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Work function change measuremerits®) combined with temperature programmed desorption
(TPD) were employed to study layer growth mechanism and thgQTHipole—dipole interactions

on RY00Y), over the temperature range of 97 K—230 K. The activation energy for desorgtidn (

and the molecular dipole momef) both decrease from 55.9 kJ/mol and 2.44 D, at the zero
coverage limit, to 38.6 kJ/mol and 1.27 D, at one monolayer. This coverage dependence originates
from strong dipolar lateral repulsion among neighborsCHmolecules. Using a model introduced

by Maschhoff and CowiMC) [J. Chem. Physl01, 8138(1994)], the isolated adsorbed molecule’s
dipole momentu, (2.35 D) and polarizabilitye(8.1x 10~ 2*cnr®), were extracted from TPD data.
These values agree very well with, (2.12 D) anda(9.2x 10~ ?*cm®) obtained from work function
change measurements by employing the same MC model. The ability to simulate both TPD and
work function change data over a wide coverage range within the framework of a single electrostatic
model has been demonstrated. It enabled better understanding of fine details of surface dipolar
interactions. ©1999 American Institute of Physid$S0021-960609)70447-2

I. INTRODUCTION was shown to improve our understanding of the detailed
) . ) fragmentation mechanism, prior to and during desorption of
~ The adsorption and chemistry of methyl halides onch gy from Ru001).% In that study dissociation pathways
single crystal surfaces have been the focus of many studies {4 peen proposed and found to correlate well with HREELS
recent year$? The importance of these molecules as @measurements on GHRuU(001).2 However, due to the ex-

model f<_)r surface alk_ylation,_ and in particu_lar their damag- ensive dissociation of C48r and CHJ on the R{001) sur-
ing role in atmospheric reactions, have motivated these stu ace, it was difficult to uniquely correlate work function

ies. Under UHV conditions the reactivity toward C—X bond change and TPD data, in the regime where the parent mol-

cleavage follows the trend>Br>Cl on several catalytic le’s di . K | h dure | bl
metal surfaces. On RA01) CHyl was found to completely ecule’s dissociation takes place. Such a procedure is possible
) 3 in the case of CECl on RU001), due to the reversible mo-

i i i 1 B | . . .
?;%%C:]ﬁtses ouc?eoltr:a 2%2?/?1%”5 ?(tln 22;?’2; CCF&HCrI tc?osgrltwgt lecular adsorption and the absence of dissociation at any cov-
dissociate on R@01), P(111),° or Pc(loo)éj surfaces erage, and makes it an ideal system for the study of dipole—
’ ’ ' dipole interactions on single crystal surfaces.

Repulsive dipole—dipole interaction between parallel di- . , . : , .
poles is the common reason for decreasing activation energy A duestion arises whether dipole—dipole interactions

for desorptionE,, as coverage increases. This was demon@mong molecules adsorbed on conductive surfaces described
strated in the case of alkali met&lsnd molecules charac- by electrostatic expressions, e.g., the MC model, are accurate
terized by permanent dipole moments, like methyl halfdes.€nough to predict the coverage dependent work function
The closely related induced dipole—dipole interactions inchange and activation energy simultaneously with the same
rare gases adsorption was studied as Wefleveral electro-  Set of parameters. Previous efforts to predict the work func-
static models were employed, which enabled the simulatiofion change upon monolayer completi¢a.g., CHCI on
of TPD spectra. The most recent and extensive model waSu(110],*® from TPD analysis based on a single work func-
developed by Maschhoff and CowiMC).1! These authors tion change measuremefitwere unsuccessfdf.
have extended the Topping motfeby taking into account The objectives of this work are twofolda) Correlate
the attractive interaction between the adsorbate and its subetween the rate of desorption and the rate of work function
face image dipole, which is dominant at low coverages. Atchange. Discrepancy between the two often originates from
high coverages, repulsive interactions dominate, which leadoverage dependence of the dipole moméht. Indepen-
to depolarization effects, resulting in the reduction of thedently measure the coverage dependence of the activation
adsorbate’s dipole momen, energy for CHCI desorptionE,(n), and that of the CkCI

The ability to follow work function chang¢A®) and  dipole moment,u(n), on the RG001 surface. Employing
TPD measurements under identical experimental conditionthe MC modeft! we then derive the coverage dependence of
p(n) from E,(n) data. The ability to correlate the two ex-
dCurrent address: Department of Physical Chemistry, Nuclear Researoﬂerimental observables using the MC electrostatic model can
Center, Negev, P.O. Box 9001, Beer Sheva, Israel. serve as a test case for the model completeness, and to
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FIG. 2. (A) Ad 4 (work function change measurement during adsorption
of CH;Cl on RU001) at 97 K (solid ling). (B) A®-TPD of CH,Cl from
Ru(001) after the indicated exposures in Langmuirs. The adsorption tem-
perature was 97 K and the heating rate 1.0 K/s. The initial valutdofin

