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The thermal activation of propyl groups on Pt(111)
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The thermal chemistry of 1- and 2-propyl moieties on Pt(111) was studied by using temperature-programmed desorption (TPD) and
reflection—absorption infrared spectroscopy (RAIRS). The propyl intermediates were prepared via thermal activation of the C-l bond
of 1- and 2-iodopropane adsorbed precursors, respectively. It was determined that the subsequent thermal activation of those propyl
groups results in a competition between reductive elimination to propane, 3-hydride elimination to propene, and complete decomposition
to propylidyne (and eventually to hydrogen and surface carbon). It was found that while the 2-propyl intermediate favors propene
production, 1-propyl aso yields significant amounts of propane. The formation of propene via -hydride elimination was identified
by isotopic labeling TPD experiments, and directly about 200 K by RAIRS. Coadsorption experiments with hydrogen and deuterium
were used to characterize hydrogenation and H-D reactions. All possible propene and propane isotopomers are formed from both 1-
or 2-iodopropane on the D/Pt(111) surface, indicating that exchange is likely to occur via a cyclic propyl—propene—propyl mechanism
involving the formation of both 1- and 2-propyl intermediates. Relative rates for 1- versus 2-propyl conversion were estimated.
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1. Introduction

Many hydrocarbon conversion processes involve alkyl
surface intermediates [1,2]. In particular, the first and rate-
limiting step in catalytic reforming is believed to be the
activation of C—H bonds in alkanes to yield surface alkyl
groups. Even though the downstream reactions once those
intermediates are formed are quite facile, the relative rates
of the different pathways available at that point are what
determine the selectivity of the overall processes. This puts
the understanding of the reactivity of akyl moieties on
metal surfaces at the center of designing many industrial
catalytic systems.

In this work we report on the thermal chemistry of 1-
and 2-propyl intermediates on Pt(111) as part of an in-
depth investigation undertaken in our laboratory on the
thermal chemistry of C; akyl intermediates on Pt(111).
Those akyl groups were prepared via the adsorption and
thermal activation of 1- and 2-iodopropane precursors, fol-
lowing an idea from previous studies [3-6]. Propyl inter-
mediates were shown to be an integral part of the ther-
mal hydrogenation of propene, allyl, and metallacycloakyl
moieties to propane on Pt(111) [7-10], and also key inter-
mediates in the extensive H-D exchange observed in the
propene and propane temperature-programmed desorption
(TPD) data from a number of Cs intermediates when coad-
sorbed with deuterium on Pt(111) [7,8]. The formation of
propene-dg and propane-dg desorption products in particu-
lar disproves any exchange mechanism which relies solely
on allylic intermediates, and argues for a cyclic propene—
propyl—propene mechanism instead [8].
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Previous investigations into the interaction of alkyl in-
termediates with transition metal surface provide a frame-
work for the study of the propyl/Pt(111) system. Typi-
caly, there are four thermal reaction pathways open to
alkyl moieties: reductive elimination with coadsorbed
hydrogen to alkanes, (-hydride elimination to akenes,
C—C coupling to another alkane with twice the number
of carbons, and decomposition to other surface species
(and ultimately to hydrogen and surface carbon). 1-propyl
groups on Cu(111) [11,12], Cu(110) [13,14], Al(100) [15],
Ni(100) [6], Pt(111) [16], and Au(111) [17] al undergo
(-hydride elimination to propene. Propyl adsorbatesalso in-
corporate the neighboring surface hydrogen made available
through this process to reductively eliminate as propane in
all those cases. On the other hand, production of n-hexane
by C—C coupling of 1-propyl adsorbates has only been seen
on Cu(110) [14], Ag(111) [18], and Au(111) [19]. In terms
of the reactivity of 2-propyl groups, this has been studied
previously on Ni(100) [20,21] and Rh(111) [22,23] sur-
faces. While on Rh(111) the main conversion pathway is
the production of hydrogen (from total decomposition), sig-
nificant amounts of propene and propane are produced on
Ni(100) as well. Neither Rh(111) nor Ni(100) favor C-C
coupling.

In the work discussed here, the thermal chemistry of
1- and 2-propy! intermediates on Pt(111) was investigated
by using TPD and RAIRS. It was found that the thermal
activation of either propyl group on clean Pt(111) mainly
results in B-hydride elimination to propene. Spectroscopic
evidence was in fact obtained for the formation of a di-o-
bonded propene surface moiety. In addition, propyl reduc-
tive elimination with hydrogen released during the forma-
tion of propene leads to the production of some propane.
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When comparing the relative rates of -hydride and reduc-
tive elimination for both types of propyl intermediates, it
becomes clear that the 2-propyl intermediate favors propene
production but the 1-propy! favors propane production in-
stead. The propene formed via G-hydride elimination can
al so rehydrogenate back to propyl on the surface, to both 1-
and 2-propyl species (the former being produced at twice
the rate as the latter). This cyclic propyl—propene—propyl
reaction involving the formation of both propy! interme-
diates provides a means for extensive H-D exchange on
the adsorbed species when propene, iodopropane, alyl io-
dide, or other C3 species are coadsorbed on Pt(111) with
deuterium.

2. Experimental

The temperature-programmed desorption (TPD) and
reflection—absorption infrared spectroscopy (RAIRS) exper-
iments reported here were performed in a UHV chamber
turbo-pumped to a base pressure of 2 x 10~° Torr described
in detail elseawhere [7,24]. For the TPD experiments, this
chamber is equipped with a quadrupole mass spectrometer
retrofitted with an extendable nose cone. The cone is ter-
minated in a5 mm diameter aperture, which can be placed
within 1 mm of the front face of the single crystal for the
selective detection of molecules desorbing from its front
surface. The mass quadrupole is interfaced to a personal
computer capable of monitoring the time evolution of up
to 15 different masses in a single TPD experiment. The
TPD data presented here were recorded using heating rates
of 5 K/s unless otherwise indicated, and are reported in
arbitrary units with relative scales for comparison. A bias
of —100 V was placed on the crystal during all TPD ex-
periments to avoid any chemistry induced by the ionizing
electrons of the mass spectrometer.

