Lawrence Berkeley National Laboratory
Recent Work

Title

The Hydrogenation and Dehydrogenation of C2-C4 Hydrocarbons on Pt(111)
Monitored In Situ Over 13 Orders of Magnitude in Pressure With Infrared-Visible Sum
Frequency Generation

Permalink
https://escholarship.org/uc/item/73c0j4hn

Author
Cremer, P.S.

Publication Date
1996-05-15

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/73c0j4hr
https://escholarship.org
http://www.cdlib.org/

LBNL-39148
UC-401

Cogogo
_ BERKELEY NATIONAL LABORATORY

‘E\ﬁl ERNEST ORLANDO LAWRENCE

BERKELEY LaB

The Hydrogenation and
Dehydrogenation of C,-C;
Hydrocarbons on Pt(111)
Monitored In Situ Over 13
Orders of Magnitude in Pressure
with Infrared-Visible Sum
Frequency Generation

P.S. Cremer
Materials Sciences Division
Center for Advanced Materials

PhDTheSlS R L e e PR T e

: o ek X PRI,
- : - I, X . 4 "o - F‘l .
St N o o . =T -‘ ) 5 . ST
R z R - . el e
RN T PR ur : ki,
S B T A i LD
LRI L L K S
DU VT RN l e S
I W L T RO
a P T RN POERY ;
. e e - .
S e < P s o
S ~ = el e o _—
R . R AR .
I e c “TE Low .
A e o PR RS [ ~ .
' ?‘ *-\)A"/\ N\ . e ~f ;;i;;“v,{ - f)’:ﬁ““‘,'}\'-' ] )
! v s ?-,} N L ' o)
o $, 5 I e, A o
S R T . VL IR s . -
AT A Ry “ o L e . 5 0
WrEte Ak - R SN EEEE ‘ S ! oo
e S F T e S RN cwn
S ~F . s g
R et U Ve G el Le oy J n—" =
R 7\, o? d "':"“ “ ,/‘l G - ?gfi\. \‘,‘ _ﬁ K . *+ O
) i . o i @ . L v o+
ey }R‘ Ny YL S 14
.f./, (2 . \w,}. o ‘Jh’(,” { . _(‘,‘1 S 1‘
e N S S - T sy @
. T, — T SO, 42 b wr s s a. 8 et
-y M Y . - N 15 o N Y
Ty AT D SN
A SR - [ :\‘i .. oz “ 4 ~J «Q
L - fN e 2 . x,_.«_»_‘»‘;,(/ o L .
- A SR TR : PSRN FY DA
vy S L S M - S ITT A L.y o
g AW - U - O / oy v =
T B - — “ Ao : c-“. . (]
) B Iy = Ld g BN
- - P N
- [a g "/ b r
p N SN - N -t
A, Y - R -, O o
> 0y A ) ] O
3 Pl ~ S /. 3 o o
-3 <
~<
. [y

AdOQ 3ON3IY343Y |

8pT6€-TINGT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Abstract

The Hydrogenation and Dehydrogenation of Co-C4 Hydrocarbons

On Pt(111) Monitored /r Situ Over 13 Orders of Magnitude in Pressure

With Infrared-Visible Sum Frequency Generation
by

Paul Samuel Cremer
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Gabor A. Somorjai, Chair

The hydrogenation and dehydrogenation of ethylene, propylene, and isobutene were
monitored in situ during heterogeneous catalysis over Pt(111) between 10-10 Torr and
1000 Torr with infrared-visible sum frequency generation (SFG). SFG is a surface
specific vibrational spectroscopy capable of achieving submonolayer sensitivity under
reaction conditions in the presence of hundreds of Torr of reactants and products.

Olefin dehydrogenation experiments were carried out with SFG under ultra high
vacuum (UHV) conditions 6n the (111) crystal face of platinum. Ethylene chemisorbed
on Pt(111) below 230 K in the di-c bonded conformation (Pt-CHyCHj-Pt). Upon
annealing the system to form the dehydrogenation product, ethylidyne (M=CCH3),
evidence was found for an ethylidene intermediate (M=CHCH3) from its characteristic
vas(CH3) near 2960 cml. This same intermediate was also observed during the
dehydrogenation of surface vinyl (M-CHCH») and acetyléne to ethylidyne on Pt(111).

Hydrogenation of ethylene was carried out between 1 Torr and 700 Torr of Hy while

the vibrational spectrum of surface species was monitored with SFG. Simultaneously,



gas chromatography was used to obtain the turnover rate for the catalytic reaction, which
céuld be correlated with the adsorbed intermediate concentration to determine the
reaction rate per surface intermediate. Di-c bonded ethylene, n-bonded ethylene, ethyl
groups and ethylidyne resided on the surface during reaction. It was found that the
dehydrogenation species, ethylidyne, competed directly for sit'es with di-c bonded
ethylene. m-bonded ethylene was proposed as the key reaction intermediate. The
mechanistic pathway for ethylene hydrogenation involved the stepwisg hydrogenation of
n-bonded ethylene through an ethyl intermediate to ethane. The concentration of
n-bonded ethylene under reaction conditions was approximately 4% of a monolayer.
Therefore, the reaction rate was 25 times faster when measured per surface intermediate
than per exposed platinum atom.

The hydrogenation of propylene was carried out under the same conditions as
ethylene. It was found that propylene hydrogenates from n-bonded propylene through a
2-propyl intermediate to propane on Pt(111). The rate of reaction was abprom'mately
50% slower than that of ethylene hydrogenation. Isobutene, however, was found to
hydrogenate almost two order of magnitude slower than propylene on Pt(111). The
reason for the dramatic reduction in rate was due to the slow hydrogenation of 2-isobutyl
species. Indeed, 1-isobutyl may also be an important mechanistic pathway in isobutane

production.




Dedicated to my father, Sheldon E. Cremer,

for teaching me the love of science.
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Chapter 1
Introduction

Over the past three decades surface scientists have modeled heterogeneous catalytic
reactions on metal single crystal surfaces by undertaking ultra high vacuum (UHV)
investigations. The arsenal of UHV techniques available to perform such studies
includes: low energy electron diffraction (LEED) for surface crystallography, high
resolution electron energy loss spectroscdpy (I-IREELS) and reflection adsorption
infrared spectroscopy (RAIRS) for probing surface vibrational modes, Auger Electron
Spectroscopy (AES) and X-ray photoemission spectroscopy (XPS) for chemical analysis
of the surface, and mass spectrometry for monitoring the desorption of surface species
[1]. Many important observations were made in terms of adsorbate ordering, adsorbate-
adsorbate interactions, surface restructuring, surface diffusion, mobility, thermal
decomposition (such as coking), and specific active sites for reaction [2]. However, the
pressure gap between the plethora of vacuum results obtained at 1010 Torr and the
characterization of reactions under realistic conditions (atmospheres of reactant gases)

still needed to be bridged.

1.1 Bridging the Pressure Gap with SFG

The challenge, in the mid 1990s has been to bridge the pressure gap by developing
characterization methods that allow in sifu monitoring of the surface under realistic
reaction conditions. This means that adsorbate identification, concentration, and active
site location have to be probed under realistic reaction conditions as well as under ultra
high vacuum (a range of thirteen order of magnitude m pressure). To help bridge the gap

we have employed infrared-visible sum frequency generation, a surface specific



spectroscopy [3], to monitor late transition metal surfaces at ambient temperatures (~300
K) and pressures (~1 atm) during heterogeneous catalytic reactions such as olefin
hydrogenation.

The SFG technique operates by combining an infrared and a visible photon to produce
an output at their sum frequency (@gf=0ist®jr). The process essentially consists of
infrared adsorption by a vibrational mode coupled with upcovertion via a Raman process
[4]. Therefor_e, for a mode to be SFG active it must obey both the infrared and Raman
selection rules. Since only modes which lack centrosymmetry can bé simultaneously
infrared and Raman active, signal is primarily obtained from interfaces and surfaces where
centrosymmetry is always broken, rather from the bulk where it is usually not. In model
transition metal single crystal catalysts, the bulk lattices (fcc, bee, and hep) possess
inversion symmetry. The gas phase above the catalyst is isotropic and possesses
inversion symmetry as well. Hence, signal in such systems is only eicpected from the
mterface where inversion symmetry is always broken. This makes SFG an ideal tool for

obtaining surface specific information during heterogeneous catalytic reactions.

1.2 The Goal: Measuring Active Site Concentrations

The goal of in situ heterogeneous catalytic experiments on model transition metal
surfaces is to obtain information about reactive surface intermediates concurrently with
gas phase hnetic data. The correlation of simultaneously acquired data can ultimately
provide the molecular details of catalytic reaction pathways, as well as the relationship
between macroscopic turnover rates and surface intermediate concentration. The ability
to identify the key surface intermediates and measure their concentration will allow for

turnover rate measurements to be calculated per surface intermediate. This contrasts

with the traditional method of expressing rates per exposed surface atom of the

underlying catalyst [5]. Measurements made per exposed surface atom provide merely a

lower bound for the rate of product formation per active site. Indeed, if reactions are



only taking place on 1% of the surface, but doing so at a rate of 100 turnovers/(site-sec)
this would yield the same macroscopic tunover number that would be measured for all
sites being active at only 1 turnover/(site-sec). An example is shown in figure 1, where
only one adsorbed intefmediate (n-bonded ethylene) is on the surface in the presence of
eight platinum atoms. |

The question of active site concentration and the reaction rate per active site (i.e. per
surface intermediate) lies at the heart of catalysis. The best and most direct way of
determining such information is to investigate both the molecular level detail of the

surface and the gas phase kinetics simultaneously.

1.3 Organization of the thesis:

Chapter 2 explains the experimental details of incorporating the infrared-visible sum
frequency generation technique into an ultra high vacuum system equipped with a batch
reactor. The main area of concentration is on the vibrational information expected from
adsorbates on transition metal surfaces.

Chapters 3 aﬁd 4 explore the UHV thermal decomposition chemistry on Pt(111) of
ethylene and acetylene, respectively [Flg 2, eqn. 1, 2]. The results indicate that
ethylidyne (M=CCH3) is most likely formed through an ethylidene (M=CHCH3)
precursor in both cases.

Chapters 5, 6, 7 deal with the hydrogenation of olefins over Pt(111) monitored in situ
under atmospheric pressures of reactants near room temperature [Fig. 2, eqn. 3-5]. The
results for ethylene hydrogenation indicate that ethylene hydrogenates stepwise from a 7-
bonded ethylene species, through an ethyl grohp to ethane (Chapter 5). The
concentration of the key interinediate, n-bonded ethylene, was found to be approximately
4% of a monolayer under reallction conditioﬁs; hence, the tumover rate per n-bonded
. ethylene is 25 times faster than the turnover rate per surface platinum atom. In chapter 6

the more complex propylene system is investigated. Propylene hydrogenation on Pt(111)



is found to be approximately 40% slower than ethylene under identical reaction
conditions. Spectroscopic evidence revealed that the dominate mechanism for propylene
hydrogenation is from the n-bonded species through a 2-propyl group to propane.
Chapter 7 explores the chemistry of isobutene and hydrogen. Isobutene hydrogenation
also proceed through a n-bonded intermediate; however, the pathway through 2-isobutyl
groups was found to be very much impeded compared to the analogous 2-propyl
chemistry. The hindrance of the 2-isobutyl pathway caused this reaction to slow down by
about a factor of 20 with respect to the propylene rate.

Chapter 8 discusses results for the packing and orientation of L&S 2-butyl alcohoi at
the BaF, interface. Using SFG to monitor relative surface concentrations, it was found
that the pure left handed enantiomer could pack more densely on the surface near 308 K
than could the racemate. This contrasted with the bulk liquid where nearly identical
densities are observed at this temperature. |

Chapter 9 shows data for partly deuterated ethanols at the liquid/vapor interface.
Comparing the spectra with known Raman and infrared data for the bulk liquid allows the
peak assignments to be properly designated. Finally, chapter 10 draws some conclusions
about the nature of catalytic feaction intermediates under reaction conditions compared
with species more typically seen under ultra high vacaum. Future directions for

heterogeneous catalysis with SFG are also discussed.



1.4 References

[1] D. Woodruff and T. Delchar, Modem techniques of Surface Science, Cambridge
University Press, 1986

[2] G. Somorjai, Introduction to Surface Chemistry and Catalysis, Wiley, 1994

{31 Y. Shen, Nature, 337 (1989) 519 ‘

[4] Y. Shen, Surf Sci., 299/300 (1994) 551

[5] T. Madey, J. Yates, D. Standstrom, and R. Voohoeve, in Treatise on Solid State
Chemistry 6B, ed. B. Hannay, Plenum Press, 1976



1.5' Figure Captions

Fig. 1 Schematic representation of the hydrogenation of ethylene on Pt(111). For the

above case, it is clear that the turnover rate measured per surface ethylene would be

considerably faster than that measure per platinum atom.

Fig. 2 Schematic summary of the olefin chemistry presented in this thesis.
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Chaptér 2
Instrumentation

The purpose of this chapter is to describe the apparatus that was built in our
laboratory to couple nonlinear optics to a heterogeneous catalytic batch reactor/UHV
setup. In addition, specific applications of sum frequency generation to adsorbates on
Pt(111) and Rh(111) samples will be discussed. It is, however, not the goal of this
discussion to reiterate the general theoretical and experimental considerations for optical
parametric generators/amplifiers or the infrared-visible sum frequency generation

* experiment, as this has already been done elsewhere many times [1-4].

2.1 The UHV-Batch Reactor

A batch reactor with optical windows was designed and coupled via a gate valve to an
ultra high vacuum system [Fig. 1]. The reactor could be charged to 1.5 atmospheres of
total pressure and was equipped with a recirculation pump in the reaction loop. The loop
contained a septum for gas abstraction and analysis by an HP5890 Series II gas
chromatograph. The mixing time of thé chamber, 1, was determined to be approximately
3 munutes by following the dilution of a plug of methane gas mix into a background of
- pure argon. The reactor volume was 62.3 liters and could be pumped out to a base
pressure of 5 *10-11 Torr by opening a gate valve to an ion and turbomolecular pump.

The reactor was fitted with CaF, windows to allow infrared and visible light to pass
into 1t and to allow sum frequency light.to pass out to the detector. The sample could be
resistively heated to 1000 K and cooled using liquid nitrogen to 120 K under vacuum

(250 K under ambient pressure). When the reactor was under vacuum, typical surface



analysis techniques such a mass spectrometer and a retarding field analyzer for Auger and
LEED were available. An Art gun allowed the crystal to be sputtered clean.

A typical example of the kinetic data for the reactor is shown in figure 2a. In this case
1.75 Torr of Hp, 0.25 Torr of ethylene yielded a rate of 1.6 turnovers/(site-sec). The
noise level for this measurement was approximately 0.1 turnovers/(site-sec). The
background turnover rate was nieasured by removing the platinum sample from the
manipulator. Despite the large size of the system, the turnover rate of the backgrouﬁd

was determined to be well less than 0.1 tumover/(site-sec) [Fig 2b].

2.2 SFG on Late Transition Metal Single Crystals

The Pt(111) sémple used as a model heterogeneous catalyst could be monitored with
infrared-visible sum frequency generation (SFG). SFG is a three wave mixing process
which involves the addition of infrared (w;;) and visible light () to produce light at the
sum of these two frequencies (wgf =i +0yig) [Fig. 3] [1, 2]. The visible beam is held at
fixed frequency while the infrared beam is tuned over the vibrational range of interest.
The electromagnetic radiation source for the expériment comes from a passive, active
mode locked Nd:YAG laser which outputs a 20 ps pulse at 1064 nm when using #5 dye
from Kodak.  The repetition rate of the laser is 20 Hz and the total energy per pulse is
approximately 50 mJ. The energy is divided into three portions. The first of which is
frequency doubled using KD*P to produce green light at 532 nm. The remaining light is
employed to generate infrared light by one of two angle tunable optical parametric
generator/amplifier (OPG/OPA) stages capable of producing infrared radiation over most
of the range from 1100-4000 cm~l. The first OPG/OPA generates light from 2600 cm-l
to 4000 cm™1 with a FWHM of 12 cm~! at 2880 cm-1 using LiNbO3, while the second
OPG/OPA is angle tunable from 1100 cnr ! to 2400 cm-1 with a FWHM of 4 cm~! by
difference frequency generation in a AgGaS) crystal [3]. The infrared and visible beams

are temporally aligned and focused concentrically on the late transition metal catalyst

10



nside the batch reactor. The spot size of the green beam is approximately 1.55 mm
FWHM at the sample and the beam makes an angle of 50° with respect to the surface
normal. The input energy is approximately 400 pJ. These values yield a t(;tal power of
épproximately 0.8 gigawatts/cm2. This regime has been shown experimentally to be at
least a factor of 4 below powers that cause either photoéhemistry or damage the platinum
sample even over extended periods of time. The infrared radiation is focused to |
approximately 1.2 mm inside the green spot at an angle of 56° with respect to the surface
normal and the maximum energy out of the OPG/OPA is always used. The infrared
power varies widely with frequency. The maximum infrared power is at 2850 cm™ 1 At
this frequency the IR energy at the_ sample is approximately 275 pJ/pulse when using
Kodak #5 dye (approximately 20 ps pulses).

The upcoverted light (@gf), which is in the blue (450 - 490 nm), is sent through a
polarizer and then focused through two anti-stokes Raman edge filters onto the entrance
slit of a 20 cm monochrometer. The output from the monochrometer is detected by a
Hamamatsu type R647-04 photomultiplier tube. The signal is converted to a voltage,
sent to a box car integratbr and then stored on a PC. The efficiency of the deteﬁon
system is approximately 3%. The major loss of signal comes from the monochrometer
(25% transmission at 460 nm) and the low quantum efficiency of the photomultiplier tube
(20 % at 460 nm).

The signal generated at the surface per laser pulse follows the equation [2]:

87w, sec’ 6,
hc3(6;fgir£vis )1/2

ey - 2™:eief ——Uf;"" 1)

S(wy )=

Where S is the signal, x(2) is the nonlinear susceptibility of the medium being probed, ¢ is
the dielectric constant of the probe medium, ' is a unit vector which describes the field

polarization, Uj; and Uy;g are the input beam energies, A is the overlap area for the green

11



and infrared, T is the temporal overlap, and ris the angle the sum frequency output
makes with respect to the normal of the probe medium (about 51°). ‘

A typical spectrum of a hydrocarbon species, ethylidyne (M=CCH3) on Pt(111) is
shown in figure 4a. The spectrum was taken under UHV with both the infrared and
visible electric fields polarized normal (or p polarized) to the surface. The sum frequency
signal output was also p polarized. This is designated a PPP measurement (where the
first P is the designation of the output light, the second P is the designation of the visible
light, and the third P is the polarization of the infrared light). The unfitted peak at 2878
cm! represents approximately 7.6 photons per shot. Taking into account the detection
efficiency, there are more than 200 photons generated at the sample per laser shot. This
corresponds to x(z)z10'16 esu. The terms a, k, 0, 0, and I (shown with the spectrum)
are parameters from the curve fitting equation and will be discussed on pages 14-15.

The PPP polarization combination consists of four possible nonzero components of
the nonlinear susceptibility tensor: x(2),,,, X(Z)yyb X(z)yzya and X(Z)zyy- However,
because the experiment takes place on a conductor, the electrons inside the nietal surface
can follow the oscillation of the electric field from the incident light nearly perfectly up to
the plasmon frequency of the metal. For the component of the electric field that is in
plane with the surface this leads to near perfect cancellation of the field. It is therefore
expected that only the x(z)m component will make a significant contribution to the
observable nonlinear susceptibility. To test this, the SSP and SPS polarization were
probed. Figure 4b shows the spectrum from di-c bonded ethylene probed with the SSP
polarization combination, which probes Xyyz exclusively. The peak frequency at 2883
cm- ! has an intensity corresponding to approximately 0.20 photons/shot. This is down
by a factor of 38 from the signal generate from the PPP polarization combination.

