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Abstract: The thermal chemistry of neopentyl iodide on Ni(100) single-crystal surfaces was characterized under
vacuum by using temperature-programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS). The
first decomposition step, which takes place around 150 K, is the scission of-thédhd, the same as in other
chemisorbed alkyl halides. Owing to the absences dfydrogens, however, no easy decomposition pathway is
available for the resulting neopentyl surface species. Neopentane is produced via neopentyl reductive elimination
with surface hydrogen, and desorbs in two stages around 140 and 180 K. The yield for this pathway is approximately
45% of the initial neopentyl iodide at saturation (which is approximately 0.2 ML) on the clean nickel, but reaches
a value close to 100% if enough hydrogen (or deuterium) is predosed on the surface. The other major carbon-
containing product from neopentyl iodide activation is isobutene, which desorbs around 400 K. Isotope labeling
experiments demonstrated that the € bond that breaks in that reaction is the one betweemthred/ carbons,

and highlighted the fact that the kinetics of the overall reaction displays strong isotope effects upon deuterium
substitution at either the. or y positions. In addition, the hydrogen TPD traces indicated that one of the two
hydrogens from thet carbon of the neopentyl group is removed at low temperatures (below 300 K), suggesting that
the precursor to isobutene formation is a neopentylidene intermediate.

1. Introduction ature-programmed desorption (TPD) and X-ray photoelectron
spectroscopy (XPS) studies on the chemistry of neopentyl iodide
on Ni(100) surfaces. Since this is one of the simplest molecules
with no hydrogens at thg position, it is ideal for testing the
selectivity betweem- andy-hydride elimination steps. It was
found that removal of an-hydrogen occurs selectively below
300 K and yields neopentylidene moieties on the surface, and
that the subsequent activation of that intermediate produces gas-
phase isobutene. The«C bond scission involved in the latter
reaction occurs exclusively at tlee—f position, and displays

Previous studies have shown that alkyl iodides are ideal
precursors for the preparation of alkyl groups cleanly on metal
surfaces:* Indeed, the initial thermal activation of alkyl
iodides on most transition metals leads to the scission of their
C—1 bond and to the generation of alkyl fragments and iodine
atoms on the surface. The resulting alkyl fragments can then
be used to study the reactions involved in hydrocarbon conver-
sion processes such as Fish&ropsch synthesis and alkane

e e ) .
gf;g’l?g?kn'l fra?ur:]erflfsersjtn(sjgrdlgsbgph ml(ﬁ?g)emﬁ)ﬁhﬂn dt:r?t_ strong kinetic isotope effects upon substitution of hydrogens
yirag 9 ydrog Y for deuteriums at either the. or y positions. The results

drogenation reactions to form alkanes and alkenes, respec- - ; . :
e o . . . R reported here are discussed in terms of a possible mechanism
tively; the alkene is produced viahydride elimination :

. ) - . .~ . for the overall neopentyl conversion.
step, while the alkane is generated via the reductive elimination
of alkyl species with hydrogen atoms originating from either 2. Experimental Details
adsorptTI%n Olf backgrouqd 9‘"?‘5‘9? or w}:“gd”dﬁ elimination f All experiments were performed in an ultrahigh vacuum (UHV)
step. e latter reaction s javored by the presence Of ,hharatus described in detail elsewfidteThe chamber is evacuated
coadsorbed surface hyd_rog@n. ) ) by a turbomolecular pump to a base pressure below 10-1° Torr,

As part of our continuing studies on the chemistry of alkyl and is equipped with instrumentation for temperature-programmed
iodides on metal surfaces, here we report results from temper-desorption (TPD), X-ray photoelectron (XPS), secondary-ion mass
(SIMS), Auger electron (AES), and ion scattering (ISS) spectroscopies.
TPD spectra were obtained by using a heating rate of about 10 K/s,
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atomic hydroger®6and (3) the other signals were referenced to that
of hydrogen by measuring relative sensitivities when leaking equal
pressures of the gases of interest (hydrogen, methane, isobutene,
neopentane, and neopentyl iodide). XPS spectra were taken by usingr,
an aluminum-anode X-ray source and a hemispherical electron energy 2
analyzer of 50 mm radius set at a constant pass energy of 50 eV, which
corresponds to a resolution of about 1.2 eV full width at half-maximum
(fwhm). The energy scale was calibrated by using binding energy
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respectively: k 6.0

The nickel single crystal was cut and polished in the (100) orientation s 40
by using standard procedures, and mounted in a manipulator capable ’
of cooling to liquid nitrogen temperatures and resistively heating to up - . e 2‘|° g
to 1300 K. The temperature of the sample was measured with & 200 400 600 200 400 600 200 400 600 200 400 600
chromet-alumel thermocouple spot-welded to the side of the crystal. Temperature / K

Cleaning of the crystal was done by oxygen treatment and argon ion Figure 1. Hydrogen (2 amu, a), isobutene (56 amu, b), neopentane
sputtering cycles followed by annealing to about 1000 K until no (57 amu, c), and neopentyl iodide (198 amu, d) temperature-
impurities were detected by either AES or XPS. The nonisotopically programmed desorption (TPD) spectra from neopentyl iodide adsorbed

labeled neopentyl iodide €B:1l) was purchased from Aldrich, and
was subjected to several freezgump—thaw cycles before introduction
into the vacuum chamber. The neoperiyt), iodide was synthesized
by reduction of trimethyl acetyl chloride (Aldrich, 99%) with lithium
aluminum deuteride (Aldrich, 98% B)and subsequent reaction of the
resulting neopentytt-d, alcohol with phosphorus triiodide (Aldrich,
99%) in carbon disulfide (Aldrich, 99.9%j. The neopenty}:-dy iodide
was made via the reaction of neopengytly alcohol with triphenyl
phosphite (Aldrich, 97%) and methyl iodid&.The alcoholds was in
turn prepared from acetordz-(Aldrich, 99.5%), via pinacots, and
the corresponding pinacolod&the oxidation of that pinacolone to
pivalic-dy acid was accomplished by using a solution of sodium
hydroxide and bromine (Aldrich, 99.99%)and the reduction of the
pivalic acid to the alcohol by adding lithium aluminum hydride (Aldrich,
95%) to the solutiod? The purity of all compounds was checked
initially by NMR and periodically in situ in our vacuum chamber by
mass spectrometry. Surface exposures are reported in langmuirs (1
= 1 x 1078 Torr-s), not corrected for differences in ion gauge
sensitivities.

