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Abstract 

To better understand why carbon monoxide induces order in many adsorbed overlayers 

on metal surfaces, we have measured, from work function changes, the surface dipole 

moments on Rh(111) for adsorbed CO and for several coadsorbates - sodium, benzene, 

fluorobenzene, and ethylidyne - which form ordered, coadsorbed structures with CO on 

the Rh(111) surface. \Ve find that those adsorbates with a positive surface dipole mo

ment form ordered structures when coadsorbed with CO, which is determined to have 

a negative surface dipole moment. It is proposed that coadsorbing oppositely oriented 

dipoles strongly promotes the formation of ordered coadsorbed structures. Further, we 

find that the reduction of the C-O stretching frequency of coadsorbed CO is correlated 

to the magnitude of the dipole moment of the coadsorbates. This correlation is dis

cussed in terms of the combinaiion of various interactions. 
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1. Introduction 

An understanding of the interactions between different chemical species 

coadsorbed on surfaces should be an important part of a molecular scale under-

standing of many surface phenomena. Recently, we reported that carbon 

monoxide induces order in adsorbed benzene overlayers on Rh(111) and Pt(111) 

surfaces [1]. Since that initial report, carbon monoxide induced ordering has also 

been observed for a wide variety of adsorbates {acetylene [2] [3] [4] , ethylidyne 

(=CCH ) [2] [4] [5] [6] • propylidyne (=CHCH CH ) [2] [4] [7] , benzene [4] [6] 
3 2 3 

[8] [9] [10] [11] • fluorobenzene [2] [4] , sodium [2] [4] , potassium [12] [13] , and 

hydrogen [l4]} on several metal surfaces {Rh(11l) [1-5,7-9], Pt(11l) [1] [9] [10] , 
. . 

Pd(111) [11], Rh(100) [6], Ru(OOl) [12], Ni(100) [14], and Ni(llO) [13]}. In these 

cases. the coadsorption of CO with another adsorbate results in the formation 

of new ordered surface structures different from those formed when either CO 

or the other adsorbate are present alone on these surfaces. The formation of 

these ordered, coadsorbed structures provides an excellent opportunity for 

studying the interaction between coadsorbed atoms and molecules under condi-

tions where the relative geometry and stoichiometry can be established. 

In this paper. we report that the CO induced ordering with several 

coadsorba tcs - sodium. benzene. fluorobenzene. and ethylidyne - on the Rh(111) 

crystal surface and the reduction in the C-O stretching frequency can be corre-

lated with the surface dipole moments of the adsorbates. Here, the surface 

dipole moments are determined by measuring work function changes as a func-
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tion of adsorbate coverages. We find that CO induced ordering occurs when CO 

is coadsorbed with an adsorbate that has a surface dipole moment oriented op

posite to that of adsorbed CO, while disorder or segregation occurs when CO is 

coadsorbed with an adsorbate that has a similarly oriented dipole moment. We 

also find that NO, a ligand chemically similar to CO, has a surface dipole mo

ment opposite that of ethylidyne when coadsorbed in the c(4x2) - NO + 

ethylidyne structure. Further, the magnitude of the reduction in the C-O 

stretching frequency appears to be directly related to the surface dipole moment 

of the coadsorbate. 

Our laboratory has already reported several studies [1-5,7-9] for the individual 

CO coadsorption systems on the Rh(l1l) surface.' For the various ordered 

structures observed, Table 1 lists the LEED structures, the unit cell size, the 

types and number of adsorbates per unit cell, and the C-O stretching 

frequency(ies) of the adsorbed CO molecules. Most of our information concern

ing the adsorbates within the ordered, coadsorbed structures has come from 

vibrational spectra obtained by high-resolution electron energy loss spectroscopy 

(HREELS). Figure 1 shows the vibrational spectra for four of the ordered 

structures where there is one CO molecule per coadsorbate. The vibrational 

spectra show that both CO and the coadsorbate maintain their molecular iden

tity within the ordered, coadsorbed structures and are discussed in detail else

where [1,2,4,5]. 
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For several of the CO coadsorbed structures [5] [8] , Van Hove and co-

workers have determined by dynamical LEED analyses the adsorption geom-

etries of the coadsorbed molecules including the bond lengths and bond angles. 

Table 1 also indicates the CO adsorption sites within the ordered structures, as 

determined by the LEED analyses. In all the CO coadsorbed structures on 

Rh(111) solved by LEED, the adsorption site of CO is an hcp hollow site, where 

one second layer rhodium atom sits below the three-fold site occupied by the CO 

molecule. 

From Table 1 and Fig. 1. we see that C-O stretching frequency is greatly re

duced from that of CO adsorbed alone on Rh(111) on either top or bridge sites 

and ranges from 1790' cm-
1 

for CO in the c(4x2)-CO + CCH3 structure to 1410 

-1 . 
cm In the c(4x2)-CO + Na structure. If we assume that CO bonds at hollow 

sites in all of the coadsorbed structures, as borne out for those structures that 

have been determined by dynamical LEED analysis, then the 380 cm-! spread 

of C-O stretching frequencies would indicate that interactions of varying 

strength occur between the CO molecule and the different coadsorbates. In 

principle, the Rh-CO stretching frequency should also provide information con-

cerning the interaction between the coadsorbed molecules. Unfortunately, in our 

spectra, the Rh-CO stretching mode was either too weak to be observed or ob-

scured by the vibrational modes of the coadsorbates. 

