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ABSTRACT: The adsorption, thermal evolution, and electron
irradiation of 2-butanol on Pt(111) were investigated with
reflection absorption infrared spectroscopy (RAIRS). A simu-
lated vibrational spectrum of a single 2-butanol molecule was
calculated using density functional theory to facilitate vibrational
assignments. Exposures of 0.2 Langmuir (L) and lower result in
both isolated 2-butanol molecules with minimal lateral interac-
tions and hydrogen-bonded clusters. The thermal evolution
following a 4.0 L exposure shows that the hydrogen-bonded
multilayer desorbs around 170 K, leaving a 2-butanol monolayer where hydrogen bonding still exists. At 190 K, a new feature at
1699 cm-1 is attributed to the formation of butanone. Irradiation with 750 or 100 eV electrons leads to 2-butanol desorption and
partial conversion to butanone, as indicated by the appearance of a peak at 1709 cm-1.

’ INTRODUCTION

Electron-induced reactions are of great interest in many
different areas of science and technology from industrial plasmas
to living tissues.1,2 The initial steps of electron-inducedmolecular
decomposition include electron impact ionization, electron im-
pact excitation, and electron attachment to form a transient
negative ion.1 In particular, the inelastic collisions of low-energy
electrons with molecules and atoms produce distinct energetic
species that are the primary driving forces in a wide variety of
radiation-induced chemical reactions.2 Examples include radia-
tion damage in the DNA of living systems, electron-induced
fragmentation of ozone, electron impact of etchant gases that
react directly with the substrate in semiconductor processing,
and electron-controlled chemistry using scanning tunneling
microscopy.1,2 A very recent study demonstrated that low-energy,
spin-polarized secondary electrons produced by X-ray irradiation
of a magnetized Permalloy substrate can induce chiral-selective
chemistry, an observation of relevance to theories on the creation
of “handedness” in biological molecules.3 A 10% chiral enhance-
ment on the cleavage rate of the C-O bond in a model chiral
compound, (R)- or (S)-2-butanol, was observed to depend on
the spin polarization of the X-ray-induced, low-energy secondary
electrons and was attributed to dissociative electron attachment.3

The surface chemistry of saturated alcohols on transition
metal surfaces has been reviewed by Mavrikakis and Barteau.4

The initial adsorption of alcohols generally occurs via donation of
an oxygen lone pair of electrons to the surface. Cleavage of the
O-H bond of alcohols upon their adsorption on transition
metals leads to the formation of alkoxide intermediates, such as
2-butoxide/Pd(111),5 2-propoxide/Ni(100),6 and 2-butoxide
on Pt(111),7 which can further undergo β-hydride elimination
to form a ketone. In a study of 2-butanol on Pt(111) by reflection
absorption infrared spectroscopy (RAIRS),7 peaks at 1088 and

1112 cm-1 were assigned to ν(CO) in monolayer and multilayer
2-butanol, respectively. The frequency shift of the CO stretching
mode from 1112 to 1088 cm-1 is attributed to monolayer
adsorption via the hydroxyl group. The absence of the in-plane
O-H deformation, δip(OH), and CH deformation, δ(CH), at
1158 and 1331 cm-1, respectively, was attributed to the corre-
sponding bonds being parallel to the surface. Between 170 and
200 K, the formation of surface 2-butoxide was inferred from the
red shift of the asymmetric C-H stretches from those observed
in 2-butanol and the red shift of the CO stretch from 1088 to
1084 cm-1. In addition, the CH stretch bands are blue-shifted as
the exposure increases.

In this work, electron irradiation of 2-butanol on Pt(111) was
investigated with RAIRS. To have a thorough understanding of
the electron-induced chemistry, the adsorption and thermal
evolution of 2-butanol on Pt(111) were also reexamined. With
the aid of vibrational frequencies calculated with density func-
tional theory, we propose a few assignments that differ from
those of Lee and Zaera,7 including the CO stretch and OH
bending modes. A new feature at 1699 cm-1, which is in a
spectral region not shown in the work of Lee and Zaera,7 is
observed during thermal evolution and assigned to the CO
stretch of butanone. Secondary electrons can induce complex
chemistry within the hydrogen-bonded 2-butanol multilayer,
including multilayer desorption, dehydrogenation of the hydro-
xyl and alkyl groups, and C-O bond cleavage. Butanone,
characterized by the CO stretch at 1709 cm-1, is formed through
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the electron-induced dehydrogenation of the hydroxyl and C-H
groups in 2-butanol.

