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Abstract: The adsorption of 4-picoline (4-methylpyridine) on the Cu(110) surface has been studied with
time-of-flight electron stimulated desorption ion angular distribution (TOF-ESDIAD) and other methods.
Using deuterium labeling in the methyl group and hydrogen labeling on the aromatic ring, it has been
possible to separately monitor by TOF-ESDIAD the C—D bond directions and the C—H bond directions in
the adsorbed molecule. These triangulation measurements have led to a detailed understanding of the
conformation of the adsorbed molecule relative to the Cu(110) crystal lattice, allowing one to witness changes
in the molecular conformation as adsorbate—adsorbate interactional effects take place for increasing
coverages. At low coverages, the molecule adsorbs by the N atom at an atop Cu site with the aromatic
ring parallel to the [0010azimuth and with the molecular axis inclined 33 (£5)° along the [0010azimuth. As
rows of 4-picoline molecules form long range ordered chain structures oriented along the [112Jazimuth,
the aromatic ring twists 29° about the inclined molecular axis as a result of forces between the adsorbate
molecules. The initial tilting of the molecular axis at low coverage is likely due to the interaction of the
positive-outward dipole with its image in the substrate. The ring twist may result from dipole—dipole forces
between the adsorbate molecules in the rows formed tending to form nested parallel pyridine rings. These
studies are the first to apply the TOF-ESDIAD method for the measurement of the direction of chemical
bonds at more than one molecular location within an adsorbed molecule and the new method is named
electron stimulated desorption-molecular triangulation (ESD-MT). The results obtained give information of
importance in understanding the factors which control conformational effects during the molecular self-
assembly of complex adsorbed molecules on surfaces.

1. Introduction determination of adsorbate orientation as a function of coverage.

The study of the adsorption of simple aromatic molecules, 't principle and applications have been reviewed extensively
such as benzene and pyridine, on well-defined surfaces provided?Y Ramsier and YatesRecently, the introduction of time-of-
insight into the formation of organic thin films that are relevant flight discrimination into the TOF-ESDIAD system has been
in various fields of technological importané8 By studying ~ developed by Ahner, Yates, and co-workers,providing a
the structure, bonding, and orientation of simple adsorption Powerful extension of the basic ESDIAD method for measuring
systems, it is possible to understand structural factors which the angular distribution of the desorbing species. So far, most
are crucial in the adhesion, growth, and use of organic thin films of the research using the ESDIAD technique has concentrated
at metal surfaces. For example, nitrogen-containing heterocyclic ON the investigation of small adsorbed molecules. In the present
molecules have been found to be highly effective adsorbed Work, we have employed TOF-ESDIAD to study a larger
species for inhibiting corrosion for copper, nickel, iron, and other molecule from which ionic fragments can originate from
metals? and it is likely that structural features of such films different positions on the adsorbed molecule. As shown in Figure
are of importance in their ability to inhibit corrosion. The 1.by using deuterium labeling in the methyl group of 4-picoline,
4-picoline (4-methylpyridine) molecule is a heterocyclic aro- We are able (by time-of-flight) to separate ESDIAD ionic
matic compound for which conformational changes are possiblefragme“ts originating from different molecular positions on the
as the adsorbed layer forms. Very little is known about the molecule. This capability provides an incisive capability to

interaction of 4-picoline with metal surfaces. monitor detailed conformational changes which the molecule
Electron stimulated desorption ion _angular distribution (4) Mocuta, D.. Ahner, J.: Yates, J. T.. . Chem Phys1997 107, 5968~
(ESDIAD) has been shown to be a direct method for the 5967.
(5) Ramsier, R. D.; Yates, J. T., Burf. Sci. Rep1991, 12, 243-378.
(1) Frederick, B. G.; Ashton, M. R.; Richardson, N. Surf. Sci.1993 292, (6) Ahner, J.; Mocuta, D.; Yates, J. T., Jr.Vac. Sci. Technol. A999 17,
—46. 2333-2338.
(2) Dretschkow, Th.; Wandlowski, TH. Electroanal. Chenil999 467, 207— (7) Mocuta, D.; Ahner, J.; Yates, J. T., Burf. Sci.1997 383 299-307.
216. (8) Mocuta, D.; Ahner, J.; Yates, J. T., Burf. Sci.1997, 390, 126-131.
(3) Popova, |.; Yates, J. T., Jrangmuir1997 13, 6169-6175. (9) Ahner, J.; Mocuta, D.; Yates, J. T., Burf. Sci.1997 390, 11-16.
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247 H* adsorptiont! Typically, the adsorbate flux employed was in the range
= sl 2.0 x 10*to 1.0 x 10" molecules/crirs. Desorbing H ions and D
P ions were produced by electronic stimulation with electron pulses (50
x 15¢ ns width) containing 18-10° electrons of energy. = 180 eV, incident
z .l in a~0.5 mm diameter beam. An accelerating voltage-GD V was
2] applied to the Cu crystal in all ESDIAD studies to compress the
E 0.9r ESDIAD patterns. Damage to the adsorbed layer was minimized by
g 06 using a total effective bombardment time of only ab8ts inwhich
£ the total fluence of electrons was only 4510 electrons/crh
3 03 The H" ESDIAD data were recorded in 3-dimensionsy, andt,
0 A . , where §, y) are coordinates on a position sensitive detector placed
0 02 0.4 06 08 1.0 behind an array of hemispherical and planer grids, tisdthe time-
Time of Flight (us) of-flight of the desorbing particles from the crystal to the dete&for.
The TOF-ESDIAD apparatus, described previoskallows for the
separation of ESDIAD patterns corresponding to different time-of-flight
_ Desorbed D" ions have longer windows. It is therefore possible to separate the ESDIAD patterns of
e time of flight compared to H" ions desorbing species having different mass&ssuch as D and H'.

