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Direct Observation of C, Hydrocarbon—Oxygen Complexes on Ag(110) with a
Variable-Low-Temperature Scanning Tunneling Microscope
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A variable-low-temperature scanning tunneling microscope (STM) was used to observe oxygethidene
(CzHy), and acetylene (§£,) molecules on a Ag(110) surface and the various complexes that were formed
between these two hydrocarbons and oxygen at 13 K. Ethylene molecule(s) were moved to the vicipity of O
either by STM tunneling electrons at 13 K or thermally at 45 K to forrdHQx—O, (x = 1—4) complexes
stabilized by C-H---O hydrogen bonding. Acetyler@oxygen complexes involving one or two acetylene
molecules were observed.

The heterogeneous selective oxidation of hydrocarbons is awhich hydrocarbons are oxidized at metal surfaces: the metal
topic of enormous industrial importance and has therefore beenused, the structure of the hydrocarbon, and the identity of oxygen
extensively studied. Most thermodynamically favorable hydro- species. Despite numerous reports on the epoxidation on silver,
carbon oxidation reactions give rise to undesirable products suchan understanding of the complete reaction pathway is still
as CQ and HO;12 hence, achieving acceptable selectivity in  required.
hydrocarbon oxidation is particularly important in industrial In this paper, we present scanning tunneling microscopy
processes. Selectivity with respect to the formation of useful (STM) images of hydrocarberO, complexes formed on Ag-
partial oxide (intermediates) can only be accomplished via (110) after one or more ethylene or acetylene molecules had
kinetic control; however, such control requires a good under- peen manipulated into the vicinity of an oxygen molecule on
standing of the surface reaction mechanidrhblost previous  the silver surface either with tunneling electrons (at 13 K) or
studies of hydrocarbon oxidation have been performed at silver thermally (at 45 K). Elucidation of the characteristics of these
surfaces because silver-catalyzed partial oxidation of hydrocar-complexes may provide insights into the fundamental mecha-
bons, in particular, epoxidation (ethylene to ethylene oxide), is nisms of hydrocarbon chemistry.
the most widely exploited catalytic oxidation reaction on an Experiments were performed using a homemade, variable-
industrial scal€.Achieving a molecular level understanding of temperature STM? housed inside an ultrahigh vacuum chamber
the epoxidation mechanism is arguably the most important \iih a base pressure of 2 10-11 Torr (2.7 x 10°° Pa). The
challenge in this field1° Thus, to enhance the basic knowledge Ag(110) sample was prepared by 500 eV neon ion sputtering
on hydrocarbon _catal_ytic oxidation reactions, we carried out qjowed by annealing at 693 K. Polycrystalline tungsten tips
molecular scale imaging of the complexes formed between an e prepared in situ by self-sputtering and annealing. Adsor-
oxygen molecule and {hydrocarbons (ethylene or acetylene) pates were introduced into the chamber via a capillary array
on the silver surface using a scanning tunneling microscope. yoser attached to a variable leak valve. Tha®lecules were

An interesting aspect of hydrocarbon oxidation is its unique- gqsorbed on the sample at 45 K to ensure molecular chemi-
ness: not only is silver the only metal that catalyzes the gorption. The @coverage was kept below 0.01 monolayer (ML)
epoxidation reaction but also ethylene is the only hydrocarbon 4 permit investigation of individual well-isolated molecules.
that is epoxidized with high selectivity (up to 80%):2Olefins Coadsorption of ethylene and acetylene molecules onto the Ag-
such as propyleng;* styrenei* 3,3-dimethylbutené; nor- (110) surface at coverages of less than 0.01 ML was performed
borene’® and butadiene are also epoxidized on a silver surface 4t gither 13 or 45 K. Atomically resolved imaging was achieved
but with very low selectivities (below 5%}:13Other molecules by transferring an ethylene molecule to the tip at 1K.
such as bl‘?‘te”es and penetenes are mainly combusted ito CO Figure 1a shows a constant-current STM image taken with a
and HO.* Alkynes (acetylene and propyne) also undergo bare metallic tip of one physisorbed ethylene and two chemi-

complgte oxidation;lgno epo.x.ides haye bgen observed to formsorbed oxygen molecules. The ethylene molecule appears as
on asilver su'rfacéf?’ In addltlon, the identity of the quqrbed an oval-shaped protrusion elongated along the [001] direction
oxygen species responsible _for the ethylene e_pOX|dat|on andon Ag(110) under typical imaging conditions, while the oxygen
combustion ha_s been the subject of a long-standing CONrOVerSY .y plecules appear as an oval-shaped depression elongated along
Three mechanisms have been put forward for epoxidation at Ahe [110] direction. Atomically resolved imaging the same area