Figure 4c shows the spectrurh for ethylidyne on Pt(111) probed with the SPS polarization
combination. This combination probes Xyzy exclusively. As can be seen frpm the

spectrum, the signal was undetectable and therefore down at least three orders of

12




magnitude from the PPP épectrum There was also no intensity for the PSS component
either which would probe j 7y, From these experiments it can be concluded that the
Yzzz term dominates the response for PPP. Indeed, the only reason why any signal can
be seen from SSP (Xyyz) is because the green and blue frequencies are close enough to
the plasmon frequency that the cancellation of the electric field is not quite perfect.

The signal generated at the sample is proportional to the square of the second order
susceptibility as can be seen from equation 1. As noted vabove the tensor is reduced to
the signal component, X,,, on a transition metal catalyst and is related to the

microscopic second order polarizability, aq(z) by the equation:

Q=ZN, <(i- DY IXk-m)> o@ @)
q .

Imn.q

Ny represents the number density of the oscillator q and lmn represent their orientation
[4]. As can be seen from the above equation, X(z)zzz is sensitive to the orientation of
second order microscopic polarizability as cos30. Because the signal is proportional to

@

l 72 ‘-2 , the overall sensitivity of the experiment goes as cos®0. This means that small

changes in moledxlar orientation will have a very substantial affect on the signal
observed.

The signal strength is highly dependent on molecular orientation, and changes in
coverage may lead to changes in the dynamic dipole or changes in the first order
polarizability of the probe species. Therefore, it is quite difficult to use sum frequency
spectra for measures of absolute surface coverage. If one has information on what could
affect the chemical environment, it is certainly possible to calibrate concentfaﬁons to
within an order of magnitude, but better than a factor of two would be highly suspect.
Further, because experiments of interest in heterogeneous catalysis are conducted on late

transition metal surfaces, only the %, term is observable with sufficient strength to be of

13



practical use. This means that there is insufficient information available to gét an estimate
of the orientation of the dynamic dipole from these experiments. |

For the case of hydrocarbons on Pt(111) there are essentially two sources of al2), a
resonant term, O‘(z)res froni the vibrational modes as well as a nonresonant term, a(2);,;,
from the top few layers of platinum atoms. For the case in figure 4a there is one

vibrational resonance as well as a nonresonant background. Therefore we can write:

N A AN A A A

Y = N, <(i- D)1k m)> &, + N, <(i- 1) - IXk-m)> & 3)

22z

where the resonant term can be modeled as :

a(z) =——-———. 4 and A':——l @————%3
i a)r—wir+ir . 2a)r @ d] ’

The resonance frequency, o, in figure 4a is at 2882 cm-! and as the infrared light, oy, is

scanned through it, a general Lorentzian lineshape is formed with the damping term

represented by il". A’ is comprised of two parts: (1) the change in dipole moment, —@,

274
which is the gross selection rule for infrared spectroscopy and (2) the change in first

) _
order polarizability, ;3"' , which is the gross selection rule for Raman spectroscopy.

This is in essence the hart of the sum frequency generation selection rules. For a
vibrational mode to be observable it must be both infrared and Raman active. Because, in
the dipole approximation, only those modes which lack centrosymmetry can be both
infrared and Raman active signal is necessarily obtained from surfaces, but forbidden in
centrosymmetric media (such as face centered cubic lattices like platinum and isotropic
gas phases). Therefore in the case of heterogeneous catalysis performed on a signal
crystal of platinum one derives a vibrational spectrum which is dominated by the modes

of the adsorbed surface monolayer.
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The nonresonant contribution to the signal is normally modeled by a constant, £, that
has some phase relationship, e?%, with respect to the resonance term. The lineshape for
SFG spectra of a single resonance with a nonlinear background can be modeled by:

2_A2 +24k[(w, - w, )cosp—T sin ¢] L

+ke™
(wr_wir)2 +r2

2
‘Z(Z)I B ®,— o, +ill @

where A(" =A. '< >N,), k, ®p, ¢, and T are adjustable parameters which can all be
determined by fitting. The consequences of a nonresonant background are readily
evident from figure 4a: |
There is an interference between the nonresonant background and the resonant feature
such that the background constructively interferes at frequencies immediately before the
peak and destructively interferes at higher frequency.r This leads to the dip seen after the
resonance feature. Also, the peak maximum occurs slightly before the actual resonance.
In this case ©;=2882 cm"1, but the peak maximum occurs 4 cm"! below this. The
relationship between the area under the curve and number density of species on the
surface is also a bit complex. For situations where A » k the area under the curve will go
as N2, However, when k » A the area will approximately go as N and in intermediate
situations such as figure 2a it will be a mixture of N and N2 dependence. Despite the fact
that signal intensity dependence on number density is not as straight forward as that for .
linear spectroscopies, there are never the less some distinct advantages. For strong
resonance features the signal increases as N2 as the number density increases, which
gives rise to strong signals. However, if the number density is small, the intensity only -
falls linearly as the coverage approaches zero. |

An example of how the changes in k and 6 can affect spectra is seen in figure 4d. This
is the vibrational spectrum for a saturation coverage of ethylidyne/Rh(l 11). Most of the
difference in lineshape and depth of the interference after the peak (as compared with 2a)

are the direct effect of the change in these two parameters. The values change versus
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Pt(111) because the electronic structure of Rh(111) leads to changes in the nonresonant
background term. It should be noted that the change in the width of line is from changes
in I, which is not simply a function of the metal. The linewidth is more likely affected by
surface order which comes from how the ethylidyne interacts with the metal surface.

For multiple resonances, the interference between the resonances also must be taken
into account. A system with two resonant features and a nonresonant background are

modeled as follows:

2

+ke®| = (5)

|7 S SN
' 'lw,a —w,+il, o, -o,+i,
A B
, 2 2 + 2 2
' (a)r;, _a)ir) +ra (a)rb —wir) +rb
+2Ak[(a),a -, )cosp—1I,sin ¢]
(wr - wir )2 +Fa2
LZBk[(w,b -, )cosg—1I, sin ]
N (wrb _a)ir)2 +rb2
" ZAB[(G)’;' —'a)ir )(a)q, —wir)+rarb]
T[(a)r;, - wirxwrb _wir)+rarb]2 _[(a);;, - a)ir)rb +(a);5 - a)ir)]"-‘a]2

+k*

In this case the first two terms represent the Lorentzian contributions of the two resonant
features. The third and fourth terms are the interferences between the features and the
nonresonant background. The fifth term is the interference between the resonant features

and the final term is due to the nonresonant background.

2.3 In Situ Catalysis with SFG
The importance of the SFG-batch reactor apparatus is immediately apparent.

Vibrational spectroscopy can be performed simultaneously with gas phase kinetic
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measurements. The object is to try to correlate turnover rates with specific species
present on the surface during catalysis. Sﬁéciﬁcally, the object is to vary the temperature,
pressure, surface pretreatment, etc. to see how this affects both the reaction rate and the
nature/concentration of surface adsorbates. Such information may then be used to
determine mechanistic pathways, specific reaction sites, and turnover rates with respect
to individual intermediate concentrations. The greatest pitfall of éuch a method is that
nonreactant species (such as ethylidyne (M=CCH3) in ethylene hydrogenation) could be
imcorrectly identified as reactant intermediates. Therefore, the best use of batch reactor
methods is to rule species ouf rather than in as candidates for key reaction intermediates.
This can be done for example by carefully varying conditions to lead to large changes ina
surface species without significantly changing the turnover rate as was done for di-c
bonded ethylene in ethylene hydrogenation (see chapter 5). The best way to definitively
determine if a species is indeed a key intérmediatg is to follow its signature in a flow

mode system.
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2.5 Figure Captions:

Figl =~ The UHV/Batch reactor apparatus coupled to a Nd:YAG laser for in situ SFG

studies.

Fig. 2 (a) The turnover data for ethylene hydrogenation monitored by gas
chromatography with 1.75 Torr Hy, 0.25 Torr CoHy at 295 K. (b) same as

the conditions in (a), but without the platinum catalyst

Fig. 3 The SFG experinient

Fig. 4 The SFG spectrum of ethylidyne on Pt(111) at room temperature monitored
with (a) PPP, (b) SSP, and (c) SPS polarization combinations. (d) The SFG

spectrum of ethylidyne on Rh(111) monitored with the PPP polarization

combination.
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Chapter 3

The Thermal Evolution of Ethylene on
Pt(111)

The conversion of di-c bonded ethylene (-CH2-CH2;) to ethylidyne (=CCH3)
on the Pt (111) crystal surface was Iﬁonitored with infrared-visible sum frequency
genefation (SFG) in the v(CH) frequency range. The conversion began around
255K and involved a third stable species that is neither di-c bonded ethylene nor
éthylidyne. This species manifested itself as a peak at 2957cm! in the vibrational
spectrum. Furthermore, we found the same species present during the conversion
of vinyl iodide to ethylidyne on Pt(111). The 2957cm"] feature has been assigned

to the CH3 asymmetric stretch of ethylidene and/or ethyl.
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1.1 Introduction

When ethylene is chemisorbed on the (111) crystal face of platinum at
temperatures in the range of 120K-240K, di-c bonded ethylene (-CHZCHZ-) forms
[1-3]. Annealing this species above 280K causes ethylidyne (=CCH3) to form [4].
Ethylidyne is adsorbed in an FCC threefold hollow site with its C-C axis
perpendicular to the surface. Its- structure and the relocation of platinum atoms
around the site have been reliably determined by tensor LEED - surface
crystallography [5]. The transformation of di-c bonded ethylene to ethylidyne is
shown schematically in figure 1. The purpose of this paper is to investigate the
mechanism of this transformation by spectroscopic identification of possible
intermediate species. To this end we qarried out vibrational spectroscopy studies,
using the technique of optical sum frequency generation (SFQG) on the (111) crystal
face of platinum in the temperature range of 202K-352K.

Several different mechanisms involving the formation of a variety of
intermediates have been proposed in the literature. These intermediates include
ethyl groups (CH3-CHj-) [6], vinyl groups (CHy=CH-) [7, 8], ethylidene
(-CH-CH3) [9, 10], and vinylidene (=C=CHj) [11, 12]. Because direct
spectroscopic evidence for any of these intermediates has been elusive, it has been
widely assumed that the rate limiting step for this reaction is &ither the breaking of
the first CH bond in the di-c bonded species toAform vinyl [ 7, 8] or the
isomerization 6f the adsorbed di-c bonded species to ethylidene [9, 10].

Although direct spectroscopic evidence has been lacking, some experimental

and fheoretical studies have pointed to the likelihood of a mechanism involving an
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ethylidene intermediate. Windham and Koel have shown spectroscopic evidence
for ethylidene formation on Pt(111) when ethylene is coadsorbed with 0.12
monolayers of potassium at 100K and then annealed to 300K [10]. Evidence for
an ethylidene species in the potassium promoted system has been further supported
by Zhou et al. using secondar_y ion mass spectroscopy (SIMS) [13]. Some
theoretical evidenée has also pointed to ethylidene as a possible reaction -
intermediate. Carter and Koel have made equilibrium thermodynamic estimates of
the energetics of the transformation of di-c bonded ethylene to ethylidyne [9].
These estimates support a mechanism involving ethylidene. However, it shoﬁld be
noted that other theoretical studies did not support this conclusion [12, 14]. In
fact some experimental evidence points to vinyl intermediates[7, 8]

In the present work we utilize infrared-visible suth frequency generation to
study the v(CH) portion of the vibrational spectrum (2700-3100cm"1). SFGisa
powerful technique for surface vibrational spectroscopy because it is both surface
specific and capable of providing resolution on the order of 10cm™1 or less. The
Vv(CH) portion of the vibrational spectrum is extremely valuable because of the
frequent difficulty in interpreting the complex structure often found in the
900cm-1-1500cm-1 region qf the spectrum. \

SFG has been described in great detail in the literature [ 15, 16, 17]. Briefly, it -
is a second-order nonlinear optical process in which an infrared beam is combined
with a visible beam to generate a sum-frequency output. The process is only
allowed (in the dipole appro:dmati;)n) in a medium without inversion symmetry.
The FCC lattice in the bulk of platinum is centrosymmetric and, thgrefore, in the
case of an organic monolayer adsorbed on Pt(111) the SFG signal may be

dominated by the contribution from the interface between the metal and vacuum.
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As the IR beam is tuned through vibrational resonances of surface species the
effective surface nonlinear susceptibility XS(Z) is resonantly enhanced. The SFG
signal is proportional to the absolute square of xs(z) and, hence, a vibrational

spectrum of the surface species is detected. Formally we can write:

16 = i + 1%

(1_) @ _ z Aq

R 0y —0q—il

where x2 x? A,.0,,0, and I, refer to the nonresonant nonlinear susceptibility,
NR-ARSq>PqPir, q p

resonant nonlinear susceptibility, strength of the qﬂl vibrational mode, qth
vibrational mode, infrared laser frequency, and the damping constant of the qth
vibrational mode respectively.

Our results indicate the presence of a third species present on the Pt(111)
surface during the conversion of di-c bonded ethylene to ethylidyne. This species
gave rise to a vibrational feature which was observed only during the reaction and

has been assigned to the CH3 asymmetric stretch of ethylidene and/or ethyl.

1.2 Experimental

All experiments were carried out in an ultra high vacuum chamber pumped
with a turbo pump and an ion pump. The chamber had a base pressure of less
than 1 x 10~10 Torr and was equipped with a Varian retarding field analyzer
(RFA) for Auger and LEED, a high resolution electron energy loss spectrometer
(HREELS), a VG SX300 Mass Spectrometer, and CaFy windows to allow the

passage of infrared and visible laser beams. The Pt(111) crystal used in this
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experiment was spot welded onto the manipulator with platinum wires and was
capable of being resistively heated to above 1200K and cooled with liquid N5 to
115K. Temperature was measured with a Chromel-Alumel thermocouple which
was positioned on the edge of the crystal. The sample itself was cut, polished, and
then cleaned in UHV following the standard procedures.

A 20 picosecond passive, active mode-locked Nd:YAG laser with a maximum
output energy of 50mJ/pulse at 1064nm was used to perform the SFG. A portion
of the beam was frequency doubled to 532nm and used as the visible portion of
this spectroscopy. The rest of the light was sent to a LINbO3 optical parametric
generator/amplifier arm where it could be frequency tuned from 2650-3900cm™1.
The two beams were then foéﬁsed concentrically onto the Pt(111) sample. Both
the green and IR light used in this experiment were p-polarized such that their
electric fields had components perpendicular to the surface of the plaﬁnum crystal.
'Iﬂe sum frequency photons generated from the crystal surface were detected via a
photomultiplier tube and the signal was stored on a’ microcomputer. Figure 2 is a
schematic diagram of the instrumentation.

In this experiment 4L of ethylene (Matheson, C.P. grade) were dosed onto clean -
Pt(111) at 202K. The crystal was cooled to 120K at which point an SFG
spectrum was taken. The crystal was then annealed to successively higher
temperatures for periods of 60 seconds after which the crystal was allowed to cool
to 120K. At the conclusion of each such process an SFG scan was taken at 120K.
Additional spectra of di-c bonded ethylene on Pt(111), ethylidyne on Pt(111), and
vinyl iodide (99% pure, Pfaltz and Bauer) on Pt(111) were taken for comparison.

All spectra presented in this study represent raw data.
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1.3 Results

Figﬁre 3a represents a scan of ethylene adsorbed onto clean Pt(111) at 300K
and then flashed to 400K a procedure which completely decomposes chemisorbed
ethylene to ethylidyne. The spectrum shows only one major feature at 2885cm"1
(unfitted value) representing the CH3 symmetric stretch of ethylidyne. A second
much smaller feature just under 2800cm- ! has been assigned to a Fermi resonance
with an asymmetric bending mode [18]. The nonresonant background signal
immediately beyond the peak frequency falls below its base line and then returns.
This is the interference pattern formed from the interplay between the nonresonant
background signal (in this case due primarily to the platinum surface) and the
resonant signal from the ethylidyne species. Because of this interaction, the peak
of the resonant feature comes at a slightly lower frequency than would otherwise
be expected. Signal in a sum frequency experiment is proportional to the square of
equation 1; therefore, fitting the data by | Xs(z) | 2 yields the actual resonant
frequency of the main peak in figure 3a at 2886cm™1. All further peaks in this
paper have been identified by their fitted value for the resonant frequency.

Figure 3b is a scan of di-c bonded ethylene that has been adsorbed on Pt(111)
at 202K and then cooled to120K before taking the spectrum. The singular feature
in this spectrum is at 2904cm™1 and has been assigned to a CH,) symmetric stretch
[1-3]. From reflection-adsorption infrared spectroscopy (RAIRS) studies,
Hoffman et al. have concluded that the CHy asymmetric strétch is also

incorporated under this peak [19].
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Figure 4 shows a series of eight spectra of di-c bonded ethylene annealed to
successively higher temperature. During the annealing process di-c bonded
ethylene is converted to ethylidyne. Upon annealing di-c bonded ethylene to 243K
for 60 seconds the CH, symmetric stretch peak shifts to 2906cm™1 and sharpens
up, but the spectrum remains otherwise unchanged from the spectrum in figure ‘3b. ,

- The first sign of significant change begins as the sample is annealed to 257K.
There is a definite decrease in intensity of the CH) symmetric stretch peak and a
new feature begins to grow in around 2953cm™1. Further, a shoulder which is
assigned to the CH3 symmetric stretch of ethylidyne develops on the low
frequency side of the CH peak. |

The ethylidyne shoulder feature ihcreases slightly as the sample is annealed to
265K. The drop off in intensity of the CH) peak continues as its frequency shifts
to 2916cm™1. The high ﬁequenéy feature shifts to 2957cm-1 and continues to
grow. Annealing to 273K for 60 seconds makes the CH3 symmetlic. stretch at
2889cm! of the growing ethylidyne resonance clearly visible. The CHp
symmetric stretch peak which has now shifted to 2918cm1 has decayed
substantially while the high frequency feature continues to grow. At 281K the 7
CH; symmetric stretch has almost completely disappeared. The CH3 symmetric
stretch peak of ethylidyne continues to increase in intensity and the 2957cm-!
stretch peak starts to decrease.

Annealing to 288K shows continued growth of the ethylidyne peak while the
high frequency feature has nearly disappeared. Further annealing to 296K and then
352K leaves only the CH3 symmetric stretch of ethylidyne.
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1.4 Discussion

The CH stretch portion of the vibrational spectrum shows a clear progression
from di-c bonded ethylene to ethylidyne with the appearance of a high frequency
feature at 2957cm1 that is only preseht during the transition (figure 4). The
primary objective of this discussion is to identify this feature. There are several
candidates for this species, including ethyl, ethylidene, vinyl, and vinylidene. A
possible asymmetric stretch mode and a fermi resonance of both di-c bonded
ethylene‘and ethylidyne must also be considered.

The possibility that the high frequency feature is a fermi resonance can be
discounted because its signal would have to grow and attenuate in concert with
either the CHy or CH3 symmetric stretch resonance. This is not the case for
either the CHy or CH3 mode. The 2957cm"! peak remains until after the CH,

‘symmetric stretch intensity is completely gone and actually attenuates as the CH3
symmetric stretch grows. Further, neither the di-c bonded ethylene nor the
ethylidyne species when present alone on the surface have fermi resonances in the
2957cm-1 range.

