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Dipole–dipole interactions among CH 3Cl molecules on Ru „001…: Correlation
between work function change and thermal desorption studies

T. Livneh,a) Y. Lilach, and M. Asscher
Department of Physical Chemistry and the Farkas Center for Light Induced Processes,
The Hebrew University, Jerusalem 91904, Israel

~Received 26 March 1999; accepted 21 September 1999!

Work function change measurements~DF! combined with temperature programmed desorption
~TPD! were employed to study layer growth mechanism and the CH3Cl dipole–dipole interactions
on Ru~001!, over the temperature range of 97 K–230 K. The activation energy for desorption (Ea)
and the molecular dipole moment~m! 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 neighbor CH3Cl molecules. Using a model introduced
by Maschhoff and Cowin~MC! @J. Chem. Phys.101, 8138~1994!#, the isolated adsorbed molecule’s
dipole moment,m0 ~2.35 D! and polarizabilitya(8.1310224cm3), were extracted from TPD data.
These values agree very well withm0 ~2.12 D! anda(9.2310224cm3) 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 Physics.@S0021-9606~99!70447-2#
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I. INTRODUCTION

The adsorption and chemistry of methyl halides
single crystal surfaces have been the focus of many studie
recent years.1,2 The importance of these molecules as
model for surface alkylation, and in particular their dama
ing role in atmospheric reactions, have motivated these s
ies. Under UHV conditions the reactivity toward C–X bon
cleavage follows the trend I.Br.Cl on several catalytic
metal surfaces. On Ru~001! CH3I was found to completely
dissociate upon adsorption at 100 K,3 and CH3Br to partly
~55%! dissociate above 125 K.4 In contrast, CH3Cl does not
dissociate on Ru~001!, Pt~111!,5 or Pd~100!6,7 surfaces.

Repulsive dipole–dipole interaction between parallel
poles is the common reason for decreasing activation en
for desorption,Ea , as coverage increases. This was dem
strated in the case of alkali metals,8 and molecules charac
terized by permanent dipole moments, like methyl halide9

The closely related induced dipole–dipole interactions
rare gases adsorption was studied as well.10 Several electro-
static models were employed, which enabled the simula
of TPD spectra. The most recent and extensive model
developed by Maschhoff and Cowin~MC!.11 These authors
have extended the Topping model12 by taking into account
the attractive interaction between the adsorbate and its
face image dipole, which is dominant at low coverages.
high coverages, repulsive interactions dominate, which l
to depolarization effects, resulting in the reduction of t
adsorbate’s dipole moment,m.

The ability to follow work function change~DF! and
TPD measurements under identical experimental condit

a!Current address: Department of Physical Chemistry, Nuclear Rese
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was shown to improve our understanding of the detai
fragmentation mechanism, prior to and during desorption
CH3Br from Ru~001!.4 In that study dissociation pathway
had been proposed and found to correlate well with HREE
measurements on CH3I/Ru~001!.3 However, due to the ex-
tensive dissociation of CH3Br and CH3I on the Ru~001! sur-
face, it was difficult to uniquely correlate work functio
change and TPD data, in the regime where the parent m
ecule’s dissociation takes place. Such a procedure is pos
in the case of CH3Cl on Ru~001!, due to the reversible mo
lecular adsorption and the absence of dissociation at any
erage, and makes it an ideal system for the study of dipo
dipole interactions on single crystal surfaces.

A question arises whether dipole–dipole interactio
among molecules adsorbed on conductive surfaces desc
by electrostatic expressions, e.g., the MC model, are accu
enough to predict the coverage dependent work func
change and activation energy simultaneously with the sa
set of parameters. Previous efforts to predict the work fu
tion change upon monolayer completion@e.g., CH3Cl on
Cu~110!#,13 from TPD analysis based on a single work fun
tion change measurement,14 were unsuccessful.13

The objectives of this work are twofold:~a! Correlate
between the rate of desorption and the rate of work funct
change. Discrepancy between the two often originates fr
coverage dependence of the dipole moment.~b! Indepen-
dently measure the coverage dependence of the activa
energy for CH3Cl desorption,Ea(n), and that of the CH3Cl
dipole moment,m(n), on the Ru~001! surface. Employing
the MC model,11 we then derive the coverage dependence
m(n) from Ea(n) data. The ability to correlate the two ex
perimental observables using the MC electrostatic model
serve as a test case for the model completeness, an

ch
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11139J. Chem. Phys., Vol. 111, No. 24, 22 December 1999 Dipole-dipole interaction among CH3Cl on Ru(001)
weight the uncertainty, which originates from some of t
simplifying assumptions included in the model.

II. EXPERIMENT

The experiments described here were performed in
ultra high vacuum~UHV! chamber with a base pressure
1310210Torr, obtained by a turbomolecular pump~520 l/s!.
Ar1 ions at 600 V were used to sputter-clean the Ru~001!
surface ~typical sample current of 8mA!. A computer-
controlled ac-resistive heating routine could control t
sample heating rate or stabilize its temperature~60.5 °K!. At
the same time signal is collected from either a quadrup
mass spectrometer~VG-MASSTORR DX! ~QMS! to obtain
normal TPD spectra (Dp-TPD), or from a Kelvin probe
~Besocke Type-S! controller, to obtainDF-TPD spectra. The
QMS was surrounded by Pyrex shroud with a 4 mmaperture
to prevent contribution to theDp-TPD from surfaces othe
then the sample.