3. Results

The thermal chemistry of neopentyl iodide on Ni(100) was
first studied by temperature-programmed desorption (TPD). The
identification of the desorbing products was achieved by
following the evolution of a large number of molecular
fragments during several TPD experiments, including thd,2
16—-20, 28, 39-44, 55-60, 70-73, 112, 127, 142, 198, and
200 amu’s. Only four major products were seen to desorb from
this system, namely, hydrogen, isobutene, neopentane, an
neopentyl iodide. A small amount (less than 0.05 ML) of

methane was occasionally detected around 200 K, but this was

not reproducible, and most likely originated from either impuri-
ties or surface defects.

The TPD traces for hydrogen (2 amu, panel a), isobutene
(56 amu after deconvolution of the low-temperature contribution
from neopentane, panel b), neopentane (57 amu, panel c), an
neopentyl iodide (198 amu, panel d) are shown as a function
of initial neopentyl iodide exposure in Figure 1. Hydrogen,
which is the only desorbing product at low coverages (after
exposures below 2.0 L), appears as one main peak around 36
K and a high temperature tail about 450 K. The temperature
of the main feature is approximately the same as for hydrogen
desorption from KHadsorbed on clean Ni(108) suggesting that
the neopentyl iodide molecules decompose completely at low
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1974 60, 4528.
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on Ni(100) at 90 K as a function of initial exposure. The scale bar
provided in panel b for the desorption rates applies to all the panels in
this figure. A heating rate of about 10 K/s was used in these
experiments.

temperatures. Increasing the initial coverage of neopentyl iodide
on the surface leads to a shift of the hydrogen desorption to
higher temperatures, and to a split into three features (Figure
la); after a 6.0 L dose the three peaks are centered at
approximately 330, 405, and 490 K, and correspond to roughly
20, 70, and 10% of the total area, respectively.

Isobutene desorption starts after initial exposures of 4.0 L or
more, and the TPD peak, initially centered around 395 K, grows
and shifts slightly (to approximately 400 K) with increasing
coverage (Figure 1b). A small amount of neopentane desorption
does occur at low coverages, as shown by the broad double
peak with maxima around 150 and 180 K seen in the trace for
the 2.0 L exposure (Figure 1c), and that signal grows, sharpens,
and shifts to lower temperatures (140 K) by 4.0 L. Even higher
neopentyl iodide exposures result in the appearance of three
features in the neopentane TPD, one sharp one that goes from
135 to 110 K as the dose is increased from 6.0 to 15.0 L, a
broader peak centered around 175 K that grows later in intensity,
and a third small feature around 380 K that appears as a bump
in the high-temperature tail of the second peak. The low
temperature peak may perhaps be associated either with the

jection of neopentyl radicals from neopentyl iodide decomposi-

ion?2:23or with a direct reaction between neopentyl iodide and
chemisorbed hydroget,but the other features are most likely
associated with the reductive elimination of neopentyl surface
moieties with hydrogen (see Discussion). Finally, molecular
desorption is seen only after monolayer saturation, after an
exposure slightly below 10.0 L, and appears as a single sharp

é)eak about 178 K.

The product yields calculated from the areas of the TPD traces
shown in Figure 1 are displayed as a function of initial neopentyl
iodide dose in Figure 2. The yield for molecular hydrogen

esorption is highest at low coverages, but never amounts to

ore than 0.25 ML (where 1 ML is again defined as one
adsorbate moiety per nickel surface atom). Mass balance
arguments indicate that this desorption corresponds to the total
decomposition of approximately 0.04 ML of neopentyl iodide
for the 2.0 and 4.0 L cases, and to only 0.024 and 0.008 ML
for the 6.0 and 10.0 L exposures, respectively. The nonzero
value (about 0.04 ML) shown for hydrogen after a 0.0 L
neopentyl iodide dose was obtained by following the exact same
protocol as in the other measurements (except for the neopentyl

(22) Lin, J.-L.; Bent, B. EJ. Am. Chem. S0d.993 115 2849.
(23) Zaera, F.; Tjandra, 9. Phys. Cheml994 98, 3044.
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Coverage / ML

Figure 2. Desorption yields from TPD experiments with neopentyl
iodide adsorbed on Ni(100) surfaces as a function of initial exposure.
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Figure 4. Left: C 1s XPS from 6.0 L of neopentyl iodide adsorbed

on Ni(100) as a function of annealing temperature. Right: Difference
spectra calculated from the raw data shown in the left panel to highlight
the changes that occur on the surface upon heating. Inset: Calculated
carbon surface coverages as a function of annealing temperature. The
peak shifts seen below 160 K are associated with the conversion of
neopentyl iodide to neopentyl surface species, while the reduction in
carbon surface concentration reflects the depletion of the surface species

on Ni(100) due to the desorption of neopentane.
| P . i I .
3d XPS vs. Annealing T the iodide at 90 K and annealing to 180 K to desorb any
619.8 eV 1400 molecular neopentyl iodide in order to calibrate the surface
Atomic lodine . . .
- coverages. It was estimated that saturation is reached after
305, 132 Annealing exposures of about 7.0 L, and corresponds to approximately

K 0.20 ML of iodine® in reasonable agreement with the results
220 obtained by TPD.