’EXPERIMENTAL SECTION

The experiments were performed in a stainless steel ultrahigh
vacuum (UHV) chamber with a base pressure of 1� 10-10 Torr.
A detailed description of this system can be found elsewhere.8

Briefly, the UHV chamber is equipped with Auger electron
spectroscopy, low-energy electron diffraction (LEED), and a
quadrupole mass spectrometer for temperature-programmed
desorption experiments. It is coupled to a commercial Fourier-
transform infrared spectrometer, a Bruker IFS 66v/S. The infra-
red beam enters and exits the UHV chamber through differen-
tially pumped O-ring-sealed KBr windows and passes through a
polarizer before reaching the infrared detector. The Pt(111)
surface was cleaned by a procedure described earlier.9 Unless
otherwise noted, the RAIRS experiments were performed at
4 cm-1 resolution with a MCT detector, a Globar source, and
1024 scans.

Racemic-mixture 2-butanol (99.5% purity) was obtained from
Sigma-Aldrich. Prior to dosing, it was purified by three freeze-
pump-thaw cycles. Dosing was achieved by backfilling the UHV
chamber with 2-butanol through a leak valve. For the experi-
ments on electron-induced decomposition, the primary elec-
trons, generated by a LEED electron gun, induce secondary elec-
trons as they impact the Pt sample. The diameter of the focused
electron beam from the LEED gun is ∼1 mm, and the platinum
crystal has a diameter of 14 mm. The electron beam was defo-
cused to cover as much of the crystal surface as possible. In addi-
tion, a magnet was moved by hand to deflect the beam over the
entire surface. The sample current was monitored with a digital
multimeter.

’RESULTS AND DISCUSSION

Vibrational Assignments of 2-Butanol. Figure 1 shows a
comparison of RAIR spectra of 2-butanol on Pt(111) with a
reference IR spectrum10 of a 2-butanol solution (10% in CCl4 for
1330-3800 cm-1 and 10% in CS2 for 400-1330 cm-1) and a
simulated IR spectrum. TheRAIRS results are displayed as absor-
bance spectra to facilitate comparison with the solution phase
spectrum. The simulated spectrum is for an isolated 2-butanol
molecule calculated with theGaussian 03 package11 using density
functional theory, the B3LYP functional, and a 6-311G basis set.
We specifically performed the calculations for (R)-2-butanol for
the Tt conformer, as defined in ref 12. Although similar simulated
spectra have been previously published,12,13 we found it desirable
to perform our own simulations for several reasons. First, ref 12
does not give a table of calculated frequencies, and although ref
13 does provide such a table, it is only for peaks in the range of
900-1400 cm-1.
Second, both refs 12 and 13 considered nine different con-

formers of 2-butanol, calculated the spectrum for each, and then
presented predicted spectra as a sum of spectra of each con-
former, weighted according to the equilibrium distribution based
on calculated free energies. This presumes that the conformers
have the same relative stabilities in solution, where the IR spectra
were measured, and as isolated molecules, which was what the
calculations were based on. It is unlikely that the calculated con-
former distributions (which for unexplained reasons are different
in refs 12 and 13) would apply to 2-butanol on the surface, for
either monolayer or multilayer coverages. As a simplification, we

calculated the spectrum for a single conformer of 2-butanol, in
which the dihedral angles of the C-C-C-C and H-C-O-H
units are both 180�, which is the most stable conformer accord-
ing to ref 13. The fact that the peaks in our multilayer spectrum
are sharper than those in solution suggests that a simpler dis-
tribution pertains to the surface case. The calculated vibrational
frequencies have been scaled by a factor of 0.9613, the same value
as used in ref 13.
Third, although ref 13 used potential energy distributions to

identify the dominant internal coordinates contributing to the
normal modes, it was useful to have an independent way to eval-
uate the assignments. To do so, we used GaussView11 to quali-
tatively identify the dominant internal coordinates contributing
to each normal mode. The simulation shows that the wavenum-
bers of the ethyl and methyl rocking, the CC stretching, the CO
stretching, and the OH bending modes are generally between
800 and 1300 cm-1. The deformation modes of the alkyl groups
are in the range of 1300-1500 cm-1. The CH stretching modes
are between 2800 and 3100 cm-1, and the OH stretch is at
3499 cm-1.
The reference spectrum of a 2-butanol solution10 shows a

broad OH stretch in the frequency range of 3100-3600 cm-1,
which is characteristic of hydrogen bonding. Although the OH
stretch of a single 2-butanol molecule is calculated to be relatively
weak, as shown in Figure 1, the cooperativity of the hydrogen

