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Abstract: X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR)
are used to compare the reaction of 1,2-cyclohexanedione (1,2-CHD) with Si(001) and diamond(001) surface
dimers under ultra-high-vacuum conditions. 1,2-CHD is known to undergo a keto—enol tautomerization,
with the monoenol being the primary equilibrium species in the solid and gas phases. XPS and FTIR data
demonstrate that 1,2-CHD reacts with diamond(001) through the OH group of the monoenol, resulting in
only one O atom being bonded to the surface. In contrast, XPS and FTIR data suggest that both oxygen
atoms in the 1,2-CHD molecule bond via Si—O—C linkages to the Si(001) surface dimer, and that the
molecule undergoes an intramolecular 1,3-H shift. While the Si(001) and diamond(001) surfaces are both
comprised of surface dimers, the diamond(001) dimer is symmetric, with little charge separation, whereas
the Si(001) dimer is tilted and exhibits zwitterionic character. The different reaction products that are observed
when clean Si(001) and diamond(001) surfaces are exposed to 1,2-CHD demonstrate the importance of
charge separation in promoting a 1,3-H shift and provide new mechanistic insights that may be applicable

to a variety of organic reactions.

Introduction

Diamond(001) and Si(001) surfaces offer an interesting
comparative model system for studying organic reactions that

Keto—enol tautomerism plays an important role in many e influenced by ionic species and/or strained alkenes due to

organic reactions. However, while ketenol chemistry is
important, there are very few studies that explore the funda-

the fundamental structure of the dimers from which these
surfaces are composed. Diamond(001) dimers are strained,

mental nature of ketoenol transformations and associated qoyple-bonded species that exhibit little charge transfer between
reactions, primarily due to the difficulty in isolating these ¢ 4toms, and they have been described as having biradicaloid
molecules in an easily characterized system. As a result, gy crurel2 As a result, chemical reactions with alkene molecules

experimental work involving tautomerism is mostly limited to

that typically do not occur at room temperature are facile on

ions in the gas pha&e® and indirect experimental procedures diamond(001¥3-16 In contrast, Si(001) dimers have been

in which equilibrium is reached in the liquid phasBecently,

described as having molecular, diradical, and most importantly,

it has been reported that neutral enol species play an important,yitterionic character due to charge transfer between atoriis,
role in hydrocarbon oxidation in flames, illustrating an example 344 the ionic nature of silicon dimers plays a very important

of how this incompletely understood class of molecules has

unanticipated implications in chemist¥11
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monolayers and physisorbed molecular multilayers on silicon and
1 -~ ; 2 diamond (001) surfaces.
[0} [0} O‘AH,O

Silicon and Diamond Samples.Silicon wafers (purchased from
Wacker) used in the XPS and FTIR experiments were orientedt6
of the (001) plane. Scanning tunneling microscopy measurements show
that these samples have large, flat terraces separated by steps that are

. . . 2 97 - one atomic layer in height, and have equal amounts of the equivalent
role in the chemistry of Si(001) surfacts: Acrylonitrile, (1x2) and (2<1) domains of dimer orientatiori$33 We used highly

a model polar m0|eCEUIe' has been shown to form \_/ery different Sh-doped €0.1 Q cm) silicon wafers that were polished on one side
products when reacting with Si(001) compared to diamond(001), to; xps experiments and lightly B-doped % Q cm) silicon wafers
demonstrating how dimer structure influences reaction pathwaysthat were polished on both sides for FTIR experiments. For XPS
for organic molecule& It might therefore be expected that experiments, the-0.5 mm thick silicon samples were cut intel cm
comparing chemistry on diamond(001) vs Si(001) could offer x 2 cm rectangles. FTIR spectra were collected on 8 mB% mm x

a generally useful method for studying complicated systems such380um Si(001) substrates. For all silicon experiments, a cleari}2

as kete-enol reactions, in which ionic species may play an reconstructed surface was produced by degassing the samples overnight
important role in product formation. at 840 K and then flash annealing to 1400 K until the pressure stabilized

. . 10 32
For this work, we chose to study the influence of group Iv &t =3 x 107 Torr. _
(001) surface dimers on a model enol system. While most Two natural type lla diamond samples were used (the XPS sample

. . S . . was purchased from Harris International, and the internal reflection
ketones exist primarily in the keto form, small cyclic 1,2-diones . ; )
. . . . . element (IRE) sample was provided by General Electric). The major
exist almost entirely in the monoenol form in solid and gas

