaction products are
the aldehydes or ketones expected from p-hydrogen
elimination. Furthermore, the reaction rates measured
using deuterated ethoxides (CH3CD;O gy and CF3CD20aq))
exhibit strong kinetic isotope effects, consistent with
B-hydrogen elimination being rate-limiting.?> All evidence
indicates that alkoxides on the Cu(111) surface react by
p-hydrogen elimination, independent of their degree of
fluorination.

Our current understanding of the transition state for
B-hydrogen elimination comes from a study using fluori-
nated ethoxides on the Cu(111) surface.?>%

RCH,0—Cu — RCH=0 + H—Cu
(R = CHj, CFH,, CF,H, CF;)

The results are summarized by the potential energy profile
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FIGURE 3. Potential energy diagram for the 5-hydrogen elimination
reaction in fluorinated ethoxides adsorbed on the Cu(111) surface.
The reference energy level at the left is the energy of the gas-phase
ethanols. Formation of the adsorbed ethoxides is only weakly
influence by fluorination. The activation barrier (AE 3,) to S-hy-
drogen elimination is increased dramatically by fluorination of the
methyl group. At the right-hand side is the energy scale for the
dehydrogenation of fluorinated ethanols in the gas phase. This is
the same overall reaction as on the Cu(111) surface, and the effects
of fluorine on the reaction energetics for dehydrogenation map
directly onto the effects of fluorine on the activation barrier to
B-hydrogen elimination. This suggests that the transition state is
energetically late in the reaction coordinate.

of Figure 3. Starting with the gas-phase ethanols as the
reference energy state, the heats of formation of the
ethoxides are roughly independent of the degree of
fluorination. The AE;, to B-hydrogen elimination, on
the other hand, are highly perturbed by fluorination of
the methyl group, increasing from 29 kcal/mol in CHs-
CH30¢@q) to 42 kcal/mol in CF3CHyO.q). Physically, the
interpretation of this result is that the carbon atom at the
reaction center is electron deficient in the transition state
with respect to the initial state.

RC—H < [RC"+++H]

As a result, fluorination of the methyl group energetically
destabilizes the transition state, thus increasing AE 3.
This interpretation is in agreement with computational
investigations of S-hydrogen elimination and studies of
this reaction in organometallic complexes.?427:28

A deeper insight into the nature of the transition state
for -hydrogen elimination comes from comparison of
AE :, with the reaction energy for alcohol dehydrogena-

tion in the gas-phase AE Y.

RCH,0OH — RCH=0 + H,
The AE { values have been determined computationally
and are given at the right-hand side of Figure 3. Experi-

ment has shown that fluorination of the methyl group
increases the transition-state energy by 15 kcal/mol, while
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computation has shown that fluorination increases AE ?
for ethanol dehydrogenation by 9 kcal/mol.? Clearly, the
bulk of the substituent effect on the AE 3, can be attribu-
ted to its effect on AE . A physically reasonable argu-
ment for this is that the loss of the H-CO bond and
formation of a C=0 bond leaves the carbon atom electron
deficient with respect to the initial state. The direct
implication is that the transition state looks much like the
product and is “energetically” late along the reaction
coordinate.

Fluorine substituent effects have also been observed
in the B-hydrogen elimination of alkyl groups adsorbed
on the Cu(111) surface. Our understanding of 5-hydrogen
elimination in adsorbed alkyls is very similar to that de-
veloped for alkoxides, although the investigation of -hy-
drogen elimination in alkyls has not been as extensive.?

One of the important points illustrated by the study of
p-hydrogen elimination in the alkoxides is that the use of
fluorine substituent effects offers a powerful avenue for
comparison of experimental observations with computa-
tionally determined reaction energetics and barriers. In
this sense, the method offers an approach to benchmark-
ing the results of computational studies of transition
states.

A second approach to quantifying the effects of sub-
stituents has been through the use of substituent con-
stants such as those originally proposed by Hammett.8-10
Figure 4 illustrates the correlation between the field effect
substituent constants (or)!° and the AE 3, to -hydrogen
elimination in a large set of alkoxides. The slope or
reaction constant is p = 36 kcal/mol and is typical in
magnitude of a gas-phase reaction with an ionic transition
state occurring late in the reaction coordinate. This is
suggested by the schematic illustration in Figure 4 of a
transition state looking much like the adsorbed product.
This type of correlation allows prediction of AE ; and k,
for a wide range of substituted alkoxides. Equally impor-
tantly, these correlations can serve as the basis for
comparison of the reaction on a Cu(111) surface with
reactions such as alcohol dehydrogenation over high
surface area catalysts.’® This offers an important and
useful avenue for connecting studies of reactions on
single-crystal surfaces to reactions occurring on supported
heterogeneous catalysts.

