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Abstract: The dynamics and chemistry of individual ethylene molecules adsorbed on the Ni(110) surface at
13 K have been studied with a variable temperature scanning tunneling microscope (STM). By applying a
voltage pulse to a single ethylene molecule, the tunneling electrons cause the molecule to reversibly hop away
from and back under the tip. The five ethylene isotopes hop at different rates. A larger voltage pulse
(1.2-1.5 V) induces dehydrogenation, and a strong primary isotope effect is observed. By using inelastic
electron tunneling spectroscopy (IETS) with the STM, we identified the dehydrogenated products from the
characteristic vibrational energies as acetylene. This identification is further supported with STM-IETS on
single acetylene molecules adsorbed directly from the gas phase. Two different types of acetylene exist on the
surface. They can be distinguished in the regular STM image, and they exhibit shifted vibrational peaks. Applying
another voltage pulse (1:04.8 V) further dehydrogenates acetylene to carbon atoms.

Introduction decompose to ethylidyne (GB) on Pt(111).® acetylene on
Ni(111) X vinyl (CHCH,) on Pd(100% and on Ni(100}%7and
ethynyl (CCH) on Ni(110% and on Pd(110%?

There has been widespread interest in the chemisorption and
decomposition of ethylene and acetylene on single crystal
transition metal surfaces because these systems serve as models
for catalytic hydrogenation and dehydrogenation reactions. Most
of these investigations have been carried out with macroscopic
techniques such as high resolution electron energy loss spec-
troscopy (HREELS}5-20 temperature programmed desorption
(TPD)16-19.21 yltraviolet (UV) photoemission spectroscopy

The desire to achieve control of chemistry ultimately requires
an understanding of reactions at the single molecule level. The
unique capabilities of the scanning tunneling microscope (STM)
enable one to manipuldte, excite~7, and dissociafe! single
molecules, effectively leading to a reactor of molecular dimen-
sions. Until recently, the STM lacked chemical sensitivity,
making it difficult to identify the reactants and products. Inelastic
electron tunneling spectroscopy (IETS) with the SffMpens
the possibility of using the characteristic vibrational frequencies

to identify single molecules. (UPS)14 static secondary ion mass spectrometry (SSIRAS3,

By using the STM for excitation and as a probe, we have . :
been able to manipulate and study ethylene and acetyleneand near edge X-ray absorption fine structure spectroscopy

adsorbed on Ni(110). A voltage pulse applied between the tip (NEXAFS).13v2‘_‘The STM, in contrast, reveals information about
and sample can reversibly hop ethylene molecules away fromthe Iocql environment of the molecules to be studied. The
and back under the tip. Applying a larger voltage pulse adsorption sites of ethylene on Cu(12&®nd on Pd(116¥ and

transforms a single ethylene molecule into an acetylene. STM- ?f”acgtylene_ on de(lsl{@&and g_n Cljéﬁocg#ﬁvﬁ be?n StL)JCCGSS- d
IETS can identify the product of this single molecule reaction. ully determined via studies. The as also been use

This chemical identification is particularly important because  (13) Gland, J. L.; Zaera, F.; Fischer, D. A.; Carr, R. G.; Kollin, E. B.

there are several plausible products. Thermally, ethylene canChem. Phys. Letfl98§ 151, 227-229.
(14) Demuth, J. ESurf. Sci.1978 76, L603—L608.

(1) Eigler, D. M.; Schweizer, E. KNature 199Q 344, 524-526. (15) Stuve, E. M.; Madix, R. 1. Phys. Chem1985 89, 105-112.
(2) Crommie, M. F.; Lutz, C. P.; Eigler, D. Msciencel993 262, 218— (16) Zaera, F.; Hall, R. BSurf. Sci.1987, 180, 1—-18.
220. (17) Zaera, F.; Hall, R. BJ. Phys. Cheml1987, 91, 4318-4323.
(3) Gimzewski, J. K.; Joachim, GSciencel999 283 1683-1688. (18) Stroscio, J. A.; Bare, S. R.; Ho, \8urf. Sci.1984 148 499-525.
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603. 1989 90, 5114-5127.
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(6) Stipe, B. C.; Rezaei, M. A.; Ho, WPhys. Re. Lett.1998 81, 1263— Sheppard, NSurf. Sci.1984 139 87—97.
1266. (21) Weinelt, M.; Huber, W.; Zebisch, P.; Steicky H. P.; Pabst, M.;
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77, 2518-2521. (22) Zhu, X. Y.; Castro, M. E.; Akhter, S.; White, J. M.; Houston, J. E.
(8) Dujardin, G.; Walkup, R. E.; Avouris, PBciencel992 255 1232- Surf. Sci.1988 207, 1-16.
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to follow the thermal decomposition of ethylene ethylidyne
— carbon particles~ graphite on Pt(11138