The RAIRS experiments were performed with a Bruker,
Equinox 55 FTIR spectrometer. In our set-up, the infrared
beam is focused at a grazing incidence (~85°) through a
NaCl window onto the platinum crystal. The reflected light
is then passed through a polarizer prior to refocusing onto
a narrow-band mercury—cadmium-telluride (MCT) detec-
tor [7,25]. The entire beam path is purged with a Balston
75-60 air scrubber in order to remove CO, and water from
the gas in the path of the beam. All spectra were taken
at 4 cm~?! resolution, averaging over 4000 scans (which
requires approximately 5 min), and were ratioed against
spectra of the clean surface taken immediately beforehand.
The sample integrity and beam alignment were routinely
checked by reproducing published infrared spectra for sat-
uration coverages of CO.

The platinum single crystal was cut in the (111) orien-
tation and polished to a mirror finish using standard pro-
cedures, and mounted via two bridging tantalum wires to
a sample holder capable of cooling with liquid nitrogen
and heating resistively to any temperature between 90 and
1200 K, as monitored by a chromel—alumel thermocouple
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spot-welded to the edge of the crystal. The sample was
cleaned between experiments by treatments at 700 K in
3% 10~ Torr O, for 3 min to remove any residual carbon,
and was deemed clean when the oxygen TPD from satu-
ration with O, reproduced those reported in the literature
(this O, TPD is highly sensitive to residua carbon) [26].
Art ion sputtering was used sparingly to avoid the creation
of surface defects.

1- and 2-iodopropane (>98% purity) were obtained from
Aldrich Chemical Company. The liquids were purified by
a series of freeze—pump-thaw cycles, and checked by us-
ing the chamber’s mass spectrometer. Oxygen (>99.9%),
CO (>99.9%), and D, (>99.5% atom purity) were pur-
chased from Matheson, and used without further purifica-
tion. Hydrogen (>99.995% pure) was acquired from Lig-
uid Air Products. All exposures are reported in Langmuir
(1L =1 x 107® Torrs) units, not corrected for ion gauge
sensitivities.

3. Results
3.1. TPD survey

We first compare the thermal chemistry of 1- and
2-iodopropane on the Pt(111) surface. Figure 1 shows the
TPD spectra obtained from 5.0 L of 1-iodopropane (left
panel) and 5.0 L of 2-iodopropane (right panel) adsorbed
at 95 K. Shown are the raw desorption traces for 2 (hydro-
gen), 41 (propene, iodopropane and propane), 29 (propane),
and 43 (iodopropane and propane) amu. Since the initial
thermal activation of both iodopropanesis expected to yield
propyl (either normal or isopropyl) surface intermediates,
the chemistry induced by their subsequent thermal activa-
tion is expected to be somewhat similar, and this is indeed
the case. The desorption data for 1-iodopropane reproduces
nicely those reported in the literature [16].

In terms of hydrogen desorption, several peaks are seen
in both TPD traces between 240 and 460 K. The onset
of hydrogen desorption is less abrupt in the 2-iodopropane
case, where the spectrum displays a broader and less struc-
tured peak than that from 1-iodopropane. Moreover, the
onset temperature is lower with 2-iodopropane, suggest-
ing that alkyl decomposition starts earlier in that case. It
is also interesting to note that the hydrogen desorption
yield above 380 K is approximately 2.5 times higher for
1-iodopropane than for 2-iodopropane. Hydrogen desorp-
tion above 380 K from the thermal activation of Cs akyl
groups on Pt(111) has generally been associated with the
decomposition of propylidyne [7,8,10,16,27], so it is con-
cluded that 2-iodopropaneis less adept at forming propyli-
dyne than 1-iodopropane on Pt(111). More on this later.

In order to better highlight the chemistry of the three
(propene, propane, and iodopropane) hydrocarbons that
desorb in these experiments, the raw data in figure 1 were
deconvoluted by following a protocol well established in
our laboratory [8,28,29]; the results of this are presented in
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Figure 1. Raw temperature-programmed desorption (TPD) traces for 2, 29, 41, and 43 amu from 5.0 L of 1- (left) and 2-iodopropanes (right) adsorbed
on clean Pt(111) at 95 K. The platinum crystal was biased with V' = —100 V to avoid any radiation-induced chemistry from stray electrons, and a
linear heating rate of 5 K/s was used.
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Figure 2. Propene, propane, and molecular desorption traces obtained by deconvolution of the data in figure 1.

figure 2. It isclear in both figures that molecular desorption
(43 amu) of both 1- and 2-iodopropane from Pt(111) takes
place in two stages, at 170 and 220 K; these are identified
with desorption from the multilayer and submonolayer, re-
spectively. Desorption of propene and propane were fol-
lowed by the signals for 41 and 29 amu, respectively,
since those are the ion fragments that show the least over-
lap [8,28], but the raw traces were also deconvoluted for
clarity. Inthe case of 1-iodopropane, the desorption of both
products appears as similar broad features about 250 K, al-
though the propene trace also displays a low-temperature

shoulder not matched by that of the saturated hydrocar-
bon [16]. With 2-iodopropane, however, the spectra for
propene and propane both show at least two main desorp-
tion features, at 225 and 245 K, and they do not resemble
each other as much as in the 1-iodopropane case. Compar-
ing both panels of figure 2, it becomes clear that signifi-
cantly more propene desorption is seen from 2-iodopropane
than from 1-iodopropane. On the other hand, the carbon
balance is somewhat maintained because of the correspond-
ing reduction in propane yield. The propene/propane de-
sorption yield ratio was estimated from these data to be
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approximately 1:2 for 1-iodopropane and 2.5: 1 for 2-io-
dopropane (after normalizing for relative mass spectrometer
sengitivities).

