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Abstract: An ion—molecule reaction has been observed from a condensed molecular crystal of CDsl using
the time-of-flight electron-stimulated desorption ion angular distribution technique. The CDsl multilayer is
produced by growth on an ordered substrate. The reaction occurs between CDs" ions produced by electron-
stimulated desorption and neighbor CD3l molecules in the topmost layer of the molecular crystal of CDsl,
forming product C,Ds" ions whose desorption dynamics have been measured. The normal momentum of
the product ion is close to that of the reactant ion, suggesting that the reaction is dominated by a two-body
collision, i.e., the momentum of the reactant CDs* ion governs the momentum of the product C,Ds™ ion.
The ion—molecule reaction is of high cross section since the C,Ds* yield is comparable to the CDs™ yield.
It is found that the yield and directionality of the emission of the C,Ds* product ion is governed by the
molecular order that is characteristic of the molecular crystal of CDsl. Destroying or modifying this order by
using a spacer layer of H,O diminishes the C,Ds" product ion yield relative to the reactant CDz" yield and
broadens the ion emission directions.

1. Introduction lon-Molecule Reaction at the Surface of a Molecular
Crystal of CD;l
Understanding the surface properties of thin-film molecular

crystals of organic molecules is an interesting new area, open sf;f‘tztr'lcn g lor;molt{ecule
for investigation by the methods of surface science. In particular, oot ga[;l?”
ion—molecule reactions, if they occur upon electronic excitation 3 275
of a molecular crystal, could be of importance to astrophysics, w
radiation chemistry, atmospheric chemist§y,and plasma . cD!
chemistry? \ A ‘\3
A number of experiments have been performed by Madey CD, C‘Ds)D < CDy Multlayer
and co-workers to understand the fundamental issue of the I \I

transmission behavior of low-energy ions through overlayers
of adsorbed molecules. Studies have been made of the nature
of the energy and charge-transfer process that affect the ion Subeirats

transport through adsorbate lay&rsIn a schematic illustration Figure 1. Schematic of the observed iemolecule reaction when ions

of the process reported in this article, shown in Figure 1, the desorb from a CB multilayer.

desorbing ions, having kinetic energy0 eV, can interact with

neighbor atoms or molecules through elastic and inelastic properties of the collision partner. The change of total ion yield
processes. The elastic and inelastic processes that influence iofis expected to be mainly due to backscattering or large angle
transport through molecular layers depend on the nature of thescattering and to charge-transfer neutralization as well as to ion
ion and its kinetic energy and on the structural and electronic molecule reactions leading to the formation of new speties.

Various experimental methods have been developed to
(1) Carson, T. R.; Roberts, M. Atoms and Molecules in Astrophysics i i ific i i i
Aeadomic Pross: vonden & New Yor 1072 mvestlgate_specmc ionmolecule reactions in the gas phdse.
(2) (a) Lias, S. G.; Ausloos, Fon-Molecule Reactions: Their Role in Radiation ~ However, in a condensed layer system on a single-crystal
Chemistry Americam Chemical Society: Washington, DC, 1975. (b) i
Spinks. 3 W. T Woods R. An introduction to Radiation Chemisiry substrfate, one .can expect remarkablg differences between the
John Wiley & Sons: New York, 1964. behavior of a given molecular system in the condensed state as

(3) (a) Wayne, R. PChemistry of Atmosphere€larendon Press: Oxford, ; PR
1985. (b) McEwan, M. J.; Phillips, L. FChemistry of the Atomosphere Compared to its behavior in the gas phé&@'ln contrast to