The Cu(110) sample was cleaned by cycles of argon-ion bombard-
ment followed by annealing to 800 K. The cleanliness of the Cu surface
was examined by Auger electron spectroscopy (AES) before and after
the desorption experiment, and the crystal contained no detectable
impurities.

The ESDIAD apparatus was also used as a low energy electron
diffraction (LEED) apparatus to determine the azimuthal orientation
of the Cu(110) crystal in laboratory coordinates and to perform digital
LEED measurements for observing the ordered structure of the
adsorbate overlayer.

Temperature-programmed desorption (TPD) was carried out using
a UTI 100C quadrupole mass spectrometer with digital data acquisition
during the electronically controlled temperature scanTatlte=2 K/s.

Figure 1. Schematic of separate measurements dfadd D" ions using
the TOF-ESDIAD technique for 4-picoline. The molecular positions on the

aromatic ring are indicated by numerals@ 3.1. TPD and LEED Studies of 4-Picoline on Cu(110)A

. . . . mass spectrometer was employed to determine the thermal
undergoes as adsorbatadsorbate interactions build up during desorption kinetics for the 4-picoline on Cu(110). Figure 2

the growth of the adsorbed_ Iay_e r- Su_ch grow‘_th processes hav resents a series of TPD spectra (monitored with the parent ion,
been found to be complex in pioneering studies by Scoles andC5H7N+, m/e = 93 amu) of 4-picoline following the adsorption

- 10 i . o
co workers” The method applle_d to larger adsorped molecules from various exposures of the 4-picoline on the Cu(110) surface
is termed ESD-MT (electron stimulated desorption-molecular at 80 K. At a 4-picoline exposure of 14 1014 molecules/cr

triangulation). . the 4-picoline desorbed as a single feature, with a peak (
.In thg present paper, we report the adsorption geometry andmaximum at 372 K, as shown in Figure 2a. As the 4-picoline
orientation of the 4-picoline molecule on Cu(110) _at @fferent exposure was increased, the 4-picoline desorption peak continu-
coverages. At low coverage, the molecular aromatic ring plane ously shifted to lower temperatures (Figure 2, spectra)b At
is oriented parallel to theDO1azimuth and the molecular ;4 picoline exposure of 6.5 104 molecules/c an additional
symmetry axis is hlghly tllt_ed along tff@OllZE_\zmuth. At high _ broad peak ds) appeared on the low-temperature edge=(
coverage, the aromatic ring plane of 4-picoline molecule is >qg k) \ith further exposure, the TPD spectrum exhibited
twisted toward thé110Cazimuth as a result of the adsorbate  _ yjitional desorption peaks, sucheasanda,. At an exposure
adsorbate interactions. of 1.7 x 10" molecules/cr® the TPD spectrum exhibited a
2. Experimental Section relatively sharp peakj) at a _temperature qf 170 K which is
due to second-layer or multilayer desorption. This peak con-

3. Results

The experiments described in this paper were performed in an

- ) tinues to develop at higher 4-picoline exposures.
ultrahigh vacuum chamber with a base pressure belowlD1° mbar. TPD spectra in the submonolaver regime between exposures
The Cu single crystal, a cylindrical disk 3 mm thick, with a diameter P y 9 p

4 4 i
of 10 mm, was oriented to withi:0.22 of the (110 plane. The crystal of 1.4 x .101 and 6.5x 10* molgcules/crﬁwere §|mulated by
could be cooled to 80 K using liquid nitrogen and heated to 900 K by & numerical metho'd on t.he basis of t'he Polanyigner equa-
resistive heating. tion. From the optimal fit, the following values are obtained:

The copper crystal was exposed to 4-picoline (99%, Aldrich) for °=3 x 1012 'L, Ej, = 0.98 eV; andEpn= 0.17 eV/
temperature programmed desorption (TPD) and 4-picoline-methyl- monolayer, which are similar to the pyridine/Cu(110) system
(98 atom % D, Aldrich) for ESD-MT. Exposure was accomplished (Eges = 0.97 eV; andEy = 0.16 eV/monolayer}2 The

using a calibrated microcapillary array beam doser which produced gppearance of the low-temperature pealssos, andoy cannot
uniform layers while maintaining low background pressure during

(11) Yates, J. T., JiExperimental Inneations in Surface Scienc@lP press

(10) Schreiber, F.; Eberhardt, A.; Leung, T. Y. B.; Schwartz, P.; Wetterer, S. and Springer-Verlag: New York, 1998; p 60813.
M.; Lavrich, D. J.; Berman, L.; Fenter, P.; Eisenberger, P.; ScoleBh{s. (12) Lee, J.-G.; Ahner, J.; Yates, J. T., Jr.Chem. Phys2001, 114, 1414~
Rev. B 1998 57, 12476-12481. 1419.
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16 T T r T . T . T y did not change by heating to just below the desorption
temperature. Two different patterns were observed in the whole
[ B dT/dt=2 K/s ] exposure range as shown in Figure 4. At an exposure ok1.3
14+ - 10 molecules/crf a two-beam pattern of Hion was observed
I a) e=1.4x10" molecules/cm® | which is aligned parallel to th@®01azimuth (Figure 4a). Upon
b) e=4.2x10" molecules/cm? increasing the exposure to 4:8 10 molecules/cr the H"-
12 ¢) £=6.5x10" moleculesicm® | ESDIAD pattern gradually changes into a four-beam pattern

which develops from the two-beam pattern as shown in Figure
4b (and more clearly in Figure 9). The four-beam pattern of

d) £=9.0x10" molecules/cm® 1

10 b a, e) e=1.2x10"° molecules/cm®  _|] ) . . .
o, £ e=1.7x10" molecules/om? H* ion did not further change to a different pattern with
L ) - 1‘9 10" motocutos/or? ] increasing exposure.
£=1.9x molecu . -
8 g eeiem N 3.2.2. ESDIAD Pattern of D" lons of 4-Picoline-methyl-

d; at Low and High Coverage A 4-picoline-methyles
molecule has three deuterium atoms in the methyl group, which
- can be detected by ESDIAD, if the molecule were adsorbed in
an upright configuratioA? The methyl group of 4-picoline has
an extremely low internal rotation barrier, 0.5860 meV in the

[]

Alg,,\- Mass Spectrometer Signal (x10° A)

4 - gas phasé* The thermal energy at 80 K (7 meV) is enough
?)) ] therefore to activate the internal rotational motion of the methyl
e) group. Therefore, we interpret the™ESDIAD pattern as

2 a9 originating from the rotating Cbgroups.
8 . Figure 5 shows the D ESDIAD patterns of 4-picoline-

0 2) methyl-d; on Cu(110) at two different exposures. At an exposure

of 1.3 x 10" molecules/cri(0 = 0.01 ML), the observed D
pattern resembled a pair of kidney shapes (Figure 5a). At an

_ exposure of 4.8<x 10 molecules/crh (§ = 0.22 ML), the
Figure 2. Thermal desorption spectra (takenrate = 93 amu) were

obtained at different exposures. Heating rat@ K/s. Exposure: (a) 1.4 ESDlAD F’a“em of the methyl group does not change (Figure
10 molecules/cr) (b) 4.2 x 101 molecules/cr?) (c) 6.5 x 1014 molecules/ 5b). This is the exposure where the ESDIAD pattern dfibhs

c?; (d) 9.0 x 10 molecules/cry and (e) 1.2x 10 molecules/cr (f) originating from the aromatic ring of 4-picoline changes from
1.7 x 10" molecules/crfi (g) 1.9 x 10° molecules/crh a two-beam pattern to a four-beam pattern. THeESDIAD
pattern of the methyl group did not change in the whole coverage

T(K)

be explained by an increase of the repulsive adsotbate .
adsorbate interaction deduced from the behavior obtisate. range studied (exposure 1.3 x 10%t0 1.5x 10%° molecules/
The LEED pattern for the 4-picoline overlayer shown in o). o