The high frequency feature in figure 4 is also unlikely to be from an asymmetric
stretch mode. Although asymmetric stretches of CH3 species on Pt(111) are
found in this region of the spectrum, they are mostly forbidden in the ethylidyne
geometry because of the surface dipole selection rule, which requires the dynamic
dipole moment of the species to have some component normal to the surface. In
this case (with the C-C bond axis normal to the surface) the asymmetric stretch
would be in plane with the surface and would not appear in this spectroscopy. In

fact the asymmetric stretch feature is not observed in the pure ethylidyne spectrum

(figure 3a). -
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It also cannot be argued that the high frequency feature is from the CH,
asymmetric stretch of di-c bonded ethylene. This is because the high frequency
peak is clearly still present affer the CH, symmetric stretch signal has completely
vanished. For this feature to be the CHy asymmetric stretch, there would have to
be a conformation of di-c bonded ethylene that would only allow the asymmetric
stretch to be observed, but not the symmetric one. It is extremely difficult to
envision such a conformation of di-c bonded ethylene on Pt(111). This lead§ to
the conclusion that the high frequency stretch seen during the conversion is due to
a species that is neither di-c bonded ethylene nor ethylidyne, but rather a third

| species that is only present on the surface during the conversion of the former into
the latter.

Both a vinyl group (-CH=CH);) and vinylidene group (=C=CH)) can be ruled
out as a candidate for the 2957cm-! feature. Infrared and Raman spectfa of vinyl
and vinylidene moieties in osmium clusters show that the CHy symmetric and
asymmetric stretches of these moieties occﬁr too high (2998cm'1, 3052cm-1 for
vinyl and 2990cm1, 3052cm1 for vinylidene) to account for this feature and the
very weak CH‘stretch of vinyl is too low (2920cm-1) [20]. Further, a recent
RAIRS stud3; by Zaera et al. has shown that vinyl moieties decompose to acetylene
and vinylidene by 140K instead of directly converting to ethylidyne [21]. In the
RAIRS study heating above 200K caused all spectroscopic features to disappear.
This led Zaera to conclude that n-bonded ethylene must be formed around this
temperature. The n-bonded ethylene would have its dynamic dipole parallel to the
surface and would therefore not be seen by infrared spectroscopy. Zaera
accounted for the change in C/H stoichiometry from CoH3 to CoHy by proposing
either adsorption of Hy from the background or the evolution of surface hydrogen
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from the formation of a minor decomposition product. Upon heating this system
above 300K ethylidyne features were observed. |

We have also investigated the thermal evolution of the vinyl iodide on Pt(111)
~ system and the spectra are shown in figure 5. The bottom spectrum shows 10L of
vinyl iodide dosed on Pt(111) at 132K. At this temperature some of the C-I bonds
are broken and vinyl moieties are directly adsorbed on the platinum surface [8].
There are three peaks (2995cm™ 1 3033cm1, and 3068cm1) observed for vinyl
iodide adsorbed on Pt(111) at 132K. The 2995cm"1 resonance can be assigned to
the CH, symmetric stretch of a mixed sp2/sp3 hybridized species of either vinyl or
vinylidene {20]. The 3068cm™! peak may be due to the CH, asymmetric stretch of
intact vinyl iodide [8]. The 3033cm! feature, however, is harder to identify
because it does not correspond well with any frequency from the inorganic cluster
models of vinylidene, vinylL, or acetylene [20, 22]. Because there is significant
dehydrogenation just above 132K [21], an additional surface species or a Fermi
resonance may already be present at this temperature. At any rate all of the peaks
" in this spectrum come at too high of a frequency to account for the 2957cm™1
feature seen in the di-c bonded ethylene to ethylidyne transition.

Upon annealing the vinyl iodide/Pt(111) system to 285K and 295K (middle
spectra in figure 5) there is only one peak present which is nearly at the same
position as the high frequency feature seen during the transition of di-c bonded
éthylene to ethylidyne in figure 4. Upon further heating to 406K the CH3
symmetric stretch resonance of ethylidyne is seen at 2878cm-1 (top spectra in
figure 5). This seems to suggest that while vinyl is not the species responsible for
the high frequency feature observed in the di-o bonded ethylene to ethylidyne

conversion, vinyl decomposes through the same intermediate(s) in its
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transformation to ethylidyne as is found by directly dosing and then annealing
ethylene . This is quite reasonable in light of the finding by Zaera that vinyl
converts to n-bonded ethylene before converting to ethylidyne [21].

We assign the 2957cm-! feature to the CH3 asymmetric stretch mode of
ethylidene and/or ethyl. There is a preponderance of evidence which supports this
assignment. In a RAIRS study of deuterated and nondeuterated ethyl iodide on
Pt(111) Hoffman et al. have shown that ethyl groups give rise to three features in
the CH stretch region at 2857cm'1, 2914cm" 1, and 2952cm~l. The highest
frequency feature has been assigned to the CH3 asymmetric stretch of the terminal
methyl group [19]. We have repeated this work using our SFG system and
obtained the same results. Hoffman et al. have shown that ethyl groups may adopt
either an upright or Mt geometry on the (111) surface of platinum. Itisinthe
latter case that the CHj3 asymmetric stretch is most prominent in their vibrational
spectra (dipole selection rule). The orientation was shown to be coverage
dependent with flat lying species predominaﬁt at low surface coverages.

In the case of ethylidene moieties, osmium cluster work by Anson et al. has
shown that the CH3 asymmetric stretch comes at 2950cm-! and is the strongest
feature in the CH stretch region for this species [23]. Further, in the case of K
promoted Pt(111), where ethylidene has been identified as the stable intermediate
in ethylene decomposition to ethylidyne, a peak in the CH stretch portion of the
HREELS spectrum was seen at 2955cm™1[10]. The CH stretch frequencies and
assignments of ethyl iodide on Pt(111) (from ref 19) and ethylidene moieties in
[(CH3 CH)Osy(CO)g] (from ref 23) are given in table 1.
| It is significant that no intensity is seen in the 2850-2857cm 1 range

(corresponding to a CH3 symmetric stretch) during the presence of the 295 Zem1
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feature. This is a demonstration of the orientational sensitivity of SFG on metal
surfaces. The signal intensity of a vibrational mode in our SFG experiments scales .
as cos%0 [24], where 0 is the angle between the surface normal and the direction of
the dynamic dipole moment of the surface species. In the case of upright
ethylidene moieties the CH3 symmetric stretch modé would make a 55° angle with
respect to the surface normal, whereas the CH3 asymmetric stretch mode would |
make a 35° angle with respect to the normal. This difference in angle would lead

to nearly an order of magnitude greater signal intensity for the CH3 asymmetric
mode in an SFG experiment. For ethyl groups, low coverages (flat lying) showed
little or no intensity in the 2857cm- ! region even in RAIRS experiments where
signal intensity scales only as cos26 [19]. Therefore, it would be expected that flat
lying ethyl groups would ﬁot give rise to a peak in the 2857cm™1 region of an SFG
spectrum where the orientational sensitivity is even more extreme.

Another significant observation from figure 4 is the blue shift of the 2906cm™1
feature. One possible explanation is that the changing surface coverage of di-c
bonded ethylene causes this phenomenon. We have carried out experiments on the
coverage dependence of the CHp symmetric stretch frequency which show that
there is indeed a shift from 2924cm"1 at low coverage up to 2904cm-! at
saturation. Another possibility is that the shift is due to intensity from another
vibrational mode of the intermediate species. This would be easiest to explain in
terms of an ethylidene intermediate. For an ethylidene moiety that has its methyl
group tilted close to the surface and its hydrogen pointing nearly straight up, one
might expect to see some intensity from the weak CH stretch mode. This would
also explain the lack of intensity near 2850cm" 1, because the CH3 symmetric

stretch would be nearly parallel to thé Pt surface. It would, however, be more
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difficult to explain the blue shift of the 2906cm] peak in terms of an ethyl group.
This is because an additional feature at 2857cm-1 is not seen. The 2857cm]
intensity would be from a Fermi resonance of the 29 14cm! feature and should
scale with it. |

Because small amounts of ethane have been detected to de§orb from the surface
during ethylidyne formation [25, 26], we postulate that some ethyl species may
exist during the conversion of di-c bonded ethylene to ethylidyne. However,
studies of ethyl moieties have shown that ethyl groups decompose to form di-c
bonded ethylene and ethane at temperatures above 250K on the Pt(111) sﬁface
[27, 28]. Our spectra of the conversion show that the 295 7em! feature is present
on the surface without any di-c bonded ethylene at 281K and 288K (figure 4).

This requires ethyl groups to survive for minutes under severe dehydrogenation
conditions after all the di-c bonded ethylene is gone. Further, our vinyl iodide
spectra show that the same CH3 asymmetric stretcgh signal occurs even under the
condition of 25% less initial surface hydrogen. For these reasons we favor an
ethylidene interpretation of the 2957cm ! feature.

An ethylidene interpretation of the 2957cm"1 stretch leads to two important
conclusions. Ethylidene would be a likely intermediate in the conversion of di-c
bonded ethylene to ethylidyne and the breaking of the CH bond on the a-carbon of
ethylidene would be the rate limiting step in this reaction.

The mechanisms in figure 6 illustrate three possible pathways for ethylene
decomposition to ethylidyne that involve an ethylidene intermediate. In the first
mechanism di-c bonded ethylene is hydrogenated to an ethyl group followed by
stepwise dehydrogenation of the a-carbon. We reject this mechanism because work

on ethyl chloride by Lloyd et al. has shown that ethyl groups first dehydrogenate on
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Pt(111) to yield di-c bonded ethylene rather than dehydrogenate directly to -
ethylidyne [28, 29].

In the second mechanism a CH bond on the di-c bonded ethylene breaks to form a
vinyl group. This vinyl group undergoes hydrogenation at the CH, carbon to form
ethylidene. Ethylidene then dehydrogenates to form ethylidyne. This too can be
ruled out on the basis of the vinyl iodide work by Zaera et al. which shows that vinyl
decomposes readily to vinylidene and acetylene at temperatures around 140K [21].

The last mechanism involves only two steps. First, a hydrogen atom undergoes a
1,2 shift to form ethylidene. This is followed by a dehydrogenation step to form
ethylidyne. Such a mechanism is consistent with experimental data and indeed
involves the least number of steps. Therefore, in agreement with Carter and Koel we
favor this last mechanism.

Clearly there is a third species present on Pt(111) during the dehydrogenation
of di-c bonded ethylene to ethylidyne. For the reasons stated above we believe
that it is more likely that this species is ethylidene than ethyl, however, both
species would show very simﬂar spectral features in the CH stretch range. In
addition, optical sum frequency generation has proven to be an excellent new

technique for investigating the surface chemistry of this reaction.

1.5 Conclusion

Surface vibrational spectra of the transformation of di-c bonded ethylene to
ethylidyne have been recorded after each of eight annealing steps. The spectra show
that in addition to the CH3 and CH) symmetric stretch features from ethylidyne and
di-o bonded ethylene (respectively) there is a high frequency feature around 295 Tem-1 |
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during the transformation process. We have assigned this feature to the CH3
asymmetric stretch of ethylidene and/or ethyl. Therefore, there is a third stable species
present on the surface during the conversion of di-c bonded ethylene to ethylidyne on
Pt(111). |

.
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1.7 Figure Captions

Figure 1

Figure 2

Figure 3.

Figure 4

Figure 5

Figure 6

The decomposition of ethylidyne on Pt(111)
Apparatus for UHV-SFG

(a) 4L of ethylene dosed on Pt(111) at 300K and flashed to 400K
(b) 4L of ethylene dosed on Pt(111) at 202K, spectrum taken at 120K

4L of ethylene dosed on Pt(111) at 202K is annealed stepwise from 243K
to 352K. |

10L of vinyl iodide dosed on clean Pt(111) at 130K and then annealed
to 285K, 295K, and 406K

Three possible dehydrogenation mechanisms for di-c bonded ethylene

to ethylidyne through an ethylidene intermediate
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Table 1: Frequencies of Ethyl and Ethylidene Moieties (in cm-1)

[(CH3, CH) Assignment @3 le Assignment
0s(COJ] - [P11D) |

2950  vae(CH3) 2952 v,(CHz)
2916 wCH) , 2914 v¢(CH3)
2905/2850 ve(CH3) . 2857 26,(CH)
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Chapter 4

The Thermal Evolution of Acetylene on
Pt(111)

The thermal evolution of acetylene was followed on the (111) surface of platinum in -
the CH stretch range of the vibrational spectrum using infrared-visible sum frequency
genefation. It was found that acetylene adsorption at 190 K gave rise to several peaks
between 2950-3000 cm-1 suggesting that a variety of adsorbates were present including:
ethylidene (M=CHCH3), nz-u3-CCH2 vinylidene, as well as adsorbed acetylene. The
presence of species with CoHy stoichiometry was strong evidence that a
disproportionation reaction must already occur at this temperature. Above 300 K a
u-vinylidene species was formed and remained coadsorbed with ethylidene until both
began to decompose near 350 K. By 381 K ethylidyne was the only observable species
on the surface.

53



4.1 Introduction

The adsorption and decomposition of acetylene on Pt(111) was first studied over
twenty years ago by low energy electron diffraction. It was noted that if the clean
Pt(111) surface was exposed to acetylene and annealed above room temperature, a 2x2
surface structure could be foﬁned [1]. Subsequently, ethylene was found to exhibit
similar behavior. By comparing electron energy loss spectra (HREELS) with
organometallic cluster analogs it was determined that the surface species formed from
both acetylene and ethylene was ethylidyne, (M=CCH3) {2]. This species is sp3
hybridized and resides in the fcc three fold hollow site on the Pt(111) surface [3]. The
preponderance of evidence for the mechanism of ethylidyne formation from ethylene
favors an ethylidene intermediate [Fig 1] [4].

The thermally induced rearrangément of acetylene/Pt(111) to ethylidyne has received
much less attention because annealing in the absence of hydrogen cannot lead to
ethylidyne formation by a stoichiometric reaction. A disproportionation reaction is
required, whereby a decomposition species, probably ethnyl (M-CCH) [also called
acelylide], must be formed simultaneously to provide the necessary hydrogen to produce
ethylidyne [Fig. 2]. HREELS studies of acetylene decomposition by Avery found that
ethylidyne formed between 300-400 K, but no clear spectroscopic evidence could be
found for the vinylidene (M=CCH)) species that was believed to be an important
mechanistic intermediate [5].

Thermal desorption mass spectroscopy indicated that ethylidyne formation from
acetylene was unaccompanied by hydrogen evolution. Detailed studies of the thermal
desorption species from acetylene/Pt(111) by Megiris et al. show that the first hydrogen
desorption peaks occurred near 490 K [6], well after ethylidyne had been formed. Some
intact acetylene was found to desorb near 150 K and small quantities of ethylene were

evolved in three peaks at 250, 275, and 460 K. Evidence was also noted for a very small
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quantity of methane (a cracking product) near 310 K, however no ethane or any higher
hy_drocarboné were found to desorb.

A study of the thermally induced rearrangement of acetylene that was monitored by
SFG vibrational spectroscopy will be presented in this paper. The vibrational spectra
give strong evidence for the formatioﬁ of several stable intermediates on the surface
leading up to ethylidyne formation. These species are identified as ethylidene
(M=CHCH3) and p-vinylidene (M=C=CH>) [Fig. 3]. '

4.2 Experimental
After, exposing the clean Pt(111) surface to a saturation coverage of acetylene (4 L)

at 191 K, a scan of the CH stretch range of the vibrational spectrum was taken between
2800 and 3100 cm~L. The surface was then annealed to a series of predetermined
temperatures for 60 seconds after which the crystal was allowed to recool below 191 K
and another vibrational spectnim was obtained. Tlus process was repeated between 191
and 381 K at temperature intervals of approximately 25 K. It was independently verified
via control experiments that the results were identical for immediater annealing to a
predetermined temperature and arriving to the same temperature over a series of heating

cycles.

4.3 Results

Figure 4 shows the vibrational spectrum for a saturation exposure of acetylene on
Pt(111) at 191 K. Three peaks at 2960 cm~1, 2976 cm~1, and 2990 cm1 dominate the
spectrum, while some weak intensity near 2900 cm" ! can also be seen Just above the
noise. The 2960 cm~! feature is characteristic of a vas(CH3) [7]. For signal from the
asymmetric stretch of a h1ethyl group to be observed, the species must be inclined with
respect to the surface normal. This is because of the metal dipole selection rule, which

states that for a mode to be surface active it must have some component of the dynamic
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dipole normal to the surface. All dipole components in the plane of the metal are
canceled by an image dipole in the metal surface. The 2960 cm! is therefore assigned to
an ethylidene species (M=CHCHj3). An ethyl assignment would also be possible, but the
lack of surface hydrogen makes this less unlikely. Further, the 2960 cm~1 feature was
noted to survive to quite high temperatures (at least 356 K, Figs. 5a-¢), well above where
ethyl is known to decompose.

The sfrongest intensity at 2976 cm-1 in figure 4 is difficult to match to an osmium
cluster analog, but may be from the v(CH) of acetylene [8], while the 2990 cm! feature-
can be from adsorbed u3-n2-acetylene, u3-n2-vinyl, or u3-n2fvinylidene [Fig 3] [9]-
Both the 2976 cm~! and 2990 cm1 features seém to arise from sp2-> hybridization,
which gives rise to frequencies in this range as demonstrated by osmium cluster work.
The intensity near 2900 cm1 can be assigned to the v¢(CHp) from di-c bonded ethylene
[4], which correlates well with the onset of ethylene desorption that TPD evidence
provides just above this temperature.

Annealing the system up to room temperature causes only minor changes in the peaks
observed [Fig. 5a]. The first sign of significant decomposition occurs near 313 K [Fig.
5b]. At this point the 2950-3000 cm"! range simplifies with a 2960 cm-1 shoulder on the
sharp 2976 cm-! feature. There is a small new feature at 3033 cm" 1, which is most
readily assigned fo the vg(CHp) of p-vinylidene [Fig. 3] by comparison with the
frequency from the corresponding osmium cluster [10]. Further heating to 339 K causes
a dramatic drop in the intensity of the 2976 cm ! feature, but the 2960 and 3033 cm!
peaks are still present at approximately the same strength [Fig. 5c]. Annealing to 356 K
causes the complete disappearance of the 2976 cm-! feature accompanied by the
formation of ethylidyne with its characteristic vg(CH3) showing up at 2884 cm1 [Fig.
5d] [11]. Under these conditions ethylidyne coexists on the surface with ethylidene at
2960 cm-1 and p-vinylidene at 3033 cm~!. Further annealing of the surface to 385 K

causes the higher frequency features to disappear completely and only the ethylidyne
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feature remains [Fig. 5e]. The ethylidyne feature has strengthened significantly from the
356 K spectrum. The intensity of this feature represents a coverage of approximately 0.8
ML as judged from comparing the curve fitted peak strength from this spectrum with
know calibrations for ethylidyne at satﬁration coverage (0.25 ML) [4].

4.4 Discussion
(a) Surface Stoichiometry and Hydrogen Production

The decomposition of acetylene on Pt(111) gives rise to a rich variety of spectral
features in the CH stretch range. Even at low temperatures a mixture of surface species
are present. The features in figure 3, such as the methyl asymmetric stretch at 2960 cm1.
of ethylidene (M=CHCH3), indicate that significant CH bond breaking and forming
already occurs below 200 K. This is consistent with the thermal desorption data by
Megiris et al., which indicates that the onset of ethylene desorption is just below 200 K
[6]. Avery showed using reactions with deuterium that hydrogen from the gas phase can
be ruled out as making a significant contribution to the formation of ethylidyne [5].
Therefore, ethnyl (M-C=CH) or other surface residue must already exist on the surface to
accommodate the presence of other adsorbed species with higher hydrogen/carbon ratios. -

Evidence for an ethnyl species cannot be directly obtained from the SFG spectra
apparently because of the lack of a surface normal componentr of the v(CH) dynamic
dipole. This was confirmed by control scans in the 3156 cm~1 range (not shown) where
its v(CH) signal would be expected [9]. However, Avery noted evidence for this species
during acetylene decomposition in the HREELS spectrum from a weak signal at 750 cm™
1 [5]. Other possible surface residues include methylidyne (MECH); however, the
formation of this species requires breaking of the C-C bond. The TPD data does shows
evidence for a very small amount of methane production [6], which would indicate

carbon-carbon bond breakage (perhaps occurring at defect sites). This route, however, is
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probably not mechanistically important at the temperatures under which these
experiments were performed.

