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Diels—Alder reactions are powerful, widely used reactions for

C—C bond formation. In addition to the well-known Dielélder

reactions in the solution phase, it has been shown that they occur

on nanoparticles such asd@ In this work, we show that this

reaction is also applicable to carbon in the form of an extended
specifically the hydrogen-free diamond-

covalent solid,
(100)-2 x 1 surface.
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Figure 1. Infrared spectra of 1,3-butadiene adsorbed on the C(100)-2
1 and Si(100)-2x 1 surfaces: (a) 1,3-butadiene (1000 L) on C(100) at

Diamond has recently attracted much attention as a candidate, temperature; (b) 1,3-butadieid:4,4-d, (20000 L) on C(100) at

for a wide range of technological applications due to its unique ,om temperature; (c) 1,3-butadiene (1 L) on Si(100) at room temperature;

combination of material properties, including high thermal (q)1 3-butadiend:1,4,4-d, (1 L) on Si(100) at room temperature. Inset:
conductivity, hardness, chemical inertness, wide band gap, highprawings of the possible reaction products.

carrier mobility, and multispectral optical transparefAtyke the

other Group IV surfaces of Si(100) and Ge(100), the bare eactions, and reacts with 1,3-butadiene to form a Didlsler
diamond(100) surface undergoes & 4 reconstruction in which adduct directly analogous to molecular cyclohexene.

pair_s of atomgs are bonded_ into dimers via a strorigond and a Experiments were carried out at the Naval Research Laboratory
partialzr bond? Recent studies have shown that the surface dimers ;, 5, ultrahigh vacuum chamber with a base pressure of

of Si(100)-2x 14 and Ge(100)-% 1° can react with conjugated 1, 10-10 Tor8 The sample used was a trapezoid-shaped type
dienes through an analogue of the familiar Diefdder [4 + 2] lla natural diamond (15 3 x 0.25 mnd) single crystal designed
cycloaddition reaction, forming six-membered-ring products at o myitiple internal reflection infrared spectroscopy. Unpolarized
the surface. Alkenes have also been shown to react with thejignt from a Fourier transform infrared (FTIR) spectrometer was
Si(100f and Ge(100) surfaces to form [2+ 2] cycloaddition  tocysed through one of the beveled edges of the sample,
produc’gs. ) . . ) undergoing 33 internal reflections from the two large crystal faces
In this study we |nvest|gat(_a_the ab'"t.y of th_e dlamond(l(_)O) before being collected by a mirror and focused onto an InSb
surface to undergo cycloaddition reactions with a prototypical getector external to the chamber. Prior to insertion into the

diene, 1,3-butadiene. We will show that the surface dimer of cpamper, the sample was cleaned in a sequence of acid mixtures

diamond(100) behaves like &€ double bond toward organic
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to remove metal, nondiamond carbon, and SifSi@taminants.
The sample was then exposed to a hydrogen microwave plasma
for 30 min on each of the two large faces to produce a smooth,
2 x 1 reconstructed (100) surface which is hydrogen terminated
and stable in ait? Following plasma treatment, the diamond was
transferred to the ultrahigh vacuum chamber and heated to 1310
K, removing the hydrogen and leaving the cleanx2 1
reconstructed surfadé®'' The prism was opaque in the-@
stretching region due to 2-phonon absorption of the Bulk.