The Ru~001! sample~a square piece, 838 mm, 1 mm
thick! was cut from a single crystal rod to within 1° of th
~001! crystallographic orientation, and was polished by st
dard metallurgical methods. Sample cleaning in UHV h
been described elsewhere.4 LEED from the clean and an
nealed surface showed very sharp hexagonal patterns.
sample was spot welded between two 0.5 mm diameter
talum wires, and was attached to a liquid nitrogen reserv
via copper feedthroughs, directly welded to the bottom of

FIG. 1. Dp-TPD spectra of CH3Cl from Ru~001! at the indicated exposure
~L!. The adsorption temperature was 97 K and the heating rate 2.1 K/s
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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Dewar. The temperature was monitored by a W5%R
W26%Re thermocouple spot welded to the edge of the
thenium sample.

CH3Cl ~99.5% pure! was further purified by a few
freeze–pump–thaw cycles, to eliminate any volatile resid
gases. Exposure was done by filling the chamber throug
leak valve to the desired pressure, with the uncorrected
gauge signal transmitted to the computer, and converte
Langmuir units (1 L51026 Torr s). The Kelvin probe was
kept away from the surface during exposure that prece
DF-TPD measurement, due to calibration difficulties fou
otherwise. Blocking the Ru~001! surface by the vibrating
Kelvin probe grid could result in a decrease of 45% in t
molecular coverage relative to that of the bare surface, a
identical exposure to methyl chloride.

III. RESULTS

A. Dp -TPD

Dp-TPD spectra following exposure of Ru~001! at 97 K
to CH3Cl are shown in Fig. 1 at a heating rate of 2.1 K/s. N
dissociation products were detected in the gas phase, no
the surface, after desorption, as revealed byDF measure-
ments~see below!. At low coverage a single desorption pea
~g! appears, centered at 210 K. With increasing exposu
this peak, which saturates around 1.6 L, shifts to lower te
peratures~150 K!, and marks the completion of the firs
monolayer~ML !. At higher exposures a lower temperatu
desorption peak~b! is populated. This peak shifts from 15
K to 140 K as coverage increases and is saturated after
exposure, suggesting similar population in this site as in
g peak. Integrating the area under theDp-TPD peaks, as the
exposure increases, reveals that the sticking probabilit
coverage independent, and was assumed to be unity
found for other methyl halide systems.4–7 Further exposure

FIG. 2. ~A! DFads ~work function change measurement during adsorptio!
of CH3Cl on Ru~001! at 97 K ~solid line!. ~B! DF-TPD of CH3Cl from
Ru~001! after the indicated exposures in Langmuirs. The adsorption t
perature was 97 K and the heating rate 1.0 K/s. The initial value ofDF in
the DF-TPD spectra and the onset temperatures for the correspon
Dp-TPD spectra are marked by filled squares~in A! and filled dots~in B!,
respectively. In the inset, the section in theDF-TPD spectra, which corre-
sponds to the multilayer desorption temperature regime, is magnified.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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beyond theb peak saturation creates a third unsaturable p
~a!, centered on 113 K, which is attributed to desorption
the condensed phase methyl chloride.

B. DF measurements

Figure 2 summarizes the work function change data
Fig. 2~A! DF during adsorption of CH3Cl on Ru~001! at 97
K is presented by a solid line. Up to 1.65 L adecreaseof
1.88 V is observed, suggesting that in the first CH3Cl layer
the chlorine atoms point toward the surface. Subsequent
thyl chloride exposure up to 3.2 L induces anincreaseof 0.4
V in the work function, attributed to the adsorption of seco
layer molecules. The majority of these molecules are thou
to adsorb in a different orientation than those in the fi
layer, probably with the methyl pointing toward the surfac
Maximum packing considerations reveal that the density
the first CH3Cl layer ~reached at an exposure of 1.6 L! is
only 0.43 of its maximum value~see Sec. IV A below!. This
indicates that the second layer molecules have room to b
direct contact with the surface. However, the smallDF in-
crease upon adsorption suggests that the equilibrium dist
from the surface of the second layer molecules is somew
larger compared with that of the first layer molecules.
addition, it is highly likely that these second layer molecu
are less well ordered compared with the first layer ads
bates. As a result a nonnegligible fraction of these molecu
may be at various orientations and tilt angles with respec
the surface normal. Further exposure in the range 3.2–5
results in adecreaseof the work function by 0.13 V follow-
ing the adsorption of the third layer. This is a significa
contribution, taking into account how far these molecules
from the surface.

A comparison betweenDFads spectrum~DF during ad-
sorption of CH3Cl) and theDp-TPD spectra~Fig. 1! at the
different initial exposures~coverages! reveals that the onse
for the appearance of theb peak takes place slightly befor
the g peak saturates. The minimum in the work functi
~1.65 L! lies in the middle of the narrow coverage rang
where the two peaks populate simultaneously, and thb
peak saturation is observed slightly before the local ma
mum in theDFadscurve~3.2 L!. Additional exposure results
in the population of the condensed phase multilayera peak.