Figure 1. Comparison of RAIR spectra for 0.2 and 4.0 L of 2-butanol on
Pt(111) with an IR spectrum of a 2-butanol solution and with a simu-
lated IR spectrum for an isolated (R)-(-)-2-butanol molecule. The
spectra are (a) (R)-(-)-2-butanol, (b) 2-butanol solution fromNIST,10

(c) 4.0 L of 2-butanol on Pt(111), (d) 0.2 L of 2-butanol on Pt(111), and
(e) postannealed 4.0 L of 2-butnaol on Pt(111). The inset in the upper
panel shows the zoomed-in region between 1600 and 1800 cm-1 for
2-butanol solution.
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bonds in water or alcohol can enhance the OH stretch signal by
250%.14 The 2-butanol solution shows a peak at 3630 cm-1,
which is at essentially the same position relative to the strongly
red-shifted hydrogen-bonded OH stretch as observed in a study
of a series of liquid alcohols and alcohol solutions, for which it is
assigned to a “free” (not hydrogen-bonded) OH stretch.15 The
RAIR spectrum for 4.0 L of 2-butanol on Pt(111) is quite similar
to the solution phase spectrum, including the broad and red-
shifted hydrogen-bonded OH stretch. The comparison also
implies that a 4.0 L exposure leads to a multilayer of 2-butanol
with a condensed phase structure similar to that found in solu-
tion. However, unlike in the solution, a “free” OH stretch is not
observed for multilayer 2-butanol.
Also shown in Figure 1 are spectra for monolayer 2-butanol

prepared in two different ways. Spectrum d is for a 0.2 L exposure
with the crystal at 95 K, whereas spectrum e is for a surface that
had been annealed to 170 K following a 4.0 L exposure of
2-butanol at 95 K. Comparing spectra d and e suggests that if the
“post-annealed” case represents approximately one monolayer,
then the 0.2 L exposure gives a submonolayer coverage. How-
ever, even for a submonolayer coverage, a broad, red-shifted OH
stretch is still visible, indicating that the molecules can hydrogen
bond to each other even while they are in contact with the pla-
inum surface.
The inset in Figure 1 is an expanded view of the 2-butanol

solution spectrum, which reveals a weak peak at 1728 cm-1. This
could be due either to a contaminant, likely a ketone, or to a com-
bination band. Either explanation would also apply to the muli-
layer 2-butanol spectrum in which a peak is seen at 1699 cm-1.
Because this is also in the region of the intense CdO stretch of
butanone, contamination of standard sources of 2-butanol with
small amounts of butanone is a likely explanation. The vibrational
simulation allows for further insights into some of the details of
the spectra of 2-butanol on Pt(111). The simulation indicates
that there are two normal modes with fundamentals at 869 and

1151 cm-1 that have large contributions from both the C-O
stretch and the CH3 rock. In the simulations in ref 13, three
modes, calculated to be at 1110, 1124, and 1136 cm-1, are
described as being of mixed CO stretching and C*CH bending
character, with C* being the carbon bonded to the oxygen atom.
In a study of ethanol and deuterium-substituted analogues on
preoxidized Cu(100), symmetric and asymmetric CCO stretches
were assigned to peaks at 881 and 1091.16 The shift of νs(CCO)
from 1097 cm-1 in CH3CH2OH to 1044 cm-1 in CD3CH2OH
is attributed to a reduced mixing of νs(CCO) with F(CD3)
compared with νs(CCO) with F(CH3).

16 The intensity patterns
in Figure 1 for 0.2 and 4.0 L spectra suggest that the 916 cm-1

and 1113/1128 cm-1 peaks in the multilayer correlate with
the 885 and 1084 cm-1 peaks, respectively, in the monolayer.
This is consistent with the idea that the CO bond is weakened
and, hence, modes with CO stretch character are red-shifted in
the monolayer due to interaction of the CO bond with the
surface. Thus, for 0.2 L of 2-butanol on Pt(111), the features at
885 and 1084 cm-1 as shown in Figure 1 are assigned to ν(CO)/
F(CH3) in monolayer 2-butanol. The peak assignments are
summarized in Table 1 and are generally in accord with previous
studies.5,7,12,13,17-19

Similarly, the simulation shows that two normal modes with
fundamentals at 1053 and 1231 cm-1 have large contributions
from the in-plane OH bend, δip(OH), and F(CH3). In 2-butanol
solutions with concentrations below 0.1 M in which hydrogen
bonding is minimal, δip(OH) contributes to two strong vibra-
tional features at 1072 and 1242 cm-1, but at higher concentra-
tions, these features disappear as hydrogen bonding becomes
more prevalent.12,13 The fact that peaks corresponding to the
1072 and 1242 cm-1 peaks are not prominent, if present at all, for
the monolayer spectra in Figure 1, is consistent with the presence
of hydrogen bonding. The absence of a peak near 1242 cm-1 in
spectrum d also argues against associating the peak observed at
1084 cm-1 with the one seen by Shin et al.12 at 1072 cm-1 and at