. X ; surfaces of each sample were oriented to witHfimthe (001) crystal
phased:?8 1,2-Cyclohexanedione (1,2-CHD) in partlcular hqs _surface. The sample used for XPS experiments was received as a cut
been used as a model molecule for understanding mechanistiGand polished square flat (3 msm 3 mm x 0.5 mm). The sample used
details of kete-enol transformation in agueous solutfn®: as an IRE for FTIR experiments was received as a cut and polished
1,2-CHD is shown in the diketond)and monoenol?) forms trapezoidal prism (15 mmx 3 mm x 0.25 mm with 48 bevels on the

in Figure 1. The interaction of 1,2-CHD with diamond(001) narrow edges). The prism was held in the UHV system on a
and Si(001) represents an interesting system to study, sincemolybdenum block, the heating and cooling of which are described
reactions can be assumed to occur through the monoenol formelsewheré? For both XPS and FTIR experiments, the diamond surfaces
of the molecule and the difference in dimer structure may were cleaned in a series of acid baths and subsequently treated with an

influence products in a way that allows fundamental conclusions H-plasma to produce a clean, well-ordered diamond(9(d}1)
to be drawn reconstructed, H-terminated surfa&€d.he diamonds were then trans-

. ferred into the UHV systems, where they were heated 1875 K in
Our results show that different products are observed when v to remove the surface hydrogen and produce a clean diamond-

1,2-CHD reacts with diamond(001) compared to Si(001). In (go1)-(2x1) reconstructed surfaéé.

particular, SFSi surface dimers induce an H-atom rearrange- Reagents and DosingEach vacuum chamber used a stainless steel
ment within the 1,2-CHD molecule, resulting ina pl’OdUCt that gas handling system. 1,2-Cyclohexanedione (98% purity, Fisher
is similar to what would be expected for reaction with the Scientific) and cyclohexene-©@9.7%, Aldrich) were transferred under
diketone form, while &C surface dimers appear to react nitrogen into a glass bulb that was attached to a stainless steel valve
directly with the OH bond of the monoenol molecule. An and were degassed using three méieze-pump or freeze pump-

H-atom rearrangement is induced only by the zwitteriorieSi thaw cycles, respectively. The reagent purities were verified using mass
surface species and is, to the best of our knowledge, the first SPectrometry and infrared spectroscopy. The compounds were admitted

experimental evidence for such an uncatalyzed reaction of a' ¢ UHV chamber from the gas handling system via a leak valve
. while the chamber pressure was measured with a nude ionization gauge.
neutral enol species. These results demonstrate the usefulne

. . . ) Sariations between the vacuum systems, especially the location of the
of comparing chemistry on diamond(001) and Si(001) for leak valves with respect to the samples and ionization gauges, lead to

probing chemical reactions that are influenced by ionic species. gjight differences in the measured and effective dosing pressures of
the reactive gases over the substrates. The pressures used in this work
were not corrected for these differences and for the ionization gauge
Experiments were performed in separate ultra-high-vacuum (UHV) sensitivity for each compound. All doses are expressed in langmuirs
chambers (base pressure$0-1° Torr). X-ray photoelectron spectros- (L), where 1 L= 1 x 1076 Torr s, and were done with the surface at
copy (XPS) was used to characterize elemental composition and room temperature, unless otherwise noted.
chemical oxidation states. Fourier transform infrared spectroscopy X-ray Photoelectron SpectroscopyThe silicon and diamond XPS
(FTIR) was used to measure vibrational spectra of chemisorbed measurements were performed in the same UHV system with a Physical
Electronics monochromatized AldKsource and hemispherical analyzer

Figure 1. 1,2-CHD in thel diketone an® monoenol forms. The molecule
exists primarily in form2 for solid and gas phase (see ref 7).

Experimental Methods

1) 2%‘;49_“;%6%“ J.; Burggraf, L. W.; Gordon, M.JSChem. Phys200Q 112, with a 16-channel detector array. The Si(2p) region was probed using
(22) Hamers, R. J.; Hovis, J.: Lee, S.; Liu, H.; Sharl.JPhys. Chem. B997, a pass energy of 11.75 eV (0.18 eV analyzer resolution), and the O(1s)
101, 1489-1492. and C(1s) regions were probed using a pass energy of 5.85 eV (0.09

(23) Cao, X.; Hamers, R. J. Am. Chem. So2001, 123 10988-10996.
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O(1s) XPS

(a) 1,2-CHD/
Si(001)

Counts

(b) 1,2-CHD/
Diamond(001)
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Figure 2. O(1s) spectra for 1,2-CHD adsorbed at 300 K on (a) Si(001) vs
(b) diamond(001). The spectrum for 1,2-CHD/Si(001) has two peaks at

532.4 and 533.6 eV. The 1,2-CHD/diamond(001) spectrum contains a single
peak at 532.5 eV.

536

eV resolution). The XPS data were processed using a Shirley
background correctioft, followed by fitting to Voight (Gaussian
Lorentzian convolution) peak shapes. The quality of fit was determined
by using a reduceg? statistical analysis. The XPS binding energies
for experiments on Si(001) were corrected for slight band bending
effects by rigidly shifting all C(1s), O(1s), and Si(2p) peaks so that the
Si(2pkr2 and Si(2p)2 peaks occurred at binding energies of 99.4 and
100.0 eV, respectively. On diamond, all peaks were similarly adjusted
using the bulk C(1s) line at 285.0 eV.

