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a b s t r a c t

The ability to understand, manipulate and control physico-chemical processes at the molecular level is
one of the great challenges of modern research and underpins the development of vibrant new tech-
nologies of the 21st century, for example the development of nanolithography. Such ‘single molecule
engineering’ requires selective bond cleavage in target molecules to allow subsequent management of
the local site chemistry. Recent research has revealed that it is possible to influence the excitation and
his special issue is dedicated to Professor
ugen Illenberger.

eywords:
lectron collisions
olecular physics

dissociation of molecules through the manipulation of electron interactions at the individual molecu-
lar level. Since electrons are ubiquitous in nature and electron-induced reactions initiate and drive the
basic physical–chemical processes in many areas of science and technology from industrial plasmas to
living tissues, our ability to control electron interactions provides exciting new opportunities that can be
exploited in both the research and technological communities.

© 2008 Elsevier B.V. All rights reserved.
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issociative electron attachment

. Introduction; electron-induced chemistry—a new
echnology

The ability to control chemical reactions and select chemical
athways has been long term goal of modern chemistry. Several
ethods for chemical control have been proposed with photonic

ontrol through the use of synchrotron radiation [1–4], femtosec-
nd laser pulses [5] and manipulation of molecular wavepackets
6,7] being the latest to be demonstrated. However such methods,
hile extremely elegant, are far from being able to be adopted in

ommercial processing since they are:

Expensive—a typical laser system costing in excess of £0.5M.
Limited to specific systems (e.g., each laser system being tuned
to one specified reaction process).
Poorly suited to mass manufacture and
Require a high degree of training in specialised equipment that is
unlikely to be available in an industrial plant.
Accordingly the industrial community requires techniques that
re:

Inexpensive.

∗ Tel.: +44 1908655132; fax: +44 1908654192.
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Composed of apparatus that is able to be easily adapted to differ-
ent chemical systems and
Requires modest technical skills of the operator.

A good example of such an industry led ethos is the develop-
ent of plasma technology for preparation of semiconductors and

ther surface fabrication/treatments. The plasma is self-contained
ith pre-programmed parameters known (by experience) to give

eproducible and efficient results each and every time it is run. The
perator has a very limited number of diagnostics with which to
heck the processing and very limited ability to alter any experi-
ental parameters. Therefore in chemical processing a technique

s required that offers the user a ‘clean’ methodology for initiating
eactions by the formation of well characterised reaction products
rom a set of stable parent species. One such process is that of
lectron-induced chemistry.

. Electron controlled cleavage of chemical bonds

The opportunity of using electron-induced dissociation of
olecules as a tool for chemical control has been recognised for

everal years and is widely adopted by the low temperature RF

lasma community to prepare reactive species for surface pro-
essing. For example in the semiconductor industry the electron
emperature (energy) in a fluorocarbon plasma is optimized to pro-
uce CFx (x = 1–3) radicals which subsequently etch SiO2 substrates.
owever, one of the most exciting advances of recent molecular

http://www.sciencedirect.com/science/journal/13873806
mailto:n.j.mason@open.ac.uk
dx.doi.org/10.1016/j.ijms.2008.07.006
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gas phase molecular species and may be used to control the chem-
istry of plasmas [13–16] it is in the condensed phase that DEA may
be used most effectively. When the molecules are adsorbed upon
the surface, Mad, additional processes must be considered com-
pared to the gas phase. In the condensed phase the products formed
2 N.J. Mason / International Journal

hysics has been the discovery of the ability of low energy electrons1

o initiate and effectively drive selective bond cleavage processes in
olecular systems efficiently [8]. At these low energies the disso-

iation process is driven by Dissociative Electron Attachment (DEA).
EA of a molecule M as summarized is follows:

− + XY → XY#− → X− + Y

ere XY#− is a transient negative ion (TNI), that leads to the pro-
uction of a negative charged fragment X− accompanied by one or
ore associated neutral counterpart(s) Y. In the condensed phase

r on a surface these neutral and generally highly reactive products
ay initiate further chemistry through reactions with neighbour-

ng molecules i.e.,

+ AB → AY + B

The formation of a TNI is usually a ‘resonant’ process, i.e., one that
ccurs only over a narrow incident energy range. It is the formation
f such TNI resonances that provides DEA with its chemical selec-
ivity and ability to initiate low energy chemistry. Furthermore, in
ontrast to direct electron impact where an excess energy of several
V (e.g., 4–5 eV) is required to fragment a molecule, DEA can dissoci-
te a molecule with a zero electron energy threshold. Fig. 1(a) shows
ow the potential energy surface of the anionic TNI state crosses
hat of the neutral and lies below that of the neutral. This provides
route to X− + Y formation though 0 eV electrons, as the dissocia-

ion process is driven by the electron affinity (EA) of the product X
elative to the bond energy D(X − Y); �H0 = D(X − Y) − EA(X).