Table 1. Vibrational Frequencies for 2-Butanol: from a Simulation of the Tt Conformer of the Isolated Molecule,13 Following a
0.2 L Exposure at 95 K (monolayer), Following a 4.0 L Exposure at 95 K (multilayer), and after a 170 K Anneal Following a 4.0 L
Exposure at 95 K

simulated spectrum monolayer multilayer postannealed monolayer

ν(OH) 3499 3100-3500 3130-3380 3100-3500

νa(CH3) 2984 2966

νa(CH2) 2961 2956 2939 2955, 2949

νs(CH3) 2899 2939 2931 2929

νs(CH2) 2869 2914 2910 2908

ν(CH) 2936 2881 2887, 2883

δa(CH3) 1492 1460 1485, 1468, 1460 1466, 1458

γ(CH2), δa(CH3) 1477 1448, 1443 1446, 1427 1446

δs(CH3) 1392 1404 1416 1398

δ(CH), δip(OH) 1361 1377 1375 1375

wag(CH2), δ(CH) 1348 1362 1360

δ(CH), twist(CH2) 1300 1337, 1302 1313

δip(OH), F(CH3) 1231 1255 1250, 1273

ν(CO), F(CH3) 1151 1151, 1117, 1084 1163, 1128, 1113 1153, 1113

ν(CC), F(CH3) 1101

δip(OH), F(CH3) 1053 1090 1090

ν(CC), F(CH3) 984 1029 1034 1028

F(CH3) 961 987 993, 966 989, 964

ν(CO), F(CH3) 869 885 916 893
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1076 cm-1 by Wang and Polavarapu,13 assigned to COH þ
CCH bending by the latter.
For the CH stretches in Figure 2, as the exposure increases, the

peaks generally shift to the red, likely as a combined result of
molecule-substrate interaction, molecular reorientation, and
intermolecular interactions. The assignment follows the rule of
thumb νs(CH2) < νs(CH3) < νa(CH2) < νa(CH3).

19 With res-
pect to νa(CH2), νa(CH3) has a lower intensity below 1.0 L, has a
comparable intensity between 1.0 and 1.5 L, and has a higher
intensity above 1.5 L. The relative intensity change of νa(CH3)
and νa(CH2) is attributed to the interaction between the CH3

groups and the Pt surface for monolayer 2-butanol. Similar to
νa(CH3), the minimal intensity of ν(CH) at low exposures is
attributed to the interaction between the CH group and the Pt
surface. At exposures higher than 1.0 L, ν(CH) in multilayer
2-butanol contributes a feature at 2881 cm-1.
Exposure Dependence of 2-Butanol Spectra. Figure 3

shows RAIR spectra as a function of 2-butanol exposure to
Pt(111) at 90 K. At 0.05 L, only δa(CH3) at∼1450 cm-1 and the
CH stretching bands between 2800 and 3000 cm-1 are detect-
able. At 0.1 L, peaks at 885 and 1151 cm-1 and a broad feature
due to ν(OH) at 3100-3500 cm-1 start to appear. As the expo-
sure increases, self-association in 2-butanol clusters enhances
hydrogen bonding, causing the broadening and red-shifting of
the ν(OH) band.15 At 0.2 L, several new features between 850
and 1450 cm-1 appear, including the peak at 1084 cm-1 assigned
to ν(CO), as noted in Table 1. At 0.5 L, the features at 885 and
1151 cm-1 start to show high-frequency shoulders, which are
associated with ν(CO) and F(CH3) in clustered 2-butanol. They
develop into the features at 916 and 1163 cm-1 for the 4.0 L
exposure and are assigned to ν(CO)/F(CH3) in multilayer
2-butanol. At 1.0 L, the features at 885 and 1084 cm-1 associated
with ν(CO) in monolayer 2-butanol reach maximum intensity,
indicating completion of the monolayer for this exposure. The
features at 1800 and 2089 cm-1 are attributed to CO molecules
from the background that occupy hollow sites and atop sites,
respectively.20 As the exposure of 2-butanol increases, atop CO is
displaced to hollow site CO, as indicated by the diminishing

intensity of the atop CO at 2089 cm-1 accompanied by increas-
ing intensity of the hollow-site CO at 1800 cm-1.
For monolayer adsorption, saturated alcohols adsorb on