Figure 3a was recorded at an electron beam energy of 73 ev. 3:2-3. Measurement of the Ejection Angle of the F lon
The LEED pattern was obtained by a high exposure on Cu(110) I the Aromatic Ring Plane of Ad_sorbed 4-Picoline on the

at 80 K followed by heating of the surface to 160 K to remove CU Surface The ESDIAD technique allows us to make an
the f-state. A poorly defined LEED pattern for low coverage 2ccurate determination of ion emission directioh¥: The
was also observed. At high coverage, a LEED pattern clearly Maximum polar angle measurable without distortion of the

appeared and developed two equivalent doma(ihgl) and ESDIAD image is limited by the detection solid angle of the
G 7\%) as shown in Figure 3b. The unit cell shown in{i:igure 3b microchannel plate. This restriction is experimentally overcome

has one 4-picoline molecule per unit cell, indicating a coverage by app!ylng a.posm.ve bias to the crystal Wh'Ch, causes bending

of 0.25 ML. of the ion traje.ctones towarq the macroscopic normal of the
3.2. ESDIAD Study of 4-Picoline on Cu(110)As shown crystal, producing compression of the _ESDIAD patterr_L Two

in Figure 1, the 4-picoline-methyls isotopomer was employed different methods were used to determine the trdeeiectlon_

to separate the ESDIAD patterns forand H* originating dlrec_tlon in this work. Eor one angular measurement, a single

from different positions in the chemisorbed molecule. Our rot.atlon of the crystal will bring an off-n.ormaIT-Ibeam o the

observations indicate that isotopic exchange between the&XIS of the analyzer system. The rotation angle measured was

deuterium atoms of the methyl group and the hydrogen atomsShown to be independent of the crystal bias. For a second type
o\ o
of the aromatic ring does not occur in the electron excitation of angylar measurement, the Hem_|SS|on angle must be
process; therefore, the'HESDIAD pattern corresponds t determined as a function of crystal bias, and then extrapolated
; , o 6 . : .
bonds in the aromatic ring pattern, and the fattern originates tq Zero b'_a§‘ .TO define th? on_entatlon of molecule and the
from the methyl group. It is of significance that only the ejection direction of desorbing ions a set of three angle$(

outward-directed €H or C—D bonds yield ion beams, and that ¥) is used as shown in Figure 6. The. angleis defined as the
higher mass fragment ions (like GO) are not produced at angle of the molecular symmetry axis from the crystal surface

measurable levels. ) . (13) Lee, J.-G.; Ahner, J.; Mocuta, D.; Denev, S.; Yates, J. T.J.JEhem.
3.2.1. ESDIAD Pattern of H lons of 4-Picoline-methyl- Phys.200Q 112, 3351-3357.

H _Di ina. (14) Chen, P. C.; Chang, F. Nt. J. Quantum ChenR00Q 77, 772-778.
ds at Low and High Coverage 4 PICO“ne, methyll Wa.S (15) Dohridek, Z.; Gao, Q.; Choyke, W. J.; Yates, J. T., Jr.Chem. Phys.
adsorbed on the Cu(110) surface at 80 K using several different” ~ 1995 102, 2946-2950.
exposures. The HESDIAD patterns of 4-picoline-methyls (16) (a) Gao, Q.; Cheng, C. C.; Chen, P. J.; Choyke, W. J.; Yates, J. T., Jr.
were taken immediately after exposure. These ESDIAD patterns  575-588.

Chem. Phys1993 98, 8308-8323. (b) Madey, T. ESurf. Sci.1979 79,
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Figure 3. LEED Pattern of adsorbed 4-picoline on Cu(110) at saturation coverage.

<0V
<04V

<001>
<001>

a) Low exposure (6=0.01 ML) b) High exposure (6= 0.22 ML)

Figure 4. ESDIAD pattern of H ion from the aromatic ring of 4-picoline-methgk-at 80 K: (a) exposure= 1.3 x 103 molecules/cra (6 = 0.07 ML);
(b) exposure= 4.8 x 10 molecules/cra (0 = 0.22 ML).

normal, i.e., the tilt angle. The angledefines a rotation angle  low and high exposures was 2£%)° from this measurement.
of the molecular symmetry plane about the molecular symmetry This measurement therefore indicates that the molecular axis
axis with respect to the plane defined by surface normal and of 4-picoline is tilted byo. = 33 (£5)° from the normal along
the molecular symmetry axis i.e., the twist angle. The amgle the [0010azimuth and that the outward-oriented 3- and-5+C
is an azimuthal angle of the molecular symmetry axis with bonds are being imaged for molecules tilted in opposite
respect to thed01Jazimuth. directions to each other. The'theam splitting observed at a
The emission angle of desorbing ions with respect to the coverage § = 0.22 ML) in Figure 4b was measured by
surface normal along th@01Jazimuth was measured by the extrapolation to zero crystal bias in Figure 8. Angles measured
rotation of crystal axis as shown in Figure 7. Initially, the crystal with respect to the0010azimuth are shown in Figure 8 and
surface normal is set parallel to the ESDIAD detector normal, the zero bias angle was estimated by the extrapolation of the
and then the crystal is rotated until the two split Beams are crystal bias to the zero field condition using the method of Gao
centrally positioned. This means that the bond direction of et all® To determine the angle between thé-beams and the
ejecting ions is perpendicular to the ESDIAD detector. The angle (001 azimuth of the ESDIAD patterns at different crystal biases,
of the H* ions ejection in théd01lazimuth from the normal at  the ESDIAD patterns were cut along tH&100 azimuthal

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2775
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a) Low exposure (6= 0.01 ML) b) High exposure (6= 0.22 ML)

Figure 5. ESDIAD pattern of D ion from the methyl group of 4-picoline-methglk-at 80 K: (a) exposure= 1.3 x 10 molecules/cr(6 = 0.07 ML);
(b) exposure= 4.8 x 10 molecules/cra (0 = 0.22 ML).