The corresponding C 1s XPS annealing data are shown in
Figure 4. The 6.0 L of molecular neopentyl iodide initially

N(E) / cps

180 adsorbed at 90 K yields a peak around 284.9 eV and a possible
160 small shoulder in the low binding energy side. Annealing of
140 that sample at different increasing temperatures induces several
changes, as better illustrated by the difference spectra displayed
120 in the right panel of Figure 4. Heating to temperatures as low

620.2 6V 100

" as 100 K results in a shift in intensity from the main original
olecular C;H, 90

, , : i peak to the shoulder around 283.2 eV. No significant changes
610 620 630 640 are then observed up to 120 K, but at 140 K the peak intensity
Binding Energy / eV is reduced by about 15%, and further intensity shifting from

Figure 3. 1 3d X-ray photoelectron spectra (XPS) from 6.0 L of the high to the low binding energy features occurs at 160 K.
neopentyl iodide adsorbed on Ni(100) as a function of annealing Between 160 and 180 K there is a significant loss in peak
temperature. The shift in the | 3dand 3d,, peaks around 150 K is  intensity, about another 25% of the initial signal (see inset in
associated with the dissociation of the adsorbed iodide molecules intothe right panel), and by 220 K only one small peak below 284.0
neopentyl surface species and atomic iodine. eV is left in the spectra. The intensity loss in going from 90 to
220 K is most likely associated with the desorption of
dosing), and represents an upper limit for the amount of neopentane, and amounts to a total of about 50% of the initial
adsorption from the background that takes place in these signal, in good agreement with the TPD data (which gave a
experiments (see also the isotope labeling experiments discussedalue of 45+ 5%).
later). Neopentane and isobutene desorption start above about The mechanism for neopentane formation was probed further
1.0 and 3.0 L, respectively, and their yields are approximately by TPD experiments with coadsorbed deuterium. The left panel
equal and grow approximately linearly with exposure afterwards, of Figure 5 displays typical TPD raw data for the case of a
reaching values of up to about 45% of the total neopentyl iodide Ni(100) surface sequentially dosed with 2.0 L of &nd 6.0 L
conversion each at high coverages. of normal (nondeuterated) neopentyl iodide at 90 K. Two major
The TPD data presented above were complemented with bothspecies desorb in this case, namely, hydrogen (of all isotopic
iodine and carbon XPS studies. Figure 3 shows the | 3d XPS compositions) and neopentane. Hydrogen desorption is identi-
traces obtained after adsorbing 6.0 L of neopentyl iodide on fied by the traces for 2, 3, and 4 amu, which correspond#o H
Ni(100) at 90 K and then annealing to the indicated tempera- HD, and D, respectively; the preadsorbed deuterium desorbs
tures. Two peaks are initially seen around 620.2 and 631.7 eV, mainly around 265 K, although high temperature shoulders can
corresponding to the 3d and 3d,; photoelectron signals from  be seen at 320 and 340 in the &nd HD traces, respectively,
iodine in neopentyl iodide, respectivély? Those features do  while normal hydrogen from neopentyl iodide decomposition
not change in shape or area as the surface is heated, but devolves predominantly about 385 K. With respect to the
shift by about 0.4 eV toward lower binding energies around neopentanes, their production is manifested by the large peaks
150 K, a transition associated with the scission of thelC  at 145 and 235 K in the remaining traces (41 ane-58 amu).
bond®14 Additional spectra were taken after dosing 15.0 L of In order to analyze these data further, it is necessary to point
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. normal ((CH)sCCHal, a), y-dy ((CD3)sCCH.l, b), anda-d; ((CHs)s-
Figure 5. Left: 2, 3, 4, 59, 56, 41, 57, and 58 amu TPD raw traces ccp,|; ¢) neopentyl iodides adsorbed on clean Ni(100) at 90 K. The
from 6.0 L of neopentyl iodide adsorbed on a Ni(100) surface predosed |4, temperature dehydrogenation of neopentyl surface groups involves
with 2.0 L of deuterium. Right: Corresponding total H, total D, iy one hydrogen atom from the position, as indicated by the 330
neopentaneh, neopentaneh and isobutene calculated TPD data. The « heak seen for deuterium in panel ¢ (and the absence of asigBal
formatl_on of isobutene is lnhlblted_almost completely by the coadsorbed o0 400 K in panel b), and presumably produces neopentylidene
deuterlum,_ ano_l no neoper_1tane isotopomers other dhand d; are moieties on the nickel substrate.
produced in this system either.
out that the cracking pattern of neopentane in the massD2Wwas explored next (data not shown). After exposures above
spectrometer shows almost no signal for the molecular peak;1.0 L of the iodide, the total yields for both hydrogen and
the main contribution to the mass spectra of those species come§leuterium remain approximately constant (at about 0.12 and
from the formation of d@ert-butyl cation in the ionizing regio?# 0.30 ML, respectively), but the peak shapes change significantly
Therefore, while the spectrum of normal neopentane displays Upon increasing hydrocarbon coverage, with the bulk of the
one prominent peak at 57 amu (and a small one at 58 amu 0.044ignal intensity shifting to the low-temperature features. Since
times the size of that at 57 amu due to the normal abundancethis effect is more pronounced in the case of deuterium, which
of 13C in the hydrocarbon molecules), that of neopentane- IS preadsorbed on the surface and therefore does not originate
has two peaks at 57 and 58 amu with 1:3 relative intensities (if from hydrocarbon decomposition, it must be related to changes
isotope effects are neglected), and neopentaries peaks at N adsorption energy with coadsorption, as reported previously
57, 58, and 59 amu with relative intensities going from 1:0:3 for other systems: In terms of the formation of neopentane,
for pure 2,2-dimethylpropane-1d-to 0:2:2 for pure 2,2- .the mamleffe.ct induced by the coadsorbed deuterium is to
dimethylpropane-1,8». With this in mind, we can proceed increase its yield at the expense of neopentyl decomposition.
with the interpretation of the TPD in Figure 5. First of all, the This is particularly noticeable for the low-temperature peak,
low-temperature peaks seen in the traces for 56 and 59 amuwhich is most likely associated with reactions involving the
can be accounted for by the cracking %@ contributions from  direct conversion of the neopentyl iodide to neopertaffen
neopentanek and neopentandr, SO no neopentang- forms addition, increasing coverages of neopentyl iodide on the
in this system. This means that no H-D scrambling occurs on deuterium-covered nickel surface lead to a broadening of the