In numerous cases DEA effectively occurs at electron impact
nergies of meV, that is at thermal energies (kT). Generally, these
ow energy processes have very large cross-sections of 100s to
000s of Å2. DEA can therefore lead to a new form of very low energy
ut extremely efficient chemical reaction dynamics. Furthermore DEA
s bond selective, each TNI often having a preferred dissociation
hannel. Consider DEA to CFCl3 (Fig. 1b), electrons with meV inci-
ent energies cleave the C–Cl bond producing Cl− and CCl2F with
ery high cross-sections, whereas at 3.2 eV the electrons only cleave
he C–F bond resulting in F− and CCl3− [9]. Hence the process of
EA may provide remarkable 100% selectivity with respect to the
leavage of a particular bond. This opens interesting prospects for
eveloping selective chemistry induced by electrons since chem-

cal control of any reaction (through varying the production/yield
f chemical reactants) may be achieved by ‘tuning’ the electron
nergy.

. Electron controlled chemical synthesis

Recently such DEA-induced chemistry has been extended to
rganic molecules due to their applications in surface lithogra-
hy. At sub-excitation energies (<3 eV) many organic molecules
re subjected to the loss of a neutral H atom via the DEA reaction
− + M → M−# → R− + H. Such reactions are energetically driven by
he appreciable electron affinity of the radical R which is close to
he corresponding binding energy of H–R and thus can take place
lose to, or even at zero energy (see above). DEA is also important
n electron impact upon biomolecules. Recent studies on biologi-
ally relevant molecules (alcohols, organic acids, amino acids, DNA

ases, etc.) have indicated a remarkable selectivity in such hydrogen
bstraction reactions. This selectivity concerns not only the spe-
ific bond (C–H, O–H, N–H) but also the particular site within the
olecule, e.g., a particular N–H position in an isolated DNA base

1 Where low energy (or ‘subexcitation’) electrons means electrons with insuffi-
ient energy to form electronically excited targets.

F
m

ig. 1. (a) Schematic potential energy curves for an anionic state (XY−) and the
orresponding ground state of the neutral XY. (b) Selective bond cleavage induced
y dissociative electron attachment to CFCl3 [9].

10–12]. The complementary reaction, namely loss of a hydrogen
nion via e− + M → M−# → R + H− is energetically less favourable
ue to the small electron affinity of H (0.75 eV). However, though
uch reactions are observed in higher energy resonances at 5–10 eV,
.e., in the vicinity of electronic excited states of the targets, they
till maintain bond and site selectivity. By exchanging these hydro-
en atoms with suitable high electron affinity exit-groups we may
ctivate specific bond ruptures.

While DEA is an important process in electron interactions with
ig. 2. Schematic of electron induced SN2 reaction in a mixed film of NF3 and CH3Cl
olecules.
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[21] has been used to pattern atomic lines on a surface while the
mechanisms for desorption and dissociation of chlorobenzene on
Si(1 1 1) have been studied in great detail [22]. Recently it has also
been shown that inelastic tunnelling may be applied to form bonds
Fig. 3. Electron-induced functionalization

t/on the surface must have sufficient energy to escape from the
urface hence there are four routes:

e− + Mad → M−#
ad → Rad + X (a) R remains on surface/in the film X−desorbs

→ R + Xad(b) R desorbs X− remains on surface/in the film
→ Rad + Xad (c) R and X− remain on the surface/in the film
→ M−

ad (d) The is stabilized within the film.

ence in order to determine the products of electron irradiation
imple monitoring of the desorbed anionic fragments is not suf-
cient. Instead in order to monitor Rad it is necessary to probe
he film itself. Typical techniques are: electron energy loss spec-
roscopy (EELS); infrared/ultraviolet spectroscopy (IRS/UV) and
emperature programmed desorption (TPD)—though the latter may
tself lead to additional thermally driven chemical changes in the
lm.

Once DEA has released fragments they are free to initiate fur-
her chemical reaction. Consider a mixed film of NF3 and CH3Cl
Fig. 2). The cross-section for Cl− production from CH3Cl by direct
lectron impact is negligible (the cross-section being <10−23 cm2)
owever in the mixed film of CH3Cl and NF3 F− ions may be lib-
rated from NF3 and then react with CH3Cl by the well known
ucleophilic displacement (SN2) reaction F− + CH3Cl → CH3F + Cl−

17]. These Cl− ions could then be liberated from the film and
he molecular species CH3F formed left on the surface/in the film
Fig. 3).