The work function change duringDF-TPD of CH3Cl
from Ru~001! at a heating rate of 1.0 K/s is shown in Fi
2~B!. The DF values measured at 97 K, after exposing t
surface to the indicated doses in Langmuirs~L! ~filled
squares!, closely follow theDFads profile during continuous
adsorption, as shown in Fig. 2~A!. In order to identify the
origin of work function change, whether caused by mole
lar rearrangement or due to molecular desorption, the o
temperatures for the CH3Cl desorption as indicated b
Dp-TPD are marked on theDF-TPD spectra by filled
circles. No change inDF at temperatures below the onset f
the molecular desorption is observed at coverages, w
correspond to doses lower than 1.4 L. This indicates that
methyl chloride molecules at that coverage regime ‘‘we
the surface and have enough energy to overcome barrier
surface diffusion, resulting in homogeneously distribut
molecules in the minimum energy configuration. The ve
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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good match~not shown! in the coverage dependence of th
work function change between adsorption at 82 K (DFads)
and desorption~DF-TPD! at that coverage regime has co
firmed this observation. However, at higher exposu
@1.68–3.47 L, Fig. 2~B! g–l#, DF increases linearly above 9
K, by as much as 0.11 V~for 1.68 L!, with similar tempera-
ture dependence. This indicates that molecular rearran
ment occursprior to desorption.

In the inset of Fig. 2~B! the influence of the first two
layers underlying the condensed phase layer onDF is dem-
onstrated by expanding the high coverageDF-TPD spectra
between 105 K to 125 K. The local maximum in theDF-
TPD spectra caused by the second layer desorption is sh
to higher temperatures with the increase in the conden
layer thickness.

Information obtained fromDF-TPD experiments can be
refined by differentiating the spectra versus temperature.
was demonstrated before,15 it can be very closely correlate
with theDp-TPD spectra, especially in systems where int
actions between adsorbates are weak. If the interactions
significant, as will be discussed below, the differences
tween the spectra may help us to understand the origin
the nature of these interactions. In Fig. 3 thed(DF)/dT
spectra are presented. The temperature range for each o
desorption peaks~a-g! is also displayed. The main feature
of theDp-TPD spectra are seen also in thed(DF)/dT spec-
tra, including the shift of the desorption peak to lower te
peratures with increasing coverage. The negative and th
ternating positive–negative contributions toDF, due to
desorption from theb anda peaks, respectively, are clear
observed in the temperature range of 100–150 K.

IV. DISCUSSION

A. Adsorption of CH 3Cl on Ru „001…

In a previous study4 we have found that a CH3Br mono-
layer, adsorbed on Ru~001!, contains (3.660.3)31014

molecules/cm2, equivalent to CH3Br/Ru50.2260.02. Based
on the similarity of the van der Waals radii of Br and C
~1.95 Å and 1.86 Å,16 respectively!, and the similar dipole

FIG. 3. DifferentialDF-TPD spectra@d(DF)/dT# for the indicated expo-
sures of CH3Cl in Langmuirs. The adsorption temperature was 97 K and
heating rate 1.0 K/s.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11141J. Chem. Phys., Vol. 111, No. 24, 22 December 1999 Dipole-dipole interaction among CH3Cl on Ru(001)
moments of CH3Br and CH3Cl ~1.82 D and 1.89 D,
respectively!,17 which dominate the packing density throug
the dipole–dipole repulsion, we consider the CH3Br cover-
age on Ru~001! a reasonable estimate for the monolayer c
erage of CH3Cl/Ru~001!. This assumption is needed sinc
the surface concentration of CH3Cl could not be determined
independently in our experiments. The maximum molecu
density of CH3Cl, arranged on a hexagonal close pack
structure, is 8.3431014molecules/cm2, based on molecula
crystallographic data.18 Therefore the density of the firs
CH3Cl monolayer~saturated around 1.6 L! is only 0.43 from
its maximal value.

Information on the dipole moment and polarizability
the methyl chloride upon adsorption at 97 K can be obtai
by measuringDF while exposing the sample to CH3Cl. The
work functiondecreasesby 1.88 V upon completion of the
first layer. It suggests that the CH3Cl molecules adsorb with
the chlorine atom pointing toward the surface.

Assuming free mobility of the adsorbates on the surfa
at 97 K, one expects a uniform, hexagonal arrangemen
the adsorbates on the surface. This uniform distribution
parallel dipoles is a necessary condition to employ the e
trostatic MC model,11 and to evaluate the coverage depe
dence of the work function change. As in the Toppi
model,12 the potential energy of an adsorbed dipole, wh
results from the electrostatic interaction with other dipoles
two-dimensional array of densityn, can be calculated. Addi
tionally, the stabilization energy due to the interaction w
the image charge induced on the metal surface, which
neglected in the Topping model, is included in the mo
developed by Maschhoff and Cowin.11

The work function change,DF is then given by the stan
dard Helmholtz expression:

DF~n!524pm~n!n, ~1!

where

m~n!5
m0

11aG~n!
~2!

and

G~n!5F~n!2
1

4b32bd2 ~3!

and

F~n!5
4p

)CRs~n!3 F 11
1

F11S 2b

CRs~n! D
2G3/2G . ~4!