Experimental Section

All experiments were conducted with a homemade, variable-
temperature STK? operating in ultrahigh vacuum (2 107! Torr base
pressure). The Ni(110) sample was cleaned by repeated Ne ion
sputtering and annealing to 72&. Oxidation and reduction cycles
with O, and H, respectively, further reduced the carbon contamination.
Etched polycrystalline tungsten tips were also sputtered and annealed
prior to use. For experiments, the sample and microscope were cooled
to 13 K. Then the surface was dosed in-situ with the molecules of Figure 1. Both images are illuminated from the top in the image
interest. The various isotopes of ethylene and acetylene were dosed iyrocessing. (a) STM image of ethylene adsorbed on Ni(110) at 13 K.
sequence. Scanning the surface between dosing the different speciegne protrusion (bright) is located directly on top of the Ni(110) row:
enabled us to monitor coverage and map out the locations of the s feature is the ethylene molecule. (b) STM image of acetylene
molecules. To ensure a sufficient number of isolated molecules, we adsorbed on Ni(110) at 13 K. The depression (dark) is located directly

dosed no more than seven species during a given experiment and thgyyer 4 trough. The bright feature is the acetylene anti-shadow (an artifact
total coverage was less than 0.003 monolayer. arising from the illumination).

STM topographical images were taken with a tunneling current of

1 nA and a sample bias of 250 mV. Under these conditions, ethylene 0 T T T
appears as a protrusion and acetylene appears as a depression in th o 4 3;','&_
constant current images. To induce hopping of the ethylene molecules, % o L CaHa 7
the tip was placed over the maximum height of a molecule, the feedback e -E!— —/ﬂ .
was turned off, and a 10 s voltage puldeloV was applied. During = _‘1':___,- A
this pulse, the tip remained stationary as the molecule hopped away % | 957
from and back under the tip. To dehydrogenate the ethylene and o, S
acetylene, we again placed the tip over a maximum for ethylene or a E MN
minimum for acetylene. With the feedback off, a 10 s voltage pulse L E-CgHs
was applied. Voltage pulses of 1.6..80 V, in increments of 50 mV, | I I ;

200

were used for ethylene. Acetylene dehydrogenation required voltage Bl M0 B0 400
pulses in the range of 1.60+.80 V. _

To obtain a vibrational spectrut??®we tracked the molecule on a Sample Blas (m¥)
local minimum or maximum in the topographical image. The feedback Figure 2. (a) STM image of S-acetylene (small) and L-acetylene
was then turned off; an ac modulation (7 mV, 200 Hz) was added to (large). (b) The corresponding vibrational spectra feH£ obtained
the linearly ramped dc sample bias voltage. A lock-in amplifier was With the same tip, are shown. The data in panel b are the average of
used to detect the first and second harmonics of the modulation 255 passes for L-, and 40 passes for S;8,; total data collection
frequency which are proportional td/dV and dl/dV?, respectively. times were approximately 510 and 80 min, respectively. The same dwell
After each sweep of the bias voltage, the feedback was turned back ontime per channel is used for all other spectra in the paper; adjacent
and the molecule was tracked automatically prior to the next sweep. channels are 2.5 meV apart. The spectra share the same scale for the
Spectra were averaged after each sweep. One pass from 200 to 400-axis but are displaced for clarity.
mV and back to 200 mV takes about 1 min. The vibrational energies

are reported in units of millielectronvolts: 1 me¥ 8.0655 cm. Acetylene dosed directly on the surface can be of two types

(S- and L-). S- and L- refer to the size of the acetylene in the

constant current image. In Figure 2a, the fHgimage is larger

by 1.5 A in diameter and is 0.17 A deeper than that of B-C
Previous investigations of ethylene and acetylene adsorbedThe two acetylene molecules in Figure 2a are separated by 16.7

on Ni(110)82021.2430have provided some information on A (6.7 lattice spacings) along the trough. Dosing at 13 K

binding sites. Indirect evidence from HREESangle-resolved  produced 37% S-acetylene and 62% L-acetylene. Because

UV photoemission spectroscopy (ARUPSaNd angle-resolved  acetylene interacts strongly with the surface, STM-induced