Alkyl Coupling

The second reaction of interest has been alkyl coupling
on the Ag(111) surface. Adsorbed alkyl groups are gener-
ated by dissociative adsorption of the corresponding alkyl
iodides.3! On the Ag(111) surface, adsorbed alkyl groups
react by coupling to form alkanes, which desorb rapidly
from the surface.31%2

kC
RCH,—Ag + R'CH,~Ag — RCH,CH,R' ¢ + 2Ag
K,
RCH,CH,R' (o) — RCH,CH,R'

During heating, alkanes with twice the chain length of the
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FIGURE 4. Activation energies for S-hydrogen elimination in
alkoxides on Cu(111) plotted against the inductive substituent
constants. These are defined as the sum of the inductive constants
for the two substituent groups on the CHO reaction center. The
activation barriers to S-hydrogen elimination increase with the
degree of fluorination. The implication is that the S-carbon in the
transition state for 5-hydrogen elimination is electron deficient with
respect to the initial state. 1 = (CHs),CHOgq), 2 = CHyCH,Og), 3 =
CHgo(ad), 4= CHzFCHzO(ad), 5= CHF2CH20(ad), 6= (CF3)(CH3)CHO(ad),
7= CF3CHzo(ad), 8= (CF3)2CHO(ad).

original alkyl groups desorb from the surface. Since kq >>
ke, measurement of the rate of alkane desorption serves
as a measure of the kinetics of the alkyl coupling reaction.
In an effort to study the transition state for alkyl
coupling, we have measured AE 3, in a set of fluoroalkyl
groups on the Ag(111) surface.®® Figure 5 shows the
measured AE }, versus the field substituent constants for
the different substituents (of + o~).1% As the degree of
fluorination and the proximity of the fluorine atoms to
the reaction center increase, Yor increases. Clearly,
AE 3 increases substantially (p = 18 kcal/mol) with the
increased level of fluorination.
The increase of AE 3, for alkyl coupling with increas-
ing fluorination suggests that the o-carbon atom in the
transition state is electron deficient with respect to the
initial-state alkyl group. The net effect is similar to the
case of -hydrogen elimination, in which the S-carbon
atom at the reaction center becomes electron deficient
in the transition state. Why should this be the case for
alkyl coupling? Picture a transition state that is late in the

R K R R
Hzcl;zs- 5‘9H2 <> Hz(::_C:Hz

50
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FIGURE 5. Activation energies for alkyl coupling on Ag(111) plotted
against the inductive substituent constants. These are defined as
the sum of the inductive constants for the substituents on the o-C
of both alkyls. The activation barriers to alkyl coupling increase with
the degree of fluorination and proximity of fluorine to the o-C at
which coupling occurs. The implication is that the a-C in the
transition state for alkyl coupling is electron deficient with respect
to the initial state. 1 = (CH3)2CH_CH(CH3)2, 2 = CH3CH,CH,—
CH,CH,CH3, 3 = CH3CH,—CH,CH3, 4 = CH3CH,CH,—CH,CH,CF3, 5
= CH3CH2—CH2CH2CF3, 6= CFsCHzCHz—CHz(:HzCFg.

reaction coordinate and resembles the product alkane as
depicted schematically in Figure 5. We could now ask
whether the initial-state alkyl should be electron rich with
respect to the transition state (or product).

