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Abstract: A combined experimental and theoretical study of a model system of multifunctional unsaturated
ketones, including ethyl vinyl ketone (EVK), 2-cyclohexen-1-one, and 5-hexen-2-one, on the Si(100)-2x1
and Ge(100)-2x 1 surfaces was performed in order to probe the factors controlling the competition and
selectivity of organic reactions on clean semiconductor surfaces. Multiple internal reflection infrared
spectroscopy data and density functional theory calculations indicate that EVK and 2-cyclohexen-1-one
undergo selective [4 + 2] hetero-Diels—Alder and [4 + 2] trans cycloaddition reactions on the Ge(100)-
2x1 surface at room temperature. In contrast, on the Si(100)-2x 1 surface, evidence is seen for significant
ene and possibly [2 + 2] C=0 cycloaddition side products. The greater selectivity of these compounds on
Ge(100) versus Si(100) is explained by differences between the two surfaces in both thermodynamic factors
and kinetic factors. With 5-hexen-2-one, for which [4 + 2] cycloaddition is not possible, a small [2 + 2]
C=C cycloaddition product is observed on Ge(100) and possibly Si(100), even though the [2 + 2] C=C
transition state is calculated to be the highest barrier reaction by several kilocalories per mole. The results
suggest that, due to the high reactivity of clean semiconductor surfaces, thermodynamic selectivity and
control will play important roles in their selective functionalization, favoring the use of Ge for selective
attachment of multifunctional organics.

I. Introduction achieve this goal, it will be necessary to obtain a greater
understanding of how multifunctional compounds, i.e., those
with several possible reaction pathways, react with semiconduc-
tor surfaces and the factors that control selectivity and competi-
tion in these reactions.

Previous work has established that organic molecules can
react through one or more=€C double bonds with the Si, Ge,
and C(100)-x1 surfaces to form [2- 2] cycloaddition and
[4 + 2] Diels—Alder adducts™® For compounds which can
react through either pathway (e.g., conjugated dienes), a mixture

Over the past several years, the clean Si(100}-2and
Ge(100)-%1 surfaces have proved to be remarkable templates
for the covalent attachment of organic compounds. These two
reactive surfaces share a similar structure consisting of rows of
buckled surface dimers which can be described as having both
o bond character and zwitterionic diradical character. This dual
nature, which allows the Si(100)x2L and Ge(100)- 1 surface
dimers to act as both double bonds and electrophilic/nucleophilic

moieties, is responsible for the steadily increasing number andmc products may result, depending on both the molecule and

types of reactions used to bond organics onto these surface%e surface. On the Si(100)< surface, conjugated dienes have
over the past several years. The intense interest in studyingbeen shov;/n to favor a [4 2] Diéls—AIder product-9

reactions of organic molecules on semiconductor surfaces ariseﬁﬂowever evidence has also shown a minor but significant
partly from the potential applications that are expected to result 2+ 2] pr’oduct in some casd8even though the Diel !Ig(]jer

from a marriage of organics and semiconductors in fields such product is thermodynamically favored. This competing side

as sensors,molecular electronics,and nanotechnologyTo ; .
. ! : . product could be a concern when selective growth of the Biels
create organic-functionalized semiconductor surface structures

with custom-tailored prlqpertles, the use of multlfunctlonal (4) Wolkow, R. A.Annu, Re. Phys. Chem1999 50, 413.
compounds and the ability to attach them to the surface in a (5) H{imerZS. R. J.; Coulter, S'rKf'; Ellison, M. D”.; Hovis, JH S.; Padowitz, D.
controlled, selective manner will most likely be required. To §§156°17Yva“2' M. P.; Greenlief, C. M.; Russell, J.Atc. Chem. Re€00q

(6) Bent, S. F.Surf. Sci.2002 500, 879.
(7) Teplyakov, A. V.; Kong, M. J.; Bent, S. B. Am. Chem. S0d.997, 119,

* Address correspondence to this author. E-mail: bent@stanford.edu. 11100.
TDepartment of Chemical Engineering. (8) Teplyakov, A. V.; Kong, M. J.; Bent, S. K. Chem. Phys1998 108,
* Department of Materials Science and Engineering. 4599.
(1) Strother, T.; Hamers, R. J.; Smith, L. Mucleic Acid Res200Q 28, 3535. (9) Wang, G. T.; Mui, C.; Musgrave, C. B.; Bent, S. F.Phys. Chem. B
(2) Lopinski, G. P.; Wayner, D. D. M.; Wolkow, R. Alature200Q 406, 48. 1999 103 6803.
(3) Hersam, M. C.; Guisinger, N. P.; Lyding, J. Wanotechnolog00qQ 11, (10) Hamers, R. J.; Hovis, J. S.; Lee, S.; Liu, H. B.; Shad, Phys. Chem. B
70. 1997 101, 1489.
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Figure 1. Possible reaction pathways for EVK on Si(10032and Ge(100)-21.

Alder product is desired. Unfortunately, the use of heat to is made possible on semiconductor surfaces through high
convert side products to a single thermodynamically favored thermodynamic selecity, which we define here in the context
product (i.e., thermodynamic control) usually results in decom- of surface reactions as “a measure of the ability to select out
position due to the strong bonds organics form with silicon. adducts based on the reversibility of their weak surface
Thus, selectivity is a serious issue for the controlled attachmentadsorption”. Thus, thermodynamic selectivity and control can
of organics on clean silicon because the surface is very reactivebe exploited as methods for improving selectivity to control
toward a number of irreversible and kinetically controlled or- attachment on semiconductor surfaces.
ganic reactions. On the Ge(100y-2 and C(100)-21 surfaces, In this study, we have investigated the adsorption of ethyl
no evidence haszbeen seen for a competing & reaction for vinyl ketone (EVK) on the Ge(100):21 and Si(100)-21
i 1,1 i . f . . .

1,3-butadiené;-2 although these studies do not rule out the g rtaces using multiple internal reflection infrared spectroscopy
possibility of its occurrence as a small, unidentified side product. ;4 density functional theory quantum chemistry calculations.

The carbonyl group is another functionality which can gy s an a,8-unsaturated ketone which contains conjugated
potentially bg exploited to attach organics to semiconductor c—c and =0 double bonds. Despite its simple structure and
surfaces. White and co-workers found evidence for & [2] functionality, EVK can potentially react with the Si(100) and

cycloaddition reaction across the=0 bond of simgLelACarbonyl- Ge(100) surfaces through several possible reaction pathways,
containing compounds on the Si(100}-2 surface.>**On the as shown in Figure 1. The alkene and carbonyl bonds expose

Ge(100)-Z%1 surface, howefver, we have_ recentlly fou.n.d that EVK to possible [2+ 2] cycloaddition reactions across the
acetone does not react to form a22] C=0 cycloaddition C=C and G=0O double bonds. EVK may also form a dative

product, even though its formation has the lowest barrier (i.e., bond with the surface via donation of the lone-pair charge of
. o 5
it is the kinetic product}® Instead, at room temperature acetone its oxygen. Additionally, when EVK assumes an s-cis confor-

favores surface-bound enol ke produc s formed via oss of M21oM t may potentally undergo a 4 2] hetero-Diels Alder
P reaction with the surface through its conjugateg=C and

an a-H to the surfacé? This result was significant in that it C=0 bonds. Hetero-DielsAlder reactions of conjugated di-

o o oo soracae el o catbonis on the S(10012 surface iave been examined
P ' P Y theoretically® although a hetero-DielsAlder reaction of an

germanium where reversible desorption is much more likely to .
o . o,-unsaturated ketone on a semiconductor surface has not been
occur than on silicon and diamond due to the weaker bonds

that are formed with organic molecules. Thermodynamic control previously examined either theoretically or experimentally. EVK
also containgi-hydrogens and thus may be able to undergo an

(11) Teplyakov, A. V.; Lal, P.; Noah, Y. A.; Bent, S. B. Am. Chem. Soc.  €N€ reaction viax-C—H dissociation, as observed previously

(12) %Igggglzcg ;.?'}7B7ént S. F.; Russell, J. N., Jr.; Butler, J. E.; D’Evelyn, M. P. for acetone on Ge(lQO)xZ..B .The number of possible reactions

J. Am. Chem. So®00Q 122, 744. T ’ EVK can undergo with the Si(100) and Ge(100) surfaces makes
(13) Armstrong, J. L.: White, J. M.; Langell, M. Vac. Sci. Technol. 997 it an excellent model compound for examining the competition
(14) lAé'mlsztgorig, J. L.; Pylant, E. D.; White, J. M. Vac. Sci. Technol. 499§ between different reaction pathways.

(15) W'ang, G. T.; Mui, C.; Musgrave, C. B.; Bent, S. F.Phys. Chem. B
2001 105 12559. (16) Barriocanal, J. A.; Doren, D. J. Am. Chem. So@001, 123 7340.
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In this work we also consider a [# 2] reaction with the

All calculations in this work were done using the B3LYP hybrid

surface in which the conjugated molecule reacts in a trans or density functional theory (DFT) method with the Gaussian 98 software

s-trans configuration, as shown for EVK in Figure 1. This
reaction is prohibited in organic chemistry since it results in an
extremely strained six-membered ring. However, we will show
in this paper theoretical and experimental evidence that this
reaction, which we call a “[4 2] trans cycloaddition”, is
possible on the Si(100)>21 and Ge(100)-21 surfaces. For
EVK, the hetero-Diels-Alder and trans cycloaddition products
are likely to be difficult to distinguish spectroscopically, as they
are essentially just cistrans isomers. Hence, we have also
investigated the reaction of anothers-unsaturated ketone,

package! B3LYP has been used extensively to calculate binding and
activation energies of organic reactions on Group IV (100}3urfaces
using the cluster approximation. Binding energies calculated using this
method are generally in good agreement with experimental results, when
available?? Additionally, B3LYP has been used to correctly predict
that the [4+ 2] reaction of dienes on Si(100)<2 2324 Ge(100)-2 1,5

and C(100)-x1%¢ is kinetically and thermodynamically favored over
the [2+ 2] reaction, and thaN-methyl dissociation for amines on
Si(100)-2<1 has a prohibitive barrier to dissociation at room temper-
ature while N-H dissociation does nét?” The geometries of all
minima and transition states in the potential energy surfaces in this

2-cyclohexen-1-one, on the Si(100) and Ge(100) surfaces. Inwork were calculated at the B3LYP/6-31G(d) level of theory without

2-cyclohexen-1-one, the conjugates=C and G=0 bonds are
locked in a trans configuration, thus providing a means for
experimentally examining the viability of the [4 2] trans
cycloaddition reaction without the possibility of a competing
hetero-Diels-Alder reaction. Additionally, we have probed the

application of geometry constraints. Geometry optimization was
followed by a single-point energy calculation at the more rigorous
B3LYP/6-31H-G(2df,pd) level of theory, since energies are typically
more sensitive to basis set size than geometries. All calculated transition
states on the potential energy surfaces were verified by frequency
calculations to have one and only one imaginary frequency. The

adsorption of a third unsaturated ketone, 5-hexen-2-one, on thegnergies reported have not been zero-point corrected.