In this paper, we discuss how the observed reduction in the C-O stretching 

frequency can arise from a combination of several interactions: (1) a vibrational 
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Stark effect from the electric field generated by neighboring dipoles, (2) charge 

transfer through the substrate into the 2r.* orbital of coadsorbed CO, and (3) 

direct chemical interactions between the coadsorbates. We also discuss the var-

ious interactions that can promote the formation of ordered, coadsorbed struc-

tures. As the work function measurements show that the coadsorbed molecules 

order when oppositely oriented dipoles are pre~ent in the unit cell, dipole-dipole 

interactions probably playa major role in the formation of coadsorbed struc-

tures. By using model calculations, we demonstrate .that the dipole-dipole inter-

action energy between coadsorbate pairs ranges from -0.09 eV for the 

C(2l3x4)rect CO + C6D6 structure to -0.7 eV for the c(2x4) Na + CO structure 

on Rh(111). 

2. Experimental 

Our experiments were conducted in an ultra-high vacuum chamber equipped 

for low energy electron diffraction (LEED), Auger-electron spectroscopy (AES), 

thermal desorption spectroscopy (TDS), and high-resolution electron energy loss 

spectroscopy (HREELS). The HREEL spectrometer was used for both 

vibrational spectroscopy and work function measurements and has been de

scribed in detail elsewhere [15]. The sample was cleaned by cycles of Ar + sput-

tering. a treatments, and annealing in vacuum at 1200 K. Surface cleanliness 
2 

was monitored by Auger~lectron spectroscopy and HREELS. During exper

iments, the background pressure in the cha~ber was typically lxl0·
10 

torr. 

" 
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Figures 2a and b show schematically how we measure work function changes. 

The monochromator of the HREEL spectrometer provides a monoenergetic 

source of electrons ( ..... 10·
10

A), which is focused onto the Rh(111) -sample oriented 

perpendicular to the electron beam. The current to the sample is measured by 

a floating picoammeter connected in series with a bias voltage supplied by a DC 

ramp. When the bias voltage becomes sufficiently negative, the current to the 

sample drops to zero as the vacuum level of the sample is raised above the en

ergy of the incident electrons. Since changes in the work function are also equal 

to the changes in the position of the vacuum level relative to the Fermi level, the 

change in work function is readily determined by measuring the shift in cutoff 

voltage from a plot of current versus bias voltage. Fig. 2c shows two such plots 

for the clean Rh(111) surface and for the R-h(111) surface covered with a quarter 

monolayer of sodium adatoms. Since the spread in energy of the electrons pro

vided by the monochromator is small ( ..... 5 meV). the main inaccuracy comes from 

the shape of the current vs. voltage plot. (The high energy tail in the plot for the 

clean Rh(111) surface is from electrons hitting the sample supports as it is sen

sitive to the position of the sample but does not change as atoms and molecules 

are adsorbed or desorbed from the surface.) By this method, we are able to 

measure work function changes to within 0.01 eV. 

3. Results 

3.1 Work Function Measurements: Adsorption Alone 

3.1.1 CO/Rh(Il1) 
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Figure 3 shows the work function change as a function of CO coverage on 

Rh(1ll). The coverage is defined as the ratio of adsorbed molecules per rhodium 

surface atoms. CO coverages were determined from the CO thermal desorption 

yield and calibrated against the (.!3x\/3)R30° LEED structure, which forms at 

0.33 of a monolayer [16]. For CO coverages less than 0.33, where CO bonds only 

on top of the rhodium surface atoms [16] [17] , the work function change may 

be fit with a classical model for mobile adsorption. If we consider an well sep-

arated adsorbed species with surface density N, an initial dipole moment Jl, and 

polarizability a, then the work function change (~4» is given (in SI units) by 

[18] 

-eNJl 
~4> - -------3/-..,

£0[1 + (9/4'lT)aN -] 

where EO is the vacuum permittivity. A good fit for 0 ~ 0.33 (shown by the 
co. 

dashed curve in Fig. 3 can be obtained with Jl = -0.67 X 10.
30 

C.m (-0.2 D) and 
co 

·28 3 
a = 0.34 x 10m . 
co 

For 0 > 0.33, ~<P increases dramatically until reaching a value of +1.05 eV 
co 

at saturation coverage (0 = 0.75), where a (2x2) LEED pattern was observed. 
co 

To achieve the (2x2) LEED structure, we found it necessary to cool the sample 

to 170 K, while the other CO coverages could be "Obtained at room temperature. 

For 0 > 0.33, some of the adsorbed CO bonds bridging two rhodium atoms as 
co 

well as on top sites [17] [19] . We attribute the dramatic increase in A<P for 0 
co 

> 0.33 to bridge bonded CO molecules on Rh(111) having a larger surface dipole 
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moment than top bonded CO. Since we are unable to determine the relative 

coverages of bridge and top bonded CO between 0.33 and 0.75 monolayer cov-

erages, we are unable to model this system in order to dctermine the surface 

dipole moment or polarizability for bridgc bonded CO on this surface. 

3.1.2 Na/Rh(111) 

Figurc 4 shows the work function of the Rh(11!) surface as a function of 

sodium coverage. The valuc of 5.4 cV for the work function of theclcanRh(111) 

surface is from Ref. [22]. Sodium coverages were determincd from the sodium 

thermal desorption yield and calibrated against the (/3x/3)R30° and· close-

packed LEED structurcs [23]. Using the same model as for adsorbed CO, we 

deduce a surface dipole moment, p. ,of +1 T X 10-
30 

C.m (+5.1 D), and a 
Na 

polarizability, a ,of 2.9 x 1O-
2B 

m
3 

for low sodium coverages. Similar values 
Na 

have been observed for alkali ada toms on Rh(111) and other metal surfaces 

[20]. The dashed line in Fig. 4 shows that we can achieve a good fit for these 

values for 0 < 0.4. Above (J = 0.5, the work function of the surface increases 

until reaching the value for sodium metal at just over the coverage needed to 

form one hexagonally close-packed monolayer. 

