
www.elsevier.com/locate/cplett

Chemical Physics Letters 412 (2005) 171–175
Charge transfer through chemisorbed organic molecules –
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Abstract

The charge transfer through chemisorbed molecules has been studied by using normally oriented pyridine and benzoate mole-

cules, chemisorbed on the Cu(110) surface. They yield H+ ions from the outer three C–H bond locations when ionized by electron

impact. The local yield of these H+ ions allows the determination of the rate of electron transport through the molecule from the

molecular contact point to the ionization position, causing ion neutralization. A superexchange (molecule-assisted tunneling) elec-

tron transfer process is found to control the electron-transfer event.

� 2005 Elsevier B.V. All rights reserved.
The electrical conductivity of molecules is fundamen-

tally related to the growing field of molecular electronics

in which selected molecules are used to control charge

flow in an electronic circuit of molecular dimensions.
Central challenges in this field include assessing the tun-

neling characteristics of molecules (including the depen-

dence of electron transmission on molecular position

[1–3]) and determining the influence of molecular con-

tacts on the electron transport process [4].

A chemisorbed organic molecule on an atomically

clean single crystal surface is an ideal prototype system

for the investigation of charge transfer through the mol-
ecule. The ionization of adsorbed organic molecules by

electron impact (electron stimulated desorption –

ESD), producing H+ ions from C–H bonds, is thought

to originate from excitation processes that lead to local

hole production in the C–H bond region [5]. This leads

to a Coulomb repulsion process that ejects H+ ions

along the C–H bond direction. The cross-section for

the local ionization process is determined by two factors:
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(1) the efficiency of initial excitation; and (2) the effi-

ciency of ion neutralization in final-state processes

involving charge transfer from the surface to the depart-

ing H+ ion [6]. Menzel, Gomer, and Redhead (MGR)
[7,8], in their original reports on ESD, indicate that

for an adsorbed molecule, process (1), should proceed

with a cross-section of �10�16 cm2, as it does for gas

phase molecules. Since the cross-section for H+ forma-

tion from adsorbed organic molecules is much lower

than 10�16 cm2, as will be shown below, the cross-sec-

tion for H+ ion formation must be controlled mainly

by process (2), the electron transfer from the metal sur-
face to the final state of the system. Such electron-

transfer processes have been extensively investigated

for chemisorbed atoms and small molecules bound close

to the surface, where tunneling of electrons through vac-

uum to the departing positive ion is assumed to domi-

nate in the final state neutralization effect [9]. In

contrast to small adsorbed molecules, when larger chem-

isorbed organic molecules such as those studied here are
ionized, the outer C–H bonds yielding H+ ions, are

located so far from the surface that appreciable vacuum

tunneling cannot occur, and neutralization can only take

place by superexchange through the framework of the
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molecule itself. This Letter demonstrates that such mol-

ecule-assisted electron transmission occurs in two closely

related chemisorbed molecules, pyridine and benzoate,

on the Cu(110) surface. Thus, H+ yields from the elec-

tronic excitation of chemisorbed molecules probe the

electron transfer rates to specific molecular positions in
the molecule, an issue of great interest in molecular

electronics.

Fig. 1 shows the H+ ion angular distributions from

chemisorbed pyridine [10] and chemisorbed benzoate

on the Cu(110) surface at 80 K. These measurements

were made by the TOF-ESDIAD (time-of-flight electron

stimulated desorption ion angular distribution) method

[11]. In each case a 3-beam H+ pattern is observed, orig-
inating from the outer C–H bonds at the 3, 4 and 5 posi-
Fig. 1. (a) Comparison of the H+ ionization angular distribution patterns of

desorption; (b) The molecular orientation of the two adsorbed molecules; (c
tions on the aromatic ring. The two H+ angular

distribution patterns are accurately aligned parallel to

different principal crystallographic directions, as shown

in Fig. 1a, as a consequence of the surface bonding

geometry of the adsorbed molecules (Fig. 1b). In each

case, a more intense normal H+ beam, originating from
the 4-position on the aromatic ring, is observed, indicat-

ing that the axis of each molecule is normal to the

surface. It is fortunate that other possible ionic dissoci-

ation products, of higher mass than H+, are not ob-

served, as shown in the time-of-flight distributions of

Fig. 1c. The absence of positive ions other than H+ is

due to efficient neutralization of the slowly moving mas-

sive ionic fragments by charge exchange with the sur-
face. The TOF measurements of H+ ions originating
chemisorbed pyridine and benzoate on Cu(110) for electron stimulated

) H+ time-of-flight distribution for each molecule.
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from the three C–H bond positions for each molecule

indicate that the H+ ion kinetic energy is identical for

each position, with EH+ = 1.2 eV.

By counting the number of H+ ions produced at

known incident electron currents during ESD from

adsorbed layers of known coverage, we have calculated
the cross-section for H+ desorption from each C–H

bond position for the two molecules using Eq. (1).

IþðiÞ ¼ IeQ
þ
ðiÞN ; ð1Þ

where IþðiÞ is the H
+ count rate, Ie is the incident electron

count rate derived from the measured current, Qþ
ðiÞ is the

ionization cross-section from a particular ring position,

i, to produce the observed H+ ions, and N is the surface

coverage of the adsorbed molecules (molecules/cm2).