Si(100)-2x1 and Ge(100)-21 surfaces. Because the=C and
C=0 bonds in 5-hexen-2-one amet conjugated, its adsorption

The Si(100)-X% 1 surface is modeled by ad5i;» one-dimer cluster
consisting of four layers of silicon atoms, with the two Si atoms in the

behavior then allows examination of the competition between top layer comprising the surface dimer. The 7 subsurface Si atoms are
the reactions shown in Figure 1 without the interference of either terminated with 12 hydrogen atoms to maintain the ybridization

of the [4+ 2] reactions. Together, these three unsaturated of the bulk Si atoms. We note that for dative bonding, one-dimer cluster
ketones comprise a model system for examining the factors andmodels may not adequately capture charge-transfer effects at the

principles that govern the competition and selectivity of organic
reactions on the Si(100)>x2L and Ge(100)-R1 surfaces.

Il. Experimental and Computational Details

The experiments were performed in an ultrahigh vacuum (UHV)
chamber which has previously been described in d€taifrared data
were collected in multiple internal reflection (MIR) mode using a
Fourier transform infrared (FTIR) spectrometer with a narrow-band
HgCdTe detector. For each experiment, a background IR emissivity

surface?® To explore interdimer surface reactions, ai3is two-dimer
cluster model was employed. To model the Ge(10Q0}Zurface, the

top two Si atoms of the Si one-dimer cluster were replaced with Ge
atoms (GeSizH12). A full nine-atom Ge cluster was not used due to
the computational expense required. Previous calculations of the[4

and [2+ 2] cycloaddition reactions of 1,3-butadiene on Ge(10Q)}t2
using B3LYP have found that using a £&Hi, cluster to model the

Ge surface rather than the full &> cluster results in less than a 2
kcal/mol difference in the calculated binding energies (which are weaker

spectrum for the clean sample was recorded, and subsequent scans aft&" GQS'7'_'|12)-25'29 Hence, we expect this approach to be acceptable
adsorption were ratioed to this background spectrum and transformedfr modeling the present system.

to absorption spectra. For annealing experiments, spectra were taker]II Theoretical Results

after the surface had returned to room temperature. Spectra have been

corrected for baseline instabilities. The samples, Ge(100) and Si(100)

crystals of trapezoidal geometry €120 x 50 mm, 453 beveled edges),

To gain a better understanding of the factors controlling
competition between organic reactions at semiconductor sur-

were conductively heated by a resistive tungsten heater and cooled byfaces, we have calculated the critical points on the potential

heat exchange with a liquid nitrogen coldfinger. The sample surfaces
were cleaned by sputtering with Arons at room temperature followed
by annealing to 875 K for 4 min for Ge(100) and 1050 K fet min

for Si(100). The quality of the surfaces was verified by sharp
monohydride peaks following exposure to atomic hydrogen corre-
sponding with the literature valué%.2° Additionally, surfaces prepared

by the same methods in a different UHV chamber in our laboratory
exhibit sharp 2x 1 LEED patterns. The back faces of the crystals,
which are not cleaned by sputtering, were covered with a thin
molybdenum plate to prevent adsorption. Ethyl vinyl ketone (98%
purity), 2-cyclohexen-1-one (97% purity, Fisher), and 1-hexen-5-one
(99% purity, Aldrich) were transferred to sample vials in a nitrogen-
purged glovebag and further purified by repeated fregmenp-thaw
cycles before introduction into the chamber through a variable leak
valve. All exposures were performed by filling the chamber with the

compound for a given pressure and time and are reported in units of (22

Langmuir (1 L= 1 x 10°° Torr-s). The pressures have not been
corrected for ion gauge sensitivity.

(17) Kong, M. J.; Lee, K. S.; Lyubovitsky, J.; Bent, S. Ehem. Phys. Lett.
1996 263 1.

(18) Chabal, Y. J.; Chaban, E. E.; Christman, SJ EElectron Spectrosc. Relat.
Phenom.1983 29, 35.

(19) Chabal, Y. J.; Raghavachari, Rhys. Re. Lett. 1984 53, 282.

(20) Chabal, Y. JSurf. Sci.1986 168 594.

8992 J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002

energy surfaces of the six reactions of EVK shown in Figure 1
for both the Si(100)-21 and Ge(100)-21 surfaces. Because

of their shared structures and similar electronic character, both
the Ge(100)-Z1 and Si(100)-Z21 surfaces may undergo the

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.5; Gaussian,
Inc.: Pittsburgh, PA, 1998.

) Mui, C.; Wang, G. T.; Bent, S. F.; Musgrave, C.B.Chem. Phys2001,

114, 10170.
(23) Konecny, R.; Doren, D. Burf. Sci.1998 417, 169.
(24) Choi, C. H.; Gordon, M. SJ. Am. Chem. S0d.999 121, 11311.
(25) Mui, C.; Bent, S. F.; Musgrave, C. B. Phys. Chem. 200Q 104, 2457.
(26) Fitzgerald, D. R.; Doren, D. J. Am. Chem. So200Q 122, 12334.
(27) Wang, G. T.; Mui, C.; Musgrave, C. B.; Bent, S. F.Phys. Chem. B
2001, 105 3295.

(28) Widjaja, Y.; Musgrave, C. BSurf. Sci.200Q 469, 9.

(29) Mui, C.; Han, J. H.; Wang, G. T.; Musgrave, C. B.; Bent, SJFAm.
Chem. Soc2002 124, 4027.
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same reactions through analogous mechanisms. However, the
thermodynamics and kinetics of a particular reaction may vary
considerably on the two surfaces, and we will show examples

of how this can lead to significant differences in adsorption
behavior on Si(100)-21 and Ge(100)-21. In this section, we 201
present and discuss the calculated thermodynamics of the surface
products as well as the kinetics for each of the EVK reaction
pathways on the Si(100)=x2L and Ge(100)-R1 surfaces.

When considering the theoretical results, it is important to 04
note that the calculation of an energetically favorable reaction
product does not ensure that the product will be observed 5
experimentally. The reaction barrier must be accessible, and the £
binding energy of the reaction product must be sufficient to § _y, ]
prevent reversible desorption at the experimental temperature.<
Additionally, the reaction must compete against all other 'Y
possible reaction pathways that lead to products which are also
stable at the experimental temperature. Unfortunately, activation
barriers, particularly small ones, are often difficult to calculate
with a high degree of accuracy, and it is possible that a pathway
with a lower energy transition state exists. The errors inherent
in such computations are exacerbated by the fact that even small J
differences in activation energies can result in dramatic changes  -60
in reaction rate. Dynamical factors which are not calculated and
which may differ between reactions will also play important [2+2] C=C
roles in reactivity. For example, for unactivated pathways which . ) )
lie below the vacuum level, the molecule may not necessarily g’i‘gecz' Critical points on the potential energy surfaces of the_F[Z]

o~ ; : ycloaddition reaction of EVK on Si(100)>x2l and Ge(100)-R1.
equilibrate fully in the precursor state and may react directly Structures shown are optimized on Si(100). The white, black, and gray atoms
without a barrier. The facility with which precursor states couple represent Si, O, and C, respectively. Double bonds are filled in black.
with, and hence lose energy to, the surface will also affect the
probability of a given reaction occurring. Proximity to defect ©n the Si(100)-21 and Ge(100)-21 surfaces, respectively.
sites on the surface could also affect reactivity. Finally, there The smaller binding energy on the Ge(100) surface is due to
may be reactions not considered or anticipated that could alsothe weaker strength of G&C bonds compared to the strength
compete. Thus, calculated reaction barriers and thermodynamic®®f Si—C bonds. From these calculations and a previous
will be used in conjunction with experimental data rather than theoretical study?> we estimate that a surface 6€ bond is
to quantitatively predict the product distribution from competing @pproximately 7 kcal/mol weaker than a surface-Sibond.
reactions. These [2+ 2] binding energies of EVK are similar to those