ﬁurfac? o H® ESDIAD pattern from o
ormal Molecular 3 and 5-position in aromatic ring
Symmetry
B / Axis
o4 &
£
4, 0 v
A Crystal Detector
A .
+ 27° Rotation

Figure 6. Definition of three angles describing the orientation of the
adsorbed molecule.

Crystal

Detector

direction and fitted by two Gaussian functions. The behavior
of the measured Hion ejection angle fits well within the

. _ ESDIAD beams moved to central
calculated region for an Henergy range betwedsy = 0.9 eV region by rotation of crystal

a_nd Eo _: 14 eV_ as Obtal_ned f_rom an lon optics computer Figure 7. Determination of the ejection angle of the" libn from the 3-
simulation. The field-free ion ejection angle from tA@01] or 5-positions on the aromatic ring of the 4-picoline-mettiykmolecule

azimuth ranges from 240 29 (at zero bias) over the 0-9..4 toward the (0010 direction with the respect to the surface normal.
eV H* energy range according to the simulation results. The Measurements made by rotation of the crystal axis.

best fit for our data involves a Hinitial kinetic energy,Eo = force and the reneutralization effects on ion angular distribution
1.2 eV, and a zero bias ion ejection angl€7 (£3)° from the measurements~19 The attractive image potential increases the
[M010azimuth. The initial kinetic energy of the Hion (Eo) measured polar angle of the ion escaping from the surface while

can also be estimated experimentally by TOF measurementsthe reneutralization acts in an opposite sense to the image field
The value measured is 1.40.2) eV, in good agreement with  to decrease the measured polar angle. These two effects tend
the ion optical calculation of Figure 8. to cancel each other, especially for small polar desorption angles.
The final state effects of image potential and reneutralization Madey et al. have carried out theoretical studies in which both
can influence the zero field ion desorption angle by distorting
the ion trajectories and the angular distributions. Several (17) Miskovit, Z.; Vukanig J.; Madey, T. ESurf. Sci.1986 169, 405-413.

. ; . (18) Miskovic, Z.; Vukanic J.; Madey, T. ESurf. Sci.1984 141, 285-300.
theoretical papers have addressed the influence of the imagg19) Woodruff, D. P.Surf. Sci.1986 124, 320-328.
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H', Measured Angle From <001> Azimuth {Degree)
i==esmmnnun

60
Crystal Bias (V)

Figure 8. Determination of the ejection angle of the' ibns (in the split
beam pattern) along thBL100azimuth by extrapolation of the emission
angle of the H ion at the various crystal biases to the zero bias condition.
The angles at different crystal bias were determined from the distance
between two peaks on a line-cut though thé BSDIAD pattern in the
[110Cazimuthal direction. The experimental angle= 27 (+3)° was found

at zero bias, by means of the extrapolation.

image potential and reneutralization effects are taken into
account in order to obtain the true ion emission angle at zero
bias voltage€-’18Using their methods, the ion ejection angle as
derived from the ion optical extrapolation in Figure 8, was
corrected to a twist angle ¢f = 29 (+3)°.

3.2.4. Coverage Dependency of the HESDIAD Pattern
Change from Two-Beam to Four-Beam A series of experi-

T T T T T T T

T
L I
| In the < > Direction — =
\ @0 1
1.60 p \ \\)
o0 % ij*\:; T
[ ]

1.55

1.50

1.45

Ratio of Width

1.40

1.3

[4)]

1.30

0.20

I I
0.10 0.15

Coverage (ML)

0.25

Figure 9. Coverage dependency of the change of tHieB$DIAD pattern
from the aromatic ring plane of 4-picoline-methdg-as ring plane twisting
occurs.

by the surface, the event is recorded in the detector coordinate

ments was performed to study the exposure dependency of theyq then a new event corresponding to a differens @Eational

H™ ESDIAD patterns from the aromatic ring of the 4-picoline-
methyl-d; molecule at various coverages. The evolution of the
two-beam H ESDIAD pattern to the four-beam pattern was
monitored by plotting the ratio of the half-width of thetH
ESDIAD pattern in thell100azimuthal direction to the half-
width of ESDIAD pattern in théD01lazimuthal direction. The
half-width of the H" ESDIAD patterns was determined by a
Gaussian fitting of the line-cut curves of thé HSDIAD pattern

in both directions. The beam splitting process occurs gradually

angle is created. About ¥@uch events are repeatedly created
for the simulation.

