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Hydrogen catalyzed adsorption of alkenes on the diamond001) surface
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We present first-principles density-functional calculations for[theé 2] cycloaddition reaction of ethylene
on the(001) surface of diamond. For comparison we also study the same reaction of ethylene of0@i¢ Si
surface as well as that of two ethylene molecules. Similar to the latter case, a concerted reaction on top of the
C dimer is symmetry forbidden due to the symmetric dimer configuration(60Q. However, in both cases
the symmetry-forbidden reaction can be avoided by allowing a rotation of th& ®ond of ethylene. This
asymmetric reaction path yields an energy barrier of 2.29 and 0.90 eV for the cases of two ethylene molecules
and GH,/C(001), respectively. In contrast, the reaction of ethylene @03 takes place via an intermediate
state, caused by the asymmetric Si dimer structure. The reaction energy barrigt,adrCC00D) is too high
to attain direct adsorption. Here we propose that[the 2] reaction path is catalyzed by a few hydrogen
impurities.
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[. INTRODUCTION the adsorption of cyclopentene could take place on defects
rather than on C dimers, analogous to oxygen ¢f(g). 57
The[2+2] cycloaddition reaction is of fundamental im- Thus, it is controversial whether C dimers are reactive with
portance in the synthesis of organic molecdiés.simple  unsaturated hydrocarbons or not. Note that our previous the-
example of such reaction is the formation of cyclobutaneoretical study for adsorbed cyclopentene ofO@) only
from two ethylene moleculesee Fig. 1 According to the considers the binding energy and structure of fte- 2]
symmetry conservation rule of Woodward and Hoffmaran, product® For this reason a detailed theoretical study for the
face-to-face concerted reaction of two ethylene molecules ikinetics of the[2+ 2] cycloaddition reaction of unsaturated
symmetry forbidden because orbital symmetry characterishydrocarbons on (Q01) is required.
tics of the reactants and the product differ from each other. In this paper we study the kinetics of th2+ 2] cycload-
As shown in Fig. 2, the symmetries of frontier orbitals, i.e.,dition reaction of GH, on C(001), and, for comparison,
the highest occupied molecular orbitelOMO) and the low-  those of two GH, molecules and §¢H,/Si(001). Here we
est unoccupied molecular orbitdlUMO) cross between two chose GH, as a representative of all the alkenes. In the
ethylene molecules and cyclobutane, resulting in a very largéllowing section our computational method is described. In
symmetry-imposed barrier. This symmetry-imposed barriethe third section we obtain estimates of the energy barriers,
can be avoided when one of the electrons is promoted to theoncluding that the sticking coefficient of,8, on a per-
LUMO state of two ethylene molecules by photochemicalfectly clean G001) surface is much less than 1t at room
excitation® temperature. In the fourth section we propose that less than
Recently thg 2+ 2] cycloaddition reaction has been ex- 1% of H impurities on the surface could catalyze the reac-
tended to the hybridization of organic molecules with thetion and account for the experimentally observed rate of ad-
(001) surface of Si and diamorfd> Here, the hybridizing sorption and in the fifth section our conclusions are given.
organic molecules, such as acetylénegthylene’
cyclopentené, cyclohexadiend,and cyclooctadiert® have
the 7= bond of unsaturated hydrocarbons and the t@@1)
surfaces exhibit a surface reconstruction in which pairs of We performed the total-energy and force calculations by
surface atoms bond to each other, forming dimers. As a resuitsing density-functional theoly within the generalized-
of the[ 2+ 2] cycloaddition reaction, ther bond of unsatur- gradient approximation(GGA). We used the exchange-
ated hydrocarbons and the bond of a dimer interact to correlation functional of Perdew, Burke, and ErnzefRéér
produce two newr bonds. The adsorption of the above or- the GGA. The C(Si and H atom is described by ultraséft
ganic molecules on §)01) is facile at room temperature
with a sticking coefficient of nearly unity.*° Theoretically, (a) (b)
the reaction pathway for tHe + 2] product predicts little or

Il. CALCULATIONAL METHOD

no barrief**~**through a low-symmetry intermediate state “O‘EG“ [2+2]

because of the asymmetric Si dimer structure. On the other 7 cycloaddition

hand, a very low sticking coefficient{0.001) was reported !