The regioselectivity of the first dehydrogenation step in
propyl moieties adsorbed on Pt(111) was probed by selec-
tive deuterium substitution in the iodopropane precursor.
Figure 3 presents the results from a TPD experiment with
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Figure 3. 2 (Hy), 4 (D2), and 42 (propene) TPD traces from 5.0 L of 2-
iodopropane-1,1,1,3,3,3-dg adsorbed on Pt(111) at 95 K. The absence of
any significant signa in the 2 amu trace between 250 and 350 K points to
the selective nature of the first dehydrogenation step from the 8 position.
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2-iodopropane-1,1,1,3,3,3-ds.  Shown are the traces re-
corded for 2 (Hz), 4 (D2), and 42 (propene + molecular
desorption) amu after a5.0 L CD3CHICD3 dose on Pt(111)
at 95 K. These results revea no H, but significant D, de-
sorption at 250 K, implying that during the dehydrogena-
tion step to propene deuterium is removed selectively from
the 5 position. Notice also that most of the propene that
desorbs molecularly does so before any hydrogen or deu-
terium evolution. The carbon-containing species left on the
surface after heating above 260 K decompose completely
into atomic carbon and hydrogen on the surface, and that
leads to the desorption of both D, around 300, 360, and
460 K and a small but detectable amount of H, (2 amu) at
440 K.

3.2. Hydrogen and deuterium coadsorption

A better insight into the reductive elimination of propyl
and isopropyl intermediates on Pt(111) was obtained by
preadsorbing hydrogen on the surface. Figure 4 shows the
TPD spectra obtained for the cases of 5.0 L of 1-iodo-
propane (left panel) and 5.0 L of 2-iodopropane (right
panel) dosed on Pt(111) surfaces previousy exposed to
20 L of hydrogen. Again, the raw data were deconvo-
luted for the purpose of better following the chemistry of
each desorbing species. Most noticeable from these data is
the appearance of a broad new propane desorption feature at
185 K in both propy! cases. The absolute yield of this peak
is approximately 1.3 times higher from 1-iodopropane than
from 2-iodopropane (considerably more propane is made
from 1-iodopropane), but its relative contribution to the
total propane yield is higher in the latter case. In fact,
there is a marked relative increase in propane yield relative
to that from the clean surface with both molecules (even
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Figure 4. Propene, propane, and molecular desorption traces obtained from deconvolution of raw TPD data for 5.0 L of 1- (left) and 2-iodopropanes
(right) adsorbed on Pt(111) predosed with 20 L of H.
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Figure 5. 29, 30, 31, 32, 33, and 34 amu raw TPD traces from 5.0 L of 1- (left) and 2-iodopropanes (right) adsorbed at 95 K on a Pt(111) previously
dosed with 20 L of D,. Multiple H-D exchange is manifested here by the desorption of al possible deuterated propanes, up to propane-dg.

though the absolute initial iodopropane coverages reached
after hydrogen predosing are essentially the same as on
clean surfaces). On the other hand, the propene yields are
reduced significantly compared to those from the clean sur-
face, particularly in the case of 1-propyl, where the de-
tection of any propene desorption is questionable. Upon
hydrogen pretreatment of the surface, the propane/propene
desorption yield ratios increase to approximately 2: 1 for 2-
iodopropane and to 1: ~0 for 1-iodopropane. No propene
desorption is observed below 220 K when hydrogen is
present on the surface, and the multiple desorption features
seen in the case of 2-iodopropane (for both propene and
propane desorption) coalesce into one single peak about
240 K.

The exchange of the hydrogen atoms of the surface inter-
mediates produced by iodopropane activation was charac-
terized via coadsorption experiments with deuterium. Fig-
ure 5 shows the TPD spectra resulting from adsorbing 5.0 L
of either 1-iodopropane (left panel) or 2-iodopropane (right
panel) on Pt(111) pretreated with 20 L of deuterium. The
appropriate C,D,HZ~ . mass spectrometer fragments from
propane were followed by recording the signals in the 29—
34 amu range. All fragments up to c2D5+ were observed
in the 250 K TPD feature for both propyl intermediates,
indicating multiple H-D exchange in individual molecules,
al the way to propane-dg (this was verified with the mo-
lecular ion data in the 44-52 amu range). On the other
hand, a comparison of the isotopomer yields between the
1- and 2-propyl cases indicates a higher yield of exchanged
propanes from the 2-propyl intermediate. This difference
is perhaps more noticeable when comparing the desorp-
tion signals for propane-d; and propane-d,: the propane-
di/propane-d; yield ratio at 250 K for the 1-propyl moiety

is approximately 14:1, whereas for 2-propyl it is approx-
imately 6:1. There is also a shift to higher temperatures
in the peaks corresponding to propanes with more than one
deuterium contribution (the 31-34 amu traces), in particu-
lar in the case of 2-iodopropane. Finaly, in contrast to the
behavior seen in the 250 K propane TPD peak, distinguish-
able signalsin the 185 K desorption feature are visible only
in the 29 and 30 amu traces, indicating the incorporation
of only one deuterium atom in that temperature regime.
Clearly, the propane produced at this temperature does not
undergo the multiple H-D exchange seen at higher temper-
atures.