the A®-TPD spectra and the onset temperatures for the corresponding
Ap-TPD spectra are marked by filled squatesA) and filled dots(in B),
respectively. In the inset, the section in thé-TPD spectra, which corre-
sponds to the multilayer desorption temperature regime, is magnified.
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g Dewar. The temperature was monitored by a W5%Re-
PR U U (S Y Y T W26%Re thermocouple spot welded to the edge of the ru-
80 100 120 140 160 180 200 220 240 thenium sample.
Temperature (K) e
CH5CI (99.5% pure was further purified by a few
FIG. 1. Ap-TPD spectra of CKCI from Ru001) at the indicated exposures freeze—pump—thaw cycles, to eliminate any volatile residual
(L). The adsorption temperature was 97 K and the heating rate 2.1 K/s. gases. Exposure was done by filling the chamber through a
leak valve to the desired pressure, with the uncorrected ion
gauge signal transmitted to the computer, and converted to
weight the uncertainty, which originates from some of theLangmuir units (1 I=10 ®Torrs). The Kelvin probe was
simplifying assumptions included in the model. kept away from the surface during exposure that preceded
A®D-TPD measurement, due to calibration difficulties found
otherwise. Blocking the R001) surface by the vibrating
IIl. EXPERIMENT Kelvin probe grid could result in a decrease of 45% in the

The experiments described here were performed in afolecular coverage relative to that of the bare surface, after
ultra high vacuum(UHV) chamber with a base pressure of identical exposure to methyl chloride.
1x 10" °Torr, obtained by a turbomolecular pur(20 I/s.
Ar* ions at 600 V were used to sputter-clean the((Rd)
surface (typical sample current of 8A). A computer- ||l. RESULTS
controlled ac-resistive heating routine could control theA Ap-TPD
sample heating rate or stabilize its temperafur8.5 °K). At AP
the same time signal is collected from either a quadrupole Ap-TPD spectra following exposure of Ra01) at 97 K
mass spectromet€/G-MASSTORR DX (QMS) to obtain  to CH;Cl are shown in Fig. 1 at a heating rate of 2.1 K/s. No
normal TPD spectraXp-TPD), or from a Kelvin probe dissociation products were detected in the gas phase, nor on
(Besocke Type-gcontroller, to obtailM®-TPD spectra. The the surface, after desorption, as revealedAsy measure-
QMS was surrounded by Pyrex shroudwit 4 mmaperture  ments(see below At low coverage a single desorption peak
to prevent contribution to thA p-TPD from surfaces other (y) appears, centered at 210 K. With increasing exposures
then the sample. this peak, which saturates around 1.6 L, shifts to lower tem-
The RY001) sample(a square piece,88 mm, 1 mm  peratures(150 K), and marks the completion of the first
thick) was cut from a single crystal rod to within 1° of the monolayer(ML). At higher exposures a lower temperature
(001) crystallographic orientation, and was polished by standesorption peakg) is populated. This peak shifts from 150
dard metallurgical methods. Sample cleaning in UHV hasK to 140 K as coverage increases and is saturated after 3 L
been described elsewhéYd. EED from the clean and an- exposure, suggesting similar population in this site as in the
nealed surface showed very sharp hexagonal patterns. Thepeak. Integrating the area under thp-TPD peaks, as the
sample was spot welded between two 0.5 mm diameter tarexposure increases, reveals that the sticking probability is
talum wires, and was attached to a liquid nitrogen reservoircoverage independent, and was assumed to be unity, as
via copper feedthroughs, directly welded to the bottom of thfound for other methyl halide systerfis. Further exposure
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beyond theB peak saturation creates a third unsaturable peak
(a), centered on 113 K, which is attributed to desorption of
the condensed phase methyl chloride.
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Figure 2 summarizes the work function change data. In &g p3ar, *
Fig. 2A) A® during adsorption of CKCl on RU001) at 97 5
K is presented by a solid line. Up to 1.65 Ldecreaseof § 09
1.88 V is observed, suggesting that in the first;CHlayer
the chlorine atoms point toward the surface. Subsequent me-

thyl chloride exposure up to 3.2 L induces iaoreaseof 0.4 13

V in the work function, attributed to the adsorption of second . B~ _ ' ' _
layer molecules. The majority of these molecules are thought 90 120 150 180 210 240 270 300
to adsorb in a different orientation than those in the first Temperature (K)

layer, probably with the methyl pointing toward the surface.
Maximum packing considerations reveal that the density of 'C: 3: Differential AC-TPD spectrd d(A®)/dT] for the indicated expo-