Results

inverse photoemission spectroscopy (ARfPS)oints to eth- hopping or interconversion of S-acetylene and L-acetylene was
ylene adsorbing on top of the Ni(110) rows. Similarly, experi- not observed.
ments by HREELS820 ARUPS24 and NEXAFS*imply that STM-IETS can be used to characterize the adsorbed acety-

acetylene adsorbs in the Ni(110) troughs. As can be seen inlene. The G-H vibrational peak of S-gH is red-shifted from
Figure 1, our STM results provide direct confirmation for both  that of L-GH, (Figure 2b). S-Acetylene exhibits a characteristic
of these assignments. Although the individual atoms are not C—H (C—D) stretch at 357 mV (267 mV), while the-€H
resolved, the Ni(110) rows are distinct. It is evident in these (C—D) stretch for L-acetylene is at 368 mV (275 mV). These
STM images that ethylene adsorbs on top of the rows and values differ slightly from the values obtained by HREEI®S:
acetylene adsorbs over the troughs. 374 mV for the C-H stretch in GH, on Ni(110) and 269 mV

To our knowledge, these are the first STM images of for the C-D stretch in GD, on Ni(110). The dl/dV? spectra
acetylene on Ni(110). As expected, the constant current imagestaken with the same tip over the three S-acetylene isotopes,
of acetylene isotopes ¢8,, C,HD, and GD,) appear the same.  S-GH»,, S-GHD, and S-GD,, are shown in Figure 3. The

- - . - relative change in the conductance is definecar whereo

M.f?gu?:t?%hghjs'.%é.Ré)sl%bgﬂéf%hllgr?'o?'R?gI%{fe’ D. F.; Salmeron, _ /gy, This change in ac tunneling conductance for theHC

(28) Land, T. A.; Michely, T.; Behm, R. J.; Hemminger, J. C.; Comsa, (C—D) mode in S-GHD is approximately half of the observed
G.J. Chem. Phys1992 97, 6774-6783. _ change for the €H (C—D) mode in GH, (C2:D3). Other
u (29) A variation of the STM described in: Stipe, B. C.; Rezael, M. A yjiprational modes of the adsorbed acetylene were not observed.

0, W. Rev. Sci. Instrum.1999 70, 137—143. . . . .

(30) Gutdeutsch, U.; Birkenheuer, U.: Bertel, E.; Cramer, J.; Boettger, The other features in the spectra do not show isotopic shifts
J. C.; Rsch, N.Surf. Sci.1996 345 331-346. and are attributed to the electronic structure of the tip and
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Figure 3. Vibrational spectra for all three S-acetylene isotopes,
recorded with the same tip. The spectra are the average of 75, 387,
and 31 passes for,(H,, C; D2, and G HD, respectively.
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Figure 5. Distribution of hopping of individual ethylene molecules
24 (all isotopes). (a) Each marke®) represents the distance and direction
21 of hopping for an ethylene molecule. A total of 112 events were
analyzed. An isotope effect was not resolved. The dashed grid represents
15 the Ni(110) lattice. (b) The histogram shows the distribution of hopping
6 distance with a bin width of 0.2 A and a peak at 1.4 A.

tunneling current was recorded. A drop in the tunneling current
indicates that the molecule has moved away from the tip. When
the molecule moves back, the tunneling current jumps back up
to its original value. During a 10 s voltage pulse, the ethylene
molecule can hop away from and back under the tip many times.
A rescan of the same area at the end of the voltage pulse shows
that the molecule has moved (Figure 4b,c).

A histogram of the time intervals spent in each current state
for the hopping of individual ethylene molecules shows an
) exponential dependence. The hopping rate for a given sample

High current Low current bias voltage and tunneling current is simply the inverse of the
Figure 4. (a) Tunneling current durina 1 Vpulse is shown for each  time constant of the decay of this exponential. A comparison
ethylene isomer. Next to the high (low) current level for each is the of the hopping rates between the five ethylene isotopes under
rate at which the molecule hops out from (back under) the tip. (b) STM the same initial conditions (voltage and current) is shown in
image of an ethylene under the tip (high current state). The tip position Figure 4a. The rate is obtained from analysis of 27302
is shown with the asterisk. (c) _STM im_age of_ethylene _after it h_as hopping events collected on a total of 86 different molecules
hopped (low current state). The tip remains stationary during hopping. for each isotope. The same hopping rates were obtained with

surface. These features are tip-dependent as can be seen 'ffergnt tips. However, the diﬁerqnge in the magnitude between
comparing the spectra in Figures 2, 3, and 9. the high and low current states is tip-dependent.