Simulated ESDIAD patterns for various molecular symmetry
axis azimuthal angles are shown in Figure 10, wteeiis the
symmetry axis tilting angle of the GOgroup along thd001]
azimuth, andy is the azimuthal angle compared to @911
azimuth. The angle. was determined previously to be°33n
the simulationo was kept constant at 38vhile y was changed.
The result of the simulation shows that even a small azimuthal

over a wide coverage range suggesting that long-range interacypgle ¢ = 15°) causes a perceptible change of theESDIAD

tions are responsible for the effect, as shown in Figure 9.
3.2.5. Simulation of D" ESDIAD Pattern for Ring Plane
Tilting Model . The splitting of the two-beam HESDIAD

pattern causing the kidney shaped Patterns to coalesce at
their extremities. By comparing the modeled patterns to the
experimental patterns shown in Figure 5, a maximum azimuthal

pattern into four beams as the coverage is increased (Figures 4gngje ofy = +15° is found to be possible. Because of the

9) may be interpreted in two different ways: (1) by a change
in the azimuthy of the molecular axis toward th&l100]
direction; or (2) by a twisting of the aromatic ring about the
molecular axis. To test the two models, a simulation of the D
ESDIAD pattern from the Cpgroup was performed for various
azimuth anglesy. This statistical simulation consists of about
10° D™ desorption events which are created by a computer
program in the following steps: At first, a random event for a

desorbing ion is created by a random number generator program

insensitivity of this measurement 0 we assume for discussion
thaty is 0 + 15° in this paper.
4. Discussion

4.1. Adsorption Site and Geometry of the 4-Picoline/
Cu(110) SystemFigure 11 shows the adsorption geometry of

4-picoline on the Cu(110) surface at 80 K. On the basis of
photoelectron diffraction (PHD) studies of the pyridihand

The distribution of created events has a maximum along a circle (20) The ion survival probability was calculated by the following equation.

of the rotating C-D chemical bond. Second, the event frame
is tilted by a certain angle (by simulation) with respect to the
crystal normal. Third, to consider the reneutralization effect,
the D" neutralization probability is calculated at the emission

angle of the event using the equation proposed by Madey et

al.2% The calculated probability is used to determine statistically
whether the event is neutralized or not. Finally, if not neutralized

_ A e 1-B\-12 .
p(0)—exp[ az/OL/:) (ﬂCO§0+1+6§) e d§]

Here,8 = 1 — |V||/Eo, vo = (2E/m)¥2, andd = (az)~L. The parameters
are selected to be consistent with the experimental results. We use the
following values of parametersV,|/E; = 0.25,E, = 1.2 eV,Ala=5 x
10* m/s (corresponding te/b = 0), o = 5.8 A, anda = 3 A-L

(21) Giessel, T.; Schaff, O.; Lindsay, R.; Bauintg P.; Polcik, M.; Bradshaw,
A. M.; Koebbel, A.; McCabe, T.; Bridge, M.; Lloyd, D. R.; Woodruff, D.
P.J. Chem. Phys1999 110, 9666-9672.
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<001>

c) a=33", y=15°

a) a=33°, y=0°

d) a=33°, y=20° e) a=33°, y=30°

Figure 10. Simulated ESDIAD patterns of Dions from rotating methyl groups of 4-picoline-methigat various azimuthal angleg; (a)a =33,y =
0°% (b) . =33,y =10°% (c) oo = 33, y = 15°; (d) . = 33°, y = 20°; (e) o = 33, y = 30°, wherea is the tilting angle from the surface normal, and
y is azimuthal angle with respect to ti@01lazimuthal direction. On the basis of a comparison with experimental data in Figure 5, we estimatésthat

less than 1%

0=33°

<001>

a) Low coverage

p=29°
(Twisting of
9 aromatic
ring plane)

<001>

b) High coverage

Figure 11. Adsorption geometries of the 4-picoline on the Cu(110) at 80 K: (a) low coverage; (b) high coverage.

2-picoline2 molecules which were found to adsorb on atop Cu not in the[1100direction; (2) what causes the twisting of the
atom sites, we assume that 4-picoline is also adsorbed on atoparomatic ring plane at high coverage; (3) why is the ring plane
sites. At low coverages, the molecular axis of 4-picoline is tilted oriented closely parallel to thH®01azimuth? Detailed answers

33 (&5)° in the [M01Tazimuth from the crystal surface normal
and the aromatic ring plane is parallel to ti10azimuth
(Figure 11a) as determined by the” EESDIAD pattern ¢ =
33, 8= 0° andy = 0°). The 29 splitting of the H" ESDIAD

to these questions may come from modeling of the forces
between 4-picoline molecules arranged in structures of increas-
ing coverage.