for cyclopentene on (©01).1* Hovis et al'* pointed out that w

this may be caused by a high reaction barrier due to the

symmetric dimer configuration of (G021 including a larger FIG. 1. (Color onling [2+2] cycloaddition reaction of two

m-m* surface-state band gap and a strongebond com-  C,H, molecules:(a) two separated £H, molecules andb) cy-
pared to those of 8301). However, Carbor@ argued that clobutanez represents the distance between twaigmolecules.
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FIG. 2. (Color onling Calculated wave functions of the HOMO
and the LUMO for(a) two C,H, molecules andb) a C,Hg mol-
ecule. The plots at the separation at which twgH&) molecules
and GHg have approximately equal total energiaz=0.65 A, are
displayed. The first soliddashed line is at a positive(negative
0.03 (e/bohP)¥2 with spacings of a positivenegative 0.03
(e/bohP)Y2. The large and small circles represent C and H atoms,
respectively. Another H atoms lies directly below each H atom vis-
ible in this figure.
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(norm-conservintf) pseudopotentials. The ,8,/C(001)

and GH,/Si(001) systems are modeled by a periodic slab [ i ’
geometry. Each slab contains five(Si) atomic layers and L 1

the bottom C(Si) layer is passivated by two H atoms per C < ok bis -
(Si) atom. The thickness of the vacuum region between these 2T T 1 =<
slabs is about 14 A, and,8, molecules are adsorbed on the 56 : Q
unpassivated side of the slab. We carried out most of the slab g 4k 14 ~
calculations using a (42) unit cell where two dimer rows = [ 1

are included, but a (% 3) unit cell was employed for the B S B TR CI T E 1
calculations of the H-mediatef?+ 2] cycloaddition reac- ) e A R B EA
tion. The calculations for the reaction of twgld, molecules 0 1 2 3 4

were performed using 2012x 18 A® supercell with onek
point. A plane-waye baS|§ set was used W'th 25 Ry cutoff, FIG. 3. (Color onling Calculated energy and-€C bond length
and thek space integration was done with two and oneyjong the[2+2] cycloaddition reaction patha) two C,H, mol-
points in the (4<2) and (4x3) surface Brillouin zones, ecules,(b) C,H, on C(001), and (c) C,H, on S(001). The solid

respectively. Relaxation of the atoms was done using theopen circles represent the energies of the singleublg-bond
calculated Hellmann-Feynman forces until the residual forcetate in which the two C atoms of,8, have an identicahz. Az

components were less than 1 mRy/bohr. for each case is defined in the text. The thin solid line@jrand (b)
represent the energy curve obtained by allowing the rotation of the
IIl. CLEAN SURFACES C—C bond of GH,. The arrow in(c) indicates a local minimum.

The energy in each case is referenced from the total energy of its
Our purpose here is not to obtain an exact value for theeparated limit. The dotted lines represent the € bond length of

sticking probability of GH, on C001), but only to show CzHa, corresponding to the single-bond and the double-bond states.
that it is completely negligible. In order to determine the
accuracy of our estimates we initially study the dimerization=z—2, Wherez, is the equilibrium distance (1.56 A) of
of ethylene to cyclobutane whose activation energy iscyclobutane. We find that there are two states characterized
knowrf® to be 2.71 eV. We first study a face-to-face con-by dc._. One state which exists abover=0.55 A has a
certed reaction of two g4, molecules. In our calculations shorter G—C bond length ofdc _~1.34 A compared to
this reaction is simulated by varying the distarzdeetween that (dc_c~1.55 A) of the other state which exists below
two C,H, moleculegsee Fig. 18)]. Here the positions of H Az=0.81 A, indicating that the formeflatte has double
atoms as well as the length of the-GC bond are optimized (single bond character. Note that the single- and double-
at each separation. In Fig(88 the calculated energy and bond states coexist betweexz=0.55 A and 0.81 A and
C—C bond length dc_) are given as a function oAz  their energies are close to each otheaat=0.65 A. In order
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(a) 1.55 (d) 56 more favorable than the parallel struct{iFég. 1(a)], leading
. to a minimum in energy at a rotation angle 6£90°. On
167 156 the other hand, in the single-bond state, i.e,H§; such a
rotated structure is not favored over the parallel structure, but
155 rather a buckled structure is favorffig. 4(a)] in which the