the surface, and that only normal and monodeuterated neopenfeopentane TPD peaks toward higher temperatures, from below
tanes are detected, from which the production of the 200 K after a 05 L dose to around 235 K after 60 L. The
isotopomer accounts for about 80% of the total. Also, results relative production of neopentanig-over neopentane is more
from other isotope-labeling experiments (not shown here) important in this latter feature (as compared to that at the low
indicate that thel, production is due to incorporation of normal ~ temperature), either because of kinetic isotope effects or because
hydrogen from background adsorption into neopentyl surface Of & difference in reaction mechanisms (reactions with neopentyl
groups. It is interesting to point to two more observations iodide vs neopentyl surface species). Interestingly enough, the
related to neopentane desorption: (1) the relative high-to-low Small desorption peak around 380 K is only seen in the
temperature yield ratio (between the 235 and 145 K contribu- Neopentaneb traces, most likely because the hydrogen atom
tions to the TPD traces) is higher for neopentanehan for ~ required for neopentyl hydrogenation at those high temperatures
neopentanek (that is, more monodeuterated neopentane is Originates from the decomposition of other surface moieties,
produced in relative terms at high temperatures); and (2) a smallnot from hydrogen (deuterium) preadsorption; note that this
amount of neopentangy (but no neopentaney) is produced reaction occurs at the onset of the formation of isobutene.
around 385 K, as in the case of normal neopentyl iodide on  The results from TPD experiments with partially-deuterated
clean Ni(100). Finally, a small amount of isobutene is also nheopentyl iodides are shown in Figures 6, 7, and 9; the
produced even in the presence of surface deuterium, note thedesorption traces for hydrogen (in all its isotopomers, HD
peaks about 400 K in the traces for 41 and 56 amu, but this @nd D) are shown in Figure 6, and those for neopentane and
(normal) isobutene amounts to less than 2% of the total initial iSobutene in Figures 7 and 9, respectively. Three different
neopentyl iodide adsorbed on the surface, and is only observedsotopically substituted neopentyl iodides were used here,
after alkyl iodide exposures above 5.0 L. The processed datahamely, the normal, nondeuterated compound GGECH,I),
are shown in the right panel of Figure 5. and thea.-d; ((CHz)sCCDzl) andy-do ((CD3)sCCHyl) deuterium-

The evolution of the TPD traces as the initial neopentyl iodide Substituted isotopomers. Regarding the desorption of hydrogen,

exposure is increased in the experiments with 2.0 L of predosedthe most interesting observation from these experiments comes
from comparing the low-temperature (330 K) peaks in the traces

(24) Registry of Mass Spectral Dat&tenhagen, E., Abrahamson, S.,
McLafferty, F., Eds.; Wiley-Interscience: New York, 1974. (25) Tjandra, S.; Zaera, B. Am. Chem. S0d.992 114, 10645.
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scission of any of the-C—H bonds must require temperatures

[ 11
6.0 L Neopentyl lodide/Ni(100), Neopentane TPD much higher than those leading to neopentane desorption. In
a. (CHy)yCCH,| b. (CH,),CCD,l ¢. (CD,),CCH, contrast, a significant amount of neopentalés produced in
‘P the case of neopentyl-d;, iodide, by incorporation of a
= deuterium atom which can only come from-deuterium
e 0001 elimination from surface neopentyl groups. That deuterium is
e ' the one that desorbs in the low-temperature hydrogen TPD
5 reported above.
e The first dehydrogenation step mentioned in the last paragraph
[+ . . . .
2 {CH),CCD,H (CD,),CCH, appears to be irreversible. This hypothesis was tested by
e performing experiments where a clean Ni(100) surface was first
(CHy,C /\»(Wa (CD,),CCH,D : indi
S dosed with neopentyl iodide at 90 K, then annealed at 250 K,

and finally exposed to Pagain at 90 K. The idea here was to
try to induce the deuteration of the surface species that forms
after thermal activation of the neopentyl iodide past the
CCHyl, a), 0-d» ((CH3):CCD4, b), andy-ds ((CD2):CCHl, c) neopentyl temperature of the first dehydrogenation ste.p. The results from
iodides adsorbed on clean Ni(100) at 90 K. The significant production three of those TPD runs are shown in Figure 8. Both the
of neopentanek from neopentyki-d; iodide seen in panel b implies ~ heopentyl iodide and the deuterium exposures used were varied
the incorporation of deuterium atoms into the neopentyl surface groupsin an attempt to balance two opposite trends, namely, the
at temperatures as low as 150 K, and therefore points to ane@aily difficulty in hydrogenating neopentyl groups at low coverages,