‘< CD;l Monolayer

John Wiley & Sons: New York, 1975. molecules in the gas phase, condensed molecular layers on
(4) Williams, K. L.; Martin, I. T.; Fisher, E. RJ. Am. Soc. Mass Spectrom.
2002 13, 518.
(5) Akbulut, M.; Sack, N. J.; Madey, T. Burf. Sci. Rep1997, 28, 177. (8) Azria, R.; Parenteau, L.; Sanche, Chem. Phys. Lettl99Q 171, 229.
(6) Sack, N. J.; Akbulut, M.; Madey, T. Phys. Re. Lett. 1994 73, 794. (9) lon-Molecule ReactionsFlanklin, J. L., Ed.; Plenum Press: New York,
(7) Sack, N. J.; Akbulut, M.; Madey, T. BPhys. Re. B 1994 51, 4585. 1972.
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single-crystal surfaces are expected to exhibit structural proper-

ties that reflect the structure of the underlying single-crystal

to the detectot The TOF-ESDIAD apparatus, described previod&iys
allows for the separation of multiple ion patterns corresponding to

molecules in the molecular crystal can lead to collision processesSeParately the ESDIAD patterns of desorbing species having different

not observed in the gas pha8e!? This article reports the
investigation of a well-known ionmolecule reaction where the

process is governed by geometrical alignment of the reactant

massesdi 8 such as D, CDs*, and GDs™.

The ESDIAD apparatus was also used as a low-energy electron
diffraction (LEED) apparatus by changing the grid polarity. This allows
us to determine the azimuthal orientation of the Cu(110) crystal in

molecules. This alignment is accomplished by adsorption on & 3poratory coordinates and to perform digital LEED measurements for

single-crystal substrate to produce a molecular crystal.
We report in this article the observation of surface-aligned
ion—molecule reaction product, the,[0s" ion, produced by

observing the ordered structure of the adsorbate overlayer.
TPD measurements were carried out using a UTI 100C quadrupole
mass spectrometer with digital data acquisition during the electronically

CD;" ions generated by electron-stimulated desorption. The controlled temperature scan af/dt = 2 K/s, and mass multiplexing

C,Ds* ion originates from a condensed elDayer adsorbed

on a Cu(110) surface passivated by chemisorbed iodine atoms

The reaction between directed €0ons and oriented overlayer
CDsl molecules produces directech@s*™ ion emission along
the (11) azimuth. Only a small difference is measured in the

was used to monitor the desorbed products.
3. Results

3.1. Decomposition of CQI on the Clean Cu(110) Sur-
face: TPD and LEED. From the results of the TPD study,

ion emission angle and in the normal momentum of the reactantmost of the CRI molecules adsorbed on the clean Cu(110)

CDs* and the product €Ds™ ions. This indicates that the ien
molecule reaction dynamics are primarily governed by the initial
dynamics of the reactant GDion as it interacts with oriented

surface dissociate to produce a surface methyl group and an
iodine atom below~140 K. The surface methyl group decom-
poses and reacts to yield methane, ethene, and ethane at higher

CD;l molecules. Using an adsorbed water spacer layer on thetemperature {£400-470 K). The adsorbed atomic iodine
surface, we show that the destruction of molecular alignment remains on the surface up te800 K.

and orientational ordering in a subsequently formedg|Q&yer
dramatically decreases the directionality and yield eD&
product ions.

2. Experimental Section

To investigate the effect of chemisorbed iodine on the
iodomethane decomposition, repeated doses of @blecules
(2.3 x 10" molecules/cr) were employed without cleaning
the surface after each TPD measurement. Following repeated
exposure and heating to 773 K, the intensity of thesICD

The experiments were performed in an ultrahigh vacuum chamber Molecular desorption peak at 146 K increases, and the peak

with a base pressure belowx 10°%° Torr. The Cu single crystal, a
cylindrical disk 3-mm thick, with a diameter of 10 mm, was oriented
to within £0.22 of the (110) plane. The Cu(110) crystal could be
cooled to 80 K by liquid nitrogen and heated to 900 K by resistive
heating. The Cu(110) crystal was cleaned by cycles of argon-ion
bombardment followed by annealing to 800 K. No impurities were
detected at the level of sensitivity of Auger electron spectroscopy.
The Cu(110) crystal was exposed to £L[(99.5%, Aldrich) for

temperature-programmed desorption (TPD) and for time-of-flight
electron-stimulated desorption ion angular distribution (TOF-ESDIAD)

maximum slightly shifts to lower temperature (139 K), as shown
in Figure 2a. Also, as the coverage of adsorbed iodine increases,
an additional CRl desorption feature appears with a maximum
at ~132 K. Finally, the desorption spectral family of @D
formed by increasing C§ exposure becomes unchanged for
successive adsorption of GD(after three cycles of exposing
and heating). By comparison of the TPD peak areas, about 95%
of adsorbed CBl molecules on the clean surface decompose at
the exposure of 2.% 10 molecule/cr. As shown in Figure

measurements at 80 K. Exposure was accomplished using a calibrated?b’ the desorption yield of methane abruptly decreases in the

microcapillary array beam doser, which produced uniform layers while
maintaining low background pressure during adsorptfdrhe typical
molecular flux used was in the range of 010" to 1.0 x 10%
molecules/crhs.