Such specific chemical reactions can also be used to bind specific
unctional groups to the surface of a solid material in a controlled
ay. Indeed recently it has been shown that DEA of acetonitrile

CH3CN + e−(2 eV) → CH2CN− + H) may be used in the function-
lization of hydrogenated diamond to attach organic groups to
urfaces [18] the released H reacting with surface hydrogen to cre-
te a dangling bond to which the larger fragment attaches under
lectron detachment.

Low-energy electron-induced reactions have also opened new
erspectives for the formation of chemical nanostructures on sur-
aces with relevance to biochips relying on the immobilization of
roteins or nucleotides or of nanoparticle patterned surfaces [19].
selective transformation according to R–NO2 → R–NH2 has been

stablished as a basis for these applications and entitled chemi-
al lithography [20]. Nanostructures are transferred to the surface
ither by irradiation through a mask or by using electron beam
echniques.

F
i

iamond surface using CH3CN (from [18]).

. Electron controlled chemistry using scanning tunnel
icroscopy

One of the most exciting recent developments in the area of sur-
ace modification is the use of the scanning tunnelling microscope
STM) to cleave specific bonds on surfaces and adsorbates. Many of
hese single molecule reactions are mediated by non-adiabatic cou-
ling of electronic energy into vibrational motion, placing energy

nto specific reaction coordinates.
Electronic excitation of the adsorbed molecule by using inelas-

ic tunnelling of electrons from the STM tip appears to be the
ost appropriate method for controlling, with precision, molec-

lar reactions. Using inelastic tunnelling effects, individual bonds
n molecules or bonds between a molecule and the substrate can
e broken in order to induce selective dissociation or desorption
f the molecules. In recent years, there have been several exam-
les of chemical control at the level of a single atom or molecule by
lectronic excitation using tunnel electrons from the STM tip. For
xample individual bond breaking of hydrogen on a Si(1 0 0) surface
ig. 4. Schematic of molecular synthesis of C12H10 using STM manipulation of
odobenzene [23].
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etween molecules, opening up the way for the tailored synthesis of
olecules on surfaces, an important step towards molecular engi-

eering with the STM tip. Such “molecular surgery” introduces the
rospect of designer synthesis on the nanoscale and has already been
emonstrated for the iodobenzene molecule [23] (Fig. 4) where
EA liberates a C6H5 fragment which can subsequently be trans-
orted to a specific surface site, there to combine with a second
6H5 fragment to form C12H10.

The future of these atomic-scale STM manipulations lie (i)
n a better understanding of the inelastic tunnelling electronic
rocesses and (ii) in the use of these manipulations for activat-

ng more complex molecular reactions (molecular recognition,
olecular nano-machines) at the atomic-scale. Hence it is vital to

nderstand the coupling of electrons with molecules on surfaces
nd the mechanism of energy transfer by tunnelling electrons in
TMs.

. Conclusions

Electron-induced chemistry as a methodology for chemical con-
rol is a new but promising technique that may give us the ability
o control chemical reactions and select chemical pathways in a

anner (and at a cost) never before possible.
The ideal of being able to control chemical reactions by the

imple alteration of a single parameter (i.e., the electron energy)
as long been the goal of modern chemistry (and its predecessor

alchemy’). The first evidence that such control may be possible
hrough the development of dissociative electron attachment in
oth the gas phase and within condensed phase has been demon-
trated, while DEA-based STM provides the ultimate ability to
ontrol reactions at the single molecule level and at any specific
ite. The age of ‘single molecular engineering’ and ‘chemical control’
ay, therefore, be nearer than we ever hoped.

cknowledgements

The author also thanks the many members of his research team
or their work in developing his own study on electron induced
hemistry and his many collaborators for their work in develop-
ng the wider research programme. We must also recognise the EU

nd ESF for the collaborative grants EPIC (www.isa.au.dk/epic)and
IPAM (www.isa.au.dk/eipam) which have supported so many of
he collaborations upon which this research has been developed
nd led to Europe playing a leading role in this novel and rapidly
eveloping research field.

[

[

[
[

s Spectrometry 277 (2008) 31–34

‘Finally’ I wish to take this opportunity to acknowledge Profes-
or Eugen Illenberger. Eugen is one of the pioneers of the study
f electron interactions with molecular systems and in particular
he study of dissociative electron attachment upon which much of
his article is based and on which so many innovative technologies
nd exciting scientific discoveries are based. So many of the papers
n this volume reflect his influence on the field and if the current
ounger researchers and the next generation of researchers in the
eld ‘Stand on the shoulders of giants’ it is upon Eugen’s broad
houlders! He is an example to us all not only for his superb skills
s an innovative and creative scientist but as a true leader of the
eld and, to so many of us, a loyal and dedicated friend.

eferences

[1] K. Ueda, J.H.D. Eland, J. Phys. B 38 (2005) S839.
[2] K. Ueda, M. Kitajima, A. De Fanis, T. Furuta, H. Shindo, H. Tanaka, K. Okada, R.