Fourier Transform Infrared Spectroscopy. The silicon and
diamond FTIR experiments were performed in the same UHV chamber
using a Nicolet 800 FTIR spectrometer. FTIR spectra for Si(001)
experiments were collected with 8 chresolution in transmission mode
at Brewster's angle (74rom normal incidence) using a liquid-nitrogen-
cooled MCT-B detector. Multiple internal reflection (MIR) infrared
spectra of adsorbates on diamond(001) were collected with 8 cm
resolution using a liquid-nitrogen-cooled InSb detector. Infrared light
from the spectrometer was focused into the UHV chamber through a
KBr window and onto one of the beveled edges of the diamond. The
light propagated the 15 mm length of the sample via multiple internal
reflection, exited the opposite end of the IRE, passed through a slit,
and was transmitted through a second KBr window before being focused
on the detector.

Results

X-ray Photoelectron Spectroscopy (XPS)Figure 2 shows

1.2-CHD/
Diamond(001)
O(1s) XPS
| f)
]
]
S ! e)
Q [}
(8] 1
[}
, (d)
1
1 c)
1
| (b)
Nty o f4(2)
lllllllllllll]llllllllll
538 536 534 532 530 528 526

Binding Energy (eV)

Figure 3. Dose dependence for diamond(001) exposed to (a) 0.5, (b) 5,
(c) 10, (d) 30, (e) 100, and (f) 200 L 1,2-CHD, each at 300 K. Each spectrum

is characterized by a single peak at 532.5 eV, and the fwhm value narrows
from 2.1 eV at low coverage to 1.9 eV at high coverage.

(e) 100, and (f) 200 L 1,2-CHD, each at 300 K. Each spectrum
is characterized by a single peak at 532.5 eV. The fwhm value
ranges from 2.1 eV for the 0.5 L dose to 1.9 eV for the 200 L
dose. An evaluation of peak areas for the XPS spectra in Figure
3 also shows that there is no significant change in peak area
after a dose of 100 L, indicating that saturation coverage is
achieved after a 30100 L dose.

Fourier Transform Infrared Spectroscopy (FTIR). Figure
4 shows FTIR spectra for (a) a multilayer of 1,2-CHD at 90 K
on Si(001), (b) 100 L 1,2-CHD dosed on a 300 K Si(001)
surface, and (c) a multilayer of cyclohexene at 90 K on Si-
(001). Figure 5 shows FTIR spectra in the 163700 cnt?
region for (a) a multilayer of 1,2-CHD at 90 K on Si(001) and
(b) a multilayer of cyclohexene at 90 K on Si(001). The FTIR
spectrum for the multilayer of 1,2-CHD at 90 K (Figures 4a
and 5a) is characterized by many spectral features, including
peaks at 1652 and 1670 cinwhich are likely associated with
m-conjugated €&C and G=0 absorbance, respectively, alkane
C—H stretching peaks at 2833, 2868, and 2939 trman alkene
C—H stretching peak at 3024 crh and a strong, broad peak
at 3398 cm? that is in the region associated with hydrogen-
bonded G-H stretching® The 1,2-CHD/Si(001) FTIR spectrum
in Figure 4b is characterized by peaks at 1027 and 1190,cm
which are in the region associated with-€—C, Si—O—Si,

the O(1s) XPS spectra for (a) a Si(001) surface that has beenOr C—OH absorbance® a weak Si-H peak at 2077 crri, and

exposedd 5 L 1,2-CHD at 300 K and (b) a diamond(001)
surface that has been exposed to 200 L 1,2-CHD at 300 K. The
O(1s) XPS spectrum for 1,2-CHD/Si(001) is characterized by
two peaks at 532.4 eV (86% total O(1s) peak area) and 533.6
eV (14%). The peak at 532.4 eV has a binding energy identical
to that of the 1,2-CHD/diamond(001) peak (532.5 eV), within
the resolution of our instrument. However, the fwhm for the
1,2-CHD/Si(001) peak is 1.2 eV, compared to 1.9 eV for 1,2-
CHD/diamond(001). There is also an additional higher binding
energy peak for the 1,2-CHD/Si(001) O(1s) spectrum, likely
indicating the presence of at least one minority bonding
configuration.

Figure 3 shows the O(1s) XPS spectra for a diamond(001)
surface that has been exposed to (a) 0.5, (b) 5, (c) 10, (d) 30,

(37) Shirley, D. A.Phys. Re. B 1972 5, 4709-4714.
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C—H stretching modes at 2846, 2862, and 2941 tnThe
presence of water bands (due to trace amounts of water vapor
in the nitrogen purge line outside the chamber) in the 3600
1700 cn! region for the 1,2-CHD/Si(001) FTIR spectrum
obscures any weakly absorbing carbonyl e+C species. The
multilayer of cyclohexene (Figure 4c) is characterized primarily
by peaks in the €H stretching region. In particular, the
cyclohexene FTIR spectrum has alkane KT peaks at 2834,
2857, and 2925 cm and an alkene peak at 3020 th¥° It is
notable that the &C stretching peak at1654 cntl is very
weak (it is only visible when the spectrum is enlarged, see Figure

(38) Socrates, Gnfrared and Raman Characteristic Group Frequencies: Tables
and Charts 3rd ed.; John Wiley and Sons Ltd.: New York, 2001.