. sures of CHCI in Langmuirs. The adsorption temperature was 97 K and the
the first CHCI layer (reached at an exposure of 1.6 is heating rate 1.0 Ks.
only 0.43 of its maximum valuésee Sec. IV A beloy This
indicates that the second layer molecules have room to be in
direct contact with the surface. However, the smgd in- good match(not shown in the coverage dependence of the
crease upon adsorption suggests that the equilibrium distangeork function change between adsorption at 82 Ad\,4J
from the surface of the second layer molecules is somewhatnd desorptiofA®-TPD) at that coverage regime has con-
larger compared with that of the first layer molecules. Infirmed this observation. However, at higher exposures
addition, it is highly likely that these second layer molecules[1.68—3.47 L, Fig. 8B) g—I], A® increases linearly above 97
are less well ordered compared with the first layer adsorK, by as much as 0.11 Vfor 1.68 L), with similar tempera-
bates. As a result a nonnegligible fraction of these moleculetire dependence. This indicates that molecular rearrange-
may be at various orientations and tilt angles with respect tanent occurgrior to desorption.
the surface normal. Further exposure in the range 3.2-5.5 L In the inset of Fig. 8B) the influence of the first two
results in adecreaseof the work function by 0.13 V follow- layers underlying the condensed phase layeAdnis dem-
ing the adsorption of the third layer. This is a significantonstrated by expanding the high coveraf®-TPD spectra
contribution, taking into account how far these molecules ardetween 105 K to 125 K. The local maximum in tAeb-
from the surface. TPD spectra caused by the second layer desorption is shifted

A comparison betweeA ® 4 spectrum(Ad during ad-  to higher temperatures with the increase in the condensed
sorption of CHCI) and theAp-TPD spectraFig. 1) at the layer thickness.
different initial exposuregcoveragesreveals that the onset Information obtained fronA®-TPD experiments can be
for the appearance of the peak takes place slightly before refined by differentiating the spectra versus temperature. As
the y peak saturates. The minimum in the work functionwas demonstrated befot2jt can be very closely correlated
(1.65 L) lies in the middle of the narrow coverage range,with the Ap-TPD spectra, especially in systems where inter-
where the two peaks populate simultaneously, and ghe actions between adsorbates are weak. If the interactions are
peak saturation is observed slightly before the local maxisignificant, as will be discussed below, the differences be-
mum in theAd ,4,curve(3.2 L). Additional exposure results tween the spectra may help us to understand the origin and
in the population of the condensed phase multilaygreak. the nature of these interactions. In Fig. 3 tHeAD)/dT

The work function change durind®-TPD of CHCI spectra are presented. The temperature range for each of the
from RU001) at a heating rate of 1.0 K/s is shown in Fig. desorption peakéx-7y) is also displayed. The main features
2(B). The A® values measured at 97 K, after exposing theof the Ap-TPD spectra are seen also in the\d)/d T spec-
surface to the indicated doses in Langmuits) (filled tra, including the shift of the desorption peak to lower tem-
squarep closely follow theAd .4 profile during continuous peratures with increasing coverage. The negative and the al-
adsorption, as shown in Fig(&). In order to identify the ternating positive—negative contributions thd, due to
origin of work function change, whether caused by molecu-desorption from the8 and a peaks, respectively, are clearly
lar rearrangement or due to molecular desorption, the onsefbserved in the temperature range of 100—150 K.
temperatures for the Gl desorption as indicated by
Ap-TPD are marked on the\®d-TPD spectra by filled |v. DISCUSSION
circles. No change in®d at temperatures below the onset for
the molecular desorption is observed at coverages, whic
correspond to doses lower than 1.4 L. This indicates that the In a previous studywe have found that a CjBr mono-
methyl chloride molecules at that coverage regime “wet” layer, adsorbed on R@01), contains (3.6 0.3)x 10"
the surface and have enough energy to overcome barriers farolecules/cry equivalent to CHBr/Ru=0.22+0.02. Based
surface diffusion, resulting in homogeneously distributedon the similarity of the van der Waals radii of Br and ClI
molecules in the minimum energy configuration. The very(1.95 A and 1.86 A respectively, and the similar dipole

ﬁ. Adsorption of CH ;CI on Ru (001)
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moments of CHBr and CHCI (1.82 D and 1.89 D,
respectively,!” which dominate the packing density through

the dipole—dipole repulsion, we consider the 8Hcover- 0.0 .

age on R(00)) a reasonable estimate for the monolayer cov- Experiment
erage of CHCI/Ru(001). This assumption is needed since 1 N\ e Fit :

the surface concentration of GEI could not be determined p=2.12 D
independently in our experiments. The maximum molecular -0.5 1 \ 0 w3
density of CHCI, arranged on a hexagonal close packed a=9.2 *10-"" cm

structure, is 8.3% 10"*molecules/crA based on molecular
crystallographic dat¥# Therefore the density of the first
CH;CIl monolayer(saturated around 1.6)lis only 0.43 from
its maximal value.