3.3. Infrared characterization

In order to identify the surface intermediates that form
during the thermal chemistry of propyl groups on Pt(111),
RAIRS data were obtained for both compounds as a func-
tion of exposure and surface temperature. The infrared
spectra obtained for 10 L of 1- and 2-iodopropane initially
adsorbed on Pt(111) at 90 K are shown in figure 6 as a
function of annealing temperature (from 90 to 340 K). Each
spectrum was acquired at the annealed temperature (unless
otherwise indicated), and ratioed against background data
recorded under the same conditions.

Exposure of Pt(111) to 10 L of iodopropane at 90 K
results in multilayer adsorption (figure 6, bottom spec-
tra). Assignment of the peaks observed in those traces
can be easily done by comparison with data from the cor-
responding liquids [30-33] and from the adsorbed species
on Cu(110) [14]. In the case of 1-iodopropane, the sym-
metric and asymmetric C—H stretching peaks in the termi-
nal methyl group, vs(CH3) and v,(CHg), are seen at 2878
and 2970 cm~1, respectively, and the methylene stretch-
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Figure 6. Reflection—absorption infrared spectra (RAIRS) from 5.0 L of 1- (left) and 2-iodopropanes (right) on Pt(111) adsorbed at 95 K and annealed
to the indicated temperatures. The top traces correspond to direct adsorption at 340 K. These data point to molecular desorption and to sequential
surface propyl, propene, and propylidyne formation.

Table 1
Assignment of the observed vibrational frequencies (in cm—1) in the RAIRS spectra of 1- and 2-iodopropanes adsorbed on Pt(111).

The data for the liquid compounds

are also provided for reference.

Mode? 1-iodopropane 10 L 1-iodopropane/Pt(111) 2-iodopropane 10 L 2-iodopropane/Pt(111)
liquid [30-32] 90 K 175 K liquid [33] 90 K 175 K

va(CH3) 2967 2970 2970 2983, 2967 2984, 2966 2966

v(CHy) 2846, 2938 2941 2955, 2933

v(CH) 2951, 2920, 2913 2954, 2916, 2906 2954, 2906

vs(CH3) 2876 2878 2889, 2871 2878, 2861 2894, 2863 2894, 2863

6a(CH3) 1458 1457 1457 1459, 1449 1460, 1450 1450

vs(CH2) 1435 1428 1428

6s(CH3) 1380 1377 1377 1383, 1369 1381, 1366 1381, 1366

v(CC) + 6(CCC) 1271 1271 1266 1240 1240

S(CHI) 1201 1202, 1184 1184

T(CH2) 3, w(CH2) 1185 1179 1179

v(CC) + 6(CCl) 1141 1140 1140

v(CC) 1090 1088 1088

p(CHg) 1017 1014 1014

2« denotes the CH, adjacent to iodine atom, 3 denotes the CH, next to the CH3 in 1-iodopropane. Nomenclature: v = stretching,
6 = deformation, p = rocking, v = scissoring, = = twisting, w = wagging; subindices: s = symmetric, a = asymmetric.

ing, ¥(CHy), at 2941 cm~1. The corresponding deforma-
tion modes are also clearly observed, the symmetric (um-
brella) and asymmetric methyl deformation modes, 6s(CH3)
and 65(CH3), at 1377 and 1457 cm™!, respectively, the
methylene scissoring, v(CH,), at 1428 cm~?!, the C-C
stretching, v(CC), at 1088 cm~*, and additional deforma-
tions around 1271 and 1179 cm~!. The complete assign-
ment is provided in table 1.

Upon annealing to 175 K, the iodopropane multilayers
desorb, and a saturated monolayer is left behind. In the
case of 1-iodopropane, annealing to 175 K leads to rel-

ative intensity reductions in the CH, wagging, w(CHy),
and CH3 asymmetric stretching, v5(CHs), modes at 1179
and 2970 cm~1, respectively. Further relative reduction of
both those peaks continues upon annealing to 200 K, at
which point the most dominant features in the spectrum are
those at 2960, 2930, and 2880 cm~*. No clear absorbances
are identifiable after annealing to 210 K, but a few weak
bands reappear at 220 K (see below). Further annealing
to 340 K shows the development of a peak at 2965 cm~*
corresponding to the asymmetric CH3 stretching of propy-

lidyne [7].



D. Chrysostomou et al. / The thermal activation of propyl groups

The assignment of the peaksin the infrared spectra from
the multilayer of 2-iodopropane on Pt(111) goes as follows:
symmetric and asymmetric methyl C—H stretching peaks,
vs(CH3) and v,(CH3), at 2863, 2894 and 2966, 2984 cm™1,
respectively, a-C—H stretching, »(CH), at 2954, 2916, and
2906 cm™*, symmetric (umbrella) and asymmetric methyl
deformation modes, 6s(CH3) and 65(CH3), at 1366, 1381
and 1450, 1460 cm~1, respectively, I-C-H deformation,
6(CHI), at 1184 and 1202 cm—*, C—C stretching plus C-C—
deformation combination, »(CC) + 6(CCl), at 1140 cm™1,
methyl rocking, p(CHs), at 1014, and an additional defor-
mation around 1240 cm~! [33]. Again, our assignment
is summarized in table 1. Annealing to 175 K results in
the disappearance of the asymmetric C—H stretching mode,
v4(CHs), at 2984 cm~1 (although the spectrain that region
are too noisy to make this observation conclusive), and the
CHI deformation feature, 5(CHI), at 1202 cm—. The um-
brella 6s(CH3) mode at 1366 cm™*! is also reduced with
respect to the other 6s(CHs) peak at 1381 cm~1. On the
other hand, the band at 1184 cm~* grows, and the strongest
rocking mode p(CHs) at 1140 cm~! remains visible up
to 210 K. The formation of propylidyne upon annealing
the adsorbed 2-iodopropane to 340 K was not detected,
but this is not to say that propylidyne does not form in
this case, only that its concentration is not high enough
to become visible over the experimental noise of the IR
data.