Ifit is assumed that ethnyl formation is the major source for surface hydrogen, then
for every CoH4 moiety observed on the surface, three CoH species must be formed.
Further, each ethylene which desorbs from the surface requires the formation of three
ethnyl groups. This means that the overall stoichiometry on the surface is less than CoHy
even below 200 K. Indeed, spectroscopic evidence for a small amount of adsorbed
ethylene exist at 190 K from the weak feature near 2900 cm! [Fig 4]. The evolution of
enough surface hydrogen to form ethylene and ethylidene necessarily means that the
disproportionation reaction has already begun far below the temperature at which

ethylidyne is formed [Fig 4].

(b) The Surface Reaction Mechanism

The appearance of the 3033 cm! peak is the first new feature that appears in the
spectrum upon annealing. The activation barrier to its formation is most likely the
rearrangement of acetylene to form p-vinylidene via a 1,2 hydrogen shift. Evidence for
this comes from the corresponding decline of the 2974 and 2990 cm! peaks as the
higher frequency feature grows in.

By 339 K only three species appear to be on the surface: ethylidene, acetylene, and p-
vinylidene. All are present prior to the formation of any ethylidyne, and hence must all be
considered as possible candidate species to its formation. However, the acetylene feature
at 2976 cm-! has been in constant decline since 331 K and completely disappears by 356
K, a temperature at which the ethylidyne is not yet fully formed. Therefore, it can be
reasonably ruled as the direct ethylidyne precursor. Both the ethylidene and p-vinylidene
are present as ethylidyne begins to form near 356 K. Of these two candidates, the
ethylidene species is more likely to be the direct ethylidyne precursor.
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The decision to favor the ethylidene pzithway over u-vinylidene is based on analogy
with our earlier studies of ethylidyne formation from di-o bonded ethylene and vinyl
groups [4]. During vinyl decomposition to ethylidyne, the presence of p-vinylidene was
detecte& at low temperature (140 K), although ethylidene was not found until much
higher temperature. The 3033 cm-1 feature from p-vinylidene disappeared upon
annealing to 200 K, while the ethylidene peak was found to grow in near room
temperature. Heating above room temperature caused the ethylidene peak to disappear
and the ethylidyne vg(CH3) at 2884 gm'l to grow in. The presence of significant
amount of CCH» in the case of acetylene chemistry may explain why vinylidene does not
decompose below 350 K. Indeed, CCH, species may serve to block the important sites
for further vinylidene reactions.

The p-vinylidene species was not observed in the case of di-o bonded ethylene
decomposition to ethylidyne [4]. Instead, as the characteristic 2904 cm-! feature from
di-c bonded ethylene disappeared, only the v,(CH3) feature of ethylidene was observed
(in addition to signal from ethylidyne). In this case, the ethylidene feature disappeared
near room temperature as the ethylidyne overlayer seemed to be completed by 296 K.
Again, the reason for the lower conversion temperature probably stems from the lack of
surface CCH, which must block the fcc three fold hollow sites in which ethylidyne is
formed.

Ethylidyne formation from ethylidene in the case of acetylene/Pt(111) requires that
two acetylene molecules decompose to CoH for each ethylidene formed [Fig. 5].
Ethylidene éannot be directly formed form acetylene, but must go through an unobserved
vinyl intermediate. This chemistry would require that sufficient surface hydrogen is
produced (presumably from ethnyl formation) for some remaining acetylene species to
proceed through a rate limiting vinyl step to the more stable ethylidene species. Such

chemistry would ultimately lead to only 1/3 of the acetylene molecules forming
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ethylidyne, assuming an initial coverage of 0.25 monolayers of acetylene. This is indeed

in agreement with our observation of .08 ML ethylidyne formed.

4.5 Conclusion

Ethylidyne is formed near 350 K on the surface of Pt(111) from the thermal
rearrangement reaction of adsorbed acetylene. Even at low temperatures (below 200 K),
C-H bonds are broken and CoHy species such as ethylidene and di-c bonded ethylene are
formed. Annealing the system near 339 K yields a mixture of p-vinylidene and
ethylidene. Upon further heating above 350 K, ethylidyne is formed from the ethylidene
species. . The net reaction most likely involves three acetylene molecules undergoing

disproportionation to form one ethylidyne and two ethnyl molecules.
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4.7 Figure Captions
Fig. 1 Schematic of the decomposition of di-o ethylene to ethylidyne on Pt(111).

Fig. 2 The disproportionation reaction of acetylene to ethnyl and ethylidyne on
Pt(111).

Fig. 3 Schematic representations of adsorbed acetylene, vinylidene, vinyl, ethylidene, -

ethylidyne species.

Fig. 4 The SFG spectrum of a saturation coverage (4 L) of acetylene adsorbed on

Pt(111) at 191 K.

Fig. 5 Vibrational spectra of the thermal evolution of acetylene on Pt(111). The
system was annealed to (a) 288 K, (b) 313 K, (¢) 339 K, (d) 356 K, and (e)
381 K for 60 seconds and then allowed to cool below 191 K where an SFG

scan was performed

Fig. 6 The proposed pathway for acetylene decomposition to ethnyl and ethylidyne
on Pt(111).
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Chapter 5

The Hydrogenation of Ethylene on Pt(111)

Infrared-visible sum frequency generation (SFG) has been used to monitor the vsurface
vibrational spectrum in situ during ethylene hydrogenation on Pt(111). Measurements
were made near one atmosphere total pressure of ethylene and hydrogen and at 295 K.
Kinetic information was obtained simultaneously with the surface vibrational
spectroscopy by monitoring the reaction rate with gas chiomatography. The |
macroscopic turnover rate and surface adsorbate concentration could then be correlated.
During the reaction ethylidyne, di-c bonded ethylene, ethyl, and n-bonded ethylene Were
observed on the surface in various amounts depending on conditions. Ethylidyne, a
spectator species during hydrogenation, competed directly for sites with di-c bonded
ethylene and its surface concentration could be shown to be completely uncorrelated with
the rate of hydrogenation. In contrast, n-bonded ethylene did not compete for sites with
the ethylidyne overlayer and was observed on the surface regardless of the surface
concentration of ethylidyne. Evidence points to the n-bonded épecies as being the
primary intermediate in ethylene hydrogenation on Pt(111). The surface concentration of
this species is about 0.04 ML during reaction. Thus, the turnover rate per reaction
intermediate is 25 times faster than the turnover rate if measured per surface platinum

atom. {
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5.1 Introduction -

A mechanism for the hydrogenation of the simplest olefin, etherne, over a platinum
surface was first probosed in the 1930's by Horiuti and Polanyi (Fig. 1) [1]. According to
their model, ethylene chemisorbs on the clean metal surface by breaking one of the
carbon carbon double bonds. This species, which forms two sigma bonds with the
underlying metal substrate, is then stepwise hydrogenated through an ethyl intermediate
to ethane. Evidence for an ethyl intermediate was found in the 1950's by Kemball et al.
using deuterium labeling that showed ethylene molecules readily exchange hydrogen
atoms during the hydrogenation process [2]. Kinetic studies showed that the rate at
which ethylene hydrogenates is independent of the structure of the underlying metal
atoms and therefore it is called a structure insensitive reaction [3]. The reaction has been
observed to vary between half order and first order in hydrogen (depending upon
temperature) and to be zero or slightly negative order in ethylene [4].

Surface science investigations of the mechanism for ethylene hydrogenation began in
the 1970's with model studies of ethylene adsorption on low miller index faces of
platinum undér ultra high vacuum (UHV) conditions. Ethylene adsorbed on Pt(111) in
the absence of hydrogen was monitored with a variety of techniques that revealed the
presence of several distinct surface species. Ultraviolet photo emission spectroscopy
(UPS) showed that ethylene physisorbs thfough its w-orbital on clean Pt(111) below 52 K
[5]. This species is referred to as n-bonded ethylene (Fig. 2a). Its binding site has yet to
be determined by low energy electron diffraction (LEED) surface crystallography, but
analogy to organometallic cluster chemistfy tends to favor an atop site [6, 7].

When heated above 52 K, ethylene irreversibly breaks the n-bond and forms two
sigma bonds to the surface metal atoms and is called di-c bonded ethylene (Fig. 2b). This
species is sp3 hybridized [8] and resides in an fcc three fold hollow site on the Pt(111)
surface as determined by LEED [9]. Saturation coverage is 0.25 monolayers (ML) [10];
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which means there is one di-c bonded ethylene molecule for bevery four underlying
platinum surface atoms. |

Above 240 K di-c bonded ethylene dehydrogenates to ethylidyne (M=CCH3z) by
transferring one hydrogen from one carbon to the other and losing a hydrogen (Fig. 2c)
[11]. The dehydrogenation is accompanied by hydrogen atom recombination to Hp,
which then desorbs from the surface as molecular hydrogen near room temperature and
can be readily monitored by thermal desorption mass spectrometry. Like di-c bonded
ethylene, ethylidyné is also adsorbed in an fcc three fold hollow site as determined by
LEED, however its C-C bond axis is normal to the surface [12]. Scanning tunneling
* microscopy (STM) reveals that ethylidyne cannot be imaged unless the surface is cooled
to 220 K [13]. This suggests that the species is highly mobile on the surface at room
temperature, most likely moving between three fold sites. Ethylidyne has a saturation
coverage‘of 0.25 ML [10] and upon annealing the ethylidyne/(Pt(111) system above 500
K further dehydrogenation to graphitic precursors (such as CoH and CH) takes place.
Finally, above 700 K the hydrocarbon fragments decompose to graphite [13].

In order to determine the role of each of the surface species in ethylene
hydrogenation, their chemistry has been studied in the presence of hydrogen under
reaction conditions. Several groups have investigated the role of ethylidyne. Davis et al.
hydrogenated 14C labeled ethylidyne on Pt(111) with near atmospheric pressure of Hy.
Their results indicated that the rate of hydrogenation of the ethylidyne was several orders
of magnitude slower than the overall turnover rate of hydrogenation of ethylene to ethane
mndicating that ethylidyne was not directly involved in the reaction [14]. Beebe et al.
monitored ethylene hydrogenation over a Pd/AlpO3 supported catalyst in situ by using
transmission infrared spectroscopy. By varying the ratio of ethylene to hydrogen it was
observed that hydrogenation occurred over surfaces both with and without an ethylidyne
(=CCH3) overlayer [15]. Rekoske et al. have repeated the transmission infrared work
on Pt/Cab-O-Sil and concluded that the ethylidyne was not involved in the reaction in the

75



case of a supported platinum catalyst [16]. All evidence strongly suggests that ethylidyne
is a spectator species not involved in ethylene hydrogenation.

The roles of chemisorbed and physisorbed ethylene have also been examined. Using
transmission infrared spectroscopy, Moshin et al. have shown that both n-bonded and
di-c bonded ethylene are hydrogenated when Hj is flowed over a Pt/Al,O3 catalyst
precovered with these species [17]. Further, they found that upon annealing a surface
covered with n-bonded and di-c bonded ethylene in the absence of hydrogen only the
di-c bonded species was converted to ethylidyne while the n-bonded ethylene remains
unaffected.

None of the infrared spectroscopy studies described above, however, allowed the
monitoring of surface intermediates of ethylene hydrogenation when ethyléne was
flowing. This is because gas phase ethylene greatly interferes with the infrared
spectroscopy experiments [16]. Hence, all experiments in which di-c and n-bonded
ethylene were monitored required that ethylene be removed from the gas phase in order

to make observations. In order to avoid this problem, nonlinear optical methods are

employed in this study. Sum frequency generation (SFG) as a surface specific vibrational

spectroscopy is an ideal choice, because it generates virtually no signal from the gas
phase [18-20]. Therefore, it can be used to obtain surface vibrational spectra in situ
under steady state reaction conditions when all the reactants and products are present
over a wide range of pressures and temperatures.

In this paper we report SFG studies carried out simultaneously with gas phase
turnover rate measurements of ethylene hydrogenation to ethane on the Pt(111) crystal
surface near room temperature and atmospheric pressure. These studies permit the
identification of the molecular species present on the surface at different hydrogeﬁ to
hydrocarbon ratios and provide insight into how the turnover rate depends on the nature

of the species that are present. A mechanism for ethylene hydrogenation is proposed
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with the molecular details of the process that greatly amplify the model proposed by

Horiuti and Polanyi.

5.2 Experimental |
(1) UHV, Reactor, and SFG.Apparatus

All experiments were performed in a UHV/batch reactor éystem on a Pt(111) single
crystal (Fig. 3). The crystal was cut, polished, and oriented using the normal procedures.
The UHV system was pumped by a turbo pump and an ion pump and had a base pressure
of less than 1 x 10-10 Torr. The crystal could be heated resistively to over 1300 K and
cooled with liquid nitrogen to approximately 115 K. The UHV system was equipped
with an electron gun for argon ion bomba;dment, a retarding field analyzer for LEED and
Auger, and a mass spectrometer. In addition, the chamber has two CaF) windows which
were used to allow tunable IR and green light into the chamber as well as to allow sum
frequency light to go out to a photomultiplier tube.

The light used for SFG was generated by a passive, active mode locked Nd:YAG laser
with a 20 ps pulse width. A portion of the output was sent to an optical parametric
generator/amplifier stage where infrared light between 2600 -4000 cm" ! was generated.
This light was then combined at the Pt(111) sample with 532 nm light that was frequency
doubled ﬁom the 1064 nm Nd:YAG fundamental. Although both the apparatus used in
this experiment [11] to perform the sum frequency generation experimeﬁts and tﬁe
technique itself [18-20] have been described elsewhere, it should be noted that for
vibrational modes to be activé in SFG they must obey both the Raman and IR selection
rules. Only modes which lack centrosymmetry can in the dipole approximation
simultaneously obey both rules. In the experiments described in this paper the gas phase
(which is isotropic) and the fcc lattice of the bulk platinum sample possess inversion
symmetry and give nearly zero contribution to the signal. The dqminant contribution is

: \
generated at the platinum surface, where inversion symmetry is always broken.
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Atmospheric pressure experiments were undextakenv mna Batch reactor which could be
isolated from the turbo pump and the ion pump via a gate valve (Fig. 3). Gas pressures
were monitored by a Baratron gauge that was capable of measuring pressures between
100 mTorr and 1000 Torr. The gases in the reactor were constantly mixed by a
recirculation pump and samples could be withdrawn from the reaction loop and analyzed
in an HP 5890 series II gas chromatograph equipped with a 115-3432 GSQ column for

the separation of ethylene from ethane.

(2) UHV Calibration Experiments to Identify Various Adsorbates

To aid in the assignment of the spectroscopic features from surface adsorbates present
during catalysis, several high vacuum analogs were prepared on the pristine platinum
surface with which to compare. Fig. 4a shows the SFG vibrational spectrum of a
saturation coverage of di-c bonded ethylene on Pt(111) in the CH stretch region. The
peak at 2904 cm! is the vg(CHy) of the methylene groups. The system was prepared by
exposing the clean Pt(111) surface to 4 L{(angmuir) of ethylene at 200 K. The dip of the
baseline below its initial level following the spectral feature is due to the interference
between the nonresonant background from the platinum metal and the resonant signal
from the di-c bonded species. All vibrational spectra in this paper contain this artifact of
the sum frequency generation experiment. Because of the interference between the
resonant and the nonresonant signals, the background signal may be suppressed for
several hundred wavenumbers following a major peak. Also, the resonant features are
slightly red shifted and their exact frequencies must be determined by fitting.

The di-c bonded species is stable on the surface in UHV up to 240 K at which |
temperature it dehydrogenates to ethylidyne (M=CCH3). Ethylidyne can also be formed
by directly exposing ethylene to Pt(111) between 240-450 K. The spectnim ofa
saturated coverage of ethylidyne/Pt(111) formed at 300 K in UHV is shown in Fig. 4b.
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The major spectral feature is the vg(CH3) peak of ethylidyne's terminal methyl group at
2884 cnr L. '

Ethyl groups can be formed on Pt(111) by exposing the clean surface to ethyl iqdide
and then annealing the surface above 170 K to begin breaking some of the C-I bonds
[2‘1]. The spectrum of ethyl/Pt(111) at 193 K is shown in Fig. 4c. Several CH stretch
features are observable on the surface. The two lower frequency features (2860 cm1
and 2920 cm~1) have been assigned to a fermi resonance and the vg(CH3) respectively.
The higher frequency peak near 2970 cm-! is the v4(CH3) of undissociéted CH3CH)I
[22]. "

UHV calibration of the n-bonded species were made by exposing the clean Pt(111)
surface to a near saturation coverage of Oy at 300K. This surface was then further
~ exposed to ethylene at 120 K to yield a mixture of n-bonded and di-c bonded ethylene
[23, 24]. The SFG spectra of the adsorbates is shown in Fig. 4d. The larger peak at
2915 cm-1 corresponds with di-c bonded ethylene and ﬁe 2995 cm-1l featureis
associated with the vy(CHp) of n-bonded ethylene. This is in good agreement with
transmission infrared data on supported platinum catalysts showing intensity for nt-
bonded ethylene near 3000 cm~1 [17, 25, 26]. The intensity of the vy(CHy) is fairly
weak in the SFG experiment because the surface metal dipole selection rule requires the
presence of a surface normal component of the dynamic dipole for the species to be
observable. In the case of n-bonded' ethylene, the vg(CHp) is nearly in plane with the
m_etal surface; hence, the signal observed is small. The total coverage of ethylene from
both species is roughly 0.16 ML [23]. Fitting the peaks suggests that approximately 0.10
ML is from di-c bonded ethylene and 0.06 ML from n-bonded ethylene. All calibration
results for ethyl, ethylidyne, di-c bonded ethylene, and n-bonded ethylene are in good

agreement with infrared values in the literature.
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(3) Sample Preparation

Before performing high pressure studies, the Pt(111) crystal was cleaned with cycles
of Ar™ sputtering and anhealing, after which sample cleanliness was checked by Auger
electron spectroscopy. The sample was then isolated from vacuum via a gate valve at
which time pure hydrogen was introduced into the reactor. Hydrogen was always
mtroduced first, followed by ethylene. This insured that hydrocarbdn contaminants did

not pbison the crystal.

5.3 Results
(1) High Pressure Ethylene Hydrogenation

Ethylene hydrogenation experiments were carried out over a range of hydrogen
pressures from less than 2 Torr Hy to over 700 Torr of Hy. The ethylene pressure was
kept lower than that of hydrogen under all circumstances. However, the absolute partial
.pressure of ethylene was not critical to the experiment because the reaction was
conducted in the regime where it is known to be zero order in ethylene (except where
noted). Control experiments were performed to verify that this was indeed the case. It
was at intermediate pressures that the richest surface chemistry was observed (100 Torr
Hj). The SFG spectrum obtained during ethylene hydrogenation at 295 K with 100 Torr
Hpy, 35 Torr ethylene, and 625 Torr He is shown in Fig. 5a. The dominant feature in the
spectrum was the CH3 symmetric stretch of ethylidyne at 2878 cml. The intensity of
the peak corresponded to a coverage of 0.15 ML or 60% of saturation coverage. Just
above the ethylidyne peak the CHy symmetric stretch of di-o bonded ethylene was
observed at 2910 cm1. The peak from the di-c bonded ethylene represented
approximately 0.08 ML.