100 200 300 400 500 100 200 300 400 500 100 200 300 400 50!
Temperature / K

Figure 7. Neopentane TPD spectra from 6.0 L of normal (gzH

(a-D) elimination step from those moieties. and the blocking of sites for deuterium adsorption after high
O y neopentyl iodide exposures. Some deuterium adsorption does
Neopenty! lodide + D,/Ni(100) TPD take place even after a 3.0 L dose of neopentyl iodide on the

surface, as indicated by the observable signal in thea

a. 0.75 L (CH,),CCH,I b. Same, 20L Rl +2.0L D, [c.Same, 3.0LRI+3.0LD, ) . ) )
ied 250 i ’ (more noticeable) HD TPD traces in the right panel of Figure

at 90 K, annealed 250 K

then added 2.0 D, at S0 K 8, but that deuterium uptake is much lower than when the
Io.ooz adsorption order is reversed (compare the corresponding traces
in Figures 5 and 8), so lower alkyl iodide exposures were used
L as well (Figure 8, left panels). The main observation from these
AT
KO s

Desorption Rate / MLes™
[w]

H AN experiments is that, once heated to 250 K, the neopentyl groups
dehydrogenate irreversibly on the surface, because no deuterated
S fsobutens x x10. neopentane can be produced afterwards; either 2.0 or 3.0 L doses
ﬁwm A W of neopentyl iodide are sufficient to induce significant hydro-
; . . e et e s = ; . genation if the adsorption of both the alkyl iodide and the
200 400 600 200 400 600 200 400 600 deuterium is done at low temperatures (data not shown). Also
Temperature /K noteworthy is the fact that some normal (nondeuterated)
Figure 8. Ha, HD, D, isobutene, neopentamig- and neopentanér neopentane is indeed made around 280 K, most likely by
TPD spectra from Ni(100) surfaces first dosed with neopen_tyl iodide hydrogenation of the few neopentyl moieties that may remain
at 90 K, then annealed at 250 K to activate thel®ond, and finally undissociated at that temperature; when the annealing temper-

exposed to deuterium at 90 K. Different doses were used in these

experiments: 0.75 L of neopenty| iodide and 2.0 L of deuterium (a), neopentane formation was observed at all (results not shown).

2.0 and 2.0 L of the iodide and-Prespectively (b), and 3.0 and 3.0 L . .
(c). The absence of any significant neopentane desorption in all cases inally, & small amount of isobutene desorbs around 400 K,

points to the irreversible nature of the fikstH elimination step from espgcially m the 3.0 L neope_ntyl case, another indication of
neopentyl surface species. the irreversible dehydrogenation that leads to surface decom-

) ) position.

for they- anda-deuterated compounds shown in the two right * aggitional information on the mechanism for isobutene
panels of Figure 6; while most of the hydrogen produced at tormation can be extracted from the isobutene TPD data from
that temperature comes out asiH the first case, it confains a  he experiments with the isotopically-labeled compounds shown
significant amount of F’e“‘e”um In _the second. In fact, about j, Figure 9. Notice in particular the high selectivity for normal
half of the total deuterium that originates from neopeniyd; and perdeuterio isobutene formation from the neopemtgl}-
decomposition does desor.b pelqw 390 K, indicating that an 54 2-dy iodides, respectively. This result points to the
a-h_yd_rogen (deuterium) elimination step from those surface specificity of the carboncarbon bond-breaking step at the 3
moieties takes place at temperatures much below those needeﬁosition and therefore rules out themethyl elimination
for either isobutene production .or.tota_\l dehydrogenation. mechanism proposed in an earlier regétiecause in that case

The fact that at least oree-H ehmmaﬂqn step occurs at low d, and ds olefins (respectively) should have been produced
temperatures, probably below 150 K, is corroborated by the jnqtead (see Discussion). There is also a clear shift in the
neopentane TPD data displayed in Figure 7. The formation of yomnerature maxima of the isobutene TPD peak with deuterium
neopentane from neopentyl iodide requires the incorporation g hgjitytion, an effect that is more noticeable in the case of the
of an additional hydrogen atom, which originates either from neopentyle-d, case. In order to minimize the problems
surface decomposition of some of the adsorbed hydrocarbons,ggqciated with comparing data from different TPD experiments,
or from adsorption from the background. The fact that Some 6 Tpp for hoth the normal ardd-substituted compounds were
normal H is added to the neopentyl moieties in all three cases rgneated approximately a dozen times in different occasions over
studied here implies that the latter source of hydrogen can never, period of more than a year; the isobutene TPD peaks were

be ruled out, but the absence of any significant production of ¢5nd to reach maxima at 38Z 8 and 415+ 15 K (95%
neopentaneh, from neopentyly-dg iodide indicates that no
y-hydrogens are involved in the hydrogenation process; the (26) Zaera, F.; Tjandra, S. Am. Chem. Sod.993 115, 5851.

ature before deuterium dosing was increased to 280 K, no
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Figure 9. Isobutane TPD spectra from 6.0 L of normal ((§4€CHl, a), o-d; ((CH3)sCCDal, b), y-dg ((CD3)sCCHl, ), and a 1:1 mixture of
normal andy-dy neopentyl iodides adsorbed on clean Ni(100) at 90 K. Normal and perdeuterio isobutenes are produced exclusively from neopentyl-

o-dz and ¥-dg iodides, respectively, indicating that the only-C bond that breaks in this reaction is that betweerotla@df positions. Significant
kinetic isotope effects upon deuterium substitutions at either y positions are also evidenced by the shifts in the corresponding TPD peaks.