. . . 3 )
S"VerS‘z‘H"’gge’ lr(;volvt;ng sfurface mO£CUIiLOXyd§m atom|.c using an ethylene-terminated tip (Figure 1b) established that
oxygen; and subsurface oxygenas the active Species. ethylene binds at the atop site, in agreement with previous

Thus, three main factors appear to affect the mechanism bytheoretical calculation®. Previous studies have examined the
*To whom correspondence should be addressed. Department of structures of ethylene adsorbed on Ag(110) surf Using

Chemistry, Chonbuk National University, Jeonju 561-756, Korea. E-mail: high-resolution electron energy spectroscopy (HREELS), Backx
jrhahn@chonbuk.ac.kr. et al32734 revealed that (i) ethylene adsorbs onto Ag(110)
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(m) OOQO Figure 2. Movement of GH, to the GH,—05(110) complex leads to
@M@ the formation of the (gHs)2—0»(110) complexes, ad. In these

o O complexes, the ethylene molecules reside on two of the four equivalent
@ ) @ nnnt sites from the @ resulting in four (GH,)",—0,(110) configura-

O O tions. The images were obtained with a bare tip at 70 mV sample bias

OO000 Od)oo and 1 nA tunneling current. Scan area is 25425 A. (e) and (f)

Schematic diagrams for images b and d.

Figure 1. STM topographical images of 8, O, molecules, and Two predominant types of chemisorbed, Gave been
CoHq—0, complexes on Ag(110), obtained at 70 mV sample bias and ;yqtifie 3339 one with the molecular axis aligned along the

1 nA tunneling current. (a) Image of onek; molecule and two types : . .
of chemisorbed @molecules obtained with a bare metaliic tip. The ~L[001] direction of the substrate DO1)] and the other with

C:H4 (O;) appears as an elongated protrusion (depression) along thethe molecular axis aligned along the D direction [O(110)]
[001] ([110]) direction. The G-O axis of each Q@is parallel to the (Figure 1c). We note that thex(110) molecule is slightly more
surface and oriented either along the [001] directios(Q01)] or along depressed than they(001) molecule in the topographical image.
the [110] direction [Q(110)]. (b) An atomically resolved image obtained ~ The (001) irreversibly rotates to the(110) by applying a
with a GHs-terminated tip. Grid lines are drawn through the silver bias voltage pulsé

surface atoms. (c) Schematic diagram for the adsorption sites of the . .
molecules. The sizes of the circles are scaled to the atomic covalent The ethylene molecule is weakly adsorbed on Ag(110), which

radii of H (green), C (black), O (red), and Ag (gray). Scan area is 44 enables a precise manipulation both vertically (between the STM
A x 44 A. The GH4 was moved to the §110) by repeated sample  tip apex and the surface) and laterally (on the surface) by
voltage pulses{250 mV at 1 nA tunneling current set), which led to  maintaining the appropriate sample bias voltage and tunneling
thte fortrrr:atlon ?f the Q—|t4—0_z(hl&0) CftJmPki[Xf(Sé ﬁhgfz%%t)hyclﬁn? can  current at a substrate temperature of 13 K. For vertical transfer
sit on the next-nearest-neighbor atop siter 2(110), a—g) or from the surface to the tiff,the bare metallic tip was positioned

= i i nt— ’ . . . .
the nearest-neighbor atop sitezk™0;(110), k). Movement of over an ethylene molecule with the junction set by a tunneling

the GH,4 to the Q(001) can lead to the formation of,8,—0,(001) . .
shown in | and m. See the text for details. Scan area for each imageCurrent of 0.1 nA and a sample bias voltagetafdo mv. While