2RH,C’ —Ag — [RH,C—CH,R]*

Examination of the vibrational spectra of adsorbed alkyls
suggests that this is the case. In CH3CH,— groups adsorbed
on Cu, the vcy, mode is softened and has a frequency of
2745 cm~1.34 Softening of the a-C—H stretching modes of
alkyls has also been observed on Ni(111) and Pt(111)
surfaces.?*% One explanation is that charge is transferred
from the metal surface into the o, orbitals.3-2° While
this may contribute to the net bonding of the alkyl groups
to the surface, it weakens the a-CH bond. More impor-
tantly from the perspective of this work, it renders the
a-CH, in adsorbed alkyl groups electron rich and thus may
account for the apparent reduction in electron density in
the transition state if it occurs late in the reaction
coordinate, as depicted in Figure 5.
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A test of the hypothesis described above for the alkyl
coupling reaction has been performed by studying the
phenyl coupling reaction on a Cu(111) surface.

kC
2R(C¢H,)—Cu —= R(C¢H,)—(CeH,R ) + 2Cu

Superficially, this reaction appears quite similar to the
alkyl coupling reaction on the Ag(111) surface. However,
the reactant phenyl groups have no o-CH bonds and
cannot accept electron density in the same manner as
alkyl groups. As a consequence, the phenyl coupling
reaction should not and does not exhibit significant
fluorine substituent effects.0~42

Dehalogenation

As the final example in this Account, the substituent effect
methodology has been applied to the dehalogenation of
alkyl halides, a reaction that is of both catalytic and
environmental importance. Catalytic hydrodechlorination
of chlorofluorocarbons (CFCs) is used to produce hydro-
fluorocarbons (HFCs), which are used as CFC alternatives
in many applications.**** Hydrodechlorination is catalyzed
by supported Pd particles in the presence of hydrogen.
H2

RR'CCI, -5 RR'CH, + 2HCI

One of the important steps in this process is the cleavage
of C—CIl bonds, which falls into the general class of
dehalogenation reactions. Dehalogenation has been in-
vestigated in a series of studies of the cleavage of both
C—Cl bonds and C—I bonds on Pd(111) and Ag(111)
surfaces.

The dechlorination reaction has been studied on the
Pd(111) surface using a set of four substituted 1,1-dichloro-
ethanes: CF3CFC|2, CF3CHC|2, CH3CFC|2, and CH3CHC|2
By measuring the adsorption energy (AE3,) and the
effective barrier to dechlorination (AE J), it has been
possible to determine the intrinsic barrier to dechlorina-
tion (AE 2_¢)).

AE ¢ o = AE 5y + AE 3

All four values of AE {_, are plotted in Figure 6 against
the field substituent constants (of).X° The important and
most interesting observation is that the barrier to dechlo-
rination is almost independent of fluorine substitution.
This suggests that the transition state for cleavage of the
C—Cl bond has an electron density distribution that is not
much different from that in the reactant.®>¢ In other
words, the transition state for C—CI cleavage occurs early
in the reaction coordinate, as depicted in Figure 6.

The dechlorination reaction offers an excellent example
of a reaction in which it has been possible to correlate
the kinetics measured on single-crystal surfaces with
kinetics observed on supported Pd catalysts at high
pressures. Although the data in Figure 6 show that the
AE &_¢ is independent of fluorine substitution, the AE 5
increases as the amount of fluorine in the reactant
increases. This is accompanied by a decrease in the overall
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FIGURE 6. Activation energies for the dehalogenation of 1,1-
dichloroethanes on Pd(111) and for alkyl and fluoroalkyl iodides on
Ag(111) and Pd(111) surfaces plotted against the inductive substituent
constants. In all cases the reaction constant, p, is very small,
suggesting an early transition state which is similar to the reactant.
The reactants used in the study of dechlorination were CFsCFCl,,
CF3CHClIy, CHCFCl,, and CH3CHCI,. The reactants used in the study
of deiodination were R—I: R = CHj, C,Hs, C3H7, CH(CHs),, C(CHa)s,
CH,CF3, CH,CH,CF3, CH,CF,CF3, CF3, CF,.CF,H, C(CF3)s.

rate of dechlorination and is due to the fact that the
AE 3, decreases with increasing fluorination. Under
high-pressure catalytic reaction conditions, it has also
been observed that the rate constants for hydrodechlori-
nation of dichloromethanes decrease with addition of
fluorine.*” This suggests that catalytic hydrodechlorination
is rate limited by the dechlorination step and thus by the
same transition state that has been examined on the Pd-
(111) surface. Such correlations between substituent ef-
fects for reactions on single-crystal surfaces and reactions
on supported catalysts offer an important opportunity for
deepening our understanding of catalysis by forging a
stronger link with surface science.