Feifel, S.L. Sorensen, S.H. Yoshida, Y. Senba, Phys. Rev. Lett. 90 (2003) 233006.
[3] M. Kitajima, K. Ueda, A. De Fanis, T. Furuta, H. Shindo, H. Tanaka, K. Okada,

R. Feifel, S.L. Sorensen, F. Gel’mukhanov, A. Baev, H. Agren, Phys. Rev. Lett. 91
(2003) 213003.

[4] K.O.G. Prumper, K. Ueda, Y. Tamenori, M. Kitajima, N. Kuze, H. Tanaka, C.
Makochekanwa, M. Hoshino, M. Oura, Phys. Rev. A 71 (2005) 052704.

[5] A. Assion, T. Baumert, M. Bergt, T. Brixner, B. Kiefer, V. Seyfried, M. Strehle, G.
Gerber, Science 282 (1998) 919.

[6] K. Ohmori, H. Katsuki, H. Chiba, M. Honda, Y. Hagihara, K. Fujiwara, Y. Sato, K.
Ueda, Phys. Rev. Lett. 96 (2006) 093002.

[7] N.H. Damrauer, C. Dietl, G. Krampert, S.-H. Lee, K.-H. Jung, G. Gerber, Eur. Phys.
J. D 20 (2002) 71.

[8] E. Illenberger, J. Momigny, Gaseous Molecular Ions: An Introduction to Elemen-
tary Processes Induced by Ionization, Springer-Verlag, 1992.

[9] E. Illenberger, Chem. Rev. 92 (1992) 1589.
10] S. Ptasinska, S. Denifl, V. Grill, T.D. Mark, E. Illenberger, P. Scheier, Phys. Rev. Lett.

95 (2005) 093201.
11] S. Ptasinska, S. Denifl, P. Scheier, E. Illenberger, T.D. Mark, Angew. Chem. Int.

(2005).
12] S. Denifl, S. Ptasinska, F. Zappa, I. Mahr, V. Grill, M. Probst, E. Illenberger, T.D.

Maerk, P. Scheier, Atomic Mol. Data Appl. 901 (2007) 137.
13] S. Samukawa, K. Sakamoto, K. Ichiki, J. Vac. Sci. Technol. A 20 (2002) 1566.
14] S. Noda, H. Nishimori, T. Ida, T. Arikado, K. Ichiki, T. Ozaki, S. Samukawa, J. Vac.

Sci. Technol. A 22 (2004) 1506.
15] S. Samukawa, Y. Minemura, S. Fukuda, J. Vac. Sci. Technol. A 22 (2004) 245.
16] H. Ohtake, N. Inoue, T. Ozaki, S. Samukawa, B. Soda, K. Inukai, J. Vac. Sci. Technol.

B 23 (2005) 210.
17] J. Langer, S. Matejcik, E. Illenberger, Phys. Chem. Chem. Phys. 2 (2000) 1001.
18] A. Lafosse, M. Bertin, D. Caceres, C. Jäggle, P. Swiderek, D. Pliszka, R. Azria, Eur.

Phys. J. D 35 (2005) 363.
19] J.L. Plaza, P.M. Mendes, S. Diegoli, Y. Chen, J.A. Preece, R.E. Palmer, J. Nanosci.

Nanotechnol. 5 (2005) 1826.

20] V. WEck, W. Stadler, M. Geyer, A. Zharnikov, M. Golzhauser, Grunze, Adv. Matter.

12 (2000) 805.
21] L. Soukiassian, A.J. Mayne, M. Carbone, G. Dujardin, Phys. Rev. B 68 (2003)

035303.
22] P. Sloan, R.E. Palmer, Nature 434 (2005) 367.
23] S.W. Hla, L. Bartels, G. Meyer, K.H. Rieder, Phys. Rev. Lett. 85 (2000) 2777.

http://www.isa.au.dk/epic
http://www.isa.au.dk/eipam

	Electron-induced chemistry: A forward look
	Introduction; electron-induced chemistry-a new technology
	Electron controlled cleavage of chemical bonds
	Electron controlled chemical synthesis
	Electron controlled chemistry using scanning tunnel microscopy
	Conclusions
	Acknowledgements
	References