Information on the dipole moment and polarizability of
the methyl chloride upon adsorption at 97 K can be obtained
by measuringA® while exposing the sample to GaI. The
work functiondecreasedy 1.88 V upon completion of the
first layer. It suggests that the GEl molecules adsorb with
the chlorine atom pointing toward the surface.

Assuming free mobility of the adsorbates on the surface
at 97 K, one expects a uniform, hexagonal arrangement of
the adsorbates on the surface. This uniform distribution of
parallel dipoles is a necessary condition to employ the elec- 2.5 i : i : . : —
trostatic MC modef;! and to evaluate the coverage depen- 0 1 2 3 4
dence of the work function change. As in the Topping ) 14 2
model?? the potential energy of an adsorbed dipole, which CH,Cl Density (*10" molecules/cm’)
results from the electrostatic interaction with other dipoles in
two-dimensional array of density, can be calculated. Addi- FIQ. 4..A comparison of the change b as a function. of 'C|§C| depsity
. e . . .., during its adsorption on RQ01) at 97 K: measuredsolid line) vs fitted,
tionally, the stabilization energy due to the interaction with, .. \c.q squares nonlinear procedure, according to Egs{5) (dotted
the image charge induced on the metal surface, which wage).
neglected in the Topping model, is included in the model
developed by Maschhoff and Cowth.

The work function change\® is then given by the stan- gipole field effect.x(n) is the dipole moment, which in-

-1.01

AD (Volt)

-1.51

-2.0+

dard Helmholtz expression: cludes the image dipole effect, and that of neighbor adsor-
AD(n)=—4mu(n)n, (1) bates at density_. ais the molecu.lar polgrizability, gssumed
to be coverage independdifidr a discussion on this issue see
where Ref. 19. Bis the distance of the dipole center from its image

1o plane andl is the molecular dipole length. It is important to
M(n):m (2)  note that the term 1/(8*— Bd?) in Eq. (3) is the major
difference between the MC and the Topping models. This
and term arises from the stabilization due to interaction of the
dipole with the screeningimage charge, induced on the
1 3) metal surface. Consequently, the dipole moment at zero-
4%~ Bd* coverage limit {£(0)), including the image dipole field ef-
fect, ishigherthan .
The C—Cl bond length in Cy€l is 1.77 Al® Taking the
A 1 @ van der Waals radius of the Cl atom to be 1.88%Aye set
= 3| 1T 273 | - 4 B=2.75A andd=1.75A as fixed parameters. As noted
V3CR(n) 1+( 2p ) above, we assume=3.6x 10“molecules/crh to be the 1
CR(n) ML density of methyl chloride molecules on the ®RQ1
F(n) depends on the adsorbate surface geometry, angurface.
describes the characteristics of the electric field due to the In order to simulate the work function change data using
other dipoles. For an hexagonal array of dipoles ondhe MC model, we are left with two free parameteus: and

G(n)=F(n)—

and

F(n)

obtaing? a. Figure 4 presents the comparison of the changkdnas
a function of CHCI density during adsorption at 97 K: mea-
Ry(n)=(4/3 % \n, sured(solid line) versus the simulated curve, based on Egs.
C=0.658. 5) (1)—(5) (dotted ling. We have used a least squares nonlinear

procedure in order to obtain the best fit. The parameters ob-
o is the dipole moment of the isolated adsorb@tp- tained are uo=2.12D (1 D=3.34x10 2®Ccm) and «
proaching the zero-coverage lijiexcluding its self-image =9.2x10 2*cm® (compared with gas phase values of 1.89
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D and 4.7% 10 >*cn?,l’ respectively. The sensitivity of
the simulatedu(n) to the other parameters in the MC model ol A ¢l B
was tested. The most important parameter has been the valu
of wq. Other paramters which were kept fixé@ and d,
explained abovewere found to have a smaller effect on
u(n). At coverages higher than 085 ML (3
X 10" molecules/crf), the experimental points deviate from
the simulated line, being at higher work function than that _$
predicted by the MC model. Positive contributionAd due 0 0+
to the simultaneous population of the second layer could be
responsible to this deviation. Both the dipole moment of the . _ 2
isolated molecule, and the polarizability, are higher than the R R
corresponding gas-phase values. Larger dipole momentanc © 7 14 21 28 35 00 07 14 21 28 35
polarizability of the adsorbed methyl chloride relative to its Nearest neighbor distance (A) CH,CI Density (10" molecules/cnr’)
gas-phase values, reflect ,the _eleCtromc structure redlsmb'ﬁG. 5. (A) The calculated values df .. Vs nearest neighbor separation
tion exerted at the adsorption site as a result of the molecul&jsiance (B) values calculated vs Cil density according to Eq7). The
metal bond formation? fitting parameters arg.o=2.35 D anda=8.1x 10~ 2 cn.