The ethylene molecules could not be easily characterized by The distance and direction of hopping of individual ethylene
STM-IETS because they hop under the influence of tunneling molecules at the end of the voltage pulse are shown in Figure
electrons. No vibrational peaks were observed for the isotope 5a. No distinct differences in the results are observed for the
with the lowest hopping rate (1,1,@,D,), even though the  different isotopes. The origin represents the stationary tip
molecule remained stationary during the ramping of the sample location. The dashed grid corresponds to the lattice spacings
bias up to 300 mV to probe the-€D stretch. The ethylene  (2.49 A in [110] and 3.45 A in [001]). There is no clear
isotopes could instead be characterized by their distinct hopping preference for movement along a particular crystallographic axis.
rates (Figure 4a). After imaging an isolated molecule, the tip The distribution of distance hopped is plotted in Figure 5b. These
was positioned over the brightest point in the molecule (a local results may be related to the observation that the constant cur-
maximum in the topographical image). The sample bias voltage rent image of an ethylene molecule directly after dosing at 13
was then increased to induce hopping, and the time-dependenK is different than the image of an ethylene molecule once it
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after hopping. The molecule continued to image as in part b regardless BEB mY
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this distinction with a sharp tip.
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Table 1. Threshold Voltages for STM-Induced Dehydrogenation

of Ethylene to Acetylene and Acetylene to Carbon Valtage (m\)
ethylene GH4 1.144+0.07 S-acetylene £, 1.35+0.11
CiS-C2H2D2 1.23+ 0.09 GD, 2.184+0.81 T T T T
1,1-GH2D» 1.37+0.09 L-acetylene ¢, 1.14+ 0.07 2 l:.:l
transCoHoD, 1.46+ 0.11 GD, 4.52+0.45
CoDy 1.47+0.12 il

@ For each isotope, threshold voltages were determined from 30-40
ethylene and 9-15 acetylene molecules.

T T T
08 lmunami 1 Hegot Voltage (miv)
02 . : Figure 8. (a) STM image of @H,. The GH, image has a height of
< M Hioo-P 0.75 A above the surface. (b) Pulse (1.1 V) of 10 s duration (only the
£ D77 "hH first 3 s are shown) applied with the tip over the maximum of thel.C
1S Dan_ D image. The sharp decrease in currentra?ts signals the dehydroge-
g Iy NS H-"=C<h nation of ethylene. (c) STM image taken after the 10 s pulse in part b.
8 b be. D The G H, images as a depression ©0.54 A. (d) &1/dV2 recorded
b-c=Cp directly over the center of the molecular image in part ¢, showing a
C—H peak at 368 mV. This spectrum is an average of 50 passes. (e)
ik B:o:o:: STM image after applyip a 2 V pulse over the molecule imaged in
0 5 y 5 PRRT part c. The carbon atoms image as depressions 0.22 A deep and 5.0 A

apart. (f) dI/dV? taken over the center of the image in part e; thetC

Time (s
© peak is no longer present.

Figure 7. The tunneling current is shown from a 10 s voltage pulse

that induces dehydrogenation. The applied sample bias voltages areC,H,D,, cis,-GH,D,, and 1,1-GH.D,, implying a remarkable

Notice that the molecule hops back and forth before dissociating (the Figure 9 shows the vibrational spectra for all of the dehy-

final decrease in the current). Ethylene can dissociate from either thedrogenated ethylene species. A small secondary isotope effect
high or low current state (under or away from the tip). is observed in the dissociation of the thregHgD, isotopes.

has hopped, as shown in Figure 6. For all isotopes studied andThese three isotopes fall betweesH and GD. in the ease of

- ! . Lo L dehydrogenation, with cis,-8, D,, the easiest of the three,
with all tips, the image before hopping is distinct from that after followed by 1,1-GH,D,, and trans,-gH;D,. The ease of