(d-m) is 23 A x 23 A. (n) Schematic diagram for images-k the feedback loop was kept on, the bias was flipped-#9
indicating the ethylene adsorption position. (0) Schematic diagram for mV and then decreased t6140 mV. The tunneling current
images | and m. Full scale of theaxis bar on the left column is 0.9 was then ramped from 0.1 to 10 nA to induce the transfer of
A. ethylene to the tip. The resulting ethylene-terminated tip can
then be used for atomically resolved imaging (Figure 1b). The
surfaces via a weak bonding with its<C axis parallel to the enhanced spatial resolution achieved using this tip may be
surface, (ii) the adsorption is strongly promoted by the presenceattributed to either overlap between the spatially localized
of adsorbed oxygen, and (iii) ethylene adsorbs selectively onto molecular orbital of the ethylene at the tip apex with the
silver atoms on which a positive charge has been induced byelectronic states at the surface or the higher resistivity of the
the oxygen atoms. The-€C axis may be aligned preferentially ~ ethylene on the tip compared to the bare tip.
along the [1D] direction, as shown schematically in Figure 1c. The ethylene was moved laterally at 13 K by applying a
Theoretical calculatiorfé predict that adsorption of ethylene is  positive sample voltage pulse 6250 mV with feedback off
0.02 eV more favorable when the ethylene molecular axis is after setting the tunneling gap over the molecule at a sample
parallel to the [10] direction compared to the [001] direction.  bias voltage of 70 mV and a tunneling current of 1 nA. The
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Figure 3. Injection of tunneling electrons~200 meV at 1 nA
tunneling current) on the 8, of the (GH4)"™,—0,(110) (Figure 2)

)

leads to the formation of different configurations of the two-ethylene 8 8 [1 10] O

complexes. One &1, moves closer to the £2L10) to form the GH,"™—

0,(110)—C,H,"™ complexes (&c). (d) Schematic diagrams for-a.

Twelve configurations were observed for this type of complex. The

images were obtained with a bare tip at 70 mV sample bias and 1 nA 8 O [001] 8 8
tunneling current. Scan area is 25425 A

Figure 4. Attachment of a third ethylene to the 4;),—O, complex
ethylene was moved adjacent to the(110) molecule by (Figures 2 and 3) to give a three-ethylene complex. The three ethylene
applying repeated sample voltage pulses, leading to the forma- molecules can sit on three of the four equivalent nnnt sites to form

four (CHa)"™_0,(110) configurations (ad) (e) and (f) Schematic
tion Olf a GHa— Ozt()110) c(;)mplex E‘Ighft Eqnflgurftlolns %fthls diagrams for b and d, respectively. The images were obtained with a
complex were observed (parts- of Figure 1). In these ;e tin at 70 mv sample bias and 1 nA tunneling current. Scan area
complexes, the ethylene adsorption position is assigned to eithelis 25 A x 25 A.

the nearest-neighbor atop site (nnt, partktof Figure 1) or

the next-nearest-neighbor atop site (nnnt, party @f Figure be translocated around the(@10) by applying sample voltage
1). The ethylene can also be moved thermally at an elevatedpmSes The gHs—0,(001) complexes were observed only at
temperature (when dosed at 45 K), leading to the spontaneous; 3 k by manipulation with sample voltage pulses; they did not
formation of the same eight;84—0,(110) complexes shown  5rm at 45 K. Thus, it appears that theFG—0,(001) complex

in parts d-k of Figure 1. The nnt ethylenes are slightly less s 53 metastable configuration with a low energy barrier for
prominent than the nnnt ethylenes in the topographical images. - onversion to the &1,—0,(110) complex.

