
these features would enable true single-
molecule measurements over arbitrarily long
times.

In this work, we have estimated the tem-
perature rise of metal particles 5 nm in diam-
eter at about 15 K. The temperature rise
declines as the reciprocal distance from the
particle’s center, decreasing to 3 K at a dis-
tance of 13 nm from the center. Although
small, this temperature increase might still be
too high for some proteins or biomolecules.
We believe, however, that the S/N can be
substantially improved in a transmission ge-
ometry and by reaching the photon noise
limit in detecting the probe beams. The label
heating could then be reduced by a factor of
10 and would become negligible for most
biomolecules at ambient conditions.
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Electron Solvation in Two
Dimensions

A. D. Miller,1 I. Bezel,2 K. J. Gaffney,1* S. Garrett-Roe,1 S. H. Liu,1

P. Szymanski,1 C. B. Harris1†

Ultrafast two-photon photoemission has been used to study electron solvation
at two-dimensional metal/polar-adsorbate interfaces. The molecular motion
that causes the excess electron solvation is manifested as a dynamic shift in
the electronic energy. Although the initially excited electron is delocalized in
the plane of the interface, interactions with the adsorbate can lead to its
localization. A method for determining the spatial extent of the localized
electron in the plane of the interface has been developed. This spatial extent
was measured to be on the order of a single adsorbate molecule.

The interaction of excess electrons at inter-
faces is not only of fundamental interest, but
affects processes such as charge injection and
transport in molecular electronics and elec-
trochemistry (1, 2). Electron solvation repre-
sents a general interaction of an electron with
its surroundings. In the broadest sense, elec-
tron solvation occurs when the molecules
surrounding an electron reorganize to accom-
modate the electron’s charge density. Al-
though extensive investigations of solvation
in isotropic media have been conducted (3–
7), comparatively little is known about the
dynamics of electron solvation at metal/mo-
lecular interfaces. Both the reduced dimen-
sionality and hindered solvent motion could
lead to dynamics distinct from those of iso-
tropic materials (8–11).

We present the results of an ultrafast two-
photon photoemission (TPPE) investigation
of electron solvation dynamics at an interface
consisting of a two-dimensional (2D) layer of
polar molecules on a single-crystal metal sur-
face. Ultrafast TPPE is a pump-probe tech-
nique used to observe the electronic structure
and dynamics of electrons at metal surfaces
and interfaces (12–16). The pump pulse pro-
motes electrons from below the Fermi level
to initially unoccupied interfacial states. The
probe pulse photoemits the electrons, the ki-
netic energy of which is measured (Fig. 1A).
A time delay between the arrival of the pump
and the probe pulse is used to determine the
dynamic properties of the system. Two ex-
perimental signatures associated with the
electron solvation dynamics at polar-adsor-
bate/metal interfaces were identified. The
first is the time-dependent shift in electronic
energy due to molecular reorientation at the
interface in the presence of the electron. The
second is the dynamic localization of interfa-
cial electrons by the dipole layer. The first
effect resembles the time-dependent Stokes
shift seen in numerous studies of solvation
dynamics in the liquid phase. The second
effect is associated with the ability of elec-

trons photoexcited to states delocalized in the
plane of the interface to localize if the solvent
dipole-layer distortion leads to the formation
of an energetically favorable site.

We used TPPE to investigate electron sol-
vation and the resulting localization dynam-
ics on acetonitrile/Ag(111) and butyronitrile/
Ag(111) interfaces. The instrument function
of the laser at the 1.7 to 1.9 eV probe and the
3.4 to 3.8 eV second-harmonic pump photon
energies used was �100 fs. The two nitriles
have molecular dipole moments of 3.9 and
3.7 Debye, respectively (17, 18). The layer-
by-layer growth of the nitriles on the Ag(111)
surface has been confirmed with TPPE,
which produced distinctly different spectra
for monolayer and bilayer coverages. The
layers were adsorbed at temperatures be-
tween 100 and 140 K, and the data was
collected at a temperature of 80 to 90 K.
Electrons in polar molecular glasses still sol-
vate at these temperatures, though on a longer
time scale (19). Low-energy electron diffrac-
tion (LEED) studies of these interfaces lack
LEED spots, demonstrating the absence of
long-range translational order. Similar con-
clusions have been drawn from near edge
x-ray absorption fine structure experiments
for acetonitrile adsorbed on Ag(110) (20) and
Au(100) (21) and LEED experiments on ace-
tonitrile/Au(100) (22). Acetonitrile has a neg-
ative electron affinity of –2.8 eV (23), indi-
cating that the image potential state electrons
should be pushed out to the layer/vacuum
interface and not interact with the electronic
structure of the layer.