confidence), respectively. This large difference is clearly outside 4. Discussion

the ste_1t|st|_cal_ fluctuations of the experiments. As already mentioned in the Introduction, alkyl halides (the
A kinetic isotope effect was also detected between the j,gides in particular) have been used extensively in recent years
neopentyldy (normal) angl neopentyt-dy iodides, but of a as precursors for the preparation of alkyl surface groups on metal
smaller magnitude than in the case of thecompound; here  gyrfaced. The weak G-I bond in those compounds can be
the isobutene peak maximum shifts only from 387 to 406 K. gasily activated, and breaks below 200 K on Ni(100) and other
Fortunately, the products in this case have different isotopic gyrfaced?142830 The same low-temperature-Cbond scission
composition (GHg vs GiDs), and can therefore be separated \yas seen here for the case of neopentyl iodide on Ni(100): the
easily by mass spectroscopic methods. In order to eliminate xps spectra shown in Figure 3 display the shifts in | 3d binding
any errors from running two separate experiments, a single TPDenergies (from 620.2 to 619.8 eV when heating above 150 K
determination was made for the kinetics of formation of both n the case of the | 3¢ peak) typically associated with the
isobutene products by using a 1:1 (4CCHl + (CD3)sCCHl detachment of the iodine atom from the molecule into the
mixture, the result of which is shown in the last panel of Figure surface'4 and the data presented in Figure 4 indicate that the C
9. Only two isotopomers of the olefin were detected, the normal 1s XPS signal changes in that temperature range as well.
and perdeuterio isobutenes, and those peaked at significantly Activation of the G-1 bond in adsorbed neopentyl iodide most
different temperatures, 378 and 391 K, respectively. This clearly |ikely leads to the formation of neopentyl groups on the surface.
demonstrates that deuteration at theosition also induces a  Spectroscopic evidence has been provided in the past for the
change in the kinetics for the production of isobutene. isolation of other alkyl groups on similar systeAf29.3+34 and,
Finally, the possibility of an early €C bond-breaking step,  although no direct evidence for the formation of chemisorbed
at temperatures below those where isobutene desorption isheopentyl groups was acquired in our case, some of the TPD
observed, was also probed. The TPD from 3.0 L of isobutene results reported above support the hypothesis that such groups
adsorbed on clean Ni(100) (not shown) indicate a high degreedo form on the Ni(100) surface as well. In particular, alkyl
of decomposition, as seen by a large signal ferddsorption groups have been shown to undergo a facile reductive elimina-
between 250 and about 500 K; only about 5% of the original tion step with coadsorbed hydrogen (or deuterium) to yield the
olefin desorbs molecularly, in a sharp peak at 138 K and a corresponding alkan€; 1353 and that was observed here:
broader and smaller feature around 230 K. Preadsorption of@lmost half of the initial neopentyl iodide molecules adsorbed
methyl iodide on the surface does not significantly alter the On clean Ni(100) produce neopentane at high coverages, and
chemistry of adsorbed isobutene, but the TPD in that case almost quantitative cpnversion via that reaction is obtained on
displays an increase in molecular isobutene desorption (still at ydrogen (or deuterium) predosed surfaces. Furthermore, the
138 and 230 K) and the formation of a small amount of methane "¢action of neopentyl iodide with surface deuterium produces
about 220 K (from hydrogenation of methyl groéBs One almost exclusively neopentami@,—lstror_lgly suggesting that itis
last experiment was designed to better simulate the surface thaf SUrface neopentyl group that is being reduced in this process.
may result from neopentyl thermal activation in which the It should be nc_)tlced that some of the neopentane detected in
preadsorbed methyl iodide was annealed to 160 K before the TPD experiments appears at quite low temperatures, below

adsorption of the isobutene in order to break thel Gond’ 2" (28) Tjandra, S.; Zaera, B. Vac. Sci. TechnolL992 AL0, 404
The results in this case were quite similar to those where the (29) Lin, J.-L.; Bent, B. E.;JJ. Phys. Cheml1992 96, 8529.

; i (30) Zaera, F.; Hoffmann, Hl. Phys. Chem1991, 95, 6297.
gdsorpnon was all carried out at low t_emperature, onI_y that a (31) Jenks. C. J.: Bent, B. E.. Bernstein, N.. Zaera)FAm. Chem.
little less methane was produced. No high-temperature isobutenes,: 1993 115, 308.

desorption was detected in any of these cases, and extensive (32) Zaera, F.; Bernstein, N. Am. Chem. S0d.994 116, 4881.

i 0 (33) Zhou, X.-L.; White, J. MSurf. Sci 1988 194, 438.
dehydrogenation was always observed below 400 K (over 95% (34) Lioyd, K. G.: Roop. B.: Campion. A+ White. J. Murf. Sci 1989
of the hydrogen produced desorbs below that temperature). 514 257

(35) Zaera, FJ. Phys. Chem199Q 94, 8350.
(27) Tjandra, S.; Zaera, Eangmuir1993 9, 880. (36) Zaera, FSurf. Sci.1992 262, 335.
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140 K, and could therefore originate from a reaction involving or dehydrogenate to surface carbon and hydrogen (as indicated

the original iodide®® Nevertheless, the peak about 180 K, which by the TPD experiments with coadsorbed methyl iodide and

accounts for more than half of the total neopentane, is clearly isobutene mentioned in the Results). All this leads to the

associated with neopentyl surface species. conclusion that the production of isobutene seen in the TPD
The interesting and unique observation from the studies data from neopentyl iodide on Ni(100) occurs via a concerted

reported in this paper relates to the subsequent thermalrearrangement on neopentylidene moieties.

decomposition of the neopentyl surface moieties on the Ni(100) A few additional points can be made concerning the conver-

surface. Most alkyl groups dehydrogenate readily viatay- sion of neopentylidene to isobutene based on the results
dride elimination step to yield the corresponding oléffrhut presented here. First of all, the isobutene TPD experiments with
since neopentyl groups have no hydrogens atgtposition, a- and y-labeled compounds shown in Figure 9 illustrate the

