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Abstract: The kinetics of C-1 bond cleavage on the Ag(111) surface have been measured in a set of 10 alkyl
and fluoroalkyl iodides. All the iodides adsorb molecularly on the Ag(111) surface at low temperatures and
then dissociate during heating at temperatures below 200 K. X-ray photoemission spectroscopy was used to
monitor the rate of €1 cleavage during heating. Estimation of the barrier tel Cleavage AE*c_)) indicates

that it is sensitive to the nature of the alkyl or fluoroalkyl substituent groups bonded to-¢hebon atom.

The barriers can be correlated to the field and polarizability substituent constarasd o,) of the alkyl
groups and reveal that the reaction constants fot €leavage are quite lowof = —17 + 1 kJ/mol ando,,

= —11+ 2 kd/mol ). This suggests that the transition state fell Cleavage is slightly anionic with respect

to the adsorbed iodide (R@ — [RC%~+-+I]¥) or, in other words, that the electron density on the carbon atom
of the G-I bond is slightly greater in the transition state than in the reactant iodide. The magnitudes of the
reaction constants, however, are relatively low. The implication is that the transition statd tde@vage is

fairly homolytic in the sense that it occurs early in the reaction coordinate and is like the initial state iodide.

1. Introduction As such, an understanding of the nature of the transition state
for the C-ClI cleavage step can provide valuable insight into
catalytic hydrodechlorination kinetics that could be used to
suggest directions for improvement of existing catalysts. Prior
study of the cleavage of € bonds on the Pd(111) surface
suggests that the transition state is homolytic in the sense that
the electron distribution at the reaction center is not much
different from that in the reactah In other words, the transition
state probably occurs early in the reaction coordinate fo€CC
cleavage. To provide corroborating evidence for the nature of
the transition state in €CI cleavage, we have performed similar
studies of the intrinsic barrier to another dehalogenation reaction,
the cleavage of €1 bonds in alkyl and fluoroalkyl iodides
adsorbed on the Ag(111) and Pd(111) surfaces.

The cleavage of €1 bonds on metal surfaces is an important
f reaction in its own right since it has been used to produce stable
hydrocarbon fragments on many metal surfaceén many
investigations on metal surfaces, it has been observed that low-
temperature adsorption of alkyl iodides followed by heating
results in the dissociation of the-@ bond. Most studies report
that this occurs at temperatures in the range-I2ID K to leave
stable alkyl groups on the surface. For the most part, it is the

Cleavage of carbonhalogen bonds on metal surfaces is an
important elementary step in a number of chemical processes.
One process which is of current interest and which has motivated
this work is the catalytic hydrodechlorination of chlorofluoro-
carbons (CFCs)2 A second is the dissociation of carbeiodine
bonds which is used to create stable alkyl groups on many metal
surfaces:* The experiments described in this paper have been
designed to reveal the characteristics of the transition state to
C—I cleavage on the Ag(111) surface. They are part of a larger
study which has provided a consistent picture of the nature of
the transition state for carbetiodine and carbonchlorine bond
cleavage on both Ag(111) and Pd(111) surfecés.

Catalytic hydrodechlorination is used to convert chloro-
fluorocarbons (CFCs) into hydrofluorocarbons (HFE%Y he
most commonly studied catalyst for hydrodechlorination o
CFCs is Pd supported on C, Al;, or SiG. Although the
mechanism is far from clearly understood, dechlorination or
cleavage of €Cl bonds must be an important elementary step
in the process. There is some evidence that it is either rate
limiting, or at least influences the overall reaction kinet€§:11
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In all cases, the €1 bond breaks at temperatures below 200
K. This produces alkyl and fluoroalkyl groups which react by
coupling to form alkanes and fluoroalkanes which desorb from
the surface. With the exception of ethyl and isopropyl coupling
reactions which occur at185 K, the alkyl coupling occurs at
T > 200 K and thus does not influence the kinetics of thel C

cleavage reaction. The only species which do not couple on

the Ag(111) surface are the fluoroalkyl groups with fluorine
atoms in thg3-position with respect to the surface. Those react
by B-fluoride elimination afT > 200 K to form olefins!® The
important point is that all reaction steps of the alkyl or
fluoroalkyl fragments occur at temperatures above that-ef C
cleavage so the kinetics of the-Ccleavage are not influenced
by concurrent surface reactions.

In this work, the barrier to €1 cleavage AE*c_|) has been
measured in a set of 10 substituted alkyl and fluoroalkyl iodides.
The substituents are the groups bonded tootf@ (H, F, CH,
CFs, etc.) and are not involved directly in the-C cleavage
reaction. The barriers to-@ cleavage have been correlated to
the field and polarizability constantsof and o,) of the
substituents as defined in the literatgté?

AE'c_ = peor + p,o, + AE*Hscfl 1)

Methyl iodide, CHI (in which all substituents are H atoms), is
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The thermally programmed reaction spectra (TPRS) were obtained
using a Dycor M200M quadrupole mass spectrometer. The sample was
initially cooled to 90 K, following which adsorption was performed
by positioning the Ag(111) surface roughly 1 cm from a capillary array
doser attached to one of the leak valves. Exposures of the sample surface
to the iodides were recorded in units of Langmuirs €0 orrs)
measured using the ion gauge. These were not corrected for ion gauge
sensitivity. The sample was heated at a rate of 2 K/s while monitoring
the desorption of up to threevq ratios with the mass spectrometer.