In addition to these two prominent features a weak and broad hump around 3000
cml from m-bonded ethylene was observed. The intensity is weak because the dynamic

dipole of the molecule's vS(CHZ) is nearly in plane with the metal surface. Although this
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feature is weak, it was consistently reproducible over numerous experimental trials. The
coverage of this species was about 0.04 ML based on the calibration coverage of Fig. 4d.
The spectrum in Fig. 5a remained unchanged for hours showing that the composition of
adsorbates on the surface remained unchanged over the lifetime of the experiment.

While vibrational spectra were being recorded, the gas phase composition was
monitored by gas chromatography (GC). GC measurements of ethane production
revealed a turnover rate (TOR) of 11+1 ethylene molecules per surface platinum atom
per second; that is 11 ethylene molecules were converted to ethane per second for every
exposed platinum atom. |

Fig. 5b shows the vibrational spectrum of the catalytic Pt(111) surface immediately
after evacuation of the reactor. The only spectral feature which remained was from
ethylidyne. Further, the intensity of the ethylidyne peak increased to that of saturation
coverage (0.25 ML). This increase in the ethylidyne peak was due to the
dehydrogenation of di-o bonded ethylene to ethylidyne after the hydrogen had been
removed from the gas phase (analogous to what has been shown to occur under UHV
conditions). The n-bonded species might also dehydrogenate to form ethylidyne, but
presumably needs to go through a di-c bonded intermediate first in order to do so. This
clearly demoqstrates that at 300 K n-bonded ethylene and di-c bonded ethylene are only
present on the surface in the presence of hydrogen and ethylene. As soon as the reactant
gases are removed the species either decompose or desorb.

In order to determine the effect of a saturation coverage of ethylidyne on the reaction,
experiments were carried out on a surface that was precovered with ethylidyne. The
ethylidyne/Pt(111) system was prepared by dosing the clean platinum surface with 4 L of
ethylene in UHV at 295 K. The crystal was then exposed to similar experimental
conditions as in Fig. 5a. Fig. 5¢c shows the vibrational spectrum for the UHV prepared
ethylidyne/Pt(111) system exposed to 100 Torr Hp, 35 Torr ethylene, and 625 Torr He at

295 K. The measured turnover rate under these conditions was 12 +1 molecules per

81



platinum sites per second. . This rate is almost identical to the previous conditions;
however, the vibrational spectrum looks quite different. The ethylidyne peak at 2878
cm1 is much stronger than in the previous case, while the v¢(CH3) from di-c bonded
ethylene is much smaller. Curve fitting the small di-c bonded ethylene feature revealed
that it represented less than 0.02 ML. This corresponds to more than a factor of four
drop in the di-c bonded ethylene concentration from the previous case without
ethylidyne preadsorption. By contrast, the feature from n-bonded ethylene was present
and appeared to be quite similar in intensity to the previous case.

The decrease in the concentration of di-o bonded ethylene without a decrease in the
rate of hydrogenation argues strongly against di-c bonded ethylene being an important
intermediate in ethylene hydrogenation. It appears the di-o bonded species compete
directly for sites with ethylidyne. Once ethylidyne species are formed they apparently
block the adsorption sites for di-c bonded ethylene. Because it is known from previous
studies on supported catalyst surfaces that the presence or absence of ethylidyne has no
affect on the rate of ethylene hydrogenation [15,16], di-c bonded ethylene also can be
ruled out as an important intermediate in ethylene hydrogenation. Indeed, if di-o bonded
ethylene had been an important intermediate, then ethylidyne would be a poison for
ethylene hydrogenation.

* In contrast to the behavior of the di-c bonded species, the concentration of n-bonded
ethylene was unaffected by the ethylidyne concentration. Therefore, the x-bonded

species is likely to be a key intermediate in ethylene hydrogenation.

(2) Effects of higher and lower hydrogen pressures

The ethylene hydrogenation reaction was also carried out at higher pressures of
hydrogen and ethylene (Fig. 6). These conditions (723 Torr Hy, 38 Torr ethylene, and
295 K) gave rise to a surface that was not saturated by ethyﬁdyne or other hydrocarbon

species in contrast to what was observed using 100 Torr Hp. It is significant to note that
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there is little change in intensity of the peak corresponding to m-bonded ethylene;
however, there is a drop in intensity of other spectfal features as compared with Figs. Sa
and 5c. Some di-c bonded ethylene and ethylidyne were observable under these
conditions, but two additional peaks (marked with arrows) at 2850 cm-! and 2925 cm-1
were also visible. 'fhese features correspond quite well with those seen in the calibration
measurements for ethyl/Pt(111) and can be assigned to the presence of the half ._
hydrogenated ethyl intermediate on the surface in large enough quanﬁty to be observed.
The turnover rate measured for ethane formation was 61 +3 molecules per platinum site
per second under these conditions reflecting 0.81 order of this reaction with respect to |
hydrogen. .This is in excellent agreement with literaturé values at this temperature [4].

At lower pressures of hydrogen and ethylene (1.75 Torr Hz; 0.25 Torr ethylene, and
758 Torr Ar) the spectrum observed showed that the surface had nearly a saturation
coverage of ethylidyne from the onset of reaction with only a small concentration of di-c
bonded ethylene present (Fig. 7). As the reaction continued, the di-c bonded ethylene
peak slowly disappeared and after 200 minutes the only spectroscopic feature present
was from ethylidyne. The turnover rate was 1.6 molecules per platinum site per second
and remained unchanged over the course of the reaction (i.e. did not change with the
observed decredse in concentration of di-o bonded ethylene). It should also be noted that
the nt-bonded ethylene species could not be observed under fhese circumstances
presumably because its concentration was too low. Due to the low reactant pressures
used in this case, the reaction order is somewhat negative in ethylene, which is consistent
with the surface not being saturated ﬁm the hydrocarbon intermediate species, n-bonded
ethylene. Despite this, the surface remained saturated with the spectator species,
ethylidyne.

Unlike the medium pressure case (100 Torr Hy), preadsorbing ethylidyne had very
little affect on the nature and concentration of surface species seen in Figs. 6 and 7.

Under the highest pressure conditions (>700 Torr Hy) preadsorbed ethylidyne was
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quickly hydrogenated off the surface under reaction conditions in agreement with
supported catalyst work under similar conditions. At low pressures of hydrogen,
ethylidyne was present at saturation coverage regardless of whether it was preadsorbed

or not.

(3) Hydrogenation of di-c bonded ethylene at low Hy pressure (~10-3 ‘Toxr) and low
temperature (240 K)

Although it was determined under high pressure conditions that di-c bonded ethylene
was not responsible for the observed rate of ethylene hydrogenation, it remained unclear
as to whether this species was merely hydrogenating at a very slow rate or cbmpletely
static on the surface. To answer this question UHV experiments were conducted on the
hydrogenation rate of a saturated coverage of di-c bonded ethylene at 240 K, a
temperature at which this molecule is stable on the Pt(111) surface.

Fig. 8a shows spectra for increasing coverages of di-c bonded ethylene at 200 K on
Pt(111) up to saturation coverage. As the exposure of ethylene is increased, the CHyp
symmetric stretch feature increased in intensity and shifts in ﬁequency from 2924 cm'.1
for low exposure to 2904 cm- as the saturation coverage of 0.25 ML is reached.

Fig. 8b shoWs spectra of an initial saturation coverage of di-c bonded ethylene after
exposure to increasing dosages' of hydrogen at 235 K. As the exposure to hydrogen is
increased, the CHy symmetric stretch at 2904 cm-! begins to attenuate and shift to higher
frequency. - The feature could be almost completely removed at 235 K after exposure to
" 30,000 L of hydrogen. The attenuation of the signal with increasing exposure to
hydrogen demonstrates the hydrogenation 6f di-c bonded ethylene under UHV
conditions. The blue shift in the peak is due to the coverage dependence of the frequency
as shown in Fig. 8a. No other features appeared during UHV hydrogenation of ethylene.
This result clearly demonstrates that although di-c bonded ethylene is not hydrogenating
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fast enough to be responsible for the turnover rate seen under atmospheric conditions, it

indeed is hydrogenating on the surface under conditions where it is present.

5.4 Discussion

Vibrational spectroscopy using sum frequency generation permits the detection of
submonolayef quantities of species under reaction conditions even in the presence of high
reactant and product pressures in the gas phase. Specifically, the vibrational spectra
taken during ethylene hydrogenation reveal the presence of ethylidyne, di-c bonded -
ethylene, n-Bonded ethylene and ethyl groups at various concentrations depending upon

specific reaction conditions.

(1) ethylidyne and di-c bonded ethylene |

The lack of any direct role of ethylidyne (M=CCH3) in the mechanism for ethylene
hydrogenation has élready been well documented [14-16], however the SFG results
suggest that stagnant ethylidyne blocks the sites for di-c bonded ethylene adsorption on
the catalytic Pt(111) surface. This result corresponds well with LEED surface

crystallography which has shown that di-c bonded ethylene and ethylidyne reside in the
same surface site, the fcc three-fol& hollow [9,12].

Three distinct spectroscopic features were seen on the Pt(111) surface during ethylene
hydrogenatioﬁ at 295 K with 100 Torr hydrogen and 35 Torr ethylene: di-c bonded
ethylene, n-bonded ethylene, and ethylidyne (Fig. 5a). When the reaction was carried out
on an initially clean surface, the concentration of di-c bonded ethylene that could be
observed was about 8% of a monolayer. However, if the platinum surface was saturated
with ethylidyne, very little di-c bonded ethylene was observed under catalytic conditions
(Fig. 5c) and the rate of hydrogenation, as measured by gas chromatography, was
independent of the surface concentration of the di-c bonded ethylene species. Under

reaction conditions of 1.75 and 100 Torr Hy, the platinum three fold sites remained near
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saturation coverage of ethylidyne + di-c bonded ethylené. Hence the total concentration
of these species was always near 0.25 ML. This means that both of these species were
adsorbing far faster than they could be hydrogenated. At higher pressures of hydrogen
(~700 Torr) the surface became mostly free of these asorbates. However, this does not
mean that ethylidyne and di-c bonded ethylene are hydrogenated at the same rate. UHV
experiments (Fig. 8b) clearly showed that the di-c bonded species can be hydrogenated
under the relatively modest conditions of 235 K and 10-3 Torr of Hy. By conﬁast, even
under room temperature conditions with 1 atm Hy, previous authors have demonstrated
that ethylidyne hydrogenates very slowly [14].

The chemistry of di-c bonded ethylene can be modeled as follows (Fig. 9): on a closed
packed platinum surface, which is not saturated with ethylidyne, di-c bonded ethylene
may adsorb. Di-c bonded ethylene is hydrogenated in the presence of hydrogen to
ethane (fast pathway) or dehydrogenates to ethylidyne (slow pathway). Ethylidyne may
also be hydrogenated, but does so much more slowly than di-c bonded ethylene. Under
steady state conditions at 295 K with 100 Torr Hy and 35 Torr CoHy a near saturation
coverage of ethylidyne is favored. At higher pressures of hydrogen (over 700 Torr), di-c
bonded ethylene and éthylidyne are hydrogenated at a fast enough rate that the surface is

not saturated with these species.

(2) n-bonded ethylene

Figs. 5a reveals the presence of n-bonded ethylene on the platinum surface when the
hydrogenation of ethylene to ethane was detectable. The n-bonded feature was present
under reaction conditions (figure 5a), but disappeared upon removal of the reactants
(figure 5b). Unlike di-c bonded ethylene the presence of this peak did not appear to be
related to the ethylidyne coverage. It appears that this species was presént at roughly the

same intensity for the conditions displayed in both Figs. 5a and Sc, where the rates of
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reaction are nearly identical. All experimental evidence indicates that n-bonded ethylene
is the dominant reaction intermediate that hydrogenates to ethane.

The surface coverage of n-bonded ethylene under reaction conditions is about 4%
percent of a monolayer. This means that the turnover rate per ethylene molecule is a
factor of 25 higher if reported per surface intermediate than if it is reported per platinum
atom. This is clearly significant, because it means that not all platinum atoms on the
surface are active at any given time. However, the number of active sites is still far too
high for this reaction to be primarily occurring at defect sites. Indeed, numerous studies
have shown that ethylene hydrogenation is a structure insensitive reaction and, therefore,
the specific location at which key reaction steps take place must be at sites that are
available on all crystauographic planes of platinum. The n-bonded ethylene molecule,
being of key mechanistic impbrtance, must reside on such a site. We propose atop
adsorption on the surface metal atoms (Fig. 10). This is consistent with organometallic
cluster analogs of the n-bonded surface species [6,7].

Bowker et al. suggested that there is a correlation bétween the atop site for
hydrogenation on heterogeneous catalysts and the chemistry of the hombgenous phase
Wilkinson's catalyst, RhCI(PPh3)3. [27]. In the case of the homogenous catalyst tﬁere is
only one metal atom (in this case a rhodium atom) site available, which only allows for
atop hydrogenation. Hénce, the chemistry is quite similar in both the heterogeneous and

homogenous case.

(3) ethyl groups

The ethyl species only becomes visible under the highest hydrogen pressure conditions
in these experiments (Fig. 6). This demonstrates the high degree of reversibility in the
incorporation of the first hydrogen into adsorbed ethylene. Indeed UHV studies by Zaera
et al. have shown that ethyl groups can readily undergo -hydride elimination to yield di-
cbonded ethylene and adsorbed hydrdgen (28]. This may explain the difficulty in
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detecting ethyl species in transmission infrared experiments on supported platinum
catalysts. In the only literature report of an ethyl group, Del La Cruz et al. present data
for the introduction of 3 x 10~ Torr of hydrogen onto ethylene covered Pt/SiO, which
led to several very weak features in the infrared transmission spectrum [29]. The authors
tentatively assigned these to an ethyl group. Their study creates conditions that are the
low pressure equivalent of the present SFG work, where the increase in hydrogen
pressure shifts the equilibrium for the addition of the first hydrogen into adsorbed n-

bonded ethylene far enough toward the formation ethyl groups to permit their detection.

4) mechanjsm for ethylene hydrogenation

It has been observed that ethylene hy&ogmaﬁon occurs at the same rate regardless of -
whether ethylidyne is present or absent. Therefore, the ability of hydrogen and n-bonded
ethylene to adsorb must be unaffected by the presence of this species. STM studies have
demonstrated that ethylidyne is very mobile on Pt(111) at room temp erature [13].
Further, extended Hiickel calculations carried out for an ethylidyne molecule on a
platinum surface showed a low barrier for diffusion (~0.2 eV) [30]. This suggests that,
when present, ethylidyne may move far enough out of the way for ethylene to physisorb
on a single platinum atom.

We propose a model in which hydrogen dissociately chemisorbs on a clean or
ethylidyne covered platinum surface (Fig. 11). This step is followed by the physisorption
of ethylene on single atom sites to form nt-bonded ethylene. If ethylidyne is present, it
may move out of the way in order to accommodate the adsorption of the n-bonded
ethylene. Although the two species reside in different sites, this may be necessary
because of steric hindrance. Physisorbed ethylene is then stepwise hydrogenated through
an ethyl intermediate onto ethane. All steps up to the incorporation of the second

hydrogen are highly reversible.
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5.5 Conclusion

Both n-bonded ethylene and di-c bonded ethylene are preseni on the Pt(111) surface
under certain catalytic conditions where ethylene is beixig hydrogenated to ethane.
However, the concentration of di-c bonded ethyleﬁe can be decreased dramatically by the
presence of ‘a spectator species, ethylidyne, without any corresponding decrease in the
reaction rate. Therefore, the surface concentration of di-c bonded ethylene is
uncorrélated with the rate of ethane formation and this species is not an important
reaction intermediate in the hydrogenation of ethylene. A mechanism involving the
hydrogenation of n-bonded ethylene is suggested instead. The relative hydrogenation
rat;s of the species adsorbed on the surface during ethylene hydrogenation are:

n-bonded ethylene » di-c bonded ethylene » ethylidyne
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5.7 Figure Captions
Fig. 1: Horiuti-Polanyi mechanism for ethylene hydrogenation on platinum.

Fig. 2: The thermal evolution of adsorbed ethylene on Pt(111). The dehydrogenation '
proceeds from (a) n-bonded ethylene at low temperature through (b) di-c bonded
ethylene to (c) ethylidyne.

Fig. 3: The UHV/batch reactor apparatus for in situ catalysis.

Fig. 4: UHV spectra of saturation coverages of (a) di-c bonded ethylene at 202 K on
Pt(111) (b) ethylidyne at 300 K on Pt(111) (c) ethyl groups at 193 K on Pt(111) and
(d) a mixture of di-c and n-bonded ethylene at 120 K on O/Pt(111).

Fig. 5: (a) SFG spectrum of the Pt(111) surface during ethylene hydrogen with 100 Torr
Hp, 35 Torr CyHy4, and 615 Torr He at 295 K. (b) The vibrational spectrum of the same
system after the evacuation of thé reaction cell. (c) The SFG spectrum under the same
conditions as (a), but on a surface which was precovered in UHV with 0.25 ML of

ethylidyne.

Fig. 6: The hydrogenation of ethylene on Pt(111) with 727 Torr Hy and 60 Torr CoH» at

295 K. The two peaks marked with arrows are features characteristic of an ethyl species.
Fig. 7: The hydrogenation of ethylene on Pt(111) with 1.75 Torr Hy 0.25 Torr CoHy and

758 Torr Ar at 295 K. The upper SFG spectrum was taken after 25 minutes and the

lower spectrum after 200 minutes.
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Fig 8: (a) SFG spectra of di-c bonded ethylene on Pt(111) as a function of ethylene
exposure. The 0.1 L exposure represents low coverage while the 4.1 L spectrum is of a
saturation coverage. (b) SFG spectra of a saturation coverage of di-c bonded ethylene on

Pt(111) at 235 K as a function of hydrogen exposure. (note: 1 L=10"6 Torr x sec)

Fig 9: The schematic representation of the reaction channels for di-c bonded ethylene on

Pt(111) during etﬁylene hydrogenation at 295 K.
Fig 10: (a) The proposed bonding site for n-bonded ethylene on Pt(111) and the bonding
site for two organometallic analogs (b) Zeise's salt, K[CI3Pt(CoHy4)]-H»O, and (c) an

osmium complex.

Fig 11: Proposed mechanism for ethylene hydfogenation on Pt(111).
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Chapter 6

The Hydrogenation and Dehydrogenation of
Propylene on Pt(111)

The reactions of adsorbed propylene on Pt(111) in the presence and absence of
hydrogen have been studied over 13 orders of magnitude in pressure on Pt(111) using
infrared-visible sum frequency generation (SFG). In the presence of near ambient
pressures of hydrogen and propylene at 295 K, propylene ﬁydrogenation was obsérved to
proceed from a physisorbed intermediate (n-bonded propylene) through a 2-propyl
species (Pt-CH(CH3)7) to propane. Under UHV conditions in the absence of hydrogen
di-c bonded propylene was found to dehydrogenate to propylidyne just below room
- temperature and then to vinyl methylidyne (M=CCHCH)>) at 450 K on the way to

graphite formation.
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6.1 Introduction

Infrared-visible sum frequency generation (SFG), a surface specific vibrational
spectroscopy, is an ideal technique for studies of surface reaction intermediates at low
and high temperature as well as at low and high reactant pressures [1]. In fact, at high
pressures of reactant gases, SFG is one of the few available techniques for monitoring
submonolayer concentrations of surface species in situ during heterogeneous catalytic
reactions on single crystal surfaces [2]. We have therefore exploited this method to
monitor the surface species formed during propylene hydrogenation over a platinum
single crystal surface near atmospheric pressure in order to gain a molecular
understanding of the elementary mechanistic steps involved in olefin hydrogenation
chemistry.