The incident current, Ie, is measured at positive crystal

bias to avoid secondary electron emission which would

lower the observed collected current. The electron en-

ergy Ve = 180 eV.

Fig. 2a shows the geometrical situation for the two
adsorbed molecules as well as the values of the local

cross-section, Qþ
ðiÞ, measured for H+ ions originating

from the 3, 4, and 5 positions of each molecule. In both

cases, these values of Qþ
ðiÞ are in the range of 10�20–

10�21 cm2. Fig. 2b also shows a cross-sectional slice

through the middle of each H+ pattern. It is observed
Fig. 2. (a) Comparison of the H+ ionic cross-section for 3-, 4-, and 5-

C–H molecular sites for chemisorbed pyridine and benzoate on

Cu(110); (b) Cross-sectional cuts through the H+ ion angular

distributions.
that, for both molecules, the central H+ beam (i = 4) is

produced by an ionization process with a higher local

cross-section, compared to the H+ beams from the

3-and 5-positions, although the ratios in local cross-

section differ for the two molecules. The relative yield

of H+ from the 4-position of pyridine, compared to that
from the 3- and 5-positions, is almost independent of the

incident electron energy over the range 100–600 eV (not

shown). This indicates that the efficiency of the ioniza-

tion process yielding H+ from the three molecular posi-

tions is independent of the depth of initial ionization.

This is likely because deep holes �float upwards� rapidly
to produce a common local repulsive final state at each

molecular site, finally yielding an H+ ion.
Fig. 3 shows the total H+ ionization cross-section,

Q+, for chemisorbed pyridine as a function of incident

electron energy. A weak maximum, near 300 eV, is ob-

served. The total ionization cross-sections measured

for both chemisorbed pyridine and benzoate is about 5

orders of magnitude smaller than that found for gas

phase molecules of the same type. For example, for ben-

zene gas, at Ve = 180 eV, Q+ (gas) = 1 · 10�15 cm2 [12],
while the value of Qþ ¼ Qþ

ð3Þ þ Qþ
ð4Þ þ Qþ

ð5Þ for the two

chemisorbed aromatic molecules considered here is

about 105 times smaller (10�20 cm2).

The large difference in ionization cross-section of the

chemisorbed vs. the gas phase organic molecules indi-

cates that dominant electron-transport pathways exist

from the metal that lead to H+ neutralization for the

two chemisorbed molecules. Excluding the improbable
vacuum electron tunneling over distances of 7 Å, the

only pathway for electron transfer to the departing H+

ion involves transport from the metal through the molecu-

lar framework to the hole at the molecular site being

observed via H+ ion yield, that is, a superexchange trans-

port mechanism.
Fig. 3. Total cross-section for H+ formation from chemisorbed

pyridine on Cu(110) vs. electron energy.
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We propose a model below to describe the H+ ion

desorption from chemisorbed aromatic organic mole-

cules connected to the metal substrate by either a nitro-

gen or a carboxylate anchor group. The description is

based on the MGR-like models [7–9,13–15], with the

additional assumption that the transition to the disso-
ciative state occurs in two steps: (1) initial electronic

excitation leading to an electron–hole pair on the

aromatic ring; and (2) hole localization on a C–H bond

followed by an MGR-type desorption of the H+ ion

(The time scale for vacuum tunneling over 7 Å is micro-

seconds, which is a million times too slow to quench the

desorption). The model is applied below to describe the

H+ yields from pyridine and benzoate chemisorbed on
the Cu(110) surface. Theoretical estimates are made

for H+ desorption cross-sections of the chemisorbed

molecules vs. those for molecules in the gas phase. The

calculated ratio of H+ desorption yields from the C–H

bond at position 4 vs. those at positions 3 and 5 are in

reasonable qualitative agreement with experimental

results.

Following the MGR models [7–9,13–16], we describe
the molecule on the metal surface as an adsorbate (A)–

substrate (M) system, where a hydrogen atom in a given

C–H bond position is the �adsorbate�, and the carbon

atom to which it is bonded is the �substrate�. The system
is in the ground state (M + A) initially, until an incident

electron induces a Franck–Condon electronic transition

to an electronically excited state. The transition occurs

on the femtosecond time scale, and the system is de-
scribed in a Born–Oppenheimer framework as functions

of the reaction coordinate z that characterizes the rela-

tive motion of nuclei in A and M [9]. While the exact

nature of the excited state is not known, it may include

both r- and p-orbitals mixed via thermal internal

motion within the molecule.

After the excitation, the incident electron and the ex-

cited electron leave the system, and the remaining hole
makes the electronic state dissociative [7–9,13–16], lead-

ing to the H+ ion motion along z. The hole may be neu-

tralized by another electron coming from the substrate.