For TOF-ESDIAD measurement, the electron pulses (50-ns width,
in an ~0.5-mm diameter beam) at 50 kHz containing* 10 10
electrons with energig. = 180 eV were used to produce ionic species.
An accelerating voltage o#30 V was applied to the Cu crystal in
ESDIAD studies to compress the positive ion ESDIAD patterns.

Damage to the adsorbed layer was minimized by using a total effective

bombardment time of only abb® s in which the total fluence of
electrons was only-4 x 10'? electrons/crh The TOF-ESDIAD data
were recorded i, y, andt, where §, y) are coordinates on a position-

opposite manner to the yield of GDduring the repeated
exposure to CBl and annealing, and finally the methane
desorption peak completely disappears after the fifth cycle. This
result indicates that surface iodine atoms released by the thermal
decomposition of CBl suppress further iodomethane thermal
decomposition on the copper surface and that the surface
becomes inert for the iodomethane decomposition. We designate
this passivated fully iodine-covered Cu(110) surface as Cu{110)
. It forms a template for the adsorption of multilayer gEhat
exhibits an ior-molecule process following G formation
by electron-stimulated desorption.

The chemisorbed iodine atom shows a &(2) long-range

sensitive detector placed behind an array of hemispherical and planarordered structure, by LEED, as shown in Figure 3. This

grids and is the time-of-flight of the desorbing particles from the crystal

(10) Polanyi, J. C.; Zeiri, Y. li.aser Spectroscopy and Photochemistry on Metal
SurfacesDai, H.-L., Ho, W., Eds.; Advanced Series in Physical Chemistry;
World Scientific: Singapore, 1995; Vol. 5, Part II.

(11) Polanyi, J. C.; Rieley, H. IDynamics of Gas-Surface Interactiofiettner,

C. T., Ashfold, M. N. R., Eds.; Advances in Gas-Phase Photochemistry
and Kinetics; Royal Society of Chemistry: Cambridge, 1991.

(12) Tripa, C. E.; Yates, J. T., JNature 1999 398 591.

(13) (a) Yates, J. T., JExperimental Innoations in Surface SciencAlIP Press
and Springer-Verlag: New York, 1998. See also (b) Winkler, A.; Yates, J.
T., Jr.J. Vac. Sci. Technol., A988 6, 2929.
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observation is consistent with that of another sttftiyhe c(2
x 2) structure does not change by additional adsorption af CD
and by thermal treatment up to 800 K. For convenience, in our

(14) Ahner, J.; Mocuta, D.; Yates, J. T., Jt.Vac. Sci. Technol., A999 17,
2333.

(15) Mocuta, D.; Ahner, J.; Yates, J. T., Surf. Sci.1997 383 299.

(16) Mocuta, D.; Ahner, J.; Yates, J. T., Surf. Sci.1997 390, 11.

(17) Ahner, J.; Mocuta, D.; Yates, J. T., Surf. Sci.1997 390, 126.

(18) Lee, J.-G.; Ahner, J.; Yates, J. T., JrAm. Chem. So@002 124, 2772.

(19) Johnson, C. C.; Jensen, E.JI.Chem. Phys200Q 112, 5919.
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TPD Spectra of CD,l and CD, from CD,l on Cu(110)
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Figure 2. Thermal decomposition of GiDon the clean surface for 6 successive adsorption experiments.

LEED Patterns of the Clean Cu(110) and the Cu(110)-I Surface

a) Clean Cu(110) Surface b) Cu(110)-l,c(2x2) Structure
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Figure 3. Observed overlayer long-range order structure for chemisorbed iodine atom on Cu(110).