two facing C atoms on one side are attracted to each other.
This is not the actual reaction pathway since the incoming
double bonded molecule must somehow become single
bonded and at some point get on the minimum-energy single
bonded pathway. However the crossing energy of these two
minimum-energy curves does represent a lower bound for
the energy barrier. The thin solid lines in FigaBrepresent
the calculated energies of the rotated and buckled structures
as a function ofAz. We obtain an energy barrier of 2.29 eV,
which is lower by 0.47 eV compared to the energy height
(2.76 eV at the crossing point of the single- and the double-
bond states along the face-to-face reaction path. It is inter-
esting to note that the latter value is almost a half of the
energy differencg5.61 e\) between ther and 7* levels of
C,H, [see Fig. 5a)]. Because the reaction can proceed when
one of the molecules is photoexcited to th& state, one
would expect the energy barrier to depend on#he™* gap
although there is no reason to expect any particular value for
the calculated barrier to gap ratio, especially since GGA en-
ergy gaps do not represent excitation energies. A smooth re-
FIG. 4. (Color online Atomic geometries of the intermediate action pathway does not appear along an energy valley and
and final states(a) the buckled structure of two @i, at Az  over a saddle point with ther— #* transition occurring
=0.65 A, (b) the buckled structure of 1,/C(001) at Az  adiabatically as the molecules traverse the pathway. Rather,
=0.9A, (c) the three-atom intermediate structure of the actual reaction pathw&yseems to require the molecules
C,H,/Si(001), (d) the [2+2] product of two GH,, (e) the [2 to approach one another in unstable excited states.
+2] product of GH,/C(001), (f) the [2+2] product of The C dimer bond of ©01) is composed of @ bond and
C,H,/Si(001). The numbers denote the bond lengths in A. a  bond, similar to the double bond of alkenes. The calcu-
lated dimer-bond length at a cleari0D1) surface is 1.39 A,
to examine the symmetry of the two states, we plot the wavevhich is somewhat longer than the=€C bond length
functions of the HOMO and LUMO, calculated &tz  (1.34 A) of an isolated §H, molecule. This implies that the
=0.65 A. As shown in Fig. 2, the symmetry of the two 7 bond of the C dimer should be weaker than that gfg
(C,H,) HOMO (LUMO), i.e., the double-bond state, is the Since the bonding character of the C dimer is similar to that
same as that of the Bl LUMO (HOMO), i.e., the single- of C,H,, the[2+2] cycloaddition reaction of g€H, with
bond state. Therefore, the orbital symmetry between the re=(001) is expected to be analogous to that of twgHg
actants and the product is not conserved, demonstrating thatolecules. We therefore study a concerted reaction,6f,C
the face-to-face concerted reaction is symmetry forbidden.on top of the C dimer. Here the position 0§l€}, is displaced
The barrier height is 2.76 eV, close to the experimental actiupward from the equilibrium structuré=ig. 4(e)] of the[2
vation energy. A lower bound to the barrier height may be+2] product: this displacement is denoted Ay. For a
obtained by allowing additional relaxation of the C atomsgiven Az all the atoms are fully relaxed within the ¥&2)
while keepingz between the centers of the twe-GC bonds  unit cell, except the bottom C layer atoms and the two C
fixed. In the double-bond state the rotation of the-C bond  atoms of GH, (but the G=C bond length is optimizedThe
of one GHy,, relative to the other £H,, about thez axis is  results of the energy ard._ are displayed in Fig.®) as

(@) (b) (c) FIG. 5. (Color online Occu-

pied 7= and unoccupiedr* states

51 LA A SRR R I for (8 a GH, molecule, (b) a

. %\ . e T o clean G001)-(2x 1) surface, and
= = e T . ., (c) a clean Si00D)-c(4x2) sur-
5.61eV P gfrrreee. A 1t : face. The inset in(b) shows the
o S . T e UL surface Brillouin zone for the (2
| P T x1) and c(4x2) unit cells.