While there is an abundant literature on the hydrogenation of ethylene [2-11],
relatively few surface science investigations have been undertaken on the hydrogenation
of higher olefins. In the investigations undertaken, ultra high vacuum (UHV)
experiments have shown that propylene adsorbs in a di-c bonded conformation (Fig 1a)
on clean Pt(111) below 220 K [12]. Upon heating, hydrogen is evolved around room
temperature and the species geometry changes to that of propylidyne (Fig 1b) analogous
to the room temperature formation of ethylidyne (M=CCH3) from ethylene [13]. Above
rdom temperature the adsorbed propylidyne dehydrogenates to graphitic precursors and
finally to graphite around 800 K.

Kinetic studies of propylene hydrogenation on platinum near ambient pressure reveal
that the reaction is approximately 0.5 order in hydrogen and zero order in propylene at
300 K with an activation energy of about 10.4 Kcal/mol [14, 15]. Ex situ studies of the-
species adsorbed on a Pt/SiO5 catalyst after propylene and hydrogen adsorption reveal
the presence of propylidyne, di-c bonded propylene, and n-bonded propylene (Fig 1c).
The =w-bonded species is only weakly adsorbed, bonding to the metal through the

propylene's T molecular orbital [16].
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By analogy with the case for ethylene, heterogeneously catalyzed propylene
vhydrogenation is assumed to be initiated by the dissociative adsorption of hydrogen on
the metal surface along with the physisorption and/or chemisorption of propylene (Fig 2).
However, the possible number of reaction pathways for propé.ne formation from
propylene is greater than for ethylene hydrogenation,' because stepwise hydiogenation of
propylene may proceed either through a 2-propyl intermediate or a 1-propyl intermediate
depending on whether the first hydrogen is added to the terminal carbon or the internal
carbon of the olefin (Fig. 2). Another conceivable pathway for hydrogenation would be
for propylene to chemisorb onto the metal followed by a 1,2 hydrogen shift to
propylidene before hydrogen additién at the a-carbon begins.

6.2 Experimental
The Pt(111) crystal used in this experiment was oriented, cut, polished, and cleaned

using the normal procedures. All experiments were carried out in a batch reactor
attached to an ultra high vacuum chamber with a base pressure below 1x10- 10 Torr. The
chamber was equipped with 1 retarding field analyzer for Auger electron spectroscopy
(AES) and low energy electron diffraction (LEED), a mass spectrometer, and an Art gun
for cleaning the surface by Art bombardment. In addition the chamber also was
equipped with CaFy windows to allow infrared and green light to enter the chamber in
order to perform the SFG experiment (Fig 3).

. A passive active mode locked Nd:YAG laser at 1064 nm with a pulse width of 20 ps,
a pulse energy of 50 mJ, and a repetition rate of 20 Hz was used to generate‘ the high
mtensity radiation needed for SFG. The 1064 nm fundamental from the laser was split
into two parts. The first portion Was frequency doubled to 532 nm and the second was
angle tuned from 2600-4000 cm™1 by employing a LiNbO3 optical parametric
generatibn/ampliﬁcation (OPG/OPA) stage. The two beams were then focused
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concentrically onto the Pt(111) sample. The sum frequency output was measured with a
photomultiplier tube and stored on a micro computer.

When atmospheric pressure studies were performed, the batch reactor was isolated
from UHV via a gate valve. The 'reactor could then be pressun'zéd to over one
atmosphere of total pressure. The pressure in the reactioﬁ cell was monitored by a
Baratron gauge with a range from 100 mTorr to 1000 Torr.  The batch reactor was
equipped with a reaction loop that contained a recirculation pump and a septum for gas
abstraction and GC analysis. The gas was analyzed by an HP 5890 series II gas
chromatograph which could easily detect 1 ppm of propane in propylene. Using GC
sampling to follow the gas phase composition allowed for kinetic measurements to be

made simultaneously with SFG surface monitoring.

6.3 Results
(a) SFG Study of the Thermal Decomposition of Propylene under UHV Conditions on
Pt(111)

Figure 4a shows the vibration spectrum under UHV of di-c bonded propylene on
Pt(111) at 187 K in the CH stretch range. The system was prepared by exposing the
clean platinum surface to 4 L of propylene at this temperature. Two prominent peaks can
be seen at 2825 cm~! and 2880 cm~1. The lowering of the baseline level after the
resonances is an artifact of the sum frequency experiment and has been described in detail
elsewhere [17]. The higher frequency peak is assigned to the vg(CH3) of the terminal
methyl group while the lower frequency feature is a Fermi resonance with a deformation
mode. There is also some very weak intensity near the region of 2880 cm~1 from either
vg(CHp) or v(CH) that can be revealed by performing the identical experiment with
CD3CHCHj; (Fig 4b). | ’

Exposing the clean platinum (111) crystal face to 4 L of propylene at 310 K leads to
the formation of a saturation coverage of propylidyne (M=CCH,H3) by dehydrogenation
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(Fig 4c). Its SFG spectrum shows three prominent v(CH) range peaks at 2855 cm™ 1
2920 cml, and 2960 cm~1. The most intense feature at 2960 cm1 can be assigned to
the v,(CH3) of the terminal meﬂiyl group, while the 2920 cm-1 feature is the vg(CH3).
The small feature at 2855 cm-1 is due to a Fermi resonance. Deuterating the methyl
group reveals weak intensity near 2880 cm! from CHy modes (Fig 4d). By analogy
with ethylidyne, propylidyne most likely adsorbs in the fcc three fold hollow site on
Pt(111), as detefmined by LEED analysis [13].

Figure 5a shows the thérmal evolution of propylene on Pt(111) from di-c propylene
to propylidyne. The spectra were obtained By exposing the clean platinum crystal t(; a
saturation exposure of propylene (4 L) at 187 K. The crystal was then annealed to
successively higher temperatures for 30 seconds periods. At the end of each annealing
cycle the crystal was then allowed to cool below 187 K and an SFG scan was taken. The
spectra reveal that the di-o §pecies begins to dehydrogenate around 231 K and
completely transforms to propylidyne by room temperature. _

Figure 5b shows the further dehydrogenation of propylidyne at higher temperatures.
As the propylidyne covered surface is heated above 390 K, the propylidyne moieties
begin to dehydrogenate and several new features grow in around 2900 cm-! and 3000
cm~l. The feature near 3000 cm1 is probably an olefinic species formed from the

“dehydrogenation of propylidyne. The most likely way such an olefinic species could be
formed is from the loss of a hydrogen at the terminal methyl group as well as from its
neighboring methylene. This would lead to the formation of vinyl methylidyne
(M=CCHCHy) as shown schematically in Fig S5c. When the surface is heated further, the

spectral features become weaker as graphitic precursors are formed.
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(b) The Vibrational Spectra of 1-Propyl and 2-Propyl Surface Moieties and Their
Hydrogenation in UHV

Both 1-propyl (Pt-CHyCH)CH3) and 2-propyl (Pt-CH(CH3);) moieties can be
formed on Pt(111) by adsorbing their respective iodides and heating the surface to break
the carbon-iodine bond. Figure 6a shows the vibrational spectrum for 1-propyl/Pt(111).
The system was prepared by a saturation dose of 1-propyl iodide (10 L) at 140 K, which
was annealed for 10 seconds to 190 K. The annealing process should break some of the
C-I bonds leaving intact 1-propyl moieties on the surface by analogy with the thermal
chemistry of ethyl iodide on Pt(111) [18]. Three major peaks are seen in the spectrum at
2875 cm- 1 2934 e, and 2974 cm1. These may correspond to a fermi resonance, the
v¢(CH3), and the v,(CHj3) respectively, however, all assignments are very tentative.

The vibrational spectrum of 1-propyl/Pt(111) can be altered dramatically by
performing the identical experimeﬁt at lower coverage. Figure 6b shows the vibrational
spectrum under identical conditions, but with an exposure of propyl iodide below
saturation coverage (4 L). The changes in the vibrational spectrum probably result from
a change in orientation of the 1-propyl moieties on the surface. This is again analogous
to the behavior of ethyl groups which have been shown to lie down at low coverage, but
stand up near saturation coverage [19]. The spectrum is now dominated by the 2875
cm-1 peak while the intensity of the 2974 cm! feature has decreased dramatically. ‘The
intensity of the 2934 cm- ! feature is nearly unaltered, but a new feature at 2810 em-1is
now clearly present. |

Hydrogenation of 1-propyl moieties was also carried out from an initially saturated
overlayer of 1-propyl iodide by exposing the crystal to 1.4 x 10~ Torr of hydrogen while
annealing the sample to 190 K for 100 sec (Fig 6¢). The crystal was allowed to cool
below 140 K and an SFG spectrum was taken. The spectrum before hydrogenation is
supeﬁmposed for comparison. The spectral features exhibit a slight changed relative to

the unexposed system with a 20% reduction in the intensity, presumably from
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hydrogenation of 1-propyl to propane. Control experiments revealed no desorption of 1-
propyl groups or changes in the vibrational spectrum under similar conditions in the
absence of hydrogen.

The thermal evolution of 1-propyl iodide is shown in figure 6d. The species can be
seen to dehydrogenate from the alkyl though di-c bonded propylene to propylidyne
(Fig. 6e).

All experiments performed with 1-propyl iodide were repeated with 2-propyl iodide.
The spectrum for a saturation exposure of 2-propyl on clean Pt(111) annealed to 190 K is
shown in ﬁgure 7a. It should also be noted that the overall SFG intensity at saturation
coverage is somewhat smaller for 2-propyl than that for l-i)ropyl. The three dominant
features in this case are at 2838 cm™1, 2863 cm-1, and 2913 ecm1. Additionally there
may be some weak intensity near 2950 cmal. The 2863 cm 1 could be assigned to the
vg(CH3) and the 2913 cm-1 is possibly due to the V(CH). Low coverage conditions give
- rise to similar spectral features, but in different ratios (Fig 7b). Surprisingly, the strongest
feature is at 2838 cm 1 with virtually no intensity near 2863 cm™1. It is unclear in this
case whether the 2863 cm~! or the 2838 cm™1is the v¢(CH3). The feature at 2913 cm-1
is still present at roughly the same ratio with respect to the overall lower frequency
signal | |

The hydrogenation of 2-propyl/Pt(111) is shown in figure 7c. In this case the overall
intensity of the signal is attenuated by approximately 40% upon exposure to 1400 L of
" Hy at 190 K and there is little change in the relative ratios of the spectral features.

The thermal evolution of 2-propyl is shown in figure 7d. The spectra reveal that 2-
propyl dehydrogenates through di-c bonded propylene and finally to propylidyne
(Fig. 7e).
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(¢) In Situ SFG Studies of Propylene Hydrogenation Near Atmospheric Pressure

Catalytic hydrogenation experiments were conducted near atmospheric pressure of
propylene and hydrogen at 295 K. Many of the species seen on the surface at high
pressure could be directly identified by their fingerprint obtained in UHV.

Simultaneously with the SFG surface measurements, the gas phase was monitored by gas
chromatography to obtain information on reaction rates.

Propylene hydrogenation was carried out over almost two decades of hydrogen
pressure. Under the highest pressure conditions, 723 Torr Hy and 40 Torr of propylene,
a total of seven distinct peaks are observed (Fig 8a). The largest peak at 2830 cm~1
corresponds well to.a 2-propyl group while the high frequency peak at 3050 cm-! is most
likely from n-bonded propylene [16]. The small peak at 2960 cm! can be assigned to
the decomposition species, propylidyne. The features between 2860 cm™! and 2940 cm-1
are more difficult to identify, but may be from 1-propyl, 2-propyl, and/or di-c bonded
propylene. Gas chro_maiography revealed the tumover rate (TOR) of propylene
hydrogenation under these conditions was 29 propane molecules formed per exposed
platinum atom per secbnd.

The concentration of various surface species may be compared on a relative basis.
The signal intensity of the n-bonded features is expected to be smaller than that of the
di-c bonded species for equal concentrations, because of both the surface metal dipole
selection rule and the SFG selection rules [2]. Despite this, it is clearly seen that the
intensity of m-bonded propylene is larger than that of di-c bonded propylene; therefore,
the concentratidn of the former is almost certainly larger.

The dominance of spectral features from 2-propyl species over 1-propyl species leads
to the conclusion that there is a larger amount of 2-propyl on the surface. This can be
concluded because spectral features for 2-propyl are at least three times stronger than
those for 1-propyl. This is despite the fact that 1-propyl has a slightly larger SFG cross

sections (for equal surface concentrations) under UHV (Figs. 6a, 6b, 7a and 7b). It
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should be noted that peaks from the 2-propyl species more closely resemble the low

coverage vacuum fingerprint than the saturation vacuum fingerprint (Figs. 7a and 7b).

(d) Hydrogenation at Lower Pressures

When the reaction was carried out at lower hydrogen pressure, 100 Torr Hp, 40 Torr
propylene, and 617 Torr He at 295 K, both the reaction rate and surface vibrational
spectrum changed dramatically compared with the pervious case (Fig 8b). The turnover
rate (TOR), as determined by gas chromatography, dropped to 8.6 molecules/(site-sec)
and there was a dramatic increase in the 2960 cm™1 and 2920 cm'.1 peaks corresponding
to propylidyne. The 3050 cm~1 peak from n-bonded propylene is a bit weaker as is the
intensity around 2830 cm-1 from 2-propyl. However, more intensity can now be seen
from the 2863 cm™! feature suggesting a i)ossible net reorientation of 2-propyl species.
The peak intensity just below 2900 cm™1 increased and can reasonably be assigned to di-
o bonded propylene. The increase in propylidyne and di-c bonded propylene features
along with a corresponding decrease in turnover rate helps to rule these species out as
important intermediates in propylene hydrogenation.

As the pressure of the reactants is further decreased to 13.5 Torr Hp, 5 Torr
propylene, and 746 Torr He (Fig 8c), the TOR slows to 3.3 molecules/(site-sec). Thls is
nearly an order of magnitude decrease in reaction rate in comparison to the highest
pressure conditions and the surface is almost completely covered with the decomposition
product, propylidyne, as seen from the three major peaks in the spectrum at 2850 cm-1,
2915 cm1, and 2960 cm~1. The broad intensity near 2850 cm™1 is probably from a small
concentration of 2-propyl contributions at 2830 cm"1 and 2863 cm”l. The 2913 cm-1

feature from 2-propyl is probably helping to strengthen the 2920 e feature from

propylidyne.
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(e) The Effect of Preadsorbed Propylidyne
To probe the effect of a preadsorbed layer of propylidyne on the reaction, a saturation

coverage of this species was formed under UHV conditions by exposing the clean
Pt(111) crystal to 4 L of propylene. The propylidyne/Pt(111) system was then exposed
to 103 Torr Hy, 40 Torr propylene, and 760 Torr He at 295 K (Fig 8d). The TOF was
8.4 mol/(site-sec); hence, nearly identical to that of Fig 8b. Furthermore, the SFG

- spectrum looks almost the same as figure 8b. This demonstrates that the amount of
propylidyne adsorbed on the surface comes quickly to equilibrium during the
hydrogenation process regardless of how much propylidyne is initially adsorbed on the
surface.

6.4 Discussion
(a) The Behavior of Propylidyne and Di-c Bonded Propylene
The vacuum chemistry of propy1ene on Pt(111) bears a close relationship to that of

ethylene [17]. Like ethylene, propylene chemisorbs on platinum below 200 K by
breaking the carbon-carbon double bond to form di-c bonded propylene. It forms the
corresponding alkylidyne upon annealing to room temperature. However, the onset of
di-c bonded propylene decomposition appears to occur at a slightly lower temperature
than that for di-o bonded ethylene. The di-c bonded propylene shows significant
decomposition upon annealing to 231 K (Fig 5a), whereas the first sign of di-c bonded
ethylene decomposition has been previously shown to appear above 240 K [17]. Another
significant departure is at higher temperature where propylidyne begins to further

dehydrogenate near 400 K. This is in contrast to ethylidyne, which is still stable well
| beyond this temperature. The apparent source of the decomposition is the terminal
methyl group and its adjacent methylene which undergo dehydrogenation to form vinyl

methylidyne (M=CCHCH)y) (Fig 5c).
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The-stability of propylidyne also appears to differ from that of ethylidyne in the
presence of hydrogen. Under medium pressure conditions, 100 Torr Hp and 40 Torr
propylene, a UHV formed overlayer of propylidyne could be easily hydrogenated, leading
to the same spectroscopic result as when the experiment was performed on an initially
clean Pt(111) surface. Thisis in contrast to ethylidyne, which remains undisturbed on the
surface even during extended periods of ethylene hydrogenation under nearly identical
conditions 2, 20]. The reason for the relative ease of hydrogenation of propylidyne
versus ethylidyne may stem from the fact that the 3-carbon in propylidyne is a secbndary
carbon whereas the f3-carbon is primary in ethylidyne. The secondary carbon could
facilitate the incorporation of hydrogen to form propylidene under reaction conditions. A
greater rate of alkylidene formation from propylidyne versus ethylidyne may in turn lead
to a faster overall rate of propylidyne hydrogenation with respect to that of ethylidyne.
(b) 1-Propyl and 2-Propy! Surface Chemistry on Pt(111)

Thé chemistry of propyl iodide is quite similar to that of ethyl iodide. In the case of
ethyl iodide, it is known that the C-I bond begins to break on Pt(111) above 170 K,
leaving ethyl groups on the surface [18]. As in the case of ethyl groups, propyl group
Qxientation is very sensitive to coverage compared to that of other adsorbate species.
This is presumablyvbecause of the ability of these species to reorient themselves on the
surface from a lying down configuration at low coverage to one in which they are forced

to stand up at higher coverage. -

(c) Mechanism for Propylene Hydrogenation

The h);drogenation of propylene on Pt(111) shows clear evidence for proceeding from
physisorbed propylene to propane through a 2-propyl intermediate (top of Fig 2). The
hydrogenation rate of n-bonded olefins has already been shown to be several orders of
magnitude more rapid than that of di-c bonded olefins in the case of ethylene [2].
Therefore, extending this analogy to adsorbed pfopylene, the key hyﬂrogenation pathway
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would be expected to proceed through n-bonded ethylene, because not only should the
rate of hydrogenation per n-bonded propylene be faster than per di-c bonded propylene,
but also the concentration of n-bonded propylene is substantially larger.

T-bonded propylene species may incorporate a hydrogen at either the terminal or
mternal carbon of the alkene. Our results show that there is a much larger concentration
of 2-propyl groups on the surface than 1-propyl groups during reaction (Fig. 8a). This is
in agreement with previous studies on surfaces as well as gas phase work. Klein et al.
demonstrated in the early 1960's that solid alkene hydrogenation to alkyl radicals by gas
phase hydrogen atoms takes place preferentially at the terminal carbon [21, 22]. The gas
phase results showed ratios of at least 12:1 in favor of initial hydrogen addition at the
terminal carbon. Recent work on Cu(100) at 100 K under UHV by Yang et al. has
shown that 1-butene incorporates a hydrogen atom at the terminal carbon 3 times more
preferentially than at the internal one [23]. Both of these results are in good agreement
with the present observation of high concentrations of 2-propyl groups versus 1-propyl
groups during propylene hydrogenation on Pt(111). The dominance of terminal addition
in the solid alkene work, however, seems to be even stronger than that observed on the
surface.

If 2-propyl groups can incorporate hydfogen at roughly the same rate or faster than 1-

. propyl groups then the dominant pathway to propane formation on Pt(111) would be
through 2-propyl. Altematively, if the 1-propyl groups are hydrogenated much faster
than the 2-propyl groups, it would be conceivable that this route to propane formation is
competitive despite the low surface concentration of this species during reaction.

Hydrogenation of 2-propyl moieties was observed to be slightly faster than that of 1-
propyl under vacuum in the presence of jodide at 190 K (Figs. 6¢c and 7c). This is
expected to be the case because the bond between an internal carbon and the underlying
metal should be slightly weaker than for the carbon metal bond from a terminal carbon.