Figure 1a shows the infrared spectrum of the C(100)-2
surface after a 1000 L dose of 1,3-butadiene at room temperature.
Several peaks can be seen in thekCstretching region associated
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with sp? (2800-3000 cn1?) and sp (3000-3100 cn?) hybrid-
ized carbon, indicating adsorption of the butadiene. Comparison
with a multilayer spectrum of butadiene adsorbed at 90 K (not
shown) confirms that butadiene is chemisorbed to the surface at
room temperature rather than physisorbed, based on the markedly
different spectra. The absence in Figure 1a of a sharp doublet at
2898 and 2919 cri, which are characteristic of hydrogen on
C(100)® further suggests that chemisorption is nondissociative.
To assign the chemisorbed product, an isotopic substitution
experiment using 1,3-butadied¢t, 4,4-d, (CD,=CH—CH=CD,)
was performed. Figure 1b shows the infrared spectrum of the
C(100)-2x 1 surface after dosing 1,3-butadiehé;4,4-d, at room
temperature. The only feature remaining in the deuterated
spectrum is the highest energy mode at 3035%ifia [2 + 2]
product were formed upon chemisorption, the highest wavenum-
ber »(C—H) mode would originate from the termina-CH,
stretch, while for the [4+ 2] product it stems from the
H—C=C—H stretch. However, in 1,3-butadieret,4,4-d, the
terminal CH group is substituted with deuterium, and hence this (b) Butadiene/C(100) RT
terminal stretch for a [2- 2] product would be shifted down to A B A B I I AL B
the C-D stretch region near 2200 crh Because the 3geature 2700 2750 2800 2850 2900 2950 3000 3050
remains at 3035 cnt in Figure 1b, we conclude that butadiene Wavenumber, cm-!
forms predominantly the [4- 2] product on C(100)-2< 1. The Figure 2. Infrared spectra of (a) physisorbed cyclohexene multilayers
observation of two small bumps in the spectrum of Figure 1b at at 110 K; (b) 1,3-butadiene on C(100) at room temperature.
around 2930 and 2950 crh may signify the presence of
secondary product at the surface. One possibility is a minor
[2 + 2] side product, since the deuteratect{22] product would agreement between a surface adduct and its molecular analogue.
have sp v(C—H) modes in this wavenumber range while the while the spectral similarities provide further evidence that a
deuterated [4 2] product would not. Although a second layer (4 + 2] surface adduct is formed on C(100), they also introduce
[4 + 2] reaction of deuterated butadiene with the surface adduct hroyoking questions. For example, although the Diglider

would also contain sp/(C—H) modes, we note that this reaction  prqqyct lacks the four C4 and C5 hydrogens of cyclohexene, it
has not been previously observed off8f G&2and is probably exhibits modes at 2860 and 2930 dmwhich have been

kinetically unfavorable under the experimental conditions of room previously assigned to the C4 and C5 Cétretching modes of

temperature and low pressure. o .
- . . cyclohexené! These additional peaks in the adsorbate spectrum
The infrared spectra of butadiene and 1,3-butadiheA- may arise from overtones or combination bands, or alternatively

ds chemisorbed on Si(100)-R 1**are shown in parts ¢ and d of . . X . .
Figure 1 for comparison. The shapes of the spectra of butadienethey may imply either that multiple conformations of the Diels

on Si(100) resemble that of butadiene on C(100), although the Alder product are formed at the surface or that a si_de_product is
peak positions on Si(100) are shifted down in frequency from @ISO Present. However, because there is no a priori reason to
C(100). This shift may be related to differences in ring strain in €XPect that the absorption spectrum of another product would
the adduct resulting from the greater length of the Si dimer bond Match so well with molecular cyclohexene, the close cor-
(~2.2 A)* compared to the C dimer{L.4 A)*, or to electron respondence of these features with peaks in the cyclohexene
donation effects from the surface of Si versus C. Hence, the SPectrum remains an intriguing issue that would benefit from
adsorption behavior of 1,3-butadiene on C(100) and Si(100) is further study.
similar, with both forming the [4 2] adduct as the major product. |n conclusion, we have shown that a prototypical diene, 1,3-
However, coverage studies show that higher dosages of butadiengy,tadiene, reacts with the diamond(100y2 surface to form a
(~1-2 orders of magnitude) are required on C(100) than Si(100) pjejs—Alder adduct analogous to cyclohexene. Our results
to ot?]talréjsatura(tjlon, '?dé%at'ﬂg tlhat the reaction 'SfmﬁCh less facile jngicate that the surface dimers of diamond(100) can react as
glr}rftacee V\I/irr?%ﬂtag:gnae is.-lli—kceelyct)\r,]\l:rcéﬁggg\l/;%c?e (t)f(; gt(r%)gg)er carbon doublg bond;, forming surface adducts that can be directly
bond: ca. 56-90 kJ/mot1® compared to 1625 kd/mot* on compared with their free r_nolecular aqalog_ugs. The _results
demonstrate a new mechanism for functionalizing the diamond

Si(100). h - . .
The [4 + 2] reaction of 1,3-butadiene and a C(100y21 surface, and advance the concept of using organic reactions to
surface dimer leads to an adduct resembling cyclohexene, asattaCh groups to the surface in a controlled fashion.

shown in the inset of Figure 1. Given their similarity, it is
instructive to compare the infrared spectrum of the chemisorbed
[4 + 2] adduct with that of molecular cyclohexenEhere is a
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