We consider first the issue of conformations. We have Previously calculated or estimated experimentally forH{2]
calculated four stable conformations of molecular EVK due to feactions of alkenes on Si(100) and Ge(198):2>%
s-cis and s-trans conformations and rotation of the ethyl group. We have located transition states for the{2] C=C reaction
The calculated energy differences between the gas-phaseé?f EVK on both Si(100)-%1 and Ge(100)-21. The optimized
conformers are negligible, consistent with measurements show-geometry and energy of the f22] C=C transition state on
ing that significant amounts of both s-cis and s-trans conforma- Si(100)-2<1 (Figure 2c), calculated to be 5 kcal/mol above the
tions exist in equilibrium at room temperat#&! Due to the vacuum level, are similar to those of the{22] transition state
low calculated cistrans rotational barrier of 5 kcal/mol for gas- ~ calculated in previous theoretical studies of acetyfénk,3-
phase EVK, EVK surface adducts are likely to interconvert Cyclohexadiené? pyrrole3* thiophene, and furaff, with cal-
between conformations on the surface via rotation about single culated energies of-68 kcal/mol. To our knowledge, the [2 2]
bonds. We have not calculated all the possible conformations C=C transition state on the Ge(100)2 surface, which for
for each of the surface reaction products, but for several casesEVK has a calculated energy of 6 kcal/mol, has not been
we have found that they may differ in energy by up to a few previously reported. A weakly boundr‘complex” intermediate,
(0-5) kilocalories per mole. In cases where multiple surface @S Shown in Figure 2b, was located on each surface and is
conformations of the same product were calculated, only the @nalogous to the structure first reported by Liu and Hoffm#&nn,
lowest-energy product is reported unless otherwise noted.  @lthough Choi and Gordon later proposed thattheomplex

A. [2 + 2] C=C Cycloaddition. The calculated minima and intermediate is an artifact of using a single-configurational wave

L. . i 24 — iti
transition states on the potential energy surfaces of thie 22 f}Jnctlon. Although the calculated [2- 2] C=C transition states
cycloaddition reaction of EVK across its=€= bond on both lie several kilocalories per mole above the vacuum level,
surfaces are shown in Figure 2. We have calculatedt § ~ Meaning that the adsorption process is activated, the 22
C=C adsorption energies of approximately 41 and 28 kcal/mol (32) Lal, P.: Teplyakov, A. V. Noah, Y.: Kong, M. J.. Wang, G. T.: Bent, S.
F.J. Chem. Phys1999 110, 10545.

(30) Naito, I.; Kinoshita, A.; Yonemitsu, TBull. Chem. Soc. Jprl976 49, (33) Liu, Q.; Hoffmann, RJ. Am. Chem. S0d.995 117, 4082.

339. (34) Luo, H. B.; Lin, M. C.Chem. Phys. LetR001, 343 219.
(31) Kinoshita, A.; Naito, |.; Namariyama, Yd. Appl. Polym. Sci1983 28, (35) Lu, X.; Xu, X.; Wang, N. Q.; Zhang, Q.; Lin, M. Cl. Phys. Chem. B

3093. 2001, 105, 10069.
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Figure 3. Optimized structures and single-point energies of the dative- [4+2] Hetero-Diels-Alder
bonded state of EVK on a (a) one-dimer cluster and (b) two-dimer cluster. g re 4. Optimized structures and single-point energies of the (a) one-
C=C cycloaddition reaction has been experimentally observed di\r/ner and (b) interdimer [4- 2] hetero-Diels-Alder reaction products of

for simple alkenes on both Si(1002 and Ge(100)-R1 at . . . . .
room temperature. In addition to being a possible reaction product, the dative-

B. Dative Bond Formation. On both Si(100)-1 and bonded state has significance as a precursor in the 23

Ge(100)-%1, the surface dimers are known to be tilted rather cycloaddition, [2+ 2] C=O cycloaddition, and ene reactions,

than symmetric, giving them a zwitterion-like diradical character &S Shown in Figure 1. Our calculations indicate that formation
in which the “down” atom is slightly positive relative to the of the dative bond occurs directly without any activation barrier.

“up” atom. Thus, while the dimers of the Si(100)2 and It is noted that the calculated EVK dative-bonded structure has
Ge(100)-x1 surfaces are often described as behaving analo- 't conjugated €&C and G=0 bonds in an s-trans conformation.
gously to G=C double bonds in cycloaddition reactions, each No optimized dative-bonded state could be located for EVK in

dimer also possesses electrophilic and nucleophilic character [N€ S-Cis conformation. Instead, we found in our calculations

Due to the lone pairs on the oxygen atom, EVK may form a that dative-bonded EVK in the s-cis conformation proceeded
dative bond with the surface by donating charge from the lone diréctly to a [4+ 2] hetero-Diels-Alder product without a
pair to the electrophilic “down” atom of a surface dimer, as PaTmier.

shown in Figure 1. Previous work has established that amines C. [4 + 2] Hetero-DjeIs—AIder .Reaction.. The [4+2]
can form stable dative-bonded structures on the Si(100)- hetero-Diels-Alder reaction of a conjugated dicarbonyl has been

2x12227:363nd Ge(100)-2 12° surfaces through the nitrogen lone previously examined theoretically on the Si(10Lsurface-s
pair at temperatures as high as room temperature. While acetond!eré We examine the hetero-Dieldlder reaction of aru.,5-
forms a stable dative-bonded state at low temperature (115 K)Unsaturated ketone, EVK, on both Si(100)2and Ge(100)-
on Ge(100), theoretical and experimental work indicates that 2x1- The optimized hetero-DietsAlder products of EVK on

surface dative-bonded structures formed via an oxygen lone pairS.i(lt.)O)-le apd Ge(100)-21 are shown in Figqre 4a, With,
are too weak to persist at room temperatiiras opposed to binding energies of 67 and 42 kcal/mol, respectively. As with
those formed with a nitrogen lone pair. normal (nonhetero) conjugated dienes, the hetero-Bilder

For the dative-bonded state of EVK on Si(100)-2 and product of EVK is calculated Fo_ be significantly more stable
Ge(100)- 1, we have calculated binding energies using a one- than the [2+ 2] C=C cycloaddition product on both surfaces
dimer cluster of 15 and 11 kcal/mol, respectively, as noted in because therg is less fng strain. )

Figure 3a. These adsorption energies are comparable to those FOr the conjugated dicarbonyl, glyoxal, Barriocanal and Doren
previously calculated for acetone and tetrahydrofuran, and hence'2Ve Previously calculated a direct, barrierless pathway leading
the dative-bonded state of EVK is also likely to be observable © the hetero-DielsAlder adduct. This pathway involves
only at low temperatures (i.e., below room temperatéf@he stepwise attachment of the carbqnyl oxyg(_ans to the Si dimer
dative-bonded state was also calculated on a two-dimer Si(lOO)-""'“)mS%e We have also Iocatgd a direct, bamgrless pathway for
2x1 cluster, as shown in Figure 3b, and was found to have a the hetero-Diels:Alder reaction of EVK on Si(100)-21 and
slightly larger binding energy of 18 kcal/mol. This stabilization ~ G€(100)-Z1 that proceeds through dative bond attachment of
is likely the result of charge transfer from the dative-bonded EVK 1o the electrophilic “down” atom of a surface dimer
state to adjacent empty dimer sites and has been studied©!lowed by attack of the nucleophilic “up” atom by the=C
theoretically for the reaction of ammonia on Si(100)228 dqu_blg bond..Even though we have galculated an energy-
Although the computation has not been performed, it is possible m|n!m|zed datlye-bonded state for. EVK n th? s-trans (?onfor-
that this so-called charge-transfer effect will be even larger on Mation, there is probably a negligible rotational barrier for
a three-dimer Si(100):21 cluster with two empty sites adjacent conversmn_to the datlve-_bonded S-Cis conformatlon_, which can
to EVK dative bonded in the center dimer. Thus, due to charge- Proceed without a barrier to form the hetero-Diefdder
transfer effects, the binding energy of the dative-bonded stateProduct. Hence, theory indicates that the hetero-Biélsier

will likely depend on whether its adjacent dimer sites (along reaction of EVK should proceed with negligible (from the s-trans

the same dimer row) are occupied, as delocalization of the conformation) or no (from the s-cis conformation) activation
charge from the lone pair cannot occur barrier on the Si(100)-21 and Ge(100)-21 surfaces.

The distance between adjacent dimers in the same dimer row
(36) Cao, X. P.; Hamers, R. J. Am. Chem. So@001, 123, 10988. (3.84 A on Si and 4.00 A on Ge) is small enough that an
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interdimer Diels-Alder reaction across two adjacent dimers
(rather than across a single dimer) may be possible. To
investigate this possibility, the interdimer hetero-Diefdder Yoo!
product of EVK on a two-dimer Si(100)s2L cluster was 7=
calculated and is shown in Figure 4b. Note that the interdimer 20 - !
reaction results in a seven-membered ring rather than a six-
membered ring. With a binding energy of 61 kcal/mol, the () 1-dim interdim
hetero-Diels-Alder reaction is only~6 kcal/mol less stable Ge: -0.9 -10(est.)
across two adjacent dimers than across a single dimer. Moreover, (a) Si
we have calculated a direct, barrierless pathway for the ]
interdimer Diels-Alder reaction of EVK which proceeds
through a dative-bonded intermediate analogously to the reactions
across a single dimer. Hence, the theory suggests that the§
interdimer hetero-DielsAlder reaction may compete with the g
<

one-dimer reaction. A likely reason the interdimer reaction is =
less energetically favorable than the single-dimer reaction is that
two dimer s bonds need to be broken rather than one. The
strength of ther bonds resulting from the weak overlap of the 401
surface dimer dangling bonds has been estimated to be ap-
proximately 2-8 kcal/mol on Si(100)-21 and Ge(100)-
2x 1253740 Due to the computational expense involved, the G,e: 1.0 -15(est)
interdimer hetero-DielsAlder calculation was not repeated on 50 St -14.6 183 AN
a two-dimer Ge(100)-R1 cluster. However, we expect this (d) 1-dim interdim
reaction will also proceed directly without a barrier and estimate . Ge:-14.3 -30(est.
the adsorption energy to be roughly 37 kcal/mol on the basis [4+2] Trans Cycloaddition Si: -35.1 -51.(2 )
of the Si(100)-X 1 results. Figure 5. Critical points on the potential energy surfaces of the-[2]
D. [4 + 2] Trans Cycloaddition. The [4+ 2] trans cycload- trans cycloaddition reaction of EVK on Si(100)%2 and Ge(100)-21.
dition reaction has not, to our knowledge, been previously