If it is assumed that the breaking of this bond represents the activation barrier for alkyl
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hydrogenation, then 2-propyl groups should hydrogenate faster than 1-propyl groups

over a wide range of pressures and temperatures.

(d) Kinetics and the rate limiting step

As the pressure of hydrogen is lowered in the propylene hydrogenation reaction,
fewer 2-propyl groups and n-bonded propylene species are observed on the surface, and |
at the same time, a build up of the decomposition species, propylidyne, is seen. This
seems to correlate well with the decrease in turnover rate from 29 to 8.6
molecules/(site-sec) as the pressure of hydrogen is decreased from 723 Torr to 100 Torr.
From these results the kinetic order of this reaction is 0.63 .in hydrogen, which is in good
agreement with the expectation of half to first order hydrogen pressure dependence from
theoretical considerations [24] as well as experimental observation [14]. '

The expectation of half to first order reaction kinetics in hydrogen stems from the
assumption that the rate limiting step of this reaction is the incorporation of the second
hydrogen into the molecule (fig 9). The large build up of 2-propyl groups on the surface
under the highest hydrogen pressure conditions is strong evidence for this species being
rafe limiting. Interestingly, this is in contrast to ethylene hydrogenation, where only a
very small concentration of ethyl groups has been observed over a wide range of
pressures and temperatures [2]. One possible reason for the relatively high concentration
of 2-propyl groups in propylene hydrogenation versus the-relatively small build up of
ethyl groups during ethylene hydrogenation again may stem from the fact tilat the carbon
attached to the surface in the propyl case is a secondary carbon while the carbon attached
to the surface in the case of ethyl is only primary.

In ethylene hydrogenation, the relatively small surface concentration of ethyl groups
probably means the hydrogenation of this species is rate limiting in fewer cases than 2-
propyl is in propylene hydrogenation. Under conditions of 100 Torr Hy and 35 Torr

ethylene, only chemisorbed and physisorbed ethylene are observed, while the

123



concentration of ethyl groups remained too small to detect [2]. This difference in
intermediate concentrations in ethylene and propylene hydrogenation could lead to

different reaction orders in hydrogen depending upon speciﬁé conditions.

6.5 Conclusion

SFG has been used to monitor reaction intermediates in propylene hydrogenation
under high pressures of reactants while turnover rates were also monitored. The wide
. variety of possible hydrogenation pathways can be narrowed down to one dominant
mechanism for propane formation. This mechanism involves stepwise hydrogén addition
to n-bonded propylene through a 2-propyl intermediate to propane. Under UHV
conditions propylene was observed to decompose to propylidyne and then to vinyl

methylidyne in the absence of hydrogen
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6.7 Figure Captions

Fig 1:

Fig 2:

Fig 3:

Fig 4:

Fig 5

Fig 6

Fig 7

Adsorbed propylene moieties on Pt(111).

Possible surface pathways for the formation of propane from propylene on

Pt(111)

SFG-catalysis apparatus for monitoring surface intermediates in situ during

propylene hydrogenation.

(a) A saturation coverage of di-o bonded propylene on Pt(111) formed at 187

K exposing the clean surface to 4 L of bropylene. (b) Same as in (a), but with

CD3CHCH) as the exposure gas. (c) A saturation coverage of propylidyne on
Pt(111) formed at 310 K by exposuré of the clean surface to 4 L of propylene.

(d) Same as in (c), but with CD3CHCH) as the exposure gas.

(a) The thermal evolution of a saturation coverage of di-c bonded ethylene on
Pt(111). (b) The thermal evolution of a saturation coverage of propylidyne on
Pt(111). (c) The mechanistic pathway for propylene dehydrogenation under
UHV.

(a) 10 L of l-propyl iodide (saturation covefage) on Pt(111) at 140 K after
being flashed to 190 K (b) low coverage of 1-propyl iodide on Pt(111) at 140
K after being flashed to 190 K (c) 1-propyl groups before exposure to Hp (O)
and after exposure fo 1400 L Hp at 190 K (O0) ‘

(a) 10 L of 2-propyl iodide (saturation coverage) on Pt(111) at 140 K after
being flashed to 190 K (b) Low coverage of 2-propyl iodide on Pt(111) at 140
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Fig 8

Fig 9

K after being flashed to 190 K (c) 2-propyl groups before exposure to Hy (O)
and after exposure to 1400 L Hy at 190 K (0)

(a) The in situ SFG vibrational spectrum of the Pt(11 15 surface during
propylene hydrogenation at 295 K with 723 Torr H) and 40 Torr C3Hg. The
gas phase nnndver rate (TOR) was simultaneously measured to be 29
molecules of propylene converted to propane per surface platinum site per
second. (b) Same conditions as (a), but with 100 Torr Hy, 40 Torr C3Hg, and
617 He. TOR =8.6. (c) Same conditions as (a), but with 13.5 Torr Hp, 5
Torr C3Hg, and 746 Torr He. TOR = 3.3. (d) Same conditions as (b), but

with a UHV preadsorbed saturation coverage of propylidyne. TOR = 8.4.

The two key intermediate steps in the process of propylene hydrogenation on

Pt(111)
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Chapter 7

The Chemistry of Isobutene and Hydrogen
on Pt(111)

The rate of hydrogenation of isobutene was monitored near ambient pressure over a
Pt(111) single crystal by SFG. During hydrogenation 2-isobutyl groups and n-bonded
isobuténe species were the dominant surface species detected. Only small amounts
dehydrogenated species such as isobutylidyne could be observed unless the surface was
made very hydrogen poor. The hydrogenation rate was at-least one order of magnitude
lower than for 1-butene and cis 2-butene. Vacuum studies indicated that the rate of 2-
isobutyl hydrogenation was much slower than that of 1-isobutyl, which may force
isobutane production to proceed from n-bonded isobutene through the slow kinetic step

of 1-isobutyl formation.
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7.1 Intr(l)ductidn

The investigation of the surface chemistry of olefin hydrogenation has concentrated
almost exclusively on the behavior of the smallest species, ethylepe and propylene [1-9].
It has been shown for the case of ethylene that hydrogenation proceeds from a
physisorbed intermediate, n-bonded ethylene (rather than from chemisorbed di-c bonded
ethylene), through an ethyl group to ethane [9] [Fig 1a]. The surface concentration of
the key intermediate, n-bonded ethyléne, was about 4% of a monolayer under conditions
near zero order in ethylene pressure. This species most likely hydrogenates on atop sites
consistent with (a) vibrational spectra, (b) the homogenous analog of this reaction, and
(c) the structure insensitive nature of olefin hydrogenation. During catalysis the surface -
was covered under most conditions by a saturation coverage of the decomposition
species, ethylidyne (M=CCH3). This species has been shown by isotopic labeling not to
be involved in the reaction nor to hinder the rate of ethane formation to any appreciable
extent [5, 10]. Ethylidyne resides primarily in the fcc three fold hollow site on Pt(111),
but has been shown to be very mobile on the surface [11, 12].

Fewer studies have been conducted for higher olefins, most of which concentrated on
the behavior of the next simplest olefin, propylene [13-16]. Under reaction conditions
the first step to propylene hydrogenation was physisorption of the olefin as n-bonded
propylene in analogy with ethylene hydrogenation. ‘However, propylene hydrogenation is
inherently more complicated than ethylene hydrogenation. The addition of the first
hydrogen may either occur at the terminal or the intemal carbon of the hydrocarbon.
Under reaction conditions it was observed that 2-propyl groups were present in far larger
concentration than 1-propyl groups. Also, 2-propyl groups were shown by vacuum
experiments to be slighﬂy more facile toward hydrogenation [13]. This led to the
conclusion that 2-propyl groups along with n-bonded propylene were the key

intermediates in propylene hydrogenation [Fig. 1b]
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Beyond propylene and eth)‘llene very few surface science investigations exist, which
attempt to explore the behavior of olefin hydrogenation on transition metal catalysts. In
fact, only a handful of studies exist studying the behavior of isobutene over a platinum
catalyst {17-20]. In kinetic studies by Rogers et al. the hydrogenation rate of isobutene
over a supported platinum catalyst was measured to be 20 times slower than propylene
with an activation energy of 14.8 kcal/mol [18]. The reaction was found range between
negative and zero order in isobutene and be slightly less than first order in hydrogen.
Transmission infrared spectroscopy studies by Shahid and Sheppard investigated a
supported platinum catalyst exposed to isobutene at room temperature. Evidence was
found for di-o bonded isobutene, n-bonded isobutene, and isobutylidyne species [Fig. 2].
Experiments, however, hav¢ not yet been undertaken which probe the vibrational
spectrum of this system under reaction conditions.

It is the goal of this work is to study the surface chemistry of isobutene, its
derivatives, and hydrogen on Pt(111) from ultra high vacuum to high pressure in order to
investigate the role of all observable surface species and elucidate the reaction
mechanism. To thls end we have employed infrared-visible sum frequency generation
(SFG), a surface specific vibrational spectroscopy to investigate the surface

simultaneously with kinetic measurements by gas chromatography.

7.2 Results
(a) The Temperature Dependent Rearrangement of Isobutene on Pt(111) in UHV

Studies of the surface structure of isobutene on Pt(111) were carried out from 120 K
to room temperature under ultra high vacuum (UHV) conditions. Exposing the clean
Pt(111) surface to a saturation coverage of isobutene (4 L) at low temperature results in
a vibrational spectrum that we assign to di-c bonded isobutene (Fig. 3). The carbon--
carbon double bond is broken and two new carbon metal single bonds are formed with

the underlying platinum atoms. Four distinct peaks in the CH stretch range of the
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vibrationai spectrum are observed for this species. These are at 2825 cm™ 1, 2855 cm'l,
2890 cm 1, and 2910 om” 1 it is difficult to assign the features, but by analogy with di-
bonded propylene, most of the intensity is likely to be from the CH3 groups and their
fermi resonances [13]. Shahid and Sheppard predict from the metal dipole selection rule
that the strongest intensities might come at 2920 cm! from vg(CHy) and at 2870 cm-1
for v¢(CH3) [19]. They assign two peaks from their own room temperature data of
isobutene adsorbed on a supported platinum catalyst to di-c bonded isobutene. These
features are at 2925 cm~1 and 2910 cm ! and, hence, do not correlate well with the
single crystal work. Shahid and Sheppard note, howeﬂrer, that unpublished RAIRS data
of di-c bonded isobutene/Pt(111) at 90 K by Chester et al. has its dominant feature at
2895 cm 1, which is in agreement with the present work [21].

A saturation coverage of the dehydrogenated speciés, isobutylidyne, can be formed on
the clean Pt(111) surface by exposure to 4 L of isobutene at 295 K (Fig. 4). The most
intense spectral feature at 2970 cm-! is from the v,g(CH3) of the two terminal methyl
groups in agreement with Shahid and Sheppard. In addition the lowest frequency peak at
2865 cm-1 is assigned to the vg(CH3). The two intermediate peaks may be from a fermi
resonance with a CH3 bending mode and from the v(CH). Shahid and Sheppard report
that the RAIRS spectrum shows evidence for a 8,(CHz) at 1445 cm~1. Therefore the
2880 cm- 1 may be assigned to the'fermi resonance and the 2920 cm1 to the v(CH).

The thermal evolution of isobutene/Pt(111) was followed by annealing the sample
from 120 K to room temperature stepwise. Each annealing cycle consisted of heating to
a predetermined temperature for 10 seconds and then allowing the sample to recool to - '
120 K where an SFG spectrum was recorded. Figure 5a shows the vibrational spectrum
of the system annealed to 200 K for 10 seconds. The spectral features did not shift in
position compared with the 120 K spectrum, but the reiative intensities changed
significantly. The 2890 cm-1 peak fell in mtensity while the 2910 cm-1 feature grew

stronger. The change in relative intensities most likely corresponds with a reorientation

157



of the di-o bonded isobutene species on the surface. SFG is particularly sensitive to very
small changes in orientation because spectral intensities varies with the dipole orientation
as c0s%9.

Further annealing the sample to 270 K yields a dramatically altered SFG spectrum
(Fig. 5b). There are four distinguishable features at 2830 cm~1, 2890 cm-1, 2930 cm1,
and 2975 cm™1. The highest frequency peak corresponds well to a vas(CH3), which is
most likely from the formation of a small amount of isobutylidyne on the surface. The
peak at 2930 cm-1 is unique to this spectrum and can neither be assigned to di-c bonded
isobutene or isobutylidyne. It, therefore, probably corresponds to the signature of an
mtermediate species. There are several possible intermediates in the formation of
isobutylidyne from di-c bonded isobutene. The tWo most likely pathways are shown in
figure 6. The first candidate pathway would be through a 1-2 hydrogen shift to form
isobutylidene followed by an elimination step at the o-carbon to form isobutylidyne. The
other possible mechanism would involve C-H bond scission to form 1,1 dimethylvinyl
which could undergo a 1,2 shift to from isobutylidyne.

For the analogous case of di-c bonded ethylene decomposition to ethylidyne
(M=CCH3), the preponderance of evidence points to an ethylidene intermediate [22].
Therefore, we tentatively postulate that the intermediate giving rise to the spectral
features in figure 5b is isobutylidene. However, for a more definitive identification of this
species an inorganic cluster analog would have to be synthesized and the vibrational
spectrum from the intermediate matched to it. Further annealing of this system to room

temperature yields isobutylidyne (Fig. 5¢).

(b) Formation and Hydrogenation of 1- and 2-Isobutyl Groups -

The preparation of 1- and 2-isobutyl moieties on the Pt(111) surface is achieved by
adsorbing the corresponding iodides on the surface below 140 K gnd annealing the
system above 170 K to break some of the C-I bonds by analogy with the case for ethyl
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iodide [23]. To prepafe the 1-isobutyl/Pt(111) system, 10 L (saturation coverage) of 1-
isobutyliodide was exposed to the clean surface at 140 K. The system was then annealed
to 205 K for 10 seconds and allowed to cool below 140 K before an SFG scan was taken
(Fig 7a). The most intense feature at 2860 cm-1 is most likely from the v¢(CH3), while
the feature at 2960 cm1 is from the va5(CH3). The wide vaﬁety of peaks observed is do
to the Jow symmetry of this species. Indeed, there may be signal from CH, CHy, and
CH3 species present.

* Exposing the system in figure 7a to 1000 L of hydrogen at 205 K yielded figure 7b.
The intensity difference in the spectra can be directly compared because the beam overlap
and spacial alignment of the system was unchanged between experiments. In this case
most of the spectral features remain, but the overall intensity has decreased due tb.the
hydrogenation of some 1-isobutyl groups to isobutane. The decrease in intensity is
approximately a factor of two to three for most spectral features.

Identical experiments were carried out for 2-isobutyl groups. The spectrum of 2-
isobutyl/Pt(111) is shown in figure 8a. In this case broad signal from 2750 cm~1 to 2900
cm1 is seen with two peaks at 2830 cm~! and 2860 cm™1. These features most likely
represent the vg(CH3) and a fermi resonance. The broadness of the spectrum from
additional features at higher frequency such as the small peak near 2895 cm~! may
indicate that some of the 2-i§obuty1 has decomposed to di-c bonded isobutene. The
addition of 1000 L of hydrogen to this system at 205 K shows little evidence that 2-
isobutyl groups can be hydrogenated under these conditions (Fig 8b). This is in striking
contrast to 1-isobutyl (Fig 7b) where hydrogenation readily occurred under the same

conditions.

(c) Isobutene Hydrogenation '
In situ mohitoﬁng of isobutene hydrogenation at 295 K on Pt(111) was performed

with 105 Torr Hy, 40 Torr isobutene, and 635 Torr He. The vibrational spectrum reveals
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two distinct bands of signal in the CH stretch range (Fig 9a). The lower frequency range
from 2780 to 2880 cnr-1 corresponds well to adsorbed 2-isobutyl groups with the
possibility of a small contribution from di-c isobutene. The upper band, center around
3050 cmL, is readily assigned to m-bonded isobutene. The vibrational spectrum
remained unchanged over several hours of reaction. Little evidence was seen for the
decomposition product, isobutylidyne, during the reaction. Under these conditions the
reaction rate is about 0.35 molecules of isobutene converted to isobutane per platinum
site per second. This reaction rate is nearly a factor of twenty slower than measurements
for the hydrogenation of the n-butenes under similar conditions [24].

Figure 9b shows the vibrational spectrum for the hydrogenation of isobutene under
lower reactant pressures (20 Torr Hy, 5 Torr isobutene, and 760 Torr He) at 295 K
Under these conditions the turnover rate slowed to about 0.1 per siEe per second and the
vibrational spectrum changed dramatically. The signal below 2900 cm-1 is still quite
strong, but the peaks are much sharpér. This most likely indicates an increase in the
contribution from di-c bonded isobutene compared with intensity from 2-isobutyl groups.
The olefinic stretch range above 3000 cm-1 remains nearly unchanged, which indicates
the concentration of the n-bonded species remain§ nearly constant. However, there are
quite a few new peaks compared with the higher pressure regime in the range between

2900 and 3000 cm'l. These can be assigned to 1-isobutyl groups and isobutylidyne.

7.3 Discussion
(a) Alkylidyne Hydrogenation

The hydrogenation of isobutene elucidates an important trend in olefin hydrogenation.
First, as the size of terminal olefins increase the concentration of decomposition products
present on the surface under reaction conditions decreases. Under conditions of 100
Torr Hy and sufficient olefin (10's of Torr) such that the hydrogenation reaction is zero

order in this reactant, ethylidyne dominates the surface during etﬁylene hydrogenation at

160



295 K [9]. It has been demonstrated by 14C labeling experiments that a saturation
coverage of ethylidyne hydrogenates at a rate at least five order of magnitude slower than
the overall reaction rate [10].

Propylene hydrogenation with 100 Torr Hp at 295 K shows that the dehydrogenation
product, propylidyne (M=CCH,CH3), could be easily removed from the surface during
reactioﬁ [13]. The surface concentration of propylidyne would come to an equilibrium
concentration of 5% of a monqlayer regardless of whether the reaction was commenced
on an initially clean Pt(111) surface or one with a saturation coverage of propylidyne.
Equilibrium was established as fast as the surface coverage could be measured, an upper
bound of ~5 minutes. In the case of isobutene hydrogenation, no isobutylidyne was
detectable on the surface under reaction condition of 105 Torr Hy and 40 Torr isobutene
at 295 K, even though the detection limit of this species by SFG is less than 1% of a
monolayer.

There are two possible reasons for the decrease in concentration of alkylidyne present
on the surface during reaction; either the rate of alkylidyne formation is suppressed for
increasing olefin size during hydrogenation, or the rate at which these species are
removed from the surface by hydrogenation is suppressed, or a combination of both. It is
clear from the vacuum work that the temperature of formation of these species from their
respective di-c bonded olefins is approximately the same [13, 22]. Indeed all these
species form alkylidynes by room temperature. Therefore, it is unlikely that the
formation rate of the alkylidyne species can account for the significant differences in
alkylidyne concentration under reaction conditions. More likely, larger olefins are more
readily hydrogenated than the smaller ones. The evidence for this stem from the fact that
a saturation coverage of ethylidyne cannot be removed over hours of hydrogenation,
while for propylene hydrogenation, the removal of propylidyne happens in minutes or less
{9, 13]. In the case of isobutene hydrogenation, no isobutylidyne can even be formed

until the hydrogen pressure is lowered well below 100 Torr (Figs. 9a and 9b).
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The decrease in activation barrier for the insertion of the first hydrogen into the
alkylidyne to form the respective alkylidene must stem from the nature of the B-carbon.
In the case of ethylidyne the f-carbon is primary, whereas it is secondary in propylidyne
and tertiary in isobutylidyne. Addition of the first hydrogen to all the alkylidynes occurs
at the a-carbon to form their respective alkylidene species (Fig. 10). If the transition
state for this step involves separation of charge, it would be expected that a tertiary |
carbon at the 3 position would be better able to stabilize the transition state than a
secondary carbon, which in turn would be better than a primary carbon. Such separation
of charge would occur if the transition involved, for example, a-hydride addition.