3.1.3 Benzene and Fluorobenzene/ Rh(111) 
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Figure 5 shows the work function of the Rh(lll) surface as a function of 

benzene and fluorobenzene exposure. The work function decrease of 1.36 eV for 

a saturation coverage of benzene on Rh(lll) is in excellent agreement with the 

value of t1¢ = -1.35 eV measured by Bertel et aI., [22] using ultraviolet 

photoemission spectroscopy (UPS). For benzene adsorbed on Rh(111), we de-

termined from the H2 desorption yield that the benzene coverage is linear as a 

function of exposure up to saturation coverage. (Only a small fraction, < 10%, 

of benzene desorbs molecularly [24].) If we assume that the fluorobenzene is also 

linear as a function of exposure and using 0.17 and 0.16 for the saturation cov-

erages of benzene [1] and fluorobenzene [4] , respectively, we can deduce, for 

-30 
benzene and fluorobenzene, surface dipole moments, p. = +6.7 x 10 C.m 

ben 

(+2.0 D) and p. = +6.5 X 10-
30 

C.m (+1.9 D), and polarizabilities, a 
fb ben 

28 28. d 1.3 x 10 m3 and a = 1.5 x 10 m3, respectIvely. It shoul be noted that the 
fb . 

benzene-fluorobenzene values are within experimental error of each other. The 

difference in work function for the saturated layers of benzene and 

fluorobenzene is then attributed to the slight difference in saturation coverages. 

3.1.4 Ethylidyncl Rh(111) 

Figure 6 shows the work function of the Rh(11l) surface at 300 K as function 

of ethylene exposure. At this temperature ethylene decomposes to form 

ethylidyne (=CCH3) [21], which saturates at a coverage of 0.30 of a monolayer 

[25]. If we assume that the ethylidyne coverage is linear with ethylene exposure 

up to saturation coverage, then we find that p. = +3.1 X 10-
30 

C.m (+0.9 D) 
eth 

.. 
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and a = 0.62 X 10.
28 

m3. If the ethylene sticking probability actually de
eth 

creases with increasing coverage, as often occurs for adsorption 'processes, then 

IL would be smaller than determined here. 
eth 

3.2 Coadsorption of Similarly Oriented Dipoles 

Table 2 lists the surface dipole moments and the polarizabilities of the 

adsorbates when adsorbed alone on the Rh(111) surface. Adsorbed CO has a 

negative surface dipole moment, while the other adsorbates, which all form or-

dered structures with coadsorbed CO, have positive surface dipole moments, op-

posite that of adsorbed CO. Therefore, it appears that CO-induce<;l ordering 

occurs when CO is coadsorbed with an adsorbate with an oppositely oriented 

surface dipole moment. 

To further test the hypothesis that ordering of coadsorbed molecules is driven 

by having oppositely oriented dipole moments within the ordered unit cells, we 

have coadsorbed molecules whose surface dipole moments are nominally oriented 

in the same direction and have found these combinations are disordered or seg-

regated. Table 3 list these results. In these experiments, we tried to coadsorb the 

molecules at coverages and conditions similar to those where CO induced order-

ing of coadsorbed structures were observed. As discussed below, it appears that 

the dipole-dipole interaction energy promotes the formation of the coadsorbed 

structures for oppositely oriented dipoles but not for similarly oriented dipoles. 
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3.3 Work Function Measurements: Coads~rption with CO 

We have also measured the work function for several of the ordered struc

tures formed with coadsorbed CO on Rh(l1l). Table 4 lists the work functions 

observed for the structures formed by the organic adsorbates, both with and 

without coadsorbed CO. As can be seert from Table 4, the work function in

creases as the ratio of CO's to coadsorbates is increased, indicating that CO still 

has a negative surface dipole moment within the coadsorbed structures. Accu

rate determination of the dipole moments within the coadsorbed structures is 

difficult and would require detail measurements of work function changes as a 

function of cqverage of both surface species. However, if we assume that 

benzene, fluorobenzene, and ethylidyne have the same surface dipole moment 

when coadsorbed with CO as when adsorbed alone on Rh(111), then we are able 

to estimate that CO has an effective surface dipole moment of .... -2.4 x 10-30 

C.m (-0.8 D) in the structures listed in Table 4. The assumption that benzene, 

fluorobenzene, and ethylidyne have the same dipole moments when co adsorbed 

with CO as when adsorbed alone is reasonable since previous HREELS studies 

[1] [2] [4] [5] indicate no significant changes in the adsorbate's internal structure 

when coadsorbed with CO. 

We have also measured the work function change when NO, a ligand 

chemically similar to CO, is coadsorbed with a saturation coverage of ethylidyne. 

NO, like CO, forms a c(4x2) LEED structure on Rh(111) when coadsorbed with 

ethylidyne, but the ethylidyne species bonds· at an hcp hollow site when 
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coadsorbed with NO rather than at the fcp hollow site it bonds at when adsorbed 

alone or with GO [5]. When NO is coadsorbed to form the c(4x2) structure, the 

work function increases by 0.45 eV, indicating that NO, like CO, has a negative 

dipole moment when coadsorbed with ethylidyne. 

Figure 7 shows the work function of Rh(111) surface as a function of expo-

sure to CO when the surface has been precovered with 0.15 and 0.25 of a 

monolayer of sodium. For both sodium coverages, the work function increases 

toward the clean metal value with increasing CO exposure, indicating that the 

CO still has a negative surface dipole moment when coadsorbed with sodium. 

For e = 0.25, the initial dip in work function can be explained using a model 
l'Ia 

developed by Albano [27]. This model shows that an initial dip in the work 

function can occur, due to cross depolarization effects, when a surface precov:" 

ered with an adsorbate with a positive surface dipole moment is exposed to an 

adsorbate with a negative surface dipole moment. A dip occurs if the adsorbate 

with a positive surface dipole moment (i.e., Na) has a much larger polarizability 

than the adsorbate with a negative dipole moment (i.e., CO). In this case, the 

dipole moment of adsorbed CO induces. initially. an increase in the dipole mo-

ment of adsorbed Na larger than the dipole moment of the adsorbed CO, leading 

to an initial decrease in work function with the addition of CO. 