V=127 eV

experiments to be described later, the Cu(tlQurface was
prepared by dosing-3 ML of CDsl to the Cu(110) surface 10 molecules/cr®), only one desorption peaky) is seen at
followed by annealing the surface to 700 K. 138 K. At slightly higher exposure (1.2 10" molecules/crd),
3.2. Adsorption of CDsl on Cu(110)—I. On the Cu(110%I the a-peak maximum slightly shifts to higher temperature and
surface, the CEl molecule adsorbs molecularly and desorbs at another desorption featur@ij appears ail = ~132 K. The
~140 K. The results of TPD experiments on the Cu(10)  desorption statex saturates at an exposure of 84 10%

surface are shown in Figure 4. At the lowest exposure 3.9

J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004 13073
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TPD Spectra of CD,l on Cu(110)-I TOF-Spectrum of Desorbing lons from CD,|
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Figure 4. Thermal desorption spectra of Gtaken atm/e = 145 amu) I J‘/\ I
on the Cu(110}I surface. Heating rate= 2.0 K/s. Exposures: (a) 3.9 0 . L L L :
103 molecules/cr (b) 1.2x 10* molecules/cr (c) 2.0x 104 molecules/ 0 2 4 6 8 10
cn?, (d) 3.2 x 10" molecules/cry (e) 3.9x 10 molecules/cr (f) 4.8 TOF (us)
x 10 molecules/cry (g) 6.0 x 10 molecules/cry (h) 6.4 x 104 ‘ o )
molecules/cry (i) 9.3 x 10 molecules/cr (j) 1.2 x 10 molecules/ Figure 5. TOF spectra of desorbing ions from a gDnultilayer on the
cn®, (k) 1.4 x 10 molecules/cy and (I) 1.6x 105 molecules/cr Cu(110) surface and on the Cu(1*0)surface.
molecules/cri As the exposure of Cf increases, thef; shown in Figure 5, four distinguishable ion peaks, which have
desorption feature grows continuously even after a new desorp-peak maxima at 0.5, 0.8, 2.7, and 3.§, were observed for a
tion peak [3,) develops at lower temperature (expossret.8 multilayer of CDyl. The relative intensities of desorbing ions

x 10" molecules/crf). The saturation of thg; desorption state  are very different on the clean surface and on the Cu(L0)
occurs at an exposure of 14 10* molecules/cri No other surface. The desorbing species at 0.5 angu8.8ere assigned
additional desorption features were observed at higher exposuregs H (from a background impurity) and*Dions by comparison

of CDal. with the time-of-flight of H" and D' ions from other measure-

The small desorption peak,, may originate from random  ments. The mass/charge ratio of the observed ions at longer
defect sites. Therefore, we assign fthepeak as being due to  flight times was determined by the dependence of flight time
monolayer desorption and thg, peak as second layer or on the accelerating voltage. The measured ratios of mass to
multilayer desorption. The second layer appears when the charge for ions at flight times of 2.7 and 3:6 are 18+ 2 amu
monolayer is only about 70% completed, as indicated in Figure and 31+ 4 amu, respectively. One cannot expect to produce
4 as a thicker line. This result indicates that thesCaisorbed the heaviest ion species (31 4 amu) as a cracking product
layer on the Cu(1106)! surface does not grow in a layer-by-  from electron impact ionization of G in the gas phase.
layer growth mode, and since the adsorbate flux is almost Therefore, this heavy ion must originate from a chemical
constant across the crystal, islands ofOobably form during  reaction with a neighbor molecule upon desorption from the
adsorption. surface. On the basis of the known gas-phase thermodynamically

The thermal desorption spectra of the £Orom the  favorable exothermic reaction, GH+ CHsl — CoHs™ + HI
Bz-multilayer can be fitted to zero-order desorption kinetics, (AH, = —1.7 eV)2220we assigned the two heavy ions as£-D
because the leading edge of the TPD spectra is invariant as g18 amu) and €Ds* (34 amu), respectively.
function of the initial coverage of thg,-species. A desorption
energy, 35+ 2 kJ/mol, was obtained for the GDmultilayer
on Cu(110)-I by leading-edge analysis.