TPPE was used to populate the electron’s
image potential states and observe their sub-
sequent dynamics. Image potential states re-
sult from the attractive interaction between an
electron outside of a surface and the surface
polarization that it induces. The resultant
Coulomb potential supports an infinite series
of hydrogenic states confined normal to the
surface (13, 24, 25). Parallel to the surface,
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the electron is free to move and thus delocal-
ize over a substantial area. For metal surfac-
es, the energies of image potential states in
electron volts are given by

En � V0 �
0.85

�n � a�2 (1)

where n is the principle quantum number and a
is the quantum defect parameter. The series
converges to V0, the vacuum energy for a uni-
form surface. Electrons in image potential states
reside only a few angstroms outside the inter-
face, making them particularly sensitive to
changes in the interfacial electrostatic potential,
V0. This is illustrated schematically in Fig. 1B.

The kinetic energy of both the n � 1 and
the n � 2 image potential states for a
monolayer of acetonitrile decrease as a
function of time (Fig. 2). Similar dynamics
have also been observed for butyronitrile
and primary alcohols, ranging from metha-
nol to 1-pentanol. While the absolute pho-
toelectron kinetic energy, Ekin, changes on
the time scale of hundreds of femtoseconds,
the energy spacing between the n � 1 and
n � 2 image potential states remains nearly
constant. A constant energy spacing indi-
cates that the binding energies of the image
potential states, as defined by the second
term in Eq. 1, do not change with time.
Instead, the time-dependent kinetic ener-
gies result from a time-dependent variation
of the potential V0. This time dependence is
attributed to a change in the electrostatic
field produced by the rearrangement of the
molecular dipoles in the vicinity of the
delocalized electron. This rearrangement
lowers the electron energy and reduces the
local workfunction (26 ).

The presence of an electron in a low-
lying image state greatly perturbs the elec-
trostatic potential experienced by the dipo-

lar layer, and vice versa. The adsorbates
respond to the perturbation by rotating the
positive end of their molecular dipoles to-
ward the electron. This reorientation results
in an increased projection of the molecular
dipole along the surface normal and causes
a reduction in the local workfunction. Sta-
bilization of the electron at the interface
may therefore be viewed as a dynamically
decreasing local workfunction induced by
the electron’s interaction with the reorient-
ing molecular dipoles in the adsorbate layer
(Fig. 1C). The local workfunction change
from a reorientation of a patch of the ace-
tonitrile layer can be modeled by represent-
ing the collection of dipoles by a pair of
charged disks. This model results in a local
workfunction shift as large as 1.5 eV. The
molecular reorientation of the monolayer is
not complete before the electrons have de-
cayed into the metal. The observed 0.27 eV
dynamic shift, although not complete, falls
within the range of the model. In liquids,
acetonitrile has been observed to reorient
on an electrode surface when subject to
strong electric fields (27 ). Here, the elec-
tron in the image potential state produces
such a field initiating the reorientation.

The ultrafast reorientation of the molec-
ular dipoles can also cause an initially de-
localized electron to dynamically localize.
The spatial extent of excited electronic
states parallel to the surface can be deter-
mined by measuring Ekin as a function of
the angle, �, between the sample surface
normal and the direction toward the detec-
tor. The projection of the electron momen-
tum on the surface, p�, is conserved during
photoemission and is given by

p� � �2Ekinme sin� (2)

where me is the free electron mass. Ekin is
given by

Ekin � E� � �� � En �
p�

2

2m*
� �� � En

(3)

where E� is the kinetic energy of electron mo-
tion parallel to the surface while in the interfa-
cial state, m* is the electron’s effective mass
and �� is the photon energy. Nearly free elec-
tron states have m* approximately equal to me,
whereas localized electronic states have m* ��
me and hence Ekin is independent of p� and �.
The energy of a delocalized electron increases
parabolically with increasing p� whereas the
energy of a localized electron does not change
markedly with p� (Eq. 3).

Figure 3 shows TPPE spectra of a bilayer
of butyronitrile/Ag(111) as a function of
time. At t � 0 fs, the n � 1 image potential
state is delocalized, while at t � 300 fs the
delocalized state is apparent as well as a new
state. The latter has a p�-independent energy,
indicative of an image potential state local-
ized parallel to the surface. At t � 1 ps, only
the localized state remains. Figure 4 plots the
intensity of the delocalized and the localized
n � 1 states of the bilayer of butyronitrile as
a function of time at � � 16.4°. The popula-
tion evolution can be followed by using
TPPE, which shows how the localized state is
populated by the delocalized state. The ener-
gy of both the delocalized and localized elec-
tron decreases because of the molecular re-
orientation. For the localized electron, this is
2D solvation. For the delocalized electron,
the stabilizing molecular reorganization is
analogous to solvation, but without the ac-
companying localization. The time scales for
the energy shifts of both the localized and the
delocalized states are almost the same. This
result suggests that the same type of molec-
ular motion, molecular dipole rotation, is re-
sponsible for the solvation of both states.