4. Discussion 

4.1 Interaction Energies 
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A necessary condition for the formation of intermixed, ordered structures 

when CO is ccradsorbed with other adsorbates is that the Helmholtz free energy 

is less for the ordered structure compared to that of a disordered overlayer: 

F - F = (V - V ) - T(S - S ) < 0 
ordered disordered ordered disordered order~d: disordered 

The difference in free energy. ~F = F - F ., between an ordered and 
ordered disordered 

disordered overlayer is composed of two terms -- a~ entropy term, T LlS = T(S 
. or-

- S ) that drives the system toward disorder and an interaction energy 
dered disordered 

term. ~V = V - V that drives the system toward order. 
ordered disordered 

Our results indicate that the interaction energy, .lV, favors ordered, 

coadsorbed systems when the coadsorbed molecules have oppositely oriented 

surface dipoles. In this section, we examine various possible contributions to the 

interaction energy between· the coadsorbed molecules. First, we discuss the 

dipole-dipole interaction energy. 

Obviously, oppositely oriented dipoles are attracted to each other, while sim-

ilarly oriented dipoles repel each other. So, structures with oppositely oriented 

dipoles adjacent to each other are more energetically favorable than those with 

similarly oriented dipoles. To- have a better feel for the magnitude of the 

dipole-dipole interaction energies of coadsorbed molecules, we have carried out 

model calculations for ordered arrays of dipoles to compute the dipole-dipole 

interaction energies for several of the ordered, coadsorbed structures on Rh(111), 

as well as the dipole electric fields normal to the surface within the unit cells. 

Here, we assume that CO has a dipole moment of -2.4 x 10-
30 

C.rn, the esti-
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mated value for coadsorbed CO, while the other coadsorbates are assumed to 

ha ve the dipole moments measured when adsorbed alone on Rh(111). The results 

of these calculations are listed in Table 5 and the details of the calculations are 

discussed in the appendix. The negative sign for the interaction energy indicates 

that the coadsorbed structures are more energctically favorable, as onc woul<;l 

expect for oppositely oriented dipoles. The dipole-dipole interaction energies 

range from -0.09 eV for the c(2l3x4)rect-CO + benzene structure to -0.7 eV for 

the c(4x2)-CO + Na structure. The CO + Na dipole-dipole interaction energy 

of 0.7 eV is comparable to the CO-Rh surface bond energy of 1.4 eV obtained 

from a thermal desorption measurement [28]. 

Norskov et al., [29] have theoretically investigated in more detail the dipole

dipole interaction of two coadsorbed species using effective medium theory to 

consider the effect the electrostatic potential induced by one adsorbate has on a 

neighboring adsorbate. These calculations take into account the rearrangement 

of charge between the adsorbates and the surface as well as the effect of 

screening of the electrostatic potential by the metal. They find, for example, 

that the interaction energy for CO and potassium coadsorbed on Fe(110) is in the 

range between 0.1 to 0.3 eV, smaller than the value of 0.7 eV that we estimate 

for Na and CO on Rh(111), probably because our calculations do not include 

screening effects. 

It is reasonable to ask if any direct interactions (not through the substrate) 

occur between the coadsorbates other than dipole-dipole interactions. Other 
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types of direct interactions for most of the coadsorbed structures are unlikely 

except maybe for Van der Waals interactions, as the coadsorbed molecules are 

found to be separated by at least their Van der Waals dimensions in those cases 

where the structure has been determined by a dynamical LEED analysis [5] [8] 

. The Van der Waals interactions between closely packed adsorbed molecules, 

however, can be quite significant as shown by Gavezzotti et al., [30]. For ex-

ample. these authors have calculated a Van der Waals packing energy of -0.12 

eV per molecule (-2.7 kcal/mole) for benzene in a c(2v'3x4)rect unit cell without 

coadsorbed CO, the same order as dipole-dipole interaction energies. A case 

where a strong, direct interaction may occur is for CO coadsorbed with Na in the 

c(4x2) structure. The very low C-O stretching frequency of 1410 cm·
l 

is less than 

the value of 1445 cm·
l 

observed for CO in the CO-alkali complex of potassium 

deltate, K (CO) [31], suggesting that CO and Na may form a ":lemical complex 
2 3 . . 

on the surface. This possibility is discussed further in the next section on the 

vibrational frequencies of coadsorbed CO. 

Next we comment on interactions occurring through the metal substrate. For 

CO adsorbed alone on Rh(111), Ruckenstein and Halachev [32] have calculated 

the energies of interactions mediated by the substrate for various separation 

distances. They find interaction energies of a few hundredths of an eV that are 

positive (repulsive) for small separation distances and negative (attractive) for 

intermediate distances. Within the coadsorbed, ordered structures, the CO mol-

ecules are separated by intermediate distances (4 to 8 A), so the CO-CO inter-
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actions should be attractive, which will further help to stabilize the ordered 

structures. 

Another possible interaction, mediated by the metal surface, is charge trans

fer from one adsorbate to another through the substrate. Such an interaction has 

been widely discussed in the literature to occur between CO and alkali adatoms 

coadsorbed on metal surfaces [12] [33] [34] [35]. Here, the electropositive alkali 

adatom is thought to donate charge to the surface, which is then backdonated 

into the 2'IT'" orbital of adsorbed CO. It is tempting to suggest that the surface 

dipole moments measured in our experiments are related to the amount of charge 

transfer between the ad~orbates and the surface. While this may be the case for 

an alkali atom, like sodium, adsorbed on a metal surface [36], the situation for 

the molecular adsorbates is more complex, since they can also have a dipole 

moment associated with their molecular structure, as well as one associated with 

charge transfer to the surface. As is discussed in the following section, however, 

the vibrational frequencies of coadsorbed CO indicate that some degree of 

charge transfer into the 2'IT'" orbital of CO occurs for several of the coadsorbed 

structures. 