The upper spectra in both panels of figure 6 correspond
to exposures of Pt(111) to 10 L of 1- and 2-iodopropane
directly at 340 K. Peaks at 2965 and 2920 cm~ are clearly
seen in both cases, and another feature at 2865 cm™1 is
apparent in the data from 1-iodopropane. Again, all of
those peaks are associated with the formation of propyli-
dyne[7]. By comparing with datafrom the propene/Pt(111)
system [7], the intensities of those peaks are estimated to
correspond to propylidyne coverages of about 0.10 ML (in
both cases). Notice that the intensities of the features in
these spectra are stronger than those obtained by adsorb-
ing the iodopropanes at 90 K and subsequently anneal-
ing the surface at 340 K. This is so because in the lat-
ter case some of the initial iodopropane desorbs as either
propene or propane. Adsorbing at high temperatures al-
lows for the replenishing of the empty sites left by those
species. The difference in propylidyne surface coverages
between the low- and high-temperature adsorption experi-
ments is more marked for 2-iodopropane. It appears that
in the case of 2-propyl surface moieties, propylidyne for-
mation is comparatively slower than propene and propane
desorption: while approximately 40% of the 1-propyl moi-
eties end up as propylidyne, less than 15% of 2-propyls
do. This may be explained by the change in tempera-
ture at which al this chemistry takes place between the
two cases. propane desorption starts below 210 K with 2-
iodopropane but only above 215 K with 1-iodopropane (see
figure 2).

The surface chemistry of the adsorbed propyl groups
around 200 K was investigated in more detail with RAIRS.
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Figure 7. RAIRS evidence for the formation of surface di-o propene from

activation of iodopropanes on Pt(111). The two bottom traces correspond

to adsorption of 1.0 L of propene on clean Pt(111) at 200 K and 0.25 L

dose of 1-iodopropane at 90 K, and are provided here for reference. The

two top traces correspond to 5.0 L of 1- and 2-iodopropane, dosed at 200

and 240 K, respectively. Peaks assignable to propene can be clearly seen
in both cases.

Figure 7 offers a comparison among infrared spectra from
Pt(111) exposed to 1.0 L of propene at 200 K, 0.25 L of
1-iodopropane at 90 K, 5.0 L of 1-iodopropane at 200 K,
and 5.0 L of 2-iodopropane at 220 K. It can be seen there
that there are some common features in al those spectra
consistent with the formation of di-o surface propene in-
termediates. The most prominent peaks in the trace re-
sulting from exposure of the Pt(111) surface to 1.0 L of
propene at 200 K are those at 2880 (CH stretch), 2827
(CH, symmetric stretch), 1436 (CH, scissoring), 1092 (C—
CHs stretch), 1042 (CH, twisting), and 1023 (CH3 rock-
ing) cm~? corresponding to di-o-bound propene [7]. All of
those features are also evident in the spectrum from 5.0 L
of 1-iodopropane adsorbed at 200 K (the extra peaksin that
trace are coincident with those for 0.25 L 1-iodopropane at
90 K, and are consequently assigned to a propy! surface en-
tity). Exposure of Pt(111) to 2-iodopropane at 200 K does
not show any of the infrared bands of surface propene,
but dosing at 220 K does lead to the development of a
clear peak at 2880 cm~* and a few small (noisy but repro-
ducible) features at 1090, 1045, and 1020 cm~* in the IR
spectrum.

4. Discussion

The results from the study of the thermal conversion of
1- and 2-iodopropane on Pt(111) reported here are consis-
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tent with what is known about the surface chemistry of akyl
halides on transition metals. For one, it has been repeat-
edly reported that, thanksto the lability of the carbon-halide
bonds, alky! halides are good precursors for the preparation
of alkyl surface groups [3,5,34]. The carbon—-odine bond
in particular is quite weak, and can be broken on metal
surfaces around 160-180 K [11,35,36]. The akyl groups
resulting from this activation have been directly identified
in a number of cases [14,37,38].

Spectroscopic detection of the onset temperature for the
Cl bond scission upon thermal activation of iodopropanes
on Pt(111) is still lacking. There is, however, some evi-
dence in our infrared data for the scission of this bond by
175K. In particular, arelative reduction in the 6(CCl) mode
in the case of 2-iodopropane at 1140 cm~! with increas-
ing temperature is accompanied by the disappearance of the
6(CHI) mode at 1202 cm~2. Also, based on the surface di-
pole selection rule that applies on metal surfaces [38-40],
the large intensity reduction in the 6s(CH3) features at 1366
and 1381 cm~1 by 200 K argues for the confinement of the
methyl groups to a configuration close to parallel to the
surface. This would be consistent with an isopropyl group
standing up on the surface. There also appear to be slight
shiftsin frequency in the 1381 and 1141 cm~? peaks when
going from 90 to 175 K. In the case of 1-iodopropane, the
disappearance of the v,(CH3) mode at 2984 cm~! suggests
a terminal group perpendicular to the surface by 175 K,
again what is expected from vertical 1-propy! groups [38].
We propose that the C—I bond in iodopropanes adsorbed on
Pt(111) is broken by 175 K, and that that step results in the
formation of surface propyl groups.