(39) Slebocka-Tilk, H.; Neverov, A.; Motallebi, S.; Brown, R. S.; Donini, O.;

Gainsforth, J. L.; Klobukowski, MJ. Am. Chem. S0d.998 120, 2578—

2585.
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(a) 1,2-CHD Multilayer
(a) 1,2-CHD Multilayer x 2

Absorbance

(b) 1,2-CHD/Si(001) x 50

(b) 1,2-CHD/Si(001) x 100

(c) Cyclohexene Multilayer x 5 (c) Cyclohexene Multilayer
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Figure 4. FTIR spectra for (a) a multilayer of 1,2-CHD at 90 K, (b) 100 L 1,2-CHD dosed on a Si(001) surface at 300K, and (c) a multilayer of cyclohexene

at 90 K. Each spectrum was collected in transmission mode on a Si(001) sample.

10°

Absorbance

(a) 1,2-CHD Multilayer

(b) Cyclohexene Multilayer x25

1660 1680 1700

Wavenumbers (cm'1)

Figure 5. FTIR spectra in the 16301700 cnt? region for (a) a multilayer
of 1,2-CHD at 90 K and (b) a multilayer of cyclohexene at 90 K. Each
spectrum was collected in transmission mode on a Si(001) sample.

1640

Table 1. Observed Infrared Peaks (cm~1) and Assignment

1,2-CHD/  1,2-CHD/ 1,2-CHD
assignment Si(001)? C(001)2 multilayer cyclohexene#¢
Si—O—C stretch 1027
1190
C=C stretch 1652 1654
C=0 stretch 1670
Si—H stretch 2077
alkane 2846 2837 28332839 2834
C—H stretch 2862 2875 28682870 2857
2941 2947 29392943 2925
alkene 3028b 3020
C—H stretch
O—H stretch 3398P

aTransmission mode on Si(001), MCT-B detectoMIR mode on
diamond(001), InSb detectdrAssignment from ref 39.

5b), which is consistent with previously reported cyclohexene
spectra®® Table 1 summarizes the relevant infrared peaks
observed for this work.

Figure 6 shows the FTIR spectra in the-B stretching region

2x10°

(d)

Absorbance

(c)

—
O
~

(a)

l

2800 2900 3000 3100 3200
-
Wavenumbers (cm )

Figure 6. FTIR spectra for a diamond(001) surface that has been exposed
to (a) 5, (b) 20, (c) 30, and (d) 40 L 1,2-cyclohexanedione (1,2-CHD) at
300 K. Spectra were collected in MIR mode.

stretching vibrations. On the basis of there being very little
change between the spectra in Figure 6¢ (30 L) and 6d (40 L),
we conclude that a diamond(001) surface is saturated with 1,2-
CHD after a dose of 30 L, which is consistent with what was
observed using XPS measurements.

Discussion

Keto—Enol Tautomerism of 1,2-CHD. Figure 1 shows a
schematic representation of 1,2-CHD. While most ketones exist
primarily in the keto form (structurg), small cyclic 1,2-diones
exist almost entirely in the monoenol form (struct@jen solid
and gas phasé£8 The presence of a strong, broad peak at 3398
cm~1, which is consistent with a hydrogen-bonded-©&
stretching peak, an alkene-El stretching peak at 3024 crh
and a G=C stretching peak at 1652 crhin the FTIR spectrum
for a multilayer of 1,2-CHD (Figures 4a and 5a), confirms that
solid 1,2-CHD exists primarily in the monoenol form. The
multilayer FTIR spectra, combined with gas-phase FTIR data
(not shown) and a previous gas-phase studiipw that 1,2-

for a diamond(001) surface that has been exposed to (a) 5, (b)CHD exists as the monoenol (structiZgand are consistent

20, (c) 30, and (d) 40 L 1,2-CHD at 300 K. Each spectrum is
characterized by peaks at 2837, 2875, and 2947 call of
which are within the region usually associated with alkareHC

with 1,2-CHD being in the monoenol form when dosed to the
diamond(001) or Si(001) surfaces. This is an important point
since the reaction of 1,2-CHD in the monoenol form cannot be

J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006 11057
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considered analogous to that of butadiene, and therefore it is

expected that the reaction will be fundamentally different than
reactions of dienes on Si(00%)*? and diamond(00%} surfaces.