The kinetics of the €1 cleavage reaction in iodides adsorbed on
the Ag(111) surface were monitored by obtaining a series ofsk 3d
X-ray photoemission (XP) spectra during heating of the sample surface
from 90 to~250 K at a heating rate of 0.2 K/s. Monitoring the reaction
kinetics is possible because there is a significant difference in the
binding energiesAE, ~ 2 eV) of the | 3d,, core level between the
alkyl iodides and the adsorbed atomic iodine deposited onto the Ag(111)
surface as a result of-@ bond dissociation. The spectra were obtained
with an 800 W Al Ko source and a VG CLAM Il hemispherical
analyzer operating at a pass energy of 50 eV. A number of criteria
went into the choice of the conditions used for the experiments. The
resolution of the spectra had to be sufficient to resolve the 2 eV binding
energy difference between the reactant iodides and the product iodine
atoms. In addition, the total time of the X-ray exposure to the surface
had to be kept below the level at which the X-rays caused significant
damage or dissociation of the iodide. Finally, the time between spectra
had to be kept as short as possible to allow sufficient time or temperature
resolution over the course of the experiment. The conditions selected
allowed collection of | 3¢, spectra in the energy range 61625 eV

reference substituent for both the field and polarizability
substituent constantgf(H) = 0 ando,(H) = 0). The results
will show that the reaction constanis; and p,, are low. This
has also been observed for-Cand C-Cl cleavage on Pd(111)

surfaces and supports the general conclusion that the transitio

state occurs early in the reaction coordirfate.

2. Experimental Section

The experiments were performed in an ultrahigh-vacuum (UHV)

surface science apparatus evacuated with a cryopump to a base pressuf&

below 101° Torr. This apparatus was equipped with instrumentation
for surface cleaning by Arion sputtering and surface analysis using

time used to obtain each spectrum was 20 s, which then allowed roughly
50 spectra to be obtained over the temperature rang90 K.

In an experiment in which XPS is used to determine the rate of a
surface reaction, it is critical to ascertain that the X-rays are not
influencing the reaction rate. This was determined by adsorbing a

r]’nonolayer of CHCHl onto the Ag(111) surface at 90 K and exposing

it to a continuous flux of X-rays. By monitoring the appearance of
atomic iodine on the surface, it was possible to determine the relative
rates of the X-ray-induced-€l cleavage versus thermally inducee-C
cleavage. Over the period of time normally used for one of our kinetics
periments (800 s), we found that less than 5% of the dissociation of
C—1 bonds could be attributed to X-ray effects.

The iodine coverages reported in this paper were determined

X-ray photoemission spectroscopy (XPS). In addition, a quadrupole absolutely. Exposure of the Ag(111) surface to4CH,l at 300 K
mass spectrometer was used for measurements of desorption kineticsProduces a saturated overlayer of iodine inve8(x +/3)R30 lattice
Several standard leak valves were mounted on the chamber forata coverage of one-third of a monolayer with respect to the Ag atoms

introduction of gases and vapors of the alkyl and fluoroalkyl iodides
used in the course of this work.

in the Ag(111) surface. The ratio of the | s3dXPS signals for this
overlayer to the Ag 3¢k signal for the clean Ag(111) surface was used

The Ag(lll) Samp'e was purchased Commercia"y and was mountedto calibrate the coverage of iodine in all other eXpel’ImentS

in the UHV chamber on a manipulator that allowed resistive heating
to temperatures over 1300 K and cooling to about 90 K. Cleaning of
the Ag(111) surface was achieved using cycles of iin sputtering

and annealing to 1000 K. This was sufficient to produce a clean surface,

3. Results

During the course of this work, we have measured the kinetics

as determined using X-ray photoemission spectroscopy. The alkyl andof C—I bond cleavage in 10 different alkyl and fluoroalkyl

fluoralkyl iodides used in this work were purchased commercially from
Aldrich Chemical Co. and Lancaster Chemical Co. The liquids were
all purified by cycles of freezepump-thawing before use. The purity

iodides. The molecules studied are listed in Table 1. The
following three sections provide detailed descriptions of the data
obtained for three molecules (GEH.I, CHsl, and CKl) before

of gases introduced into the vacuum chamber was checked using th%ummarizing the results for the entire set.

mass spectrometer.
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3.1. C-I Bond Cleavage in CHCH2l. The chemistry and
reaction kinetics of CECH,l on the Ag(111) surface are typical
of most of the molecules used in this investigation and will be
described in some detail in this section. The kinetics ofl C
bond cleavage in C¥#CH,l were measured by first adsorbing
CH3CHal on the Ag(111) surface at 90 K and then obtaining |
3ds2 XP spectra as a function of temperature during heating at
a constant rate. At low temperature, &HH,l is adsorbed
molecularly with the G-I bond intact, and the | 3g peak has
a binding energy of 620.3 eV. Once the surface has been heated
to 220 K, all C-1 bonds are broken, and the iodine is adsorbed
to the Ag(111) surface as atoms. As a result, thesh3dnding
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Table 1. List of the Alkyl and Fluoroalkyl lodides Studied on Ag(111), Including the Field Substituent Constaunds the Polarizability
Substituent Constant&4,), the Temperature of Maximum Dissociation Rafgd), and the Barrier to Dissociatiom\E*c—)