Heating the surface further leads to the elimination of
a hydrogen atom from the beta position from those sur-
face alkyl groups. Past evidence for this g-hydride elim-
ination step has come from a number of observations [3—
5,20]. The regioselectivity of this step was first demon-
strated with hydrogen (deuterium) TPD data from ethyl io-
dide on Pt(111) [41]. More direct proof was later added
by the detection of the corresponding desorbing alkenes [4,
5,20], and production of monodeuterated propene from 1-
iodopropane-2,2-d, on Ni(100) further confirmed the selec-
tive removal of the first hydrogen from the beta position [6].
Nevertheless, we believe that here we report the first di-
rect detection of the adsorbed alkene (di-o-bonded propene)
that forms on the surface. Notice in particular the spectra
reported in figure 7, where up to six of the modes charac-
teristic of di-o-bonded propene were observed in the case
of 5.0 L of 1-iodopropane adsorbed on Pt(111) at 200 K.
Less obvious but still convincing proof for the formation
of the same adsorbed ol efin from 2-iodopropaneis given in
the upper trace of that figure. Notice that propene detection
from 2-iodopropane was possible only after adsorption at
220 K, not at 200 K as in the case of 1-iodopropane, and
that the yield in that case was significantly lower.

The other major contribution from the work reported
here is that it provides data for the estimation of the rel-
ative rates of hydrogenation and dehydrogenation steps
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Scheme 1. Mechanism for the hydrogenation and dehydrogenation of
propyl moieties on Pt(111).

in 1- and 2-propyl surface moieties. This can be ac-
complished in large part by analyzing the data from the
deuterium coadsorption experiments. It was seen here
that the coadsorption of either 1- or 2-iodopropane with
deuterium results in extensve H-D exchange. This is
not surprising, since propyl groups first dehydrogenate to
surface propene, and chemisorbed propene has aready
been shown to undergo multiple isotopic exchange on
Pt(1112) [8]. In fact, al propene and propane isotopomers,
up to propene-dg and propane-dg, were detected in deu-
terium coadsorption TPD experiments with either propene
or 1- or 2-iodopropane, suggesting that a mechanism in-
volving a cyclic propyl—propene—propyl interconversion is
operative in those systems. Clearly, the mechanism re-
sponsible for the exchange in the propene and propane that
desorb from Pt(111) around 250 K is the same regardless
of whether the reaction starts with propene or a propy! pre-
cursor.

The propyl/propene H—D exchange mechanism operative
around 250 K in the TPD experiments with either propene
or iodopropane is summarized in scheme 1. In there, eight
different steps are considered in order to account for the hy-
drogenation and dehydrogenation reactions relevant to the
H-D exchange. Starting from the top, R; and R, are de-
fined as the rates of reductive elimination of 1-propyl and
isopropy!, respectively, with surface hydrogen (deuterium)
to propane. Next, the S-hydride elimination from those
groups to adsorbed propene display rates given by R3 and
Ry, respectively. The rates for the reverse steps, the half-
hydrogenation of propene to 1- and 2-propyl, are given
by Rs and Rg, respectively. Finaly, the rates of propene
molecular desorption and conversion to propylidyne are de-
noted by R7 and Rg, respectively. In the following para-
graphs relative values for those parameters are estimated.
The final results are summarized in table 2.

One important point that needs to be made before em-
barking in the comparison of the rates for the steps listed
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Table 2
Relative reaction rates (R;) from scheme 1.

Reaction 1-iodopropane 2-iodopropane
Propyl — propane R1=13R; Ry =0.8R;
Propyl — propene R3=0.7R4 R4=13R3
Propene — propy! Rs=2Rs Rg=0.5Rs5

above is the fact that those can vary widely with the
specific conditions under which the reactions are carried
out [2,42]. In particular, hydrogenation reactions are bi-
molecular, and therefore depend strongly on the coverages
of both the hydrogenating hydrocarbon moiety and surface
hydrogen [43,44]. A number of experiments have demon-
strated that hydrogenation and H-D yieldsare very sensitive
not only to average surface coverages but also to the local
distribution of adsorbed species on the surface [27,44,45].
Dehydrogenation steps may be unimolecular, but are still
controlled by the availability of empty sites for the leaving
hydrogen atoms [27,46]. Our calculations can only reflect
relative rates under specific circumstances. Nevertheless,
this is still a useful exercise to help understand reaction
selectivities.

One of the most obvious manifestations of the changes
in relative rates induced in the systems studied here by
changing reaction conditions is the drastic shift in selectiv-
ity towards hydrogenation products upon hydrogen or deu-
terium coadsorption. In the presence of surface hydrogen,
hydrogenation steps are typically faster than dehydrogena-
tion reactions [28,47-52]. In the absence of coadsorbed H
or D atoms, on the other hand, the rate-limiting step for
olefin and alkyl hydrogenation is a dehydrogenation reac-
tion source of the needed hydrogen. In particular, propyl
hydrogenation to propane (R1 and Ry) appears to be much
faster than 3-hydride elimination to propene below 200 K,
especially in the presence of pre-adsorbed hydrogen. Above
200 K, however, the rates for 3-hydride elimination from
1-propyl (R3) and 2-propyl (R4) are closer (in fact, higher
— see later) to Ry and Ry.

The 185 K propane TPD peak is assigned to the di-
rect reductive elimination of propyl intermediates with
surface hydrogen, before any -hydride elimination takes
place. For one, that peak is only seen when the sur-
face is predosed with H, or D, (figures 2, 4, and 5).
Also, its onset is seen about 150 K, a temperature too
low to promote any S-hydride elimination; the first ap-
pearance of propene desorption from S-hydride elimi-
nation occurs at 220 K. More to the point, surface
propene was detected by RAIRS only above 200 K. Fi-
naly, only propane-dp, -di, and -d, are produced below
200 K in experiments with coadsorbed deuterium (figure 5).
Dideuteropropane can be made by propyl dehydrogenation
to propene followed by sequential deuterationsto propyl-d;
and propane-dz; no sign of multiple deuteration (production
of propane-ds to propane-dg) is seen in that temperature
range.