F(n) depends on the adsorbate surface geometry,
describes the characteristics of the electric field due to
other dipoles. For an hexagonal array of dipoles o
obtains11

Rs~n!5~4/3!1/4/An,
~5!

C50.658.

m0 is the dipole moment of the isolated adsorbate~ap-
proaching the zero-coverage limit!, excluding its self-image
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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dipole field effect.m(n) is the dipole moment, which in-
cludes the image dipole effect, and that of neighbor ads
bates at densityn. a is the molecular polarizability, assume
to be coverage independent~for a discussion on this issue se
Ref. 19!. b is the distance of the dipole center from its ima
plane andd is the molecular dipole length. It is important t
note that the term 1/(4b32bd2) in Eq. ~3! is the major
difference between the MC and the Topping models. T
term arises from the stabilization due to interaction of t
dipole with the screening~image! charge, induced on the
metal surface. Consequently, the dipole moment at ze
coverage limit (m(0)), including the image dipole field ef
fect, ishigher thanm0 .

The C–Cl bond length in CH3Cl is 1.77 Å.16 Taking the
van der Waals radius of the Cl atom to be 1.86 Å,16 we set
b52.75 Å and d51.75 Å as fixed parameters. As note
above, we assumen53.631014molecules/cm2 to be the 1
ML density of methyl chloride molecules on the Ru~001!
surface.

In order to simulate the work function change data us
the MC model, we are left with two free parameters:m0 and
a. Figure 4 presents the comparison of the change inDF as
a function of CH3Cl density during adsorption at 97 K: mea
sured~solid line! versus the simulated curve, based on E
~1!–~5! ~dotted line!. We have used a least squares nonlin
procedure in order to obtain the best fit. The parameters
tained are m052.12 D (1 D53.34310228C cm) and a
59.2310224cm3 ~compared with gas phase values of 1.

FIG. 4. A comparison of the change inDF as a function of CH3Cl density
during its adsorption on Ru~001! at 97 K: measured~solid line! vs fitted,
with least squares nonlinear procedure, according to Eqs.~1!–~5! ~dotted
line!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



el
a

n
3

a

b
th
th
a

its
ib
ul

c

ag

ss

til
ag
e

le
nt

m

gl

.
n

r
i
c
i

r
n

t

gu
o

o
nt
ro
he
th

d to
for
nt

-
e

ge,
to

the
p to

e,

p,

ctor

er-
fac-
ole

the
f

on
ar-

n

11142 J. Chem. Phys., Vol. 111, No. 24, 22 December 1999 Livneh, Lilach, and Asscher
D and 4.72310224cm3,17 respectively!. The sensitivity of
the simulatedm(n) to the other parameters in the MC mod
was tested. The most important parameter has been the v
of m0. Other paramters which were kept fixed~b and d,
explained above! were found to have a smaller effect o
m(n). At coverages higher than 0.85 ML (
31014molecules/cm2), the experimental points deviate from
the simulated line, being at higher work function than th
predicted by the MC model. Positive contribution toDF due
to the simultaneous population of the second layer could
responsible to this deviation. Both the dipole moment of
isolated molecule, and the polarizability, are higher than
corresponding gas-phase values. Larger dipole moment
polarizability of the adsorbed methyl chloride relative to
gas-phase values, reflect the electronic structure redistr
tion exerted at the adsorption site as a result of the molec
metal bond formation.11

CH3I was reported to be tilted with respect to the surfa
normal on Cu~111! based on HREELS measurements.20 Fur-
thermore, a change in adsorption geometry with cover
was found by RAIRS for CH3I,

21,22 and CH3Br,23 on
Pt~111!. Frenchet al.22 reported that CH3I is tilted by 42°
with respect to the Pt~111! surface normal, at coverages le
than 0.4 ML~1 ML was defined as CH3I/Pt50.19). This tilt
angle gradually shifted to 18° at 1 ML. The decreasing
angle may be attributed to the growing repulsion as cover
increases~packing constraints!, due to decreasing averag
distance between neighbor adsorbates. In our system
have no direct evidence for the orientation of the molecu
on the surface. However, in order to explain the experime
work function change measurements, any tilt angle~f! from
the surface normal should be associated with a larger
lecular dipole moment, by a factor of 1/cos(f), compared
with the perpendicular adsorption geometry. For a tilt an
of 45°, this would correspond to a dipole momentm0

53.0 D, a significant deviation from the gas-phase value
such coverage dependent tilt would have been the case i
current system of CH3Cl on Ru~001!, one would expect the
experimentalwork function to become increasingly large
than the values predicted by the MC model as coverage
creases, due to the increased dipole moment as the mole
shifts to a normal adsorption geometry. This prediction is
contrast to the observation demonstrated in Fig. 4.