An important feature of the nitrile systems

Fig. 1. (A) Schematic of the TPPE experiment. Vertical arrows show photoinitiated transitions from
below the Fermi level (Ef) to the interfacial image potential states and to the free electron states
above the vacuum energy (Evac). The kinetic energy spectrum reflects the interfacial electronic
structure. (B) Shown are the image potential (thick black solid curve) and the first few image
potential states at the first moment after excitation, when the solvent did not have time to
reorient. The image state progression converges to Evac. (C) Same as (B), but after the solvation took
place. The local surface potential V0 and the local workfunction are lowered by solvation effects.

Fig. 2. The n � 1 and n � 2 image potential
state energies as a function of delay time for a
monolayer of acetonitrile on Ag(111). The en-
ergy difference between the two states is nearly
constant as a function of time, indicating that the
shift is a result of a change in the local workfunc-
tion and not a change in the binding energy.
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is that localization phenomena only occur at
coverages in excess of a monolayer. For the
coverage of one monolayer, no localized state
was observed. Localization in two dimen-
sions results from a subtle balance between
the propensity for electrons to localize or
remain delocalized (28, 29). This is reflected
in the small self-trapping energy (the energy
difference between the delocalized and local-
ized states), as can be seen in the 0° spectra
from Fig. 3B. Small differences in the layer’s
reorganization energy, due to structural dif-
ferences between the monolayer and bilayer,
can tip this balance one way or the other.

Theoretical considerations have predict-

ed that the balance of forces that drive
localization will change dramatically as a
function of a system’s dimensionality. The-
ory suggests that in 2D crystals, if a charge
localizes, it localizes to a single lattice site
(30–32). Angle-resolved TPPE measure-

ments can directly probe the wave function
of the 2D localized state (see supporting
online text). When spatially localized in the
plane of the surface, electrons acquire a
spread in momentum space, according to
the uncertainty principle, and the signal
intensity as a function of p� is a reflection
of the probability amplitude for the electron
to have this p� in the localized state. The
spread of the electron wave function can be
estimated from the p�-dependent amplitude of
the localized state. In the approximation that
the photoemission final states are plane
waves, the photoemission probability is di-
rectly proportional to the spatial Fourier
transform of the electron density, 	
(p�)	

2.
The shape of the electron wave function in
the momentum space is unchanged after
about 100 fs and has a Gaussian profile (Fig.
5). It corresponds to an electron localization
size of �12 Å full width at half maximum
(FWHM), approximately the size of a single
butyronitrile molecule. This measurement
thus represents a direct experimental determi-
nation of the spatial extent of electron local-
ization in two dimensions.
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Fig. 4. Dynamics of the localized and the delo-
calized states. Colors (black through dark red,
chosen to better reveal the localized state) rep-
resent the amplitude of the signal taken at 16.4°
as a function of time and energy. This angle was
chosen because the localized and delocalized
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show the positions of the localized and delo-
calized states. The localized state is populated
from the delocalized state as indicated by ar-
rows. The three red lines labeled (A) to (C)
show the delay times, at which all angles are
presented in Fig. 3, A through C, respectively.

Fig. 5. Localized signal amplitude as a function of
p� and delay time. (A) The shape of the localized
signal stays constant throughout the dynamics,
whereas (B) the amplitude grows in the first
�200 fs as the state is populated from the delo-
calized band and then decays into the substrate.
The shape in (A) corresponds to a localized elec-
tronic state that is Gaussian with a �12 Å FWHM
in the plane of the surface.
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Rotationally Resolved Infrared
Spectrum of the Charge

Transfer Complex [Ar–N2]
�

H. Linnartz,* D. Verdes, J. P. Maier

Difficulties in preparing cluster ions for spectroscopic studies have limited our
understanding of intermolecular forces in charged complexes that are typical of
many reactive intermediates. Here, the infrared spectrum of the charge transfer
complex [Ar–N2]

�, recorded in a supersonic planar plasma with a tunable diode
laser spectrometer, is presented. More than 70 adjacent rovibrational transitions
were measured near 2272 wave numbers and assigned to the molecular nitrogen
stretching fundamental in the 2�� ground state of [Ar–N2]

�. The accurate struc-
tural parameters that were determined confirm a linear structure and show that
the major part of the charge is located at the argon atom. The latter result is
surprising and implies a charge switch of the cationic center upon complexation.