transition metal surfaces via the oxygen lone pair with additional
weak van der Waals-type bonding between the alkyl group and
the metal surface.4,21 In the right panel of Figure 3, an OH stretch
at 3321 cm-1 appears to be superimposed on the broader OH
stretch typical of hydrogen bonding, suggesting that at the lowest
coverages, some 2-butanol molecules have a different bonding
environment compared with the majority of the molecules. The
3321 cm-1 peak is both strongly red-shifted from where it would
be for the isolated molecule, indicating a strong interaction via
the oxygen lone pair with themetal surface, and relatively narrow,
indicating minimal lateral interactions with other adsorbed
2-butanol molecules. This is similar to low coverages of D2O
on Pt(111), where a strong Pt-O interaction induces a large red
shift of the OH stretch band.22 The differences in the CH stret-
ching bands between 0.05 and 4.0 L are likely due to a combina-
tion of changes in adsorbate-substrate interactions, reorienta-
tion effects, and changes in adsorbate-adsorbate interactions.
Thermal Evolution of 2-Butanol. Figure 4 shows a series of

RAIR spectra of 2-butanol/Pt(111) as a function of annealing
temperature. The clean Pt(111) surface at 95 K was first dosed
with 4.0 L of 2-butanol, and a RAIR spectrumwas recorded. After
a 30 s anneal at 160 K, another RAIR spectrum was collected
once the sample had cooled back to 95 K. The above steps were
repeated for several annealing temperatures until no discernible
IR features were observed.
The intensity decrease of all the features between 95 and 170 K

is attributed to multilayer desorption. The vibrational features
around 916 and 1163 cm-1 persist to 170 K, indicating multi-
layer desorption around this temperature. The intensities of
F(CH3) at 964 cm-1 and ν(OH) at 3255 cm-1 are slightly
enhanced at 170 K compared with those at 165 K, which is
attributed to the formation of a crystalline phase of 2-butanol.23

At 170 K, the features associated with the CH stretchmodes have
similar intensities compared with those for 1.0 L of 2-butanol, as
shown in Figure 3, which indicates approximately the same
coverage in the two cases. The OH stretch that remains visible
up to 210 K is attributed to the hydrogen-bonded 2-butanol
monolayer. Similar to water, a hydrogen bond in an alcohol forms
when the hydrogen atom in a hydroxyl group interacts with a
lone pair of electrons on the oxygen atom of another hydroxyl
group. The hydrogen bonding in the 2-butanol monolayer sug-
gests that only one of the two electron lone pairs on the oxygen
atom interacts with the Pt surface, with the other lone pair
available for hydrogen bonding.
It has been proposed that on transition metal surfaces, the

hydroxyl group in saturated alcohols can be dehydrogenated to
form alkoxide intermediates, such as 2-butoxide/Pd(111),5 2-
propoxide/Ni(100),6 and 2-butoxide on Pt(111),7 which can
further undergo β-hydride elimination to form a ketone. Unlike
methoxy and ethoxy that have strong CO stretches at 1008 and
1034 cm-1, respectively, on preoxidized Cu(100),16,24 vibrational
characteristics of 2-butoxide are not readily apparent here. In
particular, for 2-butanol, there is no single normal mode that is
dominated by the CO stretch, and the same is likely true for
2-butoxide. Rather, several modes have large contributions from
both CO stretch and CCH bending coordinates. The red shift of
a peak at 1088-1084 cm-1 reported by Lee and Zaera7 indicat-
ing a conversion of 2-butanol to 2-butoxide is not readily
apparent in our spectra. Sexton, et al., reported that less than 10%

Figure 2. CH stretch region of 2-butanol on Pt(111). From top to
bottom, the exposures were 4.0, 2.0, 1.5, 1.0, 0.5, 0.2, 0.1, and 0.05 L.
Some spectra are offset for clarity. The peaks from 1 to 5 are assigned to
ν(CH), νs(CH2), νs(CH3), νa(CH2), and νa(CH3), respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-002.png&w=209&h=192
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of an adsorbed monolayer dissociates, with 90% of the alcohol
desorbing intact for C1-C4 saturated alcohols on clean
Pt(111).25 The amount of 2-butoxide present on the surface is
likely to be low, although it is the likely intermediate for the
formation of the small amount of butanone, which we do
observe.
C1-C4 saturated alcohols on Pt(111) can decompose to CO,

H, and C.26 The spectra of Figure 4 reveal several changes with
annealing temperature in peaks associated with adsorbed CO.