4.1.1. Molecular Axis Tilting. The 4-picoline molecule has

pattern at higher coverages results from the twisting of the a highly polarizable methyl group at the 4-position and a high
aromatic ring plane about the tilted molecular axis. The four permanent dipole moment (2.7 BIn a theoretical study of
H* beams originate from twist angles in two directions that the pyridine/Cu(110) systed, the chemisorption bond of
originate from adsorbate molecules, possibly in different pyridine on copper involves a very small transfer of electron
adsorbate domains being sampled on the surface, and one ofiensity from the metal into the-antibonding orbital of pyridine

these tilted and twisted molecules is shown in Figure bk (
33, =29, andy = 0°).

(-back-bonding) in addition to N atom lone pair electron
donation directly to the metal surface. The chemisorption of

There are three interesting questions related to the observed-picoline on Cu(110) will also involve a similar dorer
geometry for 4-picoline on the Cu(110) surface: (1) what is acceptor mechanism of bonding via the N atom as is found for

the cause of the tilting of molecular axis in tA)1direction

pyridine. The positive-outward dipole can interact with the metal

(22) Terborg, R.; Polcik, M.; Hoeft, J.-T.; Kittel, M.; Pascal, M.; Kang, J. H.;
Lamont, C. L. A,; Bradshaw, A. M.; Woodruff, D. Burf. Sci.200Q 457,
1-10.
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(23) Dean, J. ALange’s Handbook of Chemistry5th ed.; McGraw-Hill Inc.:
New York, 1999.
(24) Rodriguez, J. ASurf. Sci.1992 273 385-404.
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surface by a permanent dipetenage dipole interaction. The I
33° tilting of the molecular axis of 4-picoline at low coverage e —ﬁ112>
may therefore be caused by this electrostatic interaction between | || J cD)

: . 3 B %
the molecular dipole and the metal surface. For comparison, P ¢ =~
pyridine (dipole moment 2.2 D) is untilted at low coverages :\ /_.l' '\ y /‘.'
on Cu(110§° We are not able to explain the preferential ring an 4 =

tilting for 4-picoline in the[®01direction.
A 33 tilt of the molecular axis of 4-picoline along thB01]
azimuth from the crystal surface normal has been measured.

Y . ’ - -
N
T
i
Y G N

This corresponds to a spacing between the H atom at the 2- or D) | | . l/ W : \

6-position on the aromatic ring and the nearest Cu atom of 1.9 ] \ 4 \K/ U O l\___

A. This distance is shorter than the sum of the H and Cu van i & £ & &

der Waals radii i}, + r. = 2.6 A)26 but longer than a N a d '\/ﬂ/ ey

Cu—H chemical bond length (1.68 AY. |j/ ) £ \‘. [ \;. ( \J
There are three possible consequences to this tilting angle 4 ‘ >H..{

causing the close interaction of the 2- or 6-8 bond with the > G

surface: (1) G-H bond dissociation; (2) €H bond angle >—< ,>'