A support for the validity of our claim that the molecula
tilt can be inferred from work function change measureme
was demonstrated also in the study of CH3Br/Cu~2ML!/
Ru~001!.24 In this study a dipole moment estimate ofm(0)
51.55 D was extracted from the data. This dipole momen
smaller than the gas-phase value of 1.82 D.17 This can be
explained only on the basis of adsorption geometry ar
ments which favor some degree of tilt of the adsorbed m
ecule on the Cu~2 ML!/Ru~001! surface, in agreement with
measurements performed on the CH3Br/Cu~111! system.20

We conclude that a vertical adsorption geometry
CH3Cl on Ru~001! up to a coverage of 0.85 ML is consiste
with our data and with its interpretation using the elect
static MC model. This in spite of being at variance with t
vibrational spectroscopy measurements performed on o
methyl halides cited above.20–23
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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B. Dp -TPD analysis

Interaction between adsorbed molecules is expecte
lead to coverage dependence of the activation energy
desorption,Ea(n). If we assume a coverage independe
pre-exponential factor,v, Ea(n) can be extracted by invert
ing a Dp-TPD peak profile.13 The first order desorption rat
is expressed as follows:

2
dn

dt
5nv expS 2Ea~n!

RT D . ~6!

First, we normalize the spectrum to a well-defined covera
preferably 1 ML saturation coverage. In our case, due
second layer population onset, prior to the completion of
first layer, the analysis has been limited to coverages u
0.85 ML. Then we integrate the rate of desorption over tim
dn/dt, to obtainn(t). Finally, knowingT(t) ~at a particular
heating rate!, and the rate of desorption at every time ste
enable us to extractEa(n) after insertingv5231013s21.
This number was obtained from Redhead25 analysis, at close
to zero-coverage limit.

The coverage dependence of the pre-exponential fa
was studied for the CH3Br/Pt~111! system,23 and was found
to vary only weakly~30%! relative to the central value (1
31013s21) at the 0.08–0.85 ML coverage range. This obs
vation makes the assumption of constant pre-exponential
tor reasonable. The average potential energy per dip
Uelec, in a homogeneous 2D array of adsorbates, with
dipole center placed at a distanceb above the image plane o
the metal, is given by:11

Uelec~n!5
m0

2

8pe0
F 1

G~n!211aG . ~7!

In Fig. 5 the average potential energy per dipole,Uelec is
shown as a function of nearest neighbor distance@Fig. 5~A!#
and of CH3Cl molecular density@Fig. 5~B!#. The energy of
the dipole is dictated by two contributions: the interacti
energy with similar neighbor dipoles, assumed to align p
allel to the surface normal, and by the field~affecting in the
opposite direction to that of the dipole!, which is induced by

FIG. 5. ~A! The calculated values ofUelec vs nearest neighbor separatio
distance.~B! Values calculated vs CH3Cl density according to Eq.~7!. The
fitting parameters arem052.35 D anda58.1310224 cm3.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11143J. Chem. Phys., Vol. 111, No. 24, 22 December 1999 Dipole-dipole interaction among CH3Cl on Ru(001)
the images of all adsorbed dipoles, including the molecu
dipole itself. The first contribution is repulsive while the se
ond is attractive. These two opposite effects are include
Uelec@throughG(n), see Eq.~3!#. At the zero-coverage limit
Uelec is negative~22.5 kJ/mol!, meaning that the attractio
between the dipole and its image dominates over the re
sion between adsorbates. With increasing coverage and
creasing nearest neighbor distance, the dipole–dipole re
sive interaction term becomes dominant andUelec becomes
positive up to 6 kJ/mol at coverages approaching 1 M
CH3Cl/Ru~001!. At infinite densitym(n) goes to zero while
Uelec converges tom0

2/8pe0a(20.2 kJ/mol), and the energ
per molecule becomes the change in internal energy,11 as a
result of the complete depolarization of the initial dipo
reducing the dipole moment fromm0 down to zero.

The binding energy of such a molecular dipole is e
pressed as a sum of an isolated molecule ‘‘bonding’’ (Ucov)
and electrostatic (Uelec) energy termsU tot5Uelec1Ucov. The
variation of the activation energy for desorption with cove
age arises from the change in the total energy of the sys
(nUtot) upon removal of a single dipole.26 Thus the activa-
tion energy is given by

Ea~n!'2
d~nUtot~n!!

dn
52

d~nUelec~n!!

dn
2Ucov, ~8!

whereUcov is fixed and corresponds to the binding energy
the isolated molecule in the absence of all interaction att
utable to permanent dipole interactions. In Fig. 6 the acti
tion energy for desorption as a function of surface density
derived from lineshape analysis of a single invertedDp-TPD
run at initial coverage of 0.85 ML is presented~solid line!. In
dotted line, the calculated curve of the activation energy
desorption,Ea , as a function of molecular density, based
Eq. ~8! is shown. The fixed parameters used in the nonlin
least squares fit are:b52.75 Å, d51.75 Å. These param
eters were chosen to be identical to those used for the an
sis of DFads, shown in Fig. 4. The best agreement betwe
the experimental data and the calculated values was achi