(b) 1-dim interdim

Ny

observed on a surface or in organic chemistry due to strain in ““§{,

the resulting trans cyclic product. To investigate the viability _ %

of this reaction on semiconductor surfaces, we have calculated _—(}Q’Q‘\.

the minima and transition states of the potential energy surfaces *\_—{;ﬁ NP

for the [4+ 2] trans cycloaddition reaction of EVK on Si(100)- %ﬁy._/&%&?‘%ﬁ N
2x1 and Ge(100)-21, which are shown in Figure 5. The trans AViaN /PN
cycloaddition products have calculated binding energies of 35 .vl\%.\\
and 14 kcal/mol on the Si(100)x2 and Ge(100)-21 surfaces, 7N A\
respectively, as shown in Figure 6a. Comparison with the one-

dimer [4+ 2] hetero-Diels-Alder surface adducts indicates that %‘iaf ;g? Ge: S?TO (g?tz)

the relative strain penalty associated with the trans configuration (a) One-dimer (b) Interdimer

of the trans cyclic products is approximately 32 kcal/mol on
Sj(lgO) and 28 kcal/mol. on Ge(100). Althoggh .this is a [4+2] Trans Cycloaddition

S|gn|f|c§nt amount of strain, the trans product is still thermo- Figure 6. Optimized structures and single-point energies of the (a) one-
dynamically favorable on both surfaces. In contrast, we have dgimer and (b) interdimer [4- 2] trans cycloaddition reaction products of
calculated that the [4- 2] trans reaction of EVK with ethylene  EVK.

is endothermic by 45 kcal/mol. Thus, while the{42] reaction . ] N
of a diene or heterodiene in a trans or s-trans configuration with Surfaces, respectively (Figure 5c). Thus, the trans cycloaddition
a C=C double bond is highly improbable, it appears to be at reaction of EVK is actually calculated to be an unactivated

least thermodynamically favorable with the surface dimers of Process on both surfaces. As seen in Figure 5b, the trans

the Si(100)-x 1 and Ge(100)-21 surfaces. cycloaddition reaction proceeds through an s-trans dative-bonded
Although the thermodynamics for the §42] trans cycload- ~ Precursor state. - _
dition reaction are favorable for EVK on Si(100)x2 and The interdimer [4+ 2] trans cycloaddition reaction of EVK

Ge(100)-X1, it might be expected that the reaction barriers &Cross adjacent silicon dimers in the same dimer row has also
would be prohibitively high due to strain in the transition states. Peen examined theoretically. The binding energy of the inter-
We have calculated transition states for the trans cycloaddition dimer trans cycloaddition product of EVK on Si(100)x2,
reaction, however, that are approximately 8 and 1 kcal/mol shown in Figure 6b, was calculated to be 51 kcal/mol and is

belowthe vacuum level on the Si(1002 and Ge(100)-2 1 lower in energy than the one-dimer .p.roduct. py a sybstantial 16
kcal/mol, despite the cost of the additional silicon dimdyond
@7 g;z"e'yn' M. P.;Yang, Y. M. L.; Sutcu, L. H. Chem. Phys1992, 96, that is broken. In fact, the interdimer trans cycloaddition product
(38) Hofér,_ U.; Li, L. P.; Heinz, T. FPhys. Re. B 1992 45, 9485. is only ~10 kcal/mol less stable than its cis isomer, the
(39 pacnionl £ g € B Soma eV hemiSe3 27 14856, interdimer hetero-Dieks Alder product. The large separation of
1993 98, 3560. the reacting Si atoms in adjacent dimers (3.8 A) relative to those
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reaction pathways available to EVK. On the Si(10®12
surface, the binding energy of the422] C=0 addition product
is sufficient for it to remain stably adsorbed at room temperature.
For the [2+ 2] C=0 cycloaddition reaction of EVK, transi-
tion states (Figure 7c) connecting thans-EVK dative-bonded
state to the [2+ 2] C=0 addition product were located and
had calculated energies of11 and —4 kcal/mol on the
Si(100)-2x1 and Ge(100)-2 1 surfaces, respectively. Thus, like
acetone but unlike formaldehyde and glyoxal, which were
previously calculated to have barrierlesstf2] C=0 addition
pathways;®41the theory suggests that the{22] C=0 addition
reaction of EVK on Si(100) and Ge(100) must pass through a
transition state which lies above a dative-bonded precursor state
in energy. Since all points on the reaction pathway lie below
the reactants, the [2 2] C=O cycloaddition reaction is
unactivated on both surfaces. However, we previously found
that acetone lacks sufficient energy to underge-[2] C=0
cycloaddition at 115 K, even though the overall reaction was
also calculated to be unactivated, and instead is trapped in its
dative-bonded precursor stafeThose results suggest that, for
EVK, the relative transition-state energies for even the unacti-
vated reactions will play a critical role in the competition
between reactions.
Figure 7. Critical points on the potential energy surfaces of the-[2] F. Ene Reaction.The ene reagtlon, which 'nVOIVES, the loss
C=0 cycloaddition reaction of EVK on Si(100)2 and Ge(100)-21. of an a-H, was observed experimentally on a semiconductor
] ) ) - surface for the room-temperature reaction of acetone on
in the same (_jlmer (2.3 A),in add_ltlon to the fact_ thaf[ a Seven- Gg(100)-x 115 Because EVK also containshydrogens, it also
membered ring rather_ than a S|_x-mer_nbere<_j ring is formed, might undergo an ene reaction with the Si(108)12and
allows much of the strain to be relieved in the interdimer versus Ge(100)-x 1 surfaces, as shown in Figure 1. In this reaction,

the one-dimer trans conjugate product. The barrier of thie 24 EVK can be considered the “ene” and the Si(108)120r
trans cycloaddition reaction across two adjacent surface dimersGe(lOO)-&l surface dimer the “enophile”. Note that the ene
is also substantially lower than that across a single dimer, with o2 -tion of a ketone on the Si(100)2 or Ge(100)-X 1 surface

a calculated transition state 17 kcal/mol below the vacuum level (aquits in an enol-like product, and hence it may also be
on Si(100)-Z1. The interdimer [4+ 2] trans cycloaddition considered an enolization reaction.

reaction should also be quite accessible on the Ge(180)-2 The critical points on the potential energy surfaces for the
surface, with an estimated transition-state energy of rougtity ene reaction of EVK on Si(100)2L and Ge(100)-21 are
kcal/mol. Thus, both the kinetics and the thermodynamics of ghown in Figure 8. The ene binding energies of approximately
the interdimer [4+ 2] trans cycloaddition reaction across 4g and 23 kecal/mol on the Si(100)x2 and Ge(100)-21
adjacent dimers are significantly favored over those of the g faces, respectively (Figure 8d), are comparable to those
intradimer reaction on a single dimer. y calculated for the ene reaction of acetdhélnlike the [2+ 2]

E. [2+ 2] C=0 Cycloaddition. The [2+ 2] cycloaddition  c—g ¢ycloaddition reaction product on Ge(100)-2 the more
reaction on the Si(100):21 surface of simple ketones and  hermodynamically favorable ene adduct of EVK on Ge(100)-
aldehydes across the carbonyl bond to form oxetane-like 5. 1 is calculated to be stable at room temperature (using a
cycloadducts has been previously reported by Armstrong et first order Arrhenius expression and a typical pre-exponential
al1314 The calculated critical points on the potential energy tactor of 103 s1), and indeed the ene adduct of acetone on
surfaces for the [2- 2] C=O cycloaddition reaction of EVK ~ Ge(100)-21 has been previously observed at room tempera-
on Si(100)-Z1 and Ge(100)-21 are shown in Figure 7. The = 015
energy-minimized [2+ 2] C=0 cyclo_addition products of EVK A transition state (Figure 8c) connecting the statoins-
on Si(100)-2<1 and Ge(100)-21 (Figure 7d) have calculated gy dative-bonded precursor state to the ene product on both
adsorption energies 6f37 and—14 kcal/mol, respectively. The  grfaces was found to lie approximately 13 kcal/mol below the
weak binding energy of the [2 2] C=0 addition product on  4c4um level on Si(100):21 and at the vacuum level on

Ge(100)-2«1 is due largely to the surface 6@ bond strength,  Ge(100)-2¢1. These barriers are surprisingly low for a reaction
which we estimate to be 117 kcal/mol weaker than a surface involving C—H dissociation, which may be due in part to the

Si—0 bond on the basis of the theoretical results. This calculated high acidity of o hydrogens in ketones and aldehydes. We
adsorption energy is insufficient for the {22] C=0 cycload-  hreviously proposed that the resonance stabilization responsible
dition product to _pers|st on Qe(100)<2_ at room tempefatl_er for the high acidity of thex hydrogens could also take place in
long enough for its observation, as we have shown previously e transition state for the ene reaction on Si(10@}2and

with acetone on Ge(100)>2L.15 However, at sufficiently low Ge(100)-x1, resulting in a low barrief® The correlation

temperatures, its mean surface residence time will be long patveen ease of€H cleavage at the surface and high acidity
enough for the product to be experimentally observed on

Ge(100)-%1 if it is kinetically competitive with the other  (41) Lu, X,; Zhang, Q; Lin, M. CPhys. Chem. Chem. Phy2001, 3, 2156.