hopplng._ ) . ) o o dehydrogenation was determined from the threshold voltage at
In addition to inducing motion in the individual ethylene \yhich the reaction was observed. The tip was placed over an
molecules, the STM can also induce dehydrogenation of single jso|ated molecule, and a low voltage pulse of 10 s duration was
ethylene molecules. During a 10 s voltage pulse of the gpplied. If dehydrogenation, as indicated by a sharp current drop,
appropriate magnitude (1-1L.5 V; see Table 1), the molecule  gig not occur, the tip was repositioned over the molecule and
would hop until it dlssomated_. This dehydrpgenatlon was_ewdent the voltage increased by 50 mV. The tip height was adjusted to
by an even larger change in the tunneling current (Figure 7, keep the tunneling current approximately constant. Dehydro-
Figure 8b). Rescanning the same area after this sudden drop ifbenation was carried out for 3@0 molecules of each isotope
tunneling current produced an image that was significantly g determine an average threshold voltage.
different than the initial image of ethylene. Ethylene appeared  One of the thermal decomposition products of ethylene on
as a protrustion in the topographical image (Figure 8a), while Nj(110) was attributed to a CCH speci$sTo eliminate this as
this product appeared as a depression (Figure 8c). a possible STM-induced product and to further confirm our
STM-IETS was used to identify this product. The vibrational identification, we adsorbed acetylene molecules directly on the
spectrum of the product exhibits a peak with its position, width, surface. The same tip was used to record the vibrational spectra,
and intensity just like the €H stretch in adsorbed .. shown in Figure 9, for acetylene, deuterated acetylene, and the
Likewise, the vibrational spectrum of a dehydrogenateD.C STM-induced dehydrogenated ethylene products. While the
molecule shows the same-© peak as deuterated acetylene position of a vibrational peak remains the same, its intensity
(C.Dy). A strong primary isotope effect is observed in the and line shape depend on the tip conditions. Therefore, changes
dehydrogenation of the other three isotopes. Only theDC in the tip (e.g. rearrangement of the atoms or the adsorption of
stretch is observed after STM-induced dehydrogenation of trans,-impurities on the tip) would invalidate quantitative comparisons
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Parent Each type of acetylene could undergo further STM-induced
Ethylene dehydrogenation. Figure 8e shows a three-dimensional topo-
| : : Isotopes graphical STM image of dissociated acetylene, revealing
L 368 | two depressions. The spectra for these products showed no
40 Ho. ~-H . . . .
0F 3 /-=Cy peaks that could be associated with-l& or C—D vibrations
-4 \,\A\Aﬁ/rﬁ/\/j (Figure 8f). These results lead to the conclusion that STM-
Dpoo-P induced dehydrogenation of an acetylene molecule on Ni(110)
275 H-" "~H removes both remaining hydrogen atoms, leaving just two
carbon atoms. Again, there is a strong primary isotope effect;
<\; 275 D:CZC:H C;H, dehydrogenates significantly easier thagD& The two
p; D H different types of acetylene dehydrogenate at distinct voltages.
£ He. D For GH,, the L-type dehydrogenates at a lower voltage than
S 274 0=y the S-type. However, for £D,, the order is reversed, with the
2 S-type dehydrogenating at a lower voltage than the L-type. A
5 275 g:o=c:g summary of the threshold voltage for the dehydrogenation of
ethylene and acetylene isotopes is given in Table 1.
Discussion
Acetylene o
C-H Isotopes A thorough study of the vibrational spectra of acetylene on
H— C=C—H various transition metals has led to two proposed strucfiires.
368 In one structure, acetylene cartbond to two metal atoms and
s -bond to a third. In the other structure, the acetylene bonds
C-D D—C=C-D to four metal atoms through twe -bonds and twor -bonds.
074 Previous studies classified acetylene adsorbed on Ni(110) at 120
| | | and 80 K as having the first structute.
200 250 300 350 400 There is very little evidence in the literature for two types of
Sample Bias (mV) acetylene coexisting on the same surface. In a HREELS study

. N of acetylene on Ni(110) at 80 K a broad G-H stretch was
Figure 9. Vibrational spectra taken of#lz, C2Dz, and the products o e and deconvoluted into two peaks separated by 14.3

of STM-induced dehydrogenation of the five ethylene isotopes.The . Cr .
energies of the peaks reveal that these acetylene products are L-type_mev' This peak splitting was attributed to the two CH groups