FIG. 6. Calculated@dotted line, according to Eq.~8!# and experimentalEa

values~solid line, obtained from simulation of aDp-TPD spectra at initial
coverage of 0.85 ML! as a function of CH3Cl density. The indicated param
eters used for the calculation were extracted by employing a nonlinear
square fit between the calculated and experimental values. The fit excl
the lower coverage regime~dashed-dotted line! where sharp increase of th
experimental values were obtained due to defects sites~see text!.
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
r
-
in

l-
e-

ul-

,

-

-
m

f
-
-
s

r

r

ly-
n
ed

with m052.35 D anda58.1310224cm3 ~compared with
gas phase values of 1.89 D and 4.72310224cm3, Ref. 17,
respectively! andUcov553.2 kJ/mol. We note that these va
ues are in good agreement with those extracted from
adsorption (DFads) experiment (m052.12 D and a59.7
310224cm3). The 11% and 20% deviations in the best
values obtained form0 anda, respectively, while employing
a single electrostatic model to simulate two different meas
ables~desorption rates and work function change! are rather
small and should be considered within the uncertainty le
of the MC model.

The activation energy for desorption decreases from 5
kJ/mol at zero-coverage limit down to 38.6 kJ/mol at 1 M
The sharp increase of the experimental values at the low
coverages~,0.08 ML! is attributed to desorption from de
fect sites with higher binding energy.9 This effect, which is
observed in work function change measurements as w
will be discussed below, in Sec. IV C 1.

C. The correlation between Dp -TPD and DF-TPD
spectra

1. Extraction of m„n … from E a„n …

Increased dipole–dipole repulsion was shown to low
the activation energy for desorption by 17.3 kJ/mol up
monolayer completion, due to destabilization of t
molecule-surface bonding. Another possible effect
dipole–dipole repulsion is the tendency of similar dipoles
reduce charge separation~depolarization! in order to mini-
mize the repulsion between adsorbates. The dependenc
the activation energy for desorption on dipoles density (n),
can be written in terms ofm(n). This is achieved by analyti-
cal calculation, based on Eqs.~7! and~8!, after normalization
by 1/8pe0 :

Ea~n!'2
d~nUtot~n!!

dn
5am~n!21bm~n!1c,

~9!

a52n
dG~n!

dn
b52m0 G~n!, c52Ucov.

In Fig. 7 the experimentalm(n), as derived from a

st
ed

FIG. 7. The coverage dependent dipole moment of CH3Cl, m(n), extracted
from a single aDF-TPD run, taken at heating rate of 1.0 K/s with initia
coverage of 0.85 ML~solid line!. The calculatedm(n) is based onEa(n)
which have been derived from Fig. 6.
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singleDF-TPD spectrum is shown as a solid line, based
relations given in Eqs.~1!–~5!. The molecular density,n, is
extracted by integrating a correspondingDp-TPD spectrum
at identical initial coverage of 0.85 ML. The dipole mome
is shown to decrease from 2.44 D at zero coverage to 1.2
~by extrapolation! at full monolayer. Around 0.12 ML
@CH3Cl/Ru~001!50.025#, a sharp decrease in the dipole m
ment is seen as coverage approaches zero. It looks as
DF per adsorbate strongly decreases at this coverage. It
relates with the sharp increase in the activation energy
served at lower coverages in Fig. 6, and contradicts the
havior one would expect based on the weaker dipo
interaction in that coverage regime. This sharp decreas
attributed to molecules attracted to defects. These can c
different adsorption geometry~e.g., large tilt angle!, which
results in both higher binding energy, as seen in Fig. 6,
in reduced dipoles.27

If the model is consistent withboth DF-TPD and
Dp-TPD experimental data, it is possible to extract the
pected coverage dependence of the dipole moment,m(n),
from Ea(n), solving the equation which relatesm(n) to
Ea(n) @Eq. ~9!#. Indeed, this procedure is employed and t
calculatedm(n) is shown as a dotted line in Fig. 7. We no
that the slope of both curves, which is dictated by the c
erage dependence of the dipolar interaction, is practic
identical. This indicates that density dependence of both p
nomena are described properly by the MC model, and
the Ea(n) and m(n) are correctly related, since they orig
nate from the same electrostatic interactions. However,
fact that the calculated curve is shifted upwards indicates
the model overestimatesm0 by 10%. This small discrepanc
may arise from neglecting possible coverage effect in
pre-exponential factor of the desorption rate constant an
Ucov, as calculated by the MC model.

The nice fit of the MC model to two rather differen
experimental observables, using the same set of free pa
eters emphasizes the additional insight that can be gaine
combining work function change with normal thermal d
sorption studies. However, in order to do so, a careful c
bration has to be performed between the two measur
quantities over the entire coverage range.

Finally, we note that studies of systems where the e
trostatic adsorbate–surface interaction is particularly stro
e.g., K/Re~001!,28 have shown that an attempt to simulate t
work function change with coverage within the MC mod
has been only qualitatively successful. This can be ratio
ized by the questionable validity of the Topping model12 and
its extension11 for systems where the nature oflocal interac-
tions within the adsorbate-surface complex, its image
neighbors, can not be treated on the basis of simple dipo
dipole interactions.