’ Shaded areas ifp) and(c) are the

S K7 T -1 T Y Y T projected bulk-band structure.
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a function ofAz. We find that the singlédouble-bond state  ¢(4x 2) unit cell. At thel” point the energy difference-*
exists below(above Az=1.0(0.8) A, and the energy curves and valence maximums* band gap are 0.62 and 0.21 eV,
of both states cross at abaz=0.9 A. The general feature respectively. On the other hand, our calculated energy profile
of the existence of the single- and double-bond states ar[d:ig_ 3(c)] for the reaction path of &1, on top of the Si
their energy curve crossing is similar to the case of Wbl gimer shows an energy barrier 6f0.15 eV, close to the
molecules. However, in £,/C(001) the decrease dc_c  above obtained band gap and below a halfmefr* . Here,
(Adc_c~0.13 A) in the single-bond state is rather steepefihe two C atoms of gH, are constrained to have an identical
with increasingAz compared to the two £, case where nejgnt for a givenAz, but the G—C bond length is opti-
Adc_c is less than 0.02 A. Note that the energy height aimized. At the crossing pointz.~1.1 A) of the single- and
the crossing point of the single- and the double-bond states i$ie double-bond states thl._¢ values of both states are
~1.01 eV, which is almost a half of the calculated energycjose to each other and the double-bond state no longer ex-
difference(2.06 eV atl’ p0|_nt) between ther and 7* sur-  jgtg belowAz,. Unlike C,H,/C(001) where the energy of
face states of @O [see Fig. &)]. the double-bond state monotonically increasesAasde-

As in the case of two {H, molecules, we further relax creases, the double-bond state iHg/Si(001) shows a lo-
the C atoms of gH, from the parallel structure. In the a1 minimum atAz=2.6 A, where the energy is a negative
double-bond state the 90° rotation of the—@ bond of (.04 eV relative to the energy sum of a cleaf08I) surface
CzHy, relative to the C dimer, about tieaxis is more fa-  and an isolated £H, molecule. This result indicates the ex-
vorable than the parallel structure, whereas in the singlegtence of a weakly bound intermediate state along the reac-
bond state a buckled structyfeig. 4b)] is favored. The thin  tjgn path on top of the Si dimer, possibly caused by the
solid lines in Fig. 8b) represent the calculated energies of 3symmetric Si dimer structure. It is notable that the above
the rotated and buckled structures. Here we obtain an energyentioned three-atom intermediate state WG/ Si(001) is
barrier of 0.90 eV. Note that because of the different bondgtriputed to the energetically favored hybridization between
lengths and rotation angles, the atomic nuclei do not overlag,e - bonding state of gH, and the empty dangling-bond
so there is no possibility of a transition between the tWogiate of the down Si atom. In the present work we find the
structures and the 0.90 e\_/ barrier merely represents a lowWghree-atom intermediate staftBig. 4(c)] with an adsorption
bound to the actual barrier. If we assume that the actugbnergy of 0.49 eV, therefore more strongly binding than the
barrier lies between the face-to-face barrier and the |°We{ntermediate state obtained along the on-top reaction3ath.
bound, as was the case for ethylene to cyclobutane, we estjye find that when we increase the height of theHg from
mate the actual barrier to be0.97 eV. If we assume that jis hound state, relaxing the condition that both atoms are at
every molecule with enough energy to get over the barriefne same heighti.e., only the height of the center of the
does, and sticks to the surface, the sticking coefficient i pond is fixeql, the molecule follows the reaction path-
given by.e_l_zb/kT- This yields(at roorgtemperatu)ean esti-  ay from the three-atom intermediate state to ffe- 2]
mated sticking coefficient of 5:410° ~"and an upper bound - proguct, but in the reversed direction, attaining the same op-
of 8.1x 10" . On the other hand, Hovist al." observed the  timjzed structure along each point. ¥¥dave found an en-
adsorption of cyclopentene on(@J1) with a sticking coeffi-  ergy barrier of 0.03 eV between the three-atom intermediate
cient of ~0.001. This disagreement for the sticking coeffi- state and the bound state with the electronic transition occur-
cient of alkenes between our prediction and experiment Ma)ing adiabatically along the reaction pathway. Therefore