3.3. TOF-ESDIAD Study of CDsl on the Clean Cu(110)
Surface and on the Cu(110) | Surface. 3.3.1. Determination
of Mass for Desorbing lons.On the clean Cu(110) surface
and 9” the Cu(116)! surface, only two ionic species (Hind (20) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D,;
D*) ions were observed by TOF-ESDIAD below monolayer Mallard, W. G.Gas-Phase lon and Neutral Thermochemis8ypp!. toJ.
coverage. As the secorfid-layer begins to develop, additional Phys. Chem. Ref. Data/ol. 17; American Chemical Society and the

; . . American Institute of Physics for the National Bureau of Standards: New
desorbing particles were detected in the TOF spectrum. As York, 1988.

3.3.2. Angular Distribution of Desorbing lons from the
CDgsl Multilayer Molecular Crystal. The angular distributions
of D*, CDs*, and GDs* ions from the CQI multilayer adsorbed
on the clean Cu(110) surface are shown in Figure 6. One-beam
patterns were obtained for all three species on the clean

13074 J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004
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ESDIAD Patterns of Desorbing lons from CD;l on Clean Cu(110)
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Figure 6. ESDIAD patterns of D, CDs*, and GDs" ions from adsorbed CiDon the clean Cu(110). Exposure 4.5 x 10 molecules/cra

Cu(110) surface. The ion yield ratio of GDto C,Ds" is 0.21 functions. The measured angles and initial kinetic energy at zero
for all multilayer thicknesses studied. crystal bias were for CP (13° + 1°; 2.1+ 0.2 eV) and for
The angular distributions of  CDs*, and GDs" ions from C,Dst (18 + 1°; 1.4+ 0.1 eV), respectively. The measured
the CDsl multilayer adsorbed on the Cu(1t6ipdine surface angles have been corrected for small final state effet)(
are shown in Figure 7, giving a different set of patterns from on the desorbing ions as well as for electrostatic effects in the
those seen where GDis adsorbed on clean Cu(110). A broad ion optical system32%> The normal momentum of these ions
normally oriented ESDIAD pattern is seen fortDat all is: CDst (8.6 + 0.4 (evvamu)}’?) and GDs" (9.3 + 0.3
coverages from submonolayer to multilayer. Both thesCénd (eV-amu)?d).
C.Ds™ ions exhibit sharp two-beam ESDIAD patterns, which The coverage dependency of the ion yield far, ED;™, and
are oriented parallel to the (@)L azimuth of the underlying C,Dst observed from CBl on the Cu(110)| surface from
crystal substrate. The two symmetrically orientecsCBmission  submonolayer to multilayer coverages yielding a molecular
directions are governed by the two preferred directions of the crystal is shown in Figure 8. Only Dion desorption from the
C—1 bonds in the CRl multilayer molecular crystal, either from  CDsl submonolayer was observed. The lack of observation of
equivalent molecular orientations reversed by°1&0from two heavy ions, such as Gband GDs", is attributed to an efficient
domains with reverse orientation, as has been observed in manyeutralization process for heavy, slow-moving ions by the
ESDIAD studies of oriented adsorbed molecules on single- substrate. The Dion emission increases until the second layer
crystal surfaced! Indeed, an ordered GHnultilayer on Pt(111) begins to form. At coverages above the monolayer, two
has been reported by Fan and Trer@ry. additional ion fragments, CP and GDs", are observed with
The emission angles of both GDand GDs* ions from the closely correlated yields. The emission of these ions fromICD
adsorbed CE on Cu(110}-1 with respect to the crystal normal s first observed at the beginning of the secofig) CDsl layer
were measured as a function of crystal bias. The ion emissioncorresponding to the TPD spectrum (e) in Figure 4, where the
angles at zero crystal bias were determined by extrapolation of onset of second-layer formation is confirmed by the appearance
the measured angle to zero crystal bias using an electrostaticof the S,-desorption peak at120 K in the TPD experiments
model for the ESDIAD analyzer systethTo determine the  and occurs when the first monolayer is 70% complete.
angle between the two ion beams and the crystal normal at The yield of C3* and GDs* ions on Cu(110} | increases
different crystal biases, the ESDIAD patterns were cut along sharply as the CB exposure increases, and then the ion yield/
the (001) azimuthal direction and fitted by two Gaussian electron becomes constant. The ion yield ratio g@D,Ds™ =
0.42, is constant at all exposures as the multilayer molecular

(21) Ramsier, R. D.; Yates, J. T., Burf. Sci. Rep1991, 12, 246.