CO molecules at hollow sites, bridge sites, and atop sites have
frequencies of ∼1800, 1833, and 2089 cm-1, respectively.20

There is inevitably a small amount of background CO adsorbed
on the Pt(111) surface, and the negative intensity features in the
2040-2010 cm-1 region, accompanied by the appearance of a
positive peak at 1800 cm-1, indicates that the adsorption of
2-butanol displaces CO from atop to hollow sites. These features
associated with atop CO remain unchanged up to 190 K, whereas
a shoulder at 1833 cm-1 begins to develop at 160 K and becomes

Figure 3. RAIR spectra of 2-butanol on Pt(111) as a function of exposure at 90 K. The spectra in the right panel were collected at 4 cm-1 resolution with
an InSb detector, a tungsten source, and 1024 scans.

Figure 4. RAIR spectra of the thermal evolution of 2-butanol on Pt(111) in the temperature range of 90-300 K.

http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-003.png&w=322&h=245
http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-004.png&w=307&h=245


5790 dx.doi.org/10.1021/jp108626q |J. Phys. Chem. A 2011, 115, 5785–5793

The Journal of Physical Chemistry A ARTICLE

quite distinct by 190 K. With the 210 K anneal, there is a large
increase in the atop CO, as indicated by the strong peak at
2080-2100 cm-1, accompanied by a decrease in all other peaks.
These changes indicate that the fraction of 2-butanol that does
not desorb molecularly dissociates to form CO starting at
temperatures between 190 and 210 K. It was already noted that
the atop CO molecules due to background adsorption are
displaced to hollow sites by the uptake of 2-butanol molecules.
To identify the formation of butanone from 2-butanol, five

infrared spectra are plotted for comparison in Figure 5. The top
spectrum is for butanone solution (10% in CCl4 for 1300-
3800 cm-1 and 10% in CS2 for 650-1300 cm-1).10 The most
intense peak at 1716 cm-1 is assigned to the CO stretch, the
overtone of which is at 3422 cm-1. The next two RAIR spectra
are of butanone on Pt(111) following exposures of 2.0 and
0.05 L. At 0.05 L, the CO stretch is at 1640 cm-1 for monolayer
butanone. At 2.0 L, the feature at 1720 cm-1 is attributed to the
CO stretch of multilayer butanone, and the CO stretch of
monolayer butanone is red-shifted to 1629 cm-1 with a shoulder
at 1610 cm-1. Both for the butanone solution and for 2.0 L of
butanone on Pt(111), a feature due to F(CH3) of the CH3 group
is seen at 941 cm-1.10 The second spectrum from the bottom is
of 2-butanol/Pt(111) after annealing to 190 K. The new features
at 935 and 1699 cm-1 are assigned to F(CH3) of the CH3 group
and the CO stretch, respectively, of butanone in an η1-config-
uration where the molecule is bonded to the surface via the
oxygen atom.4,27 Although a peak is observed at∼1700 cm-1 in
Figure 3 for the 2-butanol multilayer, its intensity relative to the
other 2-butanol peaks is higher in Figure 5, supporting the idea
that some of the 2-butanol thermally decomposes to form buta-
none on Pt(111). In contrast, on Pd(111), a much larger peak at
1670 cm-1 due to butanone formation from 2-butanol thermal
decomposition is observed.5 The presence of butanone is con-
sistent with 2-butoxide formation via dehydrogenation of the
hydroxyl group in 2-butanol, followed by β-hydride elimination

to form butanone. However, unlike 2-butoxide, it is possible to
detect a low coverage of butanone because of the very strong and
well isolated CdO stretch of the carbonyl group.
Electron Induced Decomposition of 2-Butanol. Figure 6

shows RAIR spectra of 4.0 L of 2-butanol on Pt(111) at 90 K as a
function of time under irradiation from the LEED gun with 750
eV electrons at an average sample current of þ1.0 μA. Because
the secondary emission yield and backscattered electron yield at
750 eV are 1.5 and 0.4, respectively,28,29 a positive sample current
is consistent with the net loss of electrons. At 10 min, a new
feature at 1709 cm-1 appears, and the vibrational features
associated with 2-butanol decrease significantly compared with
those at time zero. As the comparison in Figure 5 indicates, this
new feature is close to the value of 1720 cm-1 for the C-O
stretch for 2.0 L of butanone on Pt(111), which corresponds to a
butanone multilayer. This suggests that the electron-induced
formation of butanone occurs in the 2-butanol multilayer.
Figure 6 shows that the development of the peak at 1706 cm-1

is accompanied by a uniform decrease of all peaks due to 2-
butanol, with little change in the relative intensities of these
peaks. After 10 min of irradiation, the intensity of the 916 cm-1

peak, associated with multilayer 2-butanol, decreases by ∼75%,
whereas the peak height of νa(CH3), at 2966 cm