Bonding Configuration. (i) 1,2-CHD/Si(001). There are

several aspects of the experimental data that help to assign the

bonding configuration for 1,2-CHD on Si(001). The presence

0

&

[0} [0} [} o}
LA,
X 7 X
3 4

of two peaks in the O(1s) XPS spectrum indicates that O atoms rigure 7. Possible bonding configurations for 1,2-CHD on Si(001) and
are present in at least two chemically distinguishable states afterC(001) surfaces. %= C or Si.

a Si(001) surface has been exposed to saturation coverage of

1,2-CHD. The O(1s) XPS peak at 532.4 eV for 1,2-CHD/Si-

(001) represents 86% of the O atoms present on the Si(001)

surface and is similar to an O(1s) peak observed ferCs+C
bonding*3

Direct evidence for bonding can be determined by evaluating
FTIR spectra (Figures 4 and 5). In particular, upon adsorption
to the Si(001) surface, the€H stretching peak observed at
3398 cnt! for solid 1,2-CHD completely disappears. Further-
more, the strong €0 stretching peak at 1670 crhthat is
observed for the multilayer of 1,2-CHD is almost completely
eliminated (a very small peak could potentially be present below
the water bands) in the 1,2-CHD/Si(001) spectrum. The
combination of loss of &H and C=0 absorbance strongly
indicates that both oxygen atoms are involved in bonding 1,2-
CHD to the Si(001) surface. Additionally, FTIR peaks are
observed at 1027 and 1190 chfor 1,2-CHD/Si(001). Several
possible chemical species can give rise to significant IR
absorbance between 1000 and 1200 §nmncluding G-OH,
Si—0-Si, C-0—C, and Si-O—C functional groups$® The

5x10°

(c) x3

Absorbance

:
|
3
I
1
1
1
1
1
1
1
|
1
1
1
{
1
1

(b) x100

2800 2850 2900 2950 3000
-1
Wavenumbers (cm )

Figure 8. FTIR spectra in the €H stretching region for (a) cyclohexene,

(b) 1,2-CHD on Si(001), in which the entire spectrum is shifted by 10¢cm
and (c) 1,2-CHD on diamond(001). Spectra (a) and (b) were acquired using
transmission mode. Spectrum (c) was collected in MIR mode.

C—OH species can be ruled out on the basis of the loss of the surface dimer. Therefore, it might be expected that the FTIR

OH stretch present in the intact molecule, while-8—Si and
C—0—C would require reaction pathways that include signifi-
cant molecular dissociation that are unlikely to occur under UHV
conditions at 300 K. Therefore, it is likely that the FTIR peaks
observed at 1027 and 1190 chare due to SiO—C vibrations,
supporting the idea that O atoms from 1,2-CHD directly bond
to the Si(001) surface.

Evidence for changes in the structure of the ring of 1,2-CHD
upon adsorption to Si(001) can be found in thekstretching
region. The FTIR spectrum in the-€H stretching region for
1,2-CHD/Si(001) (Figure 4b) differs in both peak position and
intensity compared to the 1,2-CHD multilayer (Figure 4a). Also,
while the multilayer of 1,2-CHD shows a weak absorbance
above 3000 cmt! that can be attributed to the single alkene

spectrum for the remaining alkane-€l absorbance would be
similar to the alkane €H absorbance of cyclohexene.

Figure 8 shows a comparison of the CH stretching region
for (a) a multilayer of cyclohexene, (b) 1,2-CHD chemisorbed
on Si(001), in which the spectrum is shifted lower in frequency
by 10 cnt?, and (c) 1,2-CHD adsorbed on diamond(001). FTIR
peaks at 2834, 2857, and 2925 drfor cyclohexene are similar
to peaks that have been attributed te-i€ stretching of the
four sp-hybridized C atom$? The intact cyclohexene FTIR
spectrum (Figure 8a) almost exactly overlaps the spectrum for
1,2-CHD/Si(001) after a 10 cm shift (Figure 8b), within the
noise of our data. Since small changes in ring structure usually
lead to significant differences in spacing and peak intensity,
the similarity in relative position and intensity of FTIR peaks

C—H stretch, the adsorbed species does not show evidence forfor 1,2-CHD/Si(001) compared to those for cyclohexene sug-
any absorbance in this region (although the weakness of thegests that the structure of the ring is the same for the two species.

peak combined with the noise of the spectrum may limit our

It might be expected that a=€C peak would be observed in

ability to observe such a peak). On the basis of the differencesthe 1606-1700 cnt?! region for structure3, since the intact

observed in the €H stretching region, we therefore conclude

1,2-CHD molecule shows a strong absorbance at 1652 cm

that the structure of the ring has changed upon adsorption ofdue to G=C absorbance (see Figure 5a). The strength of the

1,2-CHD to Si(001).

One possible bonding configuration that is consistent with
the XPS and FTIR data for 1,2-CHD adsorption on Si(001) is
structure 3, as shown in Figure 7. For structurg the
six-membered ring of 1,2-CHD resembles cyclohexene with the
H atoms of the €&C group replaced by-O—Si linkages to the

(40) Teplyakov, A. V.; Kong, M. J.; Bent, S. B. Am. Chem. S0d.997, 119,
11100-11101.

(41) Teplyakov, A. V.; Kong, M. J.; Bent, S. K. Chem. Phys1998 108
4599-4606.