CHgl was reported to be tilted with respect to the surface
normal on C(111) based on HREELS measuremefit&ur-
thermore, a change in adsorption geometry with coveragg Ap-TPD analysis
was found by RAIRS for CHl,?%* and CHBr,?® on . _
Pt(111). Frenchet al?? reported that CHl is tilted by 42° Interaction between adsorbed molecu!es is expected to
with respect to the Pt11) surface normal, at coverages less!€ad to coverage dependence of the activation energy for
than 0.4 ML(1 ML was defined as CHPt=0.19). This tilt desorptlon,Ea(n). If we assume a coverage mdependent
angle gradually shifted to 18° at 1 ML. The decreasing tiltPr&-€xponential factow, _Ea§”) can be extracted by invert-
angle may be attributed to the growing repulsion as coveragf'd @Ap-TPD peak profile”? The first order desorption rate
increases(packing constrainis due to decreasing average 'S xpressed as follows:
distance between neighbor adsorbates. In our system we dn —E,(n)
have no direct evidence for the orientation of the molecules = gy =nv exp{ RT )
on the surface. However, in order to explain the experimental
work function Change measurements, any tilt ar(@};from First, we normalize the spectrum to a well-defined coverage,
the surface normal should be associated with a larger md2referably 1 ML saturation coverage. In our case, due to
lecular dipole moment, by a factor of 1/ced( compared second layer population onset, prior to the completion of the
with the perpendicular adsorption geometry. For a tilt ang|€first layer, the analysis has been limited to coverages up to
of 45°, this would correspond to a dipole moment, 0.85 ML. Then we integrate the rate of desorption over time,
=3.0D, a significant deviation from the gas-phase value. [dn/dt, to obtainn(t). Finally, knowingT(t) (at a particular
such coverage dependent tilt would have been the case in tf@ating ratg and the rate of desorption at every time step,
current system of CKCl on RU001), one would expect the €nable us to extradE,(n) after insertingv=2x10"s™".
experimentalwork function to become increasingly larger This number was obtained from Redh&aaalysis, at close
than the values predicted by the MC model as coverage irf® zero-coverage limit.
creases, due to the increased dipole moment as the molecule The coverage dependence of the pre-exponential factor
shifts to a normal adsorption geometry. This prediction is inwas studied for the CiBr/Pt(111) systent;* and was found
contrast to the observation demonstrated in Fig. 4. to vary only weakly(30%) relative to the central value (1

A support for the validity of our claim that the molecular < 10°s™) at the 0.08—0.85 ML coverage range. This obser-
tilt can be inferred from work function change measurementyation makes the assumption of constant pre-exponential fac-
was demonstrated also in the study of 8HCu(2ML)/  tor reasonable. The average potential energy per dipole
Ru(001).%* In this study a dipole moment estimate @f0)  Uetec: IN @ homogeneous 2D array of adsorbates, with the
=1.55D was extracted from the data. This dipole moment ilipole center placed at a distanéabove the image plane of
smaller than the gas-phase value of 1.837This can be the metal, is given by
explained only on the basis of adsorption geometry argu- 1
ments which favor some degree of tilt of the adsorbed mol-  Ugedn)= 8 Gn) Fa
ecule on the C{2 ML)/Ru(001) surface, in agreement with
measurements performed on the BHCu(111) systent® In Fig. 5 the average potential energy per dip&lgycis

We conclude that a vertical adsorption geometry ofshown as a function of nearest neighbor distdiig. 5(A)]
CH,Cl on RU001) up to a coverage of 0.85 ML is consistent and of CHCI molecular densityFig. 5B)]. The energy of
with our data and with its interpretation using the electro-the dipole is dictated by two contributions: the interaction
static MC model. This in spite of being at variance with theenergy with similar neighbor dipoles, assumed to align par-
vibrational spectroscopy measurements performed on otheidlel to the surface normal, and by the fig¢kffecting in the
methyl halides cited abov&-22 opposite direction to that of the dipojavhich is induced by

(kJ/mol)

2

U, (kI/mol)

18]

(6)

2
Mo
TEQ

. (7)

Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 24, 22 December 1999 Dipole-dipole interaction among CH;Cl on Ru(001) 11143

60

. —— Experiment
S Experiment T e Extracted from E (n)

------------ Calculated

554

g
~

504
] n= 235D
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FIG. 6. Calculateddotted line, according to Eq8)] and experimentak, FIG. 7. The coverage dependent dipole moment of@Hu(n), extracted

values(solid line, obtained from simulation of Ap-TPD spectra at initial  from 4 single aA®-TPD run, taken at heating rate of 1.0 K/s with initial
coverage of 0.85 MLas a function of CKCI density. The indicated param-  coyerage of 0.85 ML(solid line). The calculatedu(n) is based orE,(n)
eters used for the calculation were extracted by employing a nonlinear leagfhich have been derived from Fig. 6.