If that does not occur, it becomes energetically more

favorable for the hole to localize at the C–H bond. After

that, the MGR-like H+ ion desorption may occur, or the

ion may be �recaptured�.
The total probability for H+ ion emission from a

C–H bond, therefore, is

P tot ¼ r0P locP e; ð2Þ
where r0 is the cross-section of the interaction with the

incident electrons, Ploc is the hole localization probabil-

ity, and Pe is the ion-escape probability (lifetime se) pro-
vided that the hole has already localized. For simplicity,
we assume that the hole localization time scale is domi-

nated by the change in the electronic state symmetry

(p ! r) and does not depend on the particular position
of the C–H bond on the aromatic ring. The localization

probability can then be roughly estimated as

P loc / expð�sloc=sETÞ; ð3Þ
where sloc is the localization time scale, and sET is the
time scale of the charge transfer from the substrate to

the excited electronic state that quenches the hole. Since

localization is primarily controlled by the H+ ion motion

driven by the repulsive potential resulting from the p–r
mixed excited state, sloc is considerably larger than the

escape time se after localization has occurred. The latter,

as we show below, is of the same order of magnitude as

the maximum ET rate (sET � 10�13–10�14 s). To explain
the experimentally observed data on the ratio for H+

cross-sections for chemisorbed (�10�20 cm2) vs. the

gas phase (�10�15 cm2) pyridine and benzoate species,

we need sloc to be about 10 times larger than sET, leading
to Ploc values of about 10

�4.

The escape probability for H+ from the C–H bonds

can be estimated, as in the MGR models [9], as:

� ln P e ¼
A
b

� �
M
2B

� �1=2

expð�z0ða� b=2ÞÞF ðp; uÞ; ð4Þ

where M is the proton mass, z0 is the initial (equilib-

rium) position of the adsorbate, Aexp(�az) is the recap-

ture rate (i.e., the quenching e�-transfer rate), and

Bexp(�bz) is the excited state potential energy function

assumed to be a repulsive Born–Mayer form. F(p, u) is
the auxiliary function [9]; p = (a/b), u = b (zc � z0), and

F ðp; uÞ ¼
Z u

0

expð�pxÞ½1� expð�xÞ��1=2
dx. ð5Þ

Avouris et al. [17] have analyzed ESD of hydrogen

from Si(100) in a scanning tunneling microscope

(STM). We use these same potential profiles to make
qualitative estimates of the Born–Mayer potential

parameters. The parameters are: B � 6 · 10�19 J,

b � 5 Å�1, z0 � 1.5 Å, and zc � 3.0 Å.

The rates of charge transfer from the substrate to the

aromatic ring and the C–H bonds at positions 3, 4, and

5 were estimated for chemisorbed pyridine and benzoate

assuming a superexchange mechanism. The effective

electronic couplings were computed at a tight-binding
(extended Hückel) level [18], and the rate was assumed

activationless [19]. The copper atoms covalently bonded

to the molecule dominated the effective electronic cou-

pling between the substrate and the molecule (The struc-

ture of pyridine and benzoate chemisorbed on Cu(110)

was built using the program VMD (http://www.ks.

uiuc.edu/Research/vmd) and the crystal structure from

WebElements (http://www.webelements.com). The dis-
tances between the nitrogen atom in pyridine or the oxy-

gen atoms in benzoate and the nearest substrate atoms

were 1.93 and 2.08 Å, respectively, corresponding to

the Cu–N and Cu–O distances typical for proteins

[20]). The maximum charge transfer rates (parameter

http://www.ks.uiuc.edu/Research/vmd
http://www.ks.uiuc.edu/Research/vmd
http://www.webelements.com


Fig. 4. H+ desorption probability ratio from 3,5-positions compared

to 4-position in chemisorbed aromatic compounds, as a function of

kET to the 3,5-position.
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A = kET) varied between 3 · 1012 and 3 · 1013 s�1, and

the rates to positions 3 and 5 were computed to be about
five times faster than the rate to position 4. The distance

decay (parameter a in the MGR models) was found to

be about 0.7 Å�1. The rates estimated in these calcula-

tions are consistent with simple exponential tunneling

decay estimates [21].

Fig. 4 shows the ratio of Pe from positions 3 and 5 to

Pe from position 4 as a function of the charge transfer

rate (kET). Interestingly, the relative H+ desorption
probability is sensitive to the charge-transfer rate at val-

ues of kET of about 1013 s�1, which are typical for pyri-

dine and benzoate (and other small molecules). For

larger molecules, the superexchange electron-transfer

rate will be slower, leading to smaller quenching rates

and similar desorption probabilities from all C–H bond

positions.

In conclusion, we studied two representative large
organic chemisorbed systems to understand charge

transfer through the molecules. Information obtained

from these studies may prove useful in designing molec-

ular electronic devices. We find that the electron trans-

mission between a metal and various molecular

positions within a chemisorbed molecule may be mea-

sured indirectly. This is done by measuring the local

ionization cross-section to produce H+ ions from vari-
ous C–H bond locations on the molecule. Electron

transport pathways from the metal through the molec-
ular framework are responsible for the reduction of H+

yields from the outer C–H bonds. A superexchange

process is consistent with the ratio of H+ yields found

from the different ring positions of chemisorbed pyri-

dine and benzoate species.
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