(42) Hovis, J. S,; Liu, H. B.; Hamers, R.J.Phys. Chem. B998 102 6873~
6879.
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C=C absorbance peak for the intact 1,2-CHD molecule can be
attributed to the fact that the=€C bond is conjugated to a=€

O bond3® However, symmetric &C bonds only weakly absorb

in the infrarec®® which explains why &C absorbance for
cyclohexene (see Figure 5b for expanded spectrum) is very
weak. Therefore, it is reasonable that we would not observe
C=C absorbance for 1,2-CHD/Si(001) if the bonding config-
uration is structur®. On the basis of the presence of a primary
bonding configuration that has a majority of the O atoms in

(43) Fang, L.; Liu, J.; Coulter, S.; Cao, X.; Schwartz, M. P.; Hacker, C.; Hamers,
R. J.Surf. Sci.2002 514, 362—375.
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similar oxidative states, changes in ring structure that lead to
FTIR absorbance that is similar to that of cyclohexene, and FTIR
evidence for both O atoms being involved in bonding directly
to Si atoms, we conclude that 1,2-CHD reacts with &S
dimer to form structure (Figure 7).

In addition to the primary species for 1,2-CHD/Si(001), a
minority species is also present, as indicated by an O(1s) XPS
peak at 533.6 eV which represents 14% of the total surface-
bound O atoms. Therefore, as much as 28% of the 1,2-CHD
molecules could be bound into a minority configuration(s) since
there are two O atoms that need to be accounted for in the intact
molecule (the upper limit being the case where a second peak BARARRE AR LR RARRE REALE RLLLN LLLRY
overlaps with the peak at 532.4 eV). One possible minority 2800 3000 3200 3400
species for 1,2-CHD/Si(001) might be one in which the OH Wavenumbers (cm )
group dissociates across a=Si dimer (such as structurg Figure 9. Comparison of FTIR spectra for (a) 1,2-CHD adsorbed on
Figure 7), which could account for the small amount of observed diamond(001) at 300 K and (b) a 1,2-CHD multilayer at 90 K. Spectra
Si—H absorbance in the FTIR spectrum. However, the lack of were acquired using MIR mode.

a significant peak in the €0 stretching region suggests that
only a very small fraction of the molecules could form a

Absorbance

adsorbed on Si(001) (Figure 8b) and diamond(001) (Figure 8c)
e - o= - X reveals differences in both relative peak position and intensity,
minority species such as structutewhich is consistent with g 46sting that the chemical species on each surface is also
the observation that the-SH FTIR peak is weak. Also, €0 igterent. The O(1s) XPS spectrum for 1,2-CHD/diamond(001)
and S-O—C species are expected to lead to similar O(18) 5 characterized by a single, broad peak centered at 532.5 eV.
binding energie$?~*® which seems to indicate that the higher 1o hresence of a single peak for XPS spectra normally indicates
energy O(1s) XPS peak is not due a bonding configuration such 4 single oxidative state. However, the large fwhm value of 1.9
as structuret. . eV, which is broader than typically observed for single oxidative

The fact that the O(1s) XPS peak for 1,2-CHD/Si(001) is  gtates using our system, suggests that there may be two narrowly
found at higher binding energy than for the majority configu-  separated peaks near 532.5 eV. If there are two closely spaced
ration suggests that O atoms are in @ more electron-deficientyeaks for the O(1s) XPS spectrum, the fact that the fitted curve
environment than for the SIO—C species, and may indicate s symmetric (based on the fit to a single peak) indicates that
the presence of a dative-bonded precursor state (see Figure 10}e area and shape of each peak are identical. Therefore, we
Initial interaction between the=€O or OH groups and a Si believe that the symmetry of the O(1s) XPS peak, combined
Si dimer to form a dative-bonded state would be analogous 10 yith proadening relative to that expected for a single oxidative
what has been observed previously for anﬁ?'é%u'ﬂ_s and state, indicates that 1,2-CHD adsorbs to diamond(001) through
phosphines? A dative-bonded state has been predicted for 5 gingle bonding configuration containing two O atoms with
carbonyl-containing molecules on Si(0BA)! and observed  jitferent oxidative states.
experimentally on Ge(00%f,and an OH dative-bonded state  Figyre 9 shows a detailed comparison of the FTIR spectra
has been predicted for watéand methandf on Si(001). More for (a) 1,2-CHD/diamond(001) at 300 K and (b) a multilayer
recently, an O(1s) XPS peak at 532.9 eV has been attributed t0of 1,2-CHD, each collected in MIR mode. The spectrum for
a species in which carbonyl O-atom lone-pair electrons are 1,2-CHD/diamond(001) is characterized by alkanetCpeaks
donated to a GeGe dimer for acetyl chloride adsorbed on Ge- 4; 2837, 2875, and 2947 crh identical within the resolution
(001)35 Our observation of an O(1s) peak at 533.6 eV for 1,2- ¢ the experiment to the peaks at 2835, 2870, and 2943 cm
CHD/SI(001) indicates that the O atom is in a more electron- for the multilayer. The fact that the CH stretching region is
deficient state than what was observed for the acetyl chloride/ jjentical for 1,2-CHD/diamond(001) and the intact 1,2-CHD
Ge(001) systerf? which would be consistent with a dative-  mglecule indicates that the ring remains unperturbed upon
bonded intermediate. adsorption to the diamond(001) surface. Furthermore, the

(i) 1,2-CHD/Diamond(001). A comparison between the  gpsence of an ©H peak for 1,2-CHD/diamond(001) indicates
FTIR spectra in the €H stretching region for 1,2-CHD  that 1,2-CHD reacts with a=€C surface dimer through cleavage
of the O—H bond, which is consistent with previous observa-
tions of water dissociative adsorption on diamond(G61).