The most important consequence of the increasing rate of hydrogenation of the larger
alkylidynes is the relative degree of cleanliness that prevails on the surface under reaction
conditions. Indeed, during isobutene hydrogenation with 100 Torr hydrogen, the surface

was essentially free of decomposition products.

(b) Kinetics and the Hydrogenation Mechanism of Isobutene

Isobutene hydrogenation proceeds from a physisorbed intermediate, n-bonded
isobutene, through an isobutyl group to isobutane. Evidence for a physisorbed
intermediate is read'il}i found in the vibrational spectrum for this system where the amount
of =-bonded isobutene is large. It is somewhat difficult to determine the di-c bonded
isobutene concentration because of overlapping intensities between 2-isobutyl and di-c
bonded isobutene. However, even if a significant amount of the low frequency intensity
in the hydrogenation spectrum represents the di-c bonded species, it is still unlikely that
this is an important intermediate. It has been demonstrated for the analogous propylene
and ethylene hydrogenation cases, that di-c bonded olefins hydrogenate very slowly
compared with their n-bonded counterparts [9, 13]. Therefore, the presence of a large

quantity of n-bonded isobutene in the spectrum from figure 9a is a strong indication that

the hydrogenation reaction proceeds almost exclusively through this species.
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The addition of a hydrogen to form adsorbed isobutyl may take place either at the
terminal carbon or af the internal carbon of the olefin bond (Fig 11). For terminal
addition, a 2-isobutyl groups is formed, whereas a 1-isobutyl groups is produced from
internal addition of a hydrogen atom. Figure 9a gives clear evidence that the surface
concentration of 2-isobutyl group dominates that of 1-isobutyl groups during reacﬁon at
105 Torr Hy. Thisis expected because terminal addition is far more favorable than
internal addition, as has been previously shown both in gas phase and surface studies [13,
25, 26].

The preference for terminal addition, however, does not guarantee that 2-isobutyl
groups are important intermediates in isobutene hydrogenation. The relative
hydrogenation rates of 1-isobutyl and 2-isobutyl are also important. Indeed, the
hydrogenation pathway through 1-isobutyl could become.important, even for small
surface concentrations of this species, provided its hydrogenation rate is significantly
faster than that of 2-isobutyl. The vacuum hydrogenation spectra indicate that this is
indeed the case (Figs. 7b and 8b). Therefore, the hydrogenation mechanism is somewhat |
ambiguous.

The rate of isobutene hydro%enation on Pt(111) is strikingly slow when compared
with other butenes. Recent, results for isobutene, 1-butene, and cis butene hydrogenation
compiled by Yang et al. show that isobutene hydrogenation is a factor of 20 slower than
the other butenes under conditions of 100 Torr Hy and 10 Torr butene at 295 K [24].
The reason for the substantial difference in turnover rate between isobutene and other
butenes must stem from the fact that isobutene hydrogenates through 1- and 2-isobutyl,
while all other butenes hydrogenate though 1- and 2-butyl intermediates. The important
distinction between these pathways is that 2-isobutyl (the favored pathway for the initial
hydrogen addition) contains a tertiary carbon attached to the metal while the 2-butyl

| species has a secondary carbon bonded to the underlying (1 1 1) surface.
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The energy required to break the carbon metal bond in the case of 2-isobutyl is
expected to be lower than for other butyl groups, but steric hindrance may prevent
hydrogen from inserting into this species. This most likely causes a severe restriction of
this pathway. Indeed, hydrogenation though a 1-isobutyl intermediate may represent the

‘dominant pathway for isobutane prbduction.

7.4 Conclusions

The rate of isobutene hydrogenation was found to be greatly suppressed compared
with the hydrogen of straight chain butenes. This was attributed to the slow
hydrogenation of 2-isobutyl, which may be prevented from hydrogen incorporation by
steric hindrance. During reaction the concentration of the dehydrogenation product,
isobutylidyne, was very small because of the relatively fa-st hydrogénatidn rate of this
species. Under ultra high vacuum conditions it was observed that di-c bonded isobutene

dehydrogenates to isobutylidyne through an isobutylidene intermediate.
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7.6 Figure Captions

Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Mechanisms for ethylene and propylen'e hydrogenation.
The structure of iobutenic moieties on platinum.

The SFG spectrum of a saturation coverage of di-c bonded isobutene on

Pt(111) formed by exposing the clean surface to 4 L of isobutene at 120 K

The SFG spectrum of a saturation coverage of isobutylidyne on Pt(111)

formed at 295 K by exposing the clean surface to 4 L of isobutene

The SFG spectra of the thermal decomposition of a saturation coverage of di-c

bonded isobutene measured at (a) 200 K and (b) 270 K

The decomposition mechanism for isobutene/Pt(111)

(a) The SFG spectrum of a saturation coverage of 1-isobutyl/Pt(111) formed
from by adsorbing the corresponding jodide at 120 K and annealing to 205 K
for 10 seconds. (b) The hydrogenation of (a) with 1000 L of Hj at 205 K.
(a) The SFG spectrum of a saturation coverage of 2-isobutyl/Pt(111) formed

from by adsorbing the corresponding iodide at 120 K and annealing to 205 K
for 10 seconds. (b) The hydrogenatio;l of (a) with 1000 L of Hy at 205 K.
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Fig. 9

Fig. 10

Fig. 11

(a) The in situ SFG spectrum of isobutene hydrogenation with 105 Torr Hp,

40 Torr isobutene, and 635 Torr He at 295 K. (b) The in situ SFG spectrum
of isobutene hydrogenation with 20 Torr Hy, 5 Torr isobutene, and 760 Torr
Heat 295K

A schematic representation of the comparison of the hydrogenation of

ethylidyne, propylidyne, and isobutylidyne to their resp ective alkylidenes.

Possible mechanisms for the hydrogenation of isobutene on Pt(111)
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Chapter 3

The Adsorption of Chiral Molecules on
Achiral Surfaces: 2-Butanol/BaF?

The vibrational spectra for (S) 2-butanol and racemic 2-butanol adsorbed on BaFy
were monitored near 305 K. At this temperature it was found that the packing density of
( S.) 2-butanol was greater than for the racemate, while a small change in the molecular
orientation could also be noted. This contrasted with the bulk liquid, where it has been
found that the density difference between either of the eptantiomefs and the racemate is

less than 0.1%.
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8.1 Introduction

The behavior of enantiomers with respect to their racemate has been studied in great
detail for many bulk systems [1]. Indeed it has been shown that many physical properties
such as boiling point, melting point, density, ahd, viscosity differ for certain pure
enantiomers with respect to their racemates. In most of the systems that show large
differences in physical properties, the functional groups attached to the chiral center are
all quite different. An exarmople of such a systém is a-(Trifluoromethyl)benzyl alcohol
(C¢Hs5CHCF30H). The enantiomers of this species freeze near room temperature, while
the racemate remains a liquid to low temperature. On the other hand chiral systems exist
for which there is little difference between the physical properties of the pure enantiomers
and racemate. For this to be the case, there is usually little difference in at least two of
the constituents attached to the chiral center. An example of this second case is
CH3CH(CgH19)(C10Hz21)- For this molecule, the two long alkyl chains are nearly the
same length; therefore, the difference in interaction of either hand of this chiral'pair with a
chiral or racemic environment is approximately the same.

There are also borderline examples where it should be possible to enhance the
differences in physical properties under certain conditions, but not others. Specifically,
the behavior of chiral molecules could be very different in the bulk liquid then in an
adsorbed monolayer. The origin of any difference would lie in the decrease in entropy in
the monolayer.

'If{xe purpose of this paper is to identify such a borderline éystem (namely 2-butanol),
where the differences in the physical properties of the racemate and enantiomer can be
amplified by comparing the packing density and orientation of their monolayers at the
BaF, interface. The density and molecular orientation of a monolayer of (S) 2-butanol is

compared with (S&R) 2-butanol by infrared-visible sum frequency generation.
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8.2 Experimental
Racemic 2-butanol and (S) 2-butanol were adsorbed on a BaF, surface by keeping the

solid/vapor interface saturated with the alcohol at ambient vapor pressure. This was
done by mounting a BaF) window on a sealed liquid cell filled with 2-butanol [Fig. 2].
Multilayers of butanol were prevented from fogging the BaF, window by resistive
heating. This left only a single monolayer of butanol adsorbed at the BaF, surface.

The butanol/BaF, system was monitored by inﬁared-visible sum frequency generation
in the CH stretch range. Spectra were taken for the SSP, PPP, and SPS polarization

combinations.

8.3 Results

Figure 3a shows the vibrational spectrum for (S&R) 2-butanol/BaF, monitored with
the SSP polarization combination. Three distinct features are observed in the CH stretch
range. To obtain the proper assignments and peak strengths, the spectrum has been fitted
with the standard nonlinear equation [2]:

1)

!Z(2)|2=] 4 + B + ¢ ke™
|a)a—a),.,+il",x w,-o,+il, o, -o,+il,

The form of the equation used assumes three resonant features (A, B, C) damped by I'j
and a nonresonant background (k) which may have a phase relationship ¢ with respect to
the resonances. The results are shown in table 1. The three resonances are at 2860
cm-1, 2893 cm-1, and 2951 cm- 1 and can be assigned to a fermi resonance, the
vg(CH3), and the v,(CH3) respectively [3].

The identical experiment was repeated with (S) 2-butanol [Fig. 3b]. In this case the

same three features were observed at approximately the same frequencies. However, in
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this case the overall intensity of the spectrum was greater than from the racemic system.
The fitting parameters revealed that the small fermi resonance near 2859 cm™1 is-
somewhat lower than in the first case, while the methyl symmetric and asymmetric
stretches are higher [table 1]. |

The experiments were repeated using the PPP and SPS polarization combinations.
Figures 4 é&b show the vibrational spectra for racemic 2-butanol and  (s) 2-butanol
respectively monitored by the PPP combination. Again the same three features are
present (albeit in different ratios from the SSP case). The overall intensity is less than
half of that obtained for SSP. The symmetric and asymmetric methyl stretches are
substantially more intense for the levorotatory system than for the racemate; however, in -
this case the fermi resonance is also quite a bit stronger from the enantiomer. Another
significant difference of changing the polarization combination is the blue shift in the
apparent frequency fitted to the v,(CH3) for the PPP spectra. This blue shift is most
likely the result of a poor least squares fit rather than a significant spectral change.
Altematively, the problem may lie in the fact that both methyl groups from the 2-butanol
molecules can contribute intensity to the v,(CH3) feature at slightly different
frequericies. This may lead to the broadening of the lineshape and the difficulty in fitting
the spectrum with only three spectral features (eqn. 1).

SPS spectra yield dramatically different results (Figs. 5 a&b). There is a substantial
nonresonant background that interferes with the resonant features. The strength of the
fermi resonance and asymmetric stretch are stronger in the racemate, while the symmetric
stretch is stronger in the (S) 2-butanol system. Both the symmetric and asymmetric
stretch features are blue shifted with respect to the SSP polarization combination. Again,

this may stem from probing of the two different methyl groups.
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8.4 Discussion
2-butanol is a chiral molecule for which little difference can be noted between the
physical properties of the racemate compared with a single enantiomer in the bulk liquid
(table 2) [1]. Indeed, the density of the levorotatory molecule is only 0.09% greater than
the racemate. However, the heat of interaction of left handed molecules with other left
handed molecules is slightly greater than the interaction of léﬁ handed molecules with
right handed molecules (accounting for the small density difference).
Hysos)> Husono @)
The difference should be dominated by entropic contributions to the free energy near

room temperature.
AH gy <TAS,, (3)

AGouay) = AH wag) " T DS gy (4)

To amplify the difference in physical properties of the enantiomer with respect to the
racemate, one must suppress the entropic term. There are two ways to achieve this:
{1} the temperature of the system may be lowered
{2} the entropy of the entire system may be decreased
Lowering the temperature is a crude approach. For example, a liquid system may freeze
long before density changes, phase separation, or other differences become significant.
The second approach, however, is quite simple. A reasonable reduction in the entropy
can be achieved by reducing the dimensionality of the system from three to two. The
primary effect of such a reduction is to reduce the three dimensional translational

partition function to the two dimensional case:

2mm
Dtran{2D) o 8 XY
(5)
2 mm
Qirans3D) = ( h'2 ﬂ )3/2 XYZ
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where qyrans is the translational partition function, m is the molecular weight of 2-
butanol, h is Planck's constant and  is kT [4]. If one writes the entropy in terms of the

partition coefficient, the free energy of interaction the equation becomes:

AG,

wag) = AH,

wary -T2 MK mlg))  (6)

Replacing the 3D transitional partition function by the 2D equation results in a difference
of 10 kcal/mol in TAS at room temperature! Therefore, it is expected that decreasing the
dimensionality should have an observable affect on the free energy of interaction. This is
indeed the case as can be seen from the 2-butanol/BaF, data.

The overall signal provided by the chiral monolayer is larger for all polarization
combinations examined. For example the SSP spectral intensity of the enantioxﬁer 18
more than 10% greater than for the racemate. This may not be totally due to an increase
in number density from the racemate to the enantiomer. Some of the enhancement is
probably due to differences in molecular orientation of the monolayer when only the pure
enantiomer is present. This can be clearly seen by the fact that some of the spectral
features are greater for the racemate with certain polarization combinations. Any
orientational change is likely to be small, but significant.

The signal observed from the v,((CH3) of the left handed molecule is approximately
4% greater for the average of the SSP and SPS combinations than is the case for the
racemate. There is even a greater difference for the symmetric stretch. In that case the
average of SSP and SPS is 18% greater for the enantiomer than it is for the racemate.

A definitive analysis of this system will require the decoupling of the orientation
component from the number density. This could be achieved by deuterating either the
ethyl or methyl group to yield absolute orientation information. However, a rough
estimate of the increase in packing density of the enantiomer would be a few percent.
This is very significant in light of the fact that the bulk liquid showed only a 0.09%

increase in density for the pure enantiomer over the racemate.
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8.5 Conclusions
Significant differences in the packing density and orientation between racemic and
(S) 2-butanol were observed at the BaF, interface. This contrasts with the bulk liquid

where the differences in physical properties are quite small.
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8.7 Figure Captions -

Fig. 1 Schematic representations of left and right handed molecules.
Fig. 2 Liquid cell apparatus for the chiral-SFG experiment.

Fig. 3 The SFG spectra for (a) racemic and (b) levorotatory 2-butanol with the SSP

polarization combination.

Fig. 4  The SFG spectra for (a) racemic and (b) levorotatory 2-butanol with the PPP

polarization combination.

Fig. 5  The SFG spectra for (a) racemic and (b) levorotatory 2-butanol with the SPS

polarization combination

8.8 Tables
Table 1 The coefficients for (s) 2-butanol and racemic 2-butanol on BaF, for SSP,
SPS, and PPP polarization

Table 2 Physical properties of liquid (S) 2-butanol and racemic 2-butanol
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Table 1

SSP
)

a 1.506
b ‘ 14.37
c 33.40
T, 5.548
Iy -15.19
e 2167

0y | 2859

op 2891

o 2950
k 0.350

0 346°

Table 2

[a]

(s) 2-butanol +13.9°
(s&r) 2-butanol  +0.0°

Ssp
S&R
1.742
12.21
31.66
6.040
13.28
20.93
2860
2893
2951
0.348

351°

PPP

0.1330

3.376

19.09
0.4654
8.624
17.71
2858
2894
2963
0.0991

351°

boiling point

3725 K
372.5K

201

PPP SPS
S&R (S)
*  maee
2.278 6.70
16.78 5.20
*  aaa
7.173 20.44
18.04 10.64
2858 -
2898 2913
2863 2975
0.0520 1.23
347° 347°

density

0.8070 g/ml

0.8063 g/ml

SPS
S&R
| 1.286
4.221
5.401
11.04
19.14
13.38
2860
2018
2977
1.277
359°

1.3975
1.3978



Chapter 9

The Assignment of the Vibrational
Spectrum For Ethanol at the Liquid/Vapor
Interface

9.1 Results

The purpose of this work is to assign the CH stretch range of neat ethanol at the
liquid vapor interface. In previous work by Stanners et al. three peaks were observed in
this range at 2875 cm-1, 2933 cm-l, 2975 cm-1 [1]. The first two features were assigned
to the vg(CHy), v¢(CH3) respectively, while the small feature at higher frequency was
assigned to either the v,(CH3) or v,4(CHp).

In order to properly assign the CH stretch range we revisited this investigation with
partially deuterated ethanols. An example of the vibrational spectrum for CH3CH,OH is
shown in figure 1 for reference. The vibrational spectrum for CD3CHpOH revealed two
pe&s at 2875 cm-1 and 2975 cm! (Fig. 2), while the spectrum for CH3CD,OH gave
rise to peaks at 2875 cm! and 2933 cm!1 (Fig. 3). Combining figures 2 and 3 yields a
satisfactory approximation of the CHpCH3OH spectrum (Fig. 4).

Raman assignments for the CH stretch range of ethanol have been made by
Kamogawa et al [2]. Their assignments are: vg(CHp) at 2879.6 cml, vg(CH3) at 2927.1

cml, and v,4(CHp) at 2972 cm 1 Infrared data on partially deuterated ethanol reveal
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that thére is intensity near 2931 cm-! for the CH3CD,OH species, which is most likely
the vg(CH3) [3]. However, the present work on CH3CD,OH shows that there is signal
from the CH3 group near 2875 cm"! as well, we therefore conclude that the 2875 cm-1
feature in the CH3CHpOH spectrum derives intensity from both the vg(CHp) and a the
methyl group (probably a fermi resonance). Both signals at 2875 cm™! are rather weak in
their respective deuterated spectra [Figs. 2&3]. It is only the combination of these two
feature that gives rise to strong signal near 2875 cm-1 (Figs. 1 and 4). Further, we assign
the 2975 cmr 1 feature exclusively to v4o(CHy), because no intensity is seen in that region

from CH3CD,>OH (Fig. 2).
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9.3 Figure Captions

Fig. 1 SFG spectrum of neat ethanol.
Fig. 2 - SFG spectrum of CD3CH,OH
Fig. 3  SFG spectrum of CH3CD,OH

Fig. 4 Combination spectruni of figures 2 and 3.
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Chapter 10

Conclusions

The surface science of heterogeneous catallysis has finally begun to focus on in situ
studies of catalytic reactions as technology has advanced. This is true for model single
crystals as shown by the present investigation of olefin hydrogenation on Pt(111) by
infrared-visible sum frequency generation. Scénning tunneling/atomic force microscopy
and UV Raman spectroscopy also hold great promise in this field. The latter would make
an excellent compliment to SFG as it is more suitable on supported catalysts. On the
other hand, STM/AFM will provide data about the morphology of the underlying catalyst
that neither of the vibrational spectroscopies can provide.

The near term goal will be to concentrate on the differences between the species seen
under ultra high. vacuum conditions and the ones present on the surface during reactions
at high pressure. It can already be seen from the present work that there are substantial
differences. Under vacuum the species that reside on the surface are primarily
chemisorbed while the species the "do" catalysis appear to be more weakly bound. This
observation needs to be explored for a wide variety of systems including: ethylene
oxidation, Fischer Tropsch synthesis, ammonia synthesis, methane coupling, and many
others to see whether it holds true for both structure sensitive and structure insensitive

reactions.
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In the longer term in situ studies will ultimately need to concentrate on improving

catalytic processes in real industrial settings. It appears that this should now be possible.

Intermediate concentrations in reactions could be studied as a function of promoter
concentration, temperature, reactant pressure, etc. Indeed, it may already be time to

reconsider the role surface science can play in advancing commercial catalysis.
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