The spectrum of dehydrogenated 1,34eD; is the average of 368 N C2Hz being in different environments. Alternatively, the two
passes, demonstrating the improvement in the signal-to-noise ratio. EaciP€aks could be a result of two types of coexisting acetylene.
of the other spectra is the average of 50 passes. All spectra wereThe two types of acetylene observed by STM on Ni(110) are
recorded with the same tip and share the same scale forahes. most likely bound in two different adsorption sites. Although
both S-acetylene and L-acetylene are bound over the trough,
between spectra for different molecules on the surface. If the they are separated by a nonintegral number of lattice spacings,
same tip is used, comparison of the vibrational peaks is reliableimplying the occupation of different sites. This is further
even if we do not yet have a rigorous understanding of the origin supported by the 11 mV shift in the vibrational peaks between
of the observed intensities. Thus, all spectra within a given figure L-acetylene and S-acetylene.
have been obtained with the same tip. Tips which produce the If the C—H stretch energies of adsorbed gHz and L-GH
sharpest topographical images generally give higher intensity are compared to those of gaseou$i€(sp), GH4 (sp?), and
peaks. The typical range observed for the relative change in acC,Hg (sp?),32it is evident that the carbon in S;8; has mostly
conductance/Xo/o) was 0.5-6% for the C-H and C-D stretch sp? character and that in L4El; has more spcharacter. These
of acetylene on Ni(110). The magnitude of the relative change different carbon hybridizations correspond to different moleeule
in the ac conductance depends on both the tip and the isotopesurface interactions and thus different adsorption geometries for
The spectra of g¢H, and GD; are also shown in Figure 9 the two observed types of acetylene. Recently, direct evidence
for comparison with the dehydrogenated ethylene products. It for two types of coexisting acetyleflehas been found on Pd-
is evident that the €H (C—D) stretch in dehydrogenatedidy (111). Acetylene was observed with the STM to occupy two
(CaDyg, trans,-GH,D,, cis,-GH.D,, and 1,1-GH,D,) has the different 3-fold hollow binding sites on Pd(111) below 70 K.
same frequency and intensity and a similar line shape as thatOnly one type of adsorbed acetylene was found in other low-
for the G—H stretch in GH, (C;D,). The quantitative agreement  temperature STM studies of acetylene on Cu(£2@u(100)34
in these spectra means that there are tweHQ C—D) bonds and Ni(100)3*
in the STM-induced product. In contrast, the proposed CCH  Although no vibrational peaks were observed for ethylene
product in the thermal decomposition contains only oreHC by STM-IETS, the tunneling electrons can be used to manipulate
bond. If there was only one-€H bond present, we would expect  single adsorbed ethylene molecules. Hopping a molecule away
a C—H vibrational peak with approximately half the intensity, from and back under the stationary tip requires energy transfer
as is seen in the vibrational spectrum ofHD compared to from the tunneling electrons to the molecule. A similar
that of GH, (Figure 3b). Therefore, by using single molecule

_ ; i i (31) Sheppard, NAnnu. Re. Phys. Chem1988 39, 589-644.
STM-IETS, Or?e can identify the product of the STM-induced (32) Herzberg, G.Molecular Spectra and Molecular Structure, II.
dehydrogenation of ethylene as acetylene. Infrared and Raman Spectra of Polyatomic Moleculéseger Publishing

Dehydrogenation of the ethylene isotopes could produce eitherCo.: Malabar, FL, 1991; pp 28893 and 325328.
type of acetylene; however L-acetylene was favored. For those . (33) Lauhon, L.; Ho, W. Adsorption studies of acetylene on Cu(110),
. . i - 1998, unpublished results.
prOdUCtS, WhICh were |dent|f|ed Wlth IETS, 80% were L' (34) Stipe, B. C’ Rezaei, M. A, HO, VPhyS Re. Lett. 1999 82, 1724

acetylene regardless of which ethylene isotope was the reactant1727.
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mechanism is also responsible for the tunneling electron-inducedand the interaction potential. Constant current images are related
displacement of Si atoms on Si(1H(7 x 7).3% In contrast, to the spatial distribution of the local density of states. Therefore,
STM manipulation of surface adsorbates has been achieveda change in the image indicates a change in the electronic
through either a repulsive (pushing) or attractive (pulling) structure of the ethylene. STM images have been shown to be
mechanism where the tip is placed closer to the sufdée 38 sensitive to moleculesurface interactions. Calculations for
The ethylene isotopes hop at distinct rates (Figure 4a). With CO* and benzerfé on Pt(111) show a site dependence of the
the exception of the £, and trans,-gH,D, species, the contrast in the STM images that agrees well with experiment.
hopping rates for the other three isotopes are visually distin- Inelastic scattering of tunneling electrons can transfer suf-
guishable by observing the tunneling current during the voltage ficient energy to break molecular bonds. This was shown to be
pulse. This provides a quick confirmation of the identity of the the mechanism for the STM-induced dissociation of single O
isotope selected for dehydrogenation. A few other isotope studiesmolecules adsorbed on Pt(1E2)inelastic scattering can also
with an STM have been undertaken. An isotope-dependent ratecause the degradation of larger molecules. Scanning regions of
was observed for the STM-induced rotation of acetylene on the Si(111)}-(7 x 7) surface with the sample biased:zad V
Cu(100¥ and the hopping of a CO molecule from Cu(111) to induces the dissociation of adsorbeghB,, molecules Ener-