field polarizibility AE*c_ (kd/mol),
molecule substituents constant ¢r) pXoS constant ¢) 304 Tmax (K) Ag(111)
CHal H 0.0 0.0 0.0 0.0 178 49 3
H 0.0 0.0
H 0.0 0.0
CHsCHl CHs 0.0 0.0 0.35 0.35 155 438 2
H 0.0 0.0
H 0.0 0.0
CH3CH,CHl CH3CH; 0.0 0.0 0.49 0.49 158 44 2
H 0.0 0.0
H 0.0 0.0
(CHs),CHI CHs 0.0 0.0 0.35 0.70 138 382
CHs 0.0 0.35
H 0.0 0.0
CRCHCH;l CFsCH, 0.23 0.23 0.23 0.23 143 392
H 0.0 0.0
H 0.0 0.0
CRCHyl CFs 0.44 0.44 0.25 0.25 140 382
H 0.0 0.0
H 0.0 0.0
CRCFRCHal CFCR (0.51) 0.51 0.38 0.38 133 362
H 0.0 0.0
H 0.0 0.0
CRHCFRi CFH 0.36 1.24 0.27 0.01 102 282
F 0.44 0.13
F 0.44 0.13
CRl F 0.44 1.32 0.13 0.39 105 282
F 0.44 0.13
F 0.44 0.13
CRCRi CFs 0.44 1.32 0.25 0.01 96 262
F 0.44 0.13
F 0.44 0.13
618.3 (CH3CHal(ag) is accompanied by a continuous increase in the
: intensity of the peak at 618.3 eV({l).
25 keps The chemistry of many of the alkyl iodides on the Ag(111)

230K

210K

190K

170K

lodine 3d,, Intensity

i

150K
130K
110K

620.3 90K

T T T T T T
616 618 620 622 624 626

Binding Energy (eV)
Figure 1. X-ray photoemission spectra of the |sgdpeak during
heating of 0.24 ML CHCH,l on the Ag(111) surface frori = 90 to
230 K. The | 3d;; binding energies are 620.3 eV for iodine in the
adsorbed molecule and 618.3 eV for iodine on the Ag(111) surface.
The continuous conversion from GEH:l aq) to l(aq) is apparent as the
surface is heated at a constant rate of 0.2 K/s.

energy shifts by 2.0 eV to 618.3 eV. These values of the;b3d

surface is documented, and the fates of the alkyl groups and
the iodine atoms are know#:8 During heating, the CECHz(aq)
fragments remain on the surface and do not react until the
temperature reaches 185 K, at which point they couple and
desorb as butane. This butane desorption temperature is
consistent with that measured by other researciiéfsThe
important point is that the reaction of the ethyl fragment occurs
after the majority of the €1 bonds have dissociated. Thg
remains on the surface during the-Ccleavage and does not
desorb untir830 K. It is believed thatdq) desorbs as | atoms
from Ag(111)13

The dissociation of the €I bond in adsorbed C¥CH,l was
monitored by obtaining a set of 50 | ggXP spectra during
heating from 90 to 290 K at a rate of 0.2 K/s. The spectra can
be decomposed into contributions from two adsorbed species
(CH3CHal (agy and aq) through the use of the factor analysis or
principal component analysis meth&d This method uses the
| 3ds/2 spectra of a pure C¥CH,l (ag) monolayer and a pureah
layer as the basis spectra for linear decomposition of the mixed
composition spectra. The principal component basis spectrum
for CHzCHal (aq) is simply the low-temperature (90 K) | 3¢
XP spectrum centered at 620.3 eV, and the basis spectrum for
lag)is the high-temperature (250 K) spectrum centered at 618.3
eV. The coverages of GI&Hal aqg) (Or1) and {aq) (01) are obtained
by least-squares fitting of those principal component spectra to

binding energies are consistent with those reported in the all 50 raw spectra simultaneously. The factor analysis technique

literature for CHI and CHCH,l on Ag(111). This shift of the
| 3ds/2 binding energy during C¥CH,l dissociation is illustrated
quite clearly in Figure 1, which shows a series of spectra
obtained at equally spaced temperatures in the rang30
K. The continuous loss in intensity of the peak at 620.3 eV

has been described in det&i#* Figure 2 shows a plot of the

(23) Malinowski, E. R.; Howery, D. GFactor Analysis in Chemistry
John Wiley & Sons: New York, 1980.

(24) Rummel, R. JApplied Factor AnalysisNorthwestern University
Press: Evanston, IL, 1970.
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Figure 2. Coverages of dg) and CHCHal@ag as a function of Figure 3. Coverage of kg as a function of temperature for several
temperature during heating of GEHalq) on the Ag(111) surface. initial coverages of CECHal@aay In all cases, the C¥Halg) is

Initially (90 K), all the iodine is present in the form of adsorbed completely converted tqak)during heating. The temperature range and
CH3CHoal g (I 3ds/2 binding energy of 620.3 eV). During heating, the inflection points of the hq) vs T curves are independent of the initial
C—1 bonds break, depositingdon the Ag(111) surface (I 3d binding coverage of CHCHyl(aqy Heating rate= 0.2 Ki/s.

energy of 618.3 eV). Heating rate 0.2 K/s. ) ) ) . L )
changing the reaction environment. The dissociation reaction

coverages ofda)and CHCHal aq) (61 andOr)) during heating.  must require free sites for adsorption of the)land the alkyl

These show the continuous conversion from one species intogroup, and as the reaction proceeds these become blocked.
the other. Plotting the sum of the two coverages reveals that Coverage dependence of surface reaction barriers is commonly
there is no loss of iodine atoms from the surface during the observed and could easily account for the large temperature

heating. Fitting a Boltzmann function to tifgT) curve allows range over which €1 bond cleavage is observed.
one to identify an inflection pointTimay) Which is the maximum To explore the possibility that the barrier to-Ccleavage
in the rate of C-1 bond breaking. depends on adsorbate coverage, the kinetics-off @eavage
in CH3CH,l were measured as a function of initial reactant
6(To) — 6(T) +6(T) @) coverage @Qcr,ch,®). The result is the set of curves shown in
T TT AT f