be reconciled by considering the so-called “stepwise” reac-c H,/C(001) bears no relation to,8,/Si(001).
tion which involves intermediate states. As a matter of fact, it

has been proposed that or{(&l1) the initial reaction stage of
unsaturated hydrocarbonde.g., acetylen&, ethylene’
cyclopentené, 1,4-cyclohexadien& and 1,5-cyclo- Contrary to our present prediction and Carbone’s
octadiend”) involves the three-atom intermediate state whichargument® that alkenes such as ethylene and cyclopentene
is composed of a three-membered ring with the two C atomsvould not be reactive with the C dimers on(0D1), the
and the down atom of the Si dimer shown in Figc)4How-  Fourier-transform infraredFTIR) spectroscopy data of Ho-
ever, on @001) we cannot find such an intermediate state.vis et all* showed that the spectrum of cyclopentene on
Thus, it is likely that the adsorption of alkenes on a cleanC(001) is very similar to that obtained on @®D1) for which
C(001) surface is not feasible by a direct reaction. STM images clearly show reaction with the Si dimers. In
Although our concern here is only with diamond, it is of order to explain the evidence of adsorbed cyclopentene on
some interest to see how diamond differs from Si. Since th€(001), we propose an H-mediat¢@+ 2] cycloaddition re-
energy barrier for the concerted reaction gHz on Q001)  action of alkenes on (©01). Since Hoviset al. prepared a
is correlated with the energy difference between thand clean G001) surface from a hydrogen-capped00l) sur-
7* surface states of (001), we calculate the surface band face by heating to 1375 K, we speculate that th@0Q)
structure of S001) for comparison with the energy barrier in surface might not be perfectly H-free. Whea H atom is
the GH,/Si(001) case. Figure() shows the surface-state attached to one C atom of the C dimer, a dangling bond is
energy bands of the @01)-c(4%2) surface employed in created on the other C atom as a consequence of breaking the
our p(4x2) unit-cell calculations for the reaction of,@, = bond of the C dimer. Similar to the formation of the three-
on top of the Si dimer. There are the two occupiednd two  atom intermediate state in,8,/Si(001), this dangling bond
unoccupiedr™* states due to the four dangling bonds in eachcan easily react with ther bond of GH,, producing an

IV. HYDROGEN MEDIATED ADSORPTION
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FIG. 7. (Color onling Transfer of H [in Fig. @] to the neigh-
boring dimer. The position of Hs constrained within 8110 plane
near the center region between the two adjacent dimers. Top and
side views of the optimized structure are displayedanand (b),
respectively. The numbers ifb) denote the interatomic distances
(in Angstroms.

file for this H-abstraction process, we consider the most
probable abstraction pathway by decreasing the distance be-
tween the abstracted hydrogen &hd the G atom[see Fig.
6(a)]. We optimize the structure for each constrained value of
dHrCa (but not the angle of that boidising the gradient-

projection method’ The calculated energy profile is dis-
played in Fig. 6, together with the atomic geometries of the
transition statd Fig. 6(b)] and the H-abstracted stafEig.
6(c)]. We obtain an energy barrier of 0.45 eV for H abstrac-
tion. In the H-abstracted state the attachetH§£can easily
rotate around the axis of the diamond-ethylene bond because
of its single-bond character. As a result, the abstracted H
atom can be transferred to neighboring C dimers. For this
H-donation process we consider the two reaction paths where
the structure is again optimized for constrained values of
dH_ca. One path(l) is H donation to the nearest C atom in