Finally, we should mention that the addition of CO to an adsorbed overlayer 

can also reduce the entropy of the system. The reduction in entropy comes about 

from CO blocking not only its own adsorption site, but, due to steric effects, also 

prevents coadsorbates from occupying neighboring sites. For example, CO when 

coadsorbed with benzene blocks a total of seven hcp hollow sites from benzene 
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adsorption on Rh(111). Since the sites blocked by an adsorbed CO become cor

related with each other, the number of possible configurations for the 

coadsorbed system is reduced along with the entropy of a disordered overlayer, 

thereby making an ordered overlayer relatively more energetically favorable. 

Also. as the entropy for an intermixed overlayer is higher than for an segregated 

overlayer, the entropy helps promote intermixed structures over segregated 

structures. Even though entropy considerations help to explain why ordered, 

coadsorbed structures occur they do not account for only coadsorbed structures 

with oppositely oriented dipoles being observed, indicating that interaction en

ergies playa dominant role. 

4.2 C-O Stretching Frequency of Coadsorbed CO 

The C-O stretching frequency can be a very sensitive indicator of the chemi

cal environment of adsorbed CO. However, a shift in the C-O stretching fre

quency away from the gas phase value of 2145 cm-
1 

can originate from several 

different chemical and physical effects. Three distinct effects have been pro

posed and, in specific cases, demonstrated to be responsible for the reduction in 

the C-O stretching frequency of adsorbed CO: 1) a vibrational Stark effect 

where the reduction in frequency is proportional to the electric field at the CO 

molecule [37] [38] [39] [40] [41] [42] ,2) charge acceptance from the surface by 

the 2'IT· orbital of adsorbed CO [12] [33] [34] [35] , and 3) the formation of a 

chemical complex between CO and neighboring adsorbates [43] [44] [45] [46] 

[47]. In this section, we show that the stretching frequency of coadsorbed CO 
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on Rh(111) is correlated to the surface dipole moment of the coadsorbates. We 

discuss this correlation in terms of various combinations of the three types of 

interactions. 

The correlation between the CoO stretching frequency and the surface dipole 

moment of the coadsorbates can be seen most effectively by plotting the C-O 

stretching frequency vs. the dipole moment, as shown in Figure 8, for the 

coadsorbed, ordered structures where there is only one CO per coadsorbate. 

Even though only a few data points are available, it appears that the larger the 

surface dipole moment of the coadsorbate the lower the C-O stretching fre

quency of co adsorbed CO. 

In order to see how the interactions that reduce the C-O stretching frequency 

can be related to the surface dipole moments, it is enlightening to compare the 

CO molecules in the c(4x2)-CO + CCH3 and c(2l3x4)rect-CO + ~6D6 structures. 

In both cases, the coadsorbed CO molecules have been determined by dynamical 

LEED analyses [5] [8] to be bonded at hcp hollow sites. In order to better un

derstand how the interactions affect coadsorbed CO in these two structures, it 

would be important to know the C-O stretching frequency of CO bonded to a 

hollow site with no coadsorbates present. As CO does not bond to this site when 

adsorbed alone on Rh(111), the stretching frequency can not be determined, so 

we will estimate its value to be 1825 cm-
1
, the same as CO bonded to a hollow 

site on the chemically similar Pd(1ll) surface [48] [49]. A check on this esti

mation can be made by extrapolating the results in Fig. 8 to a coadsorbate with 
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zero dipole moment. The extrapolation would predict a C-O stretching fre-

-I -I 
quency of ..... 1840 cm ,close to the estimated value of 1825 cm 

For CO in the c(4x2)-CO + CCH3 structure, a vibrational Stark effect is 

probably responsible for most of the decrease in the CO stretching frequency to 

1790 cm-
I

. For a vibrational Stark effect, the decrease in C-O stretching fre-

quency is proportional to the electric field experienced by the CO oriented along 

its axis. The Stark tuning rate has been determined by Lambert for CO adsorbed 

-I 0-1 -1 0-1 
on Ni(110) as 1l0±40 cm IV.A [41] and on Ni(100) as 130 cm IV.A [42]. 

Using the value for Ni(100) and our calculated value for the electric field of 0.23 

V I A. we calculate a Stark shift of 30 cm-
I 

for CO in the CO + CCH3 structure .. 

Adding the Stark shift to the observed frequency of 1790 cm-! yields a value· of 

-I -1 
1820 cm ,close to the frequency of 1825 cm estimated for CO adsorbed at a 

hollow site alone on Rh(111). 

For CO in the c(2v'3x4)rect-CO + C6D6 structure, the C-O stretching fre

quency, 1655 cm-
I

, is shifted down ..... 190 cm-! from the estimated frequency of 

CO bonded at a hollow site on Rh(111). As the calculated electric field at the 

CO when coadsorbed with benzene is similar to that when coadsorbed with 

ethylidyne, a Stark effect would only account for approximately 15 % of the 

190 cm-! reduction in stretching frequency. Within the c(2,3x4)rect structure, 

CO and benzene are separated by Van der Waals dimensions [8], so direct 

chemical interaction between coadsorbed CO and benzene is unlikely to be re-

sponsible for the observed reduction in the C-O stretching frequency. Therefore, 

.. 
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the most likely interaction reducing the C-O frequency is one mediated by the 

rhodium surface, such as charge donation to the surface by the benzene, which 

is then back donated into the 2r.* orbital of coadsorbed CO. The surface dipole 

moment. therefore, may be an indication of how much charge the benzene do-

n~tes to the surface, which is then available to be accepted by the coadsorbed 

co. 