(22) Fan, J.; Trenary, MLangmuir1994 10, 3649.

(23) Gao, Q.; Cheng, C. C.; Chen, P. J.; Choyke, W. J.; Yates, J. T3, Jr.  (24) MiScovic, J.; Vukanic J.; Madey, T. ESurf. Sci.1984 141, 285.
Chem. Phys1993 98, 8308. (25) Miscovic, J.; Vukanic J.; Madey, T. ESurf. Sci.1986 169, 405.
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ESDIAD Patterns of Desorbing lons from CD,l on Cu(110)-I

D* CD; C,D.

22 ==

Figure 7. ESDIAD patterns of D, CDs*, and GDs" ions from the CRI multilayer on the Cu(110}! surface. Exposure= 4.8 x 10'> molecules/cra

lon Yield from CD,l on Cu(110)-iodine of electron transfer from the metal surface are unimportant in
the multilayer of CRI. In addition, no change of emission angle

Ex re Incr
as Exposure Increases and width of the ESDIAD pattern of desorbing €Cand GDs™

° ' ' ' ' ' ' ' }= 80IK was observed as the multilayer grows. This multilayer is
- . therefore to be considered as an ordered molecular crystal of
CDsl, whose surface properties are invariant with thickness.
5 cp.* - . .
4. Discussion
. 4.1. Orientation of Adsorbed CDsl on the Clean Cu(110)

Surface and on the Cu(110yl Surface: Growth of a
Molecular Crystal of CD3l on the Cu(110)-I Surface. The
results of the TPD experiments indicate that the;lGbolecule

cD,l - on the clean Cu(110) surface thermally decomposes upon
"B":(";ii:]asyte; cp.’ heating to produce gaseous products, such as methane, ethene,
Form T and ethane, leaving iodine atoms on the surface. These results
\ / are consistent with those previously reported for iodomethane

' h decomposition on the copper surf&€é? As a result of thermal
! decomposition of CEl, the clean copper surface is replaced
1

[}

]

lon Yield (ions/e x107)
w

by a Cu(110y-1 surface, which exhibits a c(& 2) long-range

. overlayer structure. On this passivated Cu(*1Q®urface, CLQI

molecularly adsorbs and desorbs~at40 K. The desorption

energy of the CBl multilayer on the Cu(1106}1 surface is 35

) | ) | . \ . + 2 kJ/mol. The measured desorption energy of the multilayer

0 1 2 3 4 5 is slightly smaller than the sublimation energy of solid iodo-
CD,| Exposure (x10'® molecules/cm?) methane (40.2: 0.4 kJ/mol)?8-29%indicating that the multilayer

Figure 8. lon yield from adsorbed Cf on Cu(110)-I as a function of -
exposure. Once a constant yield of £and GDs* occurred, the properties ~ (26) Chiang, C.-M.; Wentzlaff, T. H.; Bent, B. B.. Phys. Chem1992 96,

1836.
of a molecular crystal of C were observed. (27) Lin, J-L.; Bent, B. E.J. Vac. Sci. Technol., A992 10, 2202.

i i indi i i in inn. (28) Wren, D. J.; Vikis, A. CJ. Chem. Thermodyri982 14, 435.
crystal _gro_vvs in thickness, indicating that (_jlfferences in-i1on (29) CRC Handbook of Thermophysical and Thermochemical Daitie, D.
neutralization effects for the G and GDs" ions as a result R., Ed; CRC Press: Boca Raton, FL, 1994.
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TOF-ESDIAD from Disordered CD,| Multilayer

9 T T T T T T T T T
sl CD,I/H,0 (3 ML)/Cu(110)-1 ]
e Crystal Bias=30 V i
7 D+ -
6 |- _
~ cD” ]
o 5L 3 _
x | l
@4l i
[
> 3 4
8 3 + + -
[ I(C,D,)/I(CD,")= 0.12 1
2L .
1 L J CzDs .
0 J J N s 1
0 2 4 6 8 10