2. d „DF…/dT interpretation

The good correlation found betweenDp-TPD andDF-
TPD spectra provides the opportunity to examine simu
neously the desorbing CH3Cl molecules (Dp), and those
molecules which remain adsorbed on the surface~DF!, dur-
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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ing the course of a TPD experiment. In order to do so
derivative ofDF with respect to time is calculated using E
~1! after conversion to SI units:

d~DF!

dt
5

d~DF!

dT
•

dT

dt

52
1

e0
•

dT

dt S m~n!
dn

dT
1n

dm~n!

dT D . ~10!

~i! ~ii !

The above equation consists of two separate contr
tions toDF:

~i! A product of the rate of desorption (2dn/dT), which
is identical to theDp-TPD signal, and the CH3Cl dipole
moment at a specific surface density. This term reflects
change inDF due to the decreasing surface coverage~mol-
ecules that leave the surface! during thermal desorption.~ii !
A product of the surface density and the derivative of t
coverage-dependent dipole moment with respect to ti
This term reflects the change inDF which arises from the
rearrangement of the adsorbed molecules, which are lef
the surface while the coverage decreases during desorp
induced by modifications in their local environment~e.g.,
smaller dipole–dipole interaction, changing tilt angle, etc!.

The use of work function change derivative was pre
ously employed to study the desorption kinetics of CO/
~001!,15 where the dipole moment has only minor covera
dependence due to the weak dipole–dipole interactions.
dipole moment of CO on the Ru~001! surface is considerably
lower then that of the methyl halides and can be estima
according to Eq.~1!, to bem520.22 D. In such a case@up
to CO/Ru~001!50.33# Eq. ~10! reduces to a simple linea
relation between the rate of change ofDF with time and the
rate of desorption, producing a good overlap between
two types of spectra.15

Knowing the temperature~time! dependence of the sur
face density,n(t), during the course ofDp-TPD, we can
expressm(n), found by the MC model~see Fig. 7!, in terms
of m(t), and represent separately the two time~temperature!-
dependent terms of Eq.~10!. In Fig. 8~A!, the simulated
DF-TPD, @Fig. 8~A a!# and Dp-TPD @Fig. 8~A d!# spectra
are shown for initial CH3Cl coverage of 0.85 ML. In addi-
tion, the first~i! and the second~ii ! terms of Eq.~10! @Figs.
8~A b! and 8~A c!, respectively# are presented as well. Fo
clarity of presentation the second term is multiplied by~21!.
Additionally, the values form(n) are multiplied by 0.9, in
order to compensate for the 10% overestimate in the ca
lation of m~0!, as shown in Fig. 7~see discussion above!. We
note that the measured quantities@2dn/dT andd(DF)/dT#
are related to the rate of desorption (2dn/dt) and the rate of
work function change (d(DF)/dt) through the heating rate
(dT/dt), which was kept fixed at 1.0 K/s in both exper
ments.

During the thermal desorption process depolarization
fects are reduced upon decreasing the surface molecular
sity, n. As a result, two phenomena, represented by the
terms of Eq.~10!, are noticed with opposite contribution t
DF(n): increase of the dipole moment@m(n)52DF(n)/
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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e0n# of the adsorbed CH3Cl molecule with diminishing den-
sity leads to anincreasein DF, as contributed by each of th
desorbing molecules. Concomitantly, it leads to aDF de-
creaseper single CH3Cl molecule that remained adsorbed
the Ru~001! surface, which becomes less depolarized by
neighboring adsorbates. Note thatd(DF)/dt and the first
and second terms in Eq.~10! are presented in Fig. 8~A! by a,
b, and2c, respectively.

In order to examine the adequacy and rationale beh
the demonstration in Fig. 8~A! one has to compare the pro
files of the corresponding simulatedDp-TPD(2dn/dT) and
d(DF)/dT spectra @Fig. 8~A d! and 8~A a!, respectively#
with the experimental data. In Fig. 8~B! the two experimen-
tally obtained spectra ofd(DF)/dt @Fig. 8~B a!# and
Dp-TPD @Fig. 8~B d!# are shown to have very good correl
tion with the simulated spectra shown in Fig. 8~A a! and
8~A d!. This analysis further substantiates the main theme
this work, namely the ability to correlate the coverage dep
dence of the dipole moment and of the activation energy
desorption under the framework of a single electrosta
~MC! model.

Finally, we note that the difference betweend(DF)/dt
andDp-TPD signals becomes more significant above 155
with decreased surface molecular density~increasing tem-
perature!. The first term in Eq.~10! ~i! is a product of the

FIG. 8. ~A! A comparison of@d(DF)/dt#, simulated on the basis ofm(n),
seen in Fig. 7, withDp-TPD. The two terms of Eq.~10!, ~i! and ~ii !, are
shown as a function of temperature as well.~B! Corresponding experimenta
d(DF)/dt andDp-TPD spectra. Both experimental spectra were obtain
at an initial CH3Cl coverage of 0.85 ML, adsorption temperature of 97
and a heating rate 1.0 K/s.
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dipole moment and the rate of desorption. They change in
opposite direction when CH3Cl density decreases. The di
ference between them is attributed to the strong density
pendence of the dipole moment and to the decreasing co
bution of the second term~ii ! to DF with decreasing
molecular density.