AE (kcal/mol)

[2+2] C=0
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Figure 9. Infrared spectra of EVK on the Ge(100)2 surface: (a) 1 L

@1L 115K

Ene (d) C;?i 'ig-g at 115 K: (b) 100 L at 300 K: (c) multilayers (scaled) at 115 K.
I. -40.
Figure 8. Critical points on the potential energy surfaces of the ene reaction CIS—trans isome_rs_: these Wi_” _be S_peCtrOSCOPica”y similar and
of EVK on Si(100)-2<1 and Ge(100)-21. consequently difficult to distinguish. Although the {42]

hetero-Diels-Alder reaction is calculated to be kinetically
indicates a mechanism of proton transfer to the nucleophilic favored over the [4-2] trans cycloaddition reaction, the
“up” atom of the surface dimer from the dative-bonded precursor interdimer trans cycloaddition reaction has only a minor barrier

state rather than homolytic bond cleavage. and hence may compete kinetically. Thus, an interdimer trans
_ _ cycloaddition side product (Figure 6b) cannot be ruled out on
IV. Ethyl Vinyl Ketone Experimental Results the basis of the spectroscopic results. However otie-dimer

trans cycloaddition product (Figure 6a), with a binding energy

of only ~14 kcal/mol, is calculated to be unstable on Ge(100)-

2x1 at room temperature, and thus it can be ruled out.
While some interdimer trans cycloaddition product might be

A. EVK Adsorption on Ge(100)-2x1. We begin our
examination of the experimental results with the reaction of
EVK on the Ge(100)-21 surface. Figure 9b shows the
Ge(100)-%1 surface following a saturation dose (100 L) of formed initially upon adsorption of EVK on Ge(100)2
EVKat room temperature. Notablle in the room-tempergture IR, conversion to the hetero-Dietd\lder product may occur. Diréct
spectrum s the abs_ence of the intense p_eaks associated \.N'”&onversion of the trans cycloaddition product (the trans isomer)
the carbqnyl stretchlng mode of EVK, which can be seen in to the hetero-DielsAlder product (the cis isomer) via rotation
the physisorbed muIt|Ia.1yer spectrum of mqlegular EVK at about the carboncarbon double bond is improbable due to the
_~1675 and 1700 cri (Figure 9c). ThIS result is |mp0rtant as high cost of breaking ther bond (63 kcal/mol). However,
it rules out a [2+ 2] C=C cycloaddition product (Figure 2d), e parrier for conversion of the interdimer trans cycloaddition
which would still have its carbonyl bond intact. No significant reaction to the trans dative-bonded precursor state (i.e-Ge
v(Ge—H) stretch can be seen in the 1962000 Cm,l region bond cleavage) on Ge(100)<2 is estimated to be only 20 kcal/
of the IR spectrum of EVK on Ge(100) as well. This precludes o The trans dative-bonded product can then convert to its
the possibility of a significant ene product, &e—H) as well s-cis conformation with a minimal5 kcal/mol) barrier, which
asv(Si—H) surface modes are both known to be intef$€. o hroceed directly to the hetero-Diellder product without
Additionally, due to thermodynamics, both the dative-bonded p(rier, The calculated half-life time for this conversion process
and [2+ 2] C=0 cycloaddition adducts can be ruled out at room 4t room temperature is only about 3 min using a typical pre-
temperature on the basis of their calculated binding energies-exponential factor of & 101351 and a first-order Arrhenius
The remaining alkene stretch at 1620 ¢mthe s »(C—H)  expression. Thus, any initial trans cycloaddition product formed
mode at~3033 cn1, and the apparent loss of the asymmetric may convert to the hetero-Dietslder product on the Ge(100)
vinylic CH stretch at 3097 cit in Figure 9b are all consistent  gyrface on experimental time scales. Because the hetero-Diels
with the formation of [4+ 2] productsThus, the data indicate  Alder product is substantially more stable than the trans
that EVK undergoes [4- 2] cycloaddition at room temperature  cycloaddition product, its conversion rate back to the trans
on Ge(100)-x1. cycloaddition product is negligible, and thus the equilibrium

Because the [4 2] hetero-Diels-Alder (Figure 4) and established will greatly favor the hetero-Diel&lder product.

[4 + 2] trans cycloaddition (Figure 6) products are essentially Whether the hetero-DietsAlder product exists in its one-dimer
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or interdimer form (or a mixture of both forms) cannot be
determined on the basis of the IR data due to the likely
spectroscopic similarity of the two forms. We plan to perform
scanning tunneling microscopy studies to determine the relative

0.0010

At sufficiently low temperatures, the dative-bonded and
barriers which are accessible at room temperature, resulting in JMM/\/\/

amounts of one-dimer versus interdimer adducts and whether
trans cycloaddition products are present in addition to the hetero- MM/LJL«M\P\}\V
[2 + 2] C=O0 reaction products should remain stable on the

surface, allowing them to be observed. In addition, there may

a change in product distribution. To investigate these possibili- (b) 100 L, 400 K

ties, the reaction of EVK on Ge(100»2A was examined at

Diels—Alder products. (c) 100 L, 500 K
be insufficient energy at low temperature to overcome reaction
115 K. Figure 9a shows an infrared spectrum of the Ge(100)-

Absorbance

2x 1 surface after exposure i L of EVK at 115 K. Thelow-

temperature spectrum in Figure 9a is virtually identical in shape

to the room-temperature spectrum in Figure 9b, indicating the

presence of the hetero-Dielélder product at low temperature. (a) 100 L, 300 K

The shoulder seen at1670 cnt!in Figure 9a is attributed to L L e S L e B e e s
the intense carbonyl stretching mode of a small amount of 5200 3000 2800 26002000 1800 1600 1400 1200 1000
physisorbed EVK, which continues to grow in at higher Wavenumber (cm-)

exposures (not shown) of EVK at 115 K along with more of Figure 10. Infrared spectra of an annealing series of EVK on the
the hetero-DielsAlder product. The position of the carbonyl ~ Ge(100)-x1 surface: (a) 100 L at 300 K; (b) followed by annealing at
stretch, which is close to that of the physisorbed spectrum in 400 K; (c) followed by annealing at 500 K.

Figure 9c, indicates that it is not attributable to dative-bonded
EVK since previous experimentsindicate that the carbonyl
stretch is significantly shifted downward in frequency upon
dative bonding. The lack of additional modes at 115 K indicates
that the [2+ 2] C=0 reaction does not compete kinetically with
the [4+ 2] reaction or is inaccessible at low temperatures on
Ge(100)-x 1. A weakv(Ge—H) peak is seen at1960 cnt?,

effect on the room-temperature adduct. Following a successive
anneal at 500 K (Figure 10c), evidence of some decomposition
and/or desorption can be seen by the loss in intensity of most
modes as well as the growth of6Ge—H) mode at 1965 crmt.

B. EVK Adsorption on Si(100)-2x1. Our theoretical cal-
culations indicate that the Si(100)<2 surface differs from the
. . Ge(100)-%1 surface mainly in that on Si(100) the reaction
Wh'Ch. along with a(0—H) peak at.~363.0 .le (not shown) . products are substantially more stable and the barriers to
is attributed to a small amount of dissociative water adsorption. adsorption are smaller. Hence, the observed chemistry of EVK

The fact that the hetero-DietAlder reaction proceeds at low may differ on the Si(100)-R1 surface compared to that on
temperature (115 K) supports the calculations, which predict a Ge(100)-% 1 due to both thermodynamic and kinetic factors.
negligible barrier for the hetero-Diel\lder reaction. Although A saturation exposure of EVK on the Si(100)2 surface at
the dative-bonded state has no barrier and is formed with (gom temperature is shown in Figure 11a. Significant growth
sufficient binding energy to remain stable at 115 K, it is a of Si—H is evident from the peak at2071 cnt?, indicating
precursor to the [4 2] hetero-Diels-Alder reaction and hence  _c—H dissociation from the ene reaction upon adsorption, in
is not observed as a stable, isolatable state for EVK. In contrast,sgntrast to the reaction of EVK on the Ge(100)-2 surface,
with acetone, which does not possess the conjugation systemyhere no significant ene product was observed. We estimate
necessary to undergo a4 2] reaction, the dative-bonded state  nat the ene product occupies roughly one-quarter to one-third
is observed on Ge(100)>2L at 115 K!* The ene and [2- 2] of reactive silicon surface dimers. This value is obtained by
C=0 cycloaddition reactions have relatively small but finite comparing the integrated intensity of th¢Si—H) mode to that
barrierS W|th tl’anSItIOI’l states Very near to the vacuum Ievel on Of a S|(100)_2<1 surface exposed to a Saturation dose Of water
Ge(100)-Z 1. These reactions are either energetically inacces- gt room temperature, which is known to have one$iand
sible at 115 K or cannot compete kinetically with the barrierless gne Si-OH bond per surface dimer due to dissociative
[4 + 2] hetero-Diels-Alder reaction. These studies indicate that adsorption.
significant energy is lost in the dative-bonded precursor state, \while the modes below1550 cnt cannot be seen on the
possibly through phonon coupling with the semiconductor, sjlicon surface due to IR absorption by crystal phonon modes,
which reduces the energy available to surmount reaction barriersthe C-H stretch region is practically identical in both shape
and causes some unactivated pathways to be kinetically inac-and size to that of EVK on Ge(100)A. This observation,
cessible at low temperatures. together with the calculation of a barrierless pathway for the

To probe the thermal stability of the B4 2] products, [4 + 2] hetero-Diels-Alder reaction on Si(100)-21, suggests
annealing IR studies were performed after a saturation dose ofthat [4+ 2] adducts are the major species on the Si(100)-2
EVK on Ge(100)-%1 at room temperature. Figure 10 shows surface as well. Along with the [4 2] hetero-Diels-Alder and
the infrared spectra of EVK on Ge(100)%2 at room temper- ene adducts, the interdimer trans cycloaddition product (Figure
ature and after successive anneals to 400 and 500 K. It can be5b) is expected to exist on Si(100)2 since its transition state
seen that annealing to 400 K (Figure 10b) has essentially nois ~5 kcal/mol below that of the observed ene reaction.
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Figure 11. Infrared spectra of an annealing series of EVK on the Si(100)-
2x1 surface: (a) 100 L at 300 K; (b) followed by annealing at 400 K; (c)
followed by annealing at 500 K.