TOF (us)
Figure 9. ESDIAD pattern TOF distribution of B, CDs™, and GDs" ion from a disordered C# multilayer. Exposure= 4.5 x 10'> molecules/crh

structure on the Cu(116) surface may be different from the  directions is relatively broad compared to the distribution on
crystal structure of bulk CE.3° Cu(110)-1, suggesting that some orientational disorder of

The Dt ESDIAD pattern from adsorbed GDin all coverage adsorbed CBl exists when it is adsorbed on the clean Cu(110)
regimes on the clean Cu(110) surface and on the Cufll10) surface. In contrast to the behavior of €bn the clean Cu(110)
consists of a broad single beam centered on the crystal normalsuyrface, for the CB on the passivated Cu(116) surface, the
This observation indicates that the-O bond is randomly  cp;* jon is emitted in two sharp beams in a plane parallel to
oriented for randomly oriented GDmolecules. Thus, in this  he (11) azimuth, each with a £3tilt angle with respect to
framework, the summation of Dbeams from the randomly  g;rface normal. We believe this GD emission pattern is
oriented C-D bonds averages to produce a broad normally cparacteristic of a molecular crystal of @Dgrown on the
oriented pattern. Therefore, ESDIAD cannot reliably determine passivated substrate.

the molecular orientation of adsorbed g€from the D' beam ] ]
directions. Thus, the orientation of the adsorbed £Lholecule on the

At coverages of above a monolayer, £Dion desorp- clean Cu(110) surface appears to be different from the orienta-
tion also was observed on the clean Cu(110) surface as well adion in the multilayer on the Cu(116) surface. On the
on the Cu(110}! surface by TOF-ESDIAD. The emission Cu(110)-I surface, the €1 bond tilts 13 with respect to the
direction of the C3* ions is oriented parallel to the surface surface normal. We noticed that in layers of bulk {Lhe C-I
normal for CQyl adsorbed on the clean surface, suggesting that bond tilts 20 with respect to the normal of the (001) crystal
the C—I bond is oriented parallel to the surface normal as seen plane3°
on the Cu(111) surfac€. However, the distribution of bond From the results of TPD and ESDIAD, it is concluded that

(30) Kawaguchi, T.: Hiikigawa, M.: Hayafuji, Y.: Ikeda, M. Fukushima, R.. € Cu(110)I surface (c(2x 2) overlayer structure) leads to
Tomhe, Y.Bull. Chem. Soc. Jpril973 46, 53. preferential CRI molecule orientation with the molecular plane
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oriented parallel to the (1) azimuth and with an outward-
directed C-1 bond orientation.

4.2. lon—Molecule Reaction.The results of TOF-ESDIAD
study for adsorbed CfDon the clean Cu(110) surface and on
the Cu(110}-1 surface provide the following interesting features
for the ion—molecule reaction being observed: (1) the observa-
tion of the desorbing £Ds™ ion that cannot be directly produced
from electron impact ionization of the GDmolecule; (2) the
small normal momentum difference (within 10%) observed
between the CB' ion and the GDs* ions; and (3) the constant
intensity of the GDs* ion compared to that of CfJ at larger
multilayer thicknesses, indicating that the properties of a bulk
molecular crystal of CEl are being observed for layers several
monolayers thick.

4.2.1. The Observation of the lor-Molecule Reaction
from the Condensed Layer.We conclude that the Ds*
product ion is a direct consequence of the-iomolecule reaction
between CR'" and C3l molecules in the second layer and in
the multilayer of CRI. This direct process is consistent with
the fact that the CB and GDs" ion yields are constant over
the entire range of coverage studied. In addition, as extensive

two-beam pattern aligned parallel to the @) tlirection and that
the GDs"/CDs* abruptly decreases from 0.42 without the water
overlayer to 0.12 on the water overlayer. In addition, the half
width of the ESDIAD pattern from CEYH0 is wider compared

to that of the ESDIAD pattern from the GDon the clean Cu-
(110) surface and on the passivated Cu(¥l®ubstrate. This
experiment indicates that the,® spacer layer causes gD
condensation to become disordered as the recognition of the
underlying Cu(110})1 substrate is eliminated or modified by
the HO spacer layer. In addition, the enhancet yeld from

the CDQsl/H,O may indicate that H is evolved from HO in

the spacer layer or # admixed with CQI. Therefore, the yield

of the ion—molecule reaction is strongly influenced by the
structure of the molecular solid from which it originates, and
the direction of ejection of the reactant gDions relative to
the orientation of the reactant GDmolecules is of importance

in governing the yield of the ioamolecule reaction.