Figure 3, illustratingd,(T) for increasingdcp,ch,®. For all of
these experiments, the surface was initially clean. The fact is
(6(To) is the initial kaqycoveraged(Ty) is the final .q)coverage, that the peak dissociation temperature does not appear to depend
and AT is the width of the curve). It should be noted that the on6cnh.cr,® A plausible explanation for this is that the @EHl
Boltzmann curve is a symmetric S-shaped curve with enough can diffuse on the Ag(111) surface to coalesce into islands. In
degrees of freedom to adequately represent the data. It doesuch a scenario, the local coverage ofCHal within these

not represent an analytical solution to a kinetic model that ought islands would be independent of the total amount on the surface.
to represent the data. The curves used to fit the dat&,{®) This is consistent with the observation that the kinetics o1 C
and 6r(T) are shown in Figure 2 as the solid lines. The most cleavage do not depend @lan,c,®. The origin of the width
important quantities to be extracted from these data are theof the temperature range over which-Cbond cleavage cannot
temperatures of maximum reaction ralg.{y since these are  be changes in the coverage of &yl q) during the course

to be used to estimated the barriers tol®ond cleavage. of the reaction.

One of the features of th&(T) curve observed in Figure 2 Another plausible reason for the apparently large temperature
is that the dissociation of G€H,l on the Ag(111) surface  range for C-1 bond cleavage is that one of the products is
occurs over a fairly broad temperature range. The maximum inhibiting the reaction and that as the extent of reaction
dissociation rate occurs @ax = 160 K, and the width of the  increasesAE*c_, is increasing. The coverage qfd) certainly
temperature range ST = 65 K. This is too broad a range for  changes throughout the course of the IGleavage reaction
a simple first-order process with a rate constant having a and might plausibly influencAE*._,. It has been possible to
physically reasonable pre-exponem) énd a single value of  make an independent determination of the effects of iodine
the activation barrier \E¥*c_|). Analysis of the dissociation  coverage on the kinetics of-@ cleavage. Severdl(T) curves
kinetics for a first-order process with a physically reasonable were obtained with differing initial coverages of adsorbed iodine,
pre-exponent of = 10'3 s1 and a barrier of 43 kJ/mol (the  6,° and are shown in Figure 4. The initial coverage of;CH;l
value estimated for C§CH,l dissociation) suggests that the was Ocu.cr,® ~ 0.13 for all three experiments. It is quite
reaction ought to occur with a value ®f.x = 155 K but over apparent from these curves that increasing the amoun®f |
a much narrower temperature ramy€ = 15 K. The most likely on the surface increas@sax for C—I cleavage. The form of
explanation for the large value ofT is thatAE¥-_, is dependent  the curves in Figure 4 suggests that the apparent breadth in the
on the extent of reactiort). This seems quite plausible since temperature range for-€l cleavage in adsorbed GBH,l can
both reaction products gy and CHCHy@g) remain on the be attributed to inhibition of the reaction by iodine deposited
surface during the course of the reaction, thus continuously onto the Ag(111) surface during the course of the reaction. The

O(T) - 1+ e(T—TmaglAT
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Figure 4. Coverage of ¢a) as a function of temperature during the emperature (K)

decomposition of CkCHal g at several initial coverages afdy The Figure 5. Coverage of ks and the total | coverage (Gha) + I(aa)
temperature range and inflection points of thg s T curves are as a function of temperature during heating of€bh the Ag(111)
dependent on the initial coverage qfs) These suggest that, during ~ surface. The Chlq dissociates during heating until 180 K, at which
the decomposition of C#€Hjl sy the increasing coverage gfjcauses  point the remaining Chlq) desorbs into the gas phase. At that point,
an increase iM\E*c_,. Heating rate= 0.2 K/s. the total | coverage on the surface drops. The solid curves are fits of
Boltzmann functions to the data. The dashed curve is a fit of a
Boltzmann function to the data féy(T), assuming that all of the G

inhibition | m r the width of the reaction
bition by (ad) 85 Measu ed by the width o € reactio dissociates. Heating rate 0.2 Ki/s.

temperature range\(l) seems to decrease @8 increases. This

is observable in the narrowing width of the curve at increasing 1gg K is slightly below theT, from the TPR spectrum (which
0,°. This complicates the kinetics because it implies it was collected a = 0.2 K/s), it is a temperature where the

is changilng throughou.t the. course of the reaction. legn the desorption rate is significant. The very sharp decrease in total
complexity of the reaction kinetics, the analysis of data will be jogine concentration is consistent with and is typical of a first-

limited to estimation ofAE*c-, by use of the temperature of  ,ger desorption process with a constant barrier and a physically
the peak dissociation rat@max, which occurs at an extent of  oa50naple pre-exponential factor. It is clear from both the XPS

reaction of roughly; = 1/2 for all initial coverages of C§CHol. and TPRS experiments that the-Cbond cleavage in CH
3.2. C-I Bond Cleavage in CHsl. The chemistry of Chl does not reach completion.

on the Ag(111) surface is somewhat more complicated than that  The analysis of thé,(T) curve to yield an estimate &E*c_

of CH3CH,l and the other alkyl iodides due to the fact that some is complicated by the fact that some of the {Lidesorbs. In

of the CHl desorbs during heating. Of the 10 iodides studied the case of CHl, a Boltzmann curve has been used to fit data
during the course of this work, GHis the only one for which in the temperature range of 9480 K; however, the high-
any molecular desorption is observed. During heating, a fraction temperature limit is chosen as though all the sCtiad

of the CHl desorbs at 195 K (heating rate/of= 2 K/s). Some,  dissociated on the surface. This is illustrated by the dashed line
of course, decomposes, and £LHesorption is followed by the  in Figure 5. In essence, this curve #(T) is extended to high
desorption of GHg at T, = 215 K. GHg is formed by coupling  temperature to simulate the case in which there is no desorption

of the methyl groups produced by-Ccleavage in the fraction  of CHsl and C-1 cleavage reaches completion as it does for all
of CHal that dissociated. Measurements of the k3KPS the other iodides.

spectrum before and after heating to 275 K indicated that 30 3.3. C-1 Bond Cleavage in CRl. The highly fluorinated

50% of the CHI desorbed, depending on the initial coverage jodides have lowAE¥*-_,, and as a result, some fraction of an
of CHsl. Of all the iodides studied in this work, GHhas the  adsorbed layer dissociates on the Ag(111) surface at tempera-
highest barrier to dissociatiofffax = 175 K) and probably the  tures below the 90 K limit of our apparatus. This complicates
lowest barrier to desorption. As a result, a temperature is reachecthe analysis of the reaction kinetics. The compounds that
during heating at which the GHthat remains on the surface  decomposed at low temperature had at least two fluorine atoms
desorbs. bound to the reaction center (§FCF.HCF.l, and CRCFl).