3. Molecular rearrangement

Rearrangement of adsorbed molecules during sam
heating is expected if the molecules are bound to the sur
in an energetically metastable structure upon adsorptio
low crystal temperatures. Comparison of the directly m
suredDFads during the adsorption of CH3Cl on Ru~001! at
97 K @see Fig. 2~A!#, to the work function change, extracte
from theDF-TPD curve, reveals that up to 0.85 ML theDF
values are identical. This is not surprising if we assume t
the molecules have close to unity sticking probability. W
ting the surface, while reducing the surface free energy
thus the major energetic driving force for adsorption. Th
leads to a formation of uniformly distributed array of 2
dipoles ~provided that barriers for diffusion do not preve
free migration of the adsorbates at 97 K!. However, beyond
0.85 ML there is a significant difference between the two.
Fig. 9 theDp-TPD andDF-TPD spectra obtained following
exposure of 3.0 L CH3Cl/Ru~001! are shown in the tempera
ture range of 115–155 K. In this temperature range mos
the second layer molecules~b peak! desorb. This should lead
to DF decrease upon surface heating, a mirror behavio
the work function increase observed during adsorption.

A minimumin DF is observed exactly at the temperatu
where theb peak desorption rate is at its maximum~143 K!.
If this desorption would have precisely followed the wo
function change profile during second layer adsorption
maximum rateof DF decrease would have been expected
the same temperature~143 K!. The DF minimum under
these conditions should appear at higher temperature aro
152 K.

d

FIG. 9. A comparison ofDp-TPD andDF-TPD at the second layer desorp
tion temperature regime~115 K–155 K! after 3.0 L exposure of CH3Cl on
Ru~001! at 97 K.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The lack of consistency between the two spectra is
vealed by the shift of theDF-TPD minimum toward lower
temperatures. This shift may be explained by rearrangem
within themultilayerCH3Cl molecules, which result in thei
migration perpendicular to the surface to occupy sec
layer sites which have been partially depopulated during
second layer desorption. This process leads to an e
~lower temperature! increase in the work function, which
outweighs theDF decrease caused by second layer deso
tion.

If we limit the adsorption to exposure sufficient to rea
the minimum in theDF adsorption curve~1.65 L! and run
DF-TPD, we obtain the spectrum seen in Fig. 2~B g!. It is
evident that a linear increase inDF is observedprior to
molecular desorption, which can be attributed to rearran
ment within thefirst layer molecules. The last 0.3 L adsorb
on the surface prior to first layer completion induces t
rearrangement, which still takes place concurrently with
first stage of second layer build up.

Upon adsorption at 97 K the molecules are thought to
distributed in a homogeneous 2D arrangement on the
face. This, we believe, is the case up to a coverage of 0
ML. At higher coverages an unstable layer is formed. Sin
the increase of the work function is linear with temperatu
@see Fig. 2~B g! at T,143 K#, a pure thermally activated
flipping mechanism, as suggested for the ‘‘Br down’’
‘‘methyl down’’ of CH3Br molecules on Ru~001!4 is not fea-
sible. Annealing the surface supplies energy to overcome
barrier for diffusion leading to a more stable configuratio
The increase inDF may also be due to transfer of populatio
away from the first layer, governed by reducing dipol
dipole repulsion.

V. CONCLUSIONS

Work function change measurements~DF! combined
with temperature programmed desorption~TPD! were em-
ployed to study the layer growth mechanism and the CH3Cl
dipole–dipole interactions on Ru~001! over the temperature
range of 97 K–230 K. The activation energy for desorpti
(Ea) and the molecular dipole moment~m! decrease from
55.9 kJ/mol and 2.44 D at the zero-coverage limit to 3
kJ/mol and 1.27 D at one monolayer coverage. This cover
dependence originates from strong dipolar lateral repuls
among neighbor CH3Cl molecules. Using an electrostat
model, developed by Maschoff and Cowin~MC model!, the
dipole moment of the isolated molecule~excluding image
dipole effect!, m0 ~2.35 D!, and the polarizability,a(8.1
310224cm3), of methyl chloride were extracted from TP
data. These numbers may be compared withm0 ~2.12 D!,
and the polarizability,a(9.2310224cm3) extracted from
work function data, based on the same model. The full c
erage dependence of the dipole moment,m(n), simulated
based onm0 anda, agreed very well with the coverage d
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pendent dipole moment extracted from work function chan
measurements over the coverage range of 0.1–0.85 ML.
temperature derivative spectra of theDF-TPD curves
@d(DF)/dT# are presented and shown to follow the shift
the sub-monolayerDp-TPD peak to lower temperatures
Measuring the dependence of the dipole moment on co
age and temperature, one can correlate the two TPD spe
and learn about the factors that govern these dependenc

A vertical adsorption geometry of CH3Cl on Ru~001!
over a wide coverage range is concluded to be consis
with both Dp-TPD andDF-TPD measurements as analyz
by the MC model.
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