While O—H cleavage would result in H atoms adsorbed on
diamond(001), the €H stretch of the adsorbed H atoms overlap

(44) Bubert, H.; Lambert, J.; Burba, Presenius J. Anal. Chen200Q 368
274—280.

(45) Patnaik, A.; Li, C. LJ. Appl. Phys1998 83, 3049-3056.

(46) Armstrong, J. L.; White, J. M.; Langell, M. Vac. Sci. Technol. A997,
15, 1146-1154.

(47) Cao, X.; Hamers, R. J. Phys. Chem. B002 106, 1840-1842.

(48) Mui, C.; Han, J. H.; Wang, G. T.; Musgrave, C. B.; Bent, SJFAm.
Chem. Soc2002 124, 4027-4038.

(49) Shan, J.; Wang, Y.; Hamers, RJJPhys. Cheml996 100, 4961-4969.

(50) Barriocanal, J. A.; Doren, D. J. Am. Chem. So@001, 123 7340-7346.

(51) Wang, G. T.; Mui, C.; Musgrave, C. B.; Bent, S. ..Am. Chem. Soc.

2002 124, 8990-9004.

(52) Wang, G. T.; Mui, C.; Musgrave, C. B.; Bent, S. F.Phys. Chem. B
2001, 105 12559-12565.

(53) Konecny, R.; Doren, D. J. Chem. Physl997 106, 2426-2435.

(54) Lu, X.; Zhang, Q.; Lin, M. CPhys. Chem. Chem. Phy001, 3, 2156—
2161

(55) Filler', M. A.; Keung, A. J.; Porter, D. W.; Bent, S. B. Phys. Chem. B
2006 110, 4115-4124.

those of the molecule itself. However, since only one H atom
per adsorbed molecule would be bonded to=eCGCdimer, the
contribution to C-H absorbance would likely be small. An
alkene C-H stretching mode is observed for the intact 1,2-
CHD molecule, and a broad alkene-€& mode may be present
at~3050 cnr? for the adsorbed species, but a strong diamond
three-phonon absorption results in low signal/noise in this

(56) Struck, L. M.; D’Evelyn, M. PJ. Vac. Sci. Technol. A993 11, 1992
1997.
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spectral region, making this assignment tenuous. The diamond
is opaque in the carbonyl stretching region due to two-phonon
absorption, and therefore=€D absorbance cannot be observed.
Nevertheless, on the basis of XPS data that indicate a single
bonding configuration, the strong similarity of the alkanel€
stretching modes between the 1,2-CHD multilayer and the
adsorbed species, and the absence of thédGtretch upon
adsorption, we conclude that 1,2-CHD reacts with diamond-
(001) to form structuret (Figure 7).

H H H
Mechanism.XPS and FTIR data reveal that 1,2-CHD reacts @ @
with the Si(001) and diamond(001) surfaces to produce different | OH = OH <> [ OH
adsorption products. The Si(001) surface causes 1,2-CHD to :°\+ si :o\: si \ s
undergo a 1,3-H shift, while the diamond(001) surface induces X v\ Vel

cleavage of the ©H bond such that the H atom is removed

from the 1,2-CHD molecule but the general structure of the l

ring remains intact. To understand this difference in reactivity,

we first note that both Si(001) and diamond(001) surfaces have H

the same basic structure, consisting of pairs of atoms bonded QH

to one another as a dimer unit. While both Si(001) and diamond- d ®o

(001) dimers can be described in terms of a strofzpnd and \Si—S/i

a weak m-bond, there are significant differences in their Y

Chemi.Stry' Primar”Y’ t”ting.Of %FSi dimers out of the surface . Figure 10. Possible mechanism for reaction of 1,2-CHD with &Si
plane is accompanied by significant transfer of electron density gimer. In the first step, lone-pair electrons from the carbonyl oxygen are

from the “down” to the “up” atom, giving rise to zwitterionic

donated to the down (electropositive) end of a&Si dimer. Charge

character that is reflected in an ability to act as both an electron delocalization may play a role in inducing the 1,3-H shift and reaction of

donor and an electron accepté>47-48Diamond dimers are

better described as symmetric, with little charge transfer between

C atomsl25760 As a result of dimer structure differences,

diamond(001) has been found to be less reactive than Si-

(001)1314 and acrylonitrile has been shown to form very
different reaction products on=S8i and G=C surface dimer&