they can not follow such a pathway. The only hydrocarbon high regioselectivity of the €C bond-breaking step: normal
product other than neopentane detected in the TPD experimentgd,) and perdeuteriodg) isobutenes are produced exclusively
with neopentyl iodide on Ni(100) is isobutene, which desorbs from neopentyle-d; and neopentyj-dy iodides, respectively,
around 400 K& The rest of this discussion will deal with the indicating that the bond that breaks is that betweenctfznd
mechanism that leads to the formation of that olefin. B carbons. In addition, deuterium substitutions at eitherthe
The first point that needs to be made is that neopentyl surfaceor y positions induce noticeable normal kinetic isotope effects.
species dehydrogenate at relatively low temperatures, perhapd he magnitude of these rate changes upon deuteration can be
below 150 K, via ana-hydride elimination step. Both the estimated by comparing reaction rates at a fixed temperature in
regioselectivity and the stoichiometry of this step were proven the TPD data, and comes out to be on the order of factors of
by the hydrogen TPD data from partially-labeled neopentyl 5—7 and 2-3 for the a-d, and y-dg cases, respectively.
iodides shown in Figure 6; the traces from experiments with Alternatively, the activation energy for isobutene formation,
(CD3)3sCCHgl show practically no deuterium desorption below estimated by using either Redhead'’s equdfiona leading edge
380 K, indicating that ng/-C—H (C—D) bonds break before  analysis!is about 18+ 2 kcal/mol for normal neopentyl iodide
that temperature, and the intensity of the deuterium desorption (the preexponential factor being approximately?€1), and
signal from (CH)sCCD,l decomposition is split approximately — approximately 1.5 and 1.0 kcal/mol higher for tbg and dg
evenly between the two peaks below and above 400 K, which compounds, respectively. These changes in energy barrier with
means that one of the two deuterium atoms in that molecule is deuterium substitution are typical of primary isotope effects and
released early on during the heating of the sample. The pointcan not be easily accounted by changes in the mass of the
at which thiso-H elimination takes place can not be established |eaving group (which would lead to a maximum change in rate
accurately with the TPD data from this study, but several pieces of about 5% for they-substituted system). In conclusion, the
of information do point to a low temperature for this process. data presented here strongly suggest that the formation of
In particular, the TPD results from (GHCCD.l displayed in isobutene from neopentylidene on Ni(100) surfaces involves a
Figure 7 indicate a high yield for the formation of neopentane- concerted step where al-a& anda.- andy-C—H bond scissions
ds; that molecule is produced via the reductive elimination of occur simultaneously (or at least are all involved in the rate-
the neopentyb-d> groups with surface deuterium, and the only  limiting step). Alternatively, it is possible (although less likely)
possible source for the latter is theH (a-D) elimination step  for neopentylidene to undergo two slow and competitivand
mentioned above. Since neopentane production via hydrogena-,-H elimination steps in parallel. The resulting neopentylidyne
tion of surface neopentyl groups starts around 150 K, that must anda,a.,y-tricoordinated metallacycle intermediates would then
be an upper limit for the temperature of the dehydrogenation have to produce isobutene via a series of fast decomposition
reaction. reactions.

a-Hydride elimination from neopentyl moieties presumably  Even though it is difficult to envision how the concerted
produces surface neopentylidene ((J88CH=Niy) species. It conversion of neopentylidene to isobutene may take place on
appears as if such intermediates, once formed on Ni(100), cannofhjs Ni(100) surface (a proposal for this is shown schematically
be easily hydrogenated back to either neopentyl or neopentanejn scheme 1), several of the mechanisms seen in other systems
and are stable up to close to 400 K. All attempts to either can pe ruled out here. First of all, the hypothesis Bfmethyl
hydrogenate or deuterate this species by post-dosing deuteriumyjimination pathway postulated in our earlier studiegshich
after neopentyl iodide activation failed (see Results). In \ya5 based on analogies with organometallic syst@rcan now
addition, no other reactions were seen to take place on theseye discarded because of the results shown in Figure 9, which
surfaces before the production of isobutene. That no more nequivocally prove the high selectivity for the cleavage of the
dehydrogenation steps occur below 400 K is proven by the fact c_c pond at the— position (no loss of methyl groups is
that the only hydrogen desorption seen below that temperaturejylved in this step). The most common reaction followed
in the TPD is that associated with theH eI|m|nat|on_ reaction; by alkyl groups with ng3 hydrogens on late transition metals
all other hydrogen atoms desorb above 400 K, implying that jg iy fact, ay-hydride eliminatiorf3 either involving a metal-
their detection is limited by the surface reaction(s) that produces ,y grige intermediaté or via a direct abstraction by electrophilic
them. With respect to €C bond-breaking steps, they must  aack of another metakcarbon bond in a four-center transition
also take place at high temperatures, because (1) cadaobon  g¢ate45 the resulting metallacyclobutane can then in principle

bond-scission steps usually display high activation energies,undergo a ring opening to the observed olefin (and a surface
above 15 kcal/mot37-3° (2) if tert-butyl groups were to be

made on the surface, they would undefgbydride elimination (40) Redhead, P. AVacuum1962 12, 203.
and produce isobutene below 180%and (3) if isobutene were (41) Habenschaden, E.;"gpers, JSurf. Sci 1984 138 L147.

i i (42) Watson, P. L.; Parshall, G. VAcc. Chem. Red985 18, 51.
to be. producgd at any. pomF abov? 140 K during the TPD (43) Collman, J. P.; Hegedus, L. S.; Norton, J. R. Finke, RR@ciples
experiments, it would either immediately desorb molecularly and Applications of Organotransition Metal Chemistgniversity Science
Books: Mill Valley, CA, 1987.
(37) Goodman, D. WSurf. Sci.1982 123 L679. (44) Foley, P.; DiCosimo, R. Whitesides, G. M.Am. Chem. Sod98Q
(38) Zaera, F.; Somorjai, G. Al. Phys. Cheml1985 89, 3211. 102 6713.
(39) Rodriguez, J. A.; Goodman, D. V8urf. Sci. Rep1991, 14, 1. (45) Fendrick, C. M.; Marks, T. 1. Am. Chem. Sod.986 108 425.
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Scheme 1
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carbene), as in metathesis proces8és. Both the formation