The concurrent decomposition and desorption of;lG¢4n Several XP spectra of 0.08 ML of GIFat different temperatures
be monitored using XPS. Figure 5 shows the evolutio®,of  are plotted in Figure 6. The partial dissociation at low temper-
andfcpy + 6, on the surface during heating. At 100 K, all the ature is illustrated by the spectrum of £Rdsorbed at 90 K.
iodine on the surface is present in the form of {Lk). During From the width and shape of the curve, it is obvious that even
heating, CHIq) begins to dissociate to produce &id) and at 90 K, some CH has dissociated. The partial dissociation at
l(ady (CHslad) = CHa(agy + l(ag). This process continues until 90 K (before heating) posed a problem for the choice of the
the temperature reached.80 K. At that point there is a sudden  XP spectra of the pure fluoroalkyl iodides to be used as basis
drop in the total iodine concentratior®,(+ 6cny) as the spectra for the factor analysis. This problem was solved by using
remaining CHI desorbs. It is clear in Figure 5 that the total the XP spectrum from a multilayer coverage of the fluoroalkyl
amount of iodine on the surface decreases-#9%. Although iodide. The multilayer €1 ML of | atoms) was formed by
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Figure 6. X-ray photoemission spectra of the |sgdpeak during
heating of 0.08 ML of CHl(q)0on the Ag(111) surface from = 90 to

150 K. CRl is partially dissociated at 90 K. The continuous conversion
from CRslag) (1 3ds/2 binding energy of 620.3 eV) tah) (I 3ds2 binding
energy of 618.6 eV) is apparent as the surface is heated at a constan

rate of 0.2 K/s.
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Figure 7. Coverage of kg as a function of temperature during heating
of CRsl@agyon the Ag(111) surface. Initially (90 K)»70% of the iodine

is present in the form of GRaq) (I 3ds2 at 620.3 eV). During heating,
the C-I bonds break depositing.4 on the Ag(111) surface (I 3d at
618.6 eV). The Boltzmann fit is extended to zeg)coverage at low
temperature as if no initial dissociation occurred. Heating rat@.2

K/s.

exposing the surface to a large flux of thegCénd then taking
an XP spectrum, as shown in Figure 6. Bh@) curve is plotted
in Figure 7 and has been fit by a Boltzmann curve with the
initial low-temperature value of), fixed equal to zero. In
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Figure 8. Coverage of hq) versus temperature during dissociation of
alkyl and fluoroalkyl iodides on the Ag(111) surface. The coverages
ﬁre all roughly 0.16 ML; however, the high-temperatugg bignals

ave all been normalized to the same value in order to aid visual
comparison of the curves. Since the dissociation kinetics are independent
of coverage, this does not affect the position of the inflection points.
Clearly, the substitutions of the alkyl groups influence theIC
dissociation kinetics. Heating rate 0.2 K/s.

3.4. C—1Bond Cleavage in Alkyl and Fluoroalky! lodides.
X-ray photoemission spectra have been collected to measure
the dissociation kinetics of a series of alkyl and fluoroalkyl
iodides (F§C—|(ad) g R3C(ad) + I(ad)y where R= H, F, CH;,

CF;, CHsCH,;, CRCH,;, CRHCF, CRCF, CHs;CH,CH,,
CR;CH,CH,, CRCR,CHjy, or (CHs)2,CH) on Ag(111). (In this
notation, R is not necessarily the same for all three substituents
of R3C—I). The molecules that were studied are listed in Table
1. These iodides were chosen specifically to be a statistically
reasonable set of molecules that undergo the same reactidn (C
cleavage) and have substituents (R) with a broad range of field
and polarizability substituent constants. Starting at 90 K with
an initial coverage of the alkyl iodide dfr,c® ~ 0.16 ML
(roughly half of the saturation | coverage), a series of XP spectra
of the | 3d» region were collected as the surface was heated at
arate of 0.2 K/s. To obtain th@(T) curves, these spectra were
analyzed in the same fashion as described above feC8HHaq)

by using factor analysis decomposition to obtain the coverages
of aq)and RClg)as a function of temperature. The inflection
points of thef(T) curves were used to estimate the values of
the AE*c_, at an extent of reaction df = 1/2. The fact that all

the curves run roughly parallel to one another suggests that the
dependence of the rate @nis the same for all molecules and
that the dependence on the substituents is similar at all extents
of the C-1 cleavage reaction.