-1, decreases by
more than 50% to reach a value similar to that of 1.5 L of
2-butanol in Figure 3. The similarity of the 2-butanol features
between 0 and 10 min suggests that the remaining 2-butanol
molecules have a structure similar to that in the multilayer phase,
indicating that electron-stimulated desorption of the 2-butanol
multilayer is partly responsible for the intensity drop. Electron-
stimulated desorption was also observed for a methanol
(CH3OD) multilayer on Ti(001) at 80 K under the bombard-
ment of electrons at an energy of 65 eV, where time-of-flightmass
spectra show multiple desorption products, including H, CH,
CH2, and CH3.

30

Figure 7 shows RAIR spectra versus irradiation time by 750 eV
electrons at a sample current of þ1.0 μA of a 2-butanol

Figure 5. Infrared spectra of (a) butanone solution, (b) 2.0-L buta-
none/Pt(111), (c) 0.5-L butanone/Pt(111), (d) 4.0-L 2-butanol/Pt-
(111) after irradiation with 750-eV electrons for 10 min, (e) 4.0-L
2-butanol/Pt(111) annealed at 190 K, and (f) 4.0-L 2-butanol/Pt(111)
prior to electron irradiation.

Figure 6. RAIR spectra of electron-induced decomposition of 4.0-L
2-butanol on Pt(111) as a function of time at an electron energy of
750 eV and a sample current of þ1.0 μA.

http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-005.png&w=240&h=218
http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-006.png&w=240&h=231
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monolayer on Pt(111) obtained by annealing the multilayer to
170 K. The intensities of all features associated with the 2-butanol
monolayer diminish over time, which is attributed to electron-
induced decomposition. A broad feature develops between 1550
and 1750 cm-1. This is likely due to the carbonyl group of a
ketone species, similar to the case of the 2-butanol multilayer in
which butanone is identified. There is a slight increase in CO
occupation at hollow sites (around 1800 cm-1) and atop sites
(around 2050 cm-1), which can be a result of electron-induced
decomposition of 2-butanol. The OH stretch drops in height, but
the width increases. Figure 8 shows a plot of the vibrational
intensities versus electron irradiation time for the CO stretch of
butanone and the OH stretch of multilayer 2-butanol based on
the spectra of Figure 6, and theOH stretch of 2-butanol following

annealing to 170 K to desorb the multilayer, based on the spectra
of Figure 7. The lack of significant changes after 10 min of
irradiation indicates that after multilayer desorption and reaction
within the multilayer, the remaining adsorbates are largely un-
affected by the electron beam.
In Figure 9, a similar experiment with 100 eV electrons and a

sample current of -0.3 μA shows a lower extent of decrease of
the 2-butanol features and formation of butanone compared with
the 750 eV case. To estimate the flux of secondary electrons, it is
assumed that only primary, secondary, and backscattered elec-
trons, noted as IPE, ISE, and IBE, respectively, contribute to the
sample current: ISE þ IBE - IPE = Isample. ISE and IBE can be
determined from ISE = δIPE and IBE = ηIPE, where δ and η are the
secondary emission yield (<50 eV) and backscattered electron
yield (>50 eV), respectively. The choice of 50 eV as the border
between secondary and backscattered electrons is arbitrary.28

Thus, we can obtain

IPE ¼ Isample
δþ η- 1

ð1Þ

The parameters of the electron-surface interactions are sum-
marized in Table 2. It can be seen that IPE is very similar in both
cases, where the beam energy and sample current are 750 eV and
þ1 μA, and 100 eV and -0.3 μA, respectively. IBE at 750 eV is
greater by a factor of 4 compared with that at 100 eV. This is
consistent with the fact that a larger decrease in the infrared peaks
occurs for 750 eV electrons than for 100 eV electrons.
The RAIRS results presented here for 2-butanol on Pt(111)

can potentially offer additional insights into the XPS study of
(R)- and (S)-2-butanol adsorbed on a magnetized Fe0.2Ni0.8 Per-
malloy substrate, where changes in the C 1s peak under the
irradiation of X-rays was observed.3 In both cases, multilayers of
2-butanol were studied at a low temperature of 85-90 K. In the
XPS study, low-energy, spin-polarized secondary electrons
were assumed to induce decomposition via dissociative electron

Figure 7. Time-dependent RAIR spectra of a 2-butanol monolayer on
Pt(111) irradiated by 750 eV electrons at a sample current of þ1.0 μA.
The monolayer was prepared by first exposing 4.0 L of 2-butanol to the
Pt(111) surface at 90 K, followed by annealing to 170 K to desorb the
multilayer.