nation tou-vinylidene has been observed instéabut such a

of a 3,3-dimethyl nickelacyclobutane from the corresponding reaction does not lead to tle3 C—C bond scission reported
dineopentyt-metal complex and its subsequent decomposition here, and is not even available on neopentyl groups (which do

to isobutene have in fact been reported recefitif-here are

not havep hydrogens). Two more reactions are available to

nevertheless several reasons why this mechanism is not concoordinated carbenes, namely, direct dimerizafiand 1,2-
sistent with our observations for the neopentyl/Ni(100) sys- shift>® to the corresponding alkenes, but both those steps are

tem: (1) noy-hydrogens are activated below 400 K, which

more common with Fischer-type carbenes, and do not explain

means that if a metallacycle were to form on the nickel surface, the isobutene formation seen here either.
it would have to be produced at that high temperature, and would ~ Given the importance of alkyls as intermediates in the
have to decompose immediately afterwards; (2) because an earlycatalytic conversion of alkanes (in reactions such as hydrogena-

a-H elimination is seen in the hydrogen TPD of deuterium-

tion—dehydrogenation, re-forming, and partial and total oxida-

labeled compounds, an alkylidene, not alkyl, species is believedtion), extensive work has been done on those systems as
to be the starting moiety in the high-temperature conversion of well.60-62 The catalytic H-D exchange of neopentane on nickel
neopentyl to isobutene; (3) if isobutene were to be produced films has been shown to be limited mostly to one methyl group,
via the ring opening of a 3,3-dimethyl nickelacyclobutane and to yield neopentand-and €3 as the major producs. A

intermediate, the probabilities fan-5 and -y C—C bond

mechanism was proposed for this reaction where the initial

scissions would be approximately equal, an expectation incon-surface neopentyl intermediate that forms after neopentane
sistent with the high selectivity seen here toward the activation activation follows one of two competing pathways, a reductive

of the G,—Cg bond; and (4) &-hydride elimination rate-limiting

elimination with surface deuterium to neopentahger a fast

step can not account for the large kinetic isotope effect upon interconversion with an,a-diadsorbed species (neopentylidene)

deuterium substitution at theeposition of the neopentyl moiety
reported above.

followed by a slower hydrogenation to neopentabe-These
ideas are entirely consistent with the results of our work.

A related mechanism to the one discussed in the previous The catalytic H-D exchange on neopentane is usually
paragraph involves an initial direct carbene extrusion from the accompanied by slower hydrogenolysis and isomerization

original neopentyl moiet§$*° and a subsequeng-hydride
elimination from the resultingert-butyl surface species to
isobutene. The preferential € bond cleavage at the

processes. Three basic mechanisms have been proposed to
explain these reactions: (1) a direct isomerization via.any-
tricoordinated bridged specié$y2) the intermediate isomer-

position via this type of mechanism was proven for the case of ization of that tricoordinated metallacycle to a monocoordinated

a nickelacyclohexane complex by using deuterium labéfing.

cyclopentyl specie® and (3) a methyl transfer via a cyclo-

This idea, however, can be discarded in our case as well, becausgentane-like intermediate, the same as in the bond-shift mech-
(1) again, the starting reactant on the nickel surface is neo- anism in carbonium ion¥:57 It is important to point out,

pentylidene, not neopentyl; and (2) since fhkydride elimina-

however, that these ideas have been put forward mainly to

tion that must follow the extrusion is fast, this mechanism would explain isomerization reactions (from neopentane to 2-meth-
not induce any kinetic isotope effects upon substitution at the ylputane in this case), and such processes are seen almost

y position.

The alternative initiabi-hydride elimination reported here has
indeed been seen in organometallic compounds, especially
early transition metal®'-53 However, the resulting alkylidenes
most often dehydrogenate further to alkylidyfiésnd those

exclusively on platinum-based catalysts. No isomerization is
observed in the case of nickel, only the production of isobutane
of(as well as smaller amounts of methane, ethane and proffane).
The bottom line is that none of the mechanisms enumerated
above is supported by the evidence obtained from our experi-

are quite stable, even though they occasionally dimerize to ments. Finally, it is interesting to note that on Pt(111) surfaces

produce alkyne®:5¢ In some clusters alkylidyne dehydroge-
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it has been shown that- and y-hydride elimination steps  this surface until reaching temperatures around 400 K, at which
display similar rate&8 in contrast with the case of Ni(100), point isobutene is formed. Isotope labeling experiments indicate
where selectivar-hydride elimination is seen instead. that the chemisorbed neopentyl intermediates dehydrogenate
below or about 150 K to neopentylidene, and that this neopen-
tylidene is the one that converts to the olefin. The experimental
The chemistry of neopentyl iodide on Ni(100) surfaces has data also point to the selective scission of th C—C bond,
been characterized by temperature-programmed desorption anéind to primary kinetic isotope effects in the neopentylidene
X-ray photoelectron spectroscopies, and is summarized in conversion to isobutene with deuterium substitution at either
Scheme 1. The same as in the case of most other alkyl iodidesthea or y positions. All this suggests a concerted step involving
the first reaction that takes place on this system is the scissionthe G.—C;s bond and two hydrogen atoms, and rules out most
of the C-I bond, presumably to produce neopentyl surface of the decomposition pathways reported in the literature for alkyl

groups. At high coverages about half of these neopentyl 3ng carbene ligands in organometallic compounds.
moieties undergo an early reductive elimination step with surface

hydrogen (or deuterium) to neopentane, which is detected in . . .
the gas phase below or around 180 K. The other half remains Ac_knowledgment. Financial support for thls research was
on the surface, and no other hydrocarbon products desorb fromProvided by a grant from the National Science Foundation

(CHE-9530191).
(68) Janssens, T. V. W.; Jin, G.; ZaeraJFAm. Chem. Sacsubmitted
for publication. JA9628056

5. Conclusions