The 6,(T) dissociation curves for all of the molecules studied
are shown in Figure 8. Since the initial coverage of alkyl iodide
does not affect the dissociation kinetics, normalizing the curves

essence, these curves simulate the data that would be expectetb the same final coverage will not affect the position of their

if the sample could be cooled t690 K. The XP spectra and
the 6,(T) curves for CEHCF,l and CRCRl had features similar

inflection points. The one exception, of course, issGldome
of which desorbs before all of the-@ bonds cleave. Boltzmann

to those of CHl in the sense that some fraction dissociated at functions were used to fit th@(T) curves in order to determine

T < 90 K, and thef,(T) curves were analyzed in the same

manner as for C§f.

the inflection points or the temperatures of maximum dissocia-
tion rate, Tmax It is important to point out that several approaches
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including simple visual inspection were used to deternipg,

Buelow and Gellman

in each reactant, the pre-exponent for each should be quite

and the results of this work are insensitive to the method. The similar. Thus, although an error in the choiceiof= 103 s71

values ofTmax from the 6,(T) curves provide the basis for the
estimation of the activation barriers for-C cleavage AE¥¢_|.

may introduce a systematic error into the estimated values of
AE*c_;, the estimate of the relative values should be quite good.

The details of the analysis are described in the Discussion The values ofAE*c_, are listed in Table 1 and range from 26
section, and the results for the entire set of iodides are presentekJ/mol for CRCF,l up to 49 kJ/mol for CHI. The effects of

in Table 1. Not surprisingly, the substituent groups on the alkyl
and fluoroalkyl iodides do have an influence on thE*c_,.

4. Discussion

4.1. Analysis of C-I Dissociation Kinetics. The XPS
experiments performed in this work generated &) curves
of Figure 8, which are measures of the kinetics eflCleavage
in all the alkyl iodides studied. Although the reaction itself

the substituents on the\E*c_; can be used to infer the
characteristics of the transition state te-ICcleavage.

4.2. Transition State for C—I Cleavage. The aim of our
measurements of the kinetics of-Ccleavage on the Ag(111)
surface has been to determine the nature of the transition state
for this important dehalogenation reaction. Linear free energy
relationships (LFERS) serve as a very effective tool for scaling
measured activation energies and correlating them to properties

should be quite simple, there are obvious complexities that are ©f the substituents. A glance at Figure 8 shows thattk(€)
introduced into the kinetics by the dependence of the reaction CUrves for each of the iodides do not coincide in temperature;

rate on the coverage of adsorbed iodifie,As a result, the
analysis of the kinetics will be limited to use of the temperature
of maximum reaction rateTf,,y) for estimation of the barrier
to C—I| cleavage. In essence, this is an estimataABfc_, at an
extent of reaction of = 1/2. In much the same way as the
peak desorption temperatufig, is used to determine desorption
energiesAEges in the analysis of thermal desorption spectra,
the peak dissociation temperaturéya, has been used to
estimateAE*c_,.2°> The elementary reaction step,

CHCH,l (aq) = CHCH, (o) T 1 ag)

will be modeled with an Arrhenius rate expression assuming
first-order kinetics,

do,

ot kC—I(HCH3CH2IO —0)

= efAE*m/RT( 0 0

CH,CH,|

- el)

thus, the nature of the substitution does have some influence
on the C-I dissociation kinetics. The range of the maximum
dissociation temperatures for this set of iodides-&) K. The
reactants were carefully chosen to have substituents that span a
wide range of field ¢) and polarizability ¢,) substituent
constants. The field effect results from the electrostatic interac-
tion of a local dipole moment on the substituent with a change
in charge densityAq) at the reaction center on going from
reactant to transition staté?? Naturally, if there is no change

in charge density at the reaction center, there will be no field
effect interaction with the substituents. Polarizability is a
measure of the dipole moment that is induced in a substituent
by a nearby charge (in either the reactant or the transition state)
and is roughly correlated to the size of the substituent. Again,
if there is no change in charge density at the reaction center,
then there is no change in induced dipole in the substituent,
and there will be no substituent polarizability effect. These two
effects can be correlated simultaneously with a multivariable
linear fit using eq 1. A good correlation will result if these effects
are sufficient to adequately describe the changes in activation

Since the total amount of iodine does not change during heating,energy induced by the various substituents on the reactants. The

the coverages ofdy and CHCHal(aq) are related to the initial
alkyl iodide coveragefch,ch,®) by the following expression,

— 0
0, + 90H3CH2| - ‘9CH3CH2|

Tmax i the inflection point of theé),(T) curve and satisfies the
condition

o6,

dt? o

0

Thus, if we assume first-order kinetics, the Redhead equfation
applies,
+
AE¢,
RT

max

— Z e_AE¢C-I/RTmax

B

®)

The quantityg is the heating rate, and with a value for the pre-
exponentr this equation can be used to estimate the value of
AE*c_|. The value chosen for the pre-exponent is 1013s71,

which should be a reasonable estimate for what ought to be a
simple unimolecular dissociation with adsorbed reactant and

products. It is important to note that, in this investigation, we
are most interested in the relative valuesAdc_, among a

linear free energy relationship for-@ cleavage on Ag(111) is
plotted in Figure 9. To make this two-dimensional plot, eq 1
was rewritten in two forms, one to demonstrate the field effect
and one for the polarizability effect:

+
AEc —p

(field) (4)

A|E¢c—| ~ PFEOE = PO T AEjFH3c—| (5)

+
oo = PeOE + AE ¢

(polarizability)

Clearly, a good correlation results for both of these effects with
pr = —17 £ 1 kJ/mol 2 = 0.98) andp, = —11 & 2 kJ/mol

(r?2 = 0.83). The quality of these fits indicates that these two
effects are sufficient to adequately describe the electronic
substituent effects oAE* .

The value of LFERSs in determining the nature of transition
states has been demonstrated in previous measurements of
surface reactions such Ashydride elimination in alkoxides on
Cu(111)?5-28 Those experiments showed that, for heterolytic
processes, the values pf are on the order of 166200 kJ/
mol. As an additional point of comparison, gas-phase proton-
transfer equilibria (Rig) <> R™(g) + H™(g) also have large values
of pr &~ 200—300 kJ/mok122By these standards, the values of
pr andp, for C—I cleavage on Ag(111) are very low. The good
correlation and negative value of the inductive reaction constant

large set of iodides. Given that we are studying the same reaction (26) Gellman, A. J.; Dai, QJ. Am Chem Soc 1993 115 714.