Now we discuss the two other points in Fig. 8, the c(\!Jx4)rect-CO + C6DsF 

and c(4x2)-CO + Na structures. As C6DSF is chemically similar to C6D6, the re-

duction in the C-O stretching frequency for CO coadsorbed with fluorobenzene 

probably has the same origin ,,:S when coadsorbed with benzene, namely a small 

Stark effect plus an interaction mediated by the rhodium surface. For CO 

coadsorbed with Na in the· c(4x2) structure, the C-O stretching frequency of 

1410 cm-
I 

indicates a highly perturbed CO molecule within the unit cell. At the 

CO molecule, the electric field of 1.5 V I A normal to the surface is fairly strong. 

Assuming a Stark tuning rate of 130 cm·
1 IV e.-\-I, we calculate a Stark shift of 

·1 -1 -I 
200 cm or about half the observed reduction from 1825 cm to 1410 cm The 

other half of the reduction in C-O stretching frequency presumably comes from 

charge transfer through the substrate or even possibly the formation of a CO-Na 

chemical complex. Several research groups [43] [44] [45] [46] [47] have proposed 

that CO and alkali adatoms form chemical complexes when coadsorbed on metal 

surfaces. Evidence for the formation of chemical complexes comes from the 

similarity of the low C-O stretching frequencies (1200 - 1600 cm-
I
) observed for 

coadsorbed CO to those of polymeric CO anions in solid salts of alkali metals 
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with CO [43] [44] , and from ARUPS [45] [47] and XPS [46] results for CO 

coadsorbed with potassium on Cu(100), Ru(OOl), and Fe(100) that indicate that 

the 2'IT'" and 1 'IT orbitals of CO are involved in a short range interaction with the 

coadsorbed potassium. 

So the correlation shown in Fig. 8 that the larger the surface dipole moment 

of the coadsorbate the lower the C-O stretching frequency of coadsorbed CO 

appears to have a fairly complex origin. For CO coadsorbed with an adsorbate 

with a small surface dipole moment like ethylidyne, a Stark effect appears to be 

responsible for the small reduction in the stretching frequency. For CO 

coadsorbed with an adsorbate with a medium surface dipole moment, like 

benzene or fluorobenzene, other effects, such as possibly charge transfer through 

the surface, become important for reducing the C-O frequency. For CO 

coadsorbed with an adsorbate with a large surface dipole moment that indicates 

a large degree of interaction with the surface, all effects - Stark effects, charge 

transfer, and even chemical bonding between coadsorbates - become important 

in causing the large reduction observed in the C-O stretching frequency. 

4.3 Comparison to Cluster Compounds 

Often a surface chemical bond of molecular adsorbates can be thought as 

"cluster like" [50] [51] [52] - i.e., that the molecular bonding geometry and 

chemical interaction of molecular metal clusters can provide be a good model for 

the" analogous surface chemical bond. For example, good agreement is observed 
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between the reported v frequencies of CO bonded to one, two or three metal 
c-o 

atoms in metal-carbonyl complexes and for CO chemisorbed with a similar 

bonding geometry on transition metal surfaces [53]. Consequently, it is interest-

ing to see if CO coadsorption with other molecular adsorbates on Rh(11!) can 

be compared with the analogous organometallic compounds - i.e., the substituted 

metal-carbonyl compounds with CO and other ligands bonded to the metallic 

center. As described in the previous sections, on a surface, the dipole-dipole 

interaction and interactions mediated by the substrate are the most common 

interactions between molecules coadsorbed on surfaces. However, in the substi-

tuted metal-carbonyl compounds, generally no significant direct interaction oc-

curs between CO and the other molecular ligands, though a second order' 

interaction between the ligands is usually observed to occur through the metallic 

center [51], which may be similar the substrate mediated interactions that occur 

on surfaces. 

,:-' . 

In substituted metal-carbonyl complexes, a charge transfer interaction be-

tween CO and other ligands is quite commonly observed, similar to the mech-

anism that appears to occur on metal surfaces. For the case of CO coadsorption 

with benzene or Na on Rh(I 11). we attribute part of the reduction in the C-O 

vibrational frequency to the charge transfer from benzene or sodium to the metal 

substrate, which then enhances the back donation to the 2'IT* antibonding orbital 

of CO. In cluster complexes, both infrared spectroscopy and x-ray photoelectron 

spectroscopy (XPS) have been used to study how substituted ligands effect the 

degree of back donation to the 2'IT* CO orbital [55] [56] . A shift in v to lower 
c-o 
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frequency and a corresponding lower force constant of the C-O bond are gener

ally observed in the presence of 'IT-electron donating ligands, which is attributed 

to charge transfer through the metallic center from the 'IT-donating ligand to the 

2'IT* CO orbital [53] [54] . This lowering of the C-O force constant is seen for 

ligands like C6H6 and CsHs in chromium and manganese carbonyl compounds 

[55]. Also, for a series of RMn(CO)s (R=ligand), the C-O force constant follows 

the sequence with ligand R: C3HS < CH3 < H < I < Br < Cl < CF3 < SiF3[55]. 