The electron-accepting ability of Si(001) likely plays a key
role in controlling reactivity with 1,2-CHD. 1,3-H shifts have
been observed for gas-phase ions in mass spectroféfiput
not for an uncatalyzed neutral molecule, indicating that the
charge state of keteenol species plays an important role in
whether a molecular 1,3-H shift can occur. Figure 10 shows
one potential mechanism for the reaction of 1,2-CHD with a
Si=Si dimer. The initial step involves donation of lone-pair
electrons from the carbonyl O atom to the down end of=a Si
Si dimer, leading to the formation of a dative-bonded intermedi-

the second O atom with the other end of the=Si dimer. A mechanism in
which initial attack occurs through the enol O atom could also be envisioned.

for 1,2-CHD/Si(001) could be stabilized by a similar effect. In
the present case for 1,2-CHD/Si(001), additional stabilization
might be provided by delocalization of charge within the
conjugatedr-bonds of the molecule itself (Figure 10), an effect
that may also play a key role in inducing the 1,3-H shift.
Reaction of 1,2-CHD with diamond(001) is fundamentally
different than for Si(001) since=€C dimers do not facilitate
charge transfer, eliminating the mechanism in Figure 10 as a
possible reaction pathway. In fact, &2C surface dimer reacts
directly with the OH bond of a 1,2-CHD molecule to form
structure4 (Figure 7), similar to what has been observed
previously for water dissociation on diamond(084Regardless
of the exact reaction pathway for 1,2-CHD bonding to Si(001)
compared to C(001), it is clear that the relative ability of a

ate state, similar to those predicted and observed for a numbesurface dimer to facilitate charge transfer plays a key role in

of systems on Si and Ge surfa@ég>4754 After initial formation
of a dative bond, transfer of the H atom and reaction of the
second O atom with the electronegative end of tkreSBidimer
would lead to the observed primary bonding species.

The O(1s) XPS peak for 1,2-CHD/Si(001) at higher binding
energy than that observed for the primary bonding configuration

may indicate the presence of a stable dative-bonded species

Dative-bonded states for water on Si(0%3nd acetic acid on
Ge(0015* have been predicted to be stabilized by hydrogen

bonding to the electronegative end of a surface dimer. In the

determining the final bonding configuration.

Suprafacial 1,3-H shifts are forbidden by Woodward
Hoffmann (WH) symmetry rule® However, it has been
predicted theoretically that a suprafacial 1,3-H shift can occur
for neutral GH40 (even though symmetry forbidden) and that
the GH4O radical ion species avoids WH constraifi®revi-
ously, “forbidden” reactions were facilitated on Si(001) through
a low-symmetry intermediate, in which WH constraints were
avoided because of the zwitterionic structure of the=Si
dimers?742.64Because a 1,3-H shift is observed when 1,2-CHD

case of acetic acid on Ge(001), the hydrogen-bonded state lead5€2cts With Si(001), but not diamond(001), charge transfer

to delocalization ofr-orbitals between the molecule and the
surfaces! and it might be possible that a dative-bonded state

(57) Kruger, P.; Pollmann, Phys. Re. Lett. 1995 74, 1155-1158.

(58) Furthmuller, J.; Hafner, J.; Kresse, Bhys. Re. B 1996 53, 7334-7351.

(59) Yang, C.; Kang, H. CSurf. Sci.1998 409 521-527.

(60) Yang, C.; Kang, H. CJ. Chem. Phys1999 110, 11029-11037.

(61) Filler, M. A.; Van Deventer, J. A.; Keung, A. J.; Bent, SJFAm. Chem.
S0c.2006 128 770-779.
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appears to be an important element for inducing such a reaction,
either by forming an intermediate that avoids WH constraints
or by inducing the molecule to distort such that WH transitions
are allowed.

(62) Woodward, R. B.; Hoffmann, Rthe Conseration of Orbital Symmetry
Academic Press: New York, 1970.

(63) Hudson, C. E.; McAdoo D. Jat. J. Mass Spectron2002 219, 295-303.

(64) Choi, C. H.; Gordon, M. S]. Am. Chem. S0d.999 121, 1131+11317.
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Conclusion from these results is the fact that the zwitterionie=Si dimer

In this work, we have studied the reaction of 1,2-CHD with nduces an intramolecular 1,3-H shift, suggesting that charge-
diamond(001) and Si(001) surfaces. FTIR and XPS data indicate@nsfer effects are an important element of uncatalyzed-enol
that the product formed when 1,2-CHD reacts with diamond- Keto transformanons. To our knowledge, th's work reports the
(001) is different than that observed for reaction with Si(001). first experimental observation of a surface-induced 1,3-H shift.
In particular, while 1,2-CHD reacts with diamond(001) through
the OH portion of the monoenol species via OH cleavage, Si-
(001) preferentially induces a 1,3-H shift within the 1,2-CHD
molecule, resulting in a product that involves both O atoms.
The different products formed by 1,2-CHD on diamond(001)
vs Si(001) can be attributed to differences in the dimer structures
on the two surfaces. One important conclusion that can be drawnJA060598W

Acknowledgment. R.J.H. and M.P.S. acknowledge support
from the National Science Foundation CHE-0314618 and the
S.C. Johnson Distinguished Fellowship Program. J.N.R. and
J.E.B. acknowledge support from the U.S. Office of Naval
Research.

J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006 11061