(25) Redhead, P. Avacuum1962 12, 203.

(27) Forbes, J. G.; Gellman, A. J. Am Chem Soc 1993 115 6277.
(28) Gellman, A. JAcc Chem Res 200Q 33, 19.



Transition State for Metal-Catalyzed Dehalogenation J. Am. Chem. Soc., Vol. 123, No. 7, 2001

by larizabilit
o, (polarizability) [R305 |]¢
1.0 0.5 0.0 0.5 1.0 A
70 n L 1 I 1 70
p,=-11%2
60 - 60
50 - 50
3 >
E &
S 407 -40 2
5 k=
o 2 5 5
e 30+ Lao = + - 6= O+
= €
N | 3 0,
< S
207 pe=-17+1 - 20 => =
Figure 10. Potential energy surface for-€ bond cleavage on the
101 L 10 Ag(111) surface. The reaction is exothermic with an early transition
state. The process involves a transition state which is homolytic in the
sense that it is reactant-like. The substituent effects reveal that there is
0 N . . 0 some slight increase in the charge density onctlearbon atom in the
0.0 0.5 1.0 1.5 transition state.
2o, (field)
Figure 9. Linear free energy relationship for the barriers te-IC The results of the linear free energy correlation suggest that

cleavage AE*:_)) in alkyl and fluoroalkyl iodides on Ag(111) using a  the transition state for €l cleavage is electron rich relative to
two-variable linear fit to the fielddr) and polarizibility ¢,,) substituent the initial state alkyl iodide. A schematic illustration of the
constants. The field effect uses the left and bottom axes. The proposed transition state is provided in Figure 10. This makes
polarizibility effect uses the right and top axes. some sense if one considers the electronegativities of the atoms
involved in the bond-breaking and bond formation processes.
(oF) indicate that, relative to the initial state, there is, in fact, Considering the electronegativities of C (2.55), | (2.66), and
an increase in electron density at the reaction center in the Ag (1.93), the G-I bond of the reactant is likely to be less
transition state (REl — [RC"++1]*). The low value ofpr polar than the €Ag bond of the product Furthermore, the
indicates that the change in charge density is small compareddirection of polarity reverses since the order of electronegativity
to that of a truly ionic process such as gas-phase deprotonationjs | > C > Ag. The direction of bond polarity change is such
As such, the transition state is best described as one which lookghat the C atom forming the AgC bond in the product alkyl
like the initial state alkyl iodide. In other words, the transition group is likely to be more electron rich than in the alkyl iodide
state for C-I cleavage on Ag(111) can be described as with the C—I bond. Theoretical calculations of methyl radical
homolytic in the sense that it probably occurs early in the adsorption on several metal surfaces have indicated that there
reaction coordinate. is a transfer of electron density from the metal to the methyl
Correlation of reaction energies with only the field substituent group upon adsorptiot.Further evidence of electron-rich alkyl
constants ¢g) can provide information on the charge density groups comes from the observation of-8 vibrational mode
change Aq) between the initial state and the transition state of softening in alkyl groups on the Cu(111) surf&eThis
a reaction. This study of €l cleavage on Ag(111) has provided Vibrational mode softening is explained by transfer of d-band
an unusual opportunity through the use of polarizability electrons of the Cu into antibondingcy* orbitals in the
constants to determine whether the absolute charge is presen@-position of the adsorbed alkyl group. The signegfin our
in the initial state or the transition stat&2? Inclusion of the ~ LFER is consistent with a transition state [RE+[]* that has
polarizability constants,) in a multivariable linear correlation ~ Some of the characteristics of this anionic alkyl group. It should
often does not significantly improve the fit because of the lack be noted that, although an increase in electron density in the
of sufficient data. As can be seen in Figure 9, a very good fransition s_,tate for €1 cleavage on Ag(:_Lll) has been identified,
correlation of AE¥c_, versusZo, is obtained in this case for ~the magnitudes of, and pr are quite low, and thus the
C—I cleavage on Ag(111). The important feature of polariz- Magnitude of charge density increase is quite small.
ability substituents is that they lower the potential energies of ~ 4.3. Thermochemistry of C-I Cleavage. Hammond's
charged reactants and transition states regardless of whether thBostulate is often cited when transition states are described as
charge is positive or negative. The interaction between a P€ing product-like (late) or reactant-like (early). Hammond's
polarizible object and a static chargg,is proportional tog|2. postqlgte states t.hat, for exothermic reactions, the energy of the
This fact results in alecreasein activation energy with an transition state is clqser to 'Fhat' of the reaptants than the
increase in substituent polarizability if the magnitude of the ProductsiTherefore, if a reaction is exothermic, the structure
charge is greater in the transition state than in the reactant.Of the transition state is similar to that of the initial state.
Alternatively, it results in arincreasein the activation energy ~ AAPPplication of Hammond's postulate obviously requires knowl-
if the magnitude of the charge is greater in the reactant than in™(29) pauling, L.The Nature of the Chemical Bonrd ed.; Cornell
the transition state. The negative valuepgfobserved in the University Press: Ithaca, NY, 1960.
C—1 cleavage on the Ag(111) surface indicates that in the (3(7’%“‘9”91 C.; Apeloig, Y.; Hoffmann, Rl Am Chem Soc 198§
transition state for €1 cleavage, the reaction center has more ?31) Lin, J.-L.; Bent, B. EChem Phys Lett 1992 194, 208.
electron density than the initial adsorbed iodide. (32) Hammond, G. SJ. Am Chem Soc 1955 77, 334.
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edge of the thermochemistry of the process. Thermochemicalsmaller than those observed on the Ag(111) surface, and the
information is not readily available for surface reactions in which value of the field effect reaction constantgs= —1.4 £ 3.3
metal-adsorbate bond strengths are needed. One can neverthekd/mol. In other wordsAE*c_, is insensitive to the fluorine
less estimate the thermochemistry of-ICcleavage from the substituent effects. The correlation to the field effect constants

following reaction scheme: suggests that the transition state forileavage on the Pd(111)
surface is very much like the initial state reactant and occurs
(1) CHsly — -CHyg+-lg 234 kJ/mol early in the reaction coordinate with little change in charge

density distribution.