As discussed above, the evidence that the 185 K propane
peak is the result of a direct reductive elimination of propyl
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intermediates with surface hydrogen is compelling. This
peak can therefore be used as a measure of the relative
rates for the hydrogenation of 1- versus 2-propyl surface
moieties. It was estimated that the yield of this peak is ap-
proximately 1.3 times higher for 1-iodopropane than for
2-iodopropane (after normalizing to the total respective
yields of propene and propane, which are close in both
cases), and this roughly trandates in a similar relation be-
tween reaction rates, R, ~ 1.3R,. It is not unreasonable to
suggest that 1-propyl groups are more easily hydrogenated
than 2-propyl moieties, since the C—Pt bond is sterically
more accessible in the 1-propyl intermediate.

Next, the rates of dehydrogenation for 1- versus 2-iodo-
propane are compared. On visua inspection of figures 2
and 4, it appears that dehydrogenation is easier from 2-pro-
pyl groups than from the 1-propyl counterparts. Indeed,
more propene desorption (and at a lower temperature) is
detected from the former than from the latter in all cases.
In the presence of excess hydrogen, the thermal activation
of the 2-propyl intermediate leads to comparable yields of
propane and propene, whilein the case of the 1-propyl inter-
mediate no propene desorption is detected at all. However,
the yields for propene desorption cannot be directly used to
estimate relative rates for 3-hydride elimination, because a
significant fraction of the propene produced by that reaction
remains on the surface and decomposes at higher temper-
atures to form propylidyne. This latter species has indeed
been identified by RAIRS, see figure 6. By comparison
with RAIRS data from adsorption of propene at 300 K [7],
it is estimated that the amount of propylidyne produced by
high-temperature adsorption of either 1- or 2-iodopropane
is approximately the same, 0.10 ML. The propene that does
not desorb in the TPD of 1-iodopropane decomposes on the
surface instead.

Back to the estimates of dehydrogenation rates, inte-
gration of the peaks under the propane and propene TPD
traces in figure 2 in the case of 2-iodopropane leads (af-
ter calibrating for differences in mass spectrometer sen-
sitivity) to estimates for the yields of those products of
approximately 0.07 and 0.03 ML, respectively. Recall
that most of the propene produced from this compound
desorbs either as propane or propene, and that only 10—
15% (0.01 ML) remains on the surface (figure 6). In the
case of 1-iodopropane, about half of the propene produced
from low-temperature surface saturation followed by an-
nealing remains on the surface as propylidyne (0.04 ML),
while the rest desorbs as propene (0.02 ML) and propane
(0.04 ML). Here the ratio in propane yield calculated be-
fore is obtained again, Ri/R, ~ 0.04/0.03 ~ 1.3. In
addition, the ratio for propene formation is estimated at
R3/R4 =~ (0.04+ 0.02)/(0.01+ 0.07) = 0.7. It isinterest-
ing to point out that 3-hydride elimination takes place pref-
erentially from internal carbons[53]. It is not entirely clear
why propene molecular desorption is easier when starting
with 2-iodopropane.

Finally, it is interesting to compare the relative rates
of propene hydrogenation to 1- and 2-propyl moieties.
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Again, we resort to the use of the H-D exchange data
for propene [8] for this. Deuterium exchange can only
take place in the center carbon of the 1-propyl group and
the end carbons of the 2-propyl group, yet all propane iso-
topomers are detected in the TPD experiments. This means
that it must be possible for the hydrogenation of propene
to start at either carbon around the double bond. In other
words, hydrogenation of propene to both 1- and 2-propyl
intermediates are operative in the propene/Pt(111) system.
On the other hand, when D/Pt(111) is exposed to propene,
the resulting thermal desorption yields of propene-ds and
propane-d; are lower than those expected for an exponential
distribution of exchanged aky! groups [8]. The facile hy-
drogenation of the center carbon atom to form 1-propy! in-
termediates over 2-propyl can explain this observation; the
opposite would lead to the early exchange of the end hydro-
gens and the subsequent desorption of significant amounts
of propene-ds and propane-d;. With this information we
can predict that Rs in scheme 1 is faster than Rg. Based
on the fact that the propene-ds yield in the D + propene/
Pt(111) TPD experiments deviates by a factor of 2-5 from
an exponential distribution [8], Rs can be estimated to be
at least two times Rg.

Experimental estimates of the propyl hydrogenation-to-
dehydrogenation ratios can in principle be made by using
the exchange information in figure 5, by using the propane-
di/propane-d;, yield ratio from iodopropane activation on
deuterium-predosed Pt(111). This is so because incorpo-
ration of one deuterium atom prior to propane desorption
is associated with the direct conversion of propyl groups
to propane via reductive elimination. The incorporation of
two D atoms into desorbing propane, on the other hand, is
indicative of the amount of propyl that first 5-hydride elim-
inate to propene and then deuterate twice to propane. The
propane-di/propane-d; yield ratios from coadsorption of 1-
and 2-propyl intermediates with deuterium are indeed quite
different, 14:1 and 6: 1, respectively. This points again to
the relative ease with which 1-propyl groups hydrogenate
compared to 2-propyl moieties, which tend to dehydro-
genate instead. From these data, Ri/R3 ~ 2.3(R2/R4).
The estimates obtained in the previous paragraph yield a
factor of ~1.9 instead, but this is because the isotopomer
ratios only provide an upper limit which does not take into
account multiple exchanges of deuterated molecules with
surface H atoms.