the adjacent dimer row and the other péh is that to a
neighboring C atom in the same dimer row. After H dona-
tion, the G atom becomes the C radical again, thereby easily
FIG. 6. (Color onling Calculated energy profile for the reacting with the remaining dangling bond of the bonding C
H-mediated[2+ 2] reaction path for ¢H, on C(001) and the  dimer. The optimized atomic geometries of the transition and
atomic geometries at several representative points. Enfirgy final states for the reaction path(ll) are given in Fig. &)
eV/(4x 3) surface unit cellis referenced from the total energy of [6(d')] and Fig. &e) [6(€)], respectively. We obtain an
the separated limit consisting of a fre@kg molecule and one _H energy barrier of 0.911.03 eV for the reaction path (Il)
fs\ttached @O0D-(4x3) surfac_e. Explanation for eac_h state is given gnq an adsorption energy of 3.28.11) eV for the final[ 2
in the text. For the H-donation process the reaction patt)lis | 51 nroduct. As a result of the H-donation process, another
displayed by the soliddashedline. dangling bond is created on the H-attached C dimer, setting
off a consecutive H-mediatd® + 2] reaction for incoming
intermediate stat¢Fig. 6(@)] with an adsorption energy of C,H,.
1.05 eV. Thus ther bond of GH, opens to form one G-C Based on our calculated energy profile in Fig. 6, we con-
bond and one C radical. For the next step we performed aider thermal activation for the H-mediate@8+ 2] cycload-
preliminary study for the transfer of Hin Fig. 6(@)] to the  dition reaction. Using an Arrhenius-type activation process
neighboring C atom along the dimer row, accompanying forwith the usual attempt frequency 6f10** Hz,?® we estimate
mation of the[ 2+ 2] product. When the Hatom is placed the reaction rate for H abstraction as3x 10° s™! at room
near the center region between two adjacent dimers, the etemperature, indicating an easy thermal activation. On the
ergy of the optimized structur@-ig. 7) is 0.61 eV above the other hand, the reaction rate for the H donation along the
zero of potential in Fig. 6. Thus, we did not further considerpath | is~5.51x 10”2 s~ at room temperature, correspond-
such a reaction path. As anotHet+2] reaction path, the ing to a half-life time of about 13 s, whereas the H-donation
created C radical in Fig.(8) can be stabilized by H abstrac- process along the path Il yields a relatively small reaction
tion from the bonding C dimer. To examine the energy pro-rate (~5.36x10 *s™1) and large half-life time(1293 3.
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According to the FTIR spectroscopy data of cyclopentene oolves an adsorption intermediate, theHz/C(001) system
C(001),** a uniform increase in infrared absorption intensity does not exhibit such precursor-mediated adsorption. More-
was observed up to exposures ef5000 langmuir (1  over, a concerted reaction on top of the C dimer is symmetry
X 10"° Torr for 500 3. Assuming that the reaction rates of forbidden due to the symmetric dimer configuration of
alkenes are similar to one anoti{and assuming that the 13 C(001). Even though this symmetry-imposed barrier can be
s half-life from reaction path | were corrgcthe number of  avoided by a low-symmetry approach ofHf;, the adsorp-
H-mediated[2+2] reactions per H in the cyclopentene/ tion is kinetically prohibited because of a high activation
C(001) system amounts te-40 during a saturation exposure barrier whose lower boun@vithin the GGA) is 0.90 eV and
time of 500 s. Noting that cyclopentene can only bond towhose sticking probability is much less than 1 (com-
somewhat less than half of the C dimétsye find that the  pared with the experimental 18). We then showed that
clean Q001 surface used in the experiments of Hovis C,H, could easily be adsorbed on #301) dimer which had

et al would require H atoms on less than 1.5% of thea hydrogen impurity and how that H atom could be trans-
surface dimers. We suspect that our Arrhenius prefactor igerred to a neighboring dimer to repeat the process. The only
too large by three or more orders of magnitude because onlynportant uncertainty involves the rate at which the adsorp-
a small fraction of the attempts to transfer a hydrogen will betion energy into the precursor state is dissipated. The facts
made in the direction of the neighboring dimer. We find if theare as fellows. Alkenes adsorb on perfed0@) surfaces
Arrhenius prefactor is reduced by five orders of magnitude tayith essentially zero probability. Cyclopentene adsorbs on a
10° Hz, but we assume 4% of the energy of adsorption intaclean G001) surface. Most experimentalists would consider
the precursor state remains undissipated, resulting in an e# surface with less than 1% H impurities to be clean. Al-
fective temperature in the Arrhenius formula, that the half-though we do not claim to have proved our process is the

life becomes 1.8 s. Thus only about 0.2% of the dimerscorrect one, it is the only one thus far suggested which can
would nee a H atom to account for the observed time re-account for all the facts.

quired to saturate (001) with cyclopentene. When 10%

(40%) of the energy remains the half-life becomes 4 ACKNOWLEDGMENTS
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