The picture of the transition state for deiodination on the
@ Ay > T -234 kJ/mol Ag(111) and Pd(111) surfaces is consistent with that developed
for an analogous dehalogenation reaction: the cleavage-6i1C
bonds on the Pd(111) surfage. This is an important reaction
) il > Chyentlan  AMes = -84 Kimol since it is one of the elementary steps that must occur in the
catalytic hydrodechlorination of CFCs on supported Pd catalysts.

Step 1 is simply the gas-phase homolytic bond strength which Dechlorination kinetics were measured in a set of four chloro-
is easily obtained from the literature and is known with a CarPons on the Pd(111) surface: CFCh, CFHCFCh,

relatively high degree of accuragyThe heat of methyl group ~ CHsCFCh, and CHCHCL. The activation barriers to €Cl

! : '
adsorption on the Cu(100) surface has been estimated in thet/€avage,AE'c—c;, were correlated to the field substituent

literature but has been shown to be similar on other metal cOnstants of these molecules and revealed a reaction constant
surfaces* We have chosen to use the same number for methyl Ot pr = _2_ :t 4 "J”T‘O': .AS with .C_I cleavage on the Pd(111)
group adsorption on the Ag(111) surface (step 2). Step 3, the Surface, this is not S|gn|f|9antly different from zero.lTht.ese results
heat of adsorption ofJy, is equated with the desorption energy suggest that the transition state to the dechlorination step of
as estimated from the peak desorption temperature in a TppCcatalytic hydrodechlorination is reactant-like and occurs early
experiment? Evidence in the literature suggests that the) | in the reaction coordinate. L

desorbs as atoms from the Ag(111) surface. The heat af CH It is interesting to consider the implication of an early

desorption from the Ag(111) surface (step 4) is estimated from transition state on surface-catalyzed dehalogenation reactions.
the monolayer desorption peak temperaftigef 185 K. It is The basic observation of the work described above has been

clear that despite the uncertainty in the estimates of the that the barrier to dehalogenation is insensitive to the substituents
thermochemistry of each of these steps;|®ond cleavage on used on either the alkyl iodides or the chlorides used as reactants.

the Ag(111) surface is certainly exothermitHc_, = —84 kJ/ By extension, then, one might speculate that the barriers would
mol. Thus, the conclusion that the transition state is reactant- °€ insensitive to the nature of the metal surface on which the

reaction is occurring. In the case of deiodination, this suggestion
has some support from the many studies of alkyl iodides on
metal surfaces. Although few of these studies have focused on
the careful measurement of-C bond cleavage kinetics, the
majority report that dissociation occurs over a fairly narrow
window of temperatures in the range 2®00 K. This has been
observed on many metal surfaces and suggests that the kinetics
for dehalogenation reactions are only weakly influenced by the
nature of the surface on which they occur.

(2) -CHg‘(g) Ed CHS,{ad) -138 kJ/mol

@) CHilpy o CHalg 54 kJ/mol

like is in complete agreement with the prediction of Hammond'’s
postulate.

A potential energy diagram for-€l bond cleavage with a
picture of the transition state is shown in Figure 10. The
substituent effects clearly indicate that there is an increase in
electron density in the transition state for-Ccleavage on the
Ag(111) surface, but Hammond’s postulate and comparison to
truly heterolytic reactions such as deprotonation of alcohols
indicate that the transition state occurs early in the reaction
coordinate and that the increased electron density is, in fact,5 conclusions
very small.

4.4. Implications for Hydrodechlorination Catalysis. The The barrier to the cleavage of-@ bonds in fluorine-

C—1 dissociation kinetics measured on the Ag(111) surface can substitutegl alkyl iodides on t_h_e _A_\g(lll) surface is reduped by
be compared with those measured for similar reactions on othe oth the field and the POIa”Z'b'I't,y effects. of the SUbSt'tUt?d
surfaces. TheAE*c_ | have been measured on the Pd(111) 2/kyl groups. The magnitude of this effect is small, suggesting
surface using the same set of alkyl and fluoroalkyl iodides used _th_a_t the transition state to-€l cleavage is very WUCh like the

in this work?® The kinetics for C-I cleavage on the Pd(111) initial state or reactant. In other words, the transition state occurs

surface are a bit more complex on the Pd(111) surface than on€arly in the reaction coordinate. The correlation of the barriers
the Ag(111) surface due to the fact that, for many of the with the field substituent constants suggests that, in the transition
reactants, the alkyl and fluoroalkyl products desorb from the State. thex-carbon atom is slightly anionic with respect to the
surface during the course of the-Cbond cleavage reaction. initial state. The correlation with the p0|aI'IZ.IbI|It.y constants
Nonetheless, the results of these two sets of experiments providesuggeSts that the excess absolute charge exists in the transition
a consistent picture of the nature of the transition state for State-
deiodination. On the Pd(111) surface, the substituent effects are - acknowledgment. This work was supported by NSF Grant
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