As mentioned before, comparing hydrogenation versus
dehydrogenation rates is particularly difficult because of
the dramatic effect that surface coverages exert on those.
The data presented here indicate that, at least at satura-
tion, propy! hydrogenationis significantly faster than propy!
dehydrogenation. The propane-di/propane-d, yield ratios
in figure 5 suggest that the R1/R3 and Ry/R4 rétios are
about 14 and 6, respectively. On the other hand, as the
surface coverages decrease (because of the desorption of
propane and propene), 5-hydride elimination becomes eas-
ier, and in fact dominates the overall hydrocarbon con-
version, since the overall TPD vyields of propene from
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iodopropanes are between 1.5 (1-propyl) and 2.7 (2-propy!)
times higher than those for propane. Also, propyl conver-
sion must be even faster, because at no point in any of the
experiments with propene the population of surface propyl
reaches detectable levels (propene from propyl, on the other
hand, was detected by RAIRS). Lastly, propene hydrogena-
tion to propyl must be relatively fast compared to propene
desorption or decomposition to propylidyne, because that
isthefirst step responsible for the extensive H-D exchange
observed [8]. All this sets propene hydrogenation to propyl
as rate limiting for H-D exchange and for propane produc-
tion (notice the peak maxima shift seen in the propane TPD
spectra as the deuterium content of the molecule increases).
In this scenario, the yield of propane is controlled by two
competing factors, the rate of propene half-hydrogenation
to propy! (the rate-limiting step), and the ratio of propyl
hydrogenation to dehydrogenation rates. Also, H-D ex-
change is facile, and occurs extensively and at low temper-
atures (direct evidence for this was recently reported for the
case of ethylene [44]). Finally, the isotopomer distributions
are controlled by the local coverages of atomic hydrogen
and deuterium surrounding the propene molecules on the
surface.

A kinetic model can be developed from these observa-
tions. Quantification of any model, however, is particularly
difficult because: (1) this is a “stiff” mechanism, that is,
it contains steps with widely different rates, (2) changesin
surface coverages affect rates in significant ways (notice,
for instance, how only hydrogenation is seen below 200 K
on iodopropane-saturated surfaces), and (3) the local dis-
tribution of hydrogen and deuterium atoms on the surface
and their relative mobility play a key role in determining
the deuterium content of the H-D exchanged molecules.
A simple isothermal computer integration of the rate laws
from our mechanism was performed in order to identify
the trends associated with the different rate constants. The
following was concluded: (1) propyl + hydrogen reduc-
tive elimination has to be at least an order of magnitude
faster than propene hydrogenation to propyl in order not
to build up a significant propyl population on the surface;
(2) propyl 3-hydride elimination needsto be at |east another
order of magnitude faster (a factor of 20-50 faster than
propyl hydrogenation) to explain the low propane yields;
and (3) some hydrogen coadsorption (from the background)
and limited H and D surface mobility is required to limit
the extent of the H-D exchange (otherwise an equilibrium
distribution of isotopomers would be produced). These
represent relative rate estimates for submonolayer cover-
ages.

Finally, it is worth repeating that the relative rates of
the steps depicted in scheme 1 depend on the conditions
of the experiments considered. This is particularly im-
portant when comparing hydrogenation versus dehydro-
genation rates. It is clear that an increase in hydrogen
coverage tips the selectivity towards the former family of
reactions. On the other hand, Hy usually competes unfa-
vorably with hydrocarbons for surface sites under catalytic
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conditions [2]. In any case, a rapid alkane—olefin equilib-
rium is almost always reached in reforming processes with
metal catalysts. What is important is what happens once
alkyl intermediates are formed on the surface, because that
defines the selectivity of many industrial processes. In that
respect, the small differencesin conversion rates between 1-
and 2-propy! groups estimated here become critical. Only
differences of 20-30% were detected in hydrogenation and
dehydrogenation steps between those two groups (table 2),
but those are enough to define the dominant pathways of
many hydrocarbon conversion processes. Also, because
these rate ratios are relative, they are reliable (in spite of
their closeness to unity), and not expected to vary signifi-
cantly with coverages.

5. Conclusions

A comparative investigation of the thermal chemistry of
1- and 2-propyl intermediates has led to a greater insight
into the mechanisms involved in propene and propane for-
mation from Cs alkyl intermediates on Pt(111). It was
found that thermal activation of propyl groups on that sur-
face results in a competition between (-hydride elimina-
tion to propene and reductive elimination with surface hy-
drogen to propane. In the absence of surface hydrogen,
reductive elimination can only take place once reactive hy-
drogen has been liberated via (3-hydride elimination. The
formation of propene by S-hydride elimination was iden-
tified around 200 K directly by infrared spectroscopy. In
that case, 1-propyl moieties yield at least twice as much
propane as gas-phase propene, and significant (about half)
propylidyne is left on the surface, whereas with 2-propyl
moi eties the propene-to-propaneyield ratio reaches a value
above two, and almost no surface decomposition is ob-
served. G-hydride elimination from 2-propyl was estimated
to be about 1.3 times faster than from 1-propyl, but only
20% as fast when calculated per available g-hydrogen.

When hydrogen is preadsorbed on the surface, propane
yields increase greatly at the expense of propene produc-
tion. Indeed, in the case of the 1-propyl group, no propene
desorption is detected at al. Propane formationis also seen
a lower temperatures, below 200 K, indicating that in the
case of the clean surface the rate-limiting step is propyl
dehydrogenation. Based on the relative yields of propane
below 200 K on the H/Pt(111) surface, the rate of 1-propyl
hydrogenation was estimated to be about 30% higher than
that of 2-propyl.

When coadsorbed with deuterium, both propyl interme-
diates exhibit extensive deuterium incorporation into the
desorbing propenes and propanes. All isotopomers, up to
propene-dg and propane-dg, desorb from the surface, in-
dicating a cyclic propyl—propene—propyl reaction involving
the formation of both types of propyl intermediates. The 1-
propyl moiety is responsible for exchange of the hydrogens
on the center carbon atom, while the 2-propyl intermediate
is responsible for exchange on the end carbons. Based on
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the product distributions of the propane and propene iso-
topomers in deuterium + propene coadsorbed experiments,
it was estimated that hydrogenation of the central carbon is
at least twice as fast as hydrogenation of the end methylene

group.
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