Additionally, in contrast to Ge(100)s21, conversion from the
interdimer trans cycloaddition product to the hetero-Diddder
product on Si(100)-2 1 is unlikely at room temperature due to
a calculated barrier of approximately 34 kcal/mol for this

e
O

‘ 0.0020

|—1617

|— 1642
|

(b) 100 L on Si(100), 300 K [1ete

N

/
(a) 100 L on Ge(100), 300 K

mewmﬂ//ﬂvmmmmm
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Figure 12. Infrared spectra of 2-cyclohexen-1-one: (a) 100 L on Ge(100)-
2x1 at 300 K; (b) 100 L on Si(100)-21 at 300 K; (c) multilayers (scaled)
at 115 K.

adsorption of 2-cyclohexen-1-one on the Ge(10R)2and
Si(100)-2x 1 surfaces. Because its conjugategt@and G=0O
bonds are locked in a trans configuration, 2-cyclohexen-1-one
cannot undergo a hetero-Dielélder reaction, which requires

a cis configuration. Thus, unlike EVK, 2-cyclohexen-1-one

process. It is also possible that the one-dimer trans cycloadditionprovides a means for examining the viability of theff&] trans

product and the [2- 2] C=0 cycloaddition product are present,

cycloaddition reaction without the possibility of interference

because unlike on Ge(100), for Si(100) they are both calculated trom the [4+ 2] hetero-Diels-Alder reaction.

to be stable at room temperature. However, quantification of

the amount of [2+ 2] C=0 and [4+ 2] trans cycloaddition
products is difficult, as they likely resemble spectroscopically
the hetero-DielsAlder cycloaddition product in that their
formation results in the loss of the carbonyl bond in EVK but
leaves an alkene double bond.

Annealing IR studies were performed on the room-temper-

ature adduct of EVK on Si(100)>2L and are shown in Figure

Figure 12a shows the infrared spectrum of a saturation dose
(100 L) of 2-cyclohexen-1-one on Ge(100)%2 at room
temperature. Notable in the spectrum is a strong peak at 1616
cm~1, which we assign to a(C=C) mode since a non-dative-
bondedv(C=0) mode is not expected in this region. Because
the hetero-Diels Alder reaction is not possible for 2-cyclo-
hexen-1-one due to the trans configuration of its double bonds
and the [2+ 2] C=O0 product is calculated to be unstable at

11. It can be seen that there is little change in the IR spectrum e
following anneals at 400 K (Figure 11b) and 500 K (Figure "°°M temperature, the presence of't.he alkene mode indicates
11c), indicating high thermal stability of the room-temperature POSSible ene or [4- 2] trans cycloaddition products. However,
products. In contrast, significant desorption and/or decomposi- (€ €ne reaction involves transfer ofafH to the surface, and
tion had occurred following the 500 K anneal on the Ge(100)- ©nly @ very smalb(Ge—H) mode can be seen in the spectrum,
2x1 surface. The high thermal stability observed is consistent {hus ruling out the ene reaction as a significant pathway. Note
with the substantially stronger bonds formed on Si(10Q)2 that t_he stre_ngth of the _alkene stre_tch is several times !arger
versus Ge(100)-21. We note that a high binding energy does than its relative intensity in the physisorbed spectrum in Figure
not ensure that a surface product will remain stable up to its 12¢ at 1617 cm' and approaches the intensity of a carbonyl
predicted unimolecular desorption temperature, as there mayband. This phenomenon is known for ethers in which an alkene

be alternative decomposition or conversion pathways with more 9roup is directly connected to the ether oxygen. The trans
favorable kinetics. cycloaddition product does, indeed, have an ether-like oxygen

connected to a €C double bond, whereas the §22] C=0
cycloaddition product does not, as shown in Figure 13.
Additionally, the [2+ 2] C=0 cycloaddition adduct can be ruled
out as a stable product at room temperature on the basis of its
energetics. Thus, the data are consistent with & [} trans

V. 2-Cyclohexen-1-one: [4 + 2] Trans Cycloaddition

For EVK, the presence of the interdimer 442] trans
cycloaddition product on Si(100)>2L could be inferred from
its relative kinetics, but the product could not be directly
identified due to its spectroscopic similarity to the cis isomer, cycloaddition reaction of 2-cyclohexen-1-one to the Ge(100)-
the [4+ 2] hetero-Diels-Alder product. To further investigate  2x1 surface. This is significant in that it provides, to the best
the [4+ 2] trans cycloaddition reaction, we have studied the of our knowledge, the first experimental evidence of cycload-
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Figure 13. Comparison of the (a) [4 2] trans cycloaddition and (b) 3 1644
[2 + 2] C=0 cycloaddition products of 2-cyclohexen-1-one on Ge(100)- S |_
2x1.In (a) the O is adjacent to the=€C bond, while in (b) it is not adjacent. g A MM // \.«A
@ .
Table 1. 2-Cyclohexen-1-one Calculations 2 | (o) Muttilayers (500 L) ~ 125, 115 K
Si(100) Ge(100) 2075
[2 + 2] C=C cycloaddition product -32.6 -19.4 W/\\»M\/M
[4 + 2] trans cycloaddition product —27.2 —-8.0 ]
[4 + 2] trans cycloaddition interdimer product —42.8 —24 (b) 30 L on Si(100), 300 K
[2 + 2] C=0 cycloaddition product —34.9 —-11.9 1955 1720

ene product —45.6 —23.1 M

a Estimated.
(a) 30 L on Ge(100), 300 K
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Figure 15. Infrared spectra of 5-hexen-2-one: (a) 30 L on Ge(100}-2

,‘rl{) (fﬁ}. s Afw”':\%ﬁ;gg\/ at 300 K; (b) 30 L on Si(100)-21 at 300 K; (c) multilayers (scaled) at
N /& a2l 115 K.
big NN Si(100)-2< 1 surface from di iative chemisorption of wat
Py o X i(100)- surface from dissociative chemisorption of water.
’ ' Thus, as with EVK, the selectivity of 2-cyclohexen-1-one is
Ge: -8.0 Ge: -24 (est.) greater on Ge(100) than on Si(100), with a significant ene side
Si: -27.2 Si: -42.8 product present on the Si(100)2 surface but absent on the
(a) One-dimer (b) Interdimer Ge(100)-% 1 surface.
[4+2] Trans Cycloaddition Cyclohexenone VI. 5-Hexen-2-one: Removal of Conjugation

Figure 14. Optimized structures and single-point energies of the (a) one- The EVK and 2-cyclohexen-1-one data show that the [2]
dimer and (b) interdimer [4- 2] trans cycloaddition reaction products of hetero-Diels-Alder and [4+ 2] trans cycloaddition reactions
2-cyclohexen-1-one. . .
are favored over competing reactions on the Ge(100) surface

dition of a trans diene or heterodiene either with another and, to a lesser extent, on the Si(100) surface. Since it is the
molecule or at a surface. conjugation of the &C and G=0O double bonds that makes

Theoretical calculations for 2-cyclohexen-1-one, shown in the [4+ 2] reactions possible, removing this conjugation will
Table 1, indicate that the [# 2] trans cycloaddition reaction  allow examination of the competition between the-H2]
across a single Ge dimer is too strained to persist at room C=C addition, [2+ 2] C=0 addition, and ene reactions without
temperature, with a binding energy of only 8 kcal/mol. However, the interference of the kinetically and thermodynamically
when the reaction occurs across two adjacent dimers in the samdavored [4+ 2] reactions. To this end, we have investigated
row, as shown in Figure 14, the ring strain is diminished and with IR spectroscopy the reaction of the nonconjugated 5-hexen-
the binding energy is significantly increased to an estimated 24 2-one on the Ge(100)>21 and Si(100)-Z1 surfaces.
kcal/mol, a value sufficient for room-temperature stability. Thus,  The IR spectrum of a saturation dose (30 L) of 5-hexen-2-
the theory suggests that the{42] trans cycloaddition reaction  one on the Ge(100)s21 surface at room temperature is shown
of 2-cyclohexen-1-one on Ge(100)%2 at room temperature in Figure 15a. The presence of¢gGe—H) mode at~1955 cnr?t
occurs across two dimers rather than a single dimer. is indicative of an ene adduct, which is significant in that neither

The adsorption of 2-cyclohexen-1-one on the Si(10Q}2 EVK nor 2-cyclohexen-1-one formed substantial ene products
surface has also been investigated. The IR spectrum of aon Ge(100)-X 1. We estimate that the ene product for 5-hexen-
saturation dose (100 L) of 2-cyclohexen-1-one on the Si(100)- 2-one occupies roughly one-quarter of reactive surface dimers
2x 1 surface at room temperature is shown in Figure 12b. The on the basis of the integrated intensity of th&e—H) mode.
C—H stretch region is nearly identical to that of 2-cyclohexen- Another significant observation in the IR data is the presence
1-one on Ge(100)-21 (Figure 12a), suggesting that the{42] of a small carbonyl mode at1720 cnt. The carbonyl mode
trans cycloaddition adduct is the major species on the Si(100)- indicates the presence of a{22] C=C cycloaddition adduct,
2x1 surface as well. The presence of-&i at ~2090 cnt? since it is the only product in which the carbonyl bond remains
indicates a side product from the ene reaction, which we estimateintact. This mode was not observed for EVK or 2-cyclohexen-
is present on roughly one-quarter of reactive surface dimers onl-one on either the Ge(100)2 or Si(100)-Z%1 surfaces.
the basis of comparison with a-SDH- and Si-H-terminated Because the intensity of the carbonyl mode is weak relative to
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its intensity in the physisorbed spectrum of molecular 5-hexen-
2-one in Figure 15c, we believe the amount off2] C=C
cycloaddition product is small. As the [2 2] C=0 cycload-
dition adduct is not expected to be stable at room tempera-
ture on the Ge(100)+21 surface, accounting for the ene and
[2+ 2] C=C addition products suggests that there are a
substantial number of unreacted surface dimers at saturation
This claim is supported by the observation that the intensity of
the surface modes in Figure 15a is less than those of EVK
(Figure 9b) and 2-cyclohexen-1-one (Figure 11a) on Ge(100)-
2x 1. It may be that steric factors have a limiting effect on the

1-one is markedly more selesti on the Ge(100)-21 surface
than on the Si(100)-21 surface.