the tip3° getic electrons can be used to remove a lobe from the four-
The five isotopes of ethylene can be divided into two groups. lobed Cu-tetra-3,5 di-tertiary-butyl-phenyl porphyrin molectile.
CoH4 hops significantly faster than D4 This could be Inelastic scattering of tunneling electrons from ethylene

attributed to the difference in mass between these two isotopes provides a mechanism for inducing dehydrogenation. A possible
The other three §H,D, isotopes, identical in mass, have sizable mechanism for the observed strong primary isotope effect lies
differences in hopping rate. The trangHzD, hops faster than in the differences in the zero point energies betweerH@nd
cis,-GH2D», which hops faster than 1,1,8,D,. This ordering C—D vibrations. Because the-H bond is always the first one
parallels a change in the center of mass for these isotopes. Foito dissociate in the three;B,D; isotopes, producing exclusively
trans,-GH,D,, the center of mass is in the center of the CiD», the effects of the zero point energy differences in the
molecule; for 1,1-GH,D, the center of mass is the furthest from gas phase must be accentuated for the adsorbed molecules. In
the molecule’s geometric center. This is a plausible explanation the dehydrogenation of gaseougHaD, isomers, GHz, C;HD,
of the observation; other explanations are possible, but we doand GD; products are observéé*’ In contrast, a substantial
not have direct evidence for them. primary isotope effect is observed for adsorbed ethylé#e!”22
Another contributing factor in the observed rates could be A SSIMS study® of the decomposition of £DsH to a vinyl
the variations in the zero point vibrational energy for the Mmoiety (GD3) shows exclusive breaking of the-Gi bond.
isotopes. For a molecule to move across the surface, hopping Another mechanism to explain the isotope effect observed
to the next site, it must acquire enough energy to surmount thein dehydrogenation is based on the Menzel-Gomer-Redhead
barrier to diffusion. Two vibrational modes, the surface  (MGR) modet®“for electron stimulated desorption (ESD). The
molecule and hindered translation vibrations, are important MGR model has been used to successfully explain isotope
components of this reaction coordinate. The importance of theseeffects observed for desorption probabilities in ESD stutiies.
modes for diffusion has been observed in He scattering For ESD of H and D" ions from W(100), the H ion yield is
experiments for CO adsorbed on Cu(08)The ethylene  more than 100 times greater than thé n yield>!
isotopes have different zero-point vibrational energies for these An adsorbed molecule can be excited by the tunneling
motions, and isotope-dependent diffusion rates have been seeglectrons via a FranekCondon transition to a higher electronic
for hydrogen versus deuterium on Ni(001)With the STM- state. For dehydrogenation reactions, the reaction coordinate
induced motion, the tunneling electrons inelastically scatter from involves the C-H and C-D bonds. While in the excited state,
an adsorbed molecule, transferring energy to the vibrational the H and the D in these bonds gain kinetic energy. Upon
modes of the molecul®’. One or more excitations in a relaxation via another FranelCondon transition, a gain in the
vibrational ladder climbing process can provide enough energy potential energy is obtained since the bonds are no longer at
to overcome the barrier to motion. their equilibrium distances. While the electronic structure, the
From Figure 5a, it is clear that the ethylene hopping distances €Xcited-state lifetime, and the bond strength are independent of
are nonintegral in the lattice spacings, suggesting that the the isotope, the total energy gained in the excitaticraxation
molecule experiences a relatively homogeneous interactioncycle for the C-H bond is greater than that of the-© bond
potential with the surface. Once the molecule has been hopped@nd is predominately kinetic in natutéln cases where bond
initially, a return to its original state (as determined from the dissociation occurs directly from the excited state, for example,
STM images) was not observed. The difference in the constantfrom a repulsive potential curve, the greater velocity of the H
current images of ethylene taken before and after hopping (43) Bocquet, M. L.. Sautet, FSurf. Sci1996 360, 128136,
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Ethylene Dehydrogenation on Ni(110)

compared to the D favors the dissociation of theHCbond,
which directly competes with electronic relaxation. In the MGR
model, the total energy gained dependsnori’2, wherem is

the mass of the departing species (H orPDThe greater total
energy gained combined with the higher zero point vibrational
energies contribute to the isotope selectivity observed for the
dehydrogenation of ££,D, to produce exclusively £D,.

In addition to inducing the dehydrogenation of ethylene to
acetylene, the STM can also yield additional insights into the
mechanism of this reaction. The STM images show that one
important step in the dehydrogenation is the migration of
ethylene from on top of the Ni row to over the trough for
acetylene. It is not possible to conclude whether this translation
occurs in concert with or after the elimination of hydrogen.

There are two possible pathways for this hydrogen elimina-
tion. The hydrogen can detach as br as 2 H. Molecular
elimination would likely be easiest for the 1, LH 3D, isomer;
the hydrogen atoms are farther apart in ci$46D, and trans-
C,H.D, isomers. For the latter two, a likely scenario fop H
elimination requires rearrangement prior to elimination.

The other possibility involves the loss of two hydrogen atoms.
This is apparently the case for the thermal dehydrogenation of
adsorbed ethylene to acetylene on Ni(1¥BfHydrogen atoms
are known to adsorb in 3-fold sites on Ni(1P0}ydrogen atom
detachment would likely be the most facile for the cigdeD-
isomer because the hydrogen atoms could occupy the sites o
one side of the row and the,D;, product could reside in the
trough on the other side of the Ni row. Of the thregHgD»
isomers, the cis-&,D, is observed to be the easiest to
dehydrogenate with the STM. Similarly, the reduction in the
availability of sites for the gD, product could be responsible
for the relative difficulty of trans-eH,D, dehydrogenation.
Therefore, the observed threshold voltage suggests that the los
of two hydrogen atoms is the more likely mechanism compared
to H, elimination. However, it cannot be determined whether
the two hydrogen atoms are eliminated concomitantly or
sequentially.

The dehydrogenation of acetylene produces two carbon atom

that are separated by 5.0 A in Figure 8e. This distance between

the carbon atoms is significantly larger than theCdistance
calculated for acetyle@dé or ethylené® on Ni(110), 1.3 and
1.4 A, respectively. Thus, the data suggests that the STM-

(55) Bao, S.; Hofmann, P.; Schindler, K. M.; Fritzsche, V.; Bradshaw,
A. M.; Woodruff, D. P.; Casado, C.; Asensio, M. C. Phys.: Condens.
Matter 1994 6, L93—L98.

(56) Bao, S.; Hofmann, P.; Schindler, K. M.; Fritzsche, V.; Bradshaw,
A. M.; Woodruff, D. P.; Casado, C.; Asensio, M. Surf. Sci.1995 323
19-29.

(57) Voigtlander, B.; Lehwald, S.; Ibach, Fsurf. Sci.1989 208 113—
135.
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induced dehydrogenation of acetylene is accompanied by the
dissociation of the carberncarbon bond.

Conclusions

The STM can be used to characterize and induce chemistry
of single adsorbed molecules. Tunneling electrons were used
to induce and monitor the hopping motions of ethylene adsorbed
on Ni(110) at 13 K. The different isotopes exhibited charac-
teristic hopping rates which can be used for chemical identifica-
tion. A similar method was used to induce the dehydrogenation
of individual ethylene molecules to acetylene, which was further
reduced to carbon atoms. The threshold voltage for the dehy-
drogenation reactions was found to vary for the different
isotopes. Theoretical modeling is needed to gain deeper insights
into the mechanisms of the hopping motion and of the
dehydrogenation. It is demonstrated, however, that the STM
has the chemical sensitivity through vibrational spectroscopy
to identify the different adsorbed molecules and reaction
products at the single molecule level.

Observing and inducing the chemistry of single molecules
provides insights into the dynamics that are unobtainable through
studying the chemistry of an ensemble of molecules. It is
possible to have precise knowledge of the local environment
of each reactant and product molecule. The motions of single
ethylene molecules before dissociation can be studied, yielding

Mnformation through isotope studies, about the potential energy

surface. Two distinct ethylene dehydrogenation products have
been observed, S- and L-acetylene. Single molecule spectros-
copy enables us to identify each individual product molecule.

Single molecule vibrational spectroscopy performed with the
STM should prove to be useful in identifying the products of
more complex reactions involving bond breaking and formation.
T addition, STM-IETS allows the probing of the effects of
coadsorbed species and of the surface on the intramolecular
bonds. Results from these studies will further our understanding
of the interactions between adsorbed molecules and enable a
fuller understanding of the local environment involved in
reactions.
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