square fit between the calculated and experimental values. The fit excluded

the lower coverage regim@ashed-dotted linevhere sharp increase of the

experimental values were obtained due to defects &St text

with ©o=2.35D anda=8.1x10 ?*cm® (compared with
gas phase values of 1.89 D and 47 %*cnr, Ref. 17,
the images of all adsorbed dipoles, including the moleculaf€SPectively andU,,=53.2 kJ/mol. We note that these val-
dipole itself. The first contribution is repulsive while the sec-U€S aré in good agreement with those extracted from the
ond is attractive. These two opposite effects are included iﬁdso_rpz)ilon Qg9 experiment fuo=2.12D anda=9.7
U,ec[throughG(n), see Eq(3)]. At the zero-coverage limit, X 10 cm3)_. The 11% and 20% dgwatlons_ in the be_st fit
U is negative(—2.5 kd/mo), meaning that the attraction Values obtained for, anda, respectively, while employing
between the dipole and its image dominates over the repule-‘ single electr.ostanc model to S|mulat§ two different measur-
sion between adsorbates. With increasing coverage and dgbles(desorptlon rates anq work fu_nc_t|on changee r_ather
creasing nearest neighbor distance, the dipole—dipole repu‘f—ma” and should be considered within the uncertainty level
sive interaction term becomes dominant dng.. becomes of the MC model. .
positive up to 6 kJ/mol at coverages approaching 1 ML The activation energy_fo_r desorption decreases from 55.9
CH.CI/Ru(001). At infinite density(n) goes to zero while kJ/mol at zero-coverage limit down to 38.6 kd/mol at 1 ML.
U gjoc CONVErges tm§/8weoa(20.2 kd/mol), and the energy The sharp increase of_the e_xpenmental value_s at the lowest
per molecule becomes the change in internal entrgg, a  cOVeraged<0.08 ML) is attributed to desorption from de-
result of the complete depolarization of the initial dipole, f6Ct Sites with higher binding ener@yThis effect, which is
reducing the dipole moment from, down to zero. ot_)servec_i in work funcuqn change measurements as well,
The binding energy of such a molecular dipole is ex-Will be discussed below, in Sec. VC1.
pressed as a sum of an isolated molecule “bonding{)  C. The correlation between Ap-TPD and A®-TPD
and electrostaticW¢e) energy term&J;;=Ugject Ucov- The  spectra
variation of the activation energy for desorption with cover-
age arises from the change in the total energy of the systerh Extraction of u(n) from E ,(n)
(nUe) upon removal of a single dipofé.Thus the activa- Increased dipole—dipole repulsion was shown to lower
tion energy is given by the activation energy for desorption by 17.3 kJ/mol upon
d(nU(n))  d(nUgedN)) monolayer completion, due to destabilization of the
- an =— an —Ueyv, (8 molecule-surface bonding. Another possible effect of
dipole—dipole repulsion is the tendency of similar dipoles to
whereU ., is fixed and corresponds to the binding energy ofreduce charge separatigdepolarization in order to mini-
the isolated molecule in the absence of all interaction attribmize the repulsion between adsorbates. The dependence of
utable to permanent dipole interactions. In Fig. 6 the activathe activation energy for desorption on dipoles density, (
tion energy for desorption as a function of surface density agan be written in terms ofi(n). This is achieved by analyti-

derived from lineshape analysis of a single inverM@ TPD  cal calculation, based on Ed3) and(8), after normalization
run at initial coverage of 0.85 ML is present@blid line). In by 1/8mey:

dotted line, the calculated curve of the activation energy for

Ea(n)~

desorptionE,, as a function of molecular density, based on  Ea(n)~— M =au(n)?+bu(n)+c,
Eq. (8) is shown. The fixed parameters used in the nonlinear dn
least squares fit arg3=2.75A, d=1.75A. These param- dG(n) 9

eters were chosen to be identical to those used for the analy- a=—n an b=—ugG(n), c=-Ugy-
sis of Ad 4, shown in Fig. 4. The best agreement between
the experimental data and the calculated values was achieved In Fig. 7 the experimentau(n), as derived from a
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single A®-TPD spectrum is shown as a solid line, based oring the course of a TPD experiment. In order to do so the
relations given in Eqs(1)—(5). The molecular densityy, is  derivative of A® with respect to time is calculated using Eq.
extracted by integrating a correspondia@-TPD spectrum (1) after conversion to Sl units:
at identical initial coverage of 0.85 ML. The dipole moment
is shown to decrease from 2.44 D at zero coverage to 1.27 D d(a®) _ d(a®) ) d_T
(by extrapolation at full monolayer. Around 0.12 ML dt dT  dt
[ CH5CI/RuU(001)=0.025), a sharp decrease in the dipole mo- 1 dT dn  d