A good understanding of intermolecular forc-
es, such as van der Waals interactions or
hydrogen bonds, is essential for the descrip-
tion of the chemical and physical properties
of matter (1). However, although weakly
bound neutral complexes have been studied
extensively in the past, high-resolution infor-
mation about polyatomic ionic complexes is
limited (2). These complexes have binding
energies that are typically between those of
pure van der Waals and covalent bonds and
play a key role as reactive intermediates in
many processes. An accurate spectroscopic
characterization, therefore, is necessary to
understand the structural and dynamical char-
acteristics of cluster ions at the fundamental
level of molecular motion.

This is particularly true for the charge
transfer complex [Ar–N2]�, which has been
puzzling researchers for two decades. Upon
photodissociation, the complex fragments
mainly via the decay channel Ar� (2P3/2) �
N2(X1�), but the N2

� (X 2�) � Ar (1S)
channel should be energetically preferred
(3). A similar anomaly is observed in ex-
periments studying the charge transfer pro-
cess Ar�(2P3/2) � N2(X1�v � 0) 3 Ar �
N

2

�(X 2�v � v) (4 ). Although the reaction
is exothermic by nearly 0.18 eV, its reactivity
is typical of that for an endothermic process.
These findings indicate that [Ar–N2]� is

formed in the recombination of Ar with N2
�

rather than Ar� with N2, but upon photodis-
sociation, the complex fragments into Ar� �
N2 rather than Ar � N2

�. This special dy-
namical behavior has been explained in terms
of a curve crossing between the states corre-
lating to N2

�(X2�)/Ar(1S) and Ar�(2P3/2)/
N2(X1�) (3). The potential energy surface
(PES) of the latter (higher lying) state dia-
batically correlates to the strongly bound
ground state of [Ar–N2]�, whereas the other
(lower lying) state correlates to a repulsive
state that is accessed from the ground state by
the photon that induces the dissociation [see
figure 10 of (3)]. Detailed information is now
available for the photodissociation and
charge transfer dynamics of the [Ar–N2]�

species, providing state-to-state cross sec-
tions, reaction rates, rotational and vibration-
al energy distributions of the products, and
details of the low-lying PES (3–9). However,
a high-resolution study of the ground state of
the reactive intermediate [Ar–N2]� has been
lacking up to now.

This lack of information is mainly due to
the difficulties involved in producing a large

abundance of cluster ions under laboratory
conditions. Recent progress in the generation
of dense supersonic planar plasma expan-
sions has made a more general detection
scheme of ionic complexes with direct ab-
sorption spectroscopy possible (10, 11). Such
a plasma offers a nearly Doppler-free envi-
ronment and combines high molecular densi-
ties and a low final temperature (�20 K) with
a relatively long absorption path length. The
experimental method applied here is based on
the absorption of tunable infrared radiation in
a planar plasma that is generated by electron
impact ionization with the use of a supersonic
ion jet diode laser spectrometer (12, 13).

We report the detection and analysis of
the rovibrational spectrum of [Ar–N2]� in its
2� ground state. More than 70 adjacent vi-
bration-rotation lines have been observed
around 2272 cm�1, with an intensity distri-
bution that corresponds to a rotational tem-
perature of about 15 K (13). The spectrum is
that of a 2�–2� transition of a linear molecule
and consists of a progression of P- and R-
branch doublets, apart from very low rota-
tional quantum numbers where the Q-branch
transitions are still intense enough to be de-
tectable. Parts of the spectrum are shown in
Fig. 1.

The assignment of these transitions to the
molecular nitrogen (NN) stretching vibration
of linear [Ar–N2]� is straightforward, even
though the experiment was not mass selective
and other species were produced in the plas-
ma as well. The signal was not observed
without Ar or N2 in the expansion, which
excluded pure Ar or N2 clusters, and scaled
linearly with the [Ar–N2]� mass signal. The
latter signal was strong, as may be expected;
the ionization potentials (IPs) of Ar (15.760
eV) and N2 (15.581 eV) are almost identical
(15), tending to form a bond with a covalent
character upon complexation. Kinetic energy
release studies have found a binding energy
for [Ar–N2]� as high as 1.19 eV, which is
comparable, for example, to the value found
for the homonuclear species Ar2

� (1.29 eV)
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Table 1. Molecular parameters describing the rotational (Bv), distortion (Dv), and spin-rotation (�v)
constants of [Ar–N2]� in its electronic 2� ground state for v � 0 and upon vibrational excitation of the
NN fundamental (v � 1). All values are given in wave numbers. The numbers in parentheses indicate 1�
deviations.

�01 Bv Dv (� 10�8) �v

v � 0 0 0.128712(10) 8.9(26) –0.01065(16)
v � 1 2272.2564(2) 0.128212(10) 9.4(22) –0.01056(16)
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