At 45 K, the same complexes can be produced by thermal
diffusion of ethylenes: 84.6% of the complexes are formed in

the nnnt configurations and 15.4% in the nnt configurations, as
determined by sampling 400 complexes. This population

distribution suggests that the nnnt geometry is thermodynami-
cally more stable than the nnt geometry (by 6 meV assuming
that an equilibrium is reached in our experiment). The isomer-
ization barrier between the two geometries may be higher than

The orientation of @ molecules of the complexes was
determined by using STM inelastic electron tunneling spectros-
copy (STM-IETS). A study of the §1,—0,(001) and GH;—
02(110) complexes using STM-IETS revealed that th€00D1)
of the GH,—0,(001) complexes exhibits two vibrational modes,
whereas the &|4—02(110) complexes exhibit no such mod¥s.

In our previous STM-IETS study of £ it was shown that

45 K isolated Q(001) but not Q(110) gives rise to vibrational
) 9
The ethylene can also be moved adjacent to th@@l), modes? ) )
leading to the formation of the81,—0,(001) complex (Figures Complexes involving two ethylenes and one oxygen can also
1land 1m) as well as the;8,—0,(110) complexes (parts-ek be created by moving an additional ethylene into the vicinity

of Figure 1). In the @H,~0,(001) complex, the ethylene Of the GHs—05(110) complex to form the two types of
adsorption position is assigned to near the next-nearest-neighbof C2H4)2—02(110) complexes shown in Figures 2 and 3. In the
fourfold hollow site (ffh, Figures 11 and 1m). Applying sample  complex shown in Figure 2, both ethylene molecules are bonded
bias voltage pulses over thelf;—0,(001) complex can induce  to nnnt sites ((@H,)""">—0(110)), whereas the complex shown
the formation of the gHs—0(110) complex; thus, both ethylene  in Figure 3 consists of one nnt and one nnnt ethylenél{C"—

and Q change their adsorption geometry during this process. O2(110) —CzH4™). Four types of geometrical configuration were
The formation of the @H;—05(110) complex by moving observed for the former and twelve types for the latter. In these
ethylene into the vicinity of @001) indicates that §€001) can configurations, the two ethylenes do not reside on neighboring
rotate upon complex formation. The change frosHE-O,- Ag atoms due to the repulsive interaction between the ethylene
(001) to GH4—0,(110) is irreversible, which suggests that the molecules. The (&4,)"™,—0,(110) complex could be changed
C,H4—0,(110) configuration is thermodynamically more stable. to the GH,"™"—0,(110)—C,H4"" complex by applying sample
Moreover, within the (2’1-14—02(1_10) complex, the ethylene can  voltage pulses, but the reverse was not observed.
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to form (a) a (GH4)"™4—0,(110) complex or (b) a (gHy)"",—O,-
- for a and b, respectively. The images were obtained with a bare tip at
g . . e [110] O @ . 8 70 EV sample bias and 1 nA tunneling current. Scan area is 25 A
. 25 A.
images were obtained with a bare tip at 70 mV sample bias and 1 nA
tunneling current. Scan area is 25A25 A.
Attachment of three ethylene molecules to thg100) led
to the formation of either (&14)"""3—0,(110) (Figure 4) or
molecules are bonded to nnnt sites4¢)™"—0,(110), Figure
In the gas phase, the interaction betweera@d ethylene is Lo
bonding between a -€H group of the ethylene and.OThe a. The images were obtained with a bare tip at 70 mV sample bias and
the oxygen molecule and the hydrogen of ethylene. possibly due to fluctuation of the hydrogen atoms.
molecules can bind to the,(110). The adsorption position of  interaction with a proton acceptor, rather than alkéle3n a
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(110)—(CzH,)™; complex. One configuration was observed for the
O@@O w1 EO@O
in a—d). (e) and (f) Schematic diagrams for configurationgdaThe
(CoHa)",—0(110)—CyH4™t (Figure 5), with four geometrical ( d)
l_. [110]
6a) or two ethylenes are bonded to nnnt sites and two to nnt
so weak that the molecules do not form complexes. The pre:sentFigure 7. STM topographical images of (a)8,—0,(110) and (b)
calculated bond distancesd( i...o) are 2.79 and 2.76 A for ~ 0-1 NA tunneling current. Scan area is 25A25 A.
Figure 7 shows the complexes formed between acetylene and The hydrogen bond strength depends on the hybridization of
the acetylene of the complex is determined to the nearest-solid surface, however, the adsorption geometry should be also