- : wm(n)
ment is seen as coverage approaches zero. It looks as if the =——.—|u(n)==+n
A® per adsorbate strongly decreases at this coverage. It cor- € dt dT dT
relates with the sharp increase in the activation energy ob- i) (ii)
served at lower coverages in Fig. 6, and contradicts the be-
hawor one would expect basgd on Fhe weaker dlpola_r The above equation consists of two separate contribu-
|ntgractlon in that coverage regime. This sharp decrease Fons to Ad:
attributed to molecules attracted to defects. These can cause (i) A product of the rate of desorption{(dn/dT), which

different adsorption geometrge.g., large tilt anglg which . identical to theAp-TPD signal, and the Ci€! dipole

. . - A I
results in both higher binding energy, as seen in Fig. 6, an?fmment at a specific surface density. This term reflects the

in reduced dipole$’ : :
. . . change inA® due to the decreasing surface coveragel-
A ﬁptge mod_el 'St Icgnflstin_t W|tl‘b%t|h tAQD-'I'tPDt?r?d ecules that leave the surfaaguring thermal desorptiorii)
P- d expenmedn a Za’ ' |sfp%53|d_e Io extract the ex-p product of the surface density and the derivative of the
pected coverage dependence of the dipole momefn), coverage-dependent dipole moment with respect to time.

from E,(n) ,gsolvigg ;hehgquationd Whi(.:h rela:tqs(g) tg h This term reflects the change ixd which arises from the
Ea(n) [Eq. (9)]. Indeed, this procedure is employed and t €rearrangement of the adsorbed molecules, which are left on

Cﬁlcufteﬂ“(n) I? Ehc;wn as a dog_e:c:ll!ned!n Flg('j?t; Wﬁ MO the surface while the coverage decreases during desorption,
that the slope of both curves, which is dictated by t € COVinduced by modifications in their local environmef&.g.,

. . L . ¥maller dipole—dipole interaction, changing tilt angle, Jetc.
identical. This indicates that density dependence of both phe- The use of work function change derivative was previ-

nomena are described properly by the MC. model, ano_l t_hatBust employed to study the desorption kinetics of CO/Ru
the E;(n) and w(n) are correctly related, since they origi- é001,15 where the dipole moment has only minor coverage

nate from the same electrostatic interactions. However, th ependence due to the weak dipole—dipole interactions. The

fact that the calculated curve is shifted upwards indicates th%ipole moment of CO on the R80Y) surface is considerably
the model overestimatgs, by 10%. This small discrepancy lower then that of the methyl halides and can be estimated,

may arise from neglecting possible coverage effect in th%ccording to Eq(1), to beu=—0.22D. In such a caseip

pre-exponential factor of the desorption rate constant and iEb CO/RU001=0.33 Eq. (10) reduces to a simple linear

Ucov: 85 calculated by the MC model. relation between the rate of changeAsb with time and the

The nice fit of the MC ”_‘Ode' to two rather different rate of desorption, producing a good overlap between the
experimental observables, using the same set of free paramy | types of spectrd’

eters emphasizes the additional insight that can be gained by Knowing the temperaturéime) dependence of the sur-

combining work function change with normal thermal de'face density,n(t), during the course ofp-TPD, we can

sorption studies. However, in order to do so, a careful Cal"expressu(n), found by the MC modelsee Fig. 7, in terms

bration has to be performed between the two measurabl ;
quantities over the Entire coverage range &f u(t), and represent separately fche two tl(tmfnp_eratur)z-
; dependent terms of Eq10). In Fig. §A), the simulated

Finally, we note that studies of systems where the elecy 4, +pp [Fig. 8Aa)] and Ap-TPD [Fig. 8Ad)] spectra
trostatic adsorbate—surface interaction is particularly strong, . shov;/n for. initial CHCI coverage of 0 85 ML. In addi-

28 ;
e.g., K/R€001),° have shown that an attempt to simulate thetion, the first(i) and the secondi) terms of Eq.(10) [Figs.

work function change with coverage within the MC model 8(Ab) and 8Ac), respectively are presented as well. For

has been only qualitatively successful. This can be rational(—:Iarit . . .
: . - . y of presentation the second term is multiplied(byl).
ized by the questionable validity of the Topping mddelnd Additionally, the values forw(n) are multiplied by 0.9, in

. . l .
'IFS exter_1t.;|_oi'1 t;or s(;j/stert?stwher;a the naturle Iot:-?l |r_1terac— rder to compensate for the 10% overestimate in the calcu-
lons within the adsorbate-surface complex, 11S Image anfy,;q,, of u(0), as shown in Fig. Tsee discussion abonéNe

ngighbprs, can not be treated on the basis of simple dipOIeﬁote that the measured quantitjesdn/dT andd(A®)/dT]
dipole interactions. are related to the rate of desorption dn/dt) and the rate of
work function changed(A®)/dt) through the heating rate
(dT/dt), which was kept fixed at 1.0 K/s in both experi-
2. d(A®)/dT interpretation ments. . o
During the thermal desorption process depolarization ef-
The good correlation found betweémp-TPD andA®-  fects are reduced upon decreasing the surface molecular den-
TPD spectra provides the opportunity to examine simultasity, n. As a result, two phenomena, represented by the two
neously the desorbing G&l molecules Ap), and those terms of Eq.(10), are noticed with opposite contribution to
molecules which remain adsorbed on the surf@e®), dur-  Ad(n): increase of the dipole momef(n)=—Ad(n)/