The difference here can be explained by the electron donating or withdrawing 

ability of each ligand; the better the electron donating group, the more the back 

bonding between the metallic center and CO. For similar ligands like CH3 and 

CF3 , the "inductive effect" plays the most important role in making up the dif

ference. When the better electron withdrawing atom (fluorine) substitutes for 

hydrogen in the methyl 'group, causing more electron withdrawing and less do

nating capability of CF3 in comparison with CH3 • This is also a commonly ob

served phenomenon in organic chemistry. In our work, the slightly higher (1670 

~m-l) c-o frequency of CO when coadsorbed with C6HSF in comparison with 

1655 cm-
1 

of CO coadsorbed with C6H6 in a c(2J3x4)rect structure, could be due 

to the "inductive effect" of the fluorine atom, similar to the effect observed be-

tween CF3 and CH3 in metal-carbonyl compounds. Consequently, it would be 

interesting to extend the present work to more highly fluorine substituted 

benzene to see if the trend to higher C-O frequency continues. 

4.4 CO Induced Ordering on Other Surfaces 
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As mentioned at the beginning of this paper, CO induced ordering of 

adsorbates has been observed on several other metal surfaces besides Rh(11l). 

To date, CO induced ordering has been observed for benzene on Pt(l1l) [1] [10] 

, Pd(11l) [11], and Rh(100) [6] , for ethylidyne on Rh(100) [6], for potassium on 

Ru(OOl) [12] and Ni(1,lO) [13] , and for hydrogen on Ni(100) [14]. Only for a few 

of these cases are work function measurements available. For benzene adsorbed 

on Pt(111), work function measurements by Gland and Somorjai [57] show that, 

for low benzene exposures, the work function decreases indicating that benzene 

on Pt(l1l) has a positive surface dipole moment. With increasing exposure of the 

Pt(111) surface to benzene, which in our experience is an effective way of in-

troducing coadsorbed CO to form ordered, coadsorbed structures [1], Gland and 

Somorjai observed an increase in work function indicating that CO when 
. . 

coadsorbed with benzene on Pt(111) has a: negative surface dipole moment. 

Other work function measurements done for adsorbates adsorbed alone on sur-

faces have shown the work function decreases for benzene adsorbed on Pd(111) 

[58] and Ni(111) [59] and for potassium on many metal surfaces [20], while when 

CO is adsorbed the work function generally increases [60]. Therefore, the results 

for CO induced ordering on other metal surfaces support in general the hypoth-

esis that ordering occurs when oppositely oriented dipoles are coadsorbed. 

5. Conclusions 

To better understand the interactions responsible for CO induced ordering in 

many adsorbed overlayers, we have measured the changes in work function of 
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the Rh(111) surface when benzene, fluorobenzene, ethylidyne, sodium and CO 

are adsorbed, both alone and coadsorbed with CO. We find that CO induced 

ordering occurs when CO is coadsorbed with adsorbates that have an oppositely 

oriented surface dipole moment. Model calculations indicate that the attractive 

dipole-dipole interaction energy is largely responsible for the formation of or

dered structures~containing oppositely oriented dipoles. 

We also find that the reduction in the C-O stretching frequency of coadsorbed 

CO correlates to the magnitude of the surface dipole moments of the 

coadsorbates. The reduction in the C-O stretching frequency is thought to 

originate from several effects: a Stark effect for CO coadsorbed with ethylidyne, 

charge transfer through the surface into the CO 2'ii· orbital as well as a -small 

Stark effect for CO coadsorbcd with benzene and fluorobenzene, and a combi

nation of a Stark effect, charge transfer, and even possibly the formation of a 

chemical complex for CO coadsorbed with sodium. 
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Appendix 

In our model calculations, we first calculate, for an ordered array of dipoles, 

the electric fields normal to the surface at the two molecules within the unit cell, 

and then use the electric fields to determine the dipole-dipole interaction ener-

gies. We make the simplifying approximation that the dipole moments of the 

coadsorbed species can be treated by as point dipoles all lying in the same plane. 

Also, screening effects are neglected. 

Consider two types of dipoles, A and B. coadsorbedin an order array and 

oriented perpendicular to the surface. Then the electric field normal to the sur-

face at A from all the other dipoles is given by (in SI units) 

where p.' and 1-" are the apparent dipoles of A and B, rand r the distances 
A B AA AB 

between A and either the other A type dipoles or the B type dipoles. and the 

sums run over ether all the A dipoles or over all B dipoles. The apparent dipoles, 

1/ and 1-" , are related to the effective dipoles by 
A B 

and 
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If A and B occupy sites on identical lattices, but displaced from each other, 

then we can defined 
1 1 

~=~ =~----
4'ITfo(r AAn 4'ITfo(r BBn 

solving for the electric field at 

and 

~' = ~ 1 = ~ 1 . By 
4'ITfo(r AB)~' 4'ITfo(rBA)~k 

the A 

dipole, one obtains 

A similar expression can be derived for the electric field at a B dipole. 

The dipole -dipole interaction energy for an A dipole and all the other dipoles 

is then given by 

U (A) = -1-" HA), 
dip A 

which we found during our calculations could be accurately approximated by 

U (A) = -I-' ~(A). 
dip A 

In order to determine the net reduction or increase in energy due to the 

interaction of two types of dipoles, we have defined the interaction energies 

given in Table 5 to be the difference, per CO-coadsorbate pair, between the 

dipole-dipole interaction energy of the dipoles in a coadsorbed lattice and the 

case where the dipoles are in two separate lattices. For example, when CO and 

ethylidyne are coadsorbed in a c(4x2) lattice, U (CO) = -0.034 eV and U (eth) 
dip dip 

= -0.019 eV when coadsorbed, while U (CO) = 0.026 eV and U (eth) = 0.039 
~p ~p 

eV when adsorbed alone on a c(4x2) lattice. Consequently, the interaction en-
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ergy between the different types of dipoles, as we have defined it, would be 

(-0.34 - 0.019) - (0.026 + 0.039) = -0.012 eV. 
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TABLE 1. CO-induced ordered structures on the Rh(111) surface. 