An examination of the theoretical calculations provides
valuable insight into understanding why the-42] cycload-
dition reactions are more selective on the Ge(100}-2urface
than on the Si(100)-21 surface. Because all the considered

reactions except for [2- 2] C=C cycloaddition share the dative-

bonded state as a common intermediate, direct comparisons of
their barriers can be made. On both Ge(10@)t2and Si(100)-
2x1, we have calculated direct, barrierless pathways for the
hetero-Diels-Alder reaction of EVK in which the reaction

saturation coverage of 5-hexen-2-one, as its reaction productsproceeds without traversing through a transition state. In

all have a relatively long chain protruding out from the surface
dimer.

We have also investigated the adsorption of 5-hexen-2-one
on the Si(100)-% 1 surface. Figure 15b shows the IR spectrum
of the Si(100)-Z 1 surface following a saturation dose (30 L)
of 5-hexen-2-one at room temperature. We estimate from the
integrated intensity of the(Si—H) mode at~2075 cn1? that
the ene product occupies roughly one-half of the surface dimers
on Si(100). This is a greater amount of ene product than was
observed for saturation coverages of EVK and 2-cyclohexen-
1-one on the Si(100)-21 surface, which we attribute to the
fact that there are no competing #42] pathways available to
5-hexen-2-one. Interestingly, the coverage of the 5-hexen-2-
one ene product on Si(100)4 is approximately twice that
on Ge(100)-x1. It may be possible that the higher binding
energies on Si(100)s21 relative to Ge(100)-R1 cause the
silicon surface products to be less sensitive to destabilization
from crowding and allow a higher coverage to be attained. In
addition to the ene product, a minor amount oft{{2] C=C
cycloaddition product may also be present, although the feature
in the carbonyl region are less distinct and intense on Si(100)
2x1 than on Ge(100)-21. While the [2+ 2] C=0 addition
reaction is expected to compete with the ene reaction on the
Si(100)-2« 1 surface at room temperature, we have not quanti-
fied the amount of [2+ 2] C=0 addition product due to its
lack of an identifying spectroscopic feature.

VII. Discussion
A. Competition and Selectivity. Although many reactions

contrast, barriers were calculated for the competing reaction
pathways on the Ge(100)<A and Si(100)-Z 1 surfaces which
are significantly higher in energy on Ge(100y-2 than on
Si(100)-2< 1. Thus, the difference in activation energies between
the hetero-Diels Alder reaction of EVK and the other compet-
ing reactions is increased on the Ge(10&)12surface relative

to the Si(100)-% 1 surfaceThis greater separation in barriers
causes an increase in the branching ratio which leads to the
enhanced seleciity of the [4+ 2] hetero-Diels-Alder reaction
obsewed on the Ge(100)-21 surface relatie to the Si(100)-
2x1 surface.

Unlike the [4+ 2] hetero-Diels-Alder reaction, the inter-
dimer [4+ 2] trans cycloaddition reaction, which is the favored
reaction for 2-cyclohexen-1-one at room temperature, does have
a finite barrier that is calculated to be larger on Ge(10Q}%2
than on Si(100)-21. Hence, the explanation given for the
enhanced selectivity of the reaction of EVK on Ge(10&)12
over Si(100)-% 1 would not seem to apply for 2-cyclohexen-
1-one. For example, using the calculated kinetics for EVK, the

Sbarrier for the interdimer trans cycloaddition reaction is ap-

proximately 5 kcal/mol lower in energy than its closkstetic
competitor the ene reaction, on the Si(100)2 surface. On

the Ge(100)-Z1 surface, the trans cycloaddition barrier is
approximately 6 kcal/mol lower in energy than the next most
kinetically favorable reaction, [2 2] C=O cycloaddition.
Given the observed competition that occurs for the unsaturated
ketones on the Si(100)=2L surface for reactions whose barriers
are separated by even several kilocalories per mole, this

the past several years, the principles and factors that control
reactivity at these surfaces are still not well understood. From
an examination of the combined theoretical and experimental
results of this model system of unsaturated ketones, an
understanding can be gained not only of the semiconductor
surface chemistry of these multifunctional compounds, but also
of the factors that govern competition and selectivity of organic
reactions on clean semiconductor surfaces in general. Ethyl vinyl
ketone and 2-cyclohexen-1-one, betlf-unsaturated ketones,
undergo [4+ 2] cycloaddition reactions on the Si(100)%2 and
Ge(100)-%1 surfaces. These [# 2] hetero-Diels-Alder cy-
cloaddition and [4+ 2] trans cycloaddition reactions are selec-
tive on the Ge(100)-R1 surface over competing reactions such
as the [2+ 2] C=C cycloaddition, [2+ 2] C=0 cycloaddition,

and ene reactions. On the Si(100}-R surface, the [4+ 2]
cycloaddition reactions are also favored over the competing
reactions, although to a lesser degree than on the Ge(20D)-2
surface, as significant side products are observéuls, the
results indicate that the chemistry of EVK and 2-cyclohexen-

to explain the improved selectivity observed on Ge(10Q}%2
versus Si(100)-21 for 2-cyclohexen-1-one.

To explain the greater selectivity of 2-cyclohexen-1-one on
Ge(100)-%1 versus Si(100)-21, it is necessary to consider
another factor: thermodynamic selectivity. As previously
discussed, the [2 2] C=0 cycloaddition product is not stable
on Ge(100)-%1 at room temperature due to its weak binding
energy. This means that the closest kineticalhy thermody-
namicallyviable competitor to the interdimer trans cycloaddition
reaction on Ge(100)-21 is the ene reaction, not the {22]
C=0 cycloaddition reaction. The barrier difference on Ge(100)
between the interdimer trans cycloaddition reaction and the ene
reaction is around 10 kcal/mol. This increased difference
between reaction barriers on Ge(100), due to thermodynamic
selectivity, compared to Si(100) is probably sufficient to account
for the improved selectivity of the interdimer trans cycloaddition
reaction of 2-cyclohexen-1-one on Ge(100) versus Si(100). Thus,
it is necessary to considérermodynamic factors (i.e., impred
thermodynamic selecity) in addition to kinetic factor#n order
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to explain why the chemistry of 2-cyclohexen-1-one is selective kinetic selectivity of a reaction by eliminating kinetically
on Ge(100)-%1 but not on Si(100)-R1. competitive reactions whose products are too weakly bound to
Although Si(100)-%1 and Ge(100)-R1 surfaces share a remain stable at the reaction temperature, as was discussed for
common structure and react with organics through analogousthe reaction of 2-cyclohexen-1-one on Ge(10&)12 Addition-
mechanisms, we observed that the chemistry on these surfaceally, it is possible for the relative kinetics of two reactions to
is significantly different. These differences in reactivity are a switch on the Si(100)-21 and Ge(100)-21 surfaces, depend-
direct result of differences in both the thermodynamics and ing on the types of bonds being broken and formed at the
kinetics of organic reactions on the silicon and germanium transition state. An example of this is seen for EVK, where the
surfacesthe main cause of which is that germanium forms ene transition state is calculated to be slightly lower in energy
weaker bonds with organic molecules than silicdhis effect than the [2+ 2] C=0O cycloaddition transition state on the
results in binding energies of reaction products on Ge(100)- Si(100)-2<1 surface, while the reverse is true on the Ge(100)-
2x1 that are lower than those on Si(100}-R (with the possible 2x1 surface. This could result, for example, in a situation in
exception of dative-bonded species), typically by a substantial which one reaction of a multifunctional compound is the
13 kcal/mol or greater, depending on what types of bonds are observed major pathway on silicon and the minor pathway on
formed with the surface. This greatly increases the possibility germanium, or vice versa.
of eliminating side products through thermodynamic selectivity =~ Because 5-hexen-2-one lacks the conjugation necessary to
on the Ge(100)-21 surface over the Si(100)x2 and C(100)-  undergo [4+ 2] cycloaddition reactions, its adsorption behavior
2x1 surfaces. We note that the dynamics of dimer buckling on provides additional information on the factors affecting competi-
Si(100)-2<1 and Ge(100)-2 1 differ at room temperature, with  tion for the other reactions. Evidence is present for a minor
rapid dimer buckling in a flip-flop motion occurring on Si(100)-  [2 + 2] C=C cycloaddition product on the Ge(100) surface and
2x1%243 whereas on Ge(100)x2L the dimers are statically  possibly the Si(100) surface as well, even though its transition
buckled! However, in all of the reactions studied, with the state is several kilocalories per mole higher in energy than that
possible exception of the [2 2] C=C cycloaddition reaction,  of the major ene product. Thus, the 5-hexen-2-one results show
the dimer is “locked down” in the precursor state by the that, due to the high reactivity of clean semiconductor surfaces,
adsorbed molecule on both Si(100)-2and Ge(100)-21 since  barrier differences greater than several kilocalories per mole
dative bonding at the “up” dimer atom is calculated to be between competing reactions may be necessary for total
unstable. Hence, the differences in the dynamics of dimer selectivity. These results suggest that thermodynamic selectivity
buckling on Si(100)-21 and Ge(100)-21 are likely to and thermodynamic control will be important for achieving

significantly affect only the dynamics of the initial adsorption  selectivity rather than relying solely on calculated differences
into the precursor state. in kinetics.