(10)
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molecular density.
FIG. 8. (A) A comparison of d(A®)/dt], simulated on the basis @f(n),
seen in Fig. 7, withAp-TPD. The two terms of Eq(10), (i) and (ii), are
shown as a function of temperature as w@l) Corresponding experimental 3. Molecular rearrangement
d(Ad)/dt and Ap-TPD spectra. Both experimental spectra were obtained .
at an initial CHCI coverage of 0.85 ML, adsorption temperature of 97 K, Rearrangement of adsorbed molecules du”ng sample

and a heating rate 1.0 K/s. heating is expected if the molecules are bound to the surface
in an energetically metastable structure upon adsorption at
low crystal temperatures. Comparison of the directly mea-
€n] of the adsorbed CkCI molecule with diminishing den-  suredA® .4 during the adsorption of C}€I on RU001) at
sity leads to arincreasein A®, as contributed by each of the 97 K [see Fig. 2A)], to the work function change, extracted
desorbing molecules. Concomitantly, it leads t&A@ de-  from the A®-TPD curve, reveals that up to 0.85 ML tiAab
creaseper single CHCI molecule that remained adsorbed on values are identical. This is not surprising if we assume that
the RY001) surface, which becomes less depolarized by itshe molecules have close to unity sticking probability. Wet-
neighboring adsorbates. Note thd¢Ad)/dt and the first ting the surface, while reducing the surface free energy, is
and second terms in E¢LO) are presented in Fig(8) bya,  thus the major energetic driving force for adsorption. This
b, and —c, respectively. leads to a formation of uniformly distributed array of 2D
In order to examine the adequacy and rationale behindipoles (provided that barriers for diffusion do not prevent
the demonstration in Fig.(8) one has to compare the pro- free migration of the adsorbates at 97. Klowever, beyond
files of the corresponding simulatédg-TPD(—dn/dT) and  0.85 ML there is a significant difference between the two. In
d(A®)/dT spectra[Fig. 8Ad) and 8Aa), respectively  Fig. 9 theAp-TPD andA®-TPD spectra obtained following
with the experimental data. In Fig(B) the two experimen- exposure of 3.0 L CECI/Ru(001) are shown in the tempera-
tally obtained spectra ofd(Ad)/dt [Fig. 8Ba)] and ture range of 115-155 K. In this temperature range most of
Ap-TPD [Fig. 8B d)] are shown to have very good correla- the second layer molecul€8 peak desorb. This should lead
tion with the simulated spectra shown in FigA&) and to A® decrease upon surface heating, a mirror behavior to
8(A d). This analysis further substantiates the main theme othe work function increase observed during adsorption.
this work, namely the ability to correlate the coverage depen- A minimumin A® is observed exactly at the temperature
dence of the dipole moment and of the activation energy fowhere theB peak desorption rate is at its maximyf3 K).
desorption under the framework of a single electrostatidf this desorption would have precisely followed the work
(MC) model. function change profile during second layer adsorption, a
Finally, we note that the difference betwee(A®)/dt maximum rateof A® decrease would have been expected in
andAp-TPD signals becomes more significant above 155 Kthe same temperaturel43 K). The A® minimum under
with decreased surface molecular denditycreasing tem- these conditions should appear at higher temperature around
peraturg. The first term in Eq(10) (i) is a product of the 152 K.
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The lack of consistency between the two spectra is rependent dipole moment extracted from work function change
vealed by the shift of thd-TPD minimum toward lower measurements over the coverage range of 0.1-0.85 ML. The
temperatures. This shift may be explained by rearrangementemperature derivative spectra of th&®-TPD curves
within the multilayer CH;Cl molecules, which result in their [d(A®)/dT] are presented and shown to follow the shift of
migration perpendicular to the surface to occupy secondhe sub-monolayerAp-TPD peak to lower temperatures.
layer sites which have been partially depopulated during théleasuring the dependence of the dipole moment on cover-
second layer desorption. This process leads to an earlgge and temperature, one can correlate the two TPD spectra
(lower temperatureincrease in the work function, which and learn about the factors that govern these dependencies.
outweighs theA® decrease caused by second layer desorp- A vertical adsorption geometry of GBI on Ru002)
tion. over a wide coverage range is concluded to be consistent

If we limit the adsorption to exposure sufficient to reachwith both Ap-TPD andA®-TPD measurements as analyzed
the minimum in theAd adsorption curvg1.65 L) and run by the MC model.

A®D-TPD, we obtain the spectrum seen in FigBg). It is
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