The early transition state observed in our study of the
dechlorination reaction has also been observed in studies
of C—I cleavage on both Pd(111) and Ag(111) surfaces.*8-%0
This reaction has been studied using a very wide range of
substituents on the C—1 bond (R—I, R = CHj3, C;Hs, C3Hy,
CH(CHj3),, C(CH3)3, CH,CF3, CH,CH,CF3, CH,CF,CF3, CF3,
CF,CF;H, C(CF3)3). Figure 6 also plots the values of
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AE ¢_, versus the field substituent parameters for cleav-
age of C—1I bonds in this set of iodides. The interesting
fact is that these studies reveal the same type of transition
state as has been postulated for C—CI cleavage. The
reaction constants are negligible (p = —2.9 kcal/mol on
Ag(111) and p = —0.3 kcal/mol on Pd(111)) when com-
pared to those observed for reactions such as -hydrogen
elimination or alkyl coupling. When combined with the
results for the dechlorination reaction, these results paint
a consistent picture of dehalogenation reactions having
early transition states on metal surfaces as depicted in
Figure 6.

Opportunities

This Account has discussed several surface reactions for
which it has been possible to use fluorine substituent
effects to successfully probe the nature of transition states.
A full list of the surface reactions for which fluorine
substituent effects have been observed is given in Table
1. This approach provides an unprecedented look at the
real nature of “reactivity” on surfaces and offers a wealth
of opportunities to expand the scope of our understanding
of surface chemistry. One of the attractions to this
approach is that it is widely applicable, since it merely
involves the careful extension of experiments that are
commonly used to study hydrocarbon surface chemistry.
These experiments also offer an opportunity to make
connections between single-crystal surface chemistry and
high-pressure catalytic chemistry on supported metals.
Along another avenue, one can see an opportunity to
make connections to computational descriptions of surface-
catalyzed reactions.

Using substituent effects to make the link between
single-crystal surface chemistry and heterogeneous ca-
talysis requires some thought and care. In principle, there
is no reason why measurements of reaction rates and rate
constants over heterogeneous catalysts cannot be made
using a set of fluorinated reactants, as has been done on
single-crystal surfaces. Substituent parameters could then
be used to correlate reaction rate constants or AE 5
among different reactants. One such connection has been
pointed out in the example of the dechlorination of CFCs
by Pd surfaces and supported Pd catalysts.*”#¢ Other
examples can be found in the catalysis literature.>>%? One
very interesting case is a study of alcohol dehydrogenation
over CrO—ZnO catalysts.>® This reaction is believed to
occur via a mechanism which involves formation of an
alkoxide followed by g-hydrogen elimination to yield
aldehydes or ketones. It has been studied at atmospheric
pressures using a number of substituted alcohols.%® Plot-
ting the data from that work using the same inductive
substituent parameters used for 3-hydrogen elimination,
we find a reaction constant of p = —6 based on the use of
a dimensionless ratio of rate constants rather than AE..
For comparison, the reaction constant for S-hydrogen
elimination in alkoxides on the Cu(111) surface yielded p
= —26 (when obtained using the rate constant (k) rather

than AE 3.).® The fact that the reaction constants on

both surfaces are negative suggests that they reveal the
characteristics of a transition state that is similar in nature
and rate controlling for both processes.

The experimental quantities reported in this Account
also have the potential to serve as benchmarks for

computational efforts to calculate AE § and transition-

state structures for surface reactions. These computational
efforts are receiving a great deal of attention and are an
area of rapid progress and enormous opportunity.®” The
link between computationally determined reaction ener-
getics and experimentally determined activation energies
has already provided valuable insight into the nature of
the transition state for g-hydrogen elimination. In com-
putational studies of transition states for hydrocarbon
surface reactions, it would be conceptually straightforward
and instructive to perform parallel calculations including
fluorine as a substituent. The predictions of these calcula-
tions ought to be directly comparable to the effects of

fluorine substitution on AE ;. measured and reported in

this Account. Furthermore, such calculations would reveal
directly the nature of charge distributions in transition
states. In principle, these approaches provide a direct link
from theory to surface science to catalysis that offers an
exciting opportunity to deepen substantially our under-
standing of surface reactivity.

The author’s work in the area described by this Account has
been support at various times by grants from the Air Force Office
of Scientific Research, the National Science Foundation, and the
David and Lucile Packard Foundation.
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