( (d)

former and two for the latter. (El)"™"%—0y(110)—(CoH,)"™, complexes
Figure 5. Movement of one ethylene of the £ds)"—0,(110)
configurations being observed for each type. Further, attachment
sites ((GH4)"™b—0,(110)—(C2H4)™,, Figure 6b). Only one
STM results and previous ab initio density functional theory (c,H,),—0,(110) complexes. Two distinct configurations were observed
CoH4M—-0,(110) and GH,"™—0,(110), respectively! These
0,(110) at 13 K; acetylene is highly mobile even at 13 K and the donor carbon atom and the acidity of the donegroup
neighbored fourfold hollow site by high-resolution imaging considered. When acetylene is adsorbed on Ag(110), its

c)
OO 1 One()se
I
8888 o BECOO
were formed upon the injection of tunneling electrons onto the ethylene
complex (Figure 4) to a nnt site by 200 meV tunneling electrons gives
of four ethylene molecules to the,(10) gave rise to the
O
configuration was observed for the former complex and two
calculationg! indicate that the complexes formed between O for a and for b. These complexes were formed by thermal diffusion of
hydrogen bonds result from adsorption-induced electron transfer@PPlying sample voltage pulses. In these images, the acetylenes
spontaneously diffuses to the(@10) to form complexes. Either ~ according to the calculatiort Generally, the sp hybridization
using an ethylene-terminated tip. The acetylene in the monoacet-hydrogen atoms are not directed parallel to the surface, which

Figure 6. Four ethylene molecules can bind to ag(110) molecule

(e) (f) of the (GH4)"™4—0,(110) complex. (c) and (d) Schematic diagrams
rise to eight (GH4)"",—0(110)—C,H,™ configurations (four shown

complexes shown in Figure 6, in which either all ethylene

configurations for the latter complex.

and ethylene on a silver substrate are stabilized by hydrogenacetylene upon adsorption at 13 K. (d) Schematic diagram for complex
to the @, which enhances the electrostatic interaction between in the complexes appear blurry and with two prominences,
one (parts a and b of Figure 7) or two (Figure 7c) acetylene of alkynes allows the €H group to form a more attractive
ylene complex can be translocated around th€1@) by may disturb the formation of hydrogen bonds.
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In summary, we first observed various configurations of the  (14) Hawker, S.; Mukoid, C.; Badyal, J. P. S.; Lambert, R. Surf.
Sci. 1989 219, L615.

(CoHa)x—0O2 (x = 1-4) and (GH2)x—02 (x = 1 and 2) : ; . .
complexes adsorbed on Ag(110). In these complexes, ethylenq_et(ﬁ)gghguf)gdiC" Hawker, S.; Badyal, J. P. S.; Lambert, R.Gtal

is bound to @ through C-H---O hydrogen bonds. An initial (16) Roberts, J. T.; Madix, R. J. Am. Chem. S0d.988 110, 8540.
pathway for the reactants can be an important factor for the (17) Akimoto, M.; Ichikawa, K.; Echigoya, El. Catal. 1982, 76, 333.

epoxidation and combustion reactions. Our observations, which 88; \Ejﬁ[]fag' m-,Ac'?a'x%‘:/iX*BR'A*l,S‘g;régjgﬁz éli r$1550'hem Soc
may be involved in the initial states of either epoxidation or 19g5 107 7841. T A B

complete oxidation reaction pathways, provide an excellent (20) Henriques, C.; Portela, M. F.; Mazzocchia, C.; Guglielminotti, E.
starting point for the theoretical understanding aimed at In New Frontiers in CatalysisGuczi, J., etal., Eds.; 1993; pp 1995998.

. - o . . (21) Campbell, C. TJ. Catal. 1986 99, 28.
gLur?;iitsmg the selectivity of oxidation reactions at silver (22) Campbell, C. T.. Paffett, M. TSurf. Sci.1986 177, 417.

(23) Portela, M. F.; Henriques, C.; Pires, M. J.; Ferreria, J.; Baerna, M.
Catal. Today1987, 1, 101.
(24) Force, E. L.; Bell, A. TJ. Catal. 1985 40, 364.
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