Coadsorbate LEED No. of Rh No. of No. of C-O stretching 
Structure';' surface atoms coadsor ba tes CO's per frequency(ies) 

per unit cell per unit cell unit cell (cm- I ) 

(v'3xl3)R300 3 0 1 2010 (top) 

(2x2) 4 0 3 2060 (top) 
1855 (bridge) 

ethylidyne c(4x2) 4 1 1 1790 (hcp 
(sCCH3) hoIIow)# 

propylidyne (2v'3x2\/3)R30° 12 3 1 1750 
(sCCH~CH3) 

Acetylene c(4x2) 4 1 1 1725 
(C~H2) 

Fluorobenzene (3x3) 9 1 2 1720 
(C6HSF) c(2v'3x4 )rect 8 1 1 1670 

Benzene (3x3) 9 1 2 1700 (hcp 
hollow)# 

(C6H 6) c(2\/3x4 )rect 8 1 1 1655 (hcp 
hollow) # 

Na ( v'3x7)rect 14 4 7 1695 
c(4x2) 4 1 1 1410 

"'The notation (mxm) indicates a hexagonal unit cell with sides m times as long as the 
(Ix!) unit cell sides; R30° means the unit cell is rotated 30° with respect to the (tx1) 
unit cell. The notation (mv'3xn)rect indicates a rectangular unit cell with sides mv'3 and 
n times as long as the (tx1) cell sides; the prefix "c" means the unit cell is a "centered" 
unit cell rather than a "primitive" unit cell. 

#.hcp hollow means one second layer metal atom lies below the three-fold hollow site, 
in contrast to a fcc hollow where no second layer atom lies below the three-fold site. 
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TABLE 2 

Effective dipole moments, /L, and polarizability, a, for adsorbates alone on Rh(111). 

Adsorbate a 

CO (top site) 
-30 

- 0.67x10 C.m (-0.2 D) 
-28 

0.34 xlO m3 

Na +17 (+5.1) 2.9 

C6D6 + 6.7 (+2.0) 1.3 

·C6DSF + 6.5 (+ 1.9) 1.5 

CCH3 + 3.1- ( +0.9) .0.62 
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TABLE 3 

Combinations of adsorbates with similarly oriented dipole coadsorbed on the Rh(111) 

surface. 

Coadsorbates 

CO + NO 

Na + C:H2 

Na + =CCH3 

Na + C6H6 

LEED Patterns Observed 

Disordered or compressed (2x2)-3CO [26] 

Disordered 

Disordered 

(~3x~3)R30o + (2,/3x3)rectO;< 

*Since the V3x,/3)R30° and (2~3x3)rect are observed for Na and benzene, respectively, 

adsorbed alone on Rh( 111), the observation of a mixture of these two LEED structures 

implies that these two coadsorbates segregate on the surface. 
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TABLE 4 

Work function of the Rh(111) surface at 310 K for various ordered structures, with 
and without coadsorbed CO. The work function of a bare Rh(111) surface is 5.4 eV 
[22]. 

Coadsorbate Number of CO's per Coadsorbate 

o 1 2 

C
6
D

6
o!< LEED Structure (2v'3x3)rect c(2v'3x4) rect (3x3) 

Work Function (eV) 4.04 4.76 5.14 

C6DsF'" LEED Structure (v'19xv'19)R23.4 0 c(2v'3x4) rect (3x3) 

Work Function (eV) 4.16 4.79 5.16 

ECCH3 LEED Structu"rc disorder c(4x2) --
Work Function (eV) 4.17 5.08 

"'The deuterated molecule was used in order to avoid interference from the background 
hydrogen in TDS measurements. 
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TABLE 5 

Calculated electric fields and interaction energies for ordered arrays of dipoles. 

,. 
Structure Electric field Electric field Interaction 

0 

at the CO (V / A) 
0 

At the coadsorbate (V / A) . energy (e V) 

c(4x2)-CO+CCH3 -0.23 0.098 -0.1 

c(2\/3x4)rect-CO+C6D6 -0.23 -0.46 -0.09 

c(4x2)-CO+Na -1.5 -0.56 -0.7 
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FIGURE CAPTIONS 

Fig. 1. Vibrational spectra obtained by HREELS for the ordered, 

coadsorbed structures on Rh(111) at 310 K where there is one CO 

molecule per coadsorbate. 

Fig. 2. (a) Schema tic diagram of the energy levels of the sample and the 

monochromator during work function measurements. 

(b) Schematic diagram of the experimental set up for work function 

measurements. 

(c) Typical current vs. bias voltage curves for the clean Rh(l1l) surface 

and a sodium covered Rh(111) surface. The shift in cutoff voltage gives 

the work function change. 

Fig. 3. The work function change of the Rh(111) surface as a function of CO 

coverage. The dashed curve shows the fit with the model discussed in 

the text. 

Fig. 4. The work function of the Rh(l1l) surface at 310 K as a function of 

sodium coverage. The clean Rh(l1l) work function is from Ref. [22]. 

The dashed curve shows the fit with the model discussed in the text. 

Fig. 5. Work function of the Rh(111) surface at 300 K as a function of benzene 

and fluorobenzene exposure. The clean Rh(111) work function is from 
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ref. [22]. 

Fig. 6. Work function of the Rh(111) surface at 300 K as a function of ethylene 

exposure. The surface species responsible for the work function change 

is sCCH (ethylidyne). The clean Rh(111) work function is from Ref. 
3 

[22]. 

Fig. 7. The work function of the Rh(lll) surface at 310 K as a function of CO 

exposure when the surface was first precovered with 0 = 0.0, 0.15, and 
Na 

0.25. 

Fig. 8. The C-O stretching frequency in structures that have one CO per 

coadsorbate is plotted against the effective surface dipole moment 

of the coadsorbate when adsorbed alone on the Rh(111) surface. 
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