Figure 8. Time-dependent intensity of the OH stretch in multilayer
2-butanol, the CO stretch of the formed butanone in multilayer
2-butanol, and the OH stretch in a postannealed monolayer 2-butanol
under the irradiation of electrons. The postannealed 2-butanol mono-
layer is obtained by annealing the 2-butanol multilayer at 170 K.

Figure 9. RAIR spectra of electron-induced decomposition of 4.0-L
2-butanol on Pt(111) as a function of time at an electron energy of 100
eV and a sample current of -0.3 μA.

http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-007.png&w=240&h=230
http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-008.png&w=174&h=140
http://pubs.acs.org/action/showImage?doi=10.1021/jp108626q&iName=master.img-009.png&w=240&h=231
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attachment. A chiral enhancement on the decomposition rate
was observed, depending on the polarization of the secondary
electrons. In comparing RAIRS and XPS results, it is important to
recognize the differences in the type of information provided by
the two techniques. In general, XPS has less chemical specificity
than RAIRS but is more quantitative. Thus, whereas two separate
C 1s components attributable to the one carbon atom in
2-butanol bound to oxygen (C-O) versus the three carbon
atoms bound only to hydrogen (C-H) were identified, it is not
clear that XPS would be able to detect a shift in the C-Obinding
energy for conversion of 2-butanol to butanone. While this
reaction is readily apparent with RAIRS, owing to the strong
IR intensity of the CdO stretch of butanone, it is difficult to
estimate the fraction of the 2-butanol that converts to butanone
from the RAIRS results. It may be such a small amount that even
if the C 1s binding energies were measurably different, the
reaction might not be detectable with XPS.
From the RAIRS data, it is clear that an overall decrease in the

vibrational peak intensities under electron irradiation is largely
due to electron-induced desorption. This is likely also a factor in
the decreases in the C-H and C-O XPS peaks associated with
2-butanol, although this was not explicitly considered at that
time.3 A subsequent reanalysis of the XPS data revealed decreases
in overall peak areas consistentwith some electron-induced desorp-
tion in addition to scission of the C-O bond to form other
surface intermediates.31 This latter conclusion was supported by
the observation of an increase in a C 1s XPS peak attributable to
carbon bound directly to the metal substrate, C-M. Decom-
position of 2-butanol involving C-O bond cleavage might not
yield surface intermediates with detectable RAIRS peaks, and
therefore, the lack of evidence here for C-O bond cleavage does
not rule out such a reaction. Although these RAIRS experiments
were intended to provide insights into electron-induced reac-
tions of 2-butanol on ametal surface, the experimental conditions
are quite different from those of Rosenberg, et al.3 In particular,
because of the small area of the X-ray beam, the electron flux
density was about an order of magnitude higher than used in our
experiments. Thus, it would not be surprising for more complete
degradation of the 2-butanol layer to occur in the XPS study. Our
results suggest, however, that butanone is likely to have been an
intermediate in the decomposition pathway in their experiment,
as well.

’CONCLUSIONS

The adsorption, thermal evolution, and electron-induced
decomposition of 2-butanol on Pt(111) were investigated with
reflection absorption infrared spectroscopy (RAIRS). 2-Butanol
adsorbs molecularly on Pt(111) at 90 K. At exposures of 0.2 L
and lower, it either adsorbs as an isolated species, indicated by a

sharp OH stretch at 3321 cm-1, or forms hydrogen-bonded
clusters. The thermal evolution of 4.0 L of 2-butanol between 95
and 300 K shows that the hydrogen-bonded multilayer desorbs
around 170 K, revealing a monolayer where hydrogen bonding
still exists. A crystalline phase of 2-butanol, indicated by enhan-
ced intensities of F(CH3) at 964 cm

-1 and ν(OH) at 3255 cm-1,
is also observed at 170 K. The remaining hydrogen-bonded
monolayer includes 2-butanol molecules and a small amount of
surface 2-butoxide. At 190 K, the surface 2-butoxide undergoes
β-hydride elimination to form butanone, which is characterized
by a C-O stretch at 1699 cm-1. Secondary electrons can induce
complex chemistry within the hydrogen-bonded 2-butanol mul-
tilayer, including multilayer desorption, dehydrogenation of the
hydroxyl and alkyl groups, and C-O bond cleavage. Butanone is
formed through the electron-induced dehydrogenation of the
hydroxyl and CH groups in 2-butanol and is characterized by a
C-O stretch at 1709 cm-1.
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