Due to the strong bonds silicon forms with organics, the |, summary, this work provides an example of the interplay
reaction products of organics on Si(100)-Pare almost always  of poth thermodynamic and kinetic factors in governing the
irreversibly stable on the surface and undergo some degree Ofreactivity of semiconductor surfaces toward organic molecules.
decomposmo_n upon annealing. Thl_s decomp_osmon thwarts The differences in these factors on Si(10822and Ge(100)-
attempts to improve thermodynamic selectivity or achieve .1 can help explain the differences observed in the competition
thermodynamic control by increasing the surface temperature. ang selectivity of multifunctional compounds on these surfaces,
However, thermodynamic selectivity may be enhanced on as demonstrated with this model system of unsaturated ketones.
silicon for reactions in which aromaticity must be broken (€.9., Ajthough we have specifically investigated the (100) faces of
[4 + 2] and [2+ 2] cycloaddition reactions of benzene), sincé  gj and Ge in this study, the conclusions drawn concerning
the product formed will be de_stablllged by the loss of.resonapce selectivity on Ge versus Si should also apply broadly to other
energy. Another strategy for improving thermodynamic selectiv- faces (e.g., (111)) as well since the bonds formed at different
ity to eliminate side products on silicon as well as on germanium crysta| faces should not significantly differ in strength. We note
is to use molecules where the competing reaction products aret the selectivity of the attachment of an organic molecule on
highly strained or suffer from large steric or electronic effects semjconductor surfaces will depend on the relationship between
(€.g., through the use of bulky or electron-withdrawing substi- the competing reactions and will not necessarily be enhanced
tutents). . _on Ge relative to Si in every casklowever, it is clear from

The weaker bond strengths of organics attached to germaniume theoretical and experimental results of this study that both
have important effects on reaction kinetics as well. It is seen thermodynamic and kinetic factorsua germanium for the
from our theoretical calculations that activation barriers are gglectie attachment of organicseer silicon.
larger on Ge(100)-1 than on Si(100)-21. Thus, certain B. [4 + 2] Trans Cycloaddition and Interdimer Reactions.

react|on§ which O,CCW on S|(100)>'<2L may be less favorable The hetero-Diels Alder reaction on semiconductor surfaces,
or even inaccessible at the reaction temperature on Ge(100)-

- : \~“"/as observed here for EVK, can be considered analogous to the
2x1. If the transition state for a precursor-mediated reaction is o< ader reaction previously reported for 1,3-butadiene and
tphushed from below the vacuum level on Si(106)42to above other normal dienes on the C(100%2, Si(100)-%1, and

e vacuum level on Ge(lOOM, then thg reaction W.I|| also Ge(100)-% 1 surfaced-9.11122326.45-50 On the other hand, the
have to compete unfavorably with reversible desorption of the
precursor state. Thermodynamics may also directly enhance the(

45) Hovis, J. S.; Liu, H. B.; Hamers, R. J. Phys. Chem. B998 102 6873.
(46) Konecny, R.; Doren, D. J. Am. Chem. S0d.997, 119 11098.
(42) Hamers, R. J.; Tromp, R. M.; Demuth, J.Ahys. Re. B 1986 34, 5343. (47) Kong, M. J.; Teplyakov, A. V.; Lyubovitsky, J. G.; Bent, S. $urf. Sci.
(43) Hata, K.; Yasuda, S.; Shigekawa, Phys. Re. B 1999 60, 8164. 1998 411, 286.
(44) Kubby, J. A.; Griffith, J. E.; Becker, R. S.; Vickers, J. Bhys. Re. B (48) Hossain, M. Z.; Aruga, T.; Takagi, N.; Tsuno, T.; Fujimori, N.; Ando, T;
1987, 36, 6079. Nishijima, M. Jpn. J. Appl. Phys., Part 2999 38, L1496.
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[4 + 2] trans cycloaddition reaction results in the formation of typically be less favorable than the one-dimer reaction due to
a trans cyclic product and has no obvious counterparts, to ourthe greater distance between the reacting surface atoms and the
knowledge, in surface chemistry or organic chemistry. The additional surfacer bond that is broken. In some cases, the
[4 + 2] cycloaddition reaction of a diene in trans configuration kinetics and thermodynamics of the interdimer reaction may
with a C=C bond (e.g.s-trans1,3-butadiene with ethylene) be comparable to those of the one-dimer reaction, as seen from
isnot observed since it results in an extremely strained and the calculations of the hetero-Dielé\lder reaction of EVK with
thermodynamically unfavorable trans cyclic product. We at- Si(100)-2<1 and Ge(100)-21. However, the trans cycloaddi-
tribute the fact that this reaction is facile on the Si(10&)12 tion reaction of EVK is an example of how interdimer reactions
and Ge(100)-21 surfaces to two main factors. The first and can be more favorable than one-dimer reactions in cases where
most important of the two is the strength of the reactirtgpnd considerable strain can be relieved. The theory suggests that
of the dienophile, which is broken during the reaction and thus interdimer reactions may compete with one-dimer reactions,
has a direct impact on the reaction energy. While the typical particularly where there is not a substantial strain or barrier
bond strength of an alkene bond is approximately 63  penalty associated with the interdimer product. Preventing
kcal/mol, the strength of the bond resulting from the weak interdimer reactions in these cases could be a challenging issue
overlap of the surface dimer dangling bonds has been estimatedor ordered growth.

to be only around 28 kcal/mol on Si(100)-21 and Ge(100)-

2x1, giving it considerable diradical charact£”4° Thus, VIIl. Conclusions

cycloaddition reactions, includingd[+ 2] trans cycloaddition, . ) . )
enjoy a substantial thermodynamic.ahtage of approximately We have perfor_med multlple_ |nterna_l reflection infrared
55—61 kcal/mol with the Si(100) and Ge(100) surfaces retati spectroscopy studies and density functional theory quantum

to alkenes due solely to the weaker dimelbond versus G=C chemistry calculations on the reaction of a model system of
alkene bond that must be brokefthe cycloaddition reaction ~ Multifunctional unsaturated ketones with the Si(10&)22and
takes place across two surface dimers (ie., an interdimer ©€(100)-21 surfaces. These results have allowed us to examine

reaction), this advantage is decreased slightly to-3& the fgctors governing thg competition and selectivit.y of organic
kcal/mol due to the cost of breaking an additional dimer reactions on clean semiconductor surfaces. Despite the shared
bond. structure and similar electronic character of the Si(100) and
Ge(100) surfaces, significant differences in their reactivity with
these compounds are observed. The experimental and theoretical
results indicate that both ethyl vinyl ketone and 2-cyclohexen-

Another factor which favors the trans cycloaddition reaction
on Si(100) and Ge(100) versus alkenes involves the length of

the reacting bond of the dienophile. The effect of a longer 1-one undergo selective f 2] cycloaddition reactions on the

dienophile bond can be seen by comparing the calculated .
energies of the one-dimer and interdimer trans reactions, whereGe(loo)'z<1 surface, whereas on the Si(100}-2 surface

the distance (before reaction) between the “dienophile” silicon S|gn|f|cant ene and possibly 2 2] C=0 cycloaddition side
atoms is 2.27 and 3.84 A, respectively. For the interdimer trans reactions occur as well.

cycloaddition product of EVK on Si(100)521 (Figure 6b), we The greater selectivity of these compounds on the Ge(100)
calculate that 1824 kcal/mol strain energy is relieved over Surface versus the Si(100) surface can be explained by differ-
the one-dimer trans cycloaddition adduct (Figure 6a) after €NC€S in both thermodynamic and kinetic factors. While kinetic
accounting for the cost of breaking an extra dinebond. factors dominate the reaction of organics on the Si surface,
Additionally, we have calculated that for EVK the relative strain thermodynamic factors are also seen to play critical roles on
of the trans cycloadduct compared to the Diefdder adduct the Ge surface. Due to the weak bonds formed at the Ge surface,
is much greater when ethylene, which has a shortéond the binding energies of some competing reaction products are
length of 1.33 A, is the dienophile rather than a Si(10g)t2  too weak (e.g., the [2 2] C=O cycloaddition product) to
dimer (66 kcal/mol relative strain vs 32 kcal/mol, respectively). emain stably adsorbed on Ge, and the adducts can be selected

Thus, it can be seen from the theoretical results that a longerout. Hence, thermodynamic selectivity is greatly enhanced on
dienophile bond is correlated with less strain in the trans cyclic the Ge surface relative to the Si surface, where the strong bonds
product. These results suggest that the trans cycloadditionfOfmed typically result in irreversibly adsorbed kinetic products.
reaction may be possible in organic/inorganic chemistry between This fact allows elimination of even kinetically competitive
a dienophile with considerable diradical character and a diene reactions on the basis of their weak, reversible binding and can
which is locked in a trans configuration (to prevent competition improve the selectivity of a molecule which has multiple
from a more favorable DietsAlder reaction). available reaction pathways, as seen with 2-cyclohexen-1-one.
Because of the diradical-like nature of the surface dimers, OUr calculations also show that the barriers for many organic
reactions across adjacent surface dimers (i.e., interdimer reac/€actions are higher on the Ge surface than on the Si surface.
tions) can occur which are mechanistically similar to those TNis can lead to improved selectivity by making reactions less
across a single dimer. For the majority of reactions, particularly kinetically competitive or inaccessible, as seen with ethyl vinyl
those involving addition across adjacent atoms in the reactant<€tone.
molecule (e.g., [2 2] cycloaddition) or dissociation (e.g., the It is clear from the experimental and theoretical results that
N—H dissociation or ene reactions), the interdimer reaction will both thermodynamic and kinetic factors favor Ge over Si for
selective attachment. The high reactivity coupled with the lack
(49) Kong, M. J.; Teplyakov, A. V.; Jagmohan, J.; Lyubovitsky, J. G.; Mui, C.; Of thermodynamic selectivity and thermodynamic control on

Bent, S. FJ. Phys. Chem. B00Q 104, 3000. i . . .
(50) Russell, J.N.. Butler, J. E.. Wang, G. T.; Bent, S. F.; Hovis, J. S. Hamers, cleap S|I|c9n surfaces makes selectivity a problematic issue with
R. J.; D’Evelyn, M. P.Mater. Chem. Phys2001, 72, 147. multifunctional compounds. These results suggest that Ge may
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