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The chemistry of hybrid structures composed of organic mol- Table 1. Distribution of the Final Addition Products’

ecules and semiconductor surfaces is opening up exciting New poduct  theory (%) expt (%) product theory (%) expt (%)

avenues of dgvelopment in molecular electronics, nano;cale devices; 15 1113 D(+E) 30 221 15
and surface lithography. Covalent attachment of organic molecules g 30 31+ 6 H 10 21+ 5

to such a surface can yield active devices, such as molecular C 15 16+ 7

switches or passive insulating layers. Moreover, the reactions can
be controlled by tailoring specific organic molecules, suggesting Scheme 1.
possible new lithographic techniques. Despite recent experirliental

and theoretical” investigations of the covalent attachment process, scFe-cfeg s /% o
a detailed understanding of the chemistry is needed before it can — .
be exploited for such novel purposes and is currently lacking. bs‘:\’g S‘:S‘

The Si(100)-2x 1 surface, one of the most commonly used 7R 7‘\9‘“
surfaces for attachment of organic molecules, consists of parallel J
rows of silicon dimers, and it is well established experimentélly ﬂ ﬂ ﬂ
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that these surface dimers can act as dienophiles, formingra24
Diels—Alder (DA) adduct, or as an enophile to form a {2 2]
adduct, the former being six-membered rings, with conjugated

\
dienes. v v \ ;was‘ \ \ ;:\Is. \
Very recent scanning tunneling microscopic (STM) experinfents ﬂ

of 1,3-cyclohexadiene addition to the surface show that, in addition
to the DA [4+ 2] adduct, other products are possible, specifically,
[4 + 2]-like adducts that bridge two dimers within a row or two = ;g.;u 'C_Z. 2

dimers in adjacent rows and two intradimer§22] adducts. Finally, \ gl \ \':'S'/.:’ \

. . . L €N _ZpN, < Si
a sixth species was also reported, although it was not possible to s TN G
determine its identity conclusively.

Despite the novelty of these results, neither experiments nor staticdimension 22.53 A to be used. The dynamics of the system was
ab initio calculations can identify specific mechanisms by which generated using a new formulatidrof the Car-Parrinello algo-
these addition products form. For the DA [ 2] adduct, an rithm?3 for treating reactive systems.
outstanding and controversial question of whether the reaction Since the geometry and charge distribution of the neat Si(100)-2
mechanism involves a concerted (symmetric or asymmetric) or x 1 surface can influence the reaction mechanism, it is necessary
stepwise formation of the two SiC bonds remains unanswered; to review our current understanding of the surface. The present
one might expect that similar questions arise for the other adducts.theoretical approach, in agreement with recent experiniénts,

To address these issues, we have undertaken a finite temperaturéndicates that the room-temperature structure is the«c23 buckled
ab initio molecular dynamics (AIMD) study, using forces obtained dimer structure, which persists to temperatures as low as ¥0 K.
“on the fly” from electronic structure calculations, to investigate The average geometry of the dimers is found to be in good
the addition product distribution as well as the underlying mecha- agreement with static ab initio calculatiofs'® Consequently, the
nistic aspects of the reaction. charge distribution within each dimer is asymmetric, with an excess

AIMD calculations were performed using the PINMD codé® positive and negative charge on the lower and upper atoms,
on a system of four silicon layers composed of 32 atoms (four respectively.
surface dimers), a passivating bottom layer of hydrogens, and one To have a meaningful product distribution, 40 trajectories, each
cis-1,3-butadiene at a temperature of 300 K. The electronic of length 2 to 3 ps, were initiated from an unbiased distribution of
similarity between 1,3-butadiene and the 1,3-cyclohexadiene of ref initial configurations of the butadiene above the surface. In total,
4 allows direct comparison between theory and experiment. The nearly 110 ps of trajectory data were generated. Table 1 shows the
electronic structure was represented within the generalized gradient percentages of the addition produé{see Scheme 1) together with
formulation of Kohn-Sham density functional theory (DFT). The the experimentalvalues for 1,3-cyclohexadiene. It can be seen that
orbitals were expanded in a plane-wave basis afl tpeint, with the yields of all products analogous to those of ref 4, that is,
atomic pseudopotential8,up to a cutoff of 35 Ry, which is A—D(+E), agree with experiment within the error bars. Some slight
sufficient to converge the geometry of the butadiene and reproducedifferences between the 1,3-butadiene and 1,3-cyclohexadiene
the change in energy per surface dimer upon reconstru€tion. products are: (1) for the former, the B adduct forms diagonally
Rigorous treatment of the surface boundary condifibakowed a across two intrarow dimers and (2) the{22] adduct is actually
box with periodic dimensions 15.34 A, 7.67 A, and nonperiodic an interdimer [2+ 2]-like adduct within a row.
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so as to allow a second nucleophilic attack on the positively charged
Si of this dimer. The reaction involves an intermediate “fluxional”
species (Figure 1F, Scheme 1F) that rapidly converts into a stable
[4 + 2]-like interdimer adduct (Figure 1B, Scheme 1B) via an
electron pair reorganization. The existence of such a “fluxional”
species was also suggested in ref 4. The-[2]-like adduct, D, is
stabilized if the double bond at the end of the butadiene is oriented
between the rows. Finally, the inter-row adduct formation is initiated
by a second nucleophilic attack of the=C double bond in the
zwitterion on the positively charged Si atom in a neighboring row.
Here, a nine-membered ring finally forms, leading to a migration
of positive charge into a bulk layer, as seen in the ELF (Figure
1C, Scheme 1C).

The preceding discussion highlights the predominance of an
stepwise zwitterionic mechanism governing addition product forma-
tion on the Si(100)-2«< 1 surface. Although we cannot rule out a
concerted mechanism, one might expect on statistical grounds that
the initially asymmetric charge distribution in the surface dimers
allows only very special initial conditions to lead to a concerted
reaction path. This suggests that the mechanism of the-Diddter
adduct formation is dominated by a nonconcerted mecha&hism
(Scheme 1), thus addressing one of the long-standing questions
concerning this reaction.
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