distortion away from its radial direction from the center of the 5\\ ) 'l\

aromatic ring; (3) hydrogen bond-type interaction betweenthe _  » ‘< - -

H atom and the neighbor Cu atom. Options 1 and 2 are unlikely <110> {7 T 110>

because of the energetic consequences of these options whict N &

are not observed in comparing the desorption activation energy o ) < L)oo,

at zero coverage for tilted 4-pico|in€3es= 0.98 eV) and for
untilted pyridine ES..= 0.97 eV). We are therefore left with <001>  Coverage=0.25 ML
option 3 involving a *hydrogen bond” type |nteracthn betwgen Figure 12. Adsorption structure of 4-picoline on Cu(110) at 0.25 ML
the 2- or 6-H atoms and the Cu surface. Such interactions, coverage.
involving C—H bond softening, have been observed by vibra-
tional spectroscopy for alkanes adsorbed on metal surfdéés.  exhibits an inclined molecular axis [33t6)°] in the 0010
4.1.2. Twisting of the Molecular Plane at High Coverage. azimuthal direction over the entire coverage range.
The molecular axis tilting causes a more favorable configuration  (2) The adsorbed pyridine on the Cu(110) forms a chain
in the adsorbed 4-picoline on the Cu(110) surface to interact structure of pyridine ring arranged in a chainlike chevron pattern
with neighbor adsorbed molecules at high coverage. As shownat full coverage the chains being aligned along fA&00]
in Figure 9, twisting increases with increasing coverage. The azimuth. In contrast, the molecular chain of 4-picoline on the
low coverage where this twisting occurs may indicate that Cu(110) surface is aligned in tH&120azimuth at saturation
4-picoline molecules cluster together in islands as the long coverage. The 4-picoline molecules twist by’ 28to parallel
ordered rows are formed. The twisting causes the aromatic ringsrings, where pyridine twists by 250 form antiparallel ring
to nest together in a parallel configuration in these molecular configurations at high coverages.
rows. It is likely that the larger dipole moment of 4-picoline,
4.1.3. Ring Plane Orientation Parallel to thef001JAzimuth compared to pyridine, governs the different conformational
at Low Coverage At low coverage, both pyridine and behavior of the two closely related molecules. Thus, the titled
4-picoline exhibit a ring plane orientation which is parallel to 4-picoline molecule experiences different intermolecular forces
the [0010direction, and our TOF-ESDIAD results show that as the coverage increases compared to pyridine, which is not
thermally activated molecular rotation of the ring plane does tilted at any coverage due to its smaller dipole moment. These
not occur below 300 K for either molecule. The stabilization forces cause 4-picoline to formd12oriented chains and to
energy in this configuration may be related te-Bu bonding twist into conformations with parallel ring plane, whereas
between the 2- or 6-H atoms and the neighbor Cu atoms locatedpyridine, in thefl 10 oriented chains, chooses to twist oppositely
in the [001Jazimuth from the chemisorption site. forming antiparallel rings as the coverage builds up. Under-
4.2. Comparison of the 4-Picoline/Cu(110) System to the  standing the details of these forces awaits theoretical calculation
Pyridine/Cu(110) System |t is of interest to compare the results  of the intermolecular interactions. A schematic picture of the
for 4-picoline/Cu(110) to pyridine/Cu(110), because two sig- configuration of 4-picoline at a coverage of 0.25 ML on Cu(110)
nificant differences are observed in the adsorption structures.is shown in Figure 12.
(1) The molecular axis of pyridine is normal to the Cu(110)
surface over the entire coverage range whereas 4-picoline

5. Summary

The following results have been obtained for the interaction

(25) Bader, M.; Hasse, J.; Frank, K.-H.; Ocal, C.; Pushmand, Rhys. Collog. of 4-picoline with the Cu(110) surface.
1986 47 (C8), 491-496. . . .
(26) Bondi, A.J. Phys. Chem1964 68, 441—451. (1) TOF-ESDIAD has been used the first time to image
@) é"'i'gg%k"sv7A§\z/ég_V‘giz'g'1U-? Langelaar, M. H.; Boerma, D. (Phys. Re. different structural regions of a chemisorbed molecule which
(28) Raval, R.; Parker, S. F.; Chesters, M.Surf. Sci.1993 289, 227-236. has been separately labeled with H and D atoms. The combina-
(29) Land, D. P.; Erley, W.; Ibach, FSurf. Sci.1993 289, 237-246. ; ;
(30) A brief report of this work may be found in: Lee, J.-G.; Ahner, J,; tion of these measurements allows one t_O trlangulate _the
Maksymovych, P.; Yates, J. T., Jthem. Phys. Let2001, 340, 21—25. structure of the adsorbed molecules, leading to a detailed
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conformational analysis of the local molecular structure on the  (5) At high coverage, intermolecular interactions between
adsorption site. This application is termed ESD-MT (electron 4-picoline molecules cause the aromatic plane to twiSte29
stimulated desorption-molecular triangulation). two equivalent domains involving rows of 4-picoline molecules
(2) The activation energy for desorption of 4-picoline from are formed. The rows run in thel12direction across the
Cu(110) closely resembles that of pyridine (0.98 vs 0.97 eV) surface. In these rows, the aromatic ring planes for neighboring
at zero coverage. In both cases repulsive interadsorbate interacmolecules are parallel.
tions of the order of 0.17 eV/monolayer are observed, and a (6) The different long-range structure and conformation found
similar progression of TPD spectra is found for both molecules for 4-picoline and for pyridine adsorbed on Cu(110) may be

as coverage is increased. due to the propensity for 4-picoline to tilt because of its larger
(3) At the lowest coverage, the molecular axis of 4-picoline dipole moment, whereas pyridine does not tilt. Such molecular
is tilted by 33 (5)° degrees in théD01lazimuthal direction, tilting at low coverage may govern the forces that control

with the molecular plane of the aromatic ring remaining parallel conformational developments as the coverage increases.

to the[@01azimuth. This tilting is thought to be a consequence  (7) The measurement of the twisting and tilting of large

of the interaction of the adsorbate dipole with its image in the adsorbed organic molecules, arranged in ordered patterns on

metal substrate. single-crystal substrates, provide new insights into the factors
(4) Itis found that the CBgroup on 4-picolined; is rotating governing the structure of self-assembled monola$fers.

nearly freely at 80 K, and that the-«€D bond direction may be

imaged by ESDIAD for CBQ rotor angles which project the

C—D bonds at small angles with respect to the normal to the

surface. These favorable projections occur when th®®ond

is oriented near to the ring plane, parallel to fi61azimuth. JA011898A
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