5. Summary

The following results have been obtained from the study of
adsorbed CEl on the clean Cu(110) and on the Cu(110)

electron bombardment damage is purposely carried out on thesyrface.

thick multilayers of CRI, no change in the yield of Ds™ and
CDs" is observed. Other postulates of a chemical reaction prior
to electron-induced excitation or to electron-induced chemical
reactions yielding species such agDgl are inconsistent with
these observations.

The measurement of similar ion emission directions fogCD
and GDs' and similar normal momenta for both the reactant
and product ions indicates that the collision betweern Cand
CDal occurs with only minor modification of the initial CD
momentum by the ioamolecule reaction. Thus, these measure-
ments indicate that litle momentum is lost to the product DI
species or to the condensate lattice when the-iaplecule
reaction occurs.

4.2.2. The Depth of Origin of Desorbing lons.The shape
and width of the CR¥ and GDst ESDIAD beams are little

influenced by the coverage of the second layer, and as may be

1. An ion—molecule reaction has been observed from a
condensed molecular crystal of gproduced by growth on
an ordered substrate. The reaction occurs betweest @bs
ejected by electron-stimulated desorption and neighbogl CD
molecules in the topmost layer of the crystalline molecular
crystal of CQyl, producing product €Ds™ whose desorption
dynamics have been measured.

2. The ion-molecule reaction occurs with little change
between the normal momentum of the reacting ion and the
product ion, indicating that the reaction is dominated by a two-
body collision, i.e., the momentum of the reactantzCion
governs the momentum of the productDst ion.

3. The ion—molecule reaction is of high cross section since
the GDs" yield is comparable to the GD yield.

4. Itis found that the yield and directionality of the emission

of the GDs™ product ion is enhanced by the molecular order

seen in Figure 8. The intensity of the ions becomes independenty,; g characteristic of the molecular crystal of Lestroying

of the multilayer thickness after a thickness of several layers is
reached. As the low-energy electron that is responsible for the

ionization process can penetrate into a depth of several mono-

layers, these results indicate that the -t@nolecule reaction
observed here is occurring primarily in the topmost layer of
the condensed molecular solid overlayer when its thickness
reaches about 3 ML. The constancy of the ion yields as a
function of CDyl layer thickness also indicates that neutralization
by the substrate is unimportant on the thicker condensed
overlayers.

4.2.3. Surface-Aligned Effect and HO Layer Effect. The
difference in relative €Ds™ to CDs* ion yield on the different
surfaces (0.21 on clean Cu(110) and 0.42 on Cu(z00)
indicates that the efficiency of the iemmolecule reaction is
strongly affected by molecular orientation. To investigate how
the formation of the CB" and GDs" ions is dependent on the
overlayer structure, we performed a layer-type experiment in
which CDs;l molecules were deposited on 3 ML of,@
condensed on the Cu(110) surface, as shown in Figure 9. In

or modifying this order by using a spacer layer ob(H
diminishes the €Ds* product ion yield relative to the reactant
yield and destroys the molecular order of the layer.

5. The chemistry of CEl thermal decomposition on Cu(110)
has been studied, and it has been found that a>c(2)
monolayer of chemisorbed | passivates the Cu(110) surface for
CDsl thermal decomposition.

6. The growth of a molecular crystal of GDon top of the
iodine-passivated Cu(110) surface has been observed, and it is
demonstrated that ESDIAD is an excellent tool for studies of
the structural character of the outermost layers of a thick
molecular crystal.

A preliminary report of this effect has been presented
elsewheré!
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this experiment, we observed that both £and GDs™ ion
ESDIAD patterns